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Abstract
AMP-ACTIVATED PROTEIN KINASE ACTIVATION PRECONDITIONS THE HEART
AGAINST ISCHEMIC INJURY.
Tracy M. Wright, Agnes S. Kim, Lawrence H. Youngc8on of Cardiovascular Medicine,
Department of Internal Medicine, Yale Universityh8ol of Medicine, New Haven, CT.
AMP-activated protein kinase (AMPK) is a well-edisied regulator of cellular energy status
and metabolic function, and is a vital moleculeinlyithe acute response to ischemic stress in the
heart. However, its role in preconditioning agaiashemic injury is still not clearly defined.
Using a novel and specific AMPK activator, A-769662 wanted to determine if
pharmacologic, pre-ischemic activation of AMPK igfieient to protect the heart against
subsequent ischemia-reperfusion injury. Using moase models of ischemia: 1) the
Langendorff perfused heart andi)vivo coronary occlusion, we investigated whether A-B83206
treatment would activate the AMPK pathway and d-@chemic AMPK activation was
cardioprotective. In these models, wild type C5/Band transgenic AMPK kinase dead (KD)
mice hearts were subjected to ischemia for 25 ram(ierfused heart) or 20 minutés\ivo),
followed by reperfusion. A-769662 or vehicle cahtivas administered in the perfusion buffer
(100uM, perfused heart) or by intra-peritonealétijm (6mg/kg,n vivo), prior to ischemia. A-
769662 treatment resulted in AMPK activation in plegfused heart and in the intact héantivo
in the absence of ischemand decreased myocardial injury when administpriat to ischemia
in both models. These cardioprotective effectsevedrolished in the AMPK deficient AMPK KD
hearts. In the wild type perfused heart, we foewvidence that pre-ischemic A-769662 treatment
leads to increased end-ischemia adenosine triphtsATP) content, increased end-ischemia
phosphorylation of eukaryotic elongation factoeEF2) at threonine 56, and increased
endothelial nitric oxide synthase (eNOS) phospladigh at serine 1177 residue. These findings
show that A-769662 treatment leads to myocardiaP&Mactivation, and preconditions the heart
against ischemia in an AMPK dependent manner, plgssirough an AMPK-eEF2 or AMPK-

eNOS signaling pathway.
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I. Introduction

Ischemic heart disease is the leading cause off dieaeveloped countries
including the United States (1). Presentationsoobnary artery disease span the
spectrum from angina pectoris to acute myocardiarction. When a coronary artery
becomes occluded and myocardium becomes ischeswiered molecular signaling
pathways work to protect the hypoxic cells fronmuigjand death. AMP-activated protein
kinase (AMPK) is a regulator of cellular energydrale having multiple metabolic and
non-metabolic functions central to energetic sighi2, 3). Sensing energy depletion in
the cell, AMPK becomes active and promotes energglyring pathways such
glycolysis, while turning off energy consuming pa#tys such as fatty acid and
cholesterol synthesis (2). The cardioprotective od AMPK activation during acute
ischemia has been well defined (3, 4). Additistallies have suggested a possible role
of AMPK in preemptively preconditioning the myocanch against ischemic injury (5-8).
Recently, a potent and direct activator of AMPKowm as A-769662, has been
identified (9). Using A-769662 in experimental netglof myocardial ischemia, the
focus of this work is on the pharmacological adtwaof AMPK, and its potential role in

protecting against ischemia-reperfusion injury.

A. Ischemic Heart Disease

Ischemic heart disease is the most common causeati in developed countries
(1) and is also responsible for a large proportibdeaths globally (10). Ischemia occurs
when blood supplied to the myocardium by the corpaateries is not sufficient to meet

the heart’s energy demands. It is most commonkgea by atherosclerotic narrowing of



the lumen in the coronary arteries. When the lurmenore than 50-60% stenosed,
classic angina occurs due to insufficient increasmronary blood flow and the inability
to meet the increase in energy demand. As thesieworsens or the artery becomes
occluded, permanent myocardial damage may ensdim¢gtp arrhythmias or heart
failure. Plaque rupture, coronary artery thrombosr coronary vasospasm can lead to
acute coronary occlusion (11, 12).

Ischemic heart disease may manifest in patientsmaf several clinical
syndromes, including chronic angina pectoris, acatenary syndrome (unstable angina,
myocardial infarction, and sudden cardiac deatin), @ronic ischemic cardiomyopathy
with congestive heart failure. Clinical manifegtat of ischemic heart disease usually
develop in older adults, with a peak incidencerdteyears of age in men, and after 70
years of age in women. Men are more commonly efte@xcept after the age of 90,
when both sexes are equally affected (11). Fathatspromote coronary atherosclerosis
include hypertension, diabetes mellitus, hyperipmh, smoking, and genetics (11, 12).
The increase in incidence and prevalence of marlyesie risk factors for ischemic heart
disease (1) is worrisome and highlights the imparteof research focused on its
treatment and prevention.

Current treatments for ischemic heart diseaseiaredsat risk factor
modification, relief of symptomatic angina, andamaery revascularization. Changes in
lifestyle such as diet modification and increaskysical activity help in the prevention
of ischemic heart disease. Medically targeted faskors include hypertension and
hyperlipidemia. ACE inhibitors and beta-blockers eommonly used to control blood

pressure, while statins reduce hypercholesteroleifiese interventions decrease



mortality in chronic ischemic disease (13), whilatelet-inhibiting medication and
percutaneous and surgical revascularization hage leown to decrease the mortality of
acute coronary syndromes (14). Despite efforfgévent and treat ischemic heart
disease, myocardial injury remains a serious @irpecoblem, and more research is
needed to develop new therapies aimed at preveinjuny. Current experimental

models of ischemia have been very useful in thgaune

Experimental Models of Ischemic Heart Disease

There are several experimental models of myocaistthemia that have been
used to study the pathophysiology of myocardial @gen and to test treatments to reduce
injury. The choice of model for studying ischerdgpends on the question being tested
(15). Two popular models of myocardial ischemiatheeisolated Langendorff-perfused
heart andn vivo coronaryartery occlusion in the anesthetized animal.

First established in 1897 by Oscar Langendorffjsb&ated perfused mammalian
heart preparation has been a productive modeldolysg cardiac pathology,
physiology, and pharmacology for more than 100y€&6, 17). In this model, the heart
is removed from the chest and the aorta is caredikand perfused with buffer in a
retrograde manner. This leads to perfusion ottrenaries with buffer and closure of
the aortic valve due to the perfusate pressure LEmgendorff model offers several
advantages. One advantage is that many modedstwémia can easily be performed.
Examples include global ischemia, created by aitigshe retrograde flow through the
aorta, and hypoxia, which is induced by lowering ¢tixygen content of the buffer.

Regional ischemia may also be produced by the planeof a ligature around a



coronary artery, although this model is not commarsed (17). Other advantages
include the model’s simplicity, and easy contropeffusate content, coronary perfusion,
and metabolic content at any time during the p@fu€l5). Despite some shortcomings,
such as lack of neuronal and humoral regulatorsdauvivo, the Langendorff model’s
advantages are numerous and it remains one ofdbepupular models in
cardiovascular research (15).

Thein vivo models of ischemia resemble what might occurghracal situation.
Regional ischemia due to coronary ligation closelgrelates with acute coronary
syndrome. This method has been used in canirgs, naibbits, rats, and mice (15). In
the anesthetized animal, the chest is opened, iaipfor occlusion and reperfusion of
coronary arteries. In mice, regional ischemieacisi@ved by occluding the left coronary
artery (LCA). The LCA may be occluded proximallyraore distally, resulting in
different areas at risk (AAR) for ischemia injuryhe volume of the AAR is an
important determinant of the infarct size (18), aad be revealed using dyes (Evans
blue). Injection of blue dyes into the aorta wile coronary artery occluded, demarcates
the unperfused tissueln vivoregional ischemia in an anesthetized animal misdako
a proven model in studying ischemic preconditior(@grocess in which brief periods of
ischemia and reperfusion protect against subsegoemée severe ischemia) (15, 19, 20)

and tissue remodeling (scarring) following myocardhafarction (21).

Molecular Consequences of Ischemia
Ischemia causes both oxygen and substrate depryaéisulting in decreased

aerobic energy generation. This leads to a falhéncontent of adenosine triphosphate



(ATP), which has several consequences. One impoconsequence is decreased
activity of the ATP-dependent sodium/potassium puwiich is responsible for
maintaining cellular sodium and potassium gradieftse accumulation of intracellular
sodium leads to increased sodium/calcium exchaagsireg an increased intracellular
calcium concentration, resulting in cellular injur second consequence of ischemia is
increased anaerobic glycolysis. This is in pa# ttuthe increased adenosine
monophosphate (AMP):ATP ratio. Increased AMP Iswtimulate phosphofructokinase,
an important enzyme in the glycolytic pathway, &ilas glycogen phosphorylase, in an
effort to meet the cell’'s energy demands. Inadagycolysis leads to the accumulation
of lactic acid, resulting in an acidic intracellufgH. This change in cellular environment
leads to a third important consequence of ischerdigereased protein synthesis. This
occurs because of ribosome dissociation in theepisof an acidic pH and decreased
ATP. Ischemia is reversible if blood flow is restd, but may lead to irreversible
membrane damage and cellular injury if prolongel.(1

In addition to profound repercussions of cell igjand death during ischemia,
cellular injury may also occur during reperfusiorhis is known as ischemia-reperfusion
injury. Ischemia-reperfusion injury results frdmcalcium overload in ischemic tissue
leading to increased protease, phospholipase emddnuclease activities and subsequent
cellular damage, and 2) the production of freeaadisuch as reactive oxygen species,
released from damaged mitochondria (22, 23). Fadeals can cause DNA
fragmentation, lipid peroxidation of membranes, pratein cross-linking, resulting in

cellular injury. The end result may be changesyocardial structure and function



including, reduced myocardial contractility, calypertrophy, and cardiac apoptosis
(11, 23).

As discussed earlier, current treatments of iscbdmart disease are aimed at
preventing ischemia and achieving revascularizea®guickly as possible. However,
pharmacologic manipulation to alter the metabatinsequences of ischemia may
provide a new strategy to decrease myocardial dardagng acute ischemia that occurs

in the setting of acute myocardial infarction.

B. Myocardial Preconditioning

Myocardial preconditioning is a process in whidstie is made resistant to
ischemic injury. Ischemic preconditioning is agess in which brief periods of ischemia
and reperfusion prevent injury during subsequersogies of more sustained, severe
ischemia. Ischemic myocardial preconditioning West demonstrated by Murry et al.
(24) in dogs exposed to 4 short 5-minute cyclesoobnary artery occlusion, followed by
5 minutes of reperfusion, and subsequently sulijectd0 minutes of occlusion and 4
days of reperfusion. These hearts had signifigamtialler infarct size compared with
control hearts which did not receive the shortgusiof ischemia-reperfusion prior to the
40 minute occlusions. Since this work, ischemacpnditioning has been observed in
several animal models. It has also become evitl@hipharmacologic treatment can
protect against ischemic injury. Several agernthiging adenosine agonists, nitric oxide
donors, phosphodiesterase inhibitors, bradykimd, rroxious stimuli (i.e. reactive
oxygen species (ROS), endotoxin), have been showrirg about pharmacologic

preconditioning (25, 26).



Preconditioning, whether induced by ischemia orplazologic agents, has two
phases: an early phase and a late phase (25)pBa#ies have intricate mechanisms for
inducing protection. The early phase arises withinutes of the stimulus and lasts 1-2
hours. The late phase of preconditioning develaiisin 12-24 hours of the stimulus and
lasts 3-4 days. Ischemia causes the release ofjendus molecules such as adenosine,
opiods, bradykinin, prostaglandins, and ROS. Timeskecules can initiate the activation
of signaling cascades involving protein kinase KEIP(27), Src family of tyrosine
kinases (28), and mitogen-activated protein (MAIRag&es, including p38MAPK (29).
Activation of these pathways leads to modificatiohpreexisting proteins (early phase)
and changes in gene expression and the syntheseswotardioprotective proteins (late
phase), including heat shock proteins, NO synt(ld€x5), COX-2, and manganese
superoxide dismutase (25).

Endogenous molecules and new protective proteirysaxert cardioprotection
through effects in the mitochondria. One importaitochondrial change is the
inhibition of the opening of the mitochondrial pexatility transition pore (mPTP) that
usually occurs during early reperfusion (30). Temally impermeable inner
mitochondrial membranes become leaky during repenfudue to mPTP opening from
ROS bursts and increases in intracellular'Céncreased membrane permeability leads
to mitochondrial matrix swelling and irreversiblandage and cell death. Therefore,
minimizing the permeability of these mitochondnambranes during ischemia-
reperfusion increases the chance for cell sun{®%l 30, 31). Several of the before

mentioned pathways may ultimately precondition tigtothis mechanism. One specific



study showed that activation of endothelial nitide synthase (eNOS), which increases
NO production, inhibits mPTP opening during repsida (32).

The opening of mitochondrial ATP dependent potasgikiarp) channels has also
been studied as a mechanism of preconditioning (Z&g role of Krpchannels in
preconditioning is supported by the observation tiydrogen peroxide-induced
preconditioning is prevented by the use @f&channel inhibitors such as glybenclamide
(25). A second study showed that patients withlstangina had decreased mortality
with the use of nicorandil, adfe channel opener, suggesting clinical relevancéhiier
pathway (33). While the mechanism is not compjetelderstood, mitochondrialdfe
channels may contribute to myocardial preconditigrby inhibiting intracellular
calcium overload or by generating ROS (34). R@8ugh often injurious to the cell, can
actually lead to the activation of protective redognaling molecules like thioredoxin
(35). In addition, the opening of mitochondrigd{K channels has been shown to
secondarily activate the PKC pathway (36), a payhweplicated in preconditioning

(27).

C. AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK) is a key redateof several protective
cellular pathways during periods of energetic straxluding ischemia (37). AMPK
regulates these changes both acutely, through pbodgtion of key enzymes, and in the
long term, by regulating gene expression. AMPKeases ATP generation by
stimulating catabolic processes such as glycobysigg ischemia and fatty acid

oxidation during reperfusion, leading to energyquation. AMPK has been shown to



increase glucose uptake in muscle (38), and toawgmsulin resistance in cells (39).
Conversely, AMPK also inhibits anabolic pathwayatttonsume energy (2), therefore
safeguarding the cellular energy state. AMPK kewametabolic player globally and is

found in several organs including heart, liver, akdletal muscle.

Structure

AMPK is a heterotrimeric complex: a protein contagnthree subunits. These
subunits include one catalyticsubunit, and two regulatory subunits, fhendy
subunits. Each subunit has two or more isoformadan various combinations in
different tissues. The heart contains dheando2, 1 andf2, andyl andy2 isoforms,

notably missing the3 isoform that is found predominantly in skeletalstle (3).

Mechanisms of Activation

AMPK’s o subunit contains its catalytic domain which isdarse-threonine
kinase. It is phosphorylated by upstream kinasash as the tumor suppressor kinase
LKB1. The threonine-172 residue in the activatioop of thea subunit is
phosphorylated by upstream kinases, causing AMAdetactivated. Thg subunit is an
important AMPK structural unit, binding both theandy subunits. A glycogen-binding
domain is present on tifiesubunit, allowing AMPK to associate with glycoganntact
cells. AMPK’sy subunit contains regions known as Bateman domaimigh contain the
AMP binding domain (3), important for sensing timergy status of the cell.

In the presence of an increased AMP:ATP ratio, tgrdzinding of AMP to the

subunit’s Bateman domains leads to AMPK activat@lowing a conformational
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change of the molecule. This allosteric activabbthea subunit together with
enhanced phosphorylation of the threonine-172 vesiny upstream kinases leads to
increased activity of AMPK (40). AMP binding inlii® protein phosphatase action on
AMPK, preventing dephosphorylation of throenine 1AMPK can also be
phosphorylated by calmodulin-dependent proteindendnase (CaMKK) (41, 42),

although the extent to which this occurs in thertisastill under investigation.

Cardioprotective Role during Acute Ischemia

AMPK has been shown to be a significant cardiomtote molecule during acute
ischemia. Our lab previously demonstrated thatthexpressing a mutated AMRR
subunit (K45R mutation), resulting in lack of AMRiCtivity (AMPK kinase dead (KD)),
had greater myocardial necrosis and poorer recaderynction following global
ischemia compared with wild type hearts (4), stipisgggesting AMPK'’s vital
metabolic role during episodes of acute ischemia.

During ischemia, intracellular ATP is utilized, uhiADP, AMP, creatine, and
inorganic phosphate concentrations increase. Ameased AMP:ATP ratio activates
AMPK, leading to several metabolic consequencese @ the important AMPK-
mediated metabolic events in the ischemic heam isicrease in glucose uptake by
cardiac myocytes. To stimulate increased gluca@sesport, GLUT4 glucose transporters
must move to the cell surface from their storagessin intracellular membrane vesicles,
a process called translocation. AMPK has been shownediate GLUT4 translocation
during ischemia (4). Once glucose enters the AMIPK promotes its utilization in the

glycolytic pathway by stimulating the phosphorydatiof 6-phosphofructo-2-kinase
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(PFK2), an important enzyme in glycolysis (43).KRFproduce$-D-fructose 2, 6-
bisphosphate (F-2, 6-BP), a molecule which actavateosphofructokinase 1 (PFK1), a
catalyst of the conversion of fructose 6-phosphatk ATP to fructose 1,6-bisphosphate
and ADP, one of the main rate-limiting steps ofcglysis.

AMPK activation in the heart also increases myoidrfdtty acid oxidation
during reperfusion. AMPK phosphorylates and intsilsicetyl-CoA carboxylase (ACC),
inhibiting the production of malonyl-CoA, and ul@tely relieving inhibition of fatty
acid transport into the mitochondria via carnitpamitolytransferase-1 (CPT-1).
Therefore, increased fatty acid oxidation occunsndureperfusion, generating more ATP
for the stressed cell (44). In the AMPK KD micaity acid oxidation has been shown to
decrease, further pointing to AMPK’s role in ischameperfusion (4). Though fatty acid
oxidation is important for ATP generation, a dewirtal effect of increased fatty acid
oxidation during reperfusion is the inhibition ofrpvate dehydrogenase, an important
enzyme in glucose oxidation (45). This can po#dlytincrease intracellular acidosis by
the accumulation of lactic acid. Therefore, iti8l debated as to whether AMPK
activation is a beneficial or injurious during ischia-reperfusion (46).

In addition to stimulating the creation of energMPK switches off metabolic
cellular processes that consume energy. AMPK kas Bhown to inhibit fatty acid
synthesis by inactivating ACC in the liver (47)ygbgen synthesis through the inhibition
of muscle glycogen synthase (48), and cholestgrahssis through the inhibition of
HMG-CoA reductase in liver (47). All of these fuions consume ATP, so their

inhibition preserves more energy during times egigrgstress.
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Figure 1. AMPK activation in the ischemic heart—mebanism and downstream
effects.When the intracellular AMP:ATP ratio increases dgrimyocardial ischemia,
there is increased AMP binding of AMPKyssubunit, leading to a conformational
change in the molecule. This leads to enhancedtime-172 phosphorylation of
AMPK’s a subunit by upstream kinases (ie.LKB1 and CAMKKJl gmeater AMPK
activity. Activated AMPK increases ATP generatigndtimulating catabolic processes
such as glucose uptake and glycolysis during is@amnd fatty acid oxidation during
reperfusion. Activated AMPK also decreases ATPsoomption by inhibiting anabolic
processes such as protein and fatty acid synth&sisse actions result in ATP
preservation and decreased myocardial death faligwacute ischemia (3, 4).
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AMPK also conserves ATP through the inhibition oftein synthesis and
cellular proliferation. AMPK has been shown toypéarole in the inhibition of cell
proliferation in normal and malignant cells (49)he discovery that the tumor suppressor
kinase LKBL1 lies upstream of AMPK (50) and that kieg tumor suppressors, such as
the mammalian target of rapamycin (mMTOR), tubesmlsrosis complexes (TSC1 and
TSC2), and p53, lie downstream of AMPK, suggess titis molecule conserves energy
by regulating cellular proliferation (49).

AMPK also slows protein synthesis in non-dividirals such as those found in
the heart. Specifically, AMPK inhibits mTOR eith&y direct phosphorylation or by
phosphorylation and activation of TSC2. Increab8€2 activation leads to greater
TSC1-TSC2 complex activity. This complex inhibitdOR. mTOR inhibition leads to
decreased p70S6 kinase activation (S6 kinasejnpartant enzyme in protein
translation (49). AMPK also prevents protein synthesis, through tttevation of
eukaryotic elongation factor 2 (eEF2) kinase (5@)ce activated, eEF2 kinase inhibits

eEF2, a molecule important for the elongation stgmotein translation.

Role in Myocardial Preconditioning

Though intrinsic AMPK activation has been showtéagprotective in the cellular
response to ischemia, its role in preconditionirigrdo ischemia is still controversial.
Data from our lab has shown that ischemic precamditg is possible in both wild type
and AMPK KD mice, suggesting that AMPK is not nesagy for this process (52).
However, pharmacological activation of AMPK priorischemia may be sufficient to

decrease myocardial injury during ischemia-repéofus
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AMPK appears to play a role in preconditioning expentally. Treatment with
5-aminoinidazole-4-carboxamidefib-ribofuranoside (AICAR), a nonspecific AMPK
activator, in tandem with ischemic preconditioniaed to smaller infarct size in rabbits
during coronary artery ligation (53). However,ther AICAR, nor ischemic
preconditioning alone, led to any significant chamginfarct size following coronary
ligation in this study. AICAR has also been shdwmextend the duration of the window
of protection by ischemic preconditioning in raBi). In addition, AICAR
preconditions rat livers against ischemia-repedisnjury through the activation of
AMPK (6). Ischemic preconditioning in rabbits walso associated with AMPK
activation and increased GLUT4 mRNA expression Fipally, AMPK has been shown
to mediate preconditioning against ischemia-reg@ofuinjury in mice treated with
metformin, possibly through its activation of eN(8y. AMPK phosphorylates eNOS
(54, 55) on serine 1177 and eNOS is a molecule krtovibe involved in preconditioning
(8, 32).

There a several possible mechanisms by which AMRN imad to
preconditioning. One study showed that ischemec@nditioning leads to AMPK
activation and GLUT4 up-regulation (7). The authbypothesized that GLUT4 up-
regulation may precondition against myocarsiahning, a lingering contractile
dysfunction that occurs after brief ischemia, pt#dly by increasing the energy
available during ischemia. In addition, other fumas of AMPK as a metabolic regulator
(including protein synthesis inhibition through é5Ractivation) could potentially be

involved (56).
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AMPK is also involved in known preconditioning paidlys. AMPK has been
observed to mediate the recruitment and activatfonitochondrial Kyrp channels in
cardiomyocytes, leading to preconditioning agalmygtoxic injury (57). AMPK also
activates p38MAPK (58) and eNOS (54, 55), both bicl are involved in

preconditioning (8, 32, 58).

D. A-769662 General History and Mechanism for its Ativation of AMPK

Given AMPK’s important role in metabolic homeossaand possible
involvement in preconditioning, research aimedretrmacologically activating this
molecule could ultimately lead to important advanicethe clinical intervention and
treatment of coronary artery disease and orgaemizh Three pharmacologic agents
have previously been used as activators of AMPKAIDAR, 2) biguanides, (i.e.
metformin), and 3) thiazolidinediones, (i.e. rogagone) (59). These agents all have
additional effects and are nonspecific activatér8MPK. AICAR undergoes
intracellular conversion to ZMP, an AMP analogdieg to ZMP’s binding of AMP
binding sites and AMPK activation. However, AICAIR0 increases extracellular
adenosine concentrations. Metformin is an inhitafocomplex | of the mitochondrial
respiratory chain (60), and may activate AMPK bgr@asing the cellular AMP:ATP
ratio. Treatment with thiazolidinediones causdp@a/te expression and release of
adiponectin, a molecule which stimulates glucogekgand fatty acid oxidation through
the activation of AMPK (61). In addition, theseeats are peroxisome proliferator-
activator receptor (PPAR) agonists, nuclear regsptvolved in metabolism and cellular

differentiation. Unwanted side effects such gsdnyycemia and heart failure occur with
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intravenous AICAR (3). Gastrointestinal changessaen with metformin (59), while
weight gain is observed with thiazolidinediones)(59 hus, a compound that directly
activates the AMPK pathway may have metabolic amtmetabolic benefits and avoid
some of the side effects seen with the administatdf other agents.

A-769662, a specific and potent AMPK activator, waseloped following a
screen of >700,000 compounds. In the originalysttids molecule was shown to
activate AMPK, independent of AMP or ZMP concentniat distinguishing it from
AICAR (9). A-769662 has been proposed to allostdly activate AMPK, without
actively increasing the phosphorylation of thre@siry2 (62). AMPK phosphorylation
was only slightly increased in isolated cells teglatvith A-769662, while ACC, a direct
target of AMPK alone and a measure of AMPK'’s oVeaativity, showed significant
increases in phosphorylation (62). Further stutkgsaled that direct binding between
A-769662 and AMPK may lead to a conformational deaim AMPK, rendering it
resistant to dephosphorylation at the threoninefsg&gRlue (62, 63), maintaining
AMPK’s active, phosphorylated state. This confatiorahas been observed to require
the phosphorylation of the Serine-108 residue englycogen-binding domain of the
AMPK’s B subunit, leading to steric hinderance of threoiiifi2 to protein phosphatases
by thep subunit, and ultimately preventing its dephosplatign. The authors of this
study propose that the phospho-Serine-108 mayaictt@rith another region of the
heterotrimeric AMPK, and that this interaction i@moted by A-769662 (63).

Therefore, it seems that A-769662 works both aallasteric activator of AMPK
and as an inhibitor of its dephosphorylation (62, 6Though advances have been made

to elucidate the mechanism by which A-769662 attsv@&MPK, the interaction is still
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not completely understood and is the focus of amgjoesearch. However, given that this
molecule has already been shown to specificallyaiet AMPK, it is a valuable tool for

studying the role of AMPK in preconditioning.

E. Importance of Pharmacologic Activation of AMPK and Myocardial
Preconditioning

AMPK is a key regulator of several pathways thairmaeén the cell's energy
balance. AMPK’s central role in metabolic pathwaysl cellular development has
already led to its being studied as a drug tametife treatment of diabetes (64),
atherosclerosis (49), and cancer (49). Given testedies looking at AMPK’s role in
preconditioning (5-8), this molecule could potelhyiave clinical use in treating
patients at risk for myocardial ischemia. Thidudes patients with unstable angina or
those going for solid organ transplant and higk esronary interventions with either
angioplasty or coronary artery bypass graft placgme which organ ischemia is
expected. Further work uncovering AMPK'’s role ie@onditioning may be key in
clinical advancement, and the development of A-B@9@ specific and potent AMPK

activator, provides the means for novel advances.
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Il. Statement of Purpose, Hypothesis, and Specifiims
Purpose

The purpose of this work was to determine whethbgvation of the AMPK
pathway protects the myocardium against ischenparfasion injury. In order to
address this possibility, we used a specific andmicAMPK activator to pre-activate
AMPK prior to myocardial ischemia. We pursued thiwk in order to provide insight
into the potential role of AMPK as a cardiovasculaxg target in ischemic heart disease.
Given that ischemic heart disease is a leadingecalisorbidity and mortality
throughout the world, the purpose of this rese@¢b develop new potential methods

for treating this devastating clinical disease.

Hypothesis
Pre-ischemic activation of AMPK with A-769662 idfstient to protect the heart

against ischemia-reperfusion injury.

Specific Aims
Specific Aim 1.To determine whether pretreatment with A-76966&atgs AMPK in
the isolated perfused heart and in the intact h@astivo.

A-769662 has been shown to activate AMPK in isaa&tieeletal muscle, primary
hepatocytes and mouse embryonic fibroblaststro (62, 63) and in the livan vivo
following intra-peritoneal (IP) injectio(®). However, the activation of AMPK by A-
769662 has not been studied in the heart. Ourwasito determine whether A-769662

activates AMPK in the isolated perfused heart anithé intact heaih vivo,and to
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uncover the optimal time and dose of A-769662 tueae this activation in these
models. This information allowed us to plan ouwrqanditioning experiments more

precisely.

Specific Aim 2.To determine whether pre-ischemic activation of AM&ads to
myocardial protection against ischemia.

Following the completion of aim 1, we wanted tolease the effects of pre-
ischemic activation of AMPK on myocardial injuryVe planned to measure several
parameters to assess myocardial injury, includiggaardial necrosis, creatine kinase
(CK) release, and heart function. This was dortgott in C57BL/6 wild type mice and
in AMPK deficient KD mice. These experiments detired if 1) pre-ischemic A-
769662 treatment was protective against ischenueyirmand 2) if the effects of A-

769662 treatment were dependent on AMPK activation.

Specific Aim 3.To explore potential downstream mechanisms by wirehschemic
AMPK activation leads to preconditioning.

We wanted to explore the effect of pre-activatibAMPK on downstream
targets that might be involved in myocardial pretiboning. eEF2 kinase, which play a
role in energy conservation in the cell by phosplating eEF2 and inhibiting protein
synthesis, is an AMPK target(51), and has previostldied for its possible involvement
in ischemic preconditioning (56). As describediegreNOS is also an AMPK target
(54, 55) that has been shown to be involved ingréitioning (8, 32). We planned to

look both of these molecules to see if their phosylation corresponds to A-769662



treatment and AMPK activation in our experiments gseliminary probe into the

mechanism of A-769662’s preconditioning effects.

20
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lll. Materials and Methods

Animals. All animal studies were approved by the Yale AnifGale and Use
Committee. Wild type C57BL/6 (WT C57BL/6) male miwere ordered from Charles
River Laboratory and stored in Yale’s facilitiehe AMPK KD mice (4), expressing the
K45R mutation on AMPK’s:2 subunit, were bred and kept in Yale’s facilitiddale

mice (10-12 weeks of age) were used for our studies

A-769662.A-769662 was received from Dr. D.G. Hardie, a dmdiator from the
University of Dundee in Scotland. The compouraswissolved using 100% dimethyl
sulfoxide (DMSO) solvent to 278 mM stock aliquotslastored at -20°C until ready for
use. Stock A-769662 was then diluted in modifiedld§-Henseleit (KH) (to 0.04 %
DMSO) for isolated perfused heart experiments arghline (to 1% DMSO) fan vivo

experiments.

Antibodies. Primary antibodies used for western blotting wedregpho-AMPK-
threonine 172 (Cell Signaling), total AMRKsubunit (pant) (Cell Signaling), phospho-
ACC- serine 79 (Upstate), total ACC (Cell Signa)inghospho-eEF2-threonine 56 (Cell
Signaling), total eEF2 (Cell Signaling), phosphoa#serine 1177 (Cell Signaling), and

total eNOS (Cell Signaling).

AMPK activation by A-769662 in the isolated perfusé mouse heartHearts from 10-
12 week old C57BL/6 male mice were perfused usiegiangendorff method with

modified oxygenated Krebs-Henseleit (KH) buffertwli% bovine serum albumin (BSA)
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containing 7 mM glucose, 0.4 mM oleate, insulind@ml, at 37°C (4, 48). A small
latex balloon connected to a pressure transducgingarted into the left ventricle
though a small left atrial incision and was useth&asure left ventricular developed
pressure (LVDP), LV dp/dt, and heart rate (HR) tlgioout the study.

Initial experiments were performed to determinedbse response of AMPK
activation following A-769662 treatment in the iatad perfused hearts. In this set of
experiments, following 25 minutes of baseline pgida at 4/ml/min with KH buffer,
hearts were perfused with 50uM, 100uM, and 200uNteatrations of A-769662 for 30
minutes to determine the minimum concentration s&aey for AMPK activation. A-
769662 or DMSO (vehicle control) containing buffesis added via a two-way stopcock
with one tube in a beaker containing KH buffer #melsecond tube in a beaker
containing KH buffer with A-769662 or DMSO. Follavg the perfusions, hearts were
freeze-clamped and stored in liquid nitrogen feergrocessing.

For these experiments, | assisted in gatheringoagahizing hemodynamic data
recorded during the perfusions. All other stepisahated heart perfusions were done by

Dr. Agnes Kim, a cardiology fellow and a PhD caradélin our laboratory.

Pretreatment with A-769662 prior to global ischemian the isolated perfused mouse
heart. After determining the optimal dose (100uM) of A-B62 in the isolated perfused
heart, our next set of experiments was designeetermine if pre-activation of AMPK
is cardioprotective during ischemia. Both C57BLM &AMPK KD mice were used in
these studies. Following 15 minutes of baseliméup®n at 4 ml/min, hearts were

perfused with A-769662 (100 uM) or DMSO vehicle tohfor 30 minutes. Because
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our preliminary perfusions showed decreases int nat for A-769662 treated hearts
(Figure 3), all hearts were paced using an electrical stitouhlaith electrodes connected
to the atria, to keep the HR at or above 450 hmatsninute (bpm) during the baseline
and treatment periods. This ensured that neatglegork was done by the hearts pre-
ischemia. Following treatment with A-769662 or D®ISehicle, hearts underwent 25
minutes of no-flow ischemia, after which they wegperfused at a coronary flow rate of
4 ml/min for 30 minutes. Pacing was not restagethis time. During reperfusion,
coronary effluent was collected for measuremer@iofrelease. At the end of
reperfusion, hearts were stained with triphenydiattium chloride (TTC) for assessment
of infarct size (as described below) or freeze-gadand stored in liquid nitrogen for
later processing.

For these experiments, | assisted in collectirrgreary effluent during
reperfusion and in gathering hemodynamic data dexbduring the perfusions. All other

steps in the isolated heart perfusions with gladeiiemia were done by Dr. Kim.

AMPK activation by A-769662in vivo.C57BL/6 male mice were anesthetized using
pentobarbital (100mg/kg, Abbott Pharmaceuticafter successful anesthesia, mice
were weighed, secured on a heating pad, placed arfteating lamp, and monitored
with a rectal thermometer (AD Instruments) to ersaicore temperature of 37°C. The
heating lamp was adjusted according to the corg bedperature of the animal. In
addition, surface ECGs were monitored using neeléletrodes and a bioamplifier (AD
Instruments). Following 10 minutes of stabilizationice received an IP injection of A-

769662 at concentrations of 6 mg/kg, 8 mg/kg, ahdhiy/kg (dissolved in DMSO,
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diluted to 1% in saline) or vehicle control (1% DM$ saline). Following 20 minutes
of monitoring, hearts were harvested, immediatedgZe-clamped, and stored in liquid
nitrogen for later processing.

After the dose response experiments, more expetawesre done as above,
using 6mg/kg A-769662 for 10, 20, 30, 60, and 9Autes to establish the time course of
maximal AMPK activation. Following these varialiee points, hearts were processed
as above.

[, along with Dr. Kim, performed the dose respoasd time course experiments.
In the experiments that | performed, Dr. Kim wal stsponsible for removal of the

heart from the chest following the experiment.

Pretreatment with A-769662 prior to proximal LCA occlusionin vivo.C57BL/6 male
mice or AMPK KD mice were anesthetized, weighetljlbated, and temperatures and
ECGs were monitored as above. Following intubatibe mice were ventilated using a
rodent ventilator set to a respiratory rate of h@&aths/min, tidal volume of 240uL, and
positive end expiratory pressure of 2ciCHto replicate physiologic acid/base and
respiratory status. Following 10 minutes of siahtion, the mice were injected with A-
769662 (6 mg/kg) or vehicle control (1% DMSO) inparitoneally. After 30 minutes,
they underwent left lateral thoractomy, exposirgtlCA. A suture was placed
proximally on the LCA to occlude the artery. Feliag 20 minutes of ischemia, the
suture was loosened and reperfusion was contiraretifiours. After reperfusion, hearts
were harvested and underwent dual staining foréhfze determination (as described

below) or were freeze-clamped for later processimgone additional set of experiments,
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hearts were freeze-clamped immediately followirgipesnia and stored in liquid nitrogen
for later processing.
All in vivoocclusion surgical experiments were done by Jenhitg a technician

in our lab who is very experienced with the surigieahniques required.

Creatine Kinase AssayA commercial assay (Catachem) was used to analgagimte
kinase content in effluent collected from the isedbperfused hearts. A series of three
enzyme-dependent reactions was used in this asaphlweagents except creatine
kinase in excess:
1) Creatine phosphate and ADP are converted to ceeatid ATP by creatine
kinase.
2) The ATP generated in 1) is used to phosphorylatecgle, generating glucose-6-
phosphate. This reaction is catalyzed by hexokinas
3) Glucose 6 phosphate is then oxidized by NADP inpilesence of glucose-6-
phosphate dehydrogenase to produce NADPH and @pbgkiconate.
The NADPH, measured using a spectrophotometer@nB% is proportionate to the
creatine kinase activity in the sample.
This assay was done by Gary Cline at NIH Mousealdlglic Phenotyping Center

in the Shulman Laboratory at Yale University.

Planimetry for infarct size analysis.Infarct size in the isolated perfused hearts was
determined by injecting 5 ml of filtered 1% triphy#tietrazolium chloride (TTC,

Sigma)/phosphate buffer into the aorta in a readgmanner, ultimately filling the
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coronary vasculature. The hearts were incubatdd @ for 3 minutes at 37°C. The
heart chambers were then filled with Alginate (@)&b maintain morphology and
placed overnight in 4% formalin (Sigma) for tis$ixation. Following fixation, hearts
were sectioned using a 1mm mouse heart matrix ladieg mounted on 5% agarose for
stabilization. Photographs of the tissue slicesevemalyzed using Image J software
(NIH).

In thein vivostudies, dual staining was used to demarcate hethecrotic areas
and the AAR. This was done using a combinatiobath TTC and Evan’s blue dye.
Followingin vivo experiments, hearts were excised from the thomaxpéaced in cold
PBS buffer for cardioplegia. The LCA suture wasskened and 5ml of PBS was injected
retrogradely to wash out the vasculature. TTC thas injected as described above. The
suture ligature was then replaced on the LCA anddiiitered Evan’s Blue dye
(Sigma) was injected through the cannula into thréaa The dye did not reach tissue
distal to the suture, staining only the area ofttbart not supplied by the sutured vessel,
differentiating the AAR. The hearts were then pssed as described above.

| was primarily responsible for planimetry anaywith Image J software. The
other steps described above were completed by iDr.(iSolated perfused hearts) or

Jennifer Hu if vivo occlusions).

ATP Content. Mouse heart tissue (25-35 mg) was homogenized ip&dthloric acid.
Homogenates were centrifuged and the supernatansegarated and neutralized in
K,COs. The neutralized extracts were then filtered ashded to the high performance

liquid chromatography (HPLC) vials. HPLC wateraallank and nucleotide standards
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(ImM ATP, ADP, and AMP), nucleotide content wasedetined by reverse phase
chromatography with UV detection.
These experiments were primarily done by Kwaménatsa Yale Medical

Student and a member of our lab.

Western Blot Analysis.Following experiments, hearts were frozen in ligoitlogen for
storage until they were ready for homogenizatid¢hole hearts were homogenized on
ice using lysis buffer containing 125 mM Tris,1 niADTA, 1 mMMEGTA, 250 mM
mannitol, 50 mM NaF, 5 mM NaPPi, 1 mM DTT, 1 mM kamedine, 0.004% trypsin
inhibitor, and 3 mM NaN3 (pH 7.5) (40, 52). Protebncentrations were measured
using the Bradford assay (Biorad) and stabilizedXrloading dye (Laemmli dye)
containing 1 M Tris pH 6.8, sodium dodecyl sulfgd®S), glycerol, 0.02% bromophenol
blue, B-mercaptophenol, and water. Equal amounts of pretere loaded in each well
on polyacrylamide-SDS gels and subjected to elphtyeesis. The proteins were then
transferred to PVDF membranes, which were subséigugdncked in 5% milk and
incubated overnight in primary antibody at 4°C.c@wlary antibody was then used to
detect immune-reactive proteins at room temperdturd5 to 60 minutes. The proteins
were detected using enhanced chemiluminescence, @Giad) against the HRP-bound
secondary antibody. The final blots were eledt@lty scanned using HP Precisionscan
Pro software and densitometry was done for quaatitn.

| was primarily responsible for all steps involviedvestern blot analysis.
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Statistical Analysis.All data are represented as means, + SEM. A peval0.05 was
considered significant. Using GraphPad Prism sariéwall data in this work used

Student’s t tests to compare 2 means, or one-wa@WAlto compare 3 or more means.
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IV. Results

AMPK is activated by treatment with A-769662 in theisolated perfused heartln
preliminary perfusions in the Langendorff model, \§57BL/6 mouse hearts were
stabilized with standard KH buffer for 25 minutesldahen perfused with A-769662
concentrations of 50uM, 100uM, and 200uM for 30umés. Previous work in our lab
showed that 50uM was sufficient for AMPK activationsolated rat heart papillary
muscles (personal communication, Ji Li), so theNb@oncentration was deemed a good
starting point for isolated perfused heart studi& found that 50uM concentration of
A-769662was not sufficient to consistently activatdPK in the isolated perfused heart
(data not shown), but that AMPK was consistentlyvated at concentrations of 100uM
(Figure 2) and 200uM (data not shown). AMPK threonine 1Ag@gphorylation was not
significantly different(Figure 2A). However,ACC serine 79 phosphorylation was
significantly increased in A-769662 treated heaaisipared to DMSO controls (p=0.03)

(Figure 2B).
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Figure 2. A-769662(100uM) activates the AMPK pathwgain the isolated
perfused heart A: Representative western blot of phosphorylated AMPK
threonine 172 (p-AMPK-THf?) and total AMPKa subunit following 25 minutes of
baseline perfusion and 30 minutes with A-76966P®ISO vehicle control. Blots
are quantified by densitometry representing thie @ftp-AMPK-Thr"? to total
AMPK a. B: Representativevestern blot ophosphorylated ACC at serine 79 (p-
ACC-Sef®) and total ACC following 25 minutes of baselinefpsion and 30
minutes with A-769662 or DMSO vehicle contrd@lots are quantified by
densitometry representing the ratio of p-ACC’%tr total ACC. *p=0.03
compared with DMSO control. N=3-4 hearts per grddgta are shown as means, |+
SEM.

A-769662 treatment decreases heart rate in the isted perfused heartA balloon
pressure transducer inserted into the left veetdciring perfusions provided the
hemodynamic measurements seeRigure 3. This data shows that following the
addition of A-769662 to the perfusions, heart (&R) was significantly decreased
compared with DMSO control hearts (p=0.008), wlele ventricular developed pressure
(LVDP), the first derivative of LVDP (dp/dt, sigiyihg contractility), and the rate-

pressure product (RPP) were not significantly aééc These findings led us to pace the
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Figure 3.Treatment with A-769662 decreases heart ta (HR), but does not
affect LVDP, dp/dt, or rate pressure product (RPP)in the isolated perfused
heart.

Mouse hearts were stabilized with standard KH ldtie 25 minutes and then
perfused with A-769662 (100uM) for 30 minutes. @&lbon pressure transducer was
inserted into the left ventricle for hemodynamicasierements. Measurements of
heart rate (HR), left ventricular developed (LVDRjte-pressure product (RPP), and
the first derivative of LVDP (dp/dt), are shown ff portions of the experiment.
N= 3-4 hearts per group.

hearts throughout the stabilization and treatmenibgds in our subsequent experiments.
Though relative cardiac work (RPP) was not diffetestween the groups, we paced the

hearts to ensure that pre-ischemic cardiac workagasl among hearts.
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Figure 4. A-769662 preconditioning protocol in thasolated perfused heart.

As described in the methods, hearts from 10-12 vaéstkC57BL/6 wild type male mics
were isolated and perfused in Langendorff mode withlified K-H buffer. After 15
minutes of baseline perfusion at 4 ml/min, heagsenperfused with A-769662 (100
uM) or vehicle control (DMSO) for 30 minutes. Thearts were then subjected to 25
minutes of no-flow global ischemia, after whichytheere reperfused for 30 minutes at
a coronary flow rate of 4 ml/min. During reperfus) effluent was collected for
measurement of CK release. Following reperfudhenhiearts were stained with TTC
for assessment of infarct size or freeze clampeédstored in liquid nitrogen.

Pre-ischemic AMPK activation with A-769662 increase functional recovery and
diminishes myocardial injury following ischemia-reperfusion in the isolated

perfused heart.The protocolFigure 4) for preconditioning experiments in the isolated
perfused hearts was designed on the basis of elimgnary findings. We used the
minimum A-769662 concentration needed in this médeonsistently activate AMPK
(100uM). In these experiments, WT C57BL/6 heamsersubjected to 25 minutes of no-
flow ischemia, and subsequently reperfused for Butes. Figure 5 shows that LVDP
(p=0.006), dp/dt (p=0.004), and RPP (p=0.001) vedirsignificantly greater during
reperfusion in hearts pretreated with A-769662 carag to DMSO. HR recovery was

greater as well in the A-769662 treated mice, thaihis difference was not significant
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Figure 5.Pretreatment with A-769662 (100uM) improve myocardial
functional recovery following ischemia in the isoléed perfused heart.

Mouse hearts were perfused as per the precondiggritocol in the isolated
perfused healfFigure 4). Measurements of heart rate (HR), left ventricula
developed (LVDP), rate-pressure product (RPP),thedirst derivative of LVDP
(dp/dt) are shown for DMSO control and A-769662teel hearts during all
portions of the experiment. N= 5 hearts per group.
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Figure 6.Pretreatment with A-769662 (100uM) is cariprotective following
ischemia-reperfusion in the isolated perfused heart

A: Representative heart slices of WT hearts treatdtdDMSO control or A-769662
prior to ischemia and stained with TTC followingegfusion. Myocardial areas staineq
red (TTC-positive) represent viable tissue. Mydarareas appearing whitish-yellow
(TTC-negative) are necrotic and represent areagariction.B: Infarct volume with
respect to total myocardial area in DMSO controlugr and A-769662 treated group.
*p=0.01 compared to DMSO controfS: Creatine kinase (CK) released into effluent i
DMSO control group and A-769662 treated group. G402 compared to DMSO
controls. N-8-13 hearts per group. Data are shavmeans, + SEM.

!

(p=0.16). In addition to better functional recovidfigure 6 (A-C) shows that
significantly less myocardial damage occurred iii@9662 treated hearts following
ischemia-reperfusion. A-769662 treated heartsapgadoximately 50% smaller infarct
sizes based on TTC staining (p=0.01) and approxinab% less creatine kinase (CK)

released into effluent during reperfusion (p=0.02).
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The cardioprotective effects seen with pre-ischemi&-769662 treatment depend on
AMPK activity in the isolated perfused heart.In order to show that AMPK activation
was critical for the effects of A-769662 on the noned functional recovery and
diminished myocardial injury seen in the A-769662gonditioning experiments, we
repeated the preconditioning experiments in AMPK Ikdrts. Figure 7 shows that

there was no recovery of LVDP or RERgure 7) during reperfusion in AMPK KD

hearts perfused with A-769662 or DMSO control.atidition, we found that KD hearts
had similar infarct sizéFigure 8A-B) and CK releas@-igure 8C), following ischemia-
reperfusionin both A-769662 and DMSO control treated groupkese data suggest that
A-769662-induced cardioprotective effects followisghemia-reperfusion are dependent

on AMPK activation.
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Figure 7.Loss of AMPK activity (KD hearts) abolishes A-769662-induced
functional recovery following ischemia in the isoltéed-perfused heart.
Mouse hearts were perfused as per the precondiggniotocol in the isolated
perfused heaffFigure 4). Graphs show LVDP and RPP during all phases of
the preconditioning experiment in the isolated peetl heart for DMSO
control and A-769662 (100uM) treated KD hearts.5Nirearts per group.
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Figure 8.Loss of AMPK activity (KD hearts) abolishes cardioprotection in pre-
ischemic A-769662 treatment in the isolated perfuseheart.

A: Representative heart slices of KD hearts treatéld RIMSO control or A-769662
prior to ischemia and stained with TTC followingegfusion. Myocardial areas
stained red (TTC-positive) represent viable tissMgocardial areas appearing
whitish-yellow (TTC-negative) are necrotic and eg@nt areas of infarctioB:
Infarct volume with respect to total myocardialaane DMSO control group and A-
769662 treated groupC: Creatine kinase (CK) released into effluent in DMSO

control group and A-769662 treated group from KRrke N=5 hearts per group.
Data are shown as means, + SEM.

A-769662 dose response and time course of AMPK agdtion in vivo. In order to
design ouin vivo preconditioning experiments, we first wanted to iéée injections of
A-769662 would activate AMPK in the heart. A pr@ws study using IP injections of A-
769662 to activate AMPK in the liver (9) was don@ @oncentration 6mg/kg IP.

Therefore, using C57BL/6 male mice, we administéRethjections of A-769662 at
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Figure 9.A-769662(6mg/kg) activates the AMPK pathwafollowing IP injection
in vivo.

A: Representative western blot of phosphorylated AMPHireonine 172 (p-AMPKj
Thr'"® and total AMPKa subunit from C57BL/6 heart lysates 30 minutesradfee
injection with A-769662 (6mg/kg) or DMSO vehiclentml. Blots are quantified by
densitometry representing the ratio of p-AMPK-Thto total AMPKa. *p= 0.08
compared with DMSO contrd: Representativevestern blot ophosphorylated
ACC at serine 79 (p-ACC-S€) and total ACC from C57BL/6 heart lysates 30
minutes after IP injection with A-769662(6mg/kg)@MSO vehicle control Blots
are quantified bylensitometry representing the ratio of p-ACC’%#r total ACC.

*p=0.008 compared with DMSO control. N= 5-6 hegms group. Data are shown as
means, * SEM.

concentrations of 6mg/kg, 8mg/kg, and 10mg/kg temheine if we could activate the
AMPK pathway in the heart. Western blot analydif/sates taken from WT hearts
showed that A-769662, at concentrations of 6mgAkgure 9), 8mg/kg (data not
shown), and 10mg/kg (data not shown), sufficieatitivated AMPKin vivo.

In preparation for ouin vivo preconditioning experiments, we next wanted to

study the pharmacokinetics of A-769662 followingrigction. To obtain a time course
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Figure 10.IP injection of A-769662 maximally activées the AMPK pathway in the
myocardium after 20-30 minutes.

A: Western blot analysis of phosphorylated AMPK agétmine 172 (p-AMPK-THf?
and total AMPKa subunit from C57BL/6 heart lysates at 10, 20,&80),and 90 minutes
following IP injection of A-769662 (6mg/kg) or DMS&ehicle control. The “0” time
point represents IP administration of 1% DMSO fom&inutes. Blots are quantified by
densitometry representing the ratio of p-AMPK-Tfto total AMPKa. B: Western blot
analysis of phosphorylated ACC at serine 79 (p-AS%E?) and total ACC from
C57BL/6 heart lysates at 10, 20, 30, 60, and 9Qtamfollowing IP injection of A-
769662 (6mg/kg) or DMSO vehicle control. The “Ohé point represents IP
administration of 1% DMSO for 20 minutes. Blots gumntified by densitometry
representing the ratio of p-ACC-$&fo total ACC. *p=0.003 vs. DMSO control. #p=
0.03 vs. DMSO control. N=3-6 hearts per group. aCae shown as means, + SEM.

of AMPK activation, we performed western blot arsidyof phosphorylated AMPK
(threonine 172) and phosphorylated ACC (serinerf@garts from C57BL/6 mice taken
at 10, 20, 30, 60, and 90 minutes following IP ¢tign of A-769662Figure 10A-B).

We found that p-ACC (serine 79) was significantigreased at 20 minutes (p=0.003)

and 30 minutes (p=0.03) following injectigRigure 10B), compared to DMSO controls.
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Figure 11.A-769662 preconditioning protocoin vivo.

For our preconditioning experimentsvivo, 10-12 week old C57BL/6 male mice
were anesthetized, intubated, and stabilized fanitiutes. They were injected with
A-769662 (6 mg/kg) or 1% DMSO vehicle control, axperitoneally. After 30
minutes, the proximal LCA was occluded using a utliFollowing 20 minutes of
occlusion, the suture was loosened to allow regefu After 4 hours of reperfusion,)
the hearts were harvested and underwent dualmstgior infarct size determination oy
were freeze clamped for homogenization later.

A-769662 diminishes myocardial injury following istiemia-reperfusionin vivo.
Following the dose response and time course expatsnwe constructed a protocol for
preconditioning experiments vivo (Figure 11). We used the minimum A-769662
concentration needed in this model to consistattivate AMPK (6mg/kg). In these

experiments, 30 minutes after IP injection of A-869 or DMSO control, WT C57BL/6
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Figure 12.Pre-ischemic treatment with A-769662 (6nigg, IP) is
cardioprotective following ischemia-reperfusionin vivo.

A: Representative heart slices of C57BL/6 heartsadeaith DMSO control and A-
769662 prior to ischemia and stained with EvaneRlye and TTC following
reperfusion. Myocardial areas that appear bluaifisvBlue Dye) represent areas
not at risk for infarction. Myocardial areas stdred (TTC-positive) represent
viable tissue at risk for infarction. Myocardiakas appearing whitish-yellow
(TTC-negative) are necrotic and represent areasafction.B: Infarct volume

with respect to total myocardial area in DMSO cohgiroup and A-769662 treated
group. * p= 0.02 vs. DMSO contrdl: Volume at risk with respect to left
ventricular volume in DMSO control group and A-762@reated group. N=7
hearts per group. Data are shown as means, £ SEM.

hearts were subjected to 20 minute of proximal L&e&lusion to induce ischemia.

Following ischemia, sutures were released and iegyperfused for 4 hourSigure 12
(A-C) shows that infarct size was significantly decredrsel 769662 treated hearts
compared to DMSO controls (p=0.02). The volumeskt(TTC positive red tissue +

infarct) over total left ventricular volum@&igure 12C)was not significantly different,
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indicating that the severity of ischemia administewas similar in both the A-769662
and DMSO control treated groups. These data stutjgesiP injection of A-769662 and

subsequent AMPK activation prior to ischemia-repgidn is cardioprotectivia vivo.

Pre-ischemic AMPK activation promotes cellular ATPpreservation and increased
eEF2 phosphorylation.In considering possible mechanisms of precondiigitiy pre-
ischemic activation of AMPK, we measured energyteonin hearts from our isolated
perfused hearts immediately after ischemia. Tlds done to determine if the
preconditioning effects of pre-ischemic A-769662atment could result from reduced
ATP depletion during ischemia. These hearts wasegssed immediately after
ischemia, and did not undergo reperfusion, to as&&® content after ischemia alone.
Using HPLC, ATP levels were measured and showaeatey than 50% increase in
ATP content in hearts treated with A-769662 comgavith hearts treated with DMSO
control (p=0.02) following ischemigrigure 13A).

To investigate the potential role of eEF2 inacivatand protein synthesis
inhibition in the energy conservation and cardid@ctve effects seen with A-769662
treatment, we looked at eEF2 phosphorylation bytevadlot analysisFigure 13B
shows that phosphorylation (inactivation) of eEFtheeonine 56 was significantly
increased in A-769662 treated hearts comparedDMBO hearts following ischemia
(p=0.008). However, there was no difference inZ2pRkosphorylation in A-769662 or
DMSO control treated hearts, prior to ischemia ¢tias). These results indicate that A-
769662 treatment potentiates eEF2 phosphorylatimimglischemia, which may inhibit

protein synthesis during ischemia in an effortdaserve cellular energy.
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Figure 13.Pre-ischemic A-769662 treatment promote=nd-ischemia ATP
preservation and eEF2 phosphorylation at threoniné6 in the isolated perfused
heart. A: ATP content in extracts from DMSO control and A862 (100uM) treated
hearts, in the isolated-perfused heart. *p= 0.0D¥SO controlB: Representative
western blots of phosphorylated eEF2 at threonth@5EF2-Thr56) and total eEF2
from C57BL/6 heart lysates following 30 minutespeffusion with 100uM A-769662
or DMSO vehicle control (baseline) and following iBihutes of perfusion with A-
769662 or vehicle control and 25 minutes of no-fieahemia (ischemia) in the isolated
perfused heart. Blots are quantifieddsnsitometry of phosphorylated eEF2 at the
threonine 56 residue representing the ratio of p2eEhr56 to total EF2. *p=0.008 vs
DMSO control ischemia. #p=0.003 vs. DMSO contragdline. N= 4 hearts per group.
Data are shown as means, + SEM.

Pre-ischemic AMPK activation leads to increased eN® phosphorylation. To

explore the possibility that the AMPK-eNOS pathvisga mechanism of pre-ischemic
AMPK activation-induced cardioprotection, we didstern blot analysis of eNOS
phosphorylation at serine 1177 in hearts treateld A769662 or DMSO controls in the
isolated perfused heart. Heart lysates were tpkiento ischemia and following

ischemia.Figure 14 shows preliminary evidence that A-769662 treatnhberfibre and



43

after ischemia increased p-eNOS (serine 1177) coedpaith DMSO control treated
hearts. This suggests that eNOS may also be asfieam target of activated AMPK

that leads to its preconditioning effects.
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Figure 14. Pre-ischemic A-769662 treatment promotemnd-ischemia eNOS
activation in the isolated perfused heartWestern blot of phosphorylated eNO$
at serine 1177 (p-eNOS-Serl1177) and total eENQS €867BL/6 heart lysates
following 30 minutes of perfusion with 100uM A-7685or DMSO vehicle
control (baseline) and following 30 minutes of psibn with A-769662 or DMSO
control and 25 minutes of no-flow ischemia (ischenm the isolated perfused
heart. N= 4 hearts per group.
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V. Discussion
Our results show that treatment with A-769662 ditety activates AMPK in the
isolated perfused heart and in the intact hearivo. They also demonstrate that pre-
ischemic AMPK activation is sufficient for myocaatipreconditioning. Isolated hearts
treated with A-769662 have improved functional remg, decreased infarct size and
decreased creatine kinase released following isehegperfusion. In addition, the
absence of these effects in the isolated perfudBKAKD hearts demonstrates that
these preconditioning effects require AMPK actigati WT mice receiving treatment
with A-769662 prior to ischemia had significantipaller infarcts following proximal
LCA occlusion. In essence, we have shown thatqateemic activation of AMPK is
possible with A-769662 and that this activatiogasdioprotective against ischemia-
reperfusion injury. We also demonstrate that A&@Bpretreatment decreases cellular
ATP depletion during ischemia. Finally, A-76966@atment leads to eEF2 inactivation
and eNOS activation, which may be potential medrasifor the cardioprotective
effects of pre-ischemic A-769662 treatment.

Activators of AMPK are under intense research githezir potential in treating
conditions such as ischemic heart disease (8)ethal{64) and cancer (49). A-769662 is
a novel, specific AMPK activator that has been ®ddh vitro (62, 63) anth vivo (9) in
non-cardiac models. However, the efficacy of tampound’s use in physiologic studies
is still relatively unknown. Our results show t#a769662 is effective in activating
myocardial AMPK in two mouse models: the isolatedfpsed heartFigure 2) and in

the intact hearin vivo (Figures 9 and 10)
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After establishing consistent activation of AMPKapinacologically in our mouse
models, we tested the protective effects of preasdc AMPK activation. A few studies
have previously shown that pharmacological AMPKvation leads to myocardial
preconditioning. However, these studies used paciic AMPK activators such as
AICAR (5, 6, 53) and metformin (8). Our study stwotlhiat administration of a specific
AMPK activator leads to increased post-ischemicfiomal recoveryFigure 5) and
decreased myocardial injury in the isolated pedussart(Figure 6A-C) and in the
intact heartn vivo (Figure 12A-C). In addition, because all cardioprotective effexts
A-769662 were abolished in isolated AMPK KD hedRigjure 7 and Figure 8A-C) we
have demonstrated that A-769662-induced myocapdédonditioning is dependent on
AMPK activation in this system.

More in vivowork will be needed to confirm our preliminarydings of
myocardial preconditioning iRigure 12. Creatine kinase release, measured in the
isolated perfused heart, was not usedivo, because it is too nonspecific and would be
elevated following surgery due to release fromedigtimuscle. Assays looking at
troponin release are still under investigation.cAlge are pursuing vivoischemia
studies in AMPK KD mice, which could confirm th& &dministration of A-769662
leads to cardioprotection in an AMPK-dependent neann

Though this work shows that AMPK is sufficient foyocardial preconditioning,
previous work from our lab has shown that ischepnézonditioning can be induced in
the absence of AMPK activity (52). Therefore, &MPK pathway may not be required
for ischemic preconditioning, but rather might e @f many communicating pathways

that can result in preconditioning.
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AMPK is a well known regulator of several pathwayportant for cellular
energy balance (3, 37). AMPK’s involvement in @eses such as protein synthesis,
cellular proliferation, and known preconditioningtpways, such as p38MAPK (58) and
eNOS (54, 55), provide many possible mechanismsiigh activation of this molecule
may lead to preconditioning. Our preliminary résghow that pre-ischemic treatment
with A-769662 leads to increased post-ischemic AdRtent in myocardial extracts
(Figure 13A) as well as increased eEF2 threonine 56 phosphianyi@igure 13B).
AMPK has been previously shown to phosphorylate2ekRase, leading to the
phosphorylation and inhibition of eEF2 (51), a kmosggulator of the elongation step
during translation in protein synthesis. Studiagehshown that protein translation is
nearly completely inhibited in early post-ischemeperfusion in the brain (65, 66). One
group examined eEF2 phosphorylation as a possibthanism of this response to
ischemia, but found insufficient evidence for iéerin post-ischemic protein synthesis
inhibition (56). However, its role in ischemic ponditioning is still an interesting topic
that has yet to be fully studied. Our finding te&F2 phosphorylation is significantly
increased during ischemia is strengthened by piedirg studies showing increased ATP
content in these heaiflSigure 13 A). Inhibition of protein synthesis, an ATP
consuming process, may be one way to conserveenergure studies using a protein
synthesis assay to directly measure protein syistesild be useful in examining the
AMPK-eEF2 pathway as a possible mechanism for ABg9Geconditioning. In
addition, the measurement of creatine phosphatiehwhgenerates ATP by phosphate
transfer from creatine phosphate to ADP, will pdevadditional insight into the energy

status of myocardial cells following A-769662 tmaant. Investigating protein synthesis,
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creatine phosphate content, ATP content, and eBB2ghorylation in AMPK KD hearts
could also expound on our preliminary observationS57BL/6 mice.

We also investigated whether the eNOS pathwaypizsaible mechanism for A-
769662-induced preconditioning. AMPK is a knowtiator of eNOS (54, 55), a
molecule which increases the bioavailability ofmits oxide (NO), leading to several
cardioprotective effects. In the heart, eNOS ressed in both endothelial cells and in
cardiomyocytes, and both cell types are importantHis molecule’s cardioprotective
role (67). In endothelial cells, NO mediates valsdidn, leading to increased blood flow
(67). In cardiomyocytes, NO has several proteciVects including inhibition of mPTP
opening (32), reduction in oxygen demand, inhilbitod oxidative stress, and modulation
of hypertrophic remodeling and myocardial regenenat67- 69). An AMPK-eNOS
pathway has previously been suggested in resporgeetr stress (70) and myocardial
ischemia (8, 55). Our preliminary results sugglest eNOS activation is increased in A-
769662-treated hearts, both prior to and followsthemia(Figure 14). Further studies
in our model using eNOS deficient mice will detemmif A-769662-induced
preconditioning is still possible, and provide morgight into the possibility of an
AMPK-eNOS mechanism.

Though there is still a great deal to learn in rdgdo myocardial preconditioning
through AMPK activation, our results support a potitve role for AMPK activation in
the setting of ischemia-reperfusion. It has presip been suggested that AMPK
activation may actually be harmful during reperfusbecause it promotes increased fatty
acid oxidation, resulting in the inhibition of glse oxidation leading to myocardial

injury (46). Work from our lab shows no A-76966®tuced AMPK activation following
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reperfusion (data not shown), suggesting that ANMHvity is not increased in A-
769662 treated hearts during reperfusion per $erefore, the theoretical detrimental
effect of ACC inhibition during reperfusion shouldt be an issue in these experiments.
In addition, we do show that pre-ischemic activatod the AMPK pathway is protective
and sufficient for myocardial preconditioning inr@animal models.

This work with A-769662 may shed light on additibAMPK related
physiologic effects in the heart. In our prelinypaxperiments in isolated perfused
hearts, we observed that A-769662 treatment sagmifly lowers heart raigigure 3).

The reason for this observation is still uncle@his may be a direct effect of AMPK
activation on the sinus node, given the abseno¢halr neural and humoral regulation in
the isolated perfused heart, or it may be an offeeffect of the drug itself. More work
will be done in future studies to address thessipdsies. In either case, because A-
769662 slows heart rate in the isolated perfusadt hee paced the hearts in all
subsequent isolated heart experiments, in ordemgare that there was equal pre-
ischemia work among hearts. In the future, thohoesgamination of ECG tracings in the
isolated heart anith vivo, as well as blood pressure, catecholamine releaskeblood
glucose measurementsvivo, must be done to shed light on A-769662’s effetthese
animal models.

AMPK is a key player in several metabolic pathwagd has already been
studied as a drug target for the treatment of desb@4), atherosclerosis (49), and cancer
(49). Our work builds on previous studies explgrdMPK’s role in preconditioning (5-
8), and explores a new spectrum of diseases fahviMPK activation may be

beneficial clinically. We have found that a spiecAMPK activator can
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pharmacologically precondition the myocardium agaischemic injury, and therefore
AMPK may be a promising drug target for clinicasease in which ischemic injury is
expected, including ischemic heart disease. Todagt therapies for ischemic heart
disease aim at either increasing the oxygen supglye heart (i.e. revascularization and
antiplatelet therapy) or decreasing the oxygen dehad the heart (i.e. beta-blockers and
nitrates). No therapies commonly focus on moddytime cardiac energy metabolism to
reduce injury. Theoretically, therapies that irgethe efficiency of oxygen utilization
and energy production by the heart could benediisgbhemic heart. This idea is
beginning to be intensely studied in an attemptiscover new treatments against
ischemic injury (71). Our work supports the nottbat AMPK is a promising drug
target for ischemic heart disease and other disaagelving ischemic injury.

While this work shows that acute pre-ischemic AM#i{ivation results in
preconditioning, the effects of using an AMPK aatiw in the long term are still unclear.
One group showed that 7 weeks of AICAR administraind activation of AMPK
inhibits pressure-overload-induced cardiac hypphyan rats by blocking protein
synthesis and pathways involved in cardiac growg).( On the other hand, mutations in
the gamma subunit lead to high baseline AMPK agtiand are associated with cellular
glycogen accumulation leading to cardiac hypertyot3). The glycogen overload seen
in these mice is thought to be a result of an AMR#uced increase in glucose uptake
and the inhibition of glucose oxidation (secondarincreased fatty acid oxidation),
resulting in more glucose available for glycogentkegsis (73, 74). Given these studies,
there is still much to discover in terms of usinglRK activators clinically. Long-term

administration of A-769662 may lead to the detritaéeffect of glycogen overload
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vivo, potentially presenting a problem in its long-tesimical use. However, this work
shows that administration of this AMPK activatapecially in the acute setting, is still
very promising in the treatment of ischemia.

In summary, our data show that pre-ischemic treatwéh an AMPK activator
(A-769662) is sufficient to precondition the myodiaim against ischemia-reperfusion
injury, both in the isolated perfused heart anthmintact hearih vivo. In addition, we
demonstrate that this preconditioning is mediabedugh AMPK activation given that A-
769662 induced cardioprotection is lost in AMPKidieiht mice (KD) hearts. Despite
limitations discussed above and potential hurdtegrdthe road, this work is a stepping
stone for future experiments to better understhrdriechanism of protection by this
drug. The potential clinical implications of pharoologically protecting the heart
against ischemia-reperfusion injury are enormouscauld lead to innovative treatments
and preventions of ischemic heart disease, a lgadinse of morbidity and mortality in

the world.
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