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Abstract

Cardioprotective effects of Hph1-PLG1 protein transduction in

ischemia/reperfusion injury and its mechanisms

Soyeon Lim

Department of Medical Science

The Graduate School, Yonsel University

(Directed by Professor Yangsoo Jang)

Myocardial oxidative stress and Taoverload induced by ischemia/
reperfusion (I/R) may be involved in the developmand progression of
myocardial dysfunction in heart failure. Phosphatip C (PLC) plays an
important role in the regulation of the phosphoitwbspathway and Ca

homeostasis in many cells, especially those oh#dset. PLG1 is degraded in



ischemic heart tissue and hypoxic neonatal cardomyigs, leading to
intracellular C& overload. This study was designed to determine hemehe
PLC31 protein has cardioprotective effects against ragdial ischemia/
reperfusion injury by restoration of PBC and, if so, to determine the
mechanism by which this occurs. We used a novéipeemeable protein
transduction domain (PTD), Hphl, to delivery Fl1Cas a treatment for
myocardial  ischemia/reperfusion injury. In  hyporéoxygenated
cardiomyocytes, transduction of Hphl-RIIC inhibited significant
intracellular C& overload, mitochondrial permeability transition @or
(mPTP) opening, and change of the mitochondrial brame potentialHphl-
PLC31, also, affected expression of the" Mzt exchanger and the ryanodine
receptor in HO,-stimulated cardiomyocytes. Finally, Hph1-RaCinhibited
apoptosis through the regulation of cytochrome Gpase 3, pro-apoptotic
factor Bax, and anti-apoptotic factor BclEchocardiography and histological
examination were performed on Spraque-Dawley (EDhearts two weeks
after reperfusion. In contrast to the I/R contrabyp, the intravenous
injection group of Hph1-PL&L experienced a significant reduction in infarct

size and apoptosis and an improvement in systolit diastolic cardiac



function. These results suggest that transductiommhl-PLG1 reduces
myocardial dysfunction by preventing the mitochaaldapoptotic pathway in

cells suffering ischemia/reperfusion injury.

key words: ischemia/reperfusion, Caoverload, oxidative stress, Hphl-

PLC51, mitochondrial permeability transition pore, dardyocytes
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[. INTRODUCTION

A constant supply of oxygen from the coronary &teand cellular calcium
homeostasis are important for the regulation ofrthéaction. It is well
known thata reduction in oxygen supply by coronary arterytmlazsion
causes myocardial ischemia, leading to cardiacudysion - 2 Although

treatments for the restoration of blood flow, suak coronary surgery,



angioplasty, and thrombolytic therapy, are essemtidiessen the ischemic
insult, these procedures can generate a reperfirgion, which may result in
myocardial deatt *> Li et al. reported that reperfusion acceleratiilar
apoptosis induced by hypoxfaTherefore, control of reperfusion injury is a

very important factor in myocardial survival.

Although coronary artery bypass grafting (CABG) amercutaneous
intervention (PCI) are representative treatmentsaiemic heart disease of
the 1960's and 1970’s, these procedures have desideneffects, including
coronary flow limitation and restenosis, which apeimarily due to
ischemia/reperfusion injury in the early phdse® ° Thayssen reported that
the rate of restenosis was 15-50% within eight mm®nt To solve these
severe problems, drug-eluting stents (DESs) weteodoced, and the
incidence of restenosis decreased. However, therestdl two problems:
subacute stent thrombosis and a high restenosisAks, it was reported that
the long-term therapeutic effects of bare-metattstand drug-eluting stents
were not different in regard to the rates of deatti myocardial infarctioff.

In addition, antioxidants, including natural prodycand recombinant genes

have been wused for apoptosis inhibition in ischéeperfused



cardiomyocytes® ' Recently, Trimetazine, a metabolic agent, wasl use

inhibit apoptosis in ischemia/reperfusion injdry

Ischemia/reperfusion injury leads to the formatidrreactive oxygen species
(ROS), neutrophil activation, a decrease in the ABRcentration, and €a
overload. ROS, consisting of the superoxide aniglrogen peroxide, and
the hydroxyl radical, have been implicated as majiiators of myocardial
injury and apoptosis during reperfusidh ' ** '* 2 This concept was
demonstrated when treatment with antioxidants S8agritly reduced
myocardial apoptosis after reperfusidh Both intrinsic and extrinsic
signaling mechanisms related to ROS-triggered a&siptare generally
understood. The intrinsic pathway is initiated hyracellular C& overload,
which is induced by ROS productioff ?* ?* % Under physiological
conditions, calcium is a key regulator of mitochaaldfunction and regulates
ATP synthesis at several organelle lev8lsHowever, in the presence of a
pathologic stimulus, a rise in the Taoncentration in the cytoplasm leads to
Cd" transport into the mitochondria. A high Ta&oncentration may induce
opening of mitochondrial permeability transitionre® (MPTPs), which leads

to the activation of numerous cytosolic proteinbogpholipases, protein



kinases, proteases, and endonucle&s&alcium-activated proteases destroy
the proteins that regulate intracellular calciumels, thereby, decreasing
calcium responsiveness. This eventually inducesettggphy, heart failure,
and apoptosis. Furthermore, apoptosis is promoteanibochondrial ROS
generation during the apoptotic process. The esitripathway is associated
with the generation of exogenous and endogenous fRibscellular sources
(neutrophils, macrophages, and endothelial cefid)raitochondria following
Cd&" overload. This activates MAPKs (p38 and JNK MAPKYY® % and
elicits dissociation of Nk&B from its inhibitor kB in the cytosol, which goes
on to form active NRB in the nucleus’. NF«B promotes synthesis of TNF-
a. TNF-a is released from the cell, at which point it congs with membrane
surface receptors (TNFR1 and Fas) to initiate atminsic and receptor-

dependent death cascade.

Since the molecular mechanism of mMPTP opening wasdf in the 1980s by
Martin Crompton®), many researchers have reported that mPTP opésning
closely related to cell death in reperfusion. Sitiwen, inhibition of mPTP
opening has been focused on as a possible treaforemeart diseas® 3+ *

In an experiment with transgenic mice lacking CyPeDe of the elements



necessary for the opening of the mPTP, there waarled reduction in the
rate of apoptosis after exposure to ischemia/repinfi *. The mPTP is a
voltage-dependent channel formed at the inner imitodrial membrane. It
has a diameter of 3 nm in the fully open state @lwivs passive diffusion of
solutes less than 1.5 kDa in si¥e The mPTP is a channel complex that
consists of a voltage-dependent anion channel (VDA@he outer membrane,
an adenine nucleotide translocator (ANT) in theemmembrane, cyclophilin
D (Cyp D), and other molecule. The mPTP is closed under ischemic
conditions but opens with reperfusion. The revelisjbof mPTP opening in
reperfusion may determine the type of ensuing dedith, either apoptosis or
necrosis’® *° Cyclosporine A (CsA) and sanglifehrin (SfA) aepresentative
immunosuppressant drugs and are inhibitors of m&Jdéhing. They bind to
CyP-D and block mPTP opening by inhibiting the @onfational change
catalyzed by CyP-[3° Other than the aforementioned drugs, there areyma
other factors that affect the opening of mPTPs.yBytroxytoluene, an
antioxidant, is a major inhibitor of mMPTP openi@pnditions that occur in a
state of hypoxia, such as a decreased ATP/ADP, ratienosine nucleotide

depletion, and decreased intracellular pH, alsabinmPTP opening™.



In a previous study, we reported that phospholigageLC)é1 (not31 oryl)
was selectively degraded in rat heart tissugvo andin vitro under hypoxic
conditions *2. Degradation of PL&L was blocked by treatment with
calpastatin, a calpain inhibitor, and zVAD-fmk, aspase pseudosubstrate
inhibitor, in hypoxic neonatal cardiomyocytes. Gegpression of PL&EL and
treatment with calpastatin rescued cardiomyocytes fintracellular C&
overload in hypoxia. Therefore, maintenance of #L(vels is a potential

method of protein therapy in ischemic/reperfuseattiissue.

PLC51 is the most abundant and widely expressed isofofnfPLCS in
mammals. PL® isoforms are the most sensitive to’Tzecause they have
several negatively charged residues within theitalgic domains *.
Phospholipase C (PLC) plays an important role ie fFhosphoinositol
pathway and C& homeostasis regulation in many cells, including
cardiomyocytes** > % PLG1 is stimulated by PL8or PLG/ and
costimulated by TGIl/Gin response to a rise in intracellular’C¥. PLC,
once activated, hydrolyzes phosphatidylinositol -Eighosphate (PHp,
forming two second messengers, inositol 1,4,5-tsphate [I(1,4,5)8 and

1,2-diacyglycerol (DAG). I(1,4,5)P directly stimulates an increase in



cytosolic C&" through interactions with I(1,4,5)Preceptors on the
endoplasmic reticulum, whereas DAG activates pnotéhase C, another
critical component in cellular Gamaintenancé®. Additionally, PLG1 is

important not only for normal regulation of cellularoliferation and
differentiation, but for determination of skin steill fatein vivo *°. However,
despite some understanding of the molecule in génis biological and

physiological functions in ischemia/reperfusion aot well understood.

Protein transduction domains (PTDs) were usedgiliraintroduce PL®G1 to
cells undergoing reperfusion, as a therapeuticietn. PTDs are small
protein domains that are essential for viral regian. Fusion proteins
composed of PTDs can be powerful tools for thevae}i of therapeutic
proteins to eukaryotic celfd'*2 PTD fusion proteins can transduce proteins
ranging in size from 15 to 120 kDa into a varietyhaman and murine cells.
Their use affords many important advantages, suhhigh transduction
efficiency, rapid cellular uptake, and low toxigitglative to previously used
gene delivery methods in primary non-dividing céfls Therefore, a novel
cell-permeable PTD, YARVRRRGRRR, from a human tcaipsional factor,

Hphl, was used to introduce the Ril(protein into cardiomyocytes.

10



Therefore, the hypothesis of this study was thitdemath induced by H/R or
I/R in cardiomyocytes is mediated by mPTP openiaggl this is closely
related to selective degradation of RUCAdministration of the Hph1-PL31
fusion protein will lead to increased rates of altvival through regulation
of mPTP opening in hypoxia/reoxygenation (H/R) avitl inhibit apoptosis

of cardiomyocytes in ischemia/reperfusion (I/R). st this hypothesis,
Hphl-PLG1 fusion proteins were used to directly protectimd/® injury in
vivo and in vitro. A new method, which was a modified version of one
previously created by Petronilli, was used to det@&TP opening. This
modified method was useful in quantifying mPTP dpgnin multiple

conditions, without mitochondrial isolation or ineagnalysis* >

11



[I. MATERIALS AND METHODS

1. Isolation and culture of rat cardiomyocytes

Neonatal rat cardiomyocytes were prepared by ayneatic method™ *°

Briefly, hearts of one- to two-day-old Sprague-DeylSD) rat pups were
dissected, minced, enzymatically dispersed witml®f collagenase Il (0.5
mg/ml, 262 U/mg, Gibco BRL, Paisley, UK), and céotred differentially to

yield 5x10 cells/mL. After incubation for 4-6 h, the cells ierinsed twice
with a-MEM containing 10 % fetal bovine serum (FBS) (GilBRL, Paisley,
UK), and 0.1uM BrdU (Sigma Chemical Co., St. Louis, MO, U.S.Aasv
added to inhibit fibrous growth. Cells were thettuned in a CQincubator at

37 °C for 1 day for the treatment of hypoxia/reoxyagion.

2. Purification of Hph1-PLCa1 proteins

The expression plasmid pHphl-P&ICwas transformed by a heat shock
transformation method to BL21-DE3 (ATCC N. 53863he transformed
bacteria were grown to QR 0.7 in LB medium. Protein expression was
induced at 37 °C with 1 mM IPTG (Gibco BRL, Paisl&K) for 4 h. The

cells were harvested by centrifugation at 6000 fpn20 min, and the pellet

12



was resuspended in the binding buffer (50 mM Nr®, 300 mM NacCl, 10
mM Imidazole, pH 8.0). The bacteria were then sateid for 6s with an
on/off total time of 8 min (Heat systems, ultragopirocessor XL). After
removal of the cell debris by centrifugation, 0.5 mf 50 % NF*-NTA
agarose beads (Qiagen, Hilden, Germany) was adudtet clarified cell
extract. Binding on agarose beads was performetl “@. The extract was
loaded onto a poly-Prep chromatography column @.8%0Rad, CA, USA).
The column was washed with wash buffer (20 mM HE; 500 mM NacCl,
20 mM Imidazole, pH 7.9) and eluted by 1 mL eactelotion buffer 1 (50
mM NaH,PQ, 300 mM NaCl, 250 mM Imidazole, pH 8.0)) and auti
buffer 2 (50 mM NakHPQ,, 300 mM NacCl, 500 mM Imidazole, pH 8.0) and
then followed by PD-10 desalting column (AmerchamarfPasia Biotech., NJ,

USA).

3. Isolation of PLC isozymes from rat heart tissue

Tissue was homogenized in five volumes of homogsiuz buffer (10 mM
Tris—HCI buffer [pH 7.4] containing 1 mM EDTA, 1 mEAGTA, 1 mM DTT,
1 mM PMSF, 10 mg/mL leupeptin, 10 mg/mL aprotiniand calpain

inhibitors | and Il [each at 4 mg/mL]), and thenetthomogenate was

13



centrifuged at 100,00@<¢or 1 h. The supernatant was adjusted to 2 M KCI by
the addition of solid KCI, stirred for 2 h at 4 °@nd then centrifuged at
35,000>g for 30 min. The resulting supernatant was dialyzeernight
against 4 L of homogenization buffer and re-cemyyifd. The supernatant
(~80 mg of protein) was applied to a heparin—seplea€is6B column (20
mL of gel packed in a 1.5 cmx15 cm Econo colummat thad been
equilibrated with 20 mM HEPES-NaOH (pH 7.0) contagnl mM EGTA
and 0.1 mM DTT. Bound proteins were eluted at @ flate of 4 mL/min with
equilibration buffer containing 1.2 M NaCl. Fract®(16 mL) were collected
and assayed for PLC activity. Essentially all detele PLC activity was
eluted in six fractions< 40 mg protein), which were pooled and concentrated
in a stirred ultrafiltration cell fitted with a YMB membrane (Amicon,
Danvers, MA, USA). Atfter the final salt concentaatiwas adjusted to 50 mM
NacCl, the concentrate was centrifuged at 100,600k 10 min. Proteins (20
mg, unless otherwise indicated) from the supernatare injected onto a
TSK gel heparin-5PW HPLC column (7.5mmx75mm) thatd hbeen
equilibrated with 20 mM HEPES-NaOH (pH 7.0), 1 mM&EA, and 0.1 mM
DTT. Proteins were eluted with equilibration buffeat a flow rate of 1

mL/min for 15 min, followed by a stepwise linear ®lagradient of 0-0.64 M

14



for 40 min and from 0.64 to 1 M NaCl for 10 min. élleolumn was then
washed with equilibration buffer containing 1 M NaEractions (0.5 mL)
were collected and assayed for PLC activity (50ant 5 mL of each fraction

were used to assay PI- and Phydrolyzing activity, respectively).

4. PLC assay

PLC activity was determined usintH]-P1 or [*H]-PIP, as the substrate. BIP
hydrolyzing activity was determined with mixed tipi vesicles of
phosphatidylethanolamine and PRI a molar ratio of 4:1. The lipids in
chloroform were dried under a stream of nitroges, gasuspended in 50 mM
HEPES—NaOH (pH 7.0), 120 mM KCI, 10 mM NacCl, an@ inM sodium
deoxycholate and sonicated. Assays were performredidf min at 30°C in a
100 pL reaction mixture containing lipid micellek2(uM PH]-PIP,, 12,000
cpm), 50 mM HEPES-NaOH (pH 7.0), 0.1 % sodium debxjate, 120 mM
KCI, 10 mM NacCl, 2 mM MgGl, 2 mM EGTA, and 1.4 mM Cagto give a
final free C&" concentration of 1 mM). Pl-hydrolyzing activity svneasured
in a 200 pL reaction mixture containing 150 mf#JEPI (20,000 cpm), 50
mM HEPES-NaOH (pH 7.0), 3 mM CaCk mM EGTA, and 0.1% sodium

deoxycholate. The reaction mixture was incubated@&atC for 10 min.

15



Reactions were terminated with a mixture of chloraf, methanol, and HCI,
and *H radioactivity in the aqueous phase was determiagddescribed

previously®’.

5. Transfection

Transfection of PLG1 cloned into the eukaryotic expression vector
pcDNA3.1-HA was performed using the LIPOFECTAMIN B&™ reagent
(Gibco BRL, Paisley, UK. Briefly, neonatal rat cardiomyocytes cultured on
a 60 mm culture plate (5x1@ells/plate) were washed twice with serum-free
a-MEM. The LIPOFECTAMIN PLUS" reagent was diluted with serum-free
o-MEM and combined with 5 mg of DNA for each plaiehe DNA and
LIPOFECTAMIN PLUS™ reagent were added to each plate containing cells
on fresh medium. After incubation for 12 h in a Q@cubator at 37°C, the
medium was exchanged with 10 % FBSAEM. The cells were further
incubated for 48 h at 37C. For simulated ischemia, the cells transfectat wi
PLC31 were treated with deoxygenat@edMEM containing 1 % FBS and then

incubated in an anaerobic chamber.

6. Myocardial ischemia/reperfusion protocol and treatnent with Hph1-

16



PLCs1

The experiments were conducted in accordance Wwehrtternational Guide
for the Care and Use of Laboratory Animals. Theeexpental protocol was
approved by the Animal Research Committee of thens€d University
College of Medicine. The myocardial infarction aalmmodel was created
through the method of Lipsic et al. with minor niiztitions®®. Under general
anesthesia, male Sprague-Dawley rats (230 + 10 §)weeks of age were
ventilated with positive-pressure (180 mL/min) @sia Harvard ventilator
(Harvard Apparatus, Millis, MA, USA). The rat hearais exposed through a
2 cm left lateral costal rib incision. The proxingartion of the left coronary
artery was ligated with a 6-0 silk suture (ETHICOM., Somerville NJ,
USA) placed beneath the left atrium for 1 h. Atbeclusion, the ligature was
removed for reperfusion. Successful reperfusion \radicated by the
restoration of redness. The skin was sutured amdhttrax was closed under
negative pressure. Hphl-P&C was intravenously injected at the time of

reperfusion.

7. Hypoxia/reoxygenation injury and treatment withHph1-PLCé1

17



Cardiomyocytes were incubated in 5 % £ 37 °C, and then the medium,
on which the cells were growing, was exchanged dé&bxygenated-MEM
(Gibco BRL, Paisley, UK) without FBS in anaerobiamber (Thermo Forma
Anaerobic System Model 1025, Marietta, USA). Aftecubation for 12 h,
reperfusion was carried out with 10 MEM maintained in 5 % COat

37 °C for 1 h. Hphl-PL&L (0.1 pM and 0.5 uM) was pretreated before

reperfusion.

8. Measurement of intracellular reactive oxygen spmes generation

Neonatal rat cardiomyocytes were labeled with7'2lichlorodihydro-
fluorescein diacetate gBCFDA; Molecular Probe, CA, USA). The probe
H,DCFDA (1uM) enters the cell, and the acetate group gBCGFDA is
cleaved by cellular esterases, trapping the nordkaent 27'-dichloro-
fluorescin (DCFH) inside. Subsequent oxidation bgative oxygen species
yields the fluorescent product DCF. The dye, whegmosed to an excitation
wavelength of 480 nm, emits light at 535 nm onlyewtit has been oxidized.
Labeled cells were examined using a luminesceneetgphotometer for the

oxidized dye.

18



9. Confocal microscopy and fluorescence measurement

The measurement of the cytosolic fre€"Gaoncentration was estimated by
the confocal microscopy analysis. Neonatal ratioamgocytes were plated on
a four-well slide chamber coated with 1.5 % gel&inone day inu-MEM
containing 10 % FBS (Gibco BRL, Paisley, UK) and QM BrdU (Sigma
Chemical St., Louis, MO, USA). After incubationgtbells were washed with
modified Tyrode's solution with 0.265 g/L CaC0.214 g/L MgC}, 0.2 g/L
KCI, 8.0 g/L NaCl, 1.0 g/L glucose, 0.05 g/L N#&O, and 1.0 g/L
NaHCGQG. Cells were then loaded with 10 uM of the acetoxyyleester of
fluo-4 (Fluo-4 AM, Molecular Probes, CA, USA) for 20 min, in the dak
37 °C Fluorescence images were collected using a cdnfmieroscope
(Leica, Solms, Germany) by excitation with a 488 lima of argon laser, and
emitted light was collected through a 510-560 nmdapass filter. Relative
data of intracellular Ca was determined by measuring the intensity of the

fluorescence.

10. Determination of cell viability (proliferation assay)

Cardiomyocytes were platedtiiplicate wells of 96-well plates at a density of

19



1x1®,and pretreated with Hph1-PBC for 30 min prior to exposure to
hypoxia. Cell viability was determined by the MT3say. After the incubation
period,3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazotiu bromide (MTT)
solution (Sigma, MO, USA) was added to each wed fmal concentratioof
0.5 mg/mL and was incubated at 37 °C for 3 h tovalMTT reductionThe
formazan crystals were dissolved by adding dimstiifdxide (DMSO), and

absorbance was measuegdhe 570 nm with a spectrophotometer.

11. Measurement of mitochondrial membrane potential

To measure mitochondrial membrane potentfap,{), cardiomyocytes were
exposed to hypoxia/reoxygenation (12 h/1 h). Ge#se trypsinized, washed
with PBS, and incubated with 5,5",6,6'-tetrachldrd-,3,3-tetraethyl-
benzamidazolocarbocyanine iodide (JC-1) (ImmunodsteynTechnologies,
LLC) at 37 °C for 10 min in the dark. Flow cytometranalysis was
performed on FACSCalibur system (Becton Dickinsgamy Jose CA, USA)
using CellQuest™ software with 10,000 events restbfdr each sample. JC-
1 monomer (green) fluorescence was observed byatixci with the 488 nm
laser and examination of the emissions at 530 ntnl Jhggregate (red)

fluorescence was observed by examination of thesams at 590 nm. Data
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was acquired in single parameter histogram withr@gpiate particle size and

light scatter gating.

12. ROS-induced mPTP opening in mitochondria

Opening of the mPTPs was measured by the modifetbiilli method™”.
Cells (16) were cultured for one day in a lumitrac 600 98hpkate (Greiner
Bio-One, Kremsmuinster, Austria) coated with 1.5 &@atn. After attachment,
Hphl-PLG1 was added to the cells for 30 min before caltedaling. Cells
were washed twice with Dulbecco’s phosphate-buffesaline (cat # 14287,
Gibco BRL, Paisley, UK) and 1 uM calcein-AM (MoléauProbe, Eugene,
OR, USA). Membrane-permeant ester form was loadedd min. To quench
the cytosolic and nuclear calcein fluorescence M @oCl, was, additionally,
loaded for 15 min. Cells were washed with DulbescBBS and 10 uM
cyclosporine A (CsA), an mPTP opening inhibitorgd ancubated for 30 min.
Following a 500 uM KO, treatment, calcein fluorescence was measured on a
Perkin-Elmer LS5 fluorescence spectrophotometet88t nm for excitation
and 520 nm for emission. When calcein was releagedhe cytosol through
mPTP opening, which was stimulated by thgO}l cytosolic calcein was

quenched by Cogand lower fluorescence intensity was detected.
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13. Cell fractionation and western blotting

To quantify cytochrome C release, analysis of nhitmarial and cytosolic
protein fractionation was performed. After the 5%Xbardiomyocytes were
harvested, the cell pellets were resuspended v@iéh il of buffer (20 mM
Hepes, pH 7.5, 1.5 mM Mg&I110 mM KCI, 1 mM EDTA, 1ImM E GTA, 250
mM sucrose, 0.1 mM PMSF, 1 mM dithiothreitolpd/ml pepstatin, 41g/mil
leupeptin, 5ug/ml aprotinin). After incubation on ice for 10 mjrthe cells
were centrifuged at 75@X¥or 10 min at 4 °C, and the supernatant was fuarthe
centrifuged at 10,00@xfor 30 min at 4 °C. The mitochondrial pellets were
resuspended in buffer, and the supernatant (cytopotitein) was saved for
western blot and caspase 3 assays. The proteirmmation of each fraction
was determined by BCA (Pierce Biotechnology, RoakfdL, USA). Proteins
were separated by SDS-PAGE using 12-15 % polyanige gels and then
electrotransferred to methanol-treated polyvinylelaifluoride membranes.
The blotted membranes were washed twice with watet blocked by
incubation with 10 % nonfat dried milk in PBS buf{8.0 g NaCl, 0.2 g KCl,
1.5 g NaHPQ,, 0.2 g KHPQ, per liter). The membranes were probed with

anti-cytochrome C (Santa Cruz Biotechnology, I€A, USA), anti-Bcl2
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(Santa Cruz Biotechnology, CA, USA), and anti-Bax tréSsgen
Biotechnologies, BC, Canada) followed by goat amtise and goat anti-
rabbit 1gG-peroxidase. The blots were detected gustmhanced chemi-
luminescence kits (ECL, Amersham Pharmacia Biotdeiscataway, NJ,

USA).

14. Measurement of caspase 3 activity

Relative caspase 3 activity was determined usingpAprget” Caspase 3
Colorimetric Protease Assay, according to the mmgtufer’'s instructions
(Biosource, London, UK). This assay is based on dgheeration of free
DEVD-pNA chromophores when the provided substrate isvelddy caspase
3. Upon cleavage of the substrate by caspasee)Nt& light absorbance can
be quantified using a microplate reader at 405 Bmefly, the cultured
neonatal cardiomyocytes (2X%)Qafter different treatments, were harvested in
lysis buffer (1 M DTT), and cell extracts were a#faged to eliminate
cellular debris. Aliquots (50 pL) of the cell extta were incubated at 37 °C
for 2 h in the presence of the chromophore sulestfaee DEVDpNA was
determined colorimetrically. The comparison of absoace ofpNA from the

apoptotic sample with uninduced control allows deteation of the fold
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increase in caspase 3 activity.

15. RT-PCR analysis

Total RNA was prepared using a Ultraspect™-1I RNystem (Biotecx
Laboratories, USA), and single-stranded cDNA wasntlsynthesized from
isolated total RNA using avian myeloblastosis virgeMV) reverse
transcriptase. A 2QL reverse transcription reaction mixture containingg
of total RNA, reverse transcription buffer (10 mMsFHCI, pH 9.0, 50 mM
KCI, 0.1% Triton X-100), 1 mM deoxynucleoside trggphates (dNTPs), 0.5
units of RNase inhibitor, 0.pg of oligo(dT)s, and 15 units of AMV reverse
transcriptase were incubated at 42 °C for 15 miatdd at 99 °C for 5 min,
and then incubated at 0-5 °C for 5 min. PCR wagopmed for 35 cycles
with 3" and 3 primers based on the sequences of the ryanodiueptor 2
gene primer (5-CCAACATGCCAGACCCTACT-3' and 5-TTTRCCAT-
CCTCTCCCTCA-3") and the NaC&* exchanger 1 gene primer (5'-
TGTCTGCGATTGCTTGTCTC-3' and 5-TCACTCATCTCCACCAGAGG
3). The GAPDH primers (5-CTCCCAACGTGTCTGTTGTG-8nd 5'-
TGAGCTTGACAA- AGTGGTCG-3") were used as the intérstandard. The

signal intensity of the amplification product wasrmalized to its respective
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GADPH signal intensity.

16. Determination of myocardial infarct size (areeof fibrosis)

To measure infarct size, the rat heart was visadlithrough the intercostal
space and excised. It was perfused with phosphaffered saline (Gibco
BRL, Paisley, UK) to remove the blood. The perfubedrt was fixed in 10%
formalin solution (Sigma Chemical St., MO, USA) & h at 4 °C. Then, the
heart was embedded in a paraffin block, and a 2sjides were prepared
using Masson’s trichrome stain. The total infaraeswas measured with
MetaMorph software version 4.6 (Universal Imagingri€) in the control

(n=6), Ml+saline (n=6), and MI+Hph1-PI&L (n=6) groups. The infarct size

was expressed as a percentage of the total leficlen(LV).

17. Hematoxylin and eosin (H&E) staining

The paraffin block was made and 2 um slides weainesdt with H&E. To
observe the thickening of the wall of the LV, téfiestent LV wall regions per

section were measured and averaged.

18. Terminal Deoxynucleotidyl Transferase—MediateddUTP Nick-End
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Labeling (TUNEL) Assay

The TUNEL Assay was performed accordity the instructions of the
manufacturer (Chemicon, CA, USA). In brief, the ised heart tissue was
fixed in 10 % buffered formaldehyde and embeddedpanaffin. Tissue
sections, fum thick, were deparaffinized, rehydrated, and dnséh PBS. A
positive control sample was prepared from normarthéssue by treating
with DNase | (10 U/ml, 10 min at room temperaturEhe sections were
pretreated with 3.0 % J@,, subjected to the reaction with the TdT enzyme for
37 °C for 1 h, and incubated with a digoxigeninjogated nucleotide
substrate at 37 °C for 30 min. The nuclei exhilgitbNA fragmentation were
shown by staining with 3,3-diaminobenzidine (DABJe¢tor Laboratories,
CA, USA) for 5 min; the nuclei of apoptotic cardigotytes stained dark
brown. Lastly, the sections were counterstained wiethyl green, and a
cover slip was applied. The sections were obsebyelight microscopy. Six
slices per group were prepared, and ten differegions were observed in

each slice (x200).

19. Rat echocardiography
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The rats were sedated with zoletil (50 mg/kg) ayldzine (5 mg/kg), both of
which were given intraperitoneally. Imaging wasfpened at 15 MHz with a
linear transducer interfaced with an ultrasoundesyyVivid 7, GE Vingmed
Ultrasound, Horten, Norway). Two-dimensional guidédmode and two-
dimensional echocardiographic studies were perfdratethe mid-papillary
muscle level, and all data were recorded and, suiesdly, analyzed at the
end of the study. For each animal, the LV end-sigstbmensions (LVESD)
and LV end-diastolic dimensions (LVEDD) were measlirom the M-mode
tracings, and the LV shortening fraction (FS), &gec fraction (EF), end-
systolic circumferential strain (S circ), and rddstrain (S rad) were

calculated.

20. Image analysis

Quantitative image analysis was performed with ienagalysis software

(Imaged).

21. Statistical analysis

Data are expressed as means+SEM. Student’s t-tsstuged to compare two

groups, and examination of more than two groups d@se by one-way
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ANOVA, using the Bonferroni test. Ap-value <0.05 was considered

significant.
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[ll. RESULTS

1. Cardioprotective role of PLC31 in hypoxia and ischemia

1.1 Changes of cardiac PLC isozymes in infarcted he tissue

The amounts and activities of PLC isozymes wereimaséd by
immunoblotting and identification of Pl-hydrolyziragtivity in the normal rat
heart. Three main PLC activity peaks were idertifieLG1 activity was
three times that of the other isozymes, BLGand PL@1 (Fig.1A). The
amount of PLG1 was estimated to be approximately 44 ng/mg ohesirt,
and the amounts of P32 and PL§L were 0.4 ng/mg and 6.8 ng/mg,
respectively (Fig.1B). To examine changes in thvelk of the PLC isozymes
in the ischemic rat heart, PLC isozyme levels vastermined in the infracted
region, in the border region, and in normal tiseyeimmunoblot analysis.
Infracted heart was characterized by TTC stainkfter one day of coronary
artery occlusion, expression of PACwas selectively degraded in both scar
and border zone tissue, whereas BL@nd PL§1 were not (Fig.2). These
results indicate that PL3I degradation may be related to cell death in

ischemia.

29



81

o PIP,
o P

PLC activity (cpm)

Bl

Retention time {min)

Amounts of PLC isozymes in normal rat heart

PLC-B1 PLCy1 PLC-51
(np/mg of total protein)

04 6.8 44

Figure 1. Analysis of PLC isozymes in normal rat hart. (A) The pooled
PLC fraction from the heparin—sepharose chromapdgravas resolved by
TSK gelheparin-5PW HPLC. Fractions (0.1 mL) werdemted and assayed
for both Pl and PIP hydrolysis. (B) Amounts of PLC isozymes in KCI
extracts were directly calculated by quantitativemiunoblotting of PLC
standard.
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Figure 2. Change in cardiac PLC isozymes in ischemiheart and
cardiomyocytes. (A) Photograph of a heart slice stained with teipyi-
tetrazolium chloride. (B) Representative westewtdbf PLC isozymes from
normal, border, and scar regions of infarcted hédybcardial infarction was
produced in Sprague—Dawley rats by surgical ocoiusif the left coronary
artery for 72 h before sampling the tissue. (C) AkGzymes in hypoxic
neonatal cardiomyocytes. Confluent neonatal cargomytes (approximately
7x10/10 cm diameter dish) were subjected to hypoxia Q@2:H2=85:10:5)
in a-MEM containing 1 % FBS for the times indicated.
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1.2 Effect of calpain and/or caspase inhibitors ohypoxia-induced PLC31

degradation

To confirm whether PL&L degradation relates to proteases activated by
increased intracellular €a in hypoxia, neonatal cardiomyocytes were
separately treated with 100 nM calpastatin, a é@alp#ibitor, and 10 mM
zVAD-fmk, a caspase pseudosubstrate inhibBath inhibitors prevented the

degradation of PL&L in hypoxic neonatal cardiomyocytes (Fig. 3).
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Figure 3. Effect of protease inhibitors on PL®1 degradation in hypoxic
neonatal cardiomyocytes. Confluent neonatal cardiomyocytes (approxi-
mately 7x16/10 cm diameter dish) were subjected to hypoxiaiNMEM

with no serum for 48 h. Calpastatin (100 nM) or 2¥fnk (10 mM) was
added into the medium. Figures show a represeatatigstern blot and
relative intensity of PL&1 for three separate experiments. The meantSEM of
three independent experiments is reportpg0*05 vs. control.
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1.3 Role of PL@1 on the cytosolic C&* overload by hypoxic conditions

Ischemia causes €aoverload in the cardiomyocytes. To address the obl
PLC31 in C&" homeostasis in ischemic conditions, the PLQene was
cloned into pcDNA3.1-HA and was transfected into imeonatal
cardiomyocytes. The cells overexpressing PLQvere put in an anaerobic
chamber. The hypoxic cells showed a significantaase in fluorescence
intensity, indicating Cdoverload. However, the hypoxic cells overexpressing
PLC51 that were treated with calpastatin, a calpaiibitdr, showed normal
fluorescence intensity, relative to the controlsQiNA3.1-HA vector only).
The increase in PL&L expression by gene transfection and inhibition of
PLC31 degradation by calpastatin treatment were examibg western

blotting (Fig.4).
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Figure 4. Effect of PLC31 on intracellular Ca?* concentration. Confocal
fluorescent images of neonatal rat cardiomyocytesevobtained by loading
with flou-4 AM. The cells with pcDNA3.1-HA (CTL) opcDNA3.1-HA +
PLC31 were incubated in an anaerobic chamber for 24dan increases of
the normalized fluorescence level in individuallsekere observed in the
each condition. The mean+SEM of eight independepéements is reported.
*p<0.05 vs. control.
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1.4 Transduction of Hph1-PLGd1 fusion proteins into cardiomyocytes

To introduce PLG1 more effectively into the cardiomyocytes, protein
transduction domains (PTDsY,ARVRRRGPRR, were used (Fig.5A). To
analyze the transduction ability of Hphl-RIC fusion proteins into
cardiomyocytes, Hphl-PL& was introduced into the cardiomyocytes in a
dose-dependent and time-dependent manner. Hph®IP({@C1-0.5 uM) was
detected by concentration (Fig.5B). RiiCwas first detected at 5 min, and
the maximum intracellular concentration was readnel@ss than 15 min. In
addition, PL®1 was maintained for more than 12 h in cardiomyesyt

(Fig.5C).
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Figure 5. Construction, transduction activity, andkinetics of the Hph1l-
PLC&1 fusion protein in cardiomyocytes.(A) Structure of the Hph1-PL&1
conjugated fusion proteins (B) Hph1-P&LC(0.1-0.5 pM) was incubated in
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a-MEM with 1 % FBS for 1 h and (C) 0.1 uM Hphl-P&LCwas incubated in
a-MEM with 1 % FBS and then collected during 24 hC@1 was detected
by western blotting and analyzed.
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1.5 Rescue of C4 overload by Hph1-PLGC31 in hypoxic cardiomyocytes

To identify whether the Hphl1l-PIXT levels are maintained during 12 h of
hypoxia, Hph1-PL@1 was pretreated in a concentration-dependent manne
PLC51 (0.1-0.5 uM) concentration was maintained dutivg12 h of hypoxia
(Fig.6A). As a previous study confirmed that RllGvas selectively degraded
in hypoxic cardiomyocytes and ischemic heart tisfleG31 (0.1-0.5 pM)
was administered to hypoxic cardiomyocytes to aiduhderstanding its
influence on cell survival. PL&1 prevented cell death in a concentration-
dependent manner (Fig.6B), and the intracellul&’ @ael was significantly
reduced by treatment with 0.1 pM Hphl-RIC The intracellular Ca
concentration in hypoxic cells without PEC was about 1.5-fold higher
compared to the controls, but hypoxic cardiomyosytéth PLG1 showed

Ccd" levels similar to the controls (Fig.7).
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Figure 6. Effect of the Hphl-PLG1 on cell death during hypoxia.
Cardiomyocytes were incubated in the absence sepoe of PLS1 (0.1-0.5
UM) under hypoxia for 12 h. (A) Endogenous and exoys PLG1 were
detected by western blotting. (B) Cell survivaleratas detected by MTT
assay and with the increased concentration of®l.€ell death was inhibited.
Each bar came from six wells of 96-well plate argbresented the
mean+SEM. p<0.05 vs. control.
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Figure 7. Effects of Hphl-PLG1 on intracellular Ca?* levels in
cardiomyocytes. (A) Representative fluorescence images represdist ice
normal growth media, incubated in anaerobic mediathe absence or
presence of 0.1 uM PIL&T. (B) Endogenous and exogenous BLGvere
detected by western blotting. The changes in flemgace intensities,
indicating intracellular C&, were recorded by laser scanning confocal
microscopy and were quantified in different celts=10) under differential

conditions. $<0.05 vs. control.
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2. Cardioprotective role of PLC31 in hypoxia/reoxygenation and
ischemia/reperfusion
2.1 Reactive oxygen species (ROS) production in hygic/reoxygenated

cardiomyocyte

To show ROS production in hypoxic/reoxygenated (Hfyocardium as
compared with ischemic/reperfused (I/R) myocardil®R@S production was
monitored at different times dhe reoxygenation/reperfusion process in the
cardiomyocytes. Exogenously addegDxwas chosen as the positive control
to compare the increase of intracellular ROS inxygenation/reperfusion.
ROS production increased by 15 % with3: (500 uM) treatment for 15 min
in cardiomyocytes (Fig.8A). H (12 h)/R (1 h), alsaused a marginal increase
in DCF fluorescence over the labeled normoxic adrdnd hypoxic control
cells (Fig.8B). These data indicate that H (12 h(tRh) leads to meaningful

ROS production.
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Figure 8. Reactive oxygen species (ROS) productiofd) 500 uM HO, as

a positive control was added exogenously for 15 (& Cardiomyocytes
were incubated with or without reperfusion for 1Tihen ROS was assessed
by DCF. The mean+SEM of three independent expetisnén reported.
*p<0.05 vs. control.
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2.2 Rescue of CH overload by Hph1-PLGC31 in hypoxic/reoxygenated

cardiomyocytes

Altered C&" homeostasis and ROS production play importantsrafe
hypoxia/reoxygenation-induced cardiomyocyte injéfty® To know whether
PLC31 treatment during reoxygenation decreased intrdaelC&* overload,
the intracellular C3 level was examined with using fluo-4 AM. A two-fol
increase in fluorescence intensity, which corralatgith the level of
intracellular C&', was shown in the H/R cardiomyocytes, but intriatzd
Ccd" overload was significantly reduced by treatmenthwd.1 pM Hph1-

PLC31 (Fig.9).
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Figure 9. Intracellular Ca** overload in H/R cardiomyocytes. Cardio-

myocytes were incubated in H (12 h)/R (1 h) anduMLPLCd1 was added in
reoxygenation. (A) Fluorescence image was obtdiyeasing fluo-4 AM and

(B) fluorescence intensity was quantified in diffet cells (n=10) in each
condition and analyzed. Endogenous and exogenoGglPWere detected by

western blotting. p<0.05 vs. control.
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2.3 Mitochondrial permeability transition and membrane potential

To examine the relationship between BIL&Gnd apoptosis via opening of the
mitochondrial permeability transition pores (mPTR)high level of HO,
(200-2000 uM) was administered to induce mPTP ayeim cardiomyocytes.
The opening of the mPTPs was calculated by estigdtie amount of the
remaining calcein-AM in the mitochondria. CalceiMAvas used to estimate
the mPTP opening; 500 uM,8, induced the opening of 30 % of the mPTPs
(Fig.10A). Pretreatment with 0.1 uM and 0.5 pM BLQaused a reduction
of mPTP opening when the cells were exposed A0, 500 uM, 15 min).
Cyclosporin A (CsA), an mPTP inhibitor, was usedaagositive control.
(Fig.10B). Because changes in mitochondrial fumctiesult from opening of
the mPTPs and this correlates with the loss in chitadrial membrane
potential as apoptosis is initiated, changes inmii®chondrial membrane
potential were able to be ascertained. The cardioytgs showed red-orange
(FL1) mitochondrial staining by JC-1 in normal higiembrane potentials
under control conditions. In contrast, cardiomyesytreated with H (12 h)/R
(1 h) showed green fluorescence (FL2), indicatings!of mitochondrial

membrane potential. Pretreatment with BLC(0.1 puM and 0.5 pM)
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significantly inhibited the green fluorescence intachondria and, thus,

prevented ROS-induced mPTP opening (Fig.11).
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Figure 10. PLC31 inhibits the release of mitochondrial calcein indced by
opening of the mPTPs.(A) mPTP opening was induced by,®3 in a
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concentration-dependent mann€ardiomyocytes were cultured at 80 %
confluence and treated with 200 to 2,000 uMOKwhich corresponded the
induction of mPTP opening. (B) mPTP opening wasigedl by 500 uM kD,
and calcein-AM  fluorescence was assessed by floeneg

spectrophotometer. PIAT was pre-incubated for 30 min. Each value is the
mean+SEM of six independent experiments.
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Figure 11. Mitochondrial membrane potential was esmated by flow
cytometry. Cells were labeled with JC-1 for 15 min at 37 °C(12 h)/R (1 h)
increased mitochondrial membrane depolarizatiogh{riupper panel), and
PLC31 treatment inhibited this effect (right and lefider panel).
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2.4 PLC31 inhibits apoptosis through blocking of mPTP

To examine whether PL3X, through inhibition of mPTP opening, inhibits
apoptosis in reoxygenation, Bcl-2, Bax, cytochrdineelease, and caspase 3
activation in H/R and H/R+PL&L were examined. Although cytochrome C
was released into the cytosol from the mitochohdrilermembrane space
during H (12 h)/R (1 h), PL&1 treatment in reperfusion blocked cytochrome
C release into the cytosol. PAC (0.1 uM and 0.5 pM) significantly inhibited
Bax but restored Bcl-2 expression in whole celbtgs (Fig.12). Caspase 3
activity in cardiomyocytes undergoing H/R was siigaintly increased by
200 % relative to the control group (Fig.13). Tment with PL®G1 (0.1
UM and 0.5 uM) reduced the H/R-induced activatibrcaspase 3 to 159 %

and 170 %, respectively.
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Figure 12. Bcl-2/Bax ratio and cytochrome C releaseCardiomyocytes
were exposed to H (12 h)/R (1 h), and Hph1-BlL@as added in reperfusion.
Mitochondrial/cytosolic cytochrome C (top) and tBel-2/Bax protein ratio
(bottom) were detected by western blotting. The mi&&M of three
independent experiments is reportepk0.05 vs. control.

51



260,

200

100—

Caspase 3 activity (% of control)

Figure 13. Caspase 3 activity in cardiomyocyte<ells were exposed to H
(12 h)/R (1 h) with or without Hphl-PL&. The mean+SEM of three
independent experiments is report&p0.05 vs. control.
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25 PLCd1 blocks intracellular calcium overload by hypoxic

/reoxygenated cardiomyocytes

Previously, it was confirmed that PBC regulates intracellular €aoverload
via the inhibition of the release of ROS. To inigste whether PLE&EL
regulatesntracellular C& concentration, which is important in cell functjon
changes in expression levels of one of the reptates calcium channels in
the T-tubule, the NaCa&" exchanger 1 (NCX1), and its receptor in the
sarcoplasmic reticulum (SR) membrane, the Ryano&eeeptor 2 (RyR2),
were tested in cardiomyocytes undergoing H/R. 8L @revented changes in
NCX1 and RyR2 expression levels in cardiomyocyteddi (12 h)/R (1 h)

(Fig.14).

53



e gmmy wsss === Ryanodine receptor2
-_— e Na*-Ca?* exchanger

— — — w— GAPDH
C 0 01 05 (uMPLCal

HR
Ryanodine receptor 2 Na*-Ca?* exchanger
— * —
2 — 2
& _ 150 2 _ 150 *
T3 T
5 E 5 E ==
= o 100 — ¢ 100
53 E
%< 50 %< 80
faan 2
o o
£ =
] 1]
e 0 0105 (M) & 0 0105 (ui)
HR e

Figure 14. PLC81 blocks changes in calcium channel expression in/iRi
Expression levels of the ryanodine receptor (RyRp a¢he N&C&*
exchanger (NCX) were estimated in cardiomyocytdgesied to H (12 h)/R
(1 h) with or without Hph1-PL&1 (top) and analyzed (bottom). Each value is
the mean+SEM of three independent experimeips0.05 vs. control.
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2.6 Intravenous injection with Hph1-PLCd1

PLC31 expression levels were examined in the normalrtheegion,
reperfused heart region, and reperfused heart reb@inwas injected with
PLC31. The phosphorylation activity of the PKCs wasedttd as a marker
that correlates with PL&1 activity. Hph1-PL@1 was injected intravenously
with a final concentration of 36 nM. The rat he&sue was isolated 3 h after
injection to confirm delivery into the reperfusestjion. The level of PL&L in

the reperfused region of I/R and I/R+RIC groups was estimated by
immunoblot analysis. PL&1 was significantly reduced in the I/R region in
contrast to the control; however, PiICwas restored in the same region by
administration of Hph1-PL&L. Phosphorylation of the PKCs was decreased
in the reperfused heart region, but this activigswestored by injection of

Hph1-PLG1 (Fig.15).

55



—— e — p-PKC (80KDa)
N IR I/R+PLC31(36nM)
B
& [ ]pLest
-
1 pPKC
= =150— u
£8
=1 =
& S100—
E"a * &
5 50|
g
=
&) 0
N IR IR+PLCST

Figure 15. Intravenous injection of 36 nM Hphl1-PL®1 fusion protein.

(A) PLCo1 was detected 3 h after reperfusion in heart Bhéifalyzed. Each
value is the meantSEM of three independent expeitsnep<0.05 vs.
control.
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2.7 PLC31 is cardiac protective in ischemia/reperfused hear

To investigate the therapeutic application of BL@ vivo, the experimental
and control rats were sacrificed two weeks aftperision. Each rat heart
was sectioned longitudinally. The left ventricweall in the I/R rat heart was
thinner than that of the control. Left ventriculgall thinning was reduced by
PLC31 injection (Fig.16). In order to determine theqatage of interstitial
fibrosis as a cardiac infarction index in the fgunoups, myocardial sections
were stained with Masson’s Trichrome. The untredi&d hearts showed
significant interstitial fibrosis (263 %) compared with the control hearts
(1.2+£0.5 %). PLG®L1 significantly decreased interstitial fibrosis i®+4 %
and 9t3.5 %, respectively (Fig.17). A TUNEL assay was useientify the
percentage of apoptotic cell in the cardiac tisetiehe untreated I/R and
PLC51-treated I/R groups. The incidence of TUNEL-pesitmyocardial cells
caused by I/R was significantly reduced in the Fl-@eated I/R hearts
compared with that of the I/R hearts (Fig.18). ifduced apoptosis in

myocardial tissue was attenuated by BLC36 nM and 108 nM) treatment.
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Figure 16. Left ventricular wall thickening. Hearts were sacrificed after | (1
h)/R (2 weeks). Representative hematoxylin andnestiining images from
histological sections (magnification: x1.6) (topidahistogram show restored
wall thickness in the I/R+36 nM Hphl1-PBC group (bottom). Each value is
the mean+SEM of six independent experiments0*05 vs. control.
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Figure 17. Histological analysis of infarct rat heds. Hearts were sacrificed
after 1 (1 h)/R (2 weeks). The left panel showsrespntative Masson’s
trichrome images from histological sections (maigaifon: x200), and the
right histogram shows less fibrosis (blue) in I/B+3 and 108 nM Hphl-
PLC31 groups. Each value is the meantSEM of six inddpehexperiments.
*p<0.05 vs. I/R+saline.
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Figure 18. Histochemical characterization of myocatial apoptosis. The
apoptosis assay was performed in heart tissue Rsnafeer reperfusion. The
left panel shows representative images of TUNElinstg (magnification:
x200). Staining for normal nuclei (green) was @rout using methyl green,
and apoptotic nuclei were stained brown. The rjgdriel shows summarized
data for the TUNEL staining. Each value is the m&#M of six independent
experiments. p<0.05 vs. I/R+saline.
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2.8 Heart function studies

Heart function was estimated by echocardiographalysis of the rat heart
two weeks after reperfusion and the administratiértherapeutics. There
were three groups (n=6/group): control, I/R, amtPLC1. The results from
the echocardiographic examinations were comparadelee the control
group and experimental animal groups. LV function aemodeling indices
are summarized in Table 1. LV ejection fraction avdfractional shortening
in the I/R+PL@G1 group were better that in the I/R group, but lréctional
shortening was not significantly better. The I/Rogw had much lower
absolute values of radial strain (S rad) than ietrol group p<0.05), and
the I/R group had significantly higher values aftaimferential strain (S cir)
than the control group€0.05). S cir and S rad were improved by treatment
with PLC31 in the I/R+PLG1 group relative to the I/R groump<0.05)

(Fig.19).
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Table 1. Echocardiography.

Variables Control {(n=6) IR {(h=6) IIR-PLC31 {n=6)
LVEDD, mm 0562004 057£003 057£0.03
LYESD, mm 0334005 037£003 0324005
FS, % 41.39+0.04 359444 17 43.59+8.28
LVEDY, ml 043005 044007 0432007
LVESY, mi 0.10+0.04 0134003 0.09+0.03
LVEF, % 76494614 715045611 7978740
Peak S cir, %

finfaretzie) 20162554 -7 844 061 AT ANEE 5T
Peak Srad, %

(rfarct zone) 4833+10.02 22.02+892¢ 40621144 4
Global S cir, % 20324642 12 4044 93¢ 21662595
Global 5 rad, % 45,2348 42 34 4146 53¢ 434247620

Each value is given as meantSEM. LVEDD=left ventidc end diastolic
diameter, LVESD=left ventricular end systolic diaere FS=fractional
shortening, LVEDV=left ventricular end diastolic lume, LVESV=left
ventricular end systolic volume, EF= ejection fiact S cir=circumferential
strain, S rad=radial strain. T p <0.01 vs Contiop <0.05 vs Control| p
<0.01 vs I/R,[/ p <0.05 vs I/R.
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Figure 19. Two-dimensional-echocardiography and twalimensional-
speckle-tracking imaging of left ventricle.End-systolic radial strains show a
loss of contraction in the infracted region (to@plors show six different
segments; anterior (yellow), lateral (cyan), paster(green), inferior
(magenta), septal (blue), and anteroseptal (redls.wReduced radial strains
were improved by PL&L administartion (bottom). Each value is the
mean+SEM of the six independent experimets0.05 vs. control.
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IV. DISCUSSION

These results showed that the BiL(protein decreased cell death through the
reduction of the intracellular aoverload induced by hypoxia. They, also,
showed that PL&L led to cell survival through regulation of mPTpening
and intracellular C4 regulatory proteins in hypoxia/reoxygenation (H/R)
Ultimately, these actions inhibited apoptosis ati@amyocytesn vitro andin

Vivo.

It was observed that intracellular Caverload occurred with hypoxia and
decreased with PL& gene transfection and P&C protein transduction
(Fig.4 and Fig.7). Although myocardial apoptosis sweelated to the
mitochondrial pathway-induced &aoverload in hypoxia®®, induction of

mPTP opening has not been reported upon. It isgthtothat apoptosis in
hypoxia may occurr independently of mPTP openincahse other proteins,
such as the Ghuniporter and NaCa*-exchanger, related to €anflux and

efflux exist in the mitochondrial membrane. Preglyumentioned factors,

besides low pH, could possibly be inhibiting mPTRming in hypoxid”.

A new method, which is a modification of Petrorslimethods, was used to

detect mPTP opening. This modified method was lisefguantifying mPTP
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opening in multiple conditions, without mitochoralrisolation or image

analysis®* *°

The protein transduction domain (PTD) Hphl waeduto
rapidly and easily introduce P into the cardiomyocytei vitro andin
vivo. This study showed that Hphl-P&C was first detectable in
cardiomyocytes within 5 min by western blottingg/). A fusion protein
composed of Hphl is a useful therapeutic tool inows disease models.
Although the efficiency of Hphl transduction intetcardiomyocytes was not
examined in this study, Choi et al. reported thearty 100% of the cells,

including HelLa, HepG2, HaCat, and NIH3T3, were deieed to be positive

for enzymatic activitff.

It is well known that reperfusion generates a bofdROS. Significant ROS
production was shown in reoxygenation, but litt@Rproduction was shown
in hypoxia; the latter was not significant (Fig.80S generation in hypoxia
has been reported by several researcfieamd it was suggested as a possible
reason that low oxygen presented, despite hypaxid,generated ROS from
mitochondria sourcé’. Becker also showed that litle ROS was deteated i

ischemia, but cell death was not meaningful relativihat of reperfusiofy.

In vitro, mPTP opening induced by the administration of 80 H,O, was
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estimated; mPTP opening was successfully inhibitgd treatment with
PLC31 (Fig.10B). However, the mPTPs opened in largebersiin response
to treatment with high concentration®} (2 mM) (Fig.10A), and PL&1 did
not effectively inhibit mPTP opening (data not simpwrhese results suggest
that it is advantageous to inject thReCd1 in early phase of reperfusion. This
suggestion is supported by Becker's experimentsk&edemonstrated that
ROS were increased within the first several minatieseperfusion, and this
was the time at which cell death occurred in largmbers®. To explain this
large burst of ROS in reperfusion, Zorav et al.gasfed the concept “ROS-
induced ROS release” and demonstrated that ROSugeddnitially led to a
large burst of ROS from the mitochondria of cardjorytes®. Jolly et al.
reported that the protective effect of ROS scavenges only significant
they were administered prior to reperfusion, noterafreperfusion ®.
Previously, many experiments have focused on theeatenent with several
drugs and materiai® vivo andin vitro to cure diseases, but there were often
many side effects. Therefore, the appropriate rreat time for PLG1

administration is considered very important.

As sustained opening of mPTP leads to disruptionthef mitochondrial
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membrane potential, &, as a ROS production stimulus was administered to
induce mPTP opening, and JC-1 was used to exarhimemitochondrial
membrane potential (Fig.11). Masaharu et al. deimatesl the relationship
between mitochondrial membrane potential depolaozaand mPTP opening

in conditions of HO, administration by using TMRM and calcein in
cardiomyocyte§’. The restoration of mitochondrial membrane posnés it
relates to mitochondrial function, was further é¢onéd by using TMRM.
PLC31 inhibited these changes in the mitochondrial mamd potential (data

not shown).

Calcium ions play an important role in normal caodfunction, and several
Cd" regulating proteins are connected with ?Cahomeostasis in
cardiomyocytes. In ischemia/reperfusion, SR fumctis depressed by
decreased phosphorylation of the SR*@mndling protein§®, and this event
results in C& overload, decreasing myocardial contractifity’® * Recent

studies have shown that P&T reduces the level of intracellular Ca
overload in I/R, an action which may closely rel&teapoptosis® " This

result showed that RyR and NCX expression levelsewiacreased by

hypoxia/reoxygenation, and PBC blocked these changes in the levels of
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expression (Fig.14). This means that BlLGs involved in the regulation of
intracellular C4" overload due to increased RyR and NCX expresdenng
et al. showed that RyR and NCX expression was hahged in I/R and that
activity was significantly increased during I/Rdhronic intermittent hypoxia
(CIH) . On the other hand, many reports have demonstthgd/ariations
in NCX and RyR expression were highly related te ttegulation of
intracellular C&" and heart function. Leszek et al. showed that NBtein
expression was increased in heart failure and hadifisant inverse
correlations with LV diastolic and systolic indicEs Mishra et al. reported
that increased NCX expression was clinically asgedi with the deterioration
of LV function during the progression of heart faé °. In an experiment
with cardiomyocytes from younger rats having a higtpression of NCX,
Cd" uptake rates were significantly increased if Mading relative to sham
cells”’. Activation of RyR by ROS, by molecules such a®©Hand 3, was

demonstrated by several researcf&ré &

PLC31 expression was observed and significantly reduoetthe I/R heart
relative to the control heart (Fig.15). Heart fuoctwas also decreased in the

I/R heart (Fig.19). Tappia et al. showed that adein the PLG1 signaling
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pathway, stimulated by phosphatidic acid (PA) iabditic rat cardiomyocytes,
may significantly contribute to heart dysfunctionridg diabetes and many
different types of cardiac pathologiés Lien et al. also demonstrated that
PLC31 is critical for heart protection against adriamyimduced cardiac
injury by using transgenic mouse and microarrayyasig’®. PLC31 injected
through the femoral vein was present in the repeduheart region and
maintained its biological activity. PL&L activity was indirectly confirmed by
estimating phosphorylation of protein kinase C (PK@egradation of PL&L
affected the activity of PKC; however, the activitias restored by PL&1
injection (Fig.15). Since PKC is a serine/threonikieases, it has been
implicated in a number of diseases, including isdbeheart disease and
congestive heart failuf®. Yigang and Muhammad reported that activation of
PKC is associated with cardiac protection in /R These results are
consistent with cardiac survival following PKC aetiion in this study. Since
PKC activation results in activation of P& it was speculated that PARC
may play important roles for cardiac survival inchiemia/reperfusion

conditions.

In vivo, the cardioprotective effects of P&C were demonstrated by
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histological staining and histochemistry. In hemgtim and eosin (H&E)
staining, decreased wall thickness of the left melst (LV) in I/R was
improved with administration of PL& (/R with PL®1) (Fig.16), and
severe cellular damage in I/R was prevented withiaidtration of PL@1
(Fig.18). Tang et al. demonstrated that infaro¢ sind LV wall thickness are
significantly related in MSC injected heaft. Interstitial fibrosis, as a
histological marker, was used as an assessmengast function (Fig.17).
Fibrosis and collagen deposition were involvedha temodeling of failing
myocardium by ROS release, and the phenotypicfyemation of fibroblasts

to myofibroblasts was associated with progressioend-stage heart failufé

In echocardiography, indices related to heart foncvere restored by PL&L
injection into the I/R heart (Table 1). Most notghthe parameters of S cir
and S rad showed much improvement (Fig.19). Zoral.elemonstrated by
using two-dimensional echocardiography that S oit 8 rad were associated
with segmental LV dysfunction following myocardigfarction and highly

related to scar size and regfnThese results coincide with present data.

In summary, these data indicate that a productfdR@S and an increase in

intracellular C&" levels by activated Garegulatory proteins in H/R lead to
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mitochondrial membrane transition and mPTP openirtgs results in the
release of cytochrome C (an intermembrane protaid)pro-apoptotic factors
and activation of caspase 3. In turn, activationCef*-activated proteases
leads to the degradation of P&T; which, thereby, decreases PKC activation.
Calcium homeostasis is not regulated in injured dicanyocytes.
Subsequently, myocardial apoptosis is initiated lagakt function is impaired.
Here, the amount of myocardium that was infarcted weduced through the
inhibition of MPTP opening by using the Hph1-R1Cfusion proteirin vivo

andin vitro.
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V. CONCLUSION

This study showedijn vitro, that: 1) PLG1 reduced intracellular €a
overload by regulating Carelated channels in H/R; 2) PBC inhibited
mitochondrial permeability transition pore (mMPTRening induced by ROS
and attenuated H/R-induced mitochondrial depoltéama and 3) as PL&L
inhibited increased cytosolic cytochrome C, changeghe Bcl-2 family
protein levels, and caspase 3 activation by H/Rptasis was inhibited. It
also showed thatjin vivo: 1) reduced levels of PL& and PKC
phosphorylation in reperfused heart tissue wermed through intravenous
injection of Hph1-PL®@1; 2) this resulted in the reduction of cardiaadiis
and TUNEL positive-myocardial cells and then ledthe improvement of
heart function. The present data suggest that apispdf cardiomyocytes is
inhibited by injection of PLE&L in vitro andin vivo. These are meaningful
because PLE&L, through application of the Hph1-P&C fusion protein, was
used as not in a preventative, but therapeutic mardnough this study
demonstrates that PIXT prevents myocardial apoptosis and heart dysfomcti
after reperfusion, the remodeling process afteenfepion involves a number

of factors that may complexly influence cardiomywcgpoptosis. Therefore,

72



further study should be undertaken to more comiyletederstand the process

of cardiomyocyte remodeling.
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