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ABSTRACT

Unbalanced energy intake over expenditure causes obesity, and the prevalence and
incidenceof obesityhave increased ovéastdecadesPeoplewith obesityhavea cluster of
metabolicco-morbiditiescalled metabolic syndromehich substantiallyincreasetie risk of
diabetes andardiovasculadiseass. The pathophysiological mechanisomderlyingmetabolic
syndromearemultifaceted and oneontributing factors alteredcadipokines profiles. Adiponectin
is the most abundant adipokinetine circulation andalow serum adiponectin level is implicated
in multiple diseasesAdiponectinacts orvarioustissues by improving energy metabolism and
conferring protective effects.8j or i ty of studies sefigpagsarsat adi por
mediatedhroughAMPK signaling

AMPK is a master regulator of energy metabolism and activated upon low energy status.
AMPK activates multiple cellular process to generate energy including autoghagphagy is
aconservecdatabolicprocesswvhich confers aradaptiveforceagainst stre€s ty mobilizing
energy sources armeventing toxin accumulatioithe studies presented héngestigaing
molecular mechanism underlying adipone@tsy p | esftetts,parfculaslyfocusng on its
relation to autophagy.

In the first study, the effestof iron overload on autophagy in skeletal muscle were
observedlron toxicity isassociated witheducel circulating adiponectin level andcreased the
diabetesnellitusincidencesChronic iron overloadltered the autophagy regulatsignaling
MTOR, which impairedautophagy lysosome reformation, a ndeé stageutophagyprocess
crucialfor insulin sensitivity.

In the second and third studies, the changes in cardiac autophagy following pressure
oveload or myocardial infarction were monitored in mice lacking adipone&tiponectin
deficient mice exhibited exaggerated cardemodelingwith evidence of autophagy
impairmentsWith an advanced livanimal imaging systenalower autophagy activity v
observed in adiponectin knockout mice hearts after streéSeulture experimentsirther
validatedthat adiponectimlirectly stimulatel autophagy flux ang@rotectedcardiomyocytegrom
cell death

Taken togethethe studiesdescribed herbkighlightthatadiponectin is an important
regulator of autophagy in skeletal muscle and heants adiponectisignaling is a potential

therapeutic target to modulate autophagy rates.
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CHAPTER 1

1.1 Metabolic Syndrome

Metabolic syndroméMetS)is a combination ofmetaboliccomorbiditiesmvhichincrease theisk

of diabetes and cardiovascular disease, laaditst cInical guidelinewas postulateddy The

World HealthOrganization (WHO) in 199BL]. The most widelyusedcriteriais defined byThe
National Chol esterol Educati onATPyllogndenenié s Adul
diagnosedvith MetS if he or she meets at least thoééhefollowing conditions(Tablel). MetS
hasincreased the economic burden in Canada, and it is estimated that $4.3 billion dollars were

spent annually on healthcare costs related to multitudinous pathd@gsés

Risk Factor Defining Level
Abdominal obesityWaist circumferences)
Men >102 cm £ 40 in)
Women >88 cm £ 35 in)
Triglycerides (TG) 0150mg/dL
High Density Lipoprotein Cholesterol (HBt)
Men <40 mg/dL
Women <50 mg/dL
Blood Pressure 0130/ 85 mm Hg
Fasting Glucose 0110 mg/dL

Tablel Clinical Assessment of Metabolic Syndrome seNGERATP Il Criteria[4, 5].

1.2.DiseaseComplications

1.2.1.Diabetes Mellitus

Diabetes igthe mishandling oserumglucosdevelsdue to insulin deficiencyT(LD, Typel
Diabete$ or insulin resistancel @D, Typell Diabete$, and goplewith MetS arefirst diagnosed
as prediabetc, an intermediate state between normal and d@loéihically defined by fasting

glucose (100 to 125 mg/dLApproximately 70% of preliabetic patients progress towaraD



[6] andit takes29 months to covert towed T2D on averadé]. The incidences of T2D is five to

six-fold for peoplewith MetS[2, 5].

1.2.2.Cardiovascular Disease

Everycriterionfor MetS independently increasterisk of atherosclerotic cardiovascular
disease (ASCVD), thieading cause of death worldwideSCVD is primarily caused by
dyslipidemig high TG and low HDLc levels whichpromogs plaque formation and enhanees
pro-thrombosis statdBlood clots following plage rupturecan narrow or blockloodvesses
and causeschemicheartattack

High blood pressure owypertensiorcanlead to ASCVD via vascular remodelindncreased
systemic pressurgut forces on blood vessels, which undergo thickening of watlscause
ischemic disease®n the same note, hypertension directly eaustructural remodeling the
heart, known asardiac remodelindt is abroad term describindynamicchangesn the heart
such as gene expression, cellular and molecular alteratioasponse to stressdse heart
initially undergoes adaptivemodelingfeatuing compensated hypertroplygt converts to
pathologicalremodellingfeatuing with decompensateuypertrophy fibrosis and inflammation
which eventually causeheart failure F) [8].

Hyperglycemiandirectly increases the incidence ASCVD by increasing circulating insulin
levels Sustainechyperdycemic conditionswill causethebodyto respond by releasingore
insulin, yet people with insulim e s i s t acarrea hygerglgcénhiandrespond excessively
by secreting more insuljmn eventeferredto a sconfipensatoryryperinsulinemia o
Hyperinsulinemiaacts on thekidney enhancing sodium-gbsorption and leaag to

hypertensiorandactivaton reninangiotensin systerj®].



1.2.3 Iron Overload

Iron is an essential element involved in multiple cellular process such as DNA syatitesis
heme synthesjsand body iron levask tightly regulatedUnder the conditions of excessive iron
uptake oifailediron regulatory system, NTBIsi¢ntransferrin bound labile irgrexit out of
circulation andccausetoxic damag to peripherakissues. Iron overload (10) leads to local iron
deposition in tissuesesulting inincreasederritin levelsin thecirculation

Emerging evidence suggestcreased serum ferritin levid strongly associated with MgtThe
serum ferritin was the second strongest determinant of blood glucose next to flfkesitjand

IO is stronglyassociated withigh blood pressurandhigh TG[12-14].

1.3. Causes

1.3.1.0besity

MetS is primarily caused by caloiimbalance duéo lack of physical activity[15], sedentary
lifestyles[16, 17]and overnutritiorj18]. Excessive energy intake ovenergy expenditureill
be stored into bodfat, andobesity isthecentral cause d¥letS[19]. According to WHO, the
incidence of obaty tripled since 1975, and the trend continuously increases worldwide. In
Canada, approximately 25 % of adults are o8 Obesity is defined by BMI (Body Mass
Index, calculated by weight ovequare oheight) greater than 3@/n?, andthere ardurther

three classes at obese depending on severity of BMI

BMI (kg / m?) Category

<18.5 Underweight
18.51 24.9 Normal Weight
25.01 29.9 Overweight

30.071 34.9 Obesd Classl




35.01 39.5

Obesd Classll

O 40.

Obesd Classll|

Table2. Body Mass Index Classificatiaet byHealth Canad§21].
Obesity is associated with numerous diseases including cancer, T2D, atrd&¥,D, and fat

deposition intheabdominal cavity has been recognized as a distinguishing feature due to

increased health risk&2, 23]

1.32. Leptin

Fat cells omadipocytesvere traditionally cosideredaninert storage site foFG yet metabolic

morbidities in obesitgard besolelyexplained byfat storageroles In 1970s Douglas Coleman

identified thefirst secreted appetite mediator from two murine models, obese (ob/ob) and

diabetesdb/db) mice, the first genetic models of obe§¥].

Jef fery

Fr

successfully cloned the ob gemecodindeptin, and foundaut that adipocytes are the

edmanos

predominant source of leptia5]. Leptin controls th@ppetite by acting on receptors (expressed

by db gene) inthe hypothalamus, and leptin sensitivity decreased in obesity andZ&D5ince

then, aipocytes have beanorerecognized aa secretory organ which releassmerous

Aadcpboki neso

1.33. InflammatoryAdipdkines

aandexeresstronghorinanal effectat different tissueR27].

In 1993, it was first reported thatipocytes fronobese animals drumars canreleasehe pro-

inflammatory cytokin€r NF-U(Tumor Necrosis Factgripha), and TNFUcandirectly impair

insulin actionon liver and skeletal musclg¢28, 29] Follow-up studiedurtheridentified other

diabeticcytokinessuch asviCP-1, IL -6 from adipocytesn obesity patients or animdI30].

However, patients with lipoatrophfgdipocyte deficiengyarediabetc [31], and adipose tissue

transplantation ttipoatrophic animal modei®versed diabetettriguingly, the same amount of

adipose tissugansplantatiorirom obeseanimalsto lipoatrophic animal modelsorsened

-4-



diabeteg32, 33] It waslaterfound that normal adipose tisssecretesn antidiabetic adipokine
calledadiponectinand adiponectin existglow levels inob/ob or db/dbmice The

replenishment of adiponectin lipoatrophic animals successfuligversedliabeteg34-36].

1.4.Adiponectin

Adiponectin was independently identified by four different groups, named differently as Acrp30
[37], AdipoQ[38], GBR-28[39], apM1[40], and adiponectimn expression is limited to
adipocytesAdiponectin isthe most abundaradipokinein the circulation(5-10 pg/ml) and the
serumadiponectin level is inversely correlated wilie degree of obesity, particuladpdominal
adiposity[41, 42]

Inflammation is a key mechanism to suppress adiponectin levels, and inflammatory cytokines
associated witlobesitysuch as TNRJ  a n@ldowntegulate adiponectin expression and
secretion from adipose tissuds, 44} Reducedadipmectin levelis strongly associated withe

incidence off2D, CVD, andIO. [45-47]

1.4.1.Diabetes Mellitus

Adi p o n e cdiabatiddeffectasnvelkbistablishedn numerouspidemiologicakndclinical
studies According to largescale epidemiological studies (10,275 participants), the hazard ratios
for developing diabetes mellitus was 57%, 39% and 18% faorichahls inthesecond, third and
fourth quartile of adiponectin level48]. Reduction in serum adiponectin level precedes T2D
occurrenceandindividuals with low adiponectin levelsaveatwo-fold increase in T2D
developmenif49, 50] The adiponectin level igositively associated with insukstimulated

glucose disposahtesand insulin receptor signaling skelethmuscle[51]. In addition serum



adiponectin level is strongly associated with beta cell funetrmhglucose disposal rateT1D
patientsas well[52, 53]

1.4.2. Cardiovascular Disease

Hypoadiponectinemia ordgonectin deficiency has been implicatedamditions of
dyslipidemia and coronary healiseas¢CHD). The serum adiponectin levslpositively
correlated withserumTG and negatively coelated withserumHDL-C [54-56]. Importantly,
people inthe highest quartilef adiponectin levelbave a 40% lower chance of developing
CHD, myocardial infarctiorfMI), andCHD mediated mortality compared to peopléha
lowestquartile[57-59].

The serum diponectin levels also stronghassociated with blood pressufecording toa
largescale epidemiological study (21,1prticipant} in Japanserum adiponectiwas
negatively associated witystolic and diastolic blood pressiié®]. In Hong Kong, 600 nen
diabetic subjectareremonitoredfor changes irmdiponectin leveandblood pressure over 5
years.The study reportedeople with the lowest quartile of adiponedémel hada 3-fold
increasedathance of developingypertensior{140/90 mm HgJ]61]. Taken together,

hypoadiponectinemia is strongly associated with githemic and noeischemicCVD.

1.4.3.Iron Overload

In 1989, thepotential associatiobetweerdiabetesandserum ferritin leve[62] wasfirst
reported and emerging evideasuggest a strong association between diabeteslénfll, 63]
Iron chelation therapy or dietary iron restrictiorob/ob micesignificantlyenhancedheinsulin
sensitivity and beta cell functigf4]. 10 in adipocyteseducedadiponectin expressicand

contributed to diabetes developmétit]. Multiple clinical studiessuggestO is strongly



associatd withhypoadiponectinemigs5-68], henceadiponectin is an important mediatorlO

mediated matabolicdysfunctions

1.5. Adiponectin Actions

1.5.1.Structures

Adiponectin ismade up oR44 amino acids/ith a30 kDa(kiloDaltons)of molecular weight
(Fig 1.1) It is composef signaling Nterminalhypervariable domaijrcollagenougslomain and
C-terminalcatalyticglobular C1gComplement component 1lige domain[69].

Biological aiponectin undergogsosttranslational modification and oligomerization.
Adiponectincontainsfour lysine residues thecollagenous domaifor hydroxylation and
glycosylation[70]. Mutationof these residugresuledin failed oligomerization and reduced
biological function by adiponectifr1].

Adiponectinoligomerization leads to formation tifree isoforms: low molecular weight (LMW),
middle-molecular weight (MMW) and higimolecular weight (HMW). LMW is formed with
three adiponectin monomers, MMW wigix monomers, HMW with twelve to eiggen
monomersThe ombination of LMW, MMW and HMW igeferredto asfull-length adiponectin
(fAd), while the C-terminal globular domairs referredo as globular adiponectin (gAd). gAd
can beound in circulatiorandits cleavage is mediated lasypmune cell§72, 73] Both formsof
adiponectircanexert metabolic actiorsuch as increagg insulin sensitivityor decreamg TG in

HFD (High Fat Diet) fed mice[36].
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Figure1.1Adi ponectindés biochemical property.

A adiponectin structurB-C a d i p o nmotecularwéights 30kDa and exists in three
differentmultimers HMW, MMW, LMW. Adapted fromWang andScherer

[74] with copyright permission.

However,theHMW form of fAd is considered the most biologicalyfectiveform. Failure in
fAd oligomerization led to insulin resistance in lijéb], andtheHMW fAd level best reflects

the changes in metabolic rigkctorsand the prevalence of diseatiks diabetes and CVIh

clinical settingsassociated with increased obe$#4g, 76, 7].

15.2. GeneticRegulations

1.5.2.1PPAR

PPAR> (Peroxisome ProliferaticActivated Receptor Gamma) a central regulator of
adipogenesisand aliponectin transcrifdn increass by 100 times upon adimyte

differentiation[78]. P P A Rlipectly binds tahe promotermregion of adiponectincontaining

-8-



PPRE(Peroxisome Proliferation Response Elethputative sitegFig 1.2). Adipocyte specific
deletion oftheP P A Rene in mice resulted in decreased adiponectin levels and caused
dyslipidemia and insulin resistanf#)]. TZD (Thiazolidinedionesareapproved drugagainst
T2D, andact asPPARJ agoniss altering transcriptions of multiple genésdiponectin
transcription is directly stimulated by TZD, and TARuced adiponectin &crucial factor to
treatT2D [80, 81] The ability of TZDs to improve insulin sensitivity is abolished inlk@

(Adiponectin Knock Out) micg82].

1.5.2.2F0OX01

FOXOL1 (ForkheadBox Ol) is atranscription factoplaying important roles insulin action and
adipogenesif83]. It undergoes variougsosttranslational modificationsuch agphosphorylation
or de-acetylatiorwhich controlsts sub-cellular localization ad transcriptional activity of
FOXO1.FOXOL phosphorylation isnainly mediatedby insulin or GF1 (Insulinlike Growth
Factor 1)anddecreased transcriptional activity cytosolic localization of FOXO[B4]. On the
other handFOXO1 deacetylation is mainly mediated by NADicotinamideAdenine
Dinucleotidg dependent dacetylase SIRT1Sjrtuin 1) and increasetlanscriptional activityoy
nuclear localization dFOXO1[85]. Resveratrol, a natural polyphenol compound found in red
wine, enhanceBOXO1 activity via increasin@IRT1expressionwhich alsoenhances
adiponectin expressidB6]. TransgenicSIRT1 overexpressingiice improved metabolic
profiles and presnts diabeteby increased adiponectin levels whilgockdown of FOXO1
decreased adiponec&xpressiorandworsened the metabolic profilessponsafter high fat

diet challengg¢86, 87]
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Figure 1.2 Transcriptional regulation of adiponectin by upstream signals.

The schematic diagram of adiponectin expression regulation by different transcription factors.

The detailed transcriptional mechanism by other fadioess i des PP ARsLuandid FOXO]1
Liu [88].

1.5.3. Adiponectin Signalling

1.5.3.1.ReceptorgAdipoR1, AdipoR2, TCadherin]

Adiponectin receptorAdipoR1 and AdipoR2 (Adiponectin Receptor 1 #@uiponectin
Receptor 2)ywerefirst clonedby the Kadowaki groups in Japaandareintegral membrane
proteins with seven transmembrai@nainsbelong tothe PAQR (Progesterone and Adiponectin
Q Receptorfamily [89]. The expression of AdipoRId AdipoR2 are regulated byOIXOL
Incubation othepatocytes or myocytegth insulinresulted in reducticsin AdipoR1 and
AdipoR2 expression, armb/ob micewith hyperinsulinemidad lower adipoR1 aradipdr2

expression90, 91]
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Both forms of receptors are wjiitously expresseiah different tissuesAdipoR1 ishighly
expressedh skeletal musclandAdipoR2 ishighly expressed in livej89]. AdipoR1 has
stronger binding affinity for gAd while Adig®2 has equal binding affinity for fAd and gAd
[89]. Both receptors aressentiei n conveying adi ponAgipopRLI nés met ab
activatesAMPK signaling,enhancingylucose uptake, fatty acid oxidatianjtochondrial
function,andincreasingype 1skeletal muscléiber abundanceAdipoR2 enhancsPPARU
activity, whichfacilitates lipid metabolismandinbhitsgluconeogenesis liver [92]. When
AdipoR1 andAdipoR2 wereoverexpressed in ob/ob mice, AMPK and PRA&tivitieswere
enhanced, ameliorating diabetic and atherosclerotic conditiarts’ob mice On the other hand,
simultaneous dletion of AdipoR1 and AdipoR2 resulted in increased TG, inflammation, and
insulin resistanc§92].

T-cadherin isan unconventional adiponectin recepteported to have binding affinifpr

HMW and MMW fAd [93]. T-cadherin isa member ofhe cadherincell adhesion molecules
which has naransmembrane or cytoplasmic domaimsransmit signalingT-cadherin is highly
expressed itheheart and blood vessels, anadtddherin deficient mice failed to activate
adiponectirdependent AMPK signalingesuling in severe cardiac dysfunction after pressure

overload or myocardial infarctig®4].

1.5.3.2. Adaptors[APPL1, APPL2

APPL1 (Adaptorprotein Phospheyrosineinteractingwith pH domainLeucinezipper 1) isan
adaptormproteinthatdirectly binds to AdipoR1 and transmadiponectin signalingAPPL1
activatesadiponectin mediatedownstream signaling, AMPEnd p38MAPK (Mitogen
ActivatedProteinKinasg, whichenhancedjlucose uptaken skeletal muscléy locating

GLUT4 onall membrane§95, 96] MechanisticallyAPPL1translocates KB1 (Liver Kinase
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B1) to thecytoplasmfrom the nucleus whichactivatesAMPK by phosphorylon at position
T172 Overexpression of APPL1 enhancadiponectirstimulatedAMPK activation while
APPL1downregulatiomedued adiponectistimulated AMPK activatiofi97, 98] APPL1
knockout mice showed insulin resistaf@é], andtransgenicAPPL1 overexpressg mice
showedbetter insulin sensitivity and reducbkdpatic gluconeogeneg9, 100]

APPL2 (Adaptorprotein Phospheyrosineinteractingwith pH domainLeucinezipper?2) is an
adaptor proteimnd ha$4%amino acid sequend®mology toAPPLL It forms a dimer with
APPL1, andthe APPL1-APPL2complexcompetitively inhibis theAdipoRZ:APPL1 interaction.
APPL2 downregulation resulted in enhanced adiponectin stimulated signaliogsegluptake
and fatty acid oxidatiofiL01]. On the other hand, APPL2 ewexpression resulted in reduced

insulin stimulated glucose clearari@é©2].

1.5.3.3.Signaling[PPARJ, AMPK]

The majorsignalingpathwaysactivated by diponectin are PPABRandAMPK (Fig 1.3) PPARU
is a nuclear receptor protein, a membeth&fPPARtranscription factofamily, andplays a
centralrole inlipid metabolism PPARJis activated under energy deprived conditions and
stimulates fatty acid oxidatiao refuel energgystematicallyj103]. Synthetic PPARJagonists
effectively lower serum TG and raise HE2l_andthey havebeen routinely used to treat
dyslipidemia in clincal setting [104].

PPARUJregulates gene transcription involved in lipid metabolism. Adiponectin injection or
transgenic adiponectinoverx pr essi ng mi ce h a ywhichheésutddenr PP ARU
CD36 overexpressn, enhancing fatty acguptake[36]. Adiponectin treatment enhanced
expression oPPARJtarget genesuch asACO (Acetyl CoA oxidase)CPT1(carnitine

palmitoyltransferase 1andUCP (uncoupling protein)whichareinvolved in acetyl ceA
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formation and mitochondridiatty acidbeta oxidatiorj105]. Adiponectin deficient micbave
lower hepatic insulin sensitivity arereduced responge PPARJagoniss [82].

AMPK is an energy sensanoleculeandplays a central role in energy homeostagisMPK is
activateduponincreased AMP to ATP ratioshen energy is used upctivation of AMPK
inhibits ATP catabolism and enhances Adductionby mobilizing energy sourcg406], and
phosphorylation oAMPKUsubunit at T172 positioactivates downstream signalipgthways

to improve energy staty$07].

Adiponectin phosphorylates AMPKL72 via LKB cytosolic translocatio®97]. Adiponectin
injection ortransgenic adiponectimverexpressing mice showed robustly enhanced AMPK
phosphorylationn skeletal muscle and liver, and adipone&tiockoutmice had lower AMPK
activity [36, 108] Phosphorylated AMPIsuppresses lipogenesissociated genesd enhances
fatty acid oxidation by inhibiting £C (AcetytCoA Carboxylaseactivity [109-111]. AMPK

also promotep38 MAPK mediatedGLUT4 translocatiorand enhanceglucose uptak{o5s, 96,
105. Adiponectinstimulated AMPK increase NO (nitric oxide) production via activatingNOS
(endothelial NO synthakeNO ameliorates pratherosclerotic status by reducing inflammation
andpromoting vasodilatioat vessel$112, 113] Adiponectinstimulated AMPK enhances
SIRT1 activity by increasinl AD to NADH ratios and SIRT1 activateBGG1Uexpression
[114]. PGG1Uis a master regulator of mitochondria biogenesis, andugheression of
adiponectin actionesultedn decreaseéxercise endurance due toueddmitochondrial

content anaxidative type imyofibers[115,116] Taken t oget her, AMPK

metabolic improvemer(Fig 1.3)
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Figure 1.3 Summary of Adiponectin signaling.Schematic representation of adiponectin
signaling transduction systefhe figure isadapted fromAchari and Jaif117].

1.6. Adiponectin Effects

1.6.1. Anti-Inflammatory

The circulating adiponectin level is strongly associated with the degree of inflammation. The
serum adiponectin leves inversely correlated witkey inflammatory cytokines such es

reactive proteins and B, IL-18 levels[118, 119] Ad-KO micehad increased TNF IL-6, and
MCP-1 levels[120, 121]while enhancing adiponectin levels by TZD decredked, TNRJ, and
MCP-1 levels[122]. Whenob/ob mice were crossed wittansgeni@diponectiroverexpressing
mice, thér weight didnot decreasédout metabolic profiles improved with decreased
inflammatory cytokine$123]. In cell culture experimestadiponectimpromotedmacrophage
polarizationfrom the pro-inflammatory phenotype Mtb theantrinflammatory phenotype M2

which secregs antiinflammatory cytokines such @sginasel and I-10[121].
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1.6.2. Anti-Diabetic

Adiponectird s -diabdtic effect is well establishedd adiponectimreduceghe incidences of
both forms of diabete3, 1D and T2D Serum adiponectin level is strongly associated with beta
cell function in T1D patientfs2, 53] and adiponectin protects beta céisn cell death by lip-
toxicity viaenhancing S1P (hingosine 1Phosphatageactivity [123-125].

Adiponecth enhances insulimediated glucose clearanoeensure normahsulin sensitivity
Ad-KO miceshowedower insulin stimulated glucose and fatty acid cleargh26, 126] while
adiporectin replenishment remed insulin sensitivity36, 120, 127, 128]n cultured cells,
adiponectin treatmemstimulated GLUT4 translocation themembrane and enhanced fatty acid
oxidationvia the AMPK pathway[95, 96, 105]Blocking AMPK activity compromised

adi pon e edabetic@ffect§ddd]t i

Adiponectinregulates serum glucose levels by blockiegdtic glucose productiomjection of
adiponectin in ob/ob mice resulted in blood glucose reduction not owing to increased insulin
levels.In liver, adiponectin robustly suppressed gluconeogefE28. Adiponectin treatmentfo
primary hepatocyteseducedylucose synthesis lsuppressing gluconeogenesis enzymes
expression75, 130] and thisvasdependent oAMPK signaling. WhenLKB1 was knocledout

in liver, it impaired adiponectin mediateegulation ofgluconeogenic gene expressii09,

131]

1.6.3. Cardioprotective

Cardioprotective effects by adiponedtave been noteid multiple studiesLow serum
adiponectin level istrongly associated witthyslipidemia and incidence of coronary heart
diseasg55-59, 132] Adiponectinexertsstrong lipid clearance effects by enhancing lipoprotein

lipase activity andatty oxidation[72, 108] Adiponectinsupplementatioprotecedfrom
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atherosclerosiby reducingendothelial inflammatioand inflammatorycytokine levelsvhile
adiponectin deficiency increased atherosclerosis events due to arteridliekahingby

oxidative stress andflammation[133-136].

Adiponectin directly acts otihe heart and confers arttiypertrophicandantiapoptotic effects via
the AMPK pathway. Pharmacological or genetic overexpression of adiponectin protected HFD
mediated cardiac hypertrophy and cardiac dysfun¢fidi]. Angiotensinll infused or pressure
overload induced hypertrophyasexacerbateth Ad-KO mice while adiponectin replenishment
reversed hypertrophy nhanig angiogenesis, ameliorat) oxidative stressandsuppresisig
hypertrophy related gene expressionti@AMPK pathway[138-142].

AdiponectirAMPK mediated ROS regulation &key mechanism to enhancardiomyocyte
survival. Ad-KO mice developedreatelinjury after surgical myocardial infarction due to
diminished AMPK dependent angiogenesis aratleaseandothelial oxidative stre$$43-146].
On the other hand, adiponectin adntirigon protected hearts from various stresses by
enhancing antioxidant activity and decreasing inflammatidhe hearf125, 147, 148]In

cultured cell experimentadiponectirenhanced cell survivaia the AMPK pathway[149, 150]

1.7. Autophagy

1.7.1.Definition

Autophagyor selfeatingis an evolutionarilyconservedanechanism for bulk degradation of
protein aggregates or organell®stransporting therno lysosomegFig 1.4) It was firstreported
by Christian de Duve in 196@henhe observethe degradedntracellularstructureswithin
lysosomes in rat liverid.51]. Dr. Yoshinori Oshumeharacteriedthe morphologyandkey genes

involved in autophagjl52], and he wn aNobelPrize in Physiology orMedicinein 2016for
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his discoveries of autophagy mechanisAgophagyis implicated inabroad range of diseases

andis essentiafor cellular homeostasid53].

1.7.2.Classificatiors

Autophagy isclassified intahree typegMacroautophagwlicroaubphagy andChaperone
MediatedAutophagy CMA) depending oulelivery methodologiesMacroautophagy delivers
targets by encapsulatitigeminto double membraned vesicles, called autophagosomes,
deliveredto and fusedvith lysosomedor degradationMicroautophagyccurs by direct
engulfment otargetsvia invagination of lysosomal membraresd degraded at lysosomés
CMA, targets are translocated across the lysosomal membraremperomproteins which

unfold and degrasitarges within lysosome$154].

1.7.3 Autophagy Process

Autophagyoccurs bymultiple seps regulated by different signaling and autophagy protgtits
1.5). Autophagy initiates by pinchingmall portions of double lipid layers membranes called
phagophores frorBR (Endoplasmic Reticuluin TransGolgi orendosomeswhich getseparated
from their sourceand elongated untihey areenclosedo becomea ringlike structure calle@n
autophagosomd455, 156] In the stage of phagophore elongationppbgosomes recognize
the target byadaptomroteins, and the name of autophagy is called differeethedding on
targes such as mitophagy for mitochondria, lipophagy for lipidRphagy for EROnce
autoplagosomesreloaded theyfusewith lysosoms, becoming autophaglysosoms, a
transient single membraned structtleatdegrade targets with lysosomal proteolytic enzymes.

Oncedegradedproducts or amino acidgereleasd and refuel the cell[156].
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Figure 1.4. A simplified process of autophagyPhagophores are geated from double lipid
membrane sources, which continuously elongated to encapsulate cargo targets, becoming
autophagosomes. Autophagosomes are fused with lysosomes for degradiamedArom
Mizushima[156]

1.7.4.Assessmerd

Autophagy Induction

Autophagyinduction starts from ATG1 or ULK2, a seringhreoninekinase the most upstream
component of autophagy machin€frg 1.5) ATG1 or ULK1/2forms a complex with ATG13
or mMATG13and ATG17or FIP20Q and this complexduces phagophore formatiofi57].
Depending on cellular energy status, weoanteracting signaling moleculesTOR and AMPK
regulate ULK1 compleormation and control autophagy induction

mTOR, mammalian target of rapamydsa member othe P13 kinase signalingathwaysand
regulates multiple processes such eall growth, proliferation, and survival. It is composed of
two complex ung: mMTORCland mTORC2. mTORCIk activated byellular nutrientsuch as
amino acidsand inhibits autophagy induction by phosphorylating ATG13 and Utokdisrupt

ATG1-ATG13-ATG17 or ULK1/2ATG17-FIP200 complex158, 159]
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AMPK, as described earlier, &tivated upon energy deprived condition, which initiates
autophagic catabolism to-feel the system toestore ATP. AMPK directlphosphorylates

ULK1 to promote complex formation and induces autopljag9, 161]

Autophagosome formation

Ubiquitination isa centralprocessn the autophagy process, arttete argwo ubiquitin like
systems: ATGBATG12 conjugation and LC3 processifighe former complex serves as a final
ubiquitinating enzyme for LC3 processimfglG12is conjugatedo ATG5by ATG7 and
ATG10, andATG5-ATG12 forms a complex with ATG16lwyhich process LC3B to induce
phagophore elongatiohC3B, microtubuleassociated proie light chain 3,s processed from
LC3B-1 to LC3B-1I during autophagosome formation. LC3Bulsquitouslyexpressed in most
cell types and undergoes proteolytic cleavage to generate-LEOBB TG4 upon autophagy
induction. Activated LC3H is transferredo ATG3 and phosphatidylethanolamine (PE) is
conjugated to generate LGIB. LC3-1l is integrated on growing autophagosomestaed

conversion of LC3d to LC31l is used as a marker protein for autophagosdqiés.

Cargo Degradation

Autophagy wasnitially viewedas a random degradationaftosoliccompartmentsyet growing

evidence suggesthatautophagydegradatiorcan be selective. Multipie a d apt or 6 mol ecu
were identifiedvhich guide target$or autophagy degradatiop62 or SQSTML1 is a muki

functional adaptoproteinwhich recognizepoly-ubiquitinatedtargetsby binding to UBD

(ubiquitin binding domain) and connedb LIR (LC3-interacting region) irautqgphagoms¢l163,

164). p62 is generally used as an indmwadf autophagy flux or autophagosome turnoVéhen

the keyautophagyene such as ATG5 or ATGig deletedp62 levels increasdd65-167].
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Figure 1.5. Detailed process of autophagy.

Autophagy is regulated by energy sensing molecules n@TWhich directly phosphorylate
ULK1 and promotehe ULK complex, an autophagy initiation signaling molecule. pitgteins
regulateautophagosome elongation by lipidiating L@ahich bndsto polyubiquitinated p62 on
cargo target Adapted fronQuan and Le§l68]

1.8.Metabolic Syndrome,Autophagy and Hypoadiponectinemia

As mentioned earliegutophagyinitiation is affected by energy status, assernutritioninhibits
autophagydue toenhanedmTOR activity Mice fed with HFDexhibitedenhanced mTOR
activity andreduced autophagates ininsulin actingtissuessuch as skeletal muscle, adipocytes

andhyperinsulinemia reduceslitophagy gene expressiandimpairedautophagy flu§169-

172]. Ob/ob or db/db mice showsdppresselley ATG proteinsn theliver, and restoration of
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ATG geneexpression by adenovirirmproved metabolic profile 73]. On the other hand,
undernutrition enhances autophagy due to enhanced AMPK actigityriCrestrictionor
intermittent fastingenhancd AMPK and SIRT1 activig andenhanced autophaggtivity in a
number of tissuesvhich improved metabolic profilesich as increased insulin sensitivity, lean
body mas$174]. Caloric restrictionor exercise training increagserum adiponectin levels and
improved metabolic profileg175, 176]

Adiponectin is a potent AMPK inducer, and autophagy defects underavieaSsociated with
reduced AMPK activityMultiple lines ofevidence suggesiutophagys regulaed by
adiponectinHFD resultedn reducedAMPK activity, decrease autophagy relatedeme
expressionand increased p62 levetnd this resukvasaggrandizedn Ad-KO mice However,
pharmacological activation of AMPK amelioratexttabolic dysfunctiom bothWT and Ad

KO mice[177, 178] Our labrecentlyreportecthatadiponectin castimulate autophagyn
skeletal musclén Vivo and In Vitra Adiponectin replenishmeirt Ad-KO miceenhanced
autophagy related gene expressaonLC3-11 level, and decreased p62 level. Adiponectin
treatmenin L6 myoblastsactivatel AMPK mediated ULK1 comgx formation,increased

autophagosomeand lysosomal degradati¢h71, 179]

1.9. ResearchObjectives

Obesity is pandemic and the incidencprisdictedto increaseontinuouslyfor the nextseveral
decadesLow serum adiponectitevelis implicated ilnumerous metabolic complications, and
adiponecti® molecular effect arehuge therapeutic interests. Adiponedtis benef i ci al e
are predominantlydependent on AMPK signalingshich regulates autophagy. Throughout my
doctoral training at York Univsity, | aimed toinvestigate the molecular mechanism underlying

adiponectin mediated metabolic effects, focusing their relation to autophagy.
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Study 1: Iron overload impairs autophagy in skeletal muscle, leading to insulin resistance
My first studywasto investigate molecular mechanisonderlyinglO induced T2D. O is
stronglyassociated witlhhypoadiponectinemjget the causative relationshiapth insulin
resistance is not cleft80]. We previouly reportedthat adiponectirsignaling is important in
autophagyto maintaininsulin sensitivity in skeletal musc]&79], yet no studies examined the
changes in autophagypon 10and its effects on insulin sensitivity skeletal muscld.

developed andharacterizedO-induced insulin resistance modelsthin vitro andin vivo.

Study 2: Adiponectin deficiency exacerbatesifdced cardiac remodeling due to autophagy
impairment

My second studwasto characterize cardiac autophagter PO in aged mic&o characterize
the relationship between adiponectin amtophagy responsdter PO, mTAB (minimally
invasive transverse aortic banding) surgeagperformed on wild typeWT) and AdKO mice.
Temporal changes iracdiac function veremonitoredby echocardiography anarmiac
autophagy was analyzéy measurig key autophagy protein expressions and ultrastructural
morphology of heartat the end pointln vitro experiments with H9c2 cells were performed to

see if adiponectioan stimulateutophagy.

Study 3: Adiponectin signaling stimulates protective AMPHiated autophagy during ischemia
In the course of Mltheheartexperiencesschemia and reperfusioRrotective AMPKk

dependent autophagy is activated dursaipemiayet detrimental AMPKindependent
autophagy is activateduring reperfusionTo identify the contribution of AMPKdependent

autophagy by adiponecti@AL (coronary artery ligationgurgerywas performeavithout
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reperfusionand cardiac autophagyascharacterizedafter 7 daysTo accurately measure
autophagy activity, we adopted a novel FMT (fluorescent molecular tomography) technique
which enableds tomonitor lysosomal enzyme activity in live animals vitro experiments

with autophagy deficient H9c2 lkewere performed to identify the significance of adiponectin

stimulated autophagy.
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CHAPTER 2

2.1.Abstract

Iron overload (10), a common clinical occurrence, is implicated in the metabolic syndrome
(MetS) although the contributing pathophysiological mechanisms are not fully defined. We show
that prolonged 10 resulted in an autophagy defect associated with accumulation of dysfunctional
autolysosomes and loss of free lysosomes in skeletal muscle. Thgaeagytdefects

contributed to impaired insulistimulated glucose uptake and insulin signaling. Mechanistically,
we observed IO led todecrease in: Akinediated repression of tuberous sclerosis complex
(TSC2), Rhebmediated mTORCL1 activation on autolysoss and autophagic lysosomal
regeneration (ALR). Constitutive activation of mMTORCL1 or iron withdrawal replenished
lysosomal pools via increased mTOROYRAG signaling, which restored insulin sensitivity
Induction of 10 via intravenous iredextran delivey in mice also resulted in insulin resistance
accompanied by abnormal autophagosome accumulation, lysosomal loss and decreased
MTORCIUVRAG signaling in muscle. Collectively, our results show that chronic IO leads to a
profound autophagy defect through ®@RC1:UVRAG inhibition and provides new mechanistic

insight into Metsassociated insulin resistance.
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2.2.Introduction

Iron is an essential element involved in multiple cellular processes such as erythropoiesis,
mitochondrial respiration and growtliffédrentiation[181-183]. The total amount of labile iron
must be precisely regulated and in circulation iron typically exists bound to tram§idéty[184,
185]. However, when iron exceeds TF capacity, iron homeostasis becomeanosfl86] and
nonTF bound iron contributes to pathophysiological processes, including insulin resetance
diabeteg180, 187-189]. Interventions to reduce iron have been reported todagpinsulin
sensitivity and delay the onset of type 2 diabetes (T2D). These irtbleidse of chelatorgL90-

192], bloodetting[11, 193, 194hnd iron restriction dig64]. However, the molecular
mechanisms linking iron overload (I0) to T2D are poorly understood. Cellular labile iron, which
contains chelatable redactive Fé'/Fe**, has been implicated in iranediated ellular toxicity

by increasing oxidative stress&xcess accumulation of intracellular iron leads to the generation
of reactive oxygen species (ROS) and tissue dafi®ge 195]

We have previously shown that autophagy plays an important role in regulating insulin
sensitivity and metabolism in skeletal mugdlé9]. Autophagy is a stressensitive cellular
degradative process capable of clearing and recycling potential substrates such as damaged
mitochondria and protein aggregaf#86]. Indeed, autophagy ggenerallyconsideredo play a
protective role against T2D, recycling nutrients to maintain energy homeostasis and remove
damaged organellg$97, 198] 10 has been described to regulate the activity of both AMP
activated protein kinase (AMPK) and mTOR complex 1 (mTORC39, 200] which are both
established upstream regulators of the autophagy pafi%8y160] However, the potential

mechanisms linking 1©nediated autophagy to insulin resistance remain to be elucidated.
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Here we establishdd vitro andin vivomodels to examine direct effects of 10 on autophagy

flux in skeletal muscle and its significance in insulin resistance. We describe a mechanistic link
between chronic 10 and autophagy dysfunction, which alters insulin sensitivity in skeletal

muscle. We identified the regulation of mMTORCL1 by IO as a deedided swrd that initially

leads to transient autophagy activation, but ultimately causes an autophagy defect through loss of
autophagidysosomal regeneration (ALR), a newly discovered membrane recycling mechanism
that to date has not been identified as a cantitto pathophysiologf201]. The data presented

here provide new mechanistic knowledge to enhance our understanding of the pathogenic
mechanisms of 10, which may have widespread consequences in insulin resistance, metabolic

dysfunction and beyond.
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2.3. Materials and Mehods

Materials

The cel |l culmiuwmrnename @&is s m-MEN])afétal bovéne setum (FBI) and
antibiotics/antimycotic solution were purchased from Wisent (St Bruno, QC, Canada).
Cytochalasin B (Sigma) and Human insulin (Humulin) warechased from Eli Lilly (Toronto,
ON, Canada) and deoy-[2-3H] glucose was purchased from PerkinElmer (Woodbridge, ON,
Canada). Ferrous Sulfate heptahydrates (@80, Cat#310077), Toridl (Cat# 475991)
Monoclonal AntiVinculin (Cat#V9131) andbetaActin antibody (Cat#A5441 clone ACS)

were purchased from Sigma Aldrich (Ottawa, ON, Canada). AKT inhibitor2286 was
purchased from Selleck Chemicals. S6K (Cat#ab32529), LAMP1 (Cat#ab25630) and Alexa 647
conjugated antibody (goat améibbit, Cat#ab15007) were purchased from Abcam (Cambridge,
MA, USA). LC3B (Cat#2775), GAPDH (Cat#2118), Tubulin (Cat#2148) antibodies and
phosphespecific antibodies (phosphorylation sites) for AKT (T308, Cat#4056), pheSeKo
(T389, Cat#9234), phospHdLK1 (S757, Git#14202), mTOR (Cat#2983) phospind OR
(S2448, Cat#2971), TSC2 (Cat#4308T) phospBE&2 (T1462, Cat#3617T) ) phospA&T
(Serda73 Cat#4060) total AKT (Cat#4691) , horseradish peroxittagagated secondary
antibodies (antrabbitlgG, Cat# #7074 and antouselgG, Cat#7076) were purchased from
Cell Signaling Technology (Beverly, MA, USA). UVRAG phospgéecific (S550, Cat# S307D)
and UVRAG antibody (Cat# S323D) was provided from MRC PPU at The University of
Dundee. AntiTransferrin Receptor (Tfrl) monocial antibody (Cat#3-6800clone H68.4),
phosphespecific antibody for aiRS-1 (Y612, Cat#4816G), Alexa555 conjugated antibody
(donkey antirat, Cat#A21434),Lipofectamine 2000Gat# 11668019), ProLong Gold

(Cat#P36930) were purchased from ThermoéfiStientific (Burlington, ON, Canada). Anti
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LC3B (Cat#PM036) and Anp62 (Cat# M1623) were purchased from MBL. ArEerritin
heavy chain (Cat#NBP31944) was purchased from Novus Biologicals. Afyic (Cat# 9E10)
was purchased from Alzforum. LAMP1 (Cat#19992, Santa Cruz) antibody and wadextran
dextran (a ferric hydroxide, Fe(O{omplex with low molecular weight dextran, Cat#9®B64
4) was purchased from Santa Cruz Biotechnology Inc. VECTASHIELD Antifade Mounting
Medium with DAPI (Cat# HL200) wa purchased from Vector Laboratories. Polyvinylidene
difluoride membrane was from BiRad Laboratories, Inc (Burlington, ON, Canada), and
chemiluminescence reagent plus was from PerkinEIB@&ston, MA). Concanamycin A was
purchased from BioShop Canada.lf€at# FOL202, Burlington, ON, Canada). All other

reagents and chemicals used were of the highest purity available.

Cell Culture and generation of L6 cell line stably overexpressing gene of interest

L6 skeletal muscle cell line (ATCC® CRL4 5 8 E t yeoplasmalfreevere grown to

conf | ueMEMpBupplementdd with 10% (volume/volume (v/v)) FBS and 1% (v/v)
antibiotic/antimycotic solution under a humidified atmosphere of 95% air and 52atG@C.
During treatment or iron withdrawal, the cells wewgtched to medium containing 0.5%
(volume/volume (v/v)) FBS and 1% (v/v) antibiotic/antimycotic. During iron treatment, ferrous
iron stock, prepared by dissolving ferrous sulfate heptahydrate ¢#&50) in sterile distilled
water at 10mM, was dissolveal treatment medium at appropriate concentratiorGL& T4

cells stably transfected to overexpress +tagged GLUT4 were a gift from Dr Amira Klip, The
Hospital for Sick Children, Toronto. IREFP L6 cells stably transfected to overexpress IRE
CFPwereaigf t from Dr.sé James R Connor and Stepha

Center, USA202]. eGFRmMCherryLC3B, eGFPmCherryp62 stables, anchyctagged RHEB
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Q64L mutant_6 cells were infected with lentivirus and a stable polyclonal populatam

obtained through puromycin (fig/ml) selection ér stable integration.

Determination of intracellular iron

Intracellular iron concentration was estimated by ferrebaged assay as described previously

[203]. PhenGreen SK (PGSK) diacetate djzé®l] was used to determine the degyod divalent

ions. Iron specific probé (IP-1) [205, 206]was a kind gift from Dr Christopher J. Chang,

University of California, Berkeley) was used to determine labile iron levels in cells.

Gene expression analysis

Quantitative Polymerase Chain Reaction (QPCR) was performed as previously d¢3@hed

Total RNA was extracted with RNEasy Mini Kit (Qiagen, Toronto, Canada), then converted to

cDNA with

Universal SYBR® green mixtu(Bio-Rad) at following condition: 2 minutes at 95C, followed

GoScript reverse

transcri

pt ase

by 40 cycles of 15 seconds each at 95C, 60C, 72C. Relative gene expression levels were

normalized to 18s rRNA. Primers used in this study are summarized in3[able

Name Kind Segeunce (5* 3"

FTH Forward | CTTTGCAACTTCGTCGCTCC
Reverse | AGTCATCACGGTCAGGTTTCTTT

FTL Forward | AGACCCTCACCTCTGTGACT
Reverse | GGCGGTTACAAAGCTGCCTA

SLC40AL Forward | CGTGCTATCTCCGGTTCCTC
Reverse | TGTCAAGAGGAGGCCGTTTC

TERC Forward | AGCCAGATCAGCATTCTCTAACT
Reverse | GCCTTCATGTTATTGTCGGCAT

18srRNA Forward | CCATAAACGATGCCGACTG
Reverse | CGCTCCACCAACTAAGAAC

Table 3. List of Primers used inStudy 1.
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Western blotting

Lysates were prepared as we described bg2@d. SDSPAGE was performed, and proteins
were transferred to PVDF membrane then incubated with blocking buffer (3% BSA or 5% skim
milk in TBS-T), washed with TBS five times and incubated with primary antibodies (1:1000

in TBST 2% BSA) overnight at. Next, membranes were incubated in appropriate
horseradish peroxidasmnjugated secondary antibody (1:10000 in TB2% BSA or skim

milk) for one hour at room temperature. Quantitation of each specific protein band was

determined by densitometric scamgiwith correction for the respective loading control.

Insulin Sensitivity Test

Glucose uptake was determined by measuring uptakeledgyd-[>H] glucose exactly as
described previouslj208]. L6-GLUT4 cells were incubated with insulin (10 nM and 100 nM)
for 20 min after treatment with or without iron as described. Phosphorylation of IRS1 (Y612)
andAKT (T308) were determined in cells incubated with insulin (10nM or 100nM) for 5 min

after appropriate treatment

Transmission Electron Microscope (TEM)

TEM was performed as described previoy2ly7]. Briefly, samples were fixed in fixative (2%
formaldehyde, 2% glutaldehyde in 0.1M sodium cacodylate buffer) for 2 hours at room
temperature. After washing three times with sodaawodylate buffer, samples were fixed in 1%
osmium tetroxide for 1 hour at room temperature. After dehydration with ascending
concentration of ethanol in series (5% 0 %) , cel |l s were embedded

Thin sections (6@B0nM) were cut withultramicrotome and mounted on copper mesh grids. The
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sections were then contrasted with 1% uranyl acetate and lead citrate and examined with a FEI

CM100 TEM and Kodak Megaplus Camera.

In Vitro Autophagy Analysis

Activity of the autophagy pathway was nitmmed by western blot and immunofluorescence
based puncta quantification of LC3B. Flux assay was performed by measuring levels ef LC3B
and LC3BII from cell lysates after appropriate treatmenti@ated with lysosomal inhibitor
(chloroquine, 30 uM). LGB immunofluorescence was performed as described previ@ogy
Briefly, cells were fixed, permeabilized and blocked with PBS solution containing 1% BSA and
2% goat serum. After blocking, cells were incubated with blocking solution containing LC3B
(Cat#PM036, MBL conjugated with Cy3 Alexa Fluor 555 1:1000) and mouselakitiP1
(Cat#A110291:500). Cells were incubated with anibuse Alexa Fluor488 secondary antibody
((Cat#ab25630Thermo Fisher Scientifjcl:200) at room temperature for 1h. Aftecubation,

cells were mounted with DPAI after washes. Deconvoluted images were captured with an
Apotome enabled Zeiss AxioObserver.Z1. For live cell imaging L6 cells staphgssing
eGFRPmMCherryLC3B or eGFPMCherryp62 were seeded in Ibidi chambers #&medted with

iron (FeSQ, 250 uM) or starvation medium (without amino acid). Treatments were carried out
in FluorBright™ phenol reefree DMEM (Invitrogen) supplemented with GlutaMAXn&ges

were acquired and deconvolved using an environmental chambssl¢@ltaVision Elite

Olympus 1X71 with FemtoJet Microinjector) microscopy.

Lysosome Dynamics Analysis
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L6 cells were cdransfected with LAMPARFP and LC3GFP using Lipofectamine 2000 as per
manufacturer 6s s p e c itrhnsfection, cetlswere incibatédlindreatmerg 8 h
medium then imaged live. During liseell imaging, cells were maintained in an environment set

to 5% CQ and 37 C. We used a Quorum Diskovery spinning disc confocal microscope system
equipped with a Leica DMi8 microscope and connected to an Andor Zyla Megapixel SCMOS
camera. Microscope and acquisition settings were controlled using Quorum Wave FX powered

by MetaMorgh software (Quorum Technologies, Guelph, ON). For diapse imaging and
determination of lysosomal dynamics, images were acquired every 3 seconds for 3 minutes. For
determination of lysosomal numbers, images were acquired alongtheezat a defined

interval of 0.3 pum.

For image analysis, lysosomal numbers were unbiasedly determined using particle detection

tools in Volocity 6.3.0 software (PerkinElmer). Lysosomal numbers were determined in at least

15 cells per condition per experiment, where we agggeeach experiment at least three

independent times. For lysosomal track analysis, movies were analyzed using particle detection
tools in Imaris (Bitplane) image analysis software. Lysosome particles were defined as having a
minimum of 0.5 umindiametaend tr acked using the softwareos
analysis function. To minimize misacking of particles, tracks were restricted to particles that

moved a maximum distance of 1 um between frames and with no more than a maximum gap
distance oB frames. This analysis was completed for at least 6 cells per trial per condition with

more than 100 tracks per cell. Track mean speed and displacement, which is defined as the

distance between start and endpoints, were calculated.
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Cathepsin Activity Asay

We used Magic Red Cathepsin L kit (BioRad Technologies, ICatg41) and performed
experiments as follows. After 24 h 10 treatment, IO and control cells were incubated with 1x
magic red cathepsin L reagent, concurrently or in the absence of 1uM fdodAjour, prior to

live cell imaging. Using spinnindisc confocal microscopy, confocal slices were acquired with a
0.3micron interval between slices. For image analysis, the total magic red fluorescence for MR

positive puncta was determined and comg@adoethe control counterpart.

L y s 0 s eGluaokidageActivity Assay

L6 Cells were plated on ibidi 8 well4%lide (lbidi, Cat# 80826) overnight and treated with iron
(FesO4, 250uM) for 24h. Cell s wefglacosidasen i ncub
substrate (5uM) for an hour (Marker Gene Technologies, Cat# M2775). Then cells were washed

3 times with PBS prior to the addition of Optil e alLiveECell Imaging Buffer. Images were

acquired and deconvolved using an environmental chamber control (Delta¥igie Olympus

IX-71 with FemtoJet Microinjector) microscopy.

CytoID Autophagy Detection Assay

L6 Cells were plated on ibidi 8 well4%lide (lbidi, Cat# 80826) overnight and treated with iron
(FeS04, 250uM). Cells were then incubated in AMt&Nhout phenol red containing CHD
autophagy detection stain (Enzo, EIET175-0050) for 30 minutes with/without iron, then
washed with PBS. Images were acquired and deconvolved using an environmental chamber

control (DeltaVision EliteOlympus 1X71 with FemtoJet Microinjector) microscopy.
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Iron Overload Animals, Glucose Tolerance Tests (GTT), and Insulin Tolerance Tests (ITT)
Animal facilities met the guidelines of Canadian Council on Animal Cars, and the York
University Animal Care Committee approvibet experimental protocols. Animals were fed ad
libitum on regular chow diet and kept in temperature and huraidityrol rooms (21 + 2 °C, 35
40%) with a daily 12:12h lighdark cycle. Groups (n = 6) off@onth-old C57/BL6 male mice

were randomized into @roups and injected with iredextran dextran intravenously (15mg per

kg, diluted in PBS to make 150 pl injection volume) three times at 2 hours interval or with only
PBS as control. After 24hr post first injection GTT and ITT were performed, withoudliroinas
described previouslj210]. For phosphorylation of insulin signaling molecules analysis, mice

were injected with 4 units of insulin per kg before sacrifice.

Tissue Immunofluorescence

Paraffinrembedded sections were deparaffinized and rehydrated with descending concentrations
of ethanol and then brought into double distilled water. The antigens were retrieved in citrate
buffer pH6.0 in autoclave for 15min. After three washes with PBS, sections then were
permeabilized with Triton XL00 (0.3% Triton X100 in PBS) and blocked with 2B&SA and

5% goat serum in PBS for 90 minutes. Sections were incubated with LAMP1 (Santa Cruz) and
LC3B (MBL) at 1:100 in 2% BSA in PBS, followed by Alexa secondary antibody conjugated
fluorophores (Alexa 555 donkey amét and Alexa 647 goat antbbit). Sections were mounted

on coverslips with ProLong Gold and VECTASHIELD antifade mounting medium with DAPI

and images were captured with Zeiss LSM 700. The number of Lamp1 puncta were determined

by settingpres et t hr eshol d A mo me n tthepunctd (¥0.6 uimdiagheter,, and

>0.35 circularity) per field of views.
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Statistical Analysis

Data are expressed as meastandard error mean (SEM) from at least three separate
experiments. The differences between groups were analyzed using Prism 5.0 (GraphPa
Software Inc., San Diego, CA, USA) with emay analysis of variance (ANOVA) followed by
Student test; withp < 0.05 considered as statistically significant. Quantification of endogenous
lysosome and autophagosome number was performedRsikion EImer Volocity software for
unbiased identification and quantification of objects. Vesicle numbers and individual vesicle
sizes were identified from a minimum of nine representative cells, with a minimum of 40
vesicles per condition. Samples werengpa r e d u s i ftegt. Aitophdgesormedmebility
was determined by blinded vesicle tracking using a minimum of 11 time points to track an
average of 10 autophagosomes per sample. Mean velocity was calculated for each

autophagosome and sampleseteacrs mul t i pl e condi ti ons-testter e
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2.4.Results

Iron overload (I0) induced insulin resistance in L6 cells

Skeletal muscle is a primary consumer of glucose, yet the effects of 10 on glucose uptake and
insulin sensitivity are not known. Therefore, we first sought to determine if IO induces insulin
resistance in rat L6 skeletal myoblasts. An experimental model of 10 was established by treating
cells with ferrous labile iron for up to 24 h. The extent®fvas then determined via dose and
temporal analysis using biochemical intracellular iron measuremer2.(fFAYy The

concentration selected for subsequent use uB5Qds intended to mimic 10 and is consistent

with iron concentrations used in literatdoe other cell type$205, 211] Conventional iron

overload respongé@85] by skeletal muscle cells was monitored by using an iron response
element (IRE) driven reporter construct tagged with cyan fluorescence protein (CFP) transfected
in L6 cells as well as these of fluorescenebased indicators of iron levels ([B. We observed

that iron treatment for 24 h increased the expression of CFP and fluorescence of iron{irobe IP
without adversely affecting viability (Fig.1B and Fig2.2A). Analyzing increased intcallular

iron via quenching of the iresensitive fluorescent probe phen green SK (PGSK) we confirmed
el evated iron in our model and that it- could
pyridyl (DPD) (Fig2.1C). We further tested ironespong/e transcription by performing gPCR
against ferritin (FTH and FTL, +heavy and Hight chain), Ferroportin (SLC40A1) and Tfrl
(Transferrin receptor 1, TFRC). Iron treatment for 24 h significantly increased the expression of
ferritins, ferroportin and deeased the expression of Tfrl (RAdD). Transcriptional changes

aligned with protein levels indicating that iron treatment significantly increased ferritin heavy
chain and decreased TfR1 expressiéig 2.1E). Together, these results indicate thatiowitro

IO-model in skeletal muscle line recapitulates the key hallmarks [(#1£].
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We next analyzedhsulin sensitivityafter IO measuring glucose uptake and phosphorylation of
insulin signaling molecules (IR$ Y612 and AKT T308) after insulin stimulation. Iron

treatment for 24 h significantly reduced glucose uptake following insulin stimulatio.(fY
Additionally, insulin-stimulated phosphorylation of IRBand AKT were significantly reduced

after 24 h iron treatment (FRJ1G). Furthermore, we determined that insulin resistance was due
to intracellular iron accumulation since DPD significantly reduced the intréareiian

accumulation at 24 h iron treatment, and restored insulin stimulated glucose uptake and insulin
signaling phosphorylation (Fig.2B-E). Taken together our results indicate that 10 directly

caused insulin resistance in skeletal muscle.

Prolongediron treatment causes autophagy flux defects in skeletal muscle cells

We have previously established that autophagy is an important regulator of insulin sensitivity in
skeletal muscl§l79]. Thus, we analyzed the temporal effect of iron treatment on
autophagosome production and fusion with lysosomes by imaging L6 cells stably expressing
LC3B-eGFRPmCherry. In thisassay, eGFP fluorescence was quenched by low pH after
autophagosome fusion with the lysosome whereas mCherry [Blr8)t We observed a rapid
increase in the number of autophagoegiuncta after iron treatment, which was corroborated by
western blot analysis of LC3B that showed the lipidated form of LC3B {IUG&as

significantly increased after iron treatment (Fi§&-B, Fig 2.4A). Consistent with our analysis

of LC3B we found that p62 puncta formation and protein clearance was rapidly increased by iron
treatment (Fi.3C, Fig 2.4B-C). Surprisingly, while we observed p62 protein levels decreased

significantly at early time poistafter iron treatment, we found they were significantly stabilized
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at 24 h post treatment (Fig3Z). p62 stabilization under prolonged iron treatment potentially
indicates a blockage of autophagic flux at later time points. To further analyze autdpikagy f

we quantified the accumulation of lipidated LC3B in the presence of a late stage autophagy
inhibitor (CQ, chloroquine). At 4 h after iron treatment, LIC8ignificantly increased with CQ,
indicating an induction in autophagy (Fig3R). However, 24 fafter iron treatment LG8

levels were elevated but unchanging, indicating a lack of autophagy flux despite the presence of
a large pool of autophagosomes (Figg).

We also observedutophagosomes under prolonged 10 were morphologically abnavittab

mean diameter nearly three times those in the untreated samples3F-())2 Enlarged LC3

positive vesicles are often observed in autopkdgficient backgrounds including cells with

knock outs in: ULK1/2 (Fi@.4D-E), Beclin1[209], FIP200214] and ATG14L1215]. We next
performed live cell imaging to analyze autophagosome mobility that, in addition to
autophagosome number, is posity correlated with autophagic fl216]. As expected, amino

acid starvation increased autophagosome motility to 78 nanometers per second compared to 44
nm/s in untreated samples indicating an increase in autophagy rates. In contrast, astopésg
observed in cells with 10 were nearly static, moving an average of 6.4 nm/s3H)g 2

Ultrastructure analysis by transmission electron microscopy (TEM) showed that chronic 10
resulted in a striking accumulation of enlarged vesidearacteristic of autolysosomes (Fig

2.31). To further characterize the blockage of autophagy that accompanies insulin resistance
under chronic 10 we sought to determine if lysosomal fusion with autophagosomes was inhibited
at this time poinf213, 217] We immunostained for endogenous LCaRI LAMP1 and

observed large dual positive structures, which indicated that lysosomal fusion was not inhibited

in the accumulated autolysosomes under prolonged 10 (&g 2 his was confirmed by
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additional markers for both autophagosomes and lysosdfitge3.4F). Moreover, we found that
chronic IO did not inhibit the-glpcosmaseand yti ¢ ac
cathepsin B) that were still active in autolysosomes under chronic IO, indicating that autophagy
defects were not caused by ahibition of lysosomal fusion or lysosomal enzyme activity (Fig

2.4G-1 ) . However, we also observed that wunder | O
lysosomes (defined as LAMRdositive, LC3Bnegative), with nearly all LAMP1 staining

detected on autoplgosomes (Fig.3J, Fig2.5A-B). Taken together our data indicates that 10

overload results in a temporary increase in autophagy rates, followed by an accumulatien in non

functional autolysosomes and autophagy inhibition.

IO inhibits reactivation of mMTOR dllowing autophagosome degradation

The nature of the lysosomal and autophagosomal defects described above could be consistent
with attenuation of the recently described membrane recycling event termed autophagic
lysosome regeneration (ALRJ18, 219] ALR is essential to sustain prolonged periods of
autophagic inductiof218]. ALR is an mTORdependent process wherembrane from the

spent autophagosome is extruded, followed by scission to form protolysosomes that then mature
into new lysosomes. mTORC1 promotes this scission after being activated by nutrients generated
from the degradation of autophagic cargo. Impdlyathis function of mMTORC1 acts to

promote autophagy under prolonged stress through the production of lysosomes and is
independent of the autophagyppressive effects mMTORC1 exerts under basal condifiaB8%
Therefore, we next sought to monitor mTORCL1 activity in iron treated samples. Temporal
analysis of mMTORCL target phosphorylat{prS6K T389 and fJLK1 S757) upon FBS

withdrawal showed a partial rescue at 8 h that was absent in the iron treated samglés {Fig
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B). This indicates that IO may prevent reactivation of mMTORC1 from nutrients generated by the
autolysosomes.

We next tested whether maintenance of mMTORC1 activation under chronic 10 was sufficient to
rescue the autophagic defects observed. To do so, L6 cells were transiently transfected with a
Myc-tagged RHEB (Ras Homology Enriched in Brain) GTPase, which isioead the Q64L
mutation to remain GTP bound and can directly maintain mTORC1 adiiy 221]

Transfected cells were treated with iron for 24 h, then stained feL @88 antibodies to

identify autophagosomal aggregates and-Eiytc antibodies to mark cells transfected with Myc
RHEB mutant. We found that cells with forced activation of mMTORC1 exhibited a dramatic
absence of large autolysosome accumulation under chronic iron treatmeh6(;i§ox1)

when compared to cells thaere not transfected under the same conditions2B@, Box2).

We next generated stable cell lines over expressing RHEB mutant (RHEB Q64L L6) and
compared to wt (wild type) cells after treating with iron. As a control we tested intracellular iron
levels n RHEB Q64L and wt cells after 24 h iron treatment and found them comparable (Fig
2.6D). After 24 h iron treatment, wt cells developed autophagosomal aggregates and
compromised LC3Bree lysosomal pools as previously observed. Conversely, RHEB Q64L
cells dd not accumulate large autophagosomes and total lysosomal content was comparable
with/without iron treatment (Fig.6E-F). Ultrastructure analysis by TEM further confirmed that
RHEB Q64L stable cells did not develop abnormal autophagosomal structur@éoafte

treatment, when compared to control (Bi§G). To examine the functional significance of these
observations, we tested if maintenance of mMTORC1 activity affectéudi@ed insulin

resistance. In RHEB Q64L cells, we observed improved insulinlBignép-IRS-1 Y612 and p
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AKT T308) under 10 (Fig2.6H-1). Taken together, these data suggest that loss of mMTORCL1

activity during chronic 10 is responsible for autophagy defects and insulin resistance.

IO induced insulin resistance and autophaglefects are reversed upon iron withdrawal

In the clinic, 10induced insulin resistance can be improved by iron restricted diets or iron
chelation therapy64, 222] Therefore, we examined whether-it@luced insulin resistance could
be rescued by withdrawing iron from treatment medium following ironnresat for 24 h. 24 h
withdrawal resulted in alleviation of 10, by significantly reducing intracellular iron levels as
indicated by PGSK and ferrozine based colorimetric assay2(FgB). The recovery from 10
occurred concurrently with insulin sensitivitystoration. Phosphorylation of insulin signaling
molecules after insulin stimulation significantly recovered after 24 h withdrawa® (FigD).

We next analyzed the effects of iron withdrawal after iron overload on autophagosome and
lysosomal populatios We observed that iron withdrawal after chronic 10 resulted in clearance
of autolysosome accumulation and a restoration of L-68@ative lysosomes (FRJ7E-F). Iron
overload has been described to inhibit the targeting of ferritin to autophagosonreforeheve
looked at ferritin protein levels under IO and after iron wash off. As expected, ferritin was
stabilized by chronic 10 consistent with a block in autophagic clearance and was cleared
significantly by 24h after media replacement without excees i(Fig2.7G). Taken together our
data shows that iron removal results in clearance of abnormal autophagosomes, restoration of

lysosomes, and increased insulin sensitivity.
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Chronic 10 blocks mTORCL1 reactivation on autolysosomes and signaling WhRAG

We next sought to determine the mechanism underlyiAgdOced autophagic defects. We
previously determined that forced mTORC1 activation was sufficient to block autolysosome
accumulation (Fi@.6C, Fig2.6G). Therefore, we first sought to charaize the effects of
prolonged IO regulated on regulatory phosphorylation of mTORC1. L6 cells were treated with
iron for 24 h, or 24 h plus iron withdrawal. mTORC1 was monitored by phosphorylation at
S2448, which correlates with mTORC1 actiji23, 224] We observed mTORC1
phosphoylation was greatly diminished at 24 h 10 and recovered after 4h of iron withdrawal
(Fig 2.8A). mTORC1 phosphorylation at S2448 is dependent on localization to the lysosome or
autolysosome for activation by the Rh& Pase activity, which is in turn regulated by
tuberoussclerosis complex (TSEAKT signaling[225, 226] We stained cells for endogenous
MTOR and LC3B and found that mTOR was localized to autolysosomes under prolonged IO,
indicating localization defects are likely not the cause of mMTORCL1 activity losg.@AY

Therefore, we nexboked at the effect of 10 on Akimediated inhibition of TSC2. We

observed a decrease in inhibitory phosphorylation of TSC2 under 10, which was dramatically
reversed upon wash off (F&y88). However, when iron withdrawal media was supplemented
with AKT inhibitor, mMTORC1 was not ractivated upon iron removal (F&y8B). Together

these data demonstrate that 10 results in a decrease inmfgdiated repression of TSC2,
resulting in a potent repression of Rheb and mTORC1.

The lysosomal loss, mTORC1 inhibn, and autophagy defect we observe under 10 are all
consistent with a defect in ALR. mTORCL1 promotes ALR through scission of the autolysosome
activity via direct phosphorylation of UVRAG, a component of the VPS34 lipid kinase complex

[219]. Phogpholipid production by UVRA&o ontaining VPS34 complexes is essential for the
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scission of the auttysosomal membrane. mTOR@ediated phosphorylation of UVRAG on
serine S550 was monitored in L6 cells transfected with FLARAG that were treated with

iron as indicated followed by immunoprecipitation of FLAG/RAG-containing VPS34
complexes (Fi@.8C). Interestingly, at 4 h iron treatment we saw a slight increase in mTORC1
mediated UVRAG phosphorylation, which indicates that mMTORCL1 can be activated at the
autolysosome even when global mTORC1 activity (as measured by S6K phosphorylation) is low
(Fig 2.6A). This is consistent with the relatively normal functioning of autophagosomes and
lysosomes that we observe at this time point g=4¢-D). However, at 24 h iron treatment we
observed a dramatic loss in mTOR®@&diated phosphorylation of UVRAG (F&8C);

indicating mTORCL1 is incapable of efficiently promoting ALR under chronic iron treatment
despite an overabundance substrate (matumdygsosomes). Additionally, the removal of iron
resulted in a partial recovery of mTOR@tediated UVRAG phosphorylation, indicating that
IO-induced stress was responsible for the loss of ALR signalin@(8). We then used Torin

1, a wellestablished MOR inhibitor[227, 228] and found that in its presence recovery of
UVRAG signaling was completely abolished, confirming that mTORCR signaling is

regulated by 10 (Fi@.8D). Based on the recovery of mMTORCL1 signaling to UVRAG upon iron
withdrawal we hypothesized that treatment of cells with Fanmould be sufficient to block
lysosomal recovery following iron withdrawal. To valtd our hypothesis, we monitored
lysosomal number and trafficking using cells transfected with-RARP1 to determine if
inhibition of MTORC1 was sufficient to ablate the rescue of lysosomes upon iron withdrawal
after chronic 10. RFRLAMP1 was present oméarged autolysosomes similar to endogenous
LAMP1 (Fig 2.9B). At basal conditions, the number of lysosomes ranged from 100 to 300 per

cell, and continuously trafficked and underwent fusion events(Bi). On the other hand, iron
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treatment significantlyeduced the number of lysosomes (Eig§E) and the motility of LAMP1
particles was reduced significantly (RAg8F-G). The lysosomal pools were significantly

recovered near basal levels after 4 h withdrawal. However, as predicted the addition-af Torin
alolished recovery of lysosomal pools and lysosomal motility following iron withdrawal (Fig
2.8E-F). Collectively, these data demonstrate that prolonged 10 results in lysosomal loss due to
ablation of mMTORCZeactivation on autolysosomes caused by altemiitoAKT-TSC-Rheb

signaling (Fig2.8H).

Induction of 10 in mice and development of insulin resistance following 10

As in previous studies which have adopted injections to indu¢224) 230] we delivered iron
intravenously at 15 mg per kg, a dose with minimal toxi@84], via three injections at 2 h
intervals (Fig2.10A). 24 h after irst administration, animals wesacrificed,and tissue iron
accumulation examined with Perls Prussian Blue staining. As expected, a robust increase in
hepatic iron staining and more modest increase in skeletal muscle iron content was apparent (Fig
2.1). Western blotting indicated that skeletal muscle ferritin levels increased while TfR1
levels decreased significantly in 10 mice (Rig.0C-D). 10 mice exhibited signs of peripheral
insulin resistance, as shown upon examination of glucose handimgsuiin and glucose

tolerance tests (Fig.1CE-H). To directly investigate changes in skeletal muscle insulin

sensitivity we examined insulistimulated phosphorylation of IRB(Y612) and AKT (T308)

and observed significantly attenuated insiiducedphosphorylation in 10 mice (Fig.10}-K).
Collectively, these data that our intravenous iron injection regimen recapitulated key aspects of

iron-induced insulin resistance in skeletal muscle from our L6 cell culture model.
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IO caused reduced lysosomal psakith reduced UVRAG signaling and inhibited autophagy
flux

To measure ALR events vivo, we performed LC3B and LAMP1 immunofluorescence on
tissue sections and observed a pronounced difference between control and 10 groups (Fig
2.11A). In control mice, tkre was a minimal complement of autophagosomes (LC3B puncta) yet
numerous lysosomes (LAMP1 puncta), quantitatively 200 to 300 puncta per field of view (Fig
2.11B). In 10 mice, the number of autophagosomes increased yet the number of lysosomes
decreased sigficantly, less than 100 puncta per field of view was observed. TEM analysis of
muscle tissue from control group confirmed the predominant appearance of lysosomes as single
membrane clear structures, with occasional observation of autophagoson&&XE)gOn the
other hand, TEM analysis of muscle from Iron group showed very sparse lysosomal content,
with much smaller size than lysosomal structures observed in wt group. Also present in IO
samples were tubular projections that are characteristic of dtgity of UVRAG

containing VPS34 complex§¢®19] (Fig 2.11C). We further analyzed autophagy flux and ALR

by western blotting of phosphorylation of UVRAG, and LC3B and p62 expression. in iron
treated mice, phosphorylation of UVRAG at S550 significantly decreased, maitt it

data. Moreover, both LC3B and p62 expression in the 10 group increased, indicating impaired
autophagy flux, compared to control groups (EitjlE-F). These changesgere also observed in
liver, indicating that IGnduced ALR defects are not limited to skeletal muscle and may have
widespread highly significant pathophysiological implications EkPA-E). Taken together, we
have identified that IO induces an mTORCaatevation defect in skeletal muscle of mice

leading to an ALR defect, which represents a new mechanistic link connecting disturbed iron

homeostasis to insulin resistance and metabolic dysfunction.
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Figure 2.1. Validation of Iron overload (I0) model and insulin resistance induction after 1O

in L6 muscle cells

A Ferrozinebased intracellular iron concentration measurement in L6 cells after temporal
analysis of iron treatment at 100 or 250 uM for multipieetipointsB Representative confocal
microscope images of L6 cells stained withllPiron Probe 1) or transfected with IRE-P

(Iron Regulatory Element) reporter after iron treatment (Re3&D uM) for 24 hC

Representative confocal images of L6 cefisg ironsensitive fluorescent PGSK dye after iron
treatment (250 pM, 24 h) with iron chelator DPD (500 p)Relative gene expressions

ferritin heavy chain (FTH), ferritin light chain (FTL), ferroportin (SLC40AL1, transferrin receptor
1 (tfrl, TFRC)i normalized to 18sr RNA expression after iron treatment (EeZ8D M) for

24 h.E Representative western blot images and quantification of ferritin (heavy chain) and tfrl
over GAPDH after iron treatment (250 uM, 24 ) Glucose uptake of L6 cells withsulin
stimulation (10 nM or 100 nM, 20 min) after iron treatment (250 uM, 1 h or &4 h)
Representative western blot images and quantification of phdB81o(Y612) and phospho

AKT (T308) over GAPDH with insulin stimulation (10 nM or 100 nM, 5 min) aften

treatment (250 puM, 24 hAll experiments were repeated five times. Data are expressed as
means = SEM.P < 0.05 relative to control (basal without insulin). #P < 0.05 relative to basal
with matched insulin stimulation at 10nM or 100nM, respectiv8bale bar = 20 um.
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Figure 2.2 Prevention of IGinduced insulin resistance in L6 cells with iron chelator

A MTT viability assay in L6 cells after iron treatment (FeX50 uM) for 24 B Time course
measurement of intracellular iron concentration in L6 cells after iron treatment (250uM) with
iron chelator DPD (500 nM) for multiple time point€. Glucose uptake of L6 cells with insulin
stimulation (100 nM, 20 min) after iron treatment@3sM, 24 h) with DPD (500 nMD
Representative western blot images and quantification of phdR$b Y612 over GAPDH in

L6 cells with insulin stimulation (100 nM, 5 min) after iron treatment (250 uM, 24 h) with DPD
(500 nM).E Representative western bimages and quantification of pAKT T308 over GAPDH
in L6 cells with insulin stimulation (100nM, 5min) after iron treatment (250 uM, 24 h) with DPD
(500 nM). All experiments were repeated three times. Results are represented-r&av. +/
*p<0.05 comparedb control groups (without insulin stimulation). #P < 0.05 compared to iron
treatment with insulin stimulation (100nM). n.svalue is not significant.
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Figure 2.3. Iron treatment transiently induced autophagy yet led to flux inhibition at 24 h iron
treatment

A Representative confocal microscope image of L6 cells stably expressing tandem fluerescent
eGFRmMCherry LC3B treated with iron (Fe$@50 uM) for for the indicated time points (4 h, 8
h, 24 h).B Quantification of mean LC3B puncta per cell from Fig ZARepresentative western
blot images and quantification of p62 to actin in L6 cells after iron treatment {F2SMuUM) at
multiple ime points.D Representative western blot images and quantification of LICEB
GAPDH in L6 cells after 4h iron treatment stimulated with chloroquine (CQ, 30 EM).
Representative western blot images and quantification of HCRBGAPDH in L6 cells akr 24

h iron treatment stimulated with CQ 30 pMRepresentative confocal microscopstack

image of mChernt.C3B L6 cells after iron treatment (2p0M, 24 h).G Quantification of LC3B
puncta size from Fig.3F. H Quantification of autophagosomes majyilitom live cell

microscopy from mCherr.C3B L6 cells under basal, iron (2p0M, 24 h) and starvation

(amino acid free) conditioh.Representative TEM images of autophagosome and
autophagolysosomes in L6 cells after iron treatment (28024 h).J Representative confocal
microscope images of eGHFRCherryLC3B L6 cells with Lysotracker DeepRed after iron
treatment (25 M, 24 h).Data are expressed as means + SHM: 0.05 compared to basal.
Western blot and confocal image analysis were performed thres.tScale bar (confocal
microscope) = 10 punscale bar (electron microscope) fih.
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Figure 2.4. Chronic IO resulted in accumulation of abnormal autophagosomes despite normal

proteolytic activity

A Representative western blot images and quantification of EICRBGAPDH in L6 cells after
iron treatment (FeS250 uM) for multiple time point8 Representative egluorescent

images of p62 puncta in L6 cells stabkpressing mCherrg GFP p62, after iron treatment (250
KM) at time points indicated Representativerestern blot imageand quantification of L6
transfected with HAp62 after iron trenent(250 uM) at time points indicated

Representative effiuorescent images of MEF cells ( wild type, and ULK1 and ULK2 dKO)
immunostained against LC3HE Quantification of LC3B puncta size from Fig EV2P.
Representative effiuorescent images of taphagosomes (CytolD) and lysosome (Lysotracker)
in L6 cells after iron (FeSO4, 250 uM) for 24h. G Representativéuepescent images of beta
glucosidase (GlucGreen) and lysosome (Lysotracker) in L6 cells after iron (FeS0O4, 250 uM) for
24h.H Representative confocal microscope images of L6 cells pulsed with Magic &ttt L

iron treatment (25QM, 24 h) with 1M concanamycin Al Quantification mean fluorescence
intensity from magic red signals in 3D puncta in EigH. Data are expressed m&ans + SEM.
*P < 0.05 compared to basal or wild type. Western blot and confocal image analysis were
performed three times. Scale bar = 15 um
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Figure 2.5. Precipitous loss in autophagosoniee lysosome after |10
A Representative effiuorescent microscope images of L6 cells imnustained against LC3B
(autophagosomes) and LAMP1 (lysosome) in L6 cells in response to iron treatmemni 250

h) B quantification of number of autophagoscefmee lysosomes per ce$ale bar =20, 10 and
5um.
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Figure 2.6. Iron treatment impaired mTOR restoration following autophagosomes
degradation and enforced mTOR +&ctivation reversed autophagy defects and insulin
resistance

A Representative western blot images of phodpghK1 (S757), phosph&6Kp70 (T389), total
S6K, GAPDH after iron treatment (Feg@50uM) for multiple time pointsB Quantification of
MTORCL1 activity analyzed through phosphorylation of S6K T389 to totahB86KJLK1 S757

to GAPDH after iron treatment (Fe3Q@50uM) for multiple time pointsC Representative epi
immunofluorescent images of L6 cells transfected with-RiAEB Q46L and immunstained
against LC3B and myc after iron treatment (FeSO4, 250 uM4dr.D Ferrozinebased
colorimetric measurement of intracellular iron in wijghe (wt) L6 and RHEBQ64L L6 cells

after iron treatment (5AM or 250uM) for 24 h.E Representative confocal images of wt L6 and
RHEB-Q64L L6 cells pulsed with Lysotracker Big Red and immunstained against LC3B

after iron treatment (250M, 24 h).F Quantification of LC3Bfree lysosome numbers in Fig
2.6E G Representative TEM images of wt L6 and RHEBAL cells after iron treatment (250
1M, 24 h).H-I Representative westebtot images and quantifications of phosgRs1 (Y612)
and AKT (T308) to GAPDH in wt and RHEBG64L L6 cells stimulated with insulin (100 nM, 5
min) after iron treatment (250M, 24 h).All experiments were performed three times. Data are
expressed as meaAsSEM. *P < 0.05 relative to control. Scale bar (confocal microscope) = 10
pum , (electron microscope) = 5 um , and {iepinunofluorescent microscope) = 25 and 5 um
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Figure 2.7. Restoration of lysosomal pools following iron withdrawal reversed insulin
resistance

A Representative confocal microscope images of L6 cells pulsed with PGSK dye after iron
treatment (25 M, 24 h) followed by 24 h iron withdrawd. Ferrozine based amiimetric
measurement of intracellular iron in L6 cells after iron treatment (35024 h) followed by 24

h withdrawal.C-D Representative western blot images and quantification of phdR31
(Y612) and phosph&KT (T308) to GAPDH in L6 cells iron treatent (250uM, 24 h) followed
by 24 h withdrawalE Representativeprimmunofluorescenmicroscope images of L6 cells
immunostained against LC3B and LAMP1 after iron treatment (280 24 h) followed by 3 h
withdrawal.F Quantification of autophagosonrfiee lysosomes in Fig.7E. G Representative
western blot images and quantification ofitér to vinculin in L6 cells after iron treatment (250
1M, 24 h) followed by withdrawal for 4 h or 24 All experiments were performed three times.
Data are expressed as means + SHM: 0.05 relative to Basal or Control (insulin stimulation).
#P <0.05elative to Iron. Scale bar €gnfocal microscope)0 um and (epimmunofluorescent
microscope) = 20, 10 and 5 pm
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Figure 2.8 Molecular mechanisms underlying Iénduced mTOR activity suppression

A Representative western blot images and quantification of phesplaR S2448, total mMTOR
and actin in L6 cells after iron treatment (354, 24 h) followed by withdrawal for 4 I®
Representative western blot images of phospi®R S2448, total mMTOR, phdgpo-TSC2
T1462, total TSC2, phosphaTOR S2448, total mTOR, phosp&KT S473, total AKT, actin

in L6 cells after iron treatment (2%M, 24 h) followed by withdrawal for 4 h with or without
MK2206 (AKT inhibitor.) C Representative western blot images adggheUVRAG S550 and
total UVRAG in L6 cells transfected with FLAGVRAG and FLAG pulldown after iron
treatment (25@M, 4 h and 24 h) followed by withdrawal for 1 h and ®HRepresentative
western blot images of endogenous phodgh®AG S550, total ant)VRAG expression in L6
cells after iron treatment (230M, 24 h) followed by withdrawal for 4 h with or without torinl
(200 nM).E Live cell imaging analysis of L6 cells transfected with LAMREP from

lysosomal number (E) and speed (F) in L6 cells aftertreatment (25@M, 24 h) followed by
withdrawal for 4 h with or without Torinl (200 nME Representative confocal images of time
lapse captures of lysosomes at 6 sec intervals for 30 sec. H Schematic diagram of mTOR
signaling regulation by IC.p < 0.05 compared to Basal. #p <0.05 compared to Iron. $p<0.05
compared to WD 4hScale bar = 1Qum.
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Figure 2.9. Molecular mechanisms underlying iron mediated mTOR suppression and
restoration of lysosomal pools after iron withdrawal

A Representative effiuorescent microscope images of L6 cells imnustained against LC3B
and mTOR after iron treatment (2604, 24 h) followed by withdrawal for 4 I8 Representative
confocal images of L6 cells transfected with LGBP and LAMP1RFP after24 h iron
treatment (250 uM). Scale bar (confocal microscope) = 10 um ansinf@pinofluorescent
microscope) = 20, 10 and 5 um
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Figure 2.10 Development of acute Iron Overload (10) In Vivo model and validation of 10 and
insulin resistance in skeletal muscle
A Schematic diagram of iredextran injections experimental pldPrussian Perl blue staining
in liver and skeletal muscle after iron injectio@sD Representative western blot images and
guantification of ferritin and tfrio tubulin in skeletal muscles 24 h after iron injectidns.
Insulin tolerance test 24 h after iron injectioRsGlucose tolerance test (GTT) 24 h after iron
injections.G Quantification of area under curve in ITH.Quantification of area under curve fo
panel FI-J Representative western blot images and quantification of phdR31(Y612) and
phospheAKT (T308) to GAPDH in skeletal muscles 24 h after iron injection followed by i.p.
insulin injection. n=6 for ITT and GTT. n=3 for western blot analy$s0.05 compared to

control. Scale bar =50 um.
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Figure 2.11 Evidence of ALR defects in skeletal muscles after acute 10

A Representative confocal microscope images of skeletal muscle tissue sections-stameatb
against LC3B (Alexa 647) and LAMP1 (&ta 555B Quantification of lysosomes (LAMP1
puncta) in skeletal muscles 24 h after iron injecti@Representative TEM images of skeletal
muscle 24 h after iron injectiond.Representative western blot images of phodpW&AG

S550 and total UVRAG in skeletal muscle 24 h after iron injectigfs Representative western
blot images and quantification of LEBand p62 to tubulin in skeletal muscles 24 h after iron
injections. 3. Results are presented in mean = SEM. *p<0.05 compared to control. Scale bar
(confocal microscope) 20 um. Scale bar (electron microscope) = 500 nm.
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Figure 2.12 ALR defects in liver after iron overload

A-B Representative western blot and quacsifion of ferritin and tfrq to GAPDH in liver 24 h
after iron injectionsC Confocal microscope images of liver tissue sections imrstisioed with
against LC3B (Alex 647) and LAMP1 (Alexa 595)E Representative western blot images and
guantification of pospheUVRAG S550 to total UVRAG in liver 24 h after iron injections. n=3.
*p<0.05 compared to Control.
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Figure 2.13 Schematic diagram of I&nediated autophagy regulation

Working model of autophagy regulation by 10. Acute IO leadshibition of mMTORCL1
leading to autophagy induction. Prolonged IO prevents-Aidliated production of new
lysosomes through AKTSCG-RhebmTORC2UVRAG signaling defects. The lack of free
lysosomes contributes to autophagy inhibition and insulin resistas&eletal muscle.
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2.5Discussion

IO is a devastating and complex condition that most notably arises in individuals with beta
thalassemia that require frequent blood transfusions or those with hereditary hemochromatosis,
while 10 in metabolic syndrome is also a common findit®P]. The pathophysiological

mechanism underlying Kihduced diabetes is complicated as both insulin deficiency and insulin
resistance contribu{@80]. The causative relationship between 10 and insulin secretion defects
is well establishefR32], yet the precise mechanisms whereby iron can elicit insulin resistance
are complicated and we believe that 10 in skeletal muscle is underapprét@ef33] Here

we used amn Vitro model using L6 cells and translated this to analysis of mouse skeletal muscle
using ann Vivomodel of iron overload. In both, we observed that skeletal muscle insulin
sensitivity was significantly compromised after MJe found that preventing excessdtriron

levels in L6 cells using an iron chelator could preveniri@uced insulin resistance and

metabolic dysfunction, which is in keeping with the fact that clinical interventions to reduce free
iron improved insulin sensitivity and can delay onset2DT190-192].

We and others have recently focused on the role of autophagy in regulation of metabolism at
various levelg171, 179, 234]For example, we have previously shown that stimulation of
autophagy by adiponectin was of functional significandenproving insulin sensitivity and
metabolism in skeletal musdi&79]. Interestingly, IGinduced insulin resistand®&s been

described to involve reduced adiponectin expression in adipocytes. However, systematic 10 did
not always translate to insulin resistance because adipocytes could enhance iron excretion to
avoid intracellular iron overload7].

The relationship between I@ autophagy has been examined, where acute 10 was observed to

stimulate autophagh235, 236] Indeed, this is in agreement with our own observations in that 10
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exposure for up to eight hours stimulates autophagy. This increase in autophagy is likely the
result of a compensatory cellular response upon detection of cellular Atress]O activation

of autophagy is also consistent with the observed rapid inhilofionTORC1, the single most

potent repressor of autophagy in mammals that responds to a large number of stressors including
nutrient starvation and ER strd287-240]. Yet, there are several problems with these

conditions. First, acute 10 does not reflect clinical reality of individuals that suffer fram IO
chronic 10 treatments and their pathophysiological effects are a more realistic case study.
Secondjnitiation of autophagy is only the first step in a much more elaborate series of events
that evolved to resolve stress and promote cell survival. Following autophagy, autophagosomes
mature by fusing with lysosomes to degrade cargo and this is thenddllma third stage,

whereby autolysosomal membranes are resorbed back into the endomembrane system, including
reformation of lysosomes using a process now referred to as ALR. ALR is thus critical for cells
to regain their degradative capacity and autohaigpficiency under prolonged stress. We now
show for the first time that chronic 10 causes autolysosomes to accumulate while depleting cells
of free lysosomes, suggesting a defect in ALR.

Importantly, we have determined that 10 prevents the reactivatiommORC1 on

autolysosomes thereby causing a precipitous loss of a distinct lysosomal compartment.
Normally, degradation of autophagic cargo locally stimulates mMTORC1 on matured
autolysosomes, even when the majority of mTORC1 remains inactive and cunatto

lysosomes. This localized reactivation of mMTORCL1 then promotes lysosomal reformation from
the spent autolysosompxl9]. However, since 10 prevents mTORCL1 activation, lysosome
reformation is impaired and lysosome numbers are depleted. Conversely, iron withdrawal

restored mMTORC1 activity, downstream UVRAG signaling, lysosomal numbers, and insulin
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signaling. Furthermore, foed activation of mMTORC1 by expressing the constitutively active
RhebGTPase not only prevented autophagosome accumulation with minimal lysosomal loss,
but also restored insulin sensitivity in cells exposed to 10. Altogether, these data strongly
indicate hat the block of mMTORC1 activation on autolysosomes by IO is a contributor of insulin
resistance.

Overall, our study adds important new knowledge on a novel molecular mechanisms
contributing to insulin resistance in response to 10 and presents tha firgdmodel to show

an ALR defec{201]. Mechanistically, we observed that chrolticled to adecrease in Akt

mediated repression of TSC2, resulting in a potent repression ofaRdehTORC 1with

consequent loss of ALREurthermore, our data indicates that mFORRAG dependent

lysosomal pool regeneration is an important contributor in maintaining autophagic flux and
insulin sensitivity in skeletal muscle. Together, our data unayeeviously undocumented
mechanism via which chronic 10 limits autophagic capacity and leads to metabolic dysfunction.
This observation may have implications in a wide range of disease states where cellular 10 plays

a pathogenic role.
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CHAPTER 3

3.1 Abstract

Heart failure is a leading cause of death, especially in the elderly or obese and diabetic
populations. Various remodeling events have been characterized, which collectively contribute to
the progression of heart failure. Of particular interest, autophagyecently emerged as an
important determinant of cardiac remodeling and function. Here, we used agednit®old,

male adiponectin knockout (A]O) or wild-type (wt) mice subjected to aortic banding to

induce pressure overload (PO). Cardiac straityaisausing speckle tracking echocardiography
indicated significant dysfunction at an earlier stage irk&lthan wt. Analysis of autophagy by
Western blotting for Light Chain 3 or microtubtdssociated proteins 1B and Sequestosome 1
together with transmssion electron microscopy of left ventricular tissue indicated a lack of PO
induced cardiac autophagy in A4dD compared with wt mice. Associated with this was
mitochondrial degeneration and evidence of enhanced endoplasmic reticulum stress. Western
blotting for Light Chain 3 or microtubuassociated proteins 1B, examination of flux using
tandenfluorescentaggedLight Chain 3, and analysis of lysosomal activity in H9c2 cardiac
myoblasts treated with adiponectin indicated that adiponectin enhanced ayttipkalg

conclusion, adiponectin directly stimulates autophagic flux and the lack of autophagy in response
to PO in aged mice lacking adiponectin may contribute to cellular events which exacerbate the

development of cardiac dysfunction.

-62-



3.2Introduction

Cardiovascular disease, including heart failure, is the leading cause of death worldwide,
especially in the elderly or obese and diabetic populafitis243]. Accordingly, there have

been extensive efforts to investigate Waeious cellular and structural changes which occur in

the failing hearf9, 244] Well-established remodeling events that contribute to the progressive
development of heart failure include alterations in fibrosis, hypertrophy, and

metaboilsm [9, 245] Recently, autophagy has emerged as an important determinant of cardiac
remodeling and functiof246-249], and wenow must understand more clearly the changes in
autophagic flux which occur in relevant animal models of heart failure. Indeed, various studies
have shown that surgical induction of pressure overload (PO) in mice elevated cardiac gutophag
[250-252], and studies in autophaglgficient mice have implicated this process in reversal of
hypertrophy and improvement in function after alleviation of cardiac &68s 254]

Furthermore, maintenance of adequate tonic levels of autophagy is critical in maintaining
optimal cardiac structure and functiand lack of autophagy will cause agsated
cardiomyopathy255]. As can be seen from these examples, autophagy can clearly influence
cardiac structure and function, and its precise role, as well as physiolegjakdtory

mechanisms, must be fully understood. An important potential pathophysiological mechanism of
heart failure in obesity and diabetes is due to altered circulating adipokine d@ifiles

particular, adiponectin is one of the most abundant proteih sirculation of normal

individuals,yet levels are reduced in obese and/or diabetic indivifiaa&. Importantly,

numerous clinical studies have established correlations between adiponectin and various aspects
of heart failurg257]. Adiponectin knockout (A&KO) mice have proven to be highly informative

as a model to delineate the role of adiponectin, with these mice typically showing exaggerated
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cardiac remodeling and dysfunction in response to various cardiac stf@s3¢r®revious work
has established a#tiypertrophic, antfibrotic, antrinflammatory, antiapoptotic, and beneficial
metabolic effects of adiponectin, which together may all contribute to its cardioprotective effects
[257]. Almost all ofthese studies were performed in young mice and very few studies have
examined changes in aged-K&® mice. However, one very recent study has shown thatfatgh
diet induced more cardiac endoplasmic reticulum (ER) stressimohth-old Ad-KO vs wild-

type (wt) mice[258]. Here, we used aged ACO mice and subjected them to aortic banding, or
sham, surgery to induce PO. Temporal analysis of @awllular, structural and functional
changes was performed 3 days, 1, 2, and 3 weekssafggry. Echocardiography with strain
rate analysis indicated earlier and more significant cardiac dysfunctioniQAdice after PO,
which, as expected, was asgted with enhanced cardiomyocyte hypertrogkryimportant
newobservation from this work was the lack of autophagy in response to PO in heart&@f Ad
mice and concomitant development of elevated endoplasmic reticulum stress and gross

mitochondrial dyginction (Figure3.1).
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3.3. Materials and Methods

Animals and minimally invasive transverse aortic banding to induce PO

We used male AKO mice[120] at 13 months of age. Animal facilities met the guidelines of the
Canadian Council on Animal Care and all protocols used were approved by the Animal Care
Committee, York University. Left ventricular (LV) PO was inducedshipjecting mice to

minimally invasive transverse aortic banding or PO as valida&] and describef260]

previously. Briefly, mice are placed under general anesthesia (ip; xylazine 0.15 mg/g; ketamine
0.03 mg/qg) in supine positioand skin is sterilized with betadiaéter shavingMedial cranie

caudal incision is made through the skin from neck to the sternum, and an incision is made
through the suprasternal notch, 2?3mmdownthe rib cage. Transverse aorta is visualized under
low magnification between the innominate and left common carotid arteries. Titanium micro
ligation clip is applied across the transverse aorta using banding calipers calibrateegto a 27
needle. Sham surgery is performed as outlined above without placemeatiofliclip. Upon
completion of procedure, rib cage and skin are closed with silk suture. Mice are injected with

Buprenorphine 0.05 mg/ kg) and placed face down on a warming pad until awake.

Analysis of cardiac function usingchocardiography

Echocardiography was performed as we previously desd@édd 262]Jusing the Vevo2100

system (Visual Sonics) equipped with an MS550D transducer. Mice were lightly anesthetized
using 2.0% isoflurane mixed with 18002 during the time of imaging. hode images of the
parasternal shogxis view at papillary level were used to calculate the cardiac systolic functions
of ejection fraction, fractional shortening and cardiac output. Spéeldking cardiac strain

analysis was performed using VevoStrain software and movie files acquired fromntioel &
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and Mmode view. All parameters were averaged over at least 3 cardiac cycles for analysis.
Histological analysis of cardiac structure Animals were sacrificed througltakdislocation

and hearts were quickly isolated and perfused witltadeé cardioplegic solution (3GM KCl in

PBS) to arrest the heart in diastole. Hearts were sliced at midventricular level and stored in 10%
neutral buffered formalin for fixation at rootemperature for 24 hours before paraffin

embedding and serially sectioned (i1 slices).

Wheat germ agglutinin (WGA) staining

Paraffirembedded sections were deparaffinized and rehydrated first with descending
concentrations of ethanol and then brougtd double distilled water. The sections then were
incubated with WGA (Alexa Fluor 488 conjugated; Life Technologies) for 2 hours in the dark,
briefly washed with PBS, and then mounted on coverslips using ProLong Gold (Life
Technologies). The images wearaptured with an Olympus confocal microscope and analyzed
with NIH ImageJ software (v.147). Quantitative data from at least 100 cells were determined per

group from representative triplicate experiments.

Detection of aggresome with p62 (sequestosom@&®HFBM1)] immunofluorescence
Paraffirembedded sections were deparaffinized and rehydrated first with descending
concentrations of ethanol and then brought into double distilled water. The sections then were
permeabilized with phosphate buffered saline Witlton X-100 (0.3% Triton X100 in PBS)

and blocked with 5% goat serum in phosphate buffered saline with Triid@©Xor 90 minutes.

After an overnight incubation with p62 (1:100) primary antibody, tissue sections were incubated

with secondary antibody ogugated with Alexa Fluor 488. Tissue sections were further stained
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with the ProteoStat Aggresome Detect[kBn kit a
then mounted on coverslips using ProLong Gold (Life Technologies). The images were captured

with an Olympus confocal microgpe.

Transmission electron microscopy (TEM)

TEM was performed as described previoy23]. Briefly, LV tissues fromshamoperated or

banded mice were cut into small pieces (roughly Byand immediately fixed in 2.5%

glutaraldehyde in 0.1M sodium cacodylate buffer followed by fixstion with 1% osmium

tetroxide for 1 hour at room temperature. The specimens wereléingdrated with ascending
concentrations of ethanol in series (5884 0 0 %) and embedded i n Spurrod
Afterwards, thin sections (680 nm) were cut with an ultramicrotome and mounted on copper

mesh grids. The sections were then contrastedMitluranyl acetate and lead citrate and

examined with a FEI CM100 TEM and Kodak Megaplus camera. For this qualitative

ultrastructural analysis, 10 15 random fields of view from at least®4 mice from each group

were used.

Western blot analysis

LV heart tissue was snap frozen and then pulverized with mortar and pestle in liquid nitrogen.
The powdered tissue was then suspended in lysis buffer as we previously d¢26dhexhd
proteins were separated by reducing SDE5E. After proteins were transferred to

polyvinylidene fluoride, the quantification of signals was performed by densitometry of scanned
autoradiographs with the aid of Image J (version 1.47v). The next antibodies were used for the

immunoblot analysis: LC3B (1:1000), cytochrome ¢ oxidase comp(&ox 1V) (1:1000),
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eukaryotic initiation factor 2 subunit (pelF3er51 (1:1000), Beclinl (1:1000), and
Glyceraldehyde3-phosphate dehydrogenase (GAPDH) (1:2000) from Cell Signaling
Technology and InositeRequiring Enzyme 1 pIRESer724 (1:1000) from Nas Biologicals
and cathepsin D (1:1000) from Santa Cruz Biotechnology, Inc and p62 (1:1000) from BD

Transduction Laboratories.

Cell culture

H9c2 rat embryonic cardiac myoblasts from American Type Culture Collection were grown in
DMEM supplemented with@ fetal bovine serum and 1% (vol/vol) streptomycin/penicillin
(Gibco, Invitrogen) at 37°C, 5% CO2. When cells reached approximately 80% confluence, they
were incubated in 1.0% fetal bovine serDMEM with or without 5 or 1Qug/mL of full-length

adiponectn (fAd).

Analysis of endogenous LC3B expression by immunofluorescence

H9c2 cells were cultured in 2&ell plates, after treatment with or without ag¥mL of fAD for

2 hours. Cells were fixed in4%paraformaldehyde (PFA), guenched with1%glycine, and
permedilized with 0.1% Triton X100. After blocking with 3% BSA, cells were incubated with
LC3B primary antibody (1:500), and Alexa Fluor 488 goat antirabbit IgG (Life Technologies) at

1:200. Images were taken using a 60 objective with confocal microscoped@yBiX51).

Analysis of autophagy flux by transfecting cells with tandem florescence LC3B
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H9c2 cells were transduced with Premo autophagy tandem sensor Red Fluorescent Protein

Green Fluorescent Protein (RFP GHER)3B (Life technologies) accordingtomdna ct ur er 6 s
protocol, to monitor autophagic flux with or withoutd4265]. Cells were treated with or

without 5 or 1qug/mL of fAd for 2 hours, fixed in 4% PFA, quenched with 1% glycine before

mounting on a glass slide. Confocal images were taken using a 60 objective (Olympus, BX51

Mi croscope). Overlapping coefficient and Mand

the JAC® plugin to quantify the extent of GFP and RFP overlap.

Magic red assay of lysosomal cathepsin activity

H9c2 cells were cultured in 2&ell plates, after treatment with or without 5 ordd@'mL of fAd

for 2 hours, cells were loaded with Magic Red catleBgeagents (ImmunoChemistry

Technol ogies LLC) according to manufacturero6s
guenched with 1% glycine before monitoring on a glass slide. Images were taken using a60
objective with confocal microscope (Olympus, BX5Ihe number of red puncta and nuclei

were counted using ImgaeJ.

Statistical analysis

All data were calculated as meaiSEM. Statistical analyses were performed using GraphPad
Prism (version 5). Temporal changes in echocardiographic data betweearsh®®, and
protein fold increase between genotype and surgery were analyzed usingyoA8IOVA with
Dunnet teétand praised t tests (GraphPad Prism). Differences were considered

statistically significant at €0.05.
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3.4Results

Development of cardiac hypertrophy after PO in aged wt andkXd mice

Wt and AdKO mice were subjected to aortic banding to induce PO or sham surgery. Three
weeks after surgery, the gross size of excised hearts was significantly higher in both wt and Ad
KO mice with PO vs sham surgery. Body weight (BW) was unaltered by surgery or genotype
where heart weight (HW) was significantly increased by PO in both wt a#iCAdhice, with a

more significant change in HW to BW ratio in AD mice (Figure3.2A). WGA staning

showed that there was significant cardiomyocyte hypertrophy evaluated by cellular sectional area
after PO and that this was more pronounced irFK&Imice compared with wt mice (Figure

3.2C). Similarly, echocardiography analysis showed thak@micewith PO developed a
significant increase in posterior wall thickness 1 week after PO, whereas wt mice developed a

significant increase 2 weeks after PO (FigBu2B).

Temporal analysis of cardiac dysfunction induced by PO

The cardiac function of aged and AGKO mice was evaluated by echocardiography 3 days, 1
week, 2 weeks, and 3 weeks after PO or sham surgery. Both ejection fraction (EF) and fractional
shortening (FS) were significantly decreased compared withrtiatehed sharoperated mice,
indicating significant cardiac dysfunction (Fig8r3A). By 3 weeks, cardiac output was also
significantly reduced (Figurg.3A). On the other hand, in wt mice only EF at 3 weeks post

surgery was significantly decreased in when compared with-sipanated miceRigure3.3A).

As visualized clearly in representative short axis images-ofdde echocardiography taken 3

weeks after the surgery, H@duced mice showed a dilated pattern of ventricular wall
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constriction, whereas shaaperated AeKO mice showed a cleand normal contractile pattern

of systole and diastole (FiguBe3B).

Temporal analysis of myocardial strain rate using speckle tracking echocardiography

To provide additional details on regional cardiac dysfunction induced by PO, we used speckle
trackingechocardiography to calculatedimensional strain rate, an indicator of how much the
myocardial tissue has physically disabled. VevoStrain analysis indicated that diastolic and
systolic circumferential strain rate of endocardium in aged&®dmice with FO dropped
significantly compared with sham (Figurel8). Especially at diastole, circumferential strain

rate in AdKO mice dropped significantly 1 week after PO whereas in wt mice dropped
significantly 3 weeks after PO. At systole, only in-K® hearts sbwed a significant decrease

in circumferential strain rate, 2 and 3 weeks after PO (Figd#e 3Similarly, at diastole,
longitudinal strain rate in A&O mice dropped significantly earlier at 1 week, whereas wt mice
dropped at 3 weeks compared with shaice. However, there were no significant changes in
radial strain rate between wt and-K® mice Figure 3.9. Additionally, as visualized clearly in
representative images of circumferential strain rate of 6 segmented wall regions, the
synchronicity of 2 pposing segments (anterior/posterior) of endocardium were disturbed (Figure

3B.4) in Ad-KO mice 2 weeks after PO, whereas the synchronicity was maintained in wt mice.

Assessment of autophagy after PO
Autophagic flux was first assessed by examining cardiac protein expression levels of Beclinl,
LC3B, p62, and cathepsin D. Representative Wes$tletting (Figure3.6A) and quantitation

(Figure3.6B) showed that the protein level of Beclinl and p62 wenafszgntly increased after
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POin both genotypes, yet the conversion of LG8 LC3-Il was compromised after PO in aged
Ad-KO mouse hearts compared with wt. Similarly, although the level of cathepsas
significantly increased after PO in wt mice, bhistwas not observed in AJO mice (Figure
3.6A). The goal of this work was to compare the effect of PO in each genotype, and 1 minor
limitation is we did not compare sham vs PO directly on Western blotting. TEM showed that
cardiomyocytes from A&KO mice hibited that electrondense, lysosomkke structures were
more frequently observed in shaperated mice heart compared with minimally invasive
transverse aortic banding (mTABperated Pénduced mice heart. On the other hand, such
dark vacuoles werebaent in cardiomyocytes from wt mice (Fig@€C). Such observation is

supported by Western blotting of LC3B and cathepsin D (FigLae®).

Evidence of mitochondrial degradation induced by PO in-K&® mice

TEM analysis also provided evidence that mitoudiria were differentially affected by surgery
depending on the genotype. InK& mice, 3 weeks of PO severely degraded mitochondria,
disrupting outer membrane and clearing cristae, whereas PO caused less marked effects on
mitochondria in wt mice heart&igure3.7A). Asterisks indicate mitochondria in mTAB
operated aged AHO mice hearts which were significantly damaged with evidence of ruptured
membrane and cristae clearance. Furthermore, Western blotting of heart homogenates
demonstrated that expressiominCox IV, a mitochondrial outemembrane protein, was
comparable in wt mice with or without PO, but significantly reducedidsiKO mice hearts after

POvs sham (Figur8.7B).

Indicators of ER stress were elevated by PO

-72-



The extent of ER stress wassessed using wabktablished indicators, namely specific
components of the unfolded protein response. Phosphorylation of IfAgeijoiring Enzyme 1

and eif2Jwere assessed by Western blotting (FiguBa), and peif2Uvas increased by PO in

both genotpes. However, although IRE phosphorylation was increased by PO in wt mice, there
was no change in AHO (Figure3.8B). The extent of protein aggregation was measured by
aggresome detection kit, which become strongly fluorescent upon binding to the tertiary
structure of aggregated proteins, and cardiomyocytes undergone PO gebotypeshowed

strong red florescent signals. These protein aggregates strongly colocalized with p62, indicating

that they are subject to autophagic degradation (Fig@Qye 3

Enhanced autophagic flux in H9c2 cardiomyoblasts after adiponectin treatment

To examine whether adiponectin regulates cellular autophagic flux, H9c2 cardiomyoblasts were
treated with fAl, and autophagic flux was assessed at multiple stages. Representatigegn\We
blotting and quantification (Figur@10A) of LC3-1l levels indicated that there was a significant
increase in autophagosome contents aftdrtf@atment. To observe whether this is due to
increase in autophagosome formation or inhibition of flug,ftision of autophagosome and
lysosome was analyzed using the tandem fluorescertREHPconstruct. Colocalization

analysis using ImageJ software indicated that both overlapping coefficient and M2 coefficient
(the frequency of overlapped puncta out ofltoéd puncta) significantly decreased afied

treatment (Figur&.10B). This significant increase in lysosomal GFP quenching after fA
treatment compared with control suggested increased autophagy flux. Examination of lysosomal
cathepsin activity by MagiRed assay indicated thatd&reatment significantly increased

cathepsin B activity (Figurg.10C).

-73-



A

PB 3D 1w 2W 3w 4w

Bec“n1 . - o e . - . - - - -
LC3-l — - —
LC3-Il — - - — — ——

p62h -_— e @ R e e e e —

GAPDH | s s S5 i . S5 S S s s

[ ] o 2
B
4 6] 2.59 [ sham
Il PO
*
= 2.0
& 5 =
<o o o o
oo <o % o 1.5]
o 8 (DO LKe)
- o -
£ Q0 T 9 N°1.0'
= = o o
[¥ R ol—l o =
Q pur ey
(a1]
0.51

0 0 0
PB 3D 1W 2W 3W 4W PB 3D 1W 2W 3W 4W PB 3D 1W 2W 3W 4W

Figure 3.1. Temporal analysis of cardiac autophagy up to 3 weeks after thoracic aorta
banding surgery.

A: representative images of Western faoalysis of Beclinl, LC3B, p62 in the hebefore (PB)
and after 3 days (3D), 1 week (1W), 2 weeks (2W), and 3 weeks (3W) of banding. B:
Densitometry analysis of the ratio of Beclinl, L-@i3and p62 to GAPDH. Results are presented
as mearr SEM (n=3 peeach group). *P<0.05 verse granding.
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Figure 3.2. Development of cardiac hypertrophy after PO

A, BW (left) and HW (right) were analyzed 3 weeks after PO or sham surgery. gosterior
wall diameter (LVPWD) measured by echocardiogyapéfore surgery and at 3 days (3D), 1
week (1W), 2 weeks (2W), and 3 weeks (3ter banding. C, Representative images of heart
tissue sections after WGA straining and quantitative analysis of cell size. All data areé mean
SEM (n=7 for Ad-KO and n= 5 for wt mice). Scale bab0 um. *P<0.05 vs corresponding
sham; #<0.05 vs wt (PO).
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Figure 3.3 Temporal analysis of progressive cardiac dysfunction up to 3 weeks after

thoracic aorta banding surgery usingechocardiography.

A, Functional parameters (EF, FS, and cardiac output) measured before PO and at 3 days (3D), 1
week (1W), 2 weeks (2W), and 3 weeks (3W) aft@ror sham surgery in wt (left) and A®D

(right) mice. B, Representative-Mode images of shbaxis view of LV. All data are meat

SEM (n=7 for Ad-KO and =5 for wt mice). P<0.05 vs corresponding sham.
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Figure 3.4. Cardiac strain analysis by speckle tracking echocardiography to further
investigate progressive cardiacdysfunction.

A, Peakcircumferential strain rate (/s) was measured and calculated at systole and diastole
before PO, then 3 days (3D)wkek (1W), 2 weeks (2W), andndzeks (3W) after PO in wt

(left) and AdKO (right) mice. B, Representative images a€aimferential strain rate change
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Figure 3.5. Cardiac strain analysis by speckle tracking echocardiography to further
investigateprogressive cardiac dysfunction.

A: Radial strain rate (/s) was measured ealdulated asystole and diastole before PO, then 3
days (3D), 1 week (1W), 2 weeks (2W) and 3 weeks (3W) aften D (left) and AdKO

(right) mice. B: longitudinal strain ta (/s) was measured and calculated at syatudediastole
before PO, then 3 days (3D), 1 week (1W), 2 weeks (2W) and 3 weeks (3W) after P@eft) wt
and AdKO (right) mice; P < 0.05 versus corresponding sham.
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A, representative images of Western blot analysis of Beclinl, LC3Bapé2;athepsin D in the
heart after 3 weeks of banding. B, Densitometry analysis of the ratio of Beclind|,jg&2,

and cathepsin D to GAPDH. TEM microscopy of ventricular cardiomyocytes from wt and
Ad-KO mice. White arrowheads indicate homogeneously eledense vesicleRResults are
presented as meaSEM (n=5 to n=7 per each groupjP<005 verse correspoimdy sham;
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Figure 3.7. Mitochondria degradation after mTAB surgery in Ad-KO mice.

A, TEM micrographs of ventricular cardiomyocytes from shamraméB-operated wt and Ad
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Figure 3.8. Analysis of endoplasmic reticulum stress assessment after PO

A, RepresentativéVestern blot analysis ot@f2Uand pIREUin the heart after 3 weeks of PO.
B, Densitometri@nalysis of geif2Uand pIREUlevels relative to GAPDH. Results are
presented as meaSEM (n=5 to n=7 per each group). £<0.05 vs corresponding sham; #,
P<0.05 vs wt (PO).
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Figure 3.9. Analysis of protein aggregates accumulation in heart tissue sections.
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Figure 3.10 Enhanced autophagic flux in H9c2 cells after treatment with fAd.

A, left, Western blot analysis of LC3B in H9c2 dgBates after hours of treatment with fé
(10ug/mL). A, right, Densitometry analysis of LC3B feactin. B, Representative confocal
images of endogenolC3B immunofluorescence in H9c2 cells treated witld.f&, top,
Representative confocal images afdam fluorescerGFRRFR-LC3 in H9c2cells after fAl
treatment. C, bottom, Quantitative and statistical analysis of red to green puncta ratio and
colocalization coefficients using Imagé&l. Representative confocal images of magic red assay
in H9C2 cells #er fAd treatment. Experiments were performed at least 3 times and @sults
presented as meanSEM. *, P<0.05 vs control. Scale bar, 20um.
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3.5Discussion

Understanding mechanisms contributing to the diverse pathophysiology of heart failure,
especially in the elderly and obese populations, is of great importance given the global impact on
human healtli9, 243, 244] Myocardial remodeling encompasses a wide array of cellular events
which mg contribute to altered performance, including alterations in metabolism, hypertrophy,
fibrosis, and cell deat}®, 244] Numerous adipokines have been shown to be important
regulators of cardiac neodeling andadiponectirhas emerged as an important mediator of the
progression of heart failure. Clinical, animal model and in vitro studies have primarily, but not
exclusively, documented cardioprotective effects of adipongiir]. Studiesn Ad-KO mice

hearts have shown them to have exaggerated hypertrophy, fibrosis, apoptosis and metabolic
dysfunction in response tardiac stressors, including surgery and angiotehs8trategies to
administer adiponectin to these mice, including use of adenovirus or recombinant protein, could
prevent or reverse the exaggerated remodeling phenotype §OAdice[257]. As expected,

almost all of these studigvere conducted in mice betweeutd12 weeks of age with one very
recent study using ithorth-old mice[258]. The focus of our manuscript was to study-Kad

mice aged to 13 month€ardiac function of aged wt and AXO mice was firsevaluated by
conventional echocardiography 3 days and 1, 2, and 3 weeks after PO or sham surgery. The
indices of cardiac systolic functions (EF and FS) were significantly decreaddeki® mice 2

weeks aftePOcompared with sham mice. Cardiac output aias significantly reduced 3

weeks after PO operation. In contrast, wt mice only showed reduction of EF at 3 weeks post
surgery when compared with shaperated mice. Cardiac performance was further evaluated by
speckle tracking echocardiography to prevatiditional details of regional cardiac functions. We

found that both diastolic and systolic circumferential strain rate in endocardiumkOAdice
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decreased significantly after PO compared with sham mice. Particularly, circumferential strain
rate at dastole decreased significantly in A mice 1 week after PO whereas this rate was
decreased in wt mice at 3 weeks after PO. Furthermore, orlQAthice showed a significant
decrease in circumferential strain rate at systole 2 weeks after PO, whereas tadno
significant changes compared with sham mice. Similarly, at diastole, longitudinal strain rate in
Ad-KO mice dropped significantly earlier at 1 week, whereas wt mice dropped at 3 weeks
compared with sham mice. Finally, the synchronicity of 2 spgpsegments (anterior/

posterior) of endocardium was disturbed inlR@ mice 2 weeks after PO, whereas the
synchronicity was maintained in wt mice.

Our data demonstrated that-Ke mice hadearlier,and worse cardiac dysfunction compared
with wt mice after PO stress. Previous reports have suggested that adiponectin deficiency
enhanced adverse cardiac remode]#6$] and ledto increasednortality after P(J142].
Additionally, increased myocardiafarct size, apoptosis, and TAN#pression were observed in
Ad-KO mice compared with wt mice after ischermggerfusion injurf146]. Our results
corroborated previous studies, but the exact mechanism of adiponectin to influence the cardiac
function after PO needs to bether investigated. An important novel feature of this study was
to elucidate how autophagy is altered in aged mice in response to PO and whether the lack of
adiponectin influences changes in autophagy. We used LV tissue and analyzed markers of
autophagy byestern blotting and TEM and observed that inkkd mice cardiac autophagy

was deficient after PO. This correlated with cardigsfunction ands in keeping with recent
studies which have established that sufficient levels of basal cardiac autopheagcialeor
maintaining optimal cardiac functiq@52, 255] Again, the existing literature using young mice

has clearly established that PO in mice increased various indices of cardiac auf@phagy
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252], and we confirmed that the PO resulted in increase in autophagy mé&igere @.1). The

fact that we observed the reversed response at autophagosametiorastage in aged AdO

mice suggests that lack of adiponectin renders these mice unable to elicit an appropriate
processing of protein aggregates or damaged organelle by autophagic flux and that loss of this
protective mechanism contributes to moreese cardiac dysfunction we observed. This is in
keeping with studies in genetic mouse models of autophagy deficiency, which have shown that
lack of induction of autophagic flux exacerbates development of heart fi@he255]

However, ou data provide the first evidence that agedkd mice lack an appropriate PO
induced increase in autophagic flux, suggesting that adiponectin may be a critical mediator of
cardiomyocyte autophagy under these conditions. This may contribute to the ettacetRC
induced cardiac dysfunction which we and others have observedk©Adice[257], because

the prevailing dogm is that induction of autophagy is an innate mechanism in response to
various stressors, which protects against progression of cardiac remodeling and heart failure
postinfarction255, 267] It should also be borne in mind that excessive or inadequate levels of
autophagy e both associated with heart fail(t&9, 255] Regulation of mitophagy, a distinct
form of autophagy, may be an important determinant of myocardial metabolic dysfyaéggn
Mitochondria are particularly predominant and critical in the heart due teehigiyy demands,

yet mitochondria must also be tightly regulated due to reactive oxgmes productiof269].

Our data suggested that PO induced mitochondrial dysfunction in wt mice, which was
exacerbated in A&KO mice, and we hypothesized that this may be due to lack of adequate
mitophagy in AdKO mice,which would normally be expected to clear and recycle damaged
mitochondria. We speculate that lack of adiponectin signaling via AMPK in our model may

underlie these effects, because AMPK is well established as a mediator of radipookctin
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physiologi@l effects, as an important inducer of autophagy and disruption of AMPK signaling
will result in reduced mitophad 60, 270, 271]

Our study also found that ER stress was significantly increased in the myocardium of aged wt
and AdKO mice after PO, which is in keeping with literature in young n2@e]. Interestingly,

we observed partial activation of the unfolgedtein response, involving protein kinddes
endoplasmic reticulum kinase and elF2phosphorylation. This is consistent with a very recent
report, which showed that whereas-K@ mice had elevated badaR stress levels, detected by
IRE1 and eif2, compad with wt mice, subjecting mice to stress such as-fagtiet resulted in
increased growth arrest and DNlAmage protein 34 and eif2dephosphorylation but no change in
IRE1 phosphorylatiof258]. The diminished autophagy capacityfaf-KO mice may also

contribute to excess ER stress, which we also observed as enhanced accumulation of protein
aggregates, which colocalized with p62 upon immuwmriscent analysis. It is likely that this

ER stress can subsequently lead to cardiac dysfunction via several potential mechanisms,
including cell death and insulin resistarigé2, 273] In summary, lack of adiponectin in aged
mice was associated with deficientff@uced cardiac autophagy, which was observed in wt
mice. This is likely of major significance, because it has been shown that induction or
maintenance of cardiac autophaggiiscial in maintaining normal heart functions under stress

or upon aging. Potential cellular events related to lack of sufficient autophagy®Adice

after PO include mitochondrial dysfunction and ER stress. Togitbse manifestas cardiac
dysfuncton detected by echocardiography. Our studies suggest that the increased susceptibility
of Ad-KO mice to stimulusnduced cardiac dysfunction may be at least in part due to autaphagy

deficiency.

-87-



Chapter 4

4.1 Abstract

Autophagy is an evolutionarily oserved catabolic process acting protective during ischemia yet
detrimental during reperfusion in myocardial infarction induced cardiac remod&dimpnectin

is the most abundant adipokine in circulation, and ¢aislioprotective with potetMPK

inducing capacityWe investigated the role of adiponectin signalmgegulating cardiac

autophagy during ischemigy ligating coronary artery without reperfusioiiter 7 days
ischemiatheinfarct regions oAd-KO mice hearts showed decreagatbsphorylation of AMPK
T172-ULK1 S555, decreasddC3-Il and increased p62 expressitve adopted a nove&IMT
(Fluorescence Molecular Tomographgghnique with CT scato examine paitathepsin

activity (ProSense®80)in live animalsheartsafter7 days ischemidschemia robustly

increased lysosomal activity in hearts after ischemia but radi{O mice heartsIn vitro
experimentsvith H9c2 cardiomyoblastshowed adiponectin robustly induced autophagyhea
AMPK-ULK1 pathwayand enhanced autophagy flux in hypoxia conditid¢nd.i ponect i nds
antioxidantand antiapoptotic effects were bluntéry AMPK inhibitor or in autophagy deficient
cells (ATG5K130RH9c2). Overall, our study suggests that adiponectin is an impontiator

of cardiac autophagy during ischemia
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4.2 Introduction

Cardiovascular disease (CVD) is the leading cause of deattdwide, andcoronary heart
disease (CHD) accountsr the biggest portion of deatby CVD [274]. CHD is primarily
caused by dyslipidemia which leads tganardial infarction (MIY9], which causes structural
and functional changes in heg235].

Mechanisms underlyinill inducedcardiac remolding are multifaceted, and coatributing
factor isanalteredadiponectimprofile. Adiponectin is the most abundant adipokinéh
circulation[9], and it isinversely correlated with th#egree ofidiposity and the inflammatory
statug41, 276] Low serum adiponectin level is implicated in vari@\sDs, andnumerous
studi es have es tcarthdpiotechve dffecesBj5p, @57,&2¢71 | n 6 s
The level of adiponectin is inversely correlated withridk [278] and MI in adiponectin
knockout (AdKO) mice resulted in exacerbatksdt ventricledilation and hypertrophy with
increased apoptosis and interstitial fibord4¥4, 146] AdiponectinamelioratedVi-induced
remodeling byreducing inflammation andxidative stress via enhanciddMP kinase AMPK)
signaling[58, 137, 279282].

AMPK is an energy sensing molecule which activates various catabolic processes including
autophagy to balance cellular energy ley28&3]. Autophagy isabulk degradation of callar
componatssuch as protein aggregates or organelles to recycle energy s@amtiac
autophagy is important to maintain norrhakrtfunction andanadaptive response against
streses[255, 284] Autophagyis generallyconsidered @rotective mechanismagainst M4
induced remodelin{285-289] yet excessive autophagy could be detrimentaértain
circumstancef290-292]. Recently severaktudiessuggested thatdiponectin is associated with

autophagyatesin different tissuesncludingtheheart[177, 207, 264, 293, 294]
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In thepresent study, we investigated the signifioa of adiponectistimulated autophagy in
hearts during ischemia and hypaXy subjecting wt and AKO miceto permanentoronary
arteryligation, we observed the changes in autophatatedprotein expression and lysosomal
activity. We furtherstudiedthe autophagy stimulating capacityadiponectin irH9c2

cardiomyoblastand identified its significance in hypoxic stresses.
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4.3 Materials andMethods

Animals

In house bred adiponectin knockout ¢K@) mice[120] and age matched C57BL/6J (wild type,
wt) mice (The Jackson Laboratory, USA) were &edibitumon regular chow @it until 310

weeks of age andererandomly separated into treatment groups (n=6 per group). All animals
were kept in temperature and humidityntrolled rooms (21 + 2°C, 3810%) with a daily 12:12

hr light-dark cycle in the animal care facility of Yotkniversity in accordanceith the

guidelines of the Canadian Council on Animal Care. All study protocols were approved by the

Animal Care Committee of York University.

Coronary artery ligation surgery

MI was inducedby coronary artery ligation (CAL) surgery as previously descr[Bé8].
Briefly, theleft anterior descending coronary artery was ligated wittOas8iture at 3mndistal
to the tip of the left atrium for 7 daySham animals underwent the same procedwoept for

the suture ligation around the coronary artery. Mice were sacrificed 7 days after M.

Echocardiography

Echocardiography was performed as we previously desd@0&diusing the Vevo2100 system
(Visual Sonics, Canada) equipped with an MS550D transducer. Mice were lightly anesthetized
using 2.0~3.0% isoflurane mixed with 100% drring the time of imaging. Mhode images of

the parasternal shodxis view atthe papillarylevel were used to calculate cardiac functions. B

mode movie files othe parasternal shoe#dxis view were used to perforspeckletracking
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cardiac strain rate analysis. All parameters were aveagaat least 3 cardiac cycles for

analysis.

Immunofluorescence staining (LC3B ang62)

Paraffin embedded heart tissue sections wetgadaffinized and antigen retrieval was

performed in sodium citrate buffer (pH 6.0). Heart sections were permeablized with PBST (PBS
+ 0.3% Triton %X100) for 90min andblocked with blocking buffer (2% BSA + 5% goat + 5%
donkey serum) for 60min. Then, the slides were kept in primary antibody (RabiiCamRi

MBL #PM036,and Mouse arp62, MBL #M1623) at 1:200 overnighat 4 CelsiusdegreeThe

slides were kept in sendary antibody (Goat anRabbit Alexa 488 and Donkey aiMiouse

Alexa 555 Invitrogen#A27034and #A-31570 at 1:1000 for 1 hour at room temperature after
three washes. Slides were mounted in DAPI containing medium after three washes, and slides

were visualizedvith aZeiss LSM700 confocal microscope at 26X40X

Western blot

The schemic zone of LV heaiissue was snhap frozen and pulverized &ithortar and pestle in
liquid nitrogen. The powdered tissue was then suspended in RIPA lysiswitifféaemmli

loading dy€g264]. Total cell lysates were prepardidectly with Laemmli buffer with inhibitors.
Proteins were separated by reducing SISSE. After proteins were transferred to
polyvinylidenedifluoride, the quantification of sigals was performed by densitometry of
scanned autoradiographs with the aid of ImageJ (version 1.4v). The following antibodies were
usedin this study Atg5 (Novus BiologicalsfNB11053818, adiponectin (Signalway Antibody

#FAQO1-2) Caspase 8Cell SignalingTechnology, CST #9662BAX (CST #2772)Beclin 1
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(CST #3738)Bcl-2 (CST #8498) LC3B (CST #2775)GAPDH (CST #2118) p-ULK1 S555
(CST #5869)p-AMPK T172(CST #2531)b-Actin (CST #4970)p62(CST #5114)antirabbit

or anttmouse IgGHRP-linked antibodies@ST #7074, CST #7076)

Fluorescent Molecular Tomography (FMT) imaging in mice

Two nanomoles of paoathepsin protease sensor (ProSense® 680, Perkin EImer, MA, USA)
was infused into mice via tail vein for the assessment of autophagy. Probes were delivered 24
hours (ProSense® 680) prior to beginninmeivo imaging. The intensityfdluorescence was
visualized with FMT usin@ ViseEn FMT 2500 LX Quantitative Tomography System (Perkin
Elmer, MA USA)[296]. Mice were shaved prior to scanning and placed in the supine position in
a plexiglass$older and the scan region was established to capture the upper half of the mouse
(i.e. nose to above the liver) using arpiane resolution of 1x1 nmimAfter cathepsin images

were capturednice were transferrefdr microi computed tomography (CT) imagigeXplore

Ultra, GE Healthcare, London, Canada) while maintained under light anesthesia. FMT and CT
images were reconstructed, merged, and 3D isyagesconstructed by software Amide

(Ami debs Medi cal | magi ng Data Examiner).

Ex vivo fluorescent moleculartomography imaging of mouse hearts

Hearts were isolated from mice after FMT scanning and placed on an opaque resin block in the
FMT plexiglass mouse holder and imaged at 680nm. Epifluorescence images were captured for
each mouse heart, aadalysis of ewivo images was performed using the FMT System

software (TrueQuant 4.0).
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Massord $richrome / TUNEL / WGA staining

Five-micrometerthick paraffin embedded heart sections were subjected to TUMELt(Cell
Death Detection kit, Roch#1168479591Por Masson Trichrome staining (Abcatab15068p

or WGA staining (ThermoFisher, #W1126€dgcording to manufacturer's suggested protocol and
visualized using an Olympus IX71 inverted fluorescent microscope (Olympus Canada,

Richmond Hill, ON, Canda).

Cell culture

H9c2 rat embryonic cardiac myoblasts (ATCC® €R46™M) wer e grown in Dul

Modi fi ed Eagl e §Gibco#l@350rdsupplenémed with 10% fetal bovine
serum (FBSWISENT #080110) and 1% (vol/volPenicillin-StreptomycinGibco#15140122)
at 37°C and 5% C& When cells reache8D-90% confluence media were switched to serum
free DMEM. Globular adiponectin @§d) was produced as we previously descrif2a7].
Hypoxia condition was achieved by placing cellsimypoxic chamber filled witla pre-analyzed
gas mixture of 5% Cg) 95% N. Compound C was purchased from Calbiochen{#@AS

86640564-3).

Autophagy Flux assay with CytelD and Magic Red

H9c2 cells or rat adult cardiomyocyt@98] were seeded on glass coverslicubated with
appropriate treatment conditions. Cells were incubated with-IDy{&nzo Life Sciences,
#ENZ-51031) and Magic Red Cathepsin B Assay (Immunohistochemistry Technologies, #937)

at 37C according to manufactu@rs i nstructions. After 30 mi
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with PBS and fixed with 4% PFA and visualized watlsonfocal microscope (Zeiss LSM700)

with 48x objective.

Transmission electron microscopy (TEM)

TEM was performed as described previo{h2]. Briefly, cells were fixed in 2.5%

glutaraldehyde in 0.1M sodium cacodylate buffelofeked by posfixation with 1% osmium

tetroxide for 1 hour at room temperature. The specimens were then dehydrated with ascending
concentrations of ethanol in series (5@ 0 %) and embedded i n Spurr 6s
Afterwards, thin sections (680 nm) werecut with an ultramicrotome and mounted on copper

mesh grids. The sections were then contrasted with 1% uranyl acetate and lead citrate and

examined with a FEI CM100 TEM and Kodak Megaplus camera.

Analysis of autophagic degradation by DGBSA assay

Cells were cultured in 6 wel!/| pl atwasaddetn d DQE
each well at 2Qug/mL and incubated for Ifminutes after appropriate treatment. Cells were

harvested and fixed with 4% PFA, and ruraiitow cytometer machine (Gal i os E, Beckma
Coulter Inc.) to analyze brightness of green fluorescent (BODIPY) in each cell. 100,000 cells

were analyzed, anduibrescent intensity was plotted. Mean, median anehgean of

fluorescence were calculated using Flowing Softw§28%.

Analysis ofintrinsic apoptosis pathway
H9c2 cells were treated with appropriate treatment conditions. Cells were fixed in 4% PFA, and

permeabilized with 0.3% Triton-X00. Cells were blocked with 3% BSA and incubated with
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antibodies tafOM20 (Santa Cruz #st1415) anccytochrome C (Abcartab11@25) at 1:200
for 2 hours followed by secondary antibo@o@t AntiRabbit Alexa Fluor® %} ThermoFisher
#A-1101Q Goat AntiMouse, Alexa Fluor® 488hermoFisher A28175 at 1:1000for 1 hour.
Images were taken using a 60x objective with confocal miopes¢Olympus, BX51), and €o
localization between green and red fluorescence were calculatethalithageJ JACOP plug

in.

Analysis of apoptosis by Caspase 3/7 substrate degradation

After treatmend, cells were pulsed with CellEvent® Casp@ideGreen Detection Reagent
according to manufactur er 6s thenguercleedwith1% Cel | s w
glycine before mounting. Nuclei of cells were courtiined with with DAPI (Veadr

Laboratories). Images were taken using a 60x objective aitbnfocal microscope (Olympus,

BX51). The dead cells, with green fluorescent nuclei, were counted in 20 images randomly

taken.

Immunofluorescence of pAMPK

H9c2 cell were treated with appropriate treatment conditions and fixed in 4% PFA. Cells were
permeabilized with 0.3%riton X-100 and blocked with 3% BSA. Cells were incubated with
primary antibody (PAMPK T172,CST #253) at 1:200 for 2 hours, then incubd with

secondary antibody (Goat Arf@abbit Alexa Fluor® %} ThermoFisher A4-11010 at 1:1000

for 1 hour. Images were taken using a confocal microscope (Zeiss LSM700) with 48x objective.

Generation of autophagy deficient (H9c2ATG5K130R) cell lines
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To generate H9c2 cells stably ovexpressing mutant ATG5 proteins (ATG5K130R), H9c2 cells
were transduced with retroviral vector carrying pmCh&TG5K130R([210]. Cells stably
expressing ATG5K130R were selected with puromycin @b/nL) in growth medium (DMEM

with 10% FBS), and single cellverecloned, culturd, and used for experiments.

Statistics

Data was presented as mean + SEM. Statistical significance between surgery/treatment groups
wascalculatedvith unpaired 8idend stest. For compamng more thartwo groups, One Way
ANOVA with multiple comparisong/asperformed to adjust multiple comparisons. P vidss

than0.05 was considered statistically significant.
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4.4 Results

Disrupted autophagy flux in Ad-KO mice

wt and AdKO mice were subjected AL surgerywithout reperfusionio induceischemiaand
paraffin embedded mibleart sections were stained against LC3B and Aé®phagosomes
indicated by LC3B puncta, were generated tigamfarct zone in wimice heats but not in Ad
KO mice (Figure 4.1A). The changes in autophagy were further assessed by meastging
expressiongvolved in autophagin the apex of hear{gnfarct zone)Beclinl, ATG5ATG12
complex,LC3B, and p62 (Figurd.1B). Beclinl expressn significantly increased in both
genotypes after ischenyat the increase was aggrandized inrk@d mice TheATG5-ATG12
complex expression significantly increased in both genotypes after ischeintiiee increaseas
significantly greatem Ad-KO mice The expression of LG8, indicative of autophagosomes,
significantly decreased in AMO mice after ischemia whilide expression of LC3Il between
sham and ischemia wecemparable in wt mice. The expression of p62, an indicator for protein
aggregates destined to autophagy degradation, significantly increasedi Aice after
ischemiabut not in WTmice (Figure4.10).

Adiponectin is reported to accumulate in the h&dlbwing Ml up to 4 day$300]. To
investigate if adiponectilocally accumulatedfeer ischemiatotal adiponectin levels were
assessed by western blot and compareystemicadiponectin level, measured by ELISXter
ischemiacardiacadiponectin level significantly increased yet flystemicadiponectin level was

not affectedFigure 4.1DE).

Reducedlysosomalactivities in Ad-KO mice hearts after ischemia
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The live lysosomal activityn vivo was measured bylliorescencélolecularTomography

scanning opancathepsin activatable fluorophqi@0nm), and signals from hearts were

localized byaligning FMT scan imagawith CT scan image(Figure4.2A). Ischemia resulted in
enhanced cathepsin activity compared to sham surgery group in wiHigaee 4.2B) Ex vivo
fluorescence analysis showed that the cathepsin activity in hearts with ischemia was significantly

higher in wt mice than A&KO mice (Figuret.20).

Greater fibrosis, apoptosis and inflammationin Ad-KO mice after ischemia

MI resulted irbigger fibroticscars andnoreapoptosis in ADKO mice heartBigure4.3A-C).
Western blotting analysis of apoptosis markers (BAX;Batleaved caspase 3) indicated that
the ischemia surgery increased-amoptosis markers in both genotypes, yet exacerbated
changes in A&KO mice. The cleavage of caspgsand BAX expressions increased in both
genotypes after ischemia while the expression ofZBan antiapoptotic protein, decreased in
both genotypes after CAL surgery (Figdr8D-E). In addition to that, #hlocal andsystemic

seruntipocalin 2 levels significantly increased after ischemia inkXd mice (Figure 4.3F5).

Exacerbated cardiac remodeling in AdKO mice after ischemia

Ad-KO mice developed worse ejection fraction and fractional shortening connjoang mice

after ischemia (Figuré.4A). To provide regional changes in contractions, the changes in strain

in radial and longitudinal directions were calculated in three cardiac cycles. The average strain of
six cardiac segmenis theradial and longitdinal directios significantly decreased after

ischemia only in AeKO mice (Figure4.4B-C). In addition to that, ischemia resulted in cardiac

-99-



hypertrophy irbothWT and AdKO mice,yet the degree was greater in-K@ mice(Figure

4.3D-E).

Autophagy flux enhanced by adiponectin in H9c2 cells

H9c2 cells were treataslith adiponectin (Ad, globular adiponectin at Lug/mL) fon3id and
phosphorylation of autophagy signaling molecules and autophagosome markers were assessed.
Phosphorylation of ULK1 &555 and AMPK at T172 significantly increased aften80 Ad

treatment (Figurd.6A-B). Autophagosome turnover and lysosomal activity were monitored by
thecombination of cytdD and Magic Red. They successfully-lozalized with autophagosome

and lysosoras (Figure 4.5). Adiponectin treatment enhanced the number of autophagosomes and
lysosomal degradation. The increased autohpagosomes number remain up to 4 hours (Figure

4.6GE).

Adiponectin enhanced autophagy flux in hypoxia

H9c2 cells were subject sort termhypoxia for2 hourswith or without adiponectin, and the
change in autophagy flux was assessed at three stages: autophagosome formation, autophago
lysosome fusion, and lysosomal degradation. Western blotting analysis for LC3B indicated that
Ad treatment significantly increased the expression ofd.@ad LC3II in hypoxia, but not in
normoxia (Figuret.7A-B). The degree of degradation was assessed bBHA a fluorophore
(BODIY) conjugated substrate which releases fluorescence upon degradatiolosdme or
lysosomes. The intensity of green fluorescence in 10,000 cadlanalyzed by flow cytometry

and plotted on histogram. Mean, median and geomean values of fluorescence significantly

decreased in hypoxia condition whereas adiponectin treatigeiftcantly increased all values
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(Figure4.7Q. TEM ultrastructure analysis indicated that the autopihgmsome structures

(dark, doublemembraned vesicles) were more prevalent in hypoxia with adiponectin treatment

compared to hypoxia alone (FiguterD).

Alleviation of intrinsic apoptosis activation from mitochondria by adiponectin

H9c2 cells were subjected adonger duration of hypoxia (48 hours), and the incidence of
apoptosisvasassessed. The intrinsic apoptosis activation was assessed by subcellular
localization of cytochorome ¢ with immunofluorescence assay. H9c2 cells were stained with
cytochrome C (green) and counter stained with mitochondria mailkeMZ0 IF,red). Long
term hypoxia resulted ia significant decrease in docalization between cytochrome C and
mitochondria, indicating cytochrome c release. Howeagiponectin treatment significantly
increased cdocalization between cytochrome C and mitotracker (Figuga-B).
Phosphorylation of AMPK at T172 significantly increased after long term hypoxia, and the
degree of increase was comparable between treatments with or without adip&heatiad
caspase 3 expression significantly increased after long term hypekadiponectin treatment

significantly decreased cc3 expression (Figugg).

Abolishment of anti-apoptotic effects by adiponectin in the presence of AMPK inhibitor or
in autophagy deficient cells

Adi p o n e cdpoptotic effea@srwere investigatedthe presence of AMPK inhibitor or in

autophagy deficient cell€aspase activity was assessed in H9c2 cells after long term hypoxia

with or without adiponectin in the presence of AMPK inhibitor, Compound Gusd.5

Phosphorylation of AMPK at T172 sigigéntly decreased even in hypoxia when adiponectin is
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co-treated with compound c. Adiponectin-teatment withCompoundC in hypoxia resulted in

the apoptosis, indicated by green fluorescenel®calization with nuclei DAPI staining (Figure
4.9A). Cleavel caspase 3 expression significantly increased when compound c-tveated

with adiponectin in hypoxia (Figuee9B).

Autophagy deficient cells (ATG5K130R9c2) were generated by retroviral infection of H9c2
cells,resulting inoverexpresmn of mutant ATG5 (ATG5K130R) proteins. Cells transduced
with empty vector were used as control. The cleaved caspase 3 expression increased significantly
after long term hypoxia and decreased significantly with Ad treatment-HHYER2 cells.

However, in ATG5K13R-H9c2 cells, the cc3 expression was further increased compared to
EV-H9c2 cells in hypoxia, and adiponectin treatment did not decrease cc3 expression (Figure
4.9C). Caspase activity was assessed in Bd ATG5K130RH9c2 cells after long term

hypoxia withor without Ad. Hypoxia caused near 100% apoptosis in ATG5K13082 cells

and Ad treatment had no effect on reversing apoptosis (FgaDg.

-102-



A B
LC3B IF P62 IF DAPI

Sham Ischemia Sham Ischemia

o

2 Beclin1 o ---T-——---
ATG5-ATG12 e T I Il
Le (DD e DD B |
LC3-II
p62 - - -..
GAPDH | it € w0 € SIS @9 & a5 o @ o
(o]
E wt Ad-KO
% [ Sham
Bl Ischemia
2 #
8+ # 61 » 1.5- 8- #
m L = I s
256 g 25 5% 55 o ;
S5 354 %5 10 g z
2= 4 4 2% of 5 44
. * Se, =2 .. 22
= O LD 2T © U.51 * N T
g2 2] 83 88 €8 2
(- B <._‘ o —
0" Ad-KO 07— Ad-KO 0.0t AdKO e
D B [ Sham
3 Il Ischemia
Adiponectin I 4 | B 40 .
£ 30 —
GAPDH |—- —— — e —— | 3 =
S 20
Mi - = + -+ = -+ o+ &
£ 10
Wi Ad-KO £
=
3

Figure 4.1. Impaired autophagy in A&KO mice after ischemia.

A Representative confocal immunofluorescent microscope against LC3B (green) and p62 (Red)
in paraffin heart section8 Representative western blot images of BetliTG5ATG12,

LC3B, p62, and GAPDH from apical heart homogen&t&sensitometric analysisfd@eclinl,
ATG5-ATG12, LC3lI, p62 to GAPDH from BD Representative western blot images of
adiponectin, GAPDH from apical heart homogen&®d_ISA quantification of serum

adiponectin in wt mice after ischemResults are presented as mean + SEM &adt).

*P<0.05 versus corresponding sha#R?<0.05 ersis wt IschemiaScale bar = 50 um.
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Figure 4.2. Reduced cathepsin D activity Ad-KO mice hearts after ischemia.

A Representative iivo FMT (Cathepsir680nm) imageuperimposed with CT scan image to
locate signal from heartB. Representative FMT imagef micewith or withoutischemia
surgery.C Representativex-vivo FMT (Cathepsir680nm) scan images of hearts after
ischemia and giantification of meaffiuorescaceintensity.Results are presented as mean *
SEM (n=3 each for FM7J. *P<0.05versts wt Ischemia.
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Figure 4.3. Exaggerated fibrosis, cell deaths aimflammation in Ad-KO micewith MI.

A Representativilasson trichrome staining images on heart sections after Isch&i@Gia.
Representativ&8 UNEL staining imageandquantification of TUNEL positive nuclei in heart
sections from wt and AKO mice with or without ischemia surgeiy.Representative western
blotimages of BAX, Bcl2, caspase,35APDHIevels in hearts with or without ischemia surgery
E Densitometry analysis of BAX, Bd, cleaved caspasee3pressions relative to GAPDH

levels F Representative western blot images of lipocalin2 and GAPDH, andifigsditn of
lipocalin2 to GAPDH expression on hearts after ische@iBLISA quantification of serum
lipocalin 2 levels in wt and AKO mice after ischemid&esults are presented as mean + SEM
(n=6).Scale bar 50 um. *P<0.05 versus corresponding sha#R<0.05versuswt Ischemia.
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Figure 4.4. Exacerbated cardiacremodelingin Ad-KO mice after ischemia.

A Summary ofCardiac parameteend functionsnalyzed in hearts of wt and ACO micewith

or without ischemia surger3 Representative images of changes in strains over three cardiac
cycles in radial and longitudinal directions from hearts with or without ischemia su@ery.
Average strains from 6 segments of cardiac wallsreg axisin longitudinal and radial

directions from hearts with or without ischemia surgerjRepresentative images of WGA
staining on paraffin embedded hearts after isch&naoss heart weight to tibial length ratio.
Results are presentedragan + SEM (n=6)P<0.05versus corresponding shafR<0.05

versts corresponding shafiP<0.05 versus wt ShafR<0.05 versus wt Ishemi&cale bar = 20
pm.
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Figure 4.5. Validation of CytaD and Magic Red assay to assess autophagy flux.

A Representative confocal image of H9c2 cells stained with @{b{green) and LC3B IF (red)
after Torin 1 treatment (200nM, 1hB.Representative confocal image of H9cAdxstained
with Lysotracker DeepRed (Cyan) and Magic Red (Red) after Torin 1 treatment (200nNG 1hr).

Representative confocal images of primary rat cardiomyocytes after adiponectin treatment (gAd,
2ug) at 30 min, 2 hr and stained with Gyiband Magic Rd. Scale bar = 10 pum.
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Figure 4.6 Stimulation of autophagy flux upon adiponectin treatment.

A Representative western blot images-aJlK1 S555, pA MP K T 1 7 Actin iahod2 b

cells after adiponectin stimulation (gAd 1pg/mL, 30mBiQuantification of pULK1 S555 and
p-AMP K T 1 7a&in ftrom A.€ Representative confocal microscope image @¢2stained

with Cyto-ID and Magic Red after adiponectin treatment (gAd 1pg/mL) for 30 min, 2 hr and 4hr.
D Quantification of CytelD and MagicRed puncta at each time points fromeC.
Representati ve i-acmgfterst hradiporiedi3tiRatm (Ad 1og/mL) with
chloroquine (CQ, 60uM). Results are shown in Mean £+ SEM (n=3). Scale bar =20 um.
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Figure 4.7. Adiponectin treatment enhanced autophagy flux in Hypoxia.

A Representative western blot images of LGBBIb actin expressiom H9c2 innormoxiaor
hypoxiawith Ad for 2 hr. B Densitometric analysis of LGB to b actinfrom A. C BODIPY-
Green fluorescence distribution graph in H9c2 cells in normoxia or hypoXisowitithout Ad
D Representativ8 EM images H9c2 cellsn normoxia or hypoxiavith or without Ad
Experiments were performed at least three times and results are presemézoh asSEMScale
bar = 2am. *P<0.05versus corresponding normoxiantrol. #P<0.05 versus hypoxia control.
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Figure 4.8. Adiponectin alleviates intrinsic apoptosis from mitochondria in H9c2 cells in
Hypoxia

A Representative confocal imagaes H9c2 cells labeled witifOM20 andcytochrome Gafter
long termhypoxia with or without AdB Co-localization analysis from A, a proportion of
cytochrome c signals (green) localized to mitochondira @edEpresentative western blot
imagesanddensitometryanalysis of LC3B, posphorAMPK (T172) and cleaved caspaseodi
actin expression in H9c2 céjlsatesafter long term hypoxia with or without AeExperiments
were performed three times and results are presentadas+ SEM. *P<0.08ersus normoxia
control. #P<0.05 versus hypoxia conti®tale bar = 2Qum.

-110-



[fold to HC)
2
*

cleaved c3 to B-actin
o
w
L

0.0-
cleaved c3 - -

B-actin cu— wm— ——

- + + +

Normoxia Control Ad Ad +CC Hypoxia
Ad - - = R
Hypoxia CompoundC - - - +

3 Normoxia

Il Hypoxia

El +ATGSK130R

M Hypoxia +ATGSK130R

207 $

EV-HS¢c2

cleaved c3 to B-actin
[fold to HC, EV-HS¢c2)
5

o
o

G5K130R-HSc2

0.0-

Ad = ¥ = ¥ = ¥ - ¥

- - = < | Normoxia Hypoxia Hypoxia+Ad

ATI

cleaved c3 |

ﬁ-actinl-—----— _.I

Figure 4.9. AMPK: or Autophagyi nhi bi ti ons abol i-spdptetat effeali ponect
A Representative confocehmunofluorescencéanti-p-AMPK T172, red andcaspase 3/7 assay
images of H9c2 cellafter long termhypoxia (48hr) with or without Ad @&d, 1ug/mL)in the
presence of absenceaimpound ¢ (5uM)B Representative western blot images and
densitometnanalysis of cleaved caspase diactinexpressionn H9c2 celllysates after long
termhypoxia with or without Adn the presence of absencecofnpound c.C Representative
western blot image argdensitometryanalysis of cleaved caspase 3 tad&in in H9c2 cells (EV
or ATG5K130R overexpressing) in hypoxia treated with or withouttARepesentative
confocal images dEV- or ATG5K130R H9c2ccellstreatedwith caspase3/7 substratiter long
termhypoxia with or without Ad CC= Compound CEV = Empty VectorExperiments were
performed three times and results are presentattas + SEM. *P&.05versus normoxia
control. #P<0.05 versus hypoxia conti®i<0.05 versus hypoxia Ad. Scale bar 3u20.
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4.5Discussion

In the present study, we examined the functisigiificanceof adiponectin stimulated
autophagyn cardiomyocytesluring ischemia or hypoxid.ow adiponectin level is implicated in
cardiovascular disease and emerging evidence ssggisonectiris associated with decreased
autophagy respong&71, 179, 207]Adiponectinwas reported taccumulag attheinfarct zone
following myocardial infarctio300], and AMPK associateautophag was activated during
ischemig291]. Adiponectinhas gpotent AMPK inducing capacity icardiomyocyte$98, 149,
297]thuswe examined changes in autophagy aftgiocardial infarction without reperfusiamp

to 7 days irwt and AdKO mice.

Ischemia robusy stimulated autophagy via phosphorylation of ULK1 S5&ivatedoy AMPK
[160] after MI, and autophagos@esrobustlyformednearthe borderzonein wt mice However,
AMPK activity and autophagic responsengabolished in AeKO mice. Importantly, AeKO
mice hearts with ischemtzad significantlylower lysosomal activity anishcrease@®62 levels a
sign of atiophagy defectf247]. Overall AdKO mice hearts had compromised autophagy
response after ischemaaddevelopedvorsecardiac dysfunction with greater hypertrophy and
fibrotic scarsaligning withprevious repog[301, 302] Interestingly, schemia surgery resulted
in cell deaths@and accumulation of lipocalinig hearts in AdKO mice. We previously reported
that lipocalin 2 causes cell deathdayhancing oxidative stress and reducing autophagy flux in
cardiomyocyte$298, 299, 303]and AdKO mice after ischemiaot only hadsignificanty
increased lipocalin ih hearts but also ithecirculation.

Consistent witfour animal experiments, we observadobustutophagy stimulatory effect by
adiponectin in H9c2 cells. Shedrm globular adiponectinasa stronger binding affinity to

AdipoR1-AMPK signaling[105, 109] and we observed gAghhanceghosphorylation of
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AMPK T172 and ULK1 S555along withanincreased number of autophagosomes and
lysosomal activityn H9c2 cells During hypoxia,where the clearance of autophagosomes was
patially impaired[304], adiponectin treatment enhanced autophagosome cleaaadce
increasedlegradatioractivity at endosomes/lysosomeéslonger duration ohypoxia causethe
accumulation of autophagosomes amtlicedcell deaths via intrinsic apoptosighich were
ameliorated by diponectin treatment A d i p o n @poptotineifects wenetabolishedthe
presence of AMPK inhibitor or in autophagy deficient cells (ATG5K1-3(8R2).

In summary, our study showed that adiponectin is an important mediator of cardiac autophagy,
and the lack of adipongn signaling impaired autophagy stimulatioia the AMPK pathway
duringischemia, which resulted in more cell death and pathological remod@limgtudyalso
foundthatadiponectin accumulatian hearts could last up to 7 day#l was induced without
reperfusion. IntriguinglyAd-KO mice hearts significantly increasBeclinl expressioafter

MI, a feature omaladaptive autophagy respomsading toexcessiveautophagy cell deaths

[290, 291, 305, 306However,we concluded autophagy activity was impaired in spite of
enhanced Beclinl expréss due to increased p62 levels and decreased lysosomal aciuity.
studyreportedanunprecedented case of autophagy impairment with Beclinl overexpression and

capitalized the cardiac autophagy stimulatory effect by adiponectin during ischemia.
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Chapter 5

5.1Research Summary

Studylil ron overload inhibits | ate stage autopha
The causative relationship between 10 drabetess elusive because I@duced diabetes are

contributed by both T1D and T2 spite of the strong association between 10thed

prevalence of diabete$d genetic model of hemochromatd€§ishas increased insulin

sensitivityand exhibis T1D [180, 232] My studyhasaddedanimportant mehanistic insight

underlying 10 induced T2D by examining insulin sensitivity in skeletal muactgjor site for

glucose disposahfter 1Q 10 robustly inducednsulin resistancan which autophagy defects
concomitantly occurrecAutophagy defects are causediblyibiting mTORreactivation for a

novel lysosomal genesis proce&&R, in which very fewin vivo studies have been reported to

date[201].

Study 2 Pr e s s ur elnd@edeCartiar Bydfunction in Aged Male Adiponectin Knockout

Mice |I's Associated with Autophagy Deficiencybo
The cardioprotective effects of adiponeanewell establishedyet d i p o nreleirt i n 6 s
regulatingcardiac autophagy has not been investigétetd. t he ti me of thi s stu
very few studies addressed the potential link between adiponectin signalling and autophagy rates

in different tisses[177, 179, 307]We examined changes in cardiac autophagy after PO in wt

and AdKO mice,olderthan12 monthsn which ageing did not affect changes in autophagy

protein expression. However, aut@gly response against POAd-KO micewas compromised

with a significant accumulation gdrotein aggregates or damageidochondria Overall, this

study uncoverethat adiponectisignaling is acritical mediator of catiacautophagyesponse

against hemodynamic stress
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Study FiDisrupted Autophagy Flux in Adiponectin Knockout Mice Exacerbates Ischemia
Induced Cardiomyocyte Cell Death

Autophagycan actas aprotective and detrimentakesponseluringMI -induced cardiac
remodeling. During ischemia, AMPK induced autophiggrotective which prevents
cardiomyocyte$rom death and mitigates infarct size. During reperfusanessive beclinl
meidated autophagy wimunknown mechanismausesutophag cell deathworsening
dysfunction[291]. Our study adds a potential mechanism underlying switching from AMPK to
Beclin-1 mediated autophagy during Miduced cardiac remodelling/Ve observed a robust
increase in AMPKULK1 autophagy induction following Ml without reperfusion, which was
abolished in AeKO mice. Instead, AKO mice hearts exhibited significantly increased Bedlin
expression, which alignwith my second studf276], with increased cell death and exaggerated
remodeling after MIBeclinl is associated with autophagy cell death and Beclinl heterozygous
KO mice (homozygous KO is letl) protects from PO and reperfusion induced autophagy cell
death[290, 291] However, Beclinl overexpression is not associated with increasgéophagy
rates since p62 level increased and lysosomal enzymatic activity decreased@riide.
Neverthelesshis studystronglysuggest adiponectin is an important regulatorpwbtective

autophagy during ischemia.

5.2Conclusion

Overall, tre studieslescribecaboveunderscorea critical role ofautophagy in skeletal muscle
andheartduringdiabetes an@€VDs. 10is associated with hypoadiponectinemia, and our study
discovered an unconventional formaaftophagy defects i® induedskeletal musclevhich

led to insulin resistance. Adiponectin deficiemot only worseaddiabetes but alsexaggerated
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heart diseases. My thesis added an important aspect of adiponectin signaling in autophagy
regulation,an indispensable component afrmal heart function and stress respofise.
summary, adiponectin is a key mediator to enhance autophagy response under dysfunctional

cardiometabolic conditions.

5.3 Future Direction

The predominant cause of deathl®ycomplications idHF, andlO induced cardiomyopathy is
well established308, 309] We recently published that adiponedmelioratedO-induced
autophagy defects amalsulin resistance in H9c2 ce[294, 310] It will be interesting to loolat
theeffects of IO on AeKO mice ando characterizautophagy changes both skeletal muscle
and heartsfter 10,

With respect to analyzingutophagy, it is importand assessnitophagy Heart and muscles are
heavily loaded with mitochondrisvhich are sources of ROS contributing to oxidative damage
andawide range of pathologi¢811]. Mitochondrial degradation by saphagyis an important
guality controlsystemand mitophagy defects are implicated in many disga53.

In thesecondand thirdstudes, we observedn accumulation alamaged mitochondria Ad-

KO mice hearts after PGr MI. Ad i p o n eardioprotettve effect istrongly associated with
its antroxidativeeffect and it will be interesting to assess if adiponectin stimulated autophagy is
related to mitophagylo do so, it is important to replenish adiponectin signalngd-KO mice
eitherinjectingadiponectin eceptor agonigB12] or adenovirus mediated adiponectin ever
expression111]. Ad-KO miceare now beingrossed withamoxifen induciblecardiomyocyte
specific autophagyleficient mice (ATG7flox/floxt) M H-®erCreMer)to generate mice lacking

autophagy in cardiomyocytes tre Ad-KO backgroundThe purpose of these mice wasee if
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adiponectin replenishment could exert simdardioprotectivesffects between A&O mice and

Ad-KO mice lacking cardiac autophagy.

Metabolic reart failure is a common and devastating event. My research cordrileue

knowledgeto our understandingf the potential causes bfF associated with obesity and

diabetes, and highlightidiponectin signaling as a potential therapeutic strategy to enhance
cardiac autophagy. Only when we accurately understand causes of heart failure at the molecular
level, we willbe able to identify opportunities for therapeutic exploitation and improved health

care.

-117-



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Balkau, B. and M.A. Charle§omment on the provisional report from the WHO
consultation European Group for the Study of Insulin Resistance (E®&IRpet Med,
1999.16(5): p. 4423.

Scholze, J., et alEpidemiological and economic burden of metabolic syndrome and its
consequences in patients with hypertension in Germany, Spain andlabyalence
based modeBMC Public Health, 2010L0: p. 529.

Katzmarzyk, P.T. and I. Janssdine economic costs associated with physical inactivity
and obesity in Canada: an upda@an J Appl Physiol, 20029(1): p. 90115.

National Cholesterdeducation Program Expert Panel on Detection, E. and A. Treatment
of High Blood Cholesterol inThird Report of the National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adultreatment Panel 111) final reporCirculation, 2002.

106(25): p. 3143421.

American Heart, A., et alDiagnosis and management of the metabolic syndrome. An
American Heart Association/National Heart, Lung, and Blood Institute Scientific
Statement. Eecutive summarnyCardiol Rev, 200513(6): p. 3227.

Nathan, D.M., et allmpaired fasting glucose and impaired glucose tolerance:
implications for careDiabetes Care, 20030(3): p. 7539.

Fonseca, V.A.Defining and characterizing the progressiof type 2 diabetefiabetes
Care, 200932 Suppl 2 p. S1516.

Schirone, L., et alA Review of the Molecular Mechanisms Underlying the Development
and Progression of Cardiac Remodeli@xid Med Cell Longev, 2012017 p.

3920195.

Abel, E.D., SE. Litwin, and G. Sweenegardiac remodeling in obesiti2hysiol Rev,
2008.88(2): p. 389419.

FernandeReal, J.M., et alSerum ferritin as a component of the insulin resistance
syndromeDiabetes Care, 19981(1): p. 628.

FernandeReal, M., A. LopezBermejo, and W. RicarCrosstalk between iron
metabolism and diabeteBiabetes, 20051(8): p. 234854.

Piperno, A., et allncreased serum ferritin is common in men with essential
hypertensionJ Hypertens, 20020(8): p. 15138.

Williams, M.J., R. Poulton, and S. WilliamRelationship of serum ferritin with
cardiovascular risk factors and inflammation in young men and woAtberosclerosis,
2002.1651): p. 17984.

Bozzini, C., et al.Prevalence of body iron excess in thetabolic syndromé®iabetes
Care, 200528(8): p. 20613.

Lakka, T.A. and D.E. LaaksoneRhysical activity in prevention and treatment of the
metabolic syndromeé\ppl Physiol Nutr Metab, 200B2(1): p. 7688.

Ford, E.S., et alSedentary behaw, physical activity, and the metabolic syndrome
among U.S. adult©bes Res, 2003.3(3): p. 60814.

Bankoski, A., et al.Sedentary activity associated with metabolic syndrome independent
of physical activityDiabetes Care, 20134(2): p. 497503.

Grundy, S.M. Overnutrition, ectopic lipid and the metabolic syndroth&vestig Med,
2016.64(6): p. 10826.

-118-



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Grundy, S.M.Adipose tissue and metabolic syndrome: too much, too little or neither.
Eur J Clin Invest, 201515(11): p. 120917.

Bancej, C., et alEvidence BriefTrends and projections of obesity among Canadians.
Health Promot Chronic Dis Prev Can, 2035(7): p. 10912.

Lemieux, S., et alklealth Canada's new guidelines toody weight classification in
adults: challenges and concer@MAJ, 2004.171(11): p. 13613.

Hamdy, O., S. Porramatikul, and E.-Bkairi, Metabolic obesity: the paradox between
visceral and subcutaneous faurr Diabetes Rev, 2008(4): p. 36773.

Nomura, K., et al.Visceral fat accumulation and metabolic risk factor clustering in older
adults.J Am Geriatr Soc, 201638(9): p. 165863.

Coleman, D.L.Obese and diabetes: two mutant genes causing diabb&ssty
syndromes in mic®iabetdogia, 197814(3): p. 1418.

Zhang, Y., et al.Positional cloning of the mouse obese gene and its human homologue.
Nature, 19943726505): p. 42532.

Pan, H., J. Guo, and Z. SAlvances in understanding the interrelations between leptin
resistance and obesityPhysiol Behav, 2014.30. p. 15769.

Rasouli, N. and P.A. Kerydipocytokines and the metabolic complications of obekity.
Clin Endocrinol Metab, 20083(11 Suppl 1): p. S643.

Hotamisligil, G.S., N.S. Shargill, and B.M. Spiégan, Adipose expression of tumor
necrosis factofalpha: direct role in obesitjinked insulin resistancescience, 1993.
2595091): p. 8/91.

Kern, P.A., et al.The expression of tumor necrosis factor in human adipose tissue.
Regulation by obesity,aight loss, and relationship to lipoprotein lipageClin Invest,
1995.95(5): p. 21119.

Wellen, K.E. and G.S. HotamisligiDbesityinduced inflammatory changes in adipose
tissueJ Clin Invest, 200311212): p. 178E8.

Sasaki, T., et all,ipoatrophic diabetes] Dermatol, 199219(4): p. 2469.

Gavrilova, O., et al.Surgical implantation of adipose tissue reverses diabetes in
lipoatrophic miceJ Clin Invest, 20000053): p. 2718.

Colombo, C., et alTransplantation of adipose tigs lacking leptin is unable to reverse
the metabolic abnormalities associated with lipoatrogbigbetes, 20051(9): p. 2727
33.

Proffit, W.R.,Muscle pressures and tooth position: North American whites and
Australian aboriginesAngle Orthod, 197545(1): p. :11.

Yamauchi, T., et al.The mechanisms by which both heterozygous peroxisome
proliferator-activated receptor gamma (PPARgamma) deficiency and PPARgamma
agonist improve insulin resistanckBiol Chem, 200127644): p. 412454.

Yamautchi, T., et al.;The fatderived hormone adiponectin reverses insulin resistance
associated with both lipoatrophy and obesigat Med, 20017(8): p. 9416.

Scherer, P.E., et alA, novel serum protein similar to C1q, produced exclusively in
adipocytesJ Biol Chem, 199527(0(45): p. 267460.

Hu, E., P. Liang, and B.M. SpiegelmakdipoQ is a novel adiposspecific gene
dysregulated in obesity.Biol Chem, 1996271(18): p. 10697703.

Nakano, Y., et allsolation and characterizatioaf GBP28, a novel gelatibhinding
protein purified from human plasmaBiochem, 19961204): p. 80312.

-119-



40.

4].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Maeda, K., et algDNA cloning and expression of a novel adipose specific coHikgen
factor, apM1 (adipose most abundant gene transcript996.Biochem Biophys Res
Commun, 20124253): p. 5569.

Arita, Y., et al.,Paradoxical decrease of an adipesgecific protein, adiponectin, in
obesity Biochem Biophys Res Commun, 192%.7(1): p. 7983.

Sirbu, A.E., et al.Adiponectin expressn in visceral adiposity is an important
determinant of insulin resistance in morbid obediydokrynol Pol, 20189(3): p. 252
258.

McArdle, M.A., et al. Mechanisms of obesitpduced inflammation and insulin
resistance: insights into the emergirgde of nutritional strategies=ront Endocrinol
(Lausanne), 2013L p. 52.

Chung, S., et alRreadipocytes mediate lipopolysaccharidduced inflammation and
insulin resistance in primary cultures of newly differentiated human adipocytes.
Endocrindogy, 2006.14711): p. 5346561.

Abdelgadir, M., et al.l.ow serum adiponectin concentrations are associated with insulin
sensitivity independent of obesity in Sudanese subjects with type 2 diabetes mellitus.
Diabetol Metab Syndr, 2013(1): p. 15.

Aso, Y., et al. Comparison of serum higmolecular weight (HMW) adiponectin with
total adiponectin concentrations in type 2 diabetic patients with coronary artery disease
using a novel enzymimked immunosorbent assay to detect HMW adipondotabetes,
2006.55(7): p. 195460.

Gabrielsen, J.S., et aRdipocyte iron regulates adiponectin and insulin sensitivi§lin
Invest, 201212210): p. 352%10.

Duncan, B.B., et alAdiponectin and the development of type 2 diabetes: the
atherosclerosis risk in communities stubyabetes, 200563(9): p. 24738.

Lai, H., et al. Association between the level of circulating adiponectin and prediabetes:
A metaanalysis.J Diabetes Investig, 2016(4): p. 41629.

Lindsay, R.S., etla Adiponectin and development of type 2 diabetes in the Pima Indian
population.Lancet, 2002360(9326): p. 578.

Stefan, N., et alRlasma adiponectin concentration is associated with skeletal muscle
insulin receptor tyrosine phosphorylation, amaviplasma concentration precedes a
decrease in whoteody insulin sensitivity in humarBiabetes, 20051(6): p. 18848.
Pham, M.N., et alSerum adipokines as biomarkers of be¢dl function in patients with
type 1 diabetes: positive associatioithaleptin and resistin and negative association
with adiponectinDiabetes Metab Res Rev, 202%(2): p. 16670.

Blaslov, K., et al.Relationship between Adiponectin Level, Insulin Sensitivity, and
Metabolic Syndrome in Type 1 Diabetic Patieits.J Endocrinol, 20132013 p.

535906.

Matsubara, M., S. Maruoka, and S. Katay@egreased plasma adiponectin
concentrations in women with dyslipidemiaClin Endocrinol Metab, 20087(6): p.
27649.

Cnop, M., et al.Relationship of adiponectito body fat distribution, insulin sensitivity
and plasma lipoproteins: evidence for independent roles of age anDiabetologia,
2003.46(4): p. 45969.

Nakamura, Y., et allmplications of plasma concentrations of adiponectin in patients
with coronary artery diseasddeart, 200490(5): p. 52833.

-120-



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Laughlin, G.A., et al.Association of adiponectin with coronary heart disease and
mortality: the Rancho Bernardo studym J Epidemiol, 20071652): p. 16474.

Pischon, T., et alRlasma adiponectin levels and risk of myocardial infarction in men.
JAMA, 2004.291(14): p. 17307.

Hotta, K., et al.Plasma concentrations of a novel, adipagecific protein, adiponectin,
in type 2 diabetic patienté&rterioscer Thromb Vasc Biol, 200@20(6): p. 15959.

Baden, M.Y., et al. Association of adiponectin with blood pressure in healthy people.
Clin Endocrinol (Oxf), 201378(2): p. 22631.

Chow, W.S., et alHypoadiponectinemia as a predictor for the depetent of
hypertension: a fyear prospective studidypertension, 20049(6): p. 145561.

Cutler, P. Deferoxamine therapy in higfierritin diabetesDiabetes, 19888(10): p.
120710.

Forouhi, N.G., et alElevated serum ferritin levels predimew-onset type 2 diabetes:
results from the EPI@Norfolk prospective studfRiabetologia, 200750(5): p. 94956.
Cooksey, R.C., et alDietary iron restriction or iron chelation protects from diabetes
and loss of betaell function in the obese (oltvdep/-) mouseAm J Physiol Endocrinol
Metab, 20102986): p. E123643.

Wilazlo, N., et al.Jron metabolism is associated with adipocyte insulin resistance and
plasma adiponectin: the Cohort on Diabetes and Atherosclerosis Maastricht (CODAM)
study.Diabetes Care, 20136(2): p. 30915.

Ku, B.J., et al.Serum ferritin is inversely correlated with serum adiponectin level:
populationbased crossectional studyDis Markers, 200927(6): p. 30310.

Aregbesola, A., et alSerum adiponectin/Fétin ratio in relation to the risk of type 2
diabetes and insulin sensitivitYiabetes Res Clin Pract, 201811 p. 264274.

Aso, Y., et al. Relation between serum high molecular weight adiponectin and serum
ferritin or prohepcidin in patients wittype 2 diabetediabetes Res Clin Pract, 2010.
90(3): p. 2565.

Swarbrick, M.M. and P.J. HavdPhysiological, pharmacological, and nutritional
regulation of circulating adiponectin concentrations in humastab Syndr Relat
Disord, 20086(2): p. &-102.

Wang, Y., et al.Hydroxylation and glycosylation of the four conserved lysine residues in
the collagenous domain of adiponectin. Potential role in the modulation of its msulin
sensitizing activityJ Biol Chem, 200277(22): p. 195219.

Wang, Y., et al.Posttranslational modifications of the four conserved lysine residues
within the collagenous domain of adiponectin are required for the formation of its high
molecular weight oligomeric complekBiol Chem, 2006281(24): p. 16391400.

Fruebis, J., et alRroteolytic cleavage product of 3a adipocyte complemerelated
protein increases fatty acid oxidation in muscle and causes weight loss irPnaceéNatl
Acad Sci U S A, 200198(4): p. 200510.

Waki, H., et al. Generationof globular fragment of adiponectin by leukocyte elastase
secreted by monocytic cell line THPEndocrinology, 2005146(2): p. 7906.

Wang, Z.V. and P.E. Scheréwiponectin, the past two decadé&sdviol Cell Biol, 2016.
8(2): p. 93100.

Pajvani, U.B., et alStructurefunction studies of the adipocygecreted hormone
Acrp30/adiponectin. Implications fpr metabolic regulation and bioactivi§giol Chem,
2003.27811): p. 907385.

-121-



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

AlmedaValdes, P., et alTotal and high molecular @ght adiponectin have similar
utility for the identification of insulin resistanc€ardiovasc Diabetol, 2010: p. 26.

Hara, K., et al.Measurement of the higiholecular weight form of adiponectin in plasma
is useful for the prediction afisulin resistance and metabolic syndrom&betes Care,
2006.29(6): p. 135762.

Shao, X., et alPeroxisome ProliferateActivated Receptegamma: Master Regulator

of Adipogenesis and Obesiurr Stem Cell Res Ther, 201B1(3): p. 2829.

He,W., et al. Adiposespecific peroxisome proliferataactivated receptor gamma
knockout causes insulin resistance in fat and liver but not in miade.Natl Acad Sci
US A, 200310026): p. 157127.

Ilwaki, M., et al.,Induction of adiponectin, a falerived antidiabetic and antiatherogenic
factor, by nuclear receptorfiabetes, 20032(7): p. 165563.

Yu, J.G., et al.The effect of thiazolidinediones on plasma adiponectin levels in hormal,
obese, and type 2 diabetic subje@&gbetes, 20051(10): p. 296874.

Nawrocki, A.R., et al.Mice lacking adiponectin show decreased hepatic insulin
sensitivity and reduced responsiveness to peroxisome prolifexetivated receptor
gamma agonistsl Biol Chem, 2006281(5): p. 265460.

Nakae, J et al.,The forkhead transcription factor Foxol regulates adipocyte
differentiation.Dev Cell, 20034(1): p. 11929.

Guo, S., et alPhosphorylation of serine 256 by protein kinase B disrupts transactivation
by FKHR and mediates effects of insulminsulirlike growth factorbinding proteinl
promoter activity through a conserved insulin response sequémiel Chem, 1999.
274(24): p. 1718492.

van der Heide, L.P. and M.P. SmiBggulation of FoxO activity by CBP/p3@tediated
acetylation.Trends Biochem Sci, 20030(2): p. 816.

Wang, A., et al.Up-regulation of adiponectin by resveratrol: the essential roles of the
Akt/FOXO1 and AMRactivated protein kinase signaling pathways and DkbA Biol
Chem, 2011286(1): p. 606.

Banks A.S., et al. SirT1 gain of function increases energy efficiency and prevents
diabetes in miceCell Metab, 20083(4): p. 33341.

Liu, M. and F. Liu,Transcriptional and postranslational regulation of adiponectin.
Biochem J, 200%4251): p. 4152

Yamauchi, T., et alCloning of adiponectin receptors that mediate antidiabetic
metabolic effectdNature, 20034236941): p. 762.

Tsuchida, A., et allnsulin/Foxol pathway regulates expression levels of adiponectin
receptors and adiponedtisensitivityJ Biol Chem, 200427929): p. 3081722.

Cui, X.B., et al.]nsulin decreases myocardial adiponectin receptor 1 expression via
PI3K/Akt and FoxO1 pathwagZardiovasc Res, 20123(1): p. 6978.

Yamauchi, T., et alTargeted disruptin of AdipoR1 and AdipoR2 causes abrogation of
adiponectin binding and metabolic actiohat Med, 200713(3): p. 3329.

Hug, C., et al.T-cadherin is a receptor for hexameric and higlolecularweight forms
of Acrp30/adiponectirProc Natl Acad SdU S A, 2004101(28): p. 1030813.

Denzel, M.S., et alT-cadherin is critical for adiponectimediated cardioprotection in
mice.J Clin Invest, 2010120(12): p. 434252.

Mao, X., et al. APPL1 binds to adiponectin receptors and mediates adipionec
signalling and functionNat Cell Biol, 20068(5): p. 51623.

-122-



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Niu, W., et al. Maturation of the regulation of GLUT4 activity by p38 MAPK during L6
cell myogenesisl Biol Chem, 200327820): p. 1795362.

Deepa, S.S. and L.Q. Dom§PPL1: role in adiponectin signaling and beyoadn J
Physiol Endocrinol Metab, 200296(1): p. E2236.

Fang, X., et al.An APPLTAMPK signaling axis mediates beneficial metabolic effects of
adiponectin in the hearAm J Fhysiol Endocrinol Metab, 201@995): p. E7219.
Chandrasekar, B., et aRdiponectin blocks interleukih8mediated endothelial cell

death via APPLAependent AMRctivated protein kinase (AMPK) activation and
IKK/NF-kappaB/PTEN suppressiahBiol Chem, 2008283(36): p. 243398.

Cheng, K.K., et alAPPL1 potentiates insukmediated inhibition of hepatic glucose
production and alleviates diabetes via Akt activation in n@mdl Metab, 20099(5): p.
417-27.

Wang, C., et al.Yin-Yang egulation of adiponectin signaling by APPL isoforms in
muscle cellsJ Biol Chem, 2009284(46): p. 31608L5.

Cheng, K.K., et al.The adaptor protein APPL2 inhibits insulgtimulated glucose

uptake by interacting with TBC1D1 in skeletal musbiebetes, 201463(11): p. 3748

58.

Kersten, S., et alReroxisome proliferateactivated receptor alpha mediates the
adaptive response to fastingClin Invest, 199910311): p. 148998.

Mandard, S., M. Muller, and S. Kerstdétgroxisome proliferateactivated receptor

alpha target gene<ell Mol Life Sci, 200461(4): p. 393416.

Yoon, M.J., et al.Adiponectin increases fatty acid oxidation in skeletal muscle cells by
sequential ativation of AMRactivated protein kinase, p38 mitogaativated protein
kinase, and peroxisome proliferatactivated receptor alphd®iabetes, 200659): p.
256270.

Viollet, B., et al.,Physiological role of AMRactivated protein kinase (AMPK):sights
from knockout mouse modeBochem Soc Trans, 20031(Pt 1): p. 21€0.

Viollet, B. and F. AndreelliAMP-activated protein kinase and metabolic contidédndb
Exp Pharmacol, 2011(203): p. 338.

Combs, T.P., et alA transgenic mouseith a deletion in the collagenous domain of
adiponectin displays elevated circulating adiponectin and improved insulin sensitivity.
Endocrinology, 20041451): p. 36%83.

Yamauchi, T., et alAdiponectin stimulates glucose utilization and fattyd oxidation

by activating AMPactivated protein kinas&at Med, 20028(11): p. 128895.

Tomas, E., et alEnhanced muscle fat oxidation and glucose transport by ACRP30
globular domain: acetylCoA carboxylase inhibition and AM&kctivated protein kinse
activation.Proc Natl Acad Sci U S A, 20029(25): p. 163091.3.

Satoh, H., et alAdenovirusmediated adiponectin expression augments skeletal muscle
insulin sensitivity in male Wistar ratBiabetes, 200%4(5): p. 130413.

Chen, H., et aJ Adiponectin stimulates production of nitric oxide in vascular endothelial
cells.J Biol Chem, 200327845): p. 450216.

Lam, K.S. and A. XuAdiponectin: protection of the endotheliu@urr Diab Rep, 2005.
5(4): p. 2549.

Suwa, M., et al.Endurance exercise increases the SIRT1 and peroxisome proliferator
activated receptor gamma coactivatbalpha protein expressions in rat skeletal muscle.
Metabolism, 200857(7): p. 98698.

-123-



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

lwabu, M., et al. Adiponectin and AdipoR1 regulate P&@@lphaand mitochondria by
Ca(2+) and AMPK/SIRTINature, 2010464(7293): p. 1313.

Liang, H. and W.F. WardRGC-1alpha: a key regulator of energy metaboligxdy
Physiol Educ, 200630(4): p. 14551.

Achari, A.E. and S.K. JaiAdiponectin, a Theragutic Target for Obesity, Diabetes, and
Endothelial Dysfunctionint J Mol Sci, 201718(6).

Ouchi, N., et al.Reciprocal association of-@active protein with adiponectin in blood
stream and adipose tissu@irculation, 20031075): p.671-4.

Esposito, K., et alEffect of weight loss and lifestyle changes on vascular inflammatory
markers in obese women: a randomized tdaMA, 2003.28914): p. 1799804.

Maeda, N., et alDiet-induced insulin resistance in mice lacking@hectin/ACRP30.
Nat Med, 20028(7): p. 7317.

Ohashi, K., et al Adiponectin promotes macrophage polarization toward an anti
inflammatory phenotypd. Biol Chem, 2012859): p. 615360.

Sharma, A.M. and B. StaeRgview: Peroxisome prolifator-activated receptor gamma
and adipose tissuainderstanding obeskHselated changes in regulation of lipid and
glucose metabolisnd. Clin Endocrinol Metab, 20092(2): p. 38695.

Kim, J.Y., et al. Obesityassociated improvements in metabolicfieahrough
expansion of adipose tissukClin Invest, 2007117(9): p. 262137.

Ye, R., et al. Adiponectin is essential for lipid homeostasis and survival under insulin
deficiency and promotes betall regenerationElife, 2014.3.

Holland,W.L., et al.,Receptoimediated activation of ceramidase activity initiates the
pleiotropic actions of adiponectilNat Med, 201117(1): p. 5563.

Kerr, J.W.,The practising allergist in the United Kingdom and Europe, prospects for the
next twenty yars. Clin Exp Allergy, 199121 Suppl 1 p. 11922.

Zhao, L., et al.Globular adiponectin ameliorates metabolic insulin resistance via
AMPK-mediated restoration of microvascular insulin responddzhysiol, 2015.
593(17): p. 406779.

Otabe, S.et al.,Overexpression of human adiponectin in transgenic mice results in
suppression of fat accumulation and prevention of premature death bygdlmie diet.
Am J Physiol Endocrinol Metab, 200293(1): p. E2168.

Berg, A.H., et al.The adipocytsecreted protein Acrp30 enhances hepatic insulin
action.Nat Med, 20017(8): p. 94%53.

Combs, T.P., et alEndogenous glucose production is inhibited by the adipes®ed
protein Acrp30J Clin Invest, 200110812): p. 187581.

Miller, R.A., et al.,Adiponectin suppresses gluconeogenic gene expression in mouse
hepatocytes independent of LKBMPK signalingJ Clin Invest, 2011121(6): p. 2518
28.

Suzuki, M., Y. Akiyama, and J. Hamur,change in monokine requirements for
proliferation during thymocyte maturation: egiimulating activity of interleukin 6 in the
proliferation of LYT2 and L3T4 thymocytesDev Comp Immunol, 1991.51-2): p. 83
92.

Yamauchi, T., et alGlobular adiponectin protected ob/ob mice from @itds and
ApoEdeficient mice from atherosclerosiksBiol Chem, 20032784): p. 24618.

-124-



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Wang, Y., et al.Adiponectin inhibits tumor necrosis factalphainduced vascular
inflammatory response via cavechmediated ceramidase recruitment and actat

Circ Res, 2014114(5): p. 792805.

Kubota, N., et al.Disruption of adiponectin causes insulin resistance and neointimal
formation.J Biol Chem, 200227729): p. 2586%6.

Wang, X., et al.Adiponectin abates atherosclerosis by reducingative stressMed

Sci Monit, 201420: p. 1792800.

Amin, R.H., et al. Endogenously produced adiponectin protects cardiomyocytes from
hypertrophy by a PPARgamrnaependent autocrine mechanishm J Physiol Heart

Circ Physiol, 20102993): p.H690-8.

Shimano, M., et alAdiponectin deficiency exacerbates cardiac dysfunction following
pressure overload through disruption of an AMB&pendent angiogenic responde.
Mol Cell Cardiol, 201049(2): p. 21620.

Fujita, K., et al. Adiponedi protects against angiotensininduced cardiac fibrosis
through activation of PPARIpha.Arterioscler Thromb Vasc Biol, 20088(5): p. 863
70.

Essick, E.E., et alAdiponectin mediates cardioprotection in oxidative stiadsiced
cardiac myocy remodelingAm J Physiol Heart Circ Physiol, 201301(3): p. H98493.
Wang, C., et alGlobular adiponectin inhibits angiotensininduced nuclear factor
kappaB activation through AMRBctivated protein kinase in cardiac hypertropiyCell
Physid, 2010.2221): p. 14955.

Shibata, R., et alAdiponectinmediated modulation of hypertrophic signals in the heart.
Nat Med, 200410(12): p. 13849.

Shibata, R., et alAdiponectin stimulates angiogenesis in response to tissue ischemia
through stimulation of amjactivated protein kinase signaling Biol Chem, 2004.
27927): p. 2867A.

Shibata, R., et alAdiponectin protects against the development of systolic dysfunction
following myocardial infarctionJ Mol Cell Cardiol, 200742(6): p. 106574.

Tao, L., et al. Adiponectin cardioprotection after myocardial ischemia/reperfusion
involves the reduction of oxidative/nitrative streSsculation, 200711511): p. 1408

16.

Shibata, R., et alAdiponectin protects against noardial ischemiareperfusion injury
through AMPK and COX2-dependent mechanisnidat Med, 200511(10): p. 1096

103.

Kondo, K., et al.Impact of a single intracoronary administration of adiponectin on
myocardial ischemia/reperfusion injury in a pigpdel.Circ Cardiovasc Interv, 2010.
3(2): p. 16673.

Yi, W., et al.,Reduced cardioprotective action of adiponectin in Hafdietinduced
type Il diabetic mice and its underlying mechanisAmgioxid Redox Signal, 2011.
15(7): p. 177988.

Pak, M., et al.,Globular adiponectin, acting via AdipoR1/APPL1, protects H9c2 cells
from hypoxia/reoxygenatiemduced apoptosif?LoS One, 20116(4): p. €19143.
Konishi, M., et al. Adiponectin protects against doxorubigimduced cardiomyopathy by
anti-apoptotic effects through AMPK wpgulation.Cardiovasc Res, 20189(2): p. 309
19.

-125-



151.

152.

153.

154.

155.

156.
157.

158.

159.
160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Deter, R.L. and C. De Duvinfluence of glucagon, an inducer of cellular autophagy, on
some physical properties of rat liver lysosonde€ell Biol, 196733(2): p. 43749.
Nakatogawa, H., et aQynamics and diversity in autophagy mechanisms: lessons from
yeast.Nat Rev Mol Cell Biol, 200910(7): p. 45867.

Levine, B. and G. KroemeAutophagy in the pathogenesis of dise&sadl, 2008.

132(1): p. 2742.

Glick, D., S. Barth, and K.F. Macleodutophagy: cellular and molecular mechanisths.
Pathol, 2010221(1): p. 312.

Simonsen, A. and S.A. Toozépordination of membrane events during autophagy by
multiple class Ill PIZkinase complexed.Cell Biol, 2009.1866): p. 77382.

Mizushima, N. Autophagy: process and functidBenes Dev, 20021(22): p. 286173.
Diaz-Troya, S., et al.The role of TOR in autophagy regulation from yeast to plants and
mammalsAutophagy, 20084(7): p. 85165.

Kim, J., et al. AMPK and mTOR regulate autophagy through direct phosphorylation of
Ulk1. Nat Cell Biol, 201113(2): p. 13241.

Jung, C.H., et alImTOR regulation of autophagyEBS Lett, 2010584(7): p. 128795.
Egan, D.F., et alRhosphorylation of ULK1 (hATG1) by AM#tivated protein kinase
connects energy sensing to mitophdgience, 2011331(6016): p. 45651.

Shang, L. and X. WandAMPK and mTOR coordinate the regulation of Ulk1 and
mammalian autoplgy initiation. Autophagy, 20117(8): p. 9246.

Hanada, T., et alThe Atgl12Atg5 conjugate has a novel HiRe activity for protein
lipidation in autophagyd Biol Chem, 200728252): p. 37298302.

Pankiv, S., et alp62/SQSTM1 binds directtyg Atg8/LC3 to facilitate degradation of
ubiquitinated protein aggregates by autophagfgiol Chem, 200728233): p. 24131

45.

Bjorkoy, G., et al.p62/SQSTM1 forms protein aggregates degraded by autophagy and
has a protective effect on huntingtmduced cell deathl Cell Biol, 2005171(4): p. 603

14.

Komatsu, M., et allmpairment of starvatioinduced and constitutive autophagy in
Atg7-deficient miced Cell Biol, 2005169(3): p. 42534.

Komatsu, M., et al Homeostatic levels of écontrol cytoplasmic inclusion body
formation in autophagyeficient miceCell, 2007.131(6): p. 114963.

Johansen, T. and T. Lamafkelective autophagy mediated by autophagic adapter
proteins.Autophagy, 20117(3): p. 27996.

Quan, W. and M5. Lee,Role of autophagy in the control of body metaboli&ndocrinol
Metab (Seoul), 20128(1): p. 611.

Li, S., M.S. Brown, and J.L. GoldsteiBifurcation of insulin signaling pathway in rat
liver: mTORCL1 required for stimulation of lipogene&igf not inhibition of
gluconeogenesi®roc Natl Acad Sci U S A, 2010078): p. 34416.

Liu, H.Y., et al.,Hepatic autophagy is suppressed in the presence of insulin resistance
and hyperinsulinemia: inhibition of Fox@lependent expression of kay@hagy genes
by insulin.J Biol Chem, 2009284(45): p. 3148492.

Ahlstrom, P., et al Adiponectin improves insulin sensitivity via activation of autophagic
flux. J Mol Endocrinol, 201759(4): p. 339350.

-126-



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Newgard, C.B., et alA brancheechan amino acidrelated metabolic signature that
differentiates obese and lean humans and contributes to insulin resistalickletab,
2009.9(4): p. 31126.

Yang, L., et al.Defective hepatic autophagy in obesity promotes ER stress and causes
insulin resistanceCell Metab, 201011(6): p. 46778.

Escobar, K.A., et alAutophagy and aging: Maintaining the proteome through exercise
and caloric restrictionAging Cell, 201918(1): p. €12876.

Ding, Q., et al.Caloric restriction increasesdiponectin expression by adipose tissue
and prevents the inhibitory effect of insulin on circulating adiponectin in Jatiitr
Biochem, 201223(8): p. 86774.

Rogozina, O.P., et aEffect of chronic and intermittent calorie restriction on serum
adiponectin and leptin and mammary tumorigeneSancer Prev Res (Phila), 204{4):
p. 56881.

Guo, R., et al. Adiponectin knockout accentuates high fat-theiuced obesity and
cardiac dysfunction: role of autophadgiochim Biophys Acta, 2013.8328): p. 1136
48.

Guo, R., et al.Adiponectin deficiency rescues hifgt dietinduced hepatic injury,
apoptosis and autophagy loss despite persistent stedtdsisObes (Lond), 20141(9):
p. 14031412.

Liu, Y., et al.,Adiponectin stimiates autophagy and reduces oxidative stress to enhance
insulin sensitivity during higffiat diet feeding in micdiabetes, 2015%4(1): p. 3648.
Simcox, J.A. and D.A. McClairron and diabetes risliCell Metab, 201317(3): p. 329
41.

Evstatie, R. and C. Gasch&pn sensing and signallingsut, 201261(6): p. 93352.
Wang, J. and K. Pantopould®egulation of cellular iron metabolistBiochem J, 2011.
434(3): p. 36581.

Zimmermann, M.B. and R.F. HurreNutritional iron deficiencyLancet, 2007.
370(9586): p. 51120.

Hentze, M.W., et al.Two to tango: regulation of Mammalian iron metabolisell,
2010.142(1): p. 2438.

Pantopoulos, K., et aMechanisms of mammalian iron homeostaBischemistry,
2012.51(29): p. 576G-24.

Sebastiani, G. and K. PantopoulBs$sorders associated with systemic or local iron
overload: from pathophysiology to clinical practidédetallomics, 20113(10): p. 97186.
Brissot, P., et alNontransferrin bound iron: a key role imon overload and iron
toxicity. Biochim Biophys Acta, 2012.82Q(3): p. 40310.

Zhuang, T., H. Han, and Z. Yangon, oxidative stress and gestational diabetes.
Nutrients, 20146(9): p. 396880.

McClain, D.A., et al.High prevalence of abnorahglucose homeostasis secondary to
decreased insulin secretion in individuals with hereditary haemochromatosis.
Diabetologia, 20064X(7): p. 16619.

Wongjaikam, S., et alCurrent and future treatment strategies for iron overload
cardiomyopathyEur J Pharmacol, 201565 p. 8693.

Rajpathak, S.N., et allhe role of iron in type 2 diabetes in humaB®chim Biophys
Acta, 2009179Q7): p. 67181.

-127-



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

Datz, C., et al.lron homeostasis in the metabolic syndrofa:. J Clin Invest, 2013.
43(2): p. 21524.

Bofill, C., et al.,Response to repeated phlebotomies in patients withnsoifin-
dependent diabetes mellitiMetabolism, 199443(5): p. 61420.

Abraham, D., et allncreased insulin secretory capacity but decreased insulisitbaty
after correction of iron overload by phlebotomy in hereditary haemochromatosis.
Diabetologia, 200649(11): p. 254651.

Galaris, D. and K. Pantopoulddxidative stress and iron homeostasis: mechanistic and
health aspect<rit Rev Clin Lab 8i, 2008.451): p. £23.

Mizushima, N. and M. Komatséutophagy: renovation of cells and tissuésll, 2011.
1474): p. 72841.

Yang, J.S., et alAutophagy and its link to type Il diabetes melliBgmedicine

(Taipei), 20177(2): p. 8.

Sarparanta, J., M. GareMacia, and R. SinglAutophagy and Mitochondria in Obesity
and Type 2 Diabete€urr Diabetes Rev, 201T3(4): p. 352369.

Zheng, Q., et allron overload promotes mitochondrial fragmentation in mesenchymal
stromal cels from myelodysplastic syndrome patients through activation of the
AMPK/MFF/Drpl pathwayCell Death Dis, 2018(5): p. 515.

Watson, A., et allron depletion suppresses mTORdidected signalling in intestinal
Caco2 cells via induction of REDDZTell Signal, 201628(5): p. 412424.

Chen, Y. and L. YuDevelopment of Research into Autophagic Lysosome Reformation.
Mol Cells, 201841(1): p. 4549.

Henderson, R.J., S.M. Patton, and J.R. Corbevelopment of a fluorescent reporter to
asseas iron regulatory protein activity in living cellBiochim Biophys Acta, 2005.
17431-2): p. 1628.

Riemer, J., et alColorimetric ferrozinebased assay for the quantitation of iron in
cultured cellsAnal Biochem, 2004331(2): p. 3705.

Esposito, B.P., et al A review of fluorescence methods for assessing labile iron in cells
and biological fluidsAnal Biochem, 2002304(1): p. :18.

Au-Yeung, H.Y., et al.Molecular imaging of labile iron(Il) pools in living cells with a
turn-on fluaescent probeJ Am Chem Soc, 20133540): p. 1516573.

Aron, A.T., A.G. Reeves, and C.J. ChaAgtivity-based sensing fluorescent probes for
iron in biological system&Curr Opin Chem Biol, 201813: p. 113118.

Jahng, J.W., et alRressureOverloadinduced Cardiac Dysfunction in Aged Male
Adiponectin Knockout Mice Is Associated With Autophagy Defici&mdocrinology,
2015.156(7): p. 266777.

Palanivel, R., et alRegulation of insulin signalling, glucose uptake and metabolism in
rat skeletal muscle cells upon prolonged exposure to resiBitibetologia, 200649(1):

p. 18390.

Russell, R.C., et alULK1 induces autophagy by phosphorylating Bedtliand

activating VPS34 lipid kinas@&lat Cell Biol, 20131X7): p. 74150.

Liu, Q., et al. Effect of carvedilol on cardiomyocyte apoptosis in a rat model of
myocardial infarction: a role for tollike receptor 4Indian J Pharmacol, 20135(5): p.
458-63.

Xu, G., et al.Lipocalin-2 induces cardiomyocyte apoptosis by iasiag intracellular

iron accumulationJ Biol Chem, 2012287(7): p. 480817.

-128-



212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

Varghese, J., et alncreased intracellular iron in mouse primary hepatocytes in vitro
causes activation of the Akt pathway but decreases its response to Bsdmm
Biophys Acta Gen Subj, 20188629): p. 18701882.

Kimura, S., T. Noda, and T. Yoshimobjssection of the autophagosome maturation
process by a novel reporter protein, tandem fluorestagged LC3Autophagy, 2007.
3(5): p. 45260.

Hara, T.et al.,FIP200, a ULKinteracting protein, is required for autophagosome
formation in mammalian cellS. Cell Biol, 2008181(3): p. 497510.

Matsunaga, K., et all,wo Beclin 1binding proteins, Atgl4L and Rubicon, reciprocally
regulateautophagy at different stagdsat Cell Biol, 200911(4): p. 38596.

Zhang, Y., et al.Defective autophagosome trafficking contributes to impaired
autophagic flux in coronary arterial myocytes lacking CD38 g@adiovasc Res, 2014.
102(1): p. 6878.

Kao, J.K., et al.Chronic Iron Overload Results in Impaired Bacterial Killing of THP
Derived Macrophage through the Inhibition of Lysosomal AcidificaitiraS One,
2016.11(5): p. e0156713.

Yu, L., et al.,Termination of autophagy ardformation of lysosomes regulated by
MTOR Nature, 20104657300): p. 9425.

Munson, M.J., et alImTOR activates the VPSBAVRAG complex to regulate
autolysosomal tubulation and cell survivRMBO J, 201534(17): p. 227290.

Parmar, N. and.FTamanoiRheb GProteins and the Activation of mMTORE&hzymes,
2010.27: p. 3956.

Li, Y., K. Inoki, and K.L. GuanBiochemical and functional characterizations of small
GTPase Rheb and TSC2 GAP activitypl Cell Biol, 2004.24(18): p. 796575.
FernandeReal, J.M., et alBlood letting in higHerritin type 2 diabetes: effects on
insulin sensitivity and beteell function.Diabetes, 20051(4): p. 100064.

Chiang, G.G. and R.T. Abraham®hosphorylation of mammalian target of rapamycin
(mTOR) at Sek448 is mediated by p70S6 kina3®iol Chem, 2005280(27): p. 25485
90.

Holz, M.K. and J. Bleniddentification of S6 kinase 1 as a novel mammalian target of
rapamycin (mTORphosphorylating kinase. Biol Chem, 2005280(28): p. 2608-93.
Inoki, K., et al.,Rheb GTPase is a direct target of TSC2 GAP activity and regulates
MTOR signalingGenes Dev, 2003.7(15): p. 182934.

Inoki, K., et al.,TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR
signalling.Nat Cel Biol, 2002.4(9): p. 64857.

Thoreen, C.C., et alAn ATRcompetitive mammalian target of rapamycin inhibitor
reveals rapamychnesistant functions of mTORCILBiol Chem, 2009284(12): p. 8023
32.

Liu, Q., et al. Discovery of 1(4-(4-propionylpiperazinl-yl)-3-(trifluoromethyl)phenyh
9-(quinolin-3-yl)benz o[h][1,6]naphthyridir2(1H)-one as a highly potent, selective
mammalian target of rapamycin (mTOR) inhibitor for the treatment of caddéed
Chem, 201053(19): p. 7146€55.

Martin, L.E., et al.,The pharmacology of an iredextran intramuscular haematiniBr J
Pharmacol Chemother, 1958X3): p. 37582.

-129-



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

248.

249.

250.

Italia, K., R. Colah, and K. Ghoskxperimental animal model to study iron overload
and iron chelation and review of otheuch model€Blood Cells Mol Dis, 201555(3): p.
1949.

Heming, N., et al.Efficacy and toxicity of intravenous iron in a mouse model of critical
care anemia*Crit Care Med, 201240(7): p. 21418.

Cooksey, R.C., et alQxidative stress, beteell apoptosis, and decreased insulin
secretory capacity in mouse models of hemochromatasincrinology, 200414511):
p. 530512.

Chen, W., et al.Skeletal muscle hemojuvelin is dispensable for systemic iron
homeostasiBlood, 201111723): p 631925.

Xu, A. and G. Sweene¥merging role of autophagy in mediating widespread actions of
ADIPOQ/adiponectinAutophagy, 201511(4): p. 7234.

Cen, W.J., et allron overload induces G1 phase arrest and autophagy in murine
preosteoblastealls.J Cell Physiol, 2017.

Chen, G., et allnduction of autophagic cell death in the rat brain caused by ifon.J
Med Sci, 20133455): p. 36974.

Russell, R.C., H.X. Yuan, and K.L. Guakytophagy regulation by nutrient signaling.
Cell Res 2014.24(1): p. 4257.

Ganley, I.G., et alJULK1.ATG13.FIP200 complex mediates mTOR signaling and is
essential for autophagy.Biol Chem, 2009284(18): p. 12297305.

Jung, C.H., et allJLK-Atg13FIP200 complexes mediate mT®&Bnaling to the
autophagy machinerylol Biol Cell, 2009.20(7): p. 19922003.

Hosokawa, N., et alNutrientdependent mTORC1 association with the UHA413
FIP200 complex required for autophagyol Biol Cell, 2009.20(7): p. 198191.
Shioi, T. and Y. InuzukaAging as a substrate of heart failuteCardiol, 201260(6): p.
4238.

Shih, H., et al.The aging heart and pestfarction left ventricular remodelingl Am
Coll Cardiol, 201157(1): p. 917.

Despres, J.PBody fatdistribution and risk of cardiovascular disease: an update.
Circulation, 2012126(10): p. 130113.

Lehnart, S.E.Understanding the physiology of heart failure through cellular and in vivo
modelstowards targeting of complex mechanisisp Physiol 2013.98(3): p. 6228.
Doenst, T., T.D. Nguyen, and E.D. Ab€lardiac metabolism in heart failure:
implications beyond ATP productio@irc Res, 20131136): p. 70924.

Lavandero, S., et alGardiovascular autophagy: concepts, controversies, a
perspectivesAutophagy, 20139(10): p. 145566.

McCormick, J., et al Autophagy in the stresaduced myocardiuntront Biosci (Elite
Ed), 20124: p. 213141.

Dutta, D., et al.Contribution of impaired mitochondrial autophagy to cardiaginay:
mechanisms and therapeutic opportunit@ésc Res, 2012110(8): p. 112538.

De Meyer, G.R., G.W. De Keulenaer, and W. MartiRetle of autophagy in heart
failure associated with agindfdeart Fail Rev, 201A5(5): p. 42330.

Pan, W., etil., MiR-30-regulated autophagy mediates angiotensimtluced myocardial
hypertrophyPLoS One, 2013(1): p. €53950.

-130-



251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Georgescu, S.P., et dhecreased metalloprotease 9 induction, cardiac fibrosis, and
higher autophagy after pressure overloadnice lacking the transcriptional regulator
p8.Am J Physiol Cell Physiol, 201B801(5): p. C104€56.

Nakai, A., et al.The role of autophagy in cardiomyocytes in the basal state and in
response to hemodynamic strésat Med, 200713(5): p. 61924.

Hariharan, N., et alAutophagy plays an essential role in mediating regression of
hypertrophy during unloading of the hedPl_.oS One, 2013(1): p. €51632.

Oyabu, J., et alAutophagymediated degradation is necessary for regression of aardi
hypertrophy during ventricular unloadingiochem Biophys Res Commun, 2013.
441(4): p. 78792.

Taneike, M., et allnhibition of autophagy in the heart induces agéated
cardiomyopathyAutophagy, 20106(5): p. 6006.

Liu, Y., et al.,Totd and high molecular weight but not trimeric or hexameric forms of
adiponectin correlate with markers of the metabolic syndrome and liver injury in Thai
subjectsJ Clin Endocrinol Metab, 20092(11): p. 43138.

Park, M. and G. SweeneRjrect effecs of adipokines on the heart: focus on adiponectin.
Heart Fail Rev, 2013.8(5): p. 63144.

Boddu, N.J., et alls the lack of adiponectin associated with increased ER/SR stress and
inflammation in the heartAdipocyte, 20143(1): p. 108.

Hu, P., et al.Minimally invasive aortic banding in mice: effects of altered cardiomyocyte
insulin signaling during pressure overloatim J Physiol Heart Circ Physiol, 2003.
2853): p. H12619.

Symons, J.D., et alknockout of insulin receptors iramiomyocytes attenuates coronary
arterial dysfunction induced by pressure overloat J Physiol Heart Circ Physiol,
2011.300(1): p. H37481.

Eguchi, M., et al.Ischemiareperfusion injury leads to distinct temporal cardiac
remodeling in normal vaus diabetic micd?LoS One, 2012Z(2): p. e30450.

Eguchi, M., et al.Diabetes influences cardiac extracellular matrix remodelling after
myocardial infarction and subsequent development of cardiac dysfuntieil Mol

Med, 201216(12): p. 292534.

Shen, D., et alNovel celt and tissuebased assays for detecting misfolded and
aggregated protein accumulation within aggresomes and inclusion b@s#g®8iochem
Biophys, 201160(3): p. 17385.

Liu, Y., et al.,Adiponectin corrects higfat dietinduced disturbances in muscle
metabolomic profile and wholeody glucose homeostadiiabetes, 2013%2(3): p. 743
52.

Kimura, N., et al. Expression of autophaepssociated genes in skeletal muscle: an
experimental model of chloroquimeduced myopathyPathobiology, 200774(3): p.
169-76.

Liao, Y., et al. Exacerbation of heart failure in adiponeciiteficient mice due to
impaired regulation of AMPK and glucose metaboli§atrdiovasc Res, 20067(4): p.
70513.

Kanamori, H., etl., The role of autophagy emerging in postinfarction cardiac
remodelling.Cardiovasc Res, 20121(2): p. 3309.

Billia, F., et al.,PTENinducible kinase 1 (PINK1)/Parké is indispensable for normal
heart functionProc Natl Acad Sci U S A, 201108(23): p. 95727.

-131-



269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Bugger, H. and E.D. AbeMitochondria in the diabetic hear€ardiovasc Res, 2010.
88(2): p. 22940.

Mihaylova, M.M. and R.J. Shawhe AMPK signalling pathway coordinates cell growth,
autophagy and metabolisiNat Cell Biol, 211.13(9): p. 101623.

Yamauchi, T. and T. Kadowak?hysiological and pathophysiological roles of
adiponectin and adiponectin receptors in the integrated regulation of metabolic and
cardiovascular diseasebit J Obes (Lond), 20082 Suppl 7 p. S138.

Okada, K., et alProlonged endoplasmic reticulum stress in hypertrophic and failing
heart after aortic constriction: possible contribution of endoplasmic reticulum stress to
cardiac myocyte apoptosi€irculation, 200411Q(6): p. 70512.

Kouroku, Y., et al.ER stress (PERK/elF2alpha phosphorylation) mediates the
polyglutamineinduced LC3 conversion, an essential step for autophagy formaten.
Death Differ, 200714(2): p. 2309.

Benjamin E.J., et al.Heart Disease and Stroke Statist?318 Update: A Report From
the American Heart Associatio@irculation, 2018137(12): p. e67e492.

Heusch, G., et alCardiovascular remodelling in coronary artery disease and heart
failure. Lancet 2014.3839932): p. 193313.

Jahng, J.W., E. Song, and G. Swee@psstalk between the heart and peripheral
organs in heart failureExp Mol Med, 201648: p. e217.

Kumada, M., et al Association of hypoadiponectinemia with coronary artasgase in
men.Arterioscler Thromb Vasc Biol, 20023(1): p. 859.

Frystyk, J., et al.Serum adiponectin is a predictor of coronary heart disease: a
populationbased 16year followup study in elderly med.Clin Endocrinol Metab, 2007.
92(2): p. 5716.

Becker, B., et alRenal insulin resistance syndrome, adiponectin and cardiovascular
events in patients with kidney disease: the mild and moderate kidney diseasé Atudy.
Soc Nephrol, 2005.6(4): p. 10918.

Matsushita, K., et alComparison of circulating adiponectin and proinflammatory
markers regarding their association with metabolic syndrome in Japanese men.
Arterioscler Thromb Vasc Biol, 20086(4): p. 8716.

Schulze, M.B., et alAdiponectin and future coronary heart disease events among men
with type 2 diabete®iabetes, 20054(2): p. 5349.

Ding, G., et al. Adiponectin and its receptors are expressed in adult ventricular
cardiomyocytes and upregulated by activation sbpisome proliferatoractivated
receptor gammal Mol Cell Cardiol, 200743(1): p. 7384.

Hardie, D.G. AMP-activated/SNF1 protein kinases: conserved guardians of cellular
energy Nat Rev Mol Cell Biol, 20078(10): p. 77485.

Nishida, K., et al The role of autophagy in the hea@ell Death Differ, 200916(1): p.
31-8.

Yan, L., et al. Autophagy in chronically ischemic myocardiuPnoc Natl Acad Sci U S
A, 2005.10239): p. 1380712.

Rothermel, B.A. and J.A. HilMyocyte autophagi heart disease: friend or foe?
Autophagy, 20073(6): p. 6324.

Kanamori, H., et al Autophagy limits acute myocardial infarction induced by permanent
coronary artery occlusionrAm J Physiol Heart Circ Physiol, 201300(6): p. H226171.

-132-



288. Sciaretta, S., et alTrehaloselnduced Activation of Autophagy Improves Cardiac
Remodeling After Myocardial Infarctiod.Am Coll Cardiol, 201871(18): p. 19992010.

289. HamachemBrady, A., N.R. Brady, and R.A. GottlieBnhancing macroautophagy
protects gainst ischemia/reperfusion injury in cardiac myocyfBiol Chem, 2006.
281(40): p. 2977637.

290. Zhu, H., et al.Cardiac autophagy is a maladaptive response to hemodynamic stress.
Clin Invest, 20071177): p. 178293.

291. Matsui, Y., et al.Distinct roles of autophagy in the heart during ischemia and
reperfusion: roles of AMRctivated protein kinase and Beclin 1 in mediating autophagy.
Circ Res, 2007100(6): p. 91422.

292. Lu, L., et al. Adriamycininduced autophagic cardiomyocyte death playsmthogenic
role in a rat model of heart failurént J Cardiol, 2009134(1): p. 8290.

293. Wang, Y., et al.Restoring diabetemduced autophagic flux arrest in
ischemic/reperfused heart by ADIPOR (adiponectin receptor) activation involves both
AMPK-dependent and AMRKidependent signalingdutophagy, 201713(11): p. 1855
1869.

294. Sung, H.K., et allron induces insulin resistance in cardiomyocytes via regulation of
oxidative stressSci Rep, 20199(1): p. 4668.

295. Havranek, F.[Which stage ofhe menstrual cycle in best suited for the insertion of
IUD?]. Cesk Gynekol, 1978L3(6): p. 447.

296. Vasquez, K.O. and J.D. Peters&ayly Detection of Acute Druthduced Liver Injury in
Mice by Noninvasive Nednfrared Fluorescence Imaging.Pharmaal Exp Ther, 2017.
361(1): p. 8798.

297. Palanivel, R., et alGlobular and fultlength forms of adiponectin mediate specific
changes in glucose and fatty acid uptake and metabolism in cardiomyd@stemvasc
Res, 200775(1): p. 14857.

298. Song, E., et alHolo-lipocalin-2-derived siderophores increase mitochondrial ROS and
impair oxidative phosphorylation in rat cardiomyocytesoc Natl Acad Sci U S A,
2018.1157): p. 15761581.

299. Chan, Y.K.,, et al.lLipocalin-2 inhibitsautophagy and induces insulin resistance in H9c2
cells.Mol Cell Endocrinol, 2016430 p. 6876.

300. Shibata, R., et alAdiponectin accumulates in myocardial tissue that has been damaged
by ischemiareperfusion injury via leakage from the vascular caniment.Cardiovasc
Res, 200774(3): p. 4719.

301. Lutgens, E., et alChronic myocardial infarction in the mouse: cardiac structural and
functional change<Cardiovasc Res, 19991(3): p. 58693.

302. Yang, F., et al.Myocardial infarction and cardiaremodelling in miceExp Physiol,
2002.87(5): p. 54%55.

303. Sung, H.K,, et all.ipocalin-2 (NGAL) Attenuates Autophagy to Exacerbate Cardiac
Apoptosis Induced by Myocardial IschemlaCell Physiol, 20172328): p. 21252134.

304. Ma, X., et al.Jmpaired autophagosome clearance contributes to cardiomyocyte death in
ischemia/reperfusion injunCirculation, 201212525): p. 317681.

305. Liu, Y. and B. LevineAutosis and autophagic cell death: the dark side of autophagy.
Cell Death Differ, 201522(3): p. 36776.

306. Levine, B. and J. YuaAutophagy in cell death: an innocent convigt€lin Invest,
2005.11510): p. 267988.

-133-



307.

308.

3009.

310.

311.

312.

Essick, E.E., et alAdiponectin modulates oxidative streésduced autophagy in
cardiomyocytesPLoS One, 2013(7): p. e68697.

Rose, R.A., et allron overload decreases CaVid@pendent itype Ca2+ currents
leading to bradycardia, altered electrical conduction, and atrial fibrillatiGirc

Arrhythm Electrophysiol, 201H4(5): p. 73342.

Das, S.K., et allron-overload injury and cardiomyopathy in acquired and genetic
models is attenuated by resveratrol therapgi Rep, 20155: p. 18132.

BorgnaPignatti, C., et al.Survival and complications in patients with thalassemia major
treated with transfusin and deferoxaminélaematologica, 20089(10): p. 118793.
Murphy, M.P.,How mitochondria produce reactive oxygen sped&schem J, 2009.
4171): p. 213.

Okadalwabu, M., et al. A smaltmolecule AdipoR agonist for type 2 diabetes and short
life in obesityNature, 2013503(7477): p. 4938.

-134-



Appendix A: Copyright Permission

OXFORD UNIVERSITY PRESS LICENSE
TERMS AND CONDITIONS

Feb 15, 2020

This Agreement between York University — James Won Suk Jahng ("You') and Cford
University Press ("Oxford University Press") consists of your license details and the terms
and conditions provided by Oxford University Press and Copyright Clearance Center.

License

Numt 4744471093860

License date Jan 08, 2020

Licensed
content Oxeford University Press
publisher

Licensed
content Journal of Molecular Cell Biclogy
publication

Licensed

conteat title Adiponectin, the past two decades

Licensed
content Wang, Zhao V; Scherer, Philipp E.
author

Licensed

content date Mar 30, 2016

Type of Use Thesis/Dissertation

Institution
name

Tile of vony EXAMINING MECHANISMS AND FUNCTIONAL SIGNIFICANCE OF
o YOUI' s DIPONECTIN STIMULATED AUTOPHAGY IN CARDIOMETABOLIC
wer DISEASES

-135-



Appendix B: Review Article

OPEN

REVIEW

Expeimental & Moleuly Medicine (2016) 48, 2217; doi:10.1038emm 2016 20
& X6 KSBMB. Al nghls eserved 2092541316

WL NEtLINe COnEmim

Crosstalk between the heart and peripheral organs

in heart failure
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Mediators from peripheral tissues can influence the development and progression of heart failure (HF). For example, in obesity,
an altered profile of adipokines secreted from adipose tissve increases the incidence of myocardial infarction (MI). Less
appreciated is that heart remodeling releases cardiokines, which can strongly impact varous peripheral tissues. Inflammation,
and, in particular, activation of the nucleotide-binding oligomerization domain-like receptors with pyrin domain (MLRP3)
inflammasome are likely to have a central roke in cardiac remodeling and mediating crosstalk with other organs. Activation of the
MLRP3 inflammaseme in résponse to cardiac injury induces the production and secretion of the inflammatory cytokines
interdeukin (IL}-1p and IL-18. In addition to having local effects in the myocardium, these pro-inflammatory cytokines ame
released imto circulation and cause remodeling in the spleen, kidney, skeletal muscle and adipose tissue. The collective effects
of various cardiokines on peripheral organs depend on the degree and duration of myocardial injury, with systematic
inflammation and peripheral tissue damage observed as HF progresses. |n this article, we review mechanisms regulating
myocardial inflammation in HF and the ok of factors secreted by the heart in communication with peripheral tissues.
Experimental & Molecular Medicine (2016) 48, e217; da:10.1038emm. 2016, 20; published online 11 March 2016

INTRODUCTION

Heart failure and the role of inflammation

Cardiovascular  discases are the leading canse of death
worldwide, and heart failare (HF) is an important contributor
to this statisgic! When the heart is under stress or injured, it
undergoes structural and functional changes termed @rdiac
remodeling® These include @rdiac hypertrophy, fibrosis
apoptosis and altered metabolism”® When an individual suffers
from myocardial ischemia, it is intuitively important to
re-perfuse the damaged area and re-establish the supply of
blood to the damaged area. However, it has also been realized
that some cellular events which oocur during reper fusion may
lead to worse outcomes, a phenomenon termed myocrdial
ishemia/reperfision (I/R) injury.?

The various mechanisms underlying the detimental effects
of ischemia and subssquent reperfusion are complex and are
not fully understood. Meverthdess, a number of cnical and
animal studies suggest that inflammation is a key contributor
to adverse myocardial remodeling*  Broadly speaking,
inflammation is a wound-healing process mediated by innate
immune cdls that recognize microbial and non-micobial
sources of danger/stress. Inflimmation  triggered  in the
ahsence of infection is termed ‘sterile inflimmation’. Multiple
studies have highlighted the importance of targeting sterile

inflammation in HE*7 Sterle inflammation invdves the
secretion of inflammatory  optokines and recruitment  of
innate immune cells, ach as neutrophils and monocytes!
macrophages. However, prolonged exposure to inflammatory
cytokines will exacerbate adverse remodeling and enhance
myoardial damage®* Importandy, in addition to local adverse
effects on cardiac remodding, ischemia- or I/R-induced
inflammation in the heart releases pro-inflammatory cytolkines,
such as imterleukin (IL}-1f and IL-18, into circolation.
These, and other so-called cardiolines, can have signifiant
endocrine effects on other tisspes, leading to damage in
multiple peripheral orpans® For example, prolonged exposure
to IL-1f and IL-18 can lead to cspase-1-dependent cdl death
via pyroptosis.'!! Thus, gosstalk from the heart to other
tissnes can dict mult-organ damage as a consequence of
ischemia-induced inflammation.® This review highlights the
crrent knowledge of inflimmasome adivation in the heart
and its consequences on other organs.

Medhanisms regulating arndiac inflammation in HF, focos
on the NLREP3 inflammasome

The nucleotide-hinding olipymerization domain-like receptors
with pyrin domain (NLEP3) inflammasome is a cytoplasmic
proten complex composed of MLEP, apoptosis-associated
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speck-like  protein contaning CARD (ASC), a caspase
recruitment domain and pro-cspase-1.'%!* NIRP is composed
of C-terminal leucine-rich repeats, a central nudeotide domain
(NACHT) and N-+emninal effector pyrin domain. Upon
recognizing patterns, cither from a pathogenic sowrce
(pathogen-asociated molecular  patterns) or from a
non-pathogenic source (danger/damage-associated molecular
patterns, DAMPs), NLRP will recruit ASC, which, in turn,
recruits pro-caspase 1, which will then get activated.!
Inflammasomes are dassified based on NLRPs, which
recognize or sense different simuli!® The NIRP3
inflammasome is the most widely studied to date due to its
ability to recognize various cdlular stressors and its strong
relationship with diseases such as HE.'® The key consequence
of inflammasome activation is maturation of pro-inflammatory
cytokines, in particular IL-1f and IL-18. The generation of
active forms of IL-1f and IL-18 is regulated at two steps:
expression of pro-IL-1§ and pro-1L-18 & mediated by nuclear
factor kappa-light chain enhancer of activated B cells (NF-xB),
and processing to the mature form of IL-1p and IL-18 is
mediated by active caspase-1 in the inflammasome.'*
Multiple DAMPs have been found to activate NIRP3
inflammasomes, including monosodium urate, calcium

phosphate crysals, cholesterol crystals amyloid f, hyaluronan,
islet amyloid polypeptide, asbestos and silica'® However, in

R O— @

HF, we suggest that mitochondria have a critial role in
initiating inflammasome  activation.'”'* In HF-associated
inflamnmasome activation, the three main triggers are adenosne
triphosphate  (ATP), mitochondrial DNA (mtDNA), and
reactive oxygen species (ROS) (see Figure 1). When cells
undergo death they rdease ATP. Multiple studies have
suggested that ATP  directly activates the NLRP3
inflammasome.'*® High extracdlular ATP levels activate
P2X; purinergic receptors to cause potassium cfflux. Low
intracellular leves of potassium promote the assembly of
NLRP3 and ASC. In addition, it has been suggested that
low intracellular potassium will also promote pannexin-1
membrane pore formation, further casing the access of
inflammasome  activating agents.”! mtDNA has  been
established as a DAMP when liberated into the extracellular
space ™ It was shown™ that the trandocation of mtDNA to
the cytosol was assodated with subsequent inflammasome
activation. A DNAs treatment reduced seaetion of IL-1f in
macrophages. It has also been reported®™ that mitochondrial
dysfunction and oxidized mtDNA directly activate the
NLRP3 inflimmasome. Macrophages lacking mtDNA or
treated with the oxidized nudeodde 8-OH-dG to confer
competitive  inhbition had severdy attenuated IL-If
secretion. Mitochondrial marker and NIRP3 inflammasome
colocalization and a significant activation of NLRP3

Figure 1 Mechanisms of NLRP3 inflammasome activation in heart failure. Myocardial infarction (MI), ischemia or ischemiaireperfusion
(VR) injury induces cardiomyocytes to release ROS, ATP and mtDNA. ROS mediates autocrine and paracine activation and nuclear
translocation of NF-xB, which regulates the transcription of pro-IL-1§ and pro-IL-18. mtDNA directly primes NLRP3 and ATP via binding
to P2X; receptoss and leads to potassium efflux, a trigger for the assembly of NLRP3 inflammasome. These collective effects result in
actiation of the NLRP3 inflammasome-associated caspase-1, which processes pro-IL-18 and po-IL-18 into mature IL-1§ and IL-18 and
can exacerbate local inflammation. It can also be releasad into circulation to mediate endocrine effects. ATP, adenosine triphosphate;
IL, interleukin; mtDNA, mitochondrial DNA; NF-«xB, nuclear factor kappa-lightchainenhancer of activated B cells; NLRP3, NLR family,
pyrin domain containing 3; ROS, reactive aygen species; K*, potassium.
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inflam masome upon mitochondrial membrane disruption hawe
been shown.® It was reported®” that activation of the NMLRF3
inflammasome in macophages ocowred due o an
ATP-mediated ROS-dependent activation of phosphoinositide
3 kinase signaling. ROS stmulates the acivation of NE-kB and
increases the expression of pro-IL-1p and pro-1L-18%'

Because all the mediators discussed above (ATP, mtDMNA and
ROS) may come from mitochondria, our hypothesis is that this
organelle has a vital role in inflimmasome activation. Thus,
mitochondrial integrity is a key limiting factor for NLREP3
inflaimmasome activation. Furthermore, this may be espedally
rdevant in the heart where cardiomyocytes have a higher
mitochondrial content relative to other cdl types. Owverall, the
heart is likdy to be highly susceptible to mitochondra-derived
DabPs, Thus, effective regulation of damaged mitochondria is
aitical. Awtophagy is a quality control system mediating
degradation of protin aggregates and damaged organdles.
Mubliple stdies have documented the importance of
mitnchondrial regulation by autophagy, specifically referred
to as mitophagy, in HF.* Multiples studies have alo now
established a strong assciation between  autophagy and
inflaimmasome activation. First, stimulating autophagy in
macophages using rapamydn can directly target precursors
of IL-1p for degradation. Mice pretreated with rapamycin
showed reduced dreulating levels of IL-1f followinga challen g
with an inflammatory stimuhs® Using ATG16L1-defident
cells, it was shown that autophagy was involved in endotoxin
(lipopolysaccharide}-induced  inflaimmasome activation and
increased [L-1f and I1L-18 secretion™® Another study™
reported that mflammasomes can be directly sequestered into
autophagosomes and destined for aotophagic degradation.
Makahira et al® reported on the regulation of mtDMNA-
driven inflimmasyme activation by autophagy. They deleted
gemes encoding key autophagy protens LC3E and Beclind,
and found a significant enhancement in cspase-1 advation
md secretion of IL-1f and [L-18. Thus defecive
autophagy-mediated quality control mechanisms resulted in
enhanced inflammasome activation via the accumulation of
damaged mitochondria and reduced inflammasome clearance
in both i vitre and in vive settmgs.

Distinct roles of cardiomyocoytes, fibroblasts and immune
cells in ardiac inflammasome activation

Mumerous studies have now established a strong association
between inflaimmasome activation and adverse remodeling in
HF. For emample, both ASC-EO and @spase-1-K0 mice
exhibited a significant reduction in infarct zone and fibrosis
2 wdl as improved cardiac function after myocardial I/R
injury.** As highlighted in Figure 1, it has been proposed that
activabon of the inflammasome oours via cell-to-cel
wmmunication within  heterogeneous  cell populations of
heart tisne, including cardiomyocytes, fibroblasts and innate
immune cells** Kawaguchi et al™ identified that both
hematopoietic and non-hematopoietic cells are responsible
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for seceting IL-1f after myoardial IR injury, becanse only
chimeric mice with ASC-KOQ bone marrow on an ASC-KO
background showed reduction in infarct zone They followed
up with fm witm experiments in which hypoxdalreoxygenation
stimulated inflammasome adivation in @rdiac fibroblasts, but
not in cardiomyocytes. This notion was supported by studies in
adnlt @rdiomyocytes in which NLRPY  inflimmasome
activation was inhibited using either siRNA or pharmacological
inhibitors, This resulted in fower cell deaths but not IL-1p
secreion™ Upon permanent myocardial ischemia in both
murine and rat modds, myocardial fibroblasts were shown to
be the primary source of 1L-1j secretion in response to ATP
released from damaged neighboring cells ™ Further work™ has
also supported the notion of non-immune cell-mediated IL-1§
and IL-18 secretion. This work conchuded that mitochondrial
ROS from ardiomyocytes acts as a trigger to prime the NLRP3
inflimmasome. Taken together, the data sogpgest that
cardiomyocytes, cardiac fibroblasts and infiltrating immune
cdls contribute via different roles toward inflammation and
cardiac remodeling in myocardial infarction (MI) (Figure 1).

CROSSTALK BETWEEN THE HEART AND ADIPOSE
TISSUE

Alterations in adipokine profiles influence the develop ment
of HF

There is a well-documented assodation between obesity and
HE® Adipose tissue is clearly an important contributor to
inflimmation in HE. Multiple studies have established both
pro- and anti-inflammatory effects of adipolines®™* In
obesity, adipose tissue undergoes changes induced by metabolic
stress, It releases more pro-inflimmatory cytokines, including
IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1), and
less of the anti-nflammatory optokines, inchiding IL-10 and
adiponectin®**! Visceral fat is the most important depaot,
which responds to metabolic stress in this way. There is a
wll-established positive correlation between visceral fat levels
and HE* However, it is interesting to note that epicardial and
pericardial fat depots exchibit a similar phenotype to visceral fat
and have been strongly corrdated with the progresion of
adverse cardiac remodeling® McKenney er al** observed
increased epicardial adipose tisse after Mls, which correlated
with a reduced adiponectin levd after ML In thar study they
compared pigs with or without adipectomy subjected to MI.
They obserwed that the progression of advers remodding after
the MI was attenumated, and the infarct zone size was
diminished in adipectormzed ammals. This correlates with a
provious oheervation in which a pig with myoardial I/R injury
developed improved cardiac function, reduced infarct size and
less tumor necrosis factor alpha (THFa) production with a
greater production of IL-10 after intracoronary administration
of adiponectin®® In summary, whereas it is generally accepted
that in obesity, the profile of adipolines from various fat depots
mediates detrimental offects on the myo@rdiom, the obesity
paradox suggests that these adipokines @n confer beneficial
effects during post-MI stages of remodding.®
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Extensive epidemiological and clinial data sugrest that type
2 digbetes increases the risk for HF mdependently of other risk
factors, such as hypertension. **7 One potential mechanism is
that type  diabetes, often assvciated with obesity, leads to
myocardial lipotaxicity that contributes to cell death, and thus,
to cardiac dysfunction. Diabetic cardiomyopathy is also
characterized by interstiial and perivasular fibrosia A
significant incmease in collagen deposition was found around
intramural vessels and between myofibers in heart biopsies in
patients with diabetes*** Given that fibrods is one
consequence of inflimmation, IL-1f and other inflammatory
markers, such as fibrosis, signal the onset and progression of
HF in this way !~

Cardiokine and endoarine cffects on peripheral tissues in HF
In recent years, there has bem an increased realwation of
endoaine effects mediated by factors produced and secreted by
the heart.* Collectively, these are referred to as cardiokines,
Ischemic stress results in a substantial change in the profile of
cardickines secreted from the myocardium,** In particular,
upon activaion of the inflimmasome and infiltration of
splenocytes in the infarct zome, the heart will release more
pro-inflammatory optokines.® Cardiac fibroblasts have been
propossd as the principal source of inflaimmatory signals in
pathological conditions,  although  cardiomyocytes  also
contribute to the pro-inflammatory environment in the
myocardiom by pmducing  different  optokines  and
chemolines™  Injured crdiac cdls release  damage-
assodated molecular pattern molecules, such as high-mobility
group box 1, DMNA fragments, heat-shock proteins and
matricelhilar  proteins, which instrut surrounding healthy
cardiomyocytes to produce inflimmatory mediators. These
mediators, mainly IL-1p, 1L-18, IL-6, MCP-1 and TNFa, in
turn activate versatile signaling networks within surviving
cardiomyocytes  and  trigger  leakocoyte activaton and
recruitment.

Evidence for myocardial production of THNEx has been
controverdal *** However, it is now clear that TNFa can be
produced by isolated @rdiomyocytes under certain conditions,
such as treatment with lipopolysaccharide ™ Similarly,
increased expression of TWRr in @rdiac myocytes and
fibroblasts isolated from failing hearts suggests that if exposed
to pathophysological stimuli, the heart has the capacity to
produce THFe**** [L-6 can be produced in most cells in the
heart, including @rdiomyocytes™ and fibroblasts, 554
A lipopolymocharide treatment or  hypoxia-recxygenation
stimulated the production of IL-1f in isolated cardiac
fibroblasts, while isolated cardiomyocytes did not repond to
cither weatment™ A co-culture of cardiomyocytes with
fibroblasts induced by an angiotendn-I1 treatment seceted
much greater levels of IL-6 and TNFx than coltures of
fibroblasts alone, indicatng that a paracrine action has a vital
role in the production of pro-inflammatory optokines,™

Another good example of a cardiokine is atrial natriuretic
peptide (ANFP), which is produced mainly in the myo@rdinm.
Its expression is enhanced during myocardial stretching ™ ANP
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has a beneficial role in cardiac remodeling by acting in an
atocrine or paracrine manmer. For example, treatment with
cultured cardiac myocytes with an antagonist of ANP receptor
HS-142-1 increased oxpression of contractile protein genes,
mch as skeletal-actin and beta-myosin heavy chain, as well as
the size of cardiomyocytes™ ANP also contributes to
mytocin-induced  protection in myocardial  ischemia-
reperfusion injury by redudng lipid peroxddation in a nitric
axide-dependent mechanism,™

ANP receptors are found in adipose tissue and mediate
effects, including enhanced lipolysis and energy expenditure, as
well as altering adipokine production and release.”* ™ Thus,
natriuretic ides can  definitdy infloence  peripheral
metabolism by acting on adipose tisme. Therapeotically
targeting ANFP action may confer metabolic and cardiovascular
benefits in the future™*

CROSSTALK BETWEEN THE HEART AND SPLEEN: THE
CARDIO-SPLENIC AXIS
Meutrophil activation and leukocoyte mfiltration in the heart are
prominent features of Mk that exacerbate inflammatory
cytokine release and tissue damage.™ Indeed, the mononuclear
phagocyte network undergoes extensive remodding after ML
There are different subpopulations of monocytes residing in
mice. These are converted from one to another upon
inflammatory responses after an ML Monooytes are generally
dassified mto two categorics: migratory monocytes with
inflammatory characteristics, which cxpress high levels of
Ly6C and CC chemokine receptor CCR2 and low levels of
fractalkine receptor CXGCR1 (Ly-6CH CCRIMOGCRIM™),
and reparative monocptes with anti-inflammatory  profiles
(Ly-6C™ CCR2¥™ G CR1MM. ™ The exact mechanism of
how each phenotype of monocytes regulates the inflammatory
response during an M1 is complicated and is not resolved.™
However, under acute Ml conditions, monocyte recruitment to
the heart is very dynamic and largely dependent on the
gpleen. The spleen & one of most important lymphoid tissues,
It has a role in filtering blood and regulating immune
responses to droubting agents® The spleen contains large
pools of undifferentiated monocyte  reservoirs™®  that
@n undergo splenic hematopoiesis, increasing motility and
pro-inflammatory  characterigics  (Ly-6C"1). % Recruitment
of reparative monoctes (Ly-6¥) ultimately helps resobve
inflammation and promote tissue healing, %'

Dendritic cells (DCs), spedalized for presenting antigens to
T cells, also have an important role in the mmune response to
an ML¥ In an acte MI, both DCs and monocytes/
maaophages have been shown to postivdy contribute to
tissue healing. Upon an initial cardiac mflammatory response,
[Cs infiltrate the infarcted area to confer a protective role. This
is demonstrated with DC-ablated mice exhibiting greater
adverse cardiac remodeling after an ML* In these mice, there
was sustained expression of pro-inflaimmatory optokines, IL-15,
[L-18 and TM e, yet reduced 1L-10 expression,®

Interestingly, under chronic M1 cnditions, the protecive
rales of splenocytes become detrimental Mice with along-term
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