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® 2 & (abstract)

Study background: The gap junction intercellular communication may involve in
signal exchange for both cell death and cell survival. The cell destiny depends on the
cell status and environmental context of the cell that receives the signals. Autophagy
was once considered as a protective mechanism in cells. Through removing the diseased
organelles or protein, autophagy functioned in maintaining cellular homeostasis,
nutrient or energy preservation and providing cell survival. Scientists who devoted in
autophagy study are trying to transform autophagy concept into therapeutic tool
enthusiastically. However, the best studied intracellular regulation of autophagy was
known to be complex, and in the contrast the interaction with apoptosis was
well-documented. In fact, the intercellular communication of autophagy signal between

cells was never investigated and the role of gap junction in autophagy was unknown.

Study purpose: We investigate the contribution of gap junction to cardiomyocyte
autophagy which was produced by oxidative stress. We hypothesized that autophagy

signal between individual cardiomyocyte was conducted through gap junction.

Material and methods: We use H9c2 cell line as study model, 1-Heptanol as gap

junction uncoupler, and hydrogen peroxide as oxidative stresser for autophagy induction.
Autophagy activity was investigated by reverse-transcription polymerase chain reaction

(RT-PCR) and Western blot for light chain 3 and Beclin-1 detection. Quantity analysis
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of autophagy was determined by densitometry by Alpha Innotech and Gaussia
luciferase report assay after transfecting pCMV-Lc3-Gluc to H9c2 cell. Our study
composed of 3 main parts. The first part of the study was designed to establish the
laboratory model. We test the effects of 1-Heptanol and hydrogen peroxide on H9c2 and
measure the change of autophagy expression, connexin 43 expressions and survival.
The second part of the study included constructing pCMV-Lc3-Gluc plasmid and
transfecting the plasmid into H9c2. The whole system was taken as Gaussia luciferase
report system. We determined the effect of transfection on autophagy and testify the
feasibility of Gaussia luciferase report system for the role of reporting LC3. During the
third part of study, we divided wild type H9c2 and Gaussia luciferase report system
transfected H9c2 into 4 groups, including the Control group, the Heptanol group, the
H,0, group and the H,0,+Heptanol group. In the H,O,+Heptanol group, 1-Heptanol
was administered for gap junction blockade along with hydrogen peroxide for
generating oxidative stress-induced autophagy. In the Heptanol group, we use
1-Heptanol only. We also setup negative control (the Control group) using DMEM

culture medium and positive control with hydrogen peroxide only (the H,O, group).

Results: We found that 100 to 400uM hydrogen peroxide could induce autophagy in

H9c2 when treatment duration is longer than 6 hours. However, higher concentration of
hydrogen peroxide (>200uM) might decrease H9¢2 survival measured by MTT assay.

When hydrogen peroxide treatment was longer than 14 hours, H9c2 Cx43 expression

Xii



might reduce. Heptanol when used at 0.5mM will not decrease Cx43 expression.
Blocking gap junction by 1-heptanol (H,O,+Heptanol group), we found there is about
24.2% reduction of LC3 mRNA expression when compare to H,O, group which use
hydrogen peroxide (P>0.05, n=3). Using Gaussia luciferase report assay, the LC3
expression was attenuated by 20.6 % when compare to H9c2 cell that receive

1-Heptanol pre-treatment before hydrogen peroxide stressing (P<0.001, n=4).

Conclusion: Blocking the gap junction inter-cellular communication showed trends
in decreasing oxidative stress induced autophagy activity. It’s possible that autophagy
regulation required complex machinery which involved autocrine, paracrine and
probable gap junction intercellular communication. Further studies are required to
figure out the exact signal molecules, the true effect of autophagy flux and the existence

other intercellular regulation.

Key words: autophagy, oxidative stress, H9¢2, gap junction, Heptanol, hydrogen

peroxide, connexin
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1.1 %% p ws

ime f i (Autophagy) i %3t ¥ g Bkl iE 0« N & H A e 31T L (Clark,
1957; De Duve and Wattiaux, 1966) » fe E it ¥ 24 7% -] #8 (Lysosome)4p B erim?e 4%
Flz P H R MEBTE AR Mo 57 cdeftmre prgz A8 - Ay
4 3 & d B =g 3 % (Kroemer and Levine, 2008; Mizushima et al., 2008) -
P A S A PR H VB FEAREGTT kenhme F 0 BRA S > e p
R - BRERMEL BB P T BEG = A2 g @ (1)
Macroautophagy (Yorimitsu and Klionsky, 2005) ~ (2) Microautophagy (Kunz et al.,
2004)= (3) Chaperon-mediated Autophagy (Dice, 2007) -

MF R B & B T2 Macroautophagy # B 0 dme il 0 dmre iR B A

13\\-

B R oz Pz p w48 (Autophagosome) » = 3t 2 ‘wfr p rE RN S B B E ) M an
& 252 Autolysosome; ** Autolysosome P ‘m?s ¥ &R AR 2 Fod R RS H
VR BEFTAfRES T T I o AP I e 2y 2 48 T 2 foid (Mizushima
etal., 2008) - “,f T bitenE s me e P PP R me S A b L

= fn¥e povE; 7 = (Autophagic Cell Death)t i 5 % = 3wz 7= (Scarlatti et al.,

2009) °

Wi p VRS 24k d B e ho» 4 7 e i (vacuolization) 0 @ Ap 3T dm e
= (Apoptosis) » ww*e p e 5 > £ G F F kMg (chromatin condensation) 2 sm % g
AR o Bamm g 0 P RGLA W poE 0 5 mie g $HP R TIpoc Aok § - &4
KhakZ ~ R FAREF PR N E G e ) AF R TF R Dme F
feo @ N R mE 2 B A EFERT G R LB FHH IS

fmre poE v L R4 & fTes 4 B a4t ds Jm (Hamacher-Brady et al., 2006b;

Mizushima et al., 2008; Nakai et al., 2007) -



1.2 wm¥ p g2 A+ R

et R IEB DT > F i F o Class I PI3-K 2 i® * (phosphoinositide 3-kinase,
B A5 Vps34) o dmre povAn B eh5 B 39 F Beclin-l (Atg 6)F M 22 H & fmre o
M R0 BE > &3 Atg 12 £ & Atg 5 & LC3 (Light chain 3) & & PE
(phosphatidylethanolamine) % - (5is $4p 3 % > 253 2 342 'm% p w548 (Hsieh et
al., 2009) - B E42% ¢ Atgd ¢ # LC3 *» &= LC3-1 &2 LC3-I1> # ¢ LC3-Il § %
Brlimie poeE 2 Mg 2o Fpt LC3HI 2 A R E & A LC3-1 &2 LC3-l 2 v i

RIALE * 2> T8 i p g2 2 RE ©

‘%rt T4 2 Class I P13-K #F > ¥ 5 mammalian target of rapamycin (nTOR) 3# &
2_ Class | PI3-K >t 3= F #0077 Frdlit e i o H U R HimrE f e b e
A @ YL # 3= Growth Factor Signaling ~ Phosphatidylinositol (Pl)3-kinase/Akt -
Mitogen-Activated Protein Kinases ~ AMP-Dependent Protein Kinase (AMPK) ~ small
GTPases~ Trimeric G Proteins~ Inositol Triphosphates ¥ Calcium Signaling % (Nishida

etal., 2008) -

13 me peEprimie A= 2 LI M

R A ez povE 2 o ke povE & ) 39 T Beclin-1 % £ Bcl-2/BelXL
B8 RIApHM 2 e p AR A 8 R D] 0 & Bel-2/BelXL £ F drdlimie porg
2 # iv (Saeki et al., 2000) » & 4 755 & e % = 49 M 2 Bel-2/BclXL > *timfe b ¥
R EER R A e p o m e k= chk 4 (Levine et al, 2008) - Bcl-2 (B-cell
lymphoma 2) 73 v #r4] F1 5 & & 4 £ #73 % 11 2 Beclin-1 (Pattingre et al., 2005) -
B R Bel-2 &7 e o2 APM M AR 2 HF T 7 v Bel-2 a3 §
RARATY ¥ E e p2 AR 0 A Bel-2 & Beclin-l 2 R F i Lim e
S ke - BRSO E R LB e eiel TES L R T R BEE
- KM BRI



FrlemEme k= 4phl 3-9 BNIP3 > ¥ g it witimie 2w p w4 IR > 45 %] 4

F oo i e et Ak & /R 8 O 1 PF (Dorn and Kirshenbaum, 2008; Hamacher-Brady
etal., 2007) -

Ml o F-v 4o Atg5 & £+ £ 3 pro-apoptotic 22 #F 4 o B E Alg5 AR E
i 4] Bel-XLo 3 4 dw e $30 dmie % = & e < P2 R e ke ¥ < (Yousefi etal.,
2006) » # 1 *ti% % FADD (Fas associated death domain protein) 3# 2 * 8 j< P2 %
< (Pyoetal., 2005) - F]* Atg5 ¥ i Ed- 2w p i e k= £ & e T o

Bhm 5 o sRBER e p B me k- e A A AR Fanlmie %
i Bcl-2 /BelX,. - Beclin-1 > Atg5 > BNIP3 > Bid #2 Bax/Bak 2
FEeFA e p g mie k- 284 0 e p e e e

B e F RV 43I 3~ 34T & T Ap 3 #2 B 58 (Nishida et al., 2008) -

14 3% p g ’-’*ﬁmﬁs

Pavghisbmie p e sr 3 AR AR M ¢ 3BT T A om R s X 1 s TR TR
2R RRE U P )’%i(MIZUShIma etal., 2008) - fm%e p w3 S HRZ £ TR B F 2 e sk
*+ 1976 # (Sybersetal., 1976) > F w3u s o & ¥ fiw o wivime A RAE T2 AHE
foRe poeEE M > e dF w2 2 (Kim et al., 2007) o § oS BRZ e g RS E M
FF > 4odd -5 Lysosome-associated membrane protein 2 (LAMP2) 2. & B #75¢ > H w2
PR R A MBS 2 R me A D Aot BRI E T PR

{235 (Tanaka et al., 2000) -

gi&l:gp%ﬁ:}?a#)it\'&f'#g \*7_7;%/»\\.\38’1-‘1{%\,\.”%—;- };?é% _ﬁé,{‘g# B:—‘?,
NS B’b‘gm)?ép\ ?ﬁg iafé_i,f@m’?é" f] ‘z;:ﬁ‘jéﬁ-_;’/f‘gmﬁé E v E/J fﬂ o ;_A":*&ﬁ]ﬁi# 5&7\.\,
eme > VAR A B2 mie peE > g4 M A B L hwme prE T R g

W BUSm RE L = L,L'?] ’#F‘«Lv Lj‘%#w‘m”é = ‘m”é’igk;‘* ~,mn3/%—_—t 2% 4 P
F

-—\\

[
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141 wovqm $: 5 R

Lk F PERAE GV A2 R A B E § B L o s rvmie B AMP-activated
protein kinase (AMPK) - I FF#r4] mammalian target of rapamycin (MTOR) » i& @ 3 4 jn¥e
PR R B dn e T o e e £ P AR 3 R R PE > oS vl i BERE N BEE T MR T R I 4

P A& (Hibernation)> @ A # Ischemic cardiomyopahty> @ ¢* F¥ BNIP3 (BCL2/adenovirus E1B
19 kd-interacting protein) 2 # ILHBLAH o - R R i £ F & w02 7~ 4p M (Regula et

al., 2002) > 2@~ F #@yx¥ 7+ > BNIP3 #iE Bel-2 ~ Bel-XL & 2. #r4] mTOR & @ i = 'w

//////

1.4.2 s wog ¥ GEK

WL EGFER 0 AMPK 7 R ARET > @ B Beclindl * AT > HE S HRmbe
2 AR p M LRSS wi A 2 Bax kv & BB T %
(Hamacher-Brady et al., 2006a) - 4p 1> 4% ¥ Jk L PFlw?e p vfenim® ik & & > 301
EONIEE > e AR A IR R B e g = s m AR RN IR B I e
BRI -7 R D R M T & & o) (Matsui et al., 2007) 0 RERr A F AR 2w
e BT 3 4 dwf2 i3 i (Valentim et al., 2006) o Bt dm e oY R GBI FFE 0 B
LiEE AR e fme pEOY R BRI R A AT AR EIN 2 mp

M-I e v = g PE . A% R AXP Bg (Pattingre et al., 2005) ©
1.4.3 s wuie & 220 F B

Frovell RS hF RGNS 0 A4 dmie p sz LC3-II/LC3-] iE o 21w
F &4 5 (LVEF) = £ vt (Chenetal., 2010) » % o7 fm%e p e55K i 2 o %87 L AP BE o
% 4 I Rapamycin ¥ 12 3f 7w wsw B (Kuzman et al., 2007) > I+ F¥ Rapamycin % #
WRA G RFHF 2w o W e A4 2 wvesw w4 (McMullen et al., 2004)

@ Rapamycin #r4| e % wmie p L M MTOR » A 5+ HFF fwie pvg



X ERA T 2 eI By R R R(Zhu et al., 2007) ¢ 3 9 < e 4R B
(Shimomura et al., 2001) -

144 % f g ofi ke 6 R A 1

Banglamie p e do iR BE ) IE R s LR TR AP M ’ﬂ.fgé%rﬂﬁr AL A T2
op R T e 2 ERERE R R F A 3 s

# 7 & 2 (Levine and Yuan, 2005) -

15 mee B HiEs

FRmre poEE G SR BOARARM > FIN A e pEZ B AP R

B LA S - AR SRRl e 2 (Bao et al, 2010) o XA i * e p
MY SRR Rie R 2 0 L ER DR Advl wie p g el X DA ¢ 4
W pEZ AL ST e AR S me AT AR o SN e poeg
2P FRPFFIEALE FF AL AT ARRALIFAY 0 Cleir 2 B2 A4

T AR 2 Pde o

M thimrte B2 A 8 372 7 &K 2 e B 445 & (Gap junction) o # 3 fm e 3%
W RS we 2 e e i dh > T RPFEREIGEF TR RS g e
fF (Lampe and Lau, 2000) - ¢ 4% small second messengers ~ inositol triphosphate (1P3)
g grgps (Ca2+)e 2 #1000 Da ~ | 2 4~ Fragd) - B4R 6 4 &5 ¢ 45(1)
FEBEM I S 2 RS (2)F 452 7 =248 & (electrical coupling) %
1248 & (metabolic coupling)im® ; (B)F B Bift w5 (4) ¥ E &

o b f8 e g f Big o

s

FRmbe k= me B2 AR c R T we Ry Lo BBl aid
e k- MEDER T U b p g2 e AT AR Z S 0 Py

dmie p g2 e iR AT B R o



1.6 ' p e e P4 4, @3

W@ iEFEdeed # A5 ERDETE RS 28 c {3 e k- > pow
PR mie & e S A G B IR £ (Gap junction) B iE m e b= 2 R @ i S e B
7* = (Contreras et al., 2004; Kalvelyte et al., 2003) - & & * ‘wPz & [fd% & 2 Fr4 &40
Carbenoxolone (CBX) > ¥ % Migimiz dx <X 4% 3 (g A 24 chlwre k- £ < g >
(de Pina-Benabou et al., 2005) - #7 = 4 #& 4 Cx43 = BHK ‘m*z (baby hamster kidney) °
EBHK @ 2R ¥ H w2 FHBRL Z2EEAHLE2Z me VA=A B L2 wmie
3348 e k= 7 CyC (cytochrome C) e # {5 { % % & 2 ‘w¥e &~ (Udawatte and
Ripps, 2005) -

B dopt > e B ERE TR AP T IR T A g e gt 4 03T
# k2. & &% b5 30 (Decrock et al., 2009; Taimor, 2000) » 4 %] 2_f s B2 AT 7 0 1Y
AT R R 2R ek it B L R R RS 0 B i b R
% A2 w2 k= (Yasuietal.,, 2000)¢ o pF s vim Pz 2 3 S P 5 & F 22 Connexin
43 £ 3 > ¥ LR veimie 7= (Rottlaender et al., 2010) © ¥t & #Fiwmre X F 3w

W HRL A LN LK B PRAT N R e TR LT

’

FTATHFFOBEAEF P E O RFTREF P 0 3R E & C
ATP 22 {7 5 4 £ duim?e &= 2355 (Decrock et al., 2009; Nakase et al., 2003) - e
FF e peanygs FEFwmeFRELES LB E PR B ARE

4 o

1.7 B3 B h

FOEC I f o AT AR 0 # ] e B £ e BT R L
B AR PR F R o A 1Y e IR s AR M A ¢
OV ST R S L SRR A G F R R e g 8
HERFRAGT o Bl A PEL e fEZ Ty e RS

AT AR R YR A Qs g e g AR en A ¢ O R Y R



i 2 BT RRREL G iaer iz R L B REEN e HLA RN
LY e

¥oF AidEs

2.1 ¢ % 2_ i 5 FH

& A (1-Heptanol): & A fEpEp Sigma, St. Louis, MO, USA © % #5373 147 H 303
SF B E Y g e B I 4% (Keevil et al., 2000; Kimura et al., 1995; Lin et al.,
2009)c % I A fEE AR <ImMM B I A FEALARL 5 4P $HE # 1 o0 3% & Fr3] (Christ et
al., 1999) - éll?%i P R SR AE rABEBERER S 0.16MM~-2.0mM- & & * & A%
T 72 B8 ¥ 4 3. Connexin 43 (Kimura et al., 1995) » & f.# ic F #r4|H oz BF [

E N L ﬁiﬁ%/p (s lme B L R KM e

i § i & (Hydrogen Peroxide, H,0O,): &% i & p&p Sigma, St Louis, MO, USA >
g gt R Y EF E (LOmMM)F # HEK293 2 UBT m ¥z of 4 11 tm " f it o
‘¥ k= (Chen et al., 2008) - @ ¥ ¥ i & > HOc2 2 A 2 » A P -k 4 p) 7

Fied kR T PrF 2 5% Y& Hme2 258
pPCMV-Lc3: pCMV-Lc3 B p OriGene, Rockville, MD, USA -
pCMV-Gluc: pCMV-Gluc F£p New England Biolabs -

Dulbecco's modified Eagle's medium (DMEM), F12 medium ~ phosphate-buffered
saline (PBS) ~ 0.25% trypsin-EDTA, streptomycin-penicillin 2 % amphotericin B
solutions & p Gibco, Gaithersburg, MD, USA -

Fetal bovine serum B g US Bio-Technologies, Parkerford, PA, USA
TurboFect ™ in vitro Transfection Reagent (Fermentas)

MTT (3-(4,5-dimethyl-2- thiazolyl)-2,5- diphenyltetrazolium bromide) -
7



2.2 H9C2 (2-1)sm e 32 %

AR KRB mE L NRTR S w2 BB R S R EFEFT Y7 (FIRDL:
Food Industry Research and Development Institute)shz. 2 4= Fih 3 2 7 1 ¢
(Bioresource Collection and Research Center) o 2 4 Fih i 13 2 71 7w #7f ik 2
HI9c2 n*2 & » kiR % ATCC® (American Type Culture Collection) » & ATCC A &
S5 s CRL-1446™ o

HO9c2(2-1)7 » #tp Rattus norvegicus = Bl.wimle gieniz’e BDIX w?e > % 5 - &
BORIp e R B EF A & A7 Boeqd fig st (Kimes and Brandt, 1976)
B & wrtime tk H9c2(2-1) » # * 90% DMEM 32 % ;% (Dulbecco's modified Eagle's
medium) # 3% 4 mM L-glutamine ~ 1.5 g/L sodium bicarbonate ~ 4.5 g/L glucose 14 %

10% *»+ & 75 (FBS: fetal bovine serum) - 35 & PPz 4R IE & 5 37°C > & ¥ 3*
g 2IBRR 0 M E 5% CO, ¥ 95% 7% 4 R foqk ik (Koudssi et al., 1998; Long et al.,
1991) - ¥ wre 4 £ 7] 80%hd L 2P AEHIFIRRIRNEETEN o ¥
P f1#* 0.25% (w/v) Trypsin #-‘m?s j$3% & x F » #B~7 > ¢ * Trypan blue % ¢

F Rl ik R AR TR chwme p > B E ehme (s > S iS00 PBS
(phosphate buffered salin)j-ie & 8w 28 » £ * BRIZRABFIG & T R wre
# ¥ 5x10%~4x10°/Well » #-im ¥ f5 » 37wz 33 % H, (6 well-plate ~ 12 well-plate

96 well-plate) > * ¥ » m* B X P BEAFE U | FLERLFLIEFTwe g% -

2.3 W iTF 4 pCMV-Lc3-Gluc

"LFIFFFE B % - 3%~ > #pCMV-Lc3 (1.5pg/A, OriGene, Rockville, MD, USA), 4
"T4)fx EcOR V(1U/A)*» B > & 12 Shrimp Alkaline Phosphatase(1.5ug/A) #-DNA = =4
3 BRpa v > £ 1817 Gel Extraction Kit % it 2 2 B~ 17 Linear pPCMV-Lc3 ° % = %4 »
pCMV-Gluc (2.0 pg/A, New England Biolabs) 1 *2#|f* Hind Il (1U/A) ¥ Xba

I(LU/A)*> B > £ 12 T4 DNA polymerase 48 T 5’8 fc# “f 3H 0 Bt Gel

o



Extraction Kit s it 12 2~ 17 608 bp 2. DNA % & Gluc (Tannous et al., 2005; Verhaegent

and Christopoulos, 2002) -

# & F B # Linear pCMV-Lc3 & 608 bp 2. Gluc DNA % Bt 3 eyt 5 157

& > 12 T4 DNA ligase (SU/A)* 4 Ci2 FHE "2 4 & F i ©

FEAF . #-10uL % & & &% 2 100 uL E. coli DH50 % % ‘m* R & » /kip 5~ 48
£ 42°C#-kipx 90 ) 0 e » 300 uL Lysogeny broth (LB) # & & > > 37CR T &
% 1P £3200uL ™ L5323 %45 3 25 pg/mL 2 R £ A& 0 4 37C

,;_»_‘,_4__

¥ % M % > 1% Kanamycin selection » & P ¥ & £.F F % 2

SE A PR PHE A FJE 448> 10 mL Lysogeny broth (LB) @ ** 37°C# % If & »
A (7R 2 49 B dd B2 T RE 1 r24] B Not | (LU B> % 5872bp £ 637 bp
2. DNA 7 B> ¥ 5 L Fadk & O L3 DNA 5 PRI > 217 DNA R 5

WO FE IR o FE R 9TiE 2 20 pCMV-Le3-Gluc FRE A 5 EF &

2.4 ¥pFid g 4 v+ & Luciferase B 2R £

ApiFmed £ 80%2 ks R&{cRSEF HIC2 wrheid » A E/mi
TurboFect ™ in vitro Transfection Reagent (Fermentas) » ## % = 3% iz 35 ® 33 7 22 3%
pslEFRH o AP #P 10 ug plasmid pCMV-Lc3-Gluc » #& % ] 2 £ ¢+ T75
Flask p 2_ H9c2 » 5 24 ] pP# 2 TurboFect ™ in vitro Transfection Reagent (Fermentas)
gL o A e 5 d 0.25% trypsin-EDTA 1% % & gis » g 4 {5 2 HI9c2 T
oRfs 3 & B 12-wells plate # - & B well 2 ¥ #c 5 5x10*» & @ well 3 § =48
## 1.5 ml 2 10%FBS/IDMEM > % *t 37C# % fa3s % 24 /) FF{s > ¥ B 407 &
FEV R K G EER TR 2 /,T ‘v BioLux™ GLuc Assay Buffer & 7 /4
KEEEF RBIZ I B AL RLFRIE L BB AP - féa2 4 kiR
F J& & (CPS, count per second) o [ # pt 4kt 2 F g4 LC3I 2 2 & » (F5;
WP imre poeEE 20 55 (Ju et al., 2009; Verhaegent and Christopoulos, 2002; Wu et

al., 2007)



25 wmeaEFRE
H9c2 w "¢ 3 7% & B 211 MTT 2 i {7 (3-(4,5-dimethyl-2- thiazolyl)-2,5-
diphenyltetrazolium bromide) - #- H9c2 ‘% i p& 5x10%/well 2 # & » £ » 12-well
culture plates w3z & Bp » S EH (T ¢ F T AMREEF L a4 &J2 ¢ 357 FIF
FORRMAPEZGER o w3 EF LN 0 2N ARYEESF ML ILE 0 B
DMEM 3 % %4 % » ** & B & 4 » %0 PBS ¥ h 2 k& 5 (0.2g/dL) 2
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma) - =
BEEPM > IMIMTT 2% 37CTH A G L) 218 ¢ &2 % ¢ o formazan
A gL 4o~ ImI DMSO W /% > 3 B ¢ & 4 £ 550nm = £ & Bl 2 & 47 & 550nm

B 5 e 2 s
2 ] ] o e 2, 22 3 ¢ 4, L0 B o5 2L F Y .
BARV AT w3 EEF 0 w3 EF LR rewroares X 100%

(Monastyrskaya et al., 2002; Mosmann, 1983) -

2.6 wm¥e w2 iRl

2.6.1 Reverse-transcription polymerase chain reaction (RT-PCR)

w?s % I LC3 & Beclin-1 mRNA ¥ 124 5 ‘P2 p w2 4 T > F]p 7 ki@ A2 *
R L 2 £ 484 5 (RT-PCR) ¥ Bl LC3 £ Beclin-1 mRNA » ¥ ¥ 4 i jplim? p
M2 % o LA HIc2 e i E RNA & B 1 * Trizol reagent (Invitrogen) @ i
Pl R AT N AJ2 - 1% ABI Prism 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA) 14 &~ 47 #75 B~ 11 2_ 4% § RNA Jk & (Chen
etal.,, 2007)-:& * #735 P~2. RNA S ri& 7> % @ % - %3 4 DNA (complementary
DNA): P4 1ug %€ RNA > J1* i # 4xf+ RevertAid First Strand cDNA Synthesis
Kit (MBI Fermentas, Vilnius, Lithuania) - i P& ] :¢ 5 23R & 7 9 % o & # 4 (Reverse
transcription)#f (TiE i 5 429C 1¥* 60 445 LSRR 5 TOT 2455 45 - Wi
I % — % cDNA & - I * R & %% 4a4) & J& (Polymerase Chain Reaction, PCR) > 3¢
RS cDNA SR E » REFE R F BiIT* F2 5 05 CivHh 10 4480 &
Fie 7 35 PhTRenz BE R MR (T & 45 04 T 30 f)4h; 50 T ie% 1 4 4

10



2 T2CIE* 14k BERESAE  AMHUELTY FRT2T2FFT 1044 -
BB LR F RAFEHEY Sul > 1% 2% agarose gel i& (7 T A A 47 0 7
S md EtBrdd 15 417% A A 17 & Alpha Innotech 35~ 8 o B it %

f1# Alpha.lmager® Mini & (7 FALA 47 o #7 * ch3l 3 & 35
Rat Cx43 sense: 5'-AAAGGCGTTAAGGATCGCGTG -3

Rat Cx43 antisense: 5'- GTCATCAGGCCGAGGCCT -3

Rat LC3 sense: 5’-GCCTGTCCTGGATAAGACC-3’;

Rat LC3 antisense: 5°-TTGGGAGGCATAGACCATGT-3’;

Rat GAPDH sense: 5’-GCACCACCAACTGCTTAGC-3’;

Rat GAPDH antisense: 5’>-TGAGTGGCAGTGATGGCAT-3’

2.6.2 & * % BLix (Western blotting)

B Hrod s v im iz Jou B 2% RIPA lysis buffer(Santa Cruz, Santa Cruz, CA) »
i pl & H 39 KA (Chen et al., 2007) * B~ 20pg h3-v F 12 SDS-PAGE 4 stit {7

TOAAFT 0 KL {8 2% % # 3 T PVDF membrane (Amersham Bioscience) b o 2 & 4¢
» TS E IR g T endE B Al R LC3-1 (18 kDa, fm*¢ T LC3) ~ LC3-II (16 kDa,
o Pz p v R %+ LC3) 2 % actin (Santa Cruz) 0 x 12 ECL(enhanced
chemiluminescence) #-H % ¢ (Liuetal., 2007) - & {¢ "2 QUANTITY ONE (Bio-Rad)

TE2Z O FHAITE Actin RE SRR o

2.6.3 i3t dnE iR

Acridine Orange (AO) = sidkd JF > ¥ MInff MR B we TN o PlERFL

#-tmre o A2 % 2 1 ml PBS w3 0 ¢ ~ AO (100 mg/ml) ¢ 15-20 A 4k > 4§ 5

11



" PCS k@ & f5 0 0.3ml 2 PBS w i 0 & 4] * i % iw % % (BECTON

DICKINSON, FACS Vantage):& {7 Bl £

F1# w3 lm¥e & ¥ % acidic vesicular organelles (AVOS)¥ 1138 8 fmz f et o] o fw
e p VR iR fj.%—l@; = acidic vesicular organelles (AVOs) > AVOs * % mfi*um L
AR R ¢ A= tniwPe p e autolysosomes o 2 i i% i Acridine Orange (AO)
BT mre A d (8o A 1F RN mre R o ] AVOS g o @ AVOSs B B
T & mre p ot ) (Kanzawa et al., 2005; Levine and Yuan, 2005; Mujumdar et al.,

2010) -

2L

2.7 R 5%

FEHRRAFAZ AL (RA 1) RAERP 40T

P
)

271 ¥ - /e

S W KR ¢ % HOC2 e B RSB E A D AR {5

a &
A A2 ek F R e AE R B Pt RS AR e g EE o

2.7.2 %238

&£ B &% pCMV-Lc3-Gluc Fag » & 4t FH et 4= N ~ HIC2 mee p >
TR A fs 2. H9C2 mPe i¥ 5 14 jp] Light Chain 3 (LC3)# #.2. Luciferase Report
System o & {7ie = WA F % 0 AR E S pCMV-Lc3-Gluc & HIC2 'm e &_
3 A e f A % o =R {1 * Luciferase Report Assay 1 i ] % p g

¥ {7 f1* 4 pCMV-Lc3-Gluc 7 4% {4 wild type H9c2 > vt fiF ¥ it & T2

FARE AR BEARL LY -

273 ¥ =ML

12



PRFTREAA X Adh 5o A fh AREhme s £ T o 1 wild type H9c2

kil

MR B A e ed 3E% - 2 (Control) ~ % = = (Heptanol) ~ % = 2 (H,0.) > % =
(H2Oz+Heptanol) » 4] # % — 3840 F %1 1@ P2 B EPF 52 AMmEES L
FOERIT® H X I AR e oz B4 0 B R RER . B2 A
f1* 4 pCMV-Lc3-Gluc 2. HOC2 & 7 ¥ F pliF » FFEAL Sz 2 & 25 - &
(Control)~ % = = (Heptanol)~ % = = (H202)~ % = = (H,O2+Heptanol)> 4] * Luciferase
Report Assay #& /4 £ fis % F R iE> M3 LC3 LA M2 M pI3 LR FETR

EE I

2.8 Bits WA g U

#7104 e B i@ 1 % PC version of SPSS statistical software, 15th version » +* #& T 32 (@
A B M3E* &2 oo 17 Mann Whitney U 8 8 5 3 5 fedicz. £ B b i #gr *
analysis of variance (ANOVA)# ] o P @11 <0.05 4L 5 se3- F g ¥ £ B R 4 5 WA
* GraphPad Prism 5 it %8 %] 1% o

2R RERRF

31 - -2 2RHFHK
311 iEF & P HIC2 14 2 dm¥e F Jis
dEF P I REDY PR RFTAE HIC2 A2 e pe v R T

BB IR p S ER L AP RFNEF L ERRE%

BB HIC2 % 400 UM iE F 1 & RJR (s endmie B o
3111 plEEF Cd A FAaGEE e peE

361,36 x10 ° ¢ HI9c2 45 ~ 12-well plate » 121 % i~ & 400 uM £ * 0-180 A 4
500t F AR L fE % 484 F R (RT-PCR)# 2% LC3-Beclin-1 &7 Bcl-2 22 mRNA

13



F2NFA, VAR A PFRAZE 90 A 482 18 0 A e p & e LC-3 &
Beclin-1 sh# ik b3 4e (n=2) » @ A ¥ wv k= 1 Bcl-2 mRNA & IR F3F 48
TRE(R A 2) -

] * SR8 B 1A 47 tk (Alpha.lmager® Mini) » #- % i pF % gLo7p) £ 3] 2. mMRNA £ 7

Ik

it gd gapdh R ts > {7 UBFRRE AT B N EF ST w0
M T2 BRAR L 5 5 180 A 4Bz 15 0 LC3 2 A B & M H 4 29.3% 0 A Beclin-1
2 2 ME LM 36.7% (B4 3) @ Bel-22 2 mPlEP S - BT § d
F e p AR A FI AR -

3112 EF i E Er BEEHES w R P

“f T dwe porAp B e FIMRNA) £ LV it X FiEF Y & 400 uM 3 F > af £ B
Fit3 400uM i R E T g R wmrr prE RN e k- 2 Fod AR E T &

- ‘H?%/F °

A3 2.0 x10 ° 1B Jm v 5 HOC2 45~ 10cm? chimte R &P 0 1% 400uM EF
@ ZH g 15hr~ 3hr~6hr~12hr~16hr & 24 hr> %% » HIc2 4p i ‘m?e p
M mie B enFd A M -400uM #EF & F% {5 Western Blot & 7 & i LC3
2 AR EFRAEE A FE R A A X QFTr 6] IS 0 £ 45 LC3Hl B 8
Fimre gtz W LC3-Il 2 23> PP ER (R4 4)-

€ it AP 2 LC3-1 & LC3-Il > # #-p| & & Actin ivq® » # R 400 uM ¥ i
iFr 2] (s LC3-l 2 2B 3 4 452% > @ LC3-1l 22 2 B B 5 AsdpE 2
454 1% o F 1v% 24 ] P LC3-1 2B L F T A4niEz 25/ » A LC3-Il £ E
A 344 E2 7.06 (B A& 5)c @ LC3-IN/LC3-1t & >+ 400 uM B 5 i & e
6Pl EFFA R LT 24 M+ 6244 1)

14



1 * Western Blot i ip] * 4 ‘m?e %= chBaxo &% it & 400 uM i®% pFRFARE >
A F hBax R FAREAAF D FRAFFER Y B4 2 e g F R
HFEAiEF L d 400 pM T 6 o) PELES (Rl & 8) o

F1# %5 fmre R & 0p) Acidic vacuoles 2 m e v Blo X EgomiEF 4 & 400 uM 1
f¢ Acridine orange % ¢ % |+ Acidic vacuoles v 53 4r » @ AVOS ¥ 12 fF J& % £
miE f AR o F] o RrAE e p EREST B 4 400 uM (FF (54 P ATH 4o ()
o T)o 8- > JI* i RPIEEF 2 400 uM FjE 1 Annexin V stain 5
Mt BEriEF Y& 400 uM (£ * 24hr 12 > Annexin V stain B 4t G 3 e A2 18
20% > A e k= 2 b Bl SR A (B A 9)

3113 #EF i v* R we 5 EF R

nﬁ; Tlmte hew FARLY b APEpEEr MTT assay k™G 72 F (8% pFRF cnif §

E T e s S o

PPt F & 200 uM Flje HOC2 t0%e 0-24 | BV T I P BRI S 0% g R
WHTRTA) c B R 0 AP IEY 2w 0 i F 1L Z TFh 12 PR e 3R
it 86.5% (n=5, P =0.13) » & G § i & (€% 24| pFr/ {8 Jmwe 5 i 5 1 85.2% (n=6,
P=0.009) (R % 10 # % 2)

3114 EF i E (Er R R HE S % R

HFIREAE: P H2MEREF PN e prE N mie A AR LR

AP E AR R kA RbR BT EF RS R

A i 1.2 x10 ° 5 H9e2 4 ~ 12-well plate » 4] * 0-1000uM & § i & (£ % 24 ] p¥
WA VRS F R LS a8 F B(RT-PCR)#% % LC3 mRNA £ L1525,
FOUERG HRBER GBS 4 o LC32Z MRNAZ R ap gt (B4 11)- &
FiEE A T AR 24 ) PERE > (¥ SRR HOC2 B mre porE v AL A B
gwl4 o

15



Bo-tER pER G RS 12 L PF o f1* 0-400puM EF it E (FF o R R R T
HIc2 # m.ime p w LC3 F-v Fr2 R 58 - & * Western Blot jp| 3 . » ‘w ¥ P v& -
0O AMAPEHITEE 3§ (L BR4 E 4 dose-response B k(R A& 12) 0 @ * 100pM
g it g (F% 12hr 7 & LC3-Il #f 4 2.48 B (W% 13)> & LC3-II/LC3-l & A# &
045> A4 % 1 084 FFH FEF & kAL 800uM > LC3-1l 22 2 L& 5 A#H
B 1256 B > @ LC3-I/LC3-1 3 4c 5 1.29 & » B & Jk BARE 4% T A 2 e
prEARRE v T AL o B Y S vA N p R 2 39 LC3H LA (Rl #
14 ~ Bl 4% 15~ 4 3)

3115 F T kR HInE G P

W R RREF 0@ 7 12hr f e B MG APl MTT 3 540 348
PR ERZEF CEAN e AR BRI ERES L E A

200uM > H fmre 215 5 5 #-) 2 50% (B % 16) o
3116 3§ ‘3 T Hew LR weFH&ELFE

FrH3 Pa AT e PR L LM% APRHRARERZEF VT

Al i e 4 Z connexin43 ehd B o

A i 3% 2,0x10° HOC2 fm ¥ 15~ 6 well-plate w5z 32 % 0 %5 4 % k& 0 400uM 6 §
it g iv* 0-24 | o1 * F @R & pEF 44 F B (RT-PCR) > ;% #& _Cx43 mRNA
2E o BE PR T PFRARE 14 ) pF{S > Connexind3 22 mRNA £ & ¥ &t
Rt s AAHIE 2L TT% > - B FIi®* 24 /] pFre s > Connexind3 2 mRNA % R
WL A#E2 26% (BE 17 B4 18) M B LREE L4 (T PEAAR
oI RPSwme R REL 2 ATLAR -

ot e R S 2 R FERA R PHEMER TS & 400uM AT 24
| PFiE > -7 Membrane fraction <7 Cx43 F-v &> (R4 19) ¥7 8 kA
WE G TEY R e RS 2L By iR

16



3.1.2 I AFEASE HOC2 1 2 i 4 7

3121 AT ER Hiwie A Riwme BFHBIEELEPE

A 34 2,.0x10° HOC2 45 » 6 well-plate im®s 32 % 48 > 1% 7 |k & ehl A i} (7% ¢
HOC2 fm¥ » 3 4% & #4 K & f% 4 484 5 i (RT-PCR)# % Cx43 MRNA 4 1. » &
RHAEAMERE CM3AMI X G HFDRN TR { BRAZ L AR
fF2 0 fmz 2. Connexin 43 mMRNA £ ik & a4F A# E 72% + (B4 20 -~ Bl %
21)

3122 I AR LR $ime

mﬁ

F* MTTassay = 5% -3+ 8 ¢ AfEEH 7 BB HIC2 wre chim®e 15 & 5 > i
2.0x10° H9c2 ‘=& » 6 well-plate ‘w® 3z % 4 ¢ » 1* 0.5mM I A% i * fmoe
S T BB SRS TR DB E R 24 [ 2 05mMM & A

T% > e 3R FRET N AFFH 85% o 05MM  AfET 2 € X 24 2w

S 3 B (B4 22)
3.13 ¥- ;WA 2%

EE AT B M E P T F HI2 A e pr o mNEEF B M 0T
* R et £ oo HIC2 ciwmPe porE ) R fmbe kS eh 3w %_‘fztﬁlfé_# Bodv o Pr g
Acidic vacuole 5 #£.2_ sz 1 2 Annexin V & I 122 fmfe it Gle Hi4e o @ B AR
AN A 612 pEE s RREFTY BRS L TRy g AP K
dose-response curve 4% > g iEF 1 & chF VR A FET Y 6-12 ) pFrE T A

B o EEFFORERES LI T VRN IBREF A" R W

,»',*

TSR L me £ T Connexind3 o Tl Ry R kS S 0 BRI E MG F P e

PrEZ i S Y3 ER AT 100~200uM @ T H pERF PG 6~12 o) BF o

TRARBFALRET AR 2 EP DR K HIC2 £ 3 Connexin 43 > e pF

EPERE* 05mM & AAEIT* 2 HOC2 » H ‘w55 5 77 ¥ 47 85% -
17



3.2 % - L % %-£ 3 Luciferase Report System

3.2.1 = * Gaussia Luciferase report assay 14 i Blim?z p v

Er TRk ¢ K2 AFE 2 8 (recombinant DNA) > 7 7 pCMV 5 4
(Plasmid) & 5 §* 48 » # LC-3 # Gaussia Luciferase % Flfid % > & = 3
PCMV-Lc3-Gluc # £ 2 B 48 o # pCMV-Lc3-Gluc # % » HIc2 m?e » Aj 2 - £ &
TRk F e p o4 R (LC3 £ 3R) » 2 Gaussia Luciferase Report System o = x4

TR S EE

3.2.1.1 plEE#E 4 pCMV-Lc3-Gluc # H9c2 2. 2 %%

H

g it ¥ & e HIC2 &2 4 ~ pCMV-Lc3-Gluc 2. H9c2 ¥ % s pCMV-Lc3-Gluc
#2152 HIc2 3 #® «h LC-3 mRNA £ 3> = %) 3 4r 42.9% (P=0.10, n=3) (Bl & 23
Bl % 24) - 1 * ;55\ dmre ik 0 R Acridine orange stain Fr b b2 dm¥e > F IR
PCMV-Lc3-Gluc #& % 2. H9c2 5 #& 3 " & (B £ 25) » ~ %{g\ T oA
PCMV-Lc3-Gluc & » fm%e & Bimw®e p vz RF| LR ERHEF -

3.2.1.2 plFE#E 4 pCMV-Lc3-Gluc 1% 5 Mm% p i id ip] % 3

B F - Rk AriEF A RGP e p AR 2 I I Pk
%_» #7 8 1% 1) 2. Gaussia Luciferase Report System (pCMV-Lc3-Gluc # %4 2. H9c2) it

Fpah Bt fRlmee f o1 B o

Fl* s v @ 400uM A =] flpcspe e HIc2 1 2 3 5 Gaussia Luciferase Report
System 2. HIC2 » z4k1ljc 0-24 /| PEHP R 2.4 kFE 2 F RiE o 58 RMiwe 3t it

* 8 ] B¥fs > § 7 Gaussia Luciferase Report System 2. H9c2 H 2 # 2 Luciferin /4

k% Z @3 4 12%(P=0.04, n=4) - it * 12 -] p¥is > H & 4 2 Luciferin /4 kpk% &
B4 31% (P<0.001, n=4) o FREHR 4 > G 14 | PEEH 42 tFREF B R

(plateau) » = % 40-49% » ¥ >33t A 45+ E P B F & & (P<0.001, n=4) (B # 26

18



Bl # 27 & %+ 6)> % ;= Gaussia Luciferase Report System (pCMV-Lc3-Gluc # 4 2

HI9C2) ¥ fa i P-if 1 Plim?e pvf2. 1 £ o

3.22 %= ML B

PN

L0 s geE T Gaussia Luciferase Report System > 1 # $#& 4 gt % 2. H9c2 » st
P PesE f ot g HOC2 dmPe 2 e e A TR 5 VR4 (et > e g &
ANy VR MRS | HEeTEEFLAL KEL | FHLIZREZRD -
RS iEF © 2 400uM f15c 24 - pFr2is 4] % Gaussia Luciferase Report System

W % T 1A AT A0%2 i p R -

33 $oMARE- BT wEFHL wepvEsd
3.3.1 1= wild type HOC2 iR|:E F I ¥ & $mPe p 2 5

v oxA

FEieFA S 2o 4w 5 % - 2 (Control) ~ % = ‘% (Heptanol) ~ % = 2 (H,02) ~ %
2 ‘e (H,Oz+Heptanol) » #-wild type H9c2 4 %] 5 d 0.5mM & & % £ 200uM iE 3
i EEr s AP R Fe 22 4pk LC3 - Beclin-1 ~ Bax mRNA # 1.4
A0 PR MRNA 2R E > SE T8 9 5 gapdh 2 Rfer » 2% 87 (B2

28&M® % 29) -
3.3.11 &% - 2 (Control)£2 % = % (Heptanol)

S 12 ) prent AR > LC3 MRNA £ & " 2 h ~ A # €7 90.8 % (P=0.2,
n=3) - tp¥+m % Beclin-1 & Bax 22 MRNA % L& & P B2 % o Bgom & R0 A

>

(gr

C ¥ e A e porE P R
33.1.2 % - 2 (Control)& % = i (H,0,)

BRFI A AR 12 ) pFus > LC3 mRNA #p#.3 % — %2 (Control) 28 #1k ik

H9c2 + %% 4 1 10.8% (P=1.0, n=3) -
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3.3.1.3 &% - & (Control)£2 % » % (H,O,+Heptanol)

v i % - e (Control)¥ % v e (H,O.+Heptanol)z. fF 2. LC3 mRNA # 3 » (7% 12 /]
pFis % v 2 (HOx+Heptanol)z. mRNA £ & 5 % — 2 (Control) £ # & i« HIc2

2. 84.0%(P=0.1,n=3) - &+ & A i > 02" % 4 AB%F% < LC3MRNA 2 % 7 -
3314 % = 2 (H00)% % v 2 (H0+Heptanol)

gy = B (H02)2 % v 2 (HOx+Heptanol) & 22 LC3 mRNA 22 £ AR > 5 & &
f% ek fo 8% (7357 > HOC2 MmPe 3t i % pr il 12 ] Pz s » 2 LC3 mRNA 2. %
4% T 24.2% (P=0.4, n=3) > BE T drdl e AR S o F ABF R S e p ok
A T4 o

3.3.2 §I* #& % pCMV-Lc3-Gluc 2. HIC2 RIFFF M5 & Himi f &
2 5

FEEFA S B 4w L % - % (Control) ~ % = % (Heptanol) ~ % = 2 (H,0,)# %
z % (H,Oo+Heptanol) » #-#& % pCMV-Lc3-Gluc 2. HIC2 & & 4+ i3 14 i& 7 4L A
17 o 1 * Luciferin /4 kp¥% @ & HIc2 438 LC3 & a8 7§ 5% o # HIc2
£~ 12 well-Plate 32 % #, » # — Bl 12 % # » £ » 5x10" HOC2 ‘m¥e » & m 2 it

FrdtRhiddk E5HE T (B4 30-B& 31-B& 32 B4 3Buife 7):
3.32.1 &% - 2 (Control)2 % - e (Heptanol)

g ¥ — e (Control)#? % = . (Heptanol)s i » & #h (v % chp P £ 48 > I A i 027
# B2 58 HOc2 Luciferin ei4 kg7 B > LA F W AARE N 4w p e 2 LC3
PREAMBRPE TRITT LT 16 | FF 0 5 = = (Heptanol)#r % f# <7 Luciferin

4 kplEk B 5 % — s (Control)= 96.5% (P >0.05, n=4) -

3322 % - e (Control)& % = i (H,0,)
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v g - e (Control) F = e (Ho00) 8 % F I+ 3% 12 [ pFris o wie poeg
2 AR Y A AR R 60 HOC2 % X)Hi e 1 60.6% (P<0.001, n=4) - — & | it * 16
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Bor 200 UM B F & RJZAEF H e A LC3 B b kR E -
3323 &% - e (Control)¥ % v i (H,0,+Heptanol)
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- 2 % 3] 8 | P % 2(H,Ox+Heptanol)2 # #| £ £ % — = (Control)4p iz » #
£ 3] 12 /) pF > Luciferin /4 £ f2 % & 2 3 4 31.3% (P>0.05, n=4) > @ iT* &£ £ 1

24 -] p& Luciferin /4 sk f¥ % (&7 # 4 41.3% (P<0.001, n=4) -
3324 % = 2 (H0)% % » & (H0+Heptanol)

gk = B (H02)2 % v = (HyOo+Heptanol) & 2. Luciferin /4 kBl & @8R > 5 &

N

APRenE e E® A5 0 HOC2 MmRe it iE PR ARE 4 PEILIS > FRLRD - R
i enLuciferin /s b px 2 B m § 7% pPFRAZiE 12 /| PFPF o i34k e0— 3R 14 Luciferin
APl R B MRS A7 2 £ B (P<0.001, n=4) 7 516/ PFE B ITH {5 s

I REET LR < 5 20.6%:0 Luciferin 4 kR E o Agon drdlmie BRI S 0 3

BB TR e f ks AR

3.33 ¥ = A B3
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L¥EoiFF i FBrwmE iRz AR AT o R HELE ALE

N

PR g e B ERE DI Meie p i AFIARE G BT TE
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e f oA T A TR o

# f1* Gaussia Luciferase Report System #ip| > #] LC3 22 # E #-3 L &K T '8 4
20% < B m drdl e B L 0 F RAPR S ARy TAR o m @ * wmie

Ml & drd| Bl me B2 L@ 30 A AR 2 wie 2 P e
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e kX F VR4 B ITFEmE s i B2 L3RR AL L e g G o

AR HE KB e e f i m e B B i e B LT o A
FRE e 2 e B R S X B AR E e f ARG § X 5w
BH S Fr il B e e £ R R P Bl AR & 4l
PrEZ 2 oo PR AR AR F RSB R B ET B
A pr AL Rl EF wme G TR T TR o A i—fﬁﬁ%‘i‘% & Bl
A mime pEE SRR R AR RIET T - B L SRS S
FT - ANnEL T U EAF MRS -

41 X B B eOTRAE R R
411 v B HEELE B SHKAE R

2

e B ARSI Mz A & 2 #8 5 T F EL2 @i (Electrical coupling) 0 &
FrAdETEEhE R LT R RF R FET R PSR L 5

ORIl R RESG R BN o S BRI F LR OER
HE S ATl 4 A% (Reimer etal., 1977) 0 Flpt et e R s F F
PR RS R 2 R 3 S 5§ R R ahig 32 (Maroko et al., 1972) o ik eI £
PRBRNE L PEA MBS DEF R R FI SR Ap s E A e
P B ey (Antmanetal., 2004) e it R pRE L R ERFARLR o 2 L
oz g T EEL P EAR > IR LR ZZFHG TP o e B
F & i ik T2 & ¢ (Garcia-Dorado et al., 1989; Schroeder, 2007) o >+ £ j& /[ £
F AL ARRIrlc e I 4R & 0 7 4 R0 X Lactate Dehydrogenase f§ %< - &

4 #.> &7 Contraction Band Necrosis(Garcia-Dorado et al., 1997) » { &1 ‘o2 [ [§ 4%

22

-



ERAL BN GRL2Z - A BV AT FHEL 2T §F 52 @R
(Electrical coupling) ¥ it 3% i & < vujai o i@ & VU o T Mou It g R
ZZRF o MV A R RN e RS AP BRI
(Rodriguez-Sinovas et al., 2006) ° 4r% 355 F 2 P33 VT B 0 i gl s
e M EL G AR B R E L oadrdleitr BRI E ES L0

A & TUEY SIS & ML R

" ¥ Ischemia Pre-condition (IPC)& %= 3 FE 4 » » AP AP E 1 wmie B 4%
£ 3

’ﬂbﬂ

Lot B & o Ischemic Pre-conditioning (IPC) 4p s8_ fos sk 5 4 4 14
WP OEROVIY R X e ® a3 F 25 5 Ischemia precondition (IPC) fw
ELRFEAINE S S Lt s BT R s R s SN I -3 S SERS R i
(Yellon and Downey, 2003) - B = 3% 5 Ischemic Pre-conditioning (IPC) s34 357 st %
#7 Src ~ protein kinase C (PKC)4 % p38 mitogen-activated protein Kinase
(Steenbergen, 2002; Thijssen et al., 2002) ; # % & 3 7 % & M 3% & (Miura et al.,
2010)2 m*z p v % (Yan et al., 2009) - :7# 7 7 &+ > 1 * ¥ ## Ischemic
Pre-conditioning (IPC) 2 i* 5 Z | (D-Ala2,D-Leu5)-enkephaline acetate (DADLE)
PR RGBS PR MO RARE o Aok R T Ird|lmt P HIR L2 &
& & R FE > P] DADLE 313 IPC cvo Bgik3E ac # #-T *% 65% (Li et al., 2002) -
e pF IPC % Bgenifzk 4 > 3t Connexin 43 i&?‘];’d“ff ek By -7 45 2L (Maejima et
al., 2005; Schwanke et al., 2002) - 4,5 %k » & A3F IPC Pt o iR 4 »
FWRMELR PZREFF aF T ¥ # i o 8228 > Connexin 43 # 3% Ischemic
Post-conditioning =& & |+ » 7 % ¥*% Ischemic Pre-conditioning (Heusch et al.,
2006) ° " A F H 05 e B 6 5 Wikiwie ohe i o R AR R AL
rir BB FHERL RIS PR AT RAEEAE Y L BE1 £ & hd

FIELS e p EELAR M 0 @ NP A B2 g % A T AR o

412 sm% p KB i [ BT
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i [f B 3 (ischemia/reperfusion injury) & & dp e 8 Bl g 2 R e e b 2
Faotien ERhme G L o AL REF > BRMTRZFRER S EPFF L4
B RN B LB e o BN EIRINPE S Vi € i
oxygen species) » & @ HxwmiE I G o L F o LIRIRFFE P S OLEF B inte
"FELRBRINECRF RS B A2 RINUEF B A2 R IERF SR
B oF PR e FE S [LBETRE AR P F R EPERE E A
A g ime p A A4 AVOs (Takagi et al., 2007) ; F p* =0 it 17 Ischemia
preconditioning (IPC)~ %% 2 mre prphl » fI* R e F P FHRF R 5
Ischemia preconditioning (IPC) &2 F A 60%: VUL B % ot e R
W 4v 0 e p o AL Fl2 & e 3% Beclin-1 & LC3(Gurusamy et al., 2009) » @ sm¥z f
EV R A e RBFEF RY FRRFL e e T g TSGR
Faopdiefs v F QaEn d iz @)Frdlore k- -

BT BT CE R F R R BB YA f e o B A 2
EE ifcmkr}’a i Pe ¥t reactive oxygen species 2 4k w [RGB G T RN - 4K F]

AT B ERERTSFT MRS eIl R A 2 S RRIRE S S

4.1.3 PigimTe LB <A RIS R

# £ Mammalian target of rapamycin (MTOR) B % A& 4R 5 — B € & h i io B 41
¥4l MTOR ¥ 1133 fmie prfd TR o A7 3 Bt > @ * ¥ #74] mTOR 2 Everolimus
(3.0 mg/kg/day)ips fr s vl et 22 E RV HF IR > T 28 X {5 0 U R R P A

FR Vo s BCE-3 ] 20 LV end-diastolic diameters ~ #i 4 end-diastolic volumes
B s tin iy K o] o Bior ] MTOR 5% dmfe p v B8 Lo R & (6 20 o
£ ¥ (Buss et al., 2009) -

M op oAk K L 278 * 2. Sirolimus, Everolimus, Zotarolimus % 5 #r4] mTOR

WAIAPM > AL B R L R T2 P AL T A B PN L2 e po
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#% % 49 B (Hayashi et al., 2009) - 1}t > ¥ 3 3 w2 I [44% & i &)4e 4-oxoretinoic

acid (Hanuschetal., 1995) » &3 ¥ ¥ G s T - BiphHEFAF > 5 o

42 3 2"
421 FAEr SN BHFHBL LS £ B K

I EF L EFLF R R B L S e g T T RS
’z % ¥+ Reactive Oxygen Species 2% 44 o /R /B § k% o 2 F] 5 F %ALY » i
§ i 4 fe & DMEM+PBS % 32 % jfe crffe 150 -0 R8 15 % Jk & 2 & % 100-400uM o
et K EET UL EF VA F LRSI 2 Tahkin o ey F LR BR
Fovimn kBTS2 BF L EF RS > TaRmn BHAS L B
e I BPenE R o TV 04 g %4 ® % Scrape Loading Methods
RR%As A § R4S e fos 4 R (Udawatte and Ripps, 2005) 0 B 15 £ 36 A8
2 e AT RX T fERL ) BPMiT e AR me f o A @ % Scrape
Loading Methods » ¥ 1438 * e B kR 2 i F * & & B 8 7 g wmbe p w2 $

¢ 3= Rapamycin & H # i % > mTOR 2. # 3 ¢ 3= Everolimus °
422 T ABIrdlwie RHEES L& - |2

AFREY w FHFFIRE AR boRERFTRE 0w R AT R TETT
r 3 g et B O & (Kimura et al., 1995; Lin et al., 2009) - i & & fig 322 5%
- T B R o T WEAP > 3 T B e B RS
ZFBPFTHEIM A R T v e M B S
P mie M2 pnde it B g qE Y g ARdk ) (Bastiaanse et al., 1993; Takens-Kwak et
al., 1992) o » Fl i I AR PET 5] e TR o 5 P 4R M k- g
Flr ARAETEEE B IR Pl p R HHmE R o F AR
B2 N H o T REY L B Mg #2427 % Connexin 43 mimetic

peptides (Evans and Leybaert, 2007) ~ Connexin 43 .48 (Meyer et al., 1992)s" i¢ *
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Connexin 43 SiRNA(AI et al., 2010; Yasui et al., 2000) > B 70 » ¥ 2 4 jg & *
Connexin 43 Jm#s 7t 2_ % — 4 P45 fL > Gap26 B & Frd] CX 43 0% & 2 3¢ o f
H 2@ prd) Connexind3 2. ¢b > BT UER ¥ - 2 n LY JI* AFE A EL W
el Ac e T3 & 4 R E (Tolmachov etal., 2006; Udawatte and Ripps, 2005) - &
4 41 * % ¥ 4 4-oxoretinoic acid (Hanusch et al., 1995) 2 2 Antiarrhythmic peptide 10
(Quan et al., 2009) k 3 4r Connexin 43 st » F w B3R & 7 € F1 5w T4 &

<)

2 ER e HRwe gz FHRE X FIEFAR L F wtimre o
423 HIC2 m¥e thii 2 % A7

*F B fwre o G HIC2 fm Pz tx0 it 5 cardiomyoblast >t 1976 # p Rattus norvegicus
Embryonic BD1X 4 it dt % (Kimes and Brandt, 1976) - 1943 F L% > >> 3 % § ©
NEE M % (passage) i fE o me W A o a - AN e

CRERSF e YN ES 2 v hE B

o

S ihd T BT e BT A R @
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AR ST 2w 5 A LoeHE A chHOC2 0 AT H 8 At R e im e 2 T
AMR ok APREY BRE e L7 R0 JUgRH 6D AR T kgl e
B EE - F 7 &3 g * Microinjection dye (LY) transfer method
(Garcia-Dorado et al., 1997; Kimura et al., 1995) > Detect intercellular Ca®* fluctuation
(Garcia-Dorado et al.,, 1997; Kimura et al., 1995) > Tracking the movement of
fluorescent dye calcein (Garcia-Dorado etal., 1997) - e 5 3 & i& - H2EF > & A fig ¥
I RIR e 2 FF A 22 BFurvmir b Cxd3 2 4 Bl G
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and Pogwizd, 2005; Kostin et al., 2003) » # ¥ %3k 4 4 # = ¥ 2 % 3 (Hesketh et

al, 2010) » TP T U iE- HEBAAF LS KFEL W R ELZ LD F o

AT EC L prEm B A 2 Bdher R R ELREAT A
fho REF L wme R ;@E;w?_“!f TRMEE S Ao e 357 Tight Junction
(Schneeberger and Lynch, 2004) ~ Desmosome (Lewis et al., 1997) ~ Paracrine Signal
(Noseda and Schneider, 2009) ~ Juxtacrine Signal (Walker et al., 2008) % > # Z vt H

e R N T R T 0 AR AT R R [ VAL BT R R
4.2.6 Luciferase Report System & i & % LC3-1l eh% RE

PR e p oA LT 53R E Beclin-l ~ LC3 ~ % FAE 5 Pl ve poeERY ~ ¥

o mPe ik 18R] Acridine orange 5144 ¢ vt b] & (Klionsky et al., 2008; Mizushima,
2004)c 2 ¢ LC3-Il e & & £_LC3I/LC3-l +* & { at * Bime p vEf cni L E

(Kabeya et al., 2000) o & § 21 * ¥ r2 B-i# & B 2 20505 & 2+ 2 Luciferase
Reporter Assay 7 % M iplim% p eifen™ 2> w353 2 @i 2 B F & LC3-Il ehd 1
£ 22 LC3 II/LC3-l ‘{8 o Be2R3F 5 % ¢ * H 5 = ;% 4o GFP-LC3 (Mizushima and
Kuma, 2008)~mCherry-LC3 (Terada et al., 2010) 2t #_Gaussia luciferase (Ju et al., 2009)
¥ 5 Report Assay > e~ ik 3857 LC3eh& E @ ¢ o Aip 2 4& %4 IR LC3-Il e
g v & fI* pCMV-LC3-Gluc ¥ = Reporter Assay # = cri4k B o

e Luciferase reporter assay 2. = ;% » ¥ UK R e poeE2 B B F
BAMERPFY F ¥ ATGAb F4E > @ ATG4b R f § # LC3 *» &)= LC3-Il &
LC3-I(Ketteler and Seed, 2008) -

427 BF 1 & P FE S w2 B imie p ool
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ARG B R KR S LR 2 S P Y E R
By VR4 A FF e LR w prE e LiFF LG A FEB?LF“,f T e p
Mend Rt > B F VAL A2 e 3kt (Necrosis) !4 2w k= o it a F IR SRk
S L|3f o BEARAN G B @ 2 N34 see p vl Starvation (Munafo and Colombo,
2001) ~ Insulin Deprivation (Baek et al., 2009) ~ Heat Stress (Schwartz et al., 1992)
& ¥_Hypoxia (Jiang et al., 2010)% = ;% » e R ERZEFL T* S35 3 FERE dw
R R e b= B ek B RS e I G 3 AT A ch3 32 B % (Fimia and
Piacentini, 2010) - = 3= # * @ 4 * Rapamycin ~ Valproate ~ Tamoxifen % % % ‘m
¢ vk % 3 (Rubinsztein etal., 2007) > 827 8 % it F S T8~ F 3 > iR g §
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fra @i Rk e cnd BT R R o

$7% A%EYZ

Bimre p L X T B F A D e fEE Y STRR ISR o A
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1. Introduction

1.1 Autophagy

Autophagy was first observed about 50 years ago in the kidneys of newborn mice
(Clark, 1957) and the term autophagy was first coined by de Duve (De Duve and
Wattiaux, 1966) which open the field of this lysosome associated cellular process.
Autophagy was described as an intracellular degradation process for the turnover of
long-lived cytosolic proteins and organelles such as mitochondria and endoplasmic
reticulum. Despite the early start 50 years ago, it was until recent 10 years where
knowledge toward the induction, regulation and function of autophagy were
accumulated rapidly (Kroemer and Levine, 2008; Mizushima et al., 2008). Autophagy
was considered as an evolutionally conserved cellular mechanism which is essential for
cell homeostasis under normal conditions and for the cell defense and adaptation against

environmental stress.

There are three main autophagic pathways: macroautophagy (Yorimitsu and Klionsky,
2005), microautophagy (Kunz et al., 2004) and chaperon-mediated autophagy(Dice,
2007). Macroautophagy is the most prevalent form. The hallmark of macroautophagy is
the de novo formation of the double-membrane vacuoles which were called

autophagosomes. Mature autophagosome will fuse with lysosome, thereby generating
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an autophagolysosome or autolysosome. The incorporation of the outer autophagosomal
membrane with the lysosomal membrane eventually allows the degradation of the
remaining inner single-membrane and the cytoplasmic content of the autophagosome by
lysosomal hydrolases (Mizushima et al., 2008). By removing or recycling of long-lived
proteins and organelles, autophagy became an essential mechanism for maintaining or
lengthening cell survival. Moreover, Autophagy may also involved in cell death
regulation, which called autophagic cell death or type 2 cell death (Scarlatti et al., 2009).
Autophagic cell death was characterized by massive vacuolization of the cytoplasm and
accumulation of double-membraned vacuoles. In contrast to apoptosis, there is little (or

no) cell shrinkage and chromatin condensation.

To date, autophagy had been implicated in adaptive mechanism for confronting cellular
stress such as starvation, hypoxia, oxidative stress or increased cell demands. The
existence of autophagy provides cell survival, differentiation, development, and
homeostasis as well as for fighting against oxidative stress and biological disease

(Hamacher-Brady et al., 2006b; Mizushima et al., 2008; Nakai et al., 2007).

1.2 Regulation of autophagy

Induction of autophagy requires activity of Beclin-1 and its interacting partner, class Ill
phosphoinositide 3 kinase (PI13K), also known as Vps34. Through binding of Atg 12,
Atg 5, light chain 3 (LC3), phosphatidylethanolamine (PE) and other autophagy related
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protein, autophagosomes are formed (Hsieh et al., 2009). LC3 is cleaved by the protease
ATG4 to generate LC3-1 and LC3-Il. LC3-Il is recruited into the forming of
autophagosomal membrane. Therefore the expression of LC3-Il or LC3-11/LC3-I ratio
could be used for semi-quantification of autophagy expression. In addition to inducible
class 111 phosphoinositide 3 kinase (PI3K) pathway, autophagy is negatively regulated
by class | PI3K through mammalian target of rapamycin (mTOR). Other upstream
regulatory  signal includes growth factor signaling, phosphatidylinositol
(PI)3-kinase/Akt, mitogen-activated protein kinases, AMP-dependent protein kinase
(AMPK), small GTPases, trimeric G Proteins, inositol triphosphates and calcium

Signaling (Nishida et al., 2008).

1.3 Autophagy meets apoptosis

Beclin-1as an essential activator of autophagy, when binds with Bcl-2/BclXL, the
formation of autophagsome will be inhibited (Saeki et al., 2000). It’s possible that
Bcl-2/BclXL involved the regulation of both apoptosis and autopahy (Levine et al.,
2008). The anti-apoptotic protein, Bcl-2, interacts with the evolutionarily conserved
autophagy protein, Beclin-1. Thus, Bcl-2 not only functions as an anti-apoptotic protein,
but also as an anti-autophagic protein via its inhibitory interaction with Beclin-1
(Pattingre et al., 2005). Although the detail interaction and regulation of Bcl-2 in

autophagy was not completly prevailed. The regulatory role of Bcl-2 was indeed
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observed in many cell types. The interaction of Bcl-2 and Beclin-1 was the key to the

cross talk between autophagy and apoptosis.

Moreover, the autophagy related protein, Atg5 also possessed pro-apoptotic effect.
Autophagy-related gene (Atg) 5 is a gene product required for the formation of
autophagosomes. Over-expression of Atg5 provokes apoptotic cell death, therefore,
represents a molecular link between autophagy and apoptosis (Yousefi et al., 2006).
Although autophagy and apoptosis had differed biological behavior, the two

mechanisms existed in a complementary and interactive way (Nishida et al., 2008).

1.4 Autophagy and heart disease

Autophagy was implicated in many human disease including aging, neurodegenerative
disease, immunity, liver disease, development, tumorigenesis, differentiation and
cardiovascular disease (Mizushima et al., 2008). The earliest description of autophagy
in heart was documented in 1976(Sybers et al., 1976). Under basal or mildly stressed
conditions, autophagy degrades and recycles diseased organelles, mis-folded protein or
damaged mitochondria for maintaining homeostasis (Kim et al., 2007). In
lysosome-associated membrane protein-2 (LAMP-2) deficiency mice, large
accumulation of autophagic vacuoles and cardiomyopathy were observed (Tanaka et al.,
2000). Increased autophagy activity was also observed during ischemia/ reperfusion
injury, myocardial infarction, heart failure, hypertrophy and pressure overload state

32



(Nishida et al., 2009). Though autophagy had been observed in many disease conditions,
it remained unclear whether autophagy is protective or detrimental in response to

cardiovascular disease.

1.4.1 Autophagy versus myocardial ischemia:

During myocardial ischemia with hypoxia and nutrition deprivation, autophagy was
activated through an AMP activated protein kinase (AMPK)-dependent mechanism
(Matsui et al., 2007). AMPK inhibits mTOR, a negative regulator of autophagy, as well
in turn to activate autophagy. BNIP3 is dramatically induced by prolonged hypoxia in
neonatal cardiac myocytes, thereby mediating mitochondrial dysfunction and cell death
(Regula et al., 2002). It is also evident that BNIP3 will induce autophagy via titrating
Bcl-2 and/or Bcl-XL away from Beclin-1 (Tracy et al., 2007) or possibly through
inhibiting mTOR (Li et al., 2007). In summary, autophagy seems to be a key
pro-survival mechanism in hibernating cardiomyocytes during ischemia (May et al.,

2008).

1.4.2 Autophagy versus reperfusion

During reperfusion period, AMPK was no longer been activated, whereas reperfusion
further stimulates autophagy through Beclin-1 dependent mechanisms. Therefore, cell
accumulated massive autophagosome and reduced activation of pro-apoptotic Bax

(Hamacher-Brady et al., 2006a). However, in contrast to the generally protective effects
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of autophagy during ischemia, autophagy during the reperfusion phase may not
necessarily be protective. Some study even showed increased cardiomyocyte survival
when hypoxia and reoxygenation-induced autophagy was inhibited (Valentim et al.,
2006). Inhibition but not activation of autophagy during the reperfusion phase is
accompanied by significant reduction in the size of myocardial infarction and cardiac
myocyte apoptosis (Matsui et al., 2007). In summary, autophagy role during reperfusion
period remained detrimental. Since excessive activation of autophagy could cause cell
death; the combination of up-regulation of Beclin-1 and down regulation of Bcl-2
during the reperfusion phase may stimulating cell death; and autophagy and apoptosis

are interconnected by common mediators (Pattingre et al., 2005).

1.4.3 Autophagy versus hypertrophy and heart failure

In study of ligation induced myocardial infarction rabbit model, the LC3-11/LC3-I ratio,
which represent autophagy activity, was inversely correlated with post infarction left
ventricular ejection fraction (Chen et al., 2010). This shade the light that autophagy
correlates with heart systolic function. Rapamycin, which inhibits mTOR and in turn
activates autophagy, prevents thyroid hormone-induced cardiac hypertrophy (Kuzman
et al., 2007). Rapamycin was shown to regress the established cardiac hypertrophy

which was (McMullen et al., 2004). Serial evidence also support that autophagy was
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correlated with some other form of heart failure such as pressure overload heart failure

(Zhu et al., 2007) and dilated cardiomyopathy (Shimomura et al., 2001).

1.4.4 Autophagy and atherosclerosis

The role of autophagy in atherosclerosis is poorly understood. Autophagy of smooth
muscle cells (SMCs) in the fibrous cap may be the important mechanism underlying
plaque stability. Autophagy may safeguards plaque cells against oxidative stress, by
degradation of the damaged mitochondria (Kiffin et al., 2006). However, the postulated
role is not always positive. Excessively stimulated autophagy may cause autophagic
SMC death, which in turn results in plaque instability, owing to the reduced synthesis of
collagen and thinning of the fibrous cap. Autophagic death of endothelial cells may be a

primary mechanism for acute lesional thrombosis (Levine and Yuan, 2005).

1.5 Gap junction intercellular communication

With broad understanding of autophagy, scientist was about to formulate therapeutic
strategies based on autophagy intervention (Bao et al., 2010). However, before utilizing
autophagy as therapeutic tool, the design should involve understanding the detailed
processes, including induction, formation and degradation, to intra-cellular and
inter-cellular regulation. The intra-cellular control and molecular mechanism of
autophagy had been investigated vigorously. However, the intercellular regulation of

autophagy signal between cells was lacking. When talking about intercellular signal
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exchange, gap junction intercellular communication always plays a pivotal role. Gap
junction directly connects the cytoplasm between two cells, and allows selective various
molecules and ions to pass freely between cells (Lampe and Lau, 2000). The signal for
chemical communication between cells includes small second messengers, inositol
triphosphate (IP3) and calcium (Ca2+) and molecules smaller than 1,000 Daltons. The
main functions include electrical and metabolic coupling, electrical and metabolic
exchange, cytoplasmic connection and direct cytoplasmic signal transduction. The
intercellular regulation of apoptosis had been well-documented. In contrast, the
intercellular communication of autophagy signal between cells was never investigated

and the role of gap junction in autophagy was unknown.

1.6 Intercellular mechanism of autophagy

For cell death and survival regulation, apoptosis was implicated in an important role.
Evidence showed that, there are apoptotic signal exchanges through gap junction
(Contreras et al., 2004; Kalvelyte et al., 2003). Administration of carbenoxolone, a gap
junction uncoupler, to ischemic brain cell prevented caspase-3 activation and
dramatically reduced neuron death (de Pina-Benabou et al., 2005). When stably
transfected with the gap-junctional protein connexin32 to baby hamster kidney (BHK)
cells, apoptosis had spread from dying cells to healthy neighbor cells. Despite the fact

that cyC is too large to traverse the gap junctional (Udawatte and Ripps, 2005). It seems
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that gap junction assists in cell death, but recent evident question the point of view
(Decrock et al., 2009; Taimor, 2000). In neonatal rat ventricular myocytes treated with
antisense oligonucleotide for connexin43, which down regulate of Cx43 expression, the
progress of apoptosis was accelerated (Yasui et al., 2000). Mitochondrial connexin 43
also acts as a cytoprotective mediator of signal transduction in mouse cardiomyocytes
(Rottlaender et al., 2010). The proponents for pro-survival gap junction, considered that
the potential mechanism rely on limiting the large molecule toxic substance transfer,
offer pro-survival signal transfer such as vitamin C, ATP, glucose or anti-apoptotic
signal transduction (Decrock et al., 2009; Nakase et al., 2003). Will autophagy signal be

part of the mechanism?

1.7 Study purpose

For autophagy inter-cellular regulation remain to be elucidated, especially the role of
gap junction. Autophagy control possessed therapeutic potential in heart failure, left
ventricular hypertrophy, myocardial ischemia, infarction, reperfusion injury, and
atherosclerosis. We investigate the contribution of gap junction to cardiomyocyte
autophagy which was produced by oxidative stress. We hypothesized that autophagy

signal between individual cardiomyocyte was conducted through gap junction.

2. Material and methods

2.1 Chemicals
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1-Heptanol (Sigma, St. Louis, MO, USA). Hydrogen Peroxide (H,O,, Sigma, St Louis,
MO, USA). Dulbecco's modified Eagle’s medium (DMEM), F12 medium,
phosphate-buffered saline (PBS), 0.25% trypsin-EDTA, streptomycin-penicillin,
amphotericin B solutions (Gibco, Gaithersburg, MD, USA). Fetal bovine serum (US
Bio-Technologies, Parkerford, PA, USA), pCMV-Lc3 (OriGene, Rockville, MD, USA)
TurboFect ™ in vitro Transfection Reagent (Fermentas), MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5- diphenyltetrazolium bromide) (Sigma, St. Louis, MO, USA). All

chemicals were used according to the manufacturer’s instruction.

2.2 Cell culture

We use H9c2 (2-1) cell culture as study model. The source of H9c2 comes from the
Bioresource Collection and Research Center of Food Industry Research and
Development Institute, Taiwan (FIRDI) which was derived from American Type
Culture Collection (ATCC ®). H9c2 were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose
and supplemented with 10% fetal bovine serum (FBS) and 0.6% penicillin/streptomycin
(Invitrogen) at 37 <C with 5% CO2 in a humidified atmosphere (Koudssi et al., 1998;
Long et al., 1991). H9c2 at the concentration of 5x10°~4x10°/well were seeded in 6
well-plate, 12 well-plate and 96 well-plate overnight before beginning any chemical

treatment.
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2.3 Construction of plasmid pCMV-Lc3-Gluc

To generate a plasmid coding for a fusion protein containing Lc3 and luciferase
(plasmid pPCMV-Lc3-Gluc), the DNA fragment coding for luciferase insert was excised
from plasmid pCMV-Gluc with Hind Il and Xba | and blunted with T4 DNA
polymerase. The pCMV-Lc3 vector was linearized by digestion with EcoR V and
dephosphorylated by shrimp alkaline phosphatase. The linearized pCMV-Lc3 vector
and the Lc3 insert were ligated using T4 DNA ligase. E. coli transformants were
selected based on kanamycin resistance. Plasmids from transformed E. coli were
screened by restriction enzyme digestion and confirmed by sequence analysis. The
plasmid pCMV-Lc3 and pCMV-Gluc were purchased from Origene and New England

BioLabs respectively (Tannous et al., 2005; Verhaegent and Christopoulos, 2002).

2.4 Transient Transfection and Luciferase Activity Measurement

All transfections were performed at 80% cell confluence using TurboFect ™ in vitro
Transfection Reagent (Fermentas) according to the manufacturer’s instructions. For
experiments involving luciferase assays, 10 pg reporter plasmid pCMV-Lc3-Gluc was
transfected into H9c2 cultured on T75 Flask. Transfected H9c2 cells were seeded to
12-well plate at concentration of 5x10* while each well contained 1.5 ml of
10%FBS/DMEM. Cells were incubated at 37 € with 5% CO2 in a humidified
atmosphere for 24 hr and all medium were refreshed before study. We added BioLux™
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GLuc Assay Buffer for luciferase release assay. Chemiluminescence analyzer were used
for luminometric (CPS, count per second) and the luminometric results stand for LC3
expression and autophagy activity (Ju et al., 2009; Verhaegent and Christopoulos, 2002;

Wu et al., 2007).

2.5 Cell viability analysis

Cell viability was measured using MTT bioreduction assay(Mosmann, 1983). MTT,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, was purchased from
Sigma. Cell culture plates were washed with PBS, exposed to 0.2g/dL of MTT solution,
and kept at 37 °C for 60 min. The blue crystals that appeared were dissolved in DMSO
at the end of incubation. We examine the optical density of each plate at 550 nm on a

scanning multi-well spectrophotometer. Percentage of cell survival was expressed as

absorbance of treated cells

X100% (Monastyrskaya et al., 2002).

absorbance of control cells

2.6 Autophagy detection

2.6.1 Reverse-transcription polymerase chain reaction (RT-PCR)

Measuring LC3 and Beclin-1 mRNA were used for detecting autophagy expression.
Total RNA was isolated from H9c2 using Trizol reagent (Invitrogen) according to the
manufacturer’s protocol. ABI Prism 7700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) was use for quantifying gathered total RNA (Chen

et al., 2007). The first stranded complementary DNA was synthesized from 2 pg of total
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RNA using a RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, Vilnius,

Lithuania) according to the manufacturer’s protocol.

Reverse transcription (RT) was carried out at 42 < for 60 min following incubation at
70 € for 5 min. Complementary DNA amplification was carried out according to the
following temperature profile: 94 «C, 30 s; 50 C, 1 min; and 72 €C, 1 min. At the end of
35 cycles, the reaction was prolonged for 10 min at 72 €, and 5 ul of product was
analyzed on a 2.0 % agarose gel. The intensity of the bands was measured using Alpha

Innotech, Alpha.Imager® Mini software.

The following are the sequences of the primers:

Rat Cx43 sense: 5'-AAAGGCGTTAAGGATCGCGTG -3

Rat Cx43 antisense: 5'- GTCATCAGGCCGAGGCCT -3"

Rat LC3 sense: 5’-GCCTGTCCTGGATAAGACC-3’;

Rat LC3 antisense: 5’-TTGGGAGGCATAGACCATGT-3’;

Rat GAPDH sense: 5’-GCACCACCAACTGCTTAGC-37;

Rat GAPDH antisense: 5’-TGAGTGGCAGTGATGGCAT-3’

2.6.2 Western blotting
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H9c2 were washed twice in cold phosphate-buffered saline (PBS) and lysed in RIPA
lysis buffer(Santa Cruz, Santa Cruz, CA)(Chen et al., 2007). A total of 20ug protein of
cellular lysates was then electrophoresed on a 10% SDS-polyacrylamide gel and
transferred to polyvinylidine difluoride membranes (Amersham Bioscience) by
electroblotting. The membranes were incubated in 5% nonfat milk overnight, then
incubated with mouse anti-LC3-I, anti-LC3-Il, anti-Bax antibody for 2 hours, followed
by incubation with horseradish peroxidase-conjugated anti-mouse 1gG for 1 hour.
Immunoreactive proteins were visualized using a commercially available enhanced
chemiluminescence kit with exposure of the transfer membrane to X-ray film. As a
loading control, blots were stripped and reprobed with an antibody against -actin (Liu
et al., 2007). The density of the bands on the membranes was scanned and results were

quantified using QUANTITY ONE (Bio-Rad).

2.6.3 Flow cytometry

The acidic autophagic vesicles were visualized by supravital staining with a
pH-sensitive dye acridine orange. The alkaline acridine orange would enter acidic
compartments such as lysosomes and autolysosome for staining. Briefly, cells were
washed with 1ml PBS and stained with acridine orange (100 mg/ml) for 15-20 min.
Acridine orange-stained cells were trypsinized, washed with 0.3 ml PBS, and analyzed

by flow cytometry on BECTON DICKINSON, FACS Vantage. We quantify autophagy
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intensity by measuring the red/green fluorescence ratio (FL3/FL1), which increases
during enhanced autophagy (Kanzawa et al., 2005; Levine and Yuan, 2005; Mujumdar

etal., 2010).

2.7 Study design

Our study composed of 3 parts, which was described in detail below. The first part of
the study composed of examinations for establishing the laboratory models. We test the
H9c2 cell effect after treating with hydrogen peroxide and 1-Heptanol. The second part
of the study composed of reporter plasmid pCMV-Lc3-Gluc construction. The
constructed luciferase report plasmid when transfected into H9c2 was taken as reporting
system for autophagy expression. During the third part of study, we test our hypothesis
by dividing wild type H9c2 and reporter plasmid pCMV-Lc3-Gluc transfected H9c2
into 4 groups, including the control group, the Heptanol group, the H,O, group and the
H,0,+Heptanol group. We selected the ideal drug concentration from our first part
study and apply to the groups. 1-Heptanol was administered for gap junction blockade
and hydrogen peroxide was taken as source of oxidative stresser. By comparing the
H,0, group which was oxidatively stressed and the H,O,+Heptanol group which had
gap junction blocked during oxidative stress, we are able to tell the role of gap junction

in autophagy regulation (B % 1).

2.8 Statistic analysis
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All data were process by PC version of SPSS statistical soft ware, 15th version. We use
Mann Whitney U for non-parametric analysis and analysis of variance (ANOVA) were
used for multiple groups. P value less than 0.05 was considered statistically significant.

The graph was depicted by GraphPad Prism 5 software.

3 Results
3.1 Part I- hydrogen peroxide and 1-heptnol effect

3.1.1 Hydrogen peroxide Oxidative stress on H9c2

Hydrogen peroxide had been use as a source of oxidative stresser in many other studies,
but whether the drug will induce autophagy in H9c2 or not was still unknown. We

tested the H9c2 response after exposure to hydrogen peroxide.
3.1.1.1  Totest the autophagy induction ability of hydrogen peroxide

We seeded 1.36 x10° H9c2 to 12-well plates. After overnight culture in the incubator,
we applied H,O, 400 uM to each well for different duration, 0 min, 30 min, 60 min, 90
min, 120 min and 180 min. RT-PCR was use to analyze the expression of LC3,
Beclin-land Bcl-2 mRNA (B % 2). The expression of LC-3 and Beclin-1 which
represents for autophagy activity was dramatically increased after 90 min of hydrogen
peroxide treatment. While Bcl-2 as the pro-apototic protein and also possible regulator

in autophagy, the expression remained constant. Band analysis by Alpha.Imager® Mini
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after adjusting to gapdh level, revealed that at the end of 180 min treatment, LC3

expression increased 29.3% while Beclin-1 increased about 36.7% (®] % 3).

3.1.1.2 Totestify the effect of treatment duration

We also tested the level of protein expression by Western Blot after hydrogen peroxide
stimulation. After seeding 2.0 x105 of H9c2 to 10cm2 culture dish overnight in the
incubator, hydrogen peroxide 400 pM was administered to the culture dish for 1.5 hr, 3
hr, 6 hr, 12 hr, 16 hr and 24 hr. We tested the autophagic and apototic protein
expression level a different time point. With the hydrogen peroxide treatment, the

expression of LC3 increased gradually atfer 6 hour later (B] # 4).

. Band analysis results after adjusting to actin was expressed in (®] % 5). At the end of
6 hours, LC3-I expression increased 45.2% while LC3-I1 increased dramatically up to
4.54 folds. At the end of 24 hrs, LC3-1 expression increased 2.5 folds while LC3-I1I
increased dramatically increased 7.06 folds. We also calculated LC3-11/LC3-I which

also showed the trends of increment after treatment (B % 6 & #* & 1).

At the mean time, the expression of pro-apoptotic protein Bax was also induced 6 hours
after hydrogen peroxide treatment (B] # 8). The timing of enhanced Bax expression

coincided with LC3 expresssion.

Alternatively, flow cytometry study for acidic vacuole detection after hydrogen

peroxide stimulation showed that hydrogen peroxide 400 uM increased acridine orange
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stain positive acidic vacuoles which means that autophagy expression was induced by
hydrogen peroxide (B # 7). Meanwhile, for detecting positive Annexin V stain
percentage, flow cytometry showed exceeding 20% of expression after 24 hours of
hydrogen peroxide 400 puM treatment (B % 9) which may explain the concomitant

induction of autopahy and apoptosis by hydrogen peroxide.

3.1.1.3 To test the viability after long period of hydrogen peroxide treatment

H9c2 cell viability after hydrogen peroxide stimulation was investigated by MTT assay.
We studied the time factor on H9c2 by using constant hydrogen peroxide concentration
at 200 uM and different stimulation duration up to 24 hours. It showed that after 12
hours of hydrogen peroxide treatment, the cell viability became 86.5%(n=5, P =0.13)
while after 24 hours of treatment, the viability remained 85.2% (n=6, P=0.009)(® % 10

& 1 2).

3.1.1.4 To test the concentration effect

To determine the ideal concentration for autophagy induction by hydrogen peroxide, we
designed the study using different concentration of hydrogen peroxide. We seeded 1.2
x105 of H9c2 to 12-well plate, and 0 uM, 50uM, 100uM, 500uM and 1000uM of
hydrogen peroxide was administered to H9c2. After 24 hours of incubation, we

determined the level of LC3 and Bcl-2 mRNA expression by RT-PCR. There was no
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significant difference in LC3 expression at any concentration level when treatment

duration exceeded 24 hours (] % 11).

We also studied the concentration factor on H9c2 protein expression when hydrogen
peroxide was administered for 12 hours. From the Western blot study, we found that the
higher the hydrogen peroxide concentration, the higher the expression of LC3 protein
(Bl % 12). Using 100uM H,0, for 12 hours, the LC3-11 expression increased 2.48 folds
(Bl % 13), while LC3-I11/LC3-I ratio elevated from 0.45 at basal state to 0.84. Further
increasing the concentration to 800 uM, the LC3-I1 expression increased 2.56 folds and
LC3-11 / LC3-I ratio increased 1.29 folds in contrast to the basal state (%] # 14, Bl #

15&% . 3).

3.1.1.5 To test the viability after high concentration treatment

Cell viability under high concentration of hydrogen peroxide was studied by MTT assay.
When 0, 50, 100, 200, 400 and 800 uM of hydrogen peroxide were applied for 12 hours,
we found that a dramatic decrement of cell viability below 50% when hydrogen

peroxide exceeded 200 uM (] % 16).

3.1.1.6 Hydrogen peroxide and Cx 43 expression

In addition to testify the ability of hydrogen peroxide for autophagy induction, we also
evaluate the influence on gap junction, Connexin 43 expression. We seeded 2.0x10°

H9c2 cell to 6 well-plates. After overnight incubation, we added 400uM hydrogen
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peroxide to each wells. By using RT-PCR for RNA expression analysis, we found that
Connexin 43 mRNA expression dropped 23 % when treatment exceeded 14 hours.
When treatment beyond 24 hours, the remaining Connexin 43 mRNA level was 26% of
the basal level (Bl # 17 & BBl % 18). Protein expression of membrane fraction

Connexin 43 was also decreased after 24 hours of hydrogen peroxide 400uM treatment

(Rl 19).

3.1.2 1-Heptanol on H9c2

We also investigated the influence of 1-Heptanol on H9c2 before utilizing 1-heptanol as

gap junction uncoupler.

3.1.2.1 Heptanol and Cx 43 expression

We seeded 2.0x10° H9c2 to 6 well-plates with overnight incubation. After 5 minutes of
0, 0.01, 0.1, 0.5, 1.0 and 2.0 mM of heptanol of treatment, Cx43 expression was
analyzed by RT-PCR. The Connexin 43 mRNA expression remained constant, and

exceeded 72% even under 2.0 mM heptanol (B % 20 & Bl # 21).

3.1.2.2 Heptanol and cell viability

Cell viability after 1-Heptanol treatment was evaluated by MTT assay. After seeding

2.0x10° H9¢2 to 6 well-plates with overnight incubation, we investigated the time factor
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of 1-heptanol treatment, which at constant concentration of 0.5 mM. Cell viability

remained higher than 85% after 24 hours of incubation (&] % 22).

3.1.3 Summary to Part I study

We found that hydrogen peroxide will induce apoptosis as well as autophagy after long
duration of stimulation. Lengthening the reaction time may not exactly disclose a
dose-responsive curve, and the largest reactive change happened probably at 6 to 12
hours. High concentration, especially exceeded 200uM, and long duration, especially
exceeded 12 hours of hydrogen peroxide treatment may results in significant reduction
of cell viability, apoptosis activation and decrease Cx 43 expression. The ideal
autophagy induction by hydrogen peroxide should be 200uM concentration for 12 hours.
Meanwhile, 1-heptanol as a gap junction uncoupler will not interfere the expression of
Cx 43 expression. Despite long duration of 1-heptanol stimulation, the cell viability

remained higher than 85%.

3.2 Part-11: Utilizing Luciferase Report System

3.2.1 Constructing Gaussia Luciferase report assay

We had constructed pCMV-Lc3-Gluc by inserting DNA fragment coding for luciferase
into pPCMV-Lc3 vector. The plasmid was screened by restriction enzyme digestion and
confirmed by sequence analysis. The pCMV-Lc3-Gluc was taken as reporter plasmid

for Lc3 expression which also stands for autophagy expression. By transfecting H9c2,
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the reporter plasmid was delivered into H9c2 and the whole system was taken as

Gaussia Luciferase report system.

3.211 Effect of transfection

We compare the expression of LC3 among wild type H9c2 and pCMV-Lc3-Gluc
transfected H9c2. We found that pCMV-Lc3-Gluc transfected H9c2 had slight
increment of LC3 mRNA expression up to 42.9% (P=0.10, n=3) (Bl # 23 & B # 24).
From flow cytometry, we also found that pCMV-Lc3-Gluc transfected H9c2 had higher

percentage acridine orange stain positive acidic vacuoles (B8] # 25).

3.2.1.2  Confirm the role for reporting autophagy

We applied hydrogen peroxide to pCMV-Lc3-Gluc transfected H9c2 in order to
confirm the use of Gaussia Luciferase report system for autophagy report. After 400uM
hydrogen peroxide stimulation for 0-24 hours, we found that at the beginning of 8 hours
stimulation, there is a significant increment in the luciferin optical density level which is
about 12% (P=0.04, n=4). At the end of 12 hours hydrogen peroxide stimulation, the
luciferin optical density level increased 31% (P<0.001, n=4). The luciferin optical
density level reached plateau since 14 hours of stimulation, and the increment was about

40-49% (P<0.001, n=4) (B % 26, B # 27 &% # 6).

3.2.2 Summary to part Il
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We had successfully established the Gaussia Luciferase Report System by contracting
pCMV-Lc3-Gluc and transfecting into H9c2. Though, trasnfecting H9c2 with
pCMV-Lc3-Gluc resulted in higher level of LC3 expression. The whole system could
be used to detect autophagy in a fast, convenient and sensitive way. The report assay
showed significant increment of LC3 expression at 8 hours after hydrogen peroxide
stimulation and the largest autophagy expression may developed about 14 hours of

treatment.

3.3 Part Ill: determine the role of Gap junction in
autophagy

3.3.1 Wild type H9c2 model

With wild type H9c2 during the third part of the study, we use four-group model with
the Control group, the Heptanol group, the H,O, group and the H,O,+Heptanol group.
In the control group, we use DMEM culture medium throughout the study. In the
Heptanol group, we use 0.5mM 1-heptanol for gap junction blocking. In the H,O; group,
and we used 200 uM hydrogen peroxide for autophagy induction. Finally in the
H,O,+Heptanol group, we use 1-heptanol at working concentration of 0.5mM and
hydrogen peroxide at working concentration of 200uM. After seeding 2.0x10° H9c2
into 6-well plates with overnight incubation, we administered 1-heptanol and/or

hydrogen peroxide into culture plate according to the grouping condition. After another
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12 hours of incubation, we analyzed mRNA expression in each groups (B % 28 & ]
% 29). Comparing the Control group and the Heptanol group, the expression of LC3
MRNA in the Heptanol group was about 90.8% of the Control group (P=0.20, n=3)
while Beclin-1 and Bax expression remained no significant change. Comparing the
Control group and the H,O, group, we found that the LC3 mRNA expression increased
10.8% under hydrogen peroxide stress after 12 hours (P=1.00, n=3). While in the
H,0,+Heptanol group, LC3 mRNA expression had 24.2% decrement when comparing

to the H,O, group (P=0.4, n=3).

3.3.2 pCMV-Lc3-Gluc transfected H9c2 model

We utilized pCMV-Lc3-Gluc transfected H9¢c2 and group into the control group, the
Heptanol group, the H,0, group and H,O,+Heptanol group. After seeding 5x10* H9c2
into 12-well plates with overnight incubation, we administered 1-heptanol and/or
hydrogen peroxide into culture plates according to the grouping condition. The optical
density value of luciferin in each well, which represent LC3 expression, therefore the
autophagy expression, were measured (® # 30, Bl # 31, Bl# 32, Bl# 33 & %

7).

In comparing the control group and the Heptanol group, we found that 1-heptanol did
not itself induce further autophagy expression nor making significant reduction of basal
autophagy activity. At the end of 16 hours incubation, the luciferin optical density value
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was 96.5% to the control group (P >0.05, n=4). In comparing the control group and the
H,0, group, we found that hydrogen peroxide induced 60.6% increment of autophagy
expression after 12 hours of stimuli(P<0.001, n=4), and 78.0% of increment after 16
hours of stimuli (P<0.001, n=4). Finally, comparing the H,O, group and the
H,0O,+Heptanol, we found 1-heptanol result in 20.6% reduction of autophagy

expression (P<0.001, n=4).

3.3.3 Summary of Part-111

In summary, we found that gap junction uncoupler, 1-heptanol, will reduce 24% of LC3
MRNA expression when H9c2 cell was under the stress of hydrogen peroxide. Although

the results were statistically insignificant, the trends were constant.

In H9c2 with Gaussia Luciferase Report System, we had found 20% reduction of
autophagy under the use of 1-heptanol. In both study, reduction of autophagy gene and

protein expression was obsereved after blockade of gap junction.

4. Conclusion and discussion

Our study had shown the evidence that gap junction plays a role in intercellular
regulation of autophagy for the first time. We found that the basal expression of
autophagy was not interferred by gap junction uncoupler, but in oxidative stress,
autophagy expression was lessened. This finding showed that gap junction may involve

in intercellular communication of autophagy signal. In the era where scientist tried to
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achieve the disease treatment by using autophagy control, our study opened another

window for approaching it.

4.1 Gap junction and heart disease

Traditionally, gap junctions were known to mediate electrical coupling between
cardiomyocyte, which enables physiological synchronized contraction of the atria and
ventricles However, gap junctions were more than that. Long before the molecular era,
gap junctions were noted to have an additional role in mediating cardiomyocyte survival.
During myocardial infarction, irreversible ischemic myocardial cell injury develops in
an increasing number of cells as the duration of coronary occlusion is prolonged
(Reimer et al., 1977). While early coronary artery revascularization helped in salvaging
of myocardial tissue (Maroko et al., 1972). From this point of view, interventional field
became the main stay in cardiology and guidelines were edited in order to lead the
treatment of myocardial infarction (Antman et al., 2004). In the heart, gap junction
contributes to necrosis of cardiomyocytes after ischemia-reperfusion and the physical
cell-to-cell interaction as a cell death mechanism is necessary to reproduce “confluent”
myocardial infarct in a computer simulation(Garcia-Dorado et al., 1989). The concept of
reperfusion injury were gaining notice daily (Schroeder, 2007), while most of the

intervention cardiologist tried to open the occluded vessel.
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During reperfusion in swine hearts, a significant limitation of infarct size, lower lactate
dehydrogenase release, and fewer contraction band necrosis were achieved by
administration of a gap junction blocker (Garcia-Dorado et al., 1997). These results
demonstrated that hypercontracture may be transmitted to adjacent myocytes through
gap junctions and that heptanol may interfere with this transmission and reduce the final
extent of myocardial necrosis during reoxygenation or reperfusion. Moreover, gap
junction uncouplers, when given during hypoxia, also attenuated lactate dehydrogenase
release during subsequent reoxygenation (Rodriguez-Sinovas et al., 2006). Some may
conclude that gap junction assisted cardiomyocyte death during ischemia or reperfusion,
and blocking gap junction can be used to treat acute myocardial infarction. However,
this is not where we are today. Since the declaration of ischemia precondition (IPC)
study, we had exactly the opposite concept now. Ischemic preconditioning (IPC),
denotes a brief episode or episodes of ischemia before long sustained ischemia, affords
protection against myocardial necrosis and arrhythmias during the sustained
ischemia-reperfusion (Yellon and Downey, 2003). The regulation of IPC may involve
Src, protein kinase C (PKC), p38 mitogen-activated protein kinase which are also
known to participate in GJC regulation (Steenbergen, 2002; Thijssen et al., 2002). The
effects of IPC on the gap junction and its functional significance have been investigated
(Miura et al., 2010). Moreover, autophagy may also involve in IPC (Yan et al., 2009).

Using (D-Ala2,D-Leu5)-enkephaline acetate (DADLE), an IPC mimetic, show infarct
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size-limiting effect. But the pro-survival effect of DADLE was decreased for about 65%
under gap junction uncoupler 1-Heptganol use (Li et al., 2002). Furthermore, IPC
failed to protect the myocardium of Cx43 heterozygous knockout mouse from infarction
(Maejima et al., 2005; Schwanke et al., 2002). To sum up, these results suggest that gap
junctions need to be opened for protective signal transduction during the trigger phase
of IPC. Although, the role of Cx43 in ischemic post-conditioning is less documented
(Heusch et al., 2006). Scientists’ point of view toward gap junction in cardiomyocyte
ischemia is now evolving. It’s reasonable to say that there must be some kind of signal

exchange through gap junction during the physiological or pathological state.

4.1.1 Autophagy and ischemia/reperfusion injury

Ischemia-reperfusion injury refers to the arrest and restitution of blood flow that may
occur during circulation arrest and myocardial infarction, organ hypoperfusion and
hypoxia, or by mechanical intervention. Prolonged ischemia can result in loss of energy
source (ATP depletion) and necrotic cell death. Additionally, during the reoxygenation
of tissue after ischemic/hypoxic episodes which may result in the increased production
of reactive oxygen species and further promotes tissue injury. Moreover during
reperfusion, inflammatory cells and cytokines will be recruited to the site of injury
which makes the thing worse. During ischemia-reperfusion phase, accumulated

formation of acidic vacuole had be observed (Takagi et al., 2007). Besides decreasing

56



infarction size up to 60% during IPC, autophagic expression such as Beclin-1 and LC3
were also enhanced in swine model (Gurusamy et al., 2009). Our study using hydrogen
peroxide as oxidative stress mimics the state of ischemia-reperfusion injury further
showed the evidence that autophagic signal through gap junction intercellular

communication may be an important adaptive mechanism.

4.1.2 Therapeutic potential of autophagy in cardiovascular disease

Regulation of mammalian target of rapamycin (MTOR) had been utilized in clinical
post-transplantation use. Meanwhile, there were studies considered mTOR having
additional therapeutic potential base on the concept of autophagy regulation. The
concept was built up from the belief that inhibiting mTOR can induce autophagy
activity. For example, mammalian target of rapamycin inhibition was believed to be
beneficial on left ventricular remodeling after myocardial infarction. In mouse
infarction model, after 28 days, everolimus treatment (3.0 mg/kg/day) had reduced
post-MI remodeling, with improved LV function and smaller LV end-diastolic
diameters (Buss et al., 2009). While currently we had coronary stents eluted with
sirolimus, everolimus and zoztarolimus in clinical use. These drugs targeted toward
mTOR, and the product success may also have something to say with autophagy
induction (Hayashi et al., 2009). Therefore, gap junction regulation agents such as

4-oxoretinoic acid maybe the next generation drugs (Hanusch et al., 1995).

57



4.2 Study limitation

There were several limitations in our study. We use hydrogen peroxide as oxidative
stress for autophagy induction. Ideally this model mimics ischemia-reperfusion injury
model in cardiomyocyte. However, during the study, we administered hydrogen
peroxide evenly to the culture plate which means that every cell in the culture plate
exposed to the drug at the same time. This method avoided uneven drug stimulation.
However, the design may make intercellular gap junction communication less important.
For each individual cell had direct autophagy induction from surrounding oxidative
stress, but not through the gap junction intercellular communication. To solve the
problem, we may use scrape loading method, which delivered oxidative stress locally
and investigate the neighborhood cells for any change of autophagy
expression(Udawatte and Ripps, 2005). Under such design, we need a sensitive method
for autophagy induction and may need to use higher intensity of oxidative stress.
Besides direct hydrogen peroxide stimulation, we may deliver rapamycin or everolimus

focally by scrape loading method alternatively

In our study, we use 1-heptanol as gap junction uncoupler which had been used in both
cardiomyocyte and heart tissue model (Kimura et al., 1995; Lin et al., 2009). However,
the gap junction uncoupler mechanism for 1-heptanol was unknown. It’s blocking is not

specific enough either.  Proposed mechanism includes interfering nonjunctional
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membrane ionic currents, disrupting structure of the lipid membrane or decreasing
decrease in the fluidity of membranous cholesterol-rich domains (Bastiaanse et al., 1993;
Takens-Kwak et al., 1992). Therefore, we are not confident enough to say that, lessened
autophagy expression after 1-heptanol use 100% based on the gap junction blocking.
We still need and specific blocking methodology in the future, such as using Connexin
43 mimetic peptides (Evans and Leybaert, 2007), Connexin 43antibody (Meyer et al.,
1992) or Connexin 43 SiRNA (Ai et al., 2010; Yasui et al., 2000). Alternatively, by
increasing gap junction expression, we can also investigate the physiological

effect(Udawatte and Ripps, 2005).

5. Future direction

We proved that autophagy may be regulated by gap junction intercellular
communication. However, we have not figure the exact autophagy signal yet, nor other
potential intercellular regulatory mechanism such as paracrine or autocrine signals. We
have not figure the key determinants for cell destiny under autophagic flux. These will

be the important issues before we put autophagy into clinical practice.
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B4 20 @5 & 7% HIC2 ¥ p v 24 )

BT R(F- 2% o ®) #-1.36x10° /well 22 HIc2 - 32 % »+ 6-well plate
24 1 15 0 417 B F (& (HaO2 400pM) AL 0-3 /| F5 o = /| P& 15 > 7 15 A 4

e poeiEft2. LC3 ¥ Beclin-l # EP L o

Gapdh: glyceraldehyde 3-phosphate dehydrogenase, LC3: light chain 3, Beclin-1: Atg 6,
Bcl2: B-cell leukemia/lymphoma 2, H,0,: hydrogen peroxide.
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Bl# 3: 3 i3 734+ LC3mMRNA %
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ADU: Arbitrary densitometry units, Gapdh: glyceraldehyde 3-phosphate dehydrogenase,
LC3: light chain 3, Beclin-1: Atg 6, Bcl2: B-cell leukemia/lymphoma 2
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LC3: Light Chain 3 protein> LC3-11: Membrane form Light chain 3, LC3-I: cytosol form

light chain 3, H,O,: hydrogen peroxide.
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10
8
X
prong 6
72
O
> 4
<
24 —e—

Hour(s) H:0:400uM



B4 8 5 4 b s m% = v FAR

#-2.0 x10 ° /well 2. H9c2 » 32 % ** 10cm dish 24 /] ¥ s » £ 1% Hy0, 400uM EJe
0-24 -] p% > ¥ A Bax % & &b 4 o

H20,: hydrogen peroxide, Bax: pro-apoptotic protein » ¥ %3 % % =

Westemn Blot

S ¥ ¥
Actn * ——— ———

1.5 3 6 12 16 24
H202 400 pMfEAIRRE (hr)

76



B4 9 iz 3 iv* FRE w2 k= 1 5

#-2.0 x10 ° /well 22 H9c2» 12 % + 10cm dish 24 /| B {4 > 4] * i § it & (Hy0, 400uM)
Fe 32 0-24 -] pF > A% SN dw e ik o IR Z Annexin V B M2 enim g b ] > Annexin
VEMEIWGELE M = b o R 2RSS ET IFF (8w AnnexinV [ 414 52
B o

H,0,: hydrogen peroxide

Apoptosis (%)

Hour(s)

77



Bl# 10: @3 it 4 (7% (5 hiwmre 3785

#- 5x10%well 22 H9c2 > 32 % »+ 12-well culture plates im# 32 % BN 24 /] B4 » i e
3 1 & (200uM Ho0p) ¥ * 0-24 ) pF > 1% MTT assay 3+ %2 15 7% 5 5 5

24 ] Pr g fmvs % 8% A% o

H,0,: hydrogen peroxide, MTT: 3-(4,5-dimethyl-2- thiazolyl)-2,5- diphenyltetrazolium

P dR 18 mP 2Bk B

0
Ul S 0 R L N x 100%

bromide, m#e 1375 F 2 3-8 o3¢

MTT assay for H.0. 200pM

ool g, 1

~ ==
é 75
©
=
> 50+
=
(7))
254

Y — ——
0 2 4 6 8 1012 14 16 18 20 22 24
Time (Hr)

78



B4 11 85 & picld Fomre ook 714 0

BT FR(F - 2% o ®) 3 1.2x10°well 22 HIc2 » 12 % ++ 12-well culture
plates '™ 33 & E )N 24 ] P18 0 e RIRAREF I & (0-1000pM) (¥ * 24 -] pF
BT dm¥e e AL T4 R R dE R o

Gapdh: Glyceraldehyde 3-phosphate dehydrogenase, LC3: light chain 3, Bcl-2: B-cell

leukemia/lymphoma 2, H,O,: hydrogen peroxide
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H20: hydrogen peroxide, MTT: 3-(4,5-dimethyl-2- thiazolyl)-2,5- diphenyltetrazolium
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B4 17: % v & iT% B> Connexin 43 mRNA # 31
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Cx43: Connexin 43, RT-PCR: reverse transcriptase polymerase chain reaction, Gapdh:

glyceraldehyde 3-phosphate dehydrogenase, H,O,: hydrogen peroxide
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Bl % 22: & AfE 0.5mMM $imee 5 52 B 5
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I A& % (0.5 mM Heptanol) it * 0-24 -] p » §]* MTT assay :* & % 575 5 » #R
24 ) pFig e 95 88% s F o

Heptanol: & & fig, MTT: 3-(4,5-dimethyl-2- thiazolyl)-2,5- diphenyltetrazolium
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Bl # 23: #4162 HIc2 2 mMid LC3 A7)

#- 2x10°/well 22 H9c2 » 32 % >+ 6-well culture plates ‘m s 32 % BN 24 /| pris » & {7
PCMV-LC3-Gluc # % > g r 4 {62 HIC2 H /4 k2 F e o

Wide type H9¢c2: % & ##& 4 pMCV-Lc3-Gluc 2. HI9c2 m#z $& > H9c2+pMCV-Lc3-Gluc:
% 8 4 {1 HIc2 ‘w*z x> Gapdh: glyceraldehyde 3-phosphate dehydrogenase, LC3: light

chain 3, Gluc: Gaussia luciferase

Wide type H?C2 H9C2 + pCMV-Lc3-Gluc
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B4 24 45w LC3 A FLAME
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Wide type H9¢c2 = & #& 2 pMCV-Lc3-Gluc 2. H9c2 w2z $x>H9c2 + pMCV-Lc3-Gluc

% #2415 H9c2 w2 $k » ADU: arbitrary densitometry units, LC3: light chain 3, Gluc:

Gaussia luciferase
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Bl& 25 n\mre KPS me A me poeg

o 5% bR R BT fmre gk 4 18 o Acridine orange Fr vt G - 4 o
Wide type H9¢c2 % & #& 4 pMCV-Lc3-Gluc 2. H9c2 *m#2 $x>H9c2 + pMCV-Lc3-Gluc
%2 {8 H9c2 ¥z $& » FL1: Acridine orange (autophagosome staining) » FL3: 7-AAD

(Dead staining), Gluc: Gaussia luciferase
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Bl % 26: # 2 _HI9c2+pMCV-Lc3-Gluc % Luciferase Report Assay

ZEEDHR A A HHRE L REEF UL > ZIEHFERH S
Control group: H * #& 4 pMCV-Lc3-Gluc 2. H9c2 - H,0; group:
H9c2+pMCV-Lc3-Gluc # % 400 uM H,0, » LC3: light chain 3, CPS: count per

seconds, H,0,: hydrogen peroxide, Gluc: Gaussia luciferase

LC3 actvity by luciferase assay
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B % 27: H9c2+pMCV-Lc3-Gluc 2
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Frlimre B4 6 B D lmie s A T e 2 LC3 AT o

Control group: % 7 ‘v#2 % ;% > Heptanol group: i# * & A f% 0.5mM i®* 12 /] p&F »
H,0; group: H,0, 200uM i® * 12 -] pF » H,0, +Heptanol: I Bfﬂj‘ Se i A% 22 H0, o
Gapdh: glyceraldehyde 3-phosphate dehydrogenase, LC3: light chain 3, Beclin-1: Atg 6,

Bax: pro-apoptotic protein, H,O,: hydrogen peroxide
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Bl 2 3L drdlimie B AR © e prd (T 324 kit E F )
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W4 32 $rl B4 & moe j i (12} PF~ 16 | PFiE %)

Fralimre BB & 04 kx4 £ & - Control group: ¥ T % % > Heptanol
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ERAGE:

.t 1. ¥ % i 3 54 LC3-l, LC3-1l ¥&¥ Bax # 3R

H,0, 400 },LM iz #* 3> H9c2

ADU after Adjusting to Actin

Time (hr) LC3-I1/LC3-I
LC3-I LC3-11 Bax
1.5 0.74 0.15 0.08 0.20
3 0.64 0.16 0.33 0.26
6 1.34 0.74 0.83 0.55
12 1.53 0.77 0.90 0.51
16 1.67 0.81 0.91 0.48
24 2.03 1.06 1.14 0.52

ADU= Arbitrary Densitometry Units

All Data were expressed as relative level to Actin

LC3-I: Cytosol form light chain 3

LC3-1I: membrane form light chain 3

Bax: pro-apoptotic protein
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2R 21 BF I Hwme s EF B

200 uM H,0, i+ # * HOC2 i % 2. & j& &

e % prRy W G EF (%) P-value
0 hr 100.0£ 6.7 N.S.
2 hr 99.7+ 74 N.S
4 hr 93.8+ 3.0 N.S
6 hr 92.4+ 3.3 N.S
12 hr 86.5+ 11.0 N.S
24 hr 85.2+ 1.8 <0.01

SR 15 e 2 v K B

200uM H202 $tpe 2 fwPe 2 w3k 5

. R VIS < g
e g EF2 il ,:a»(

x 100%)

H,0,: Hydrogen peroxide
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% 3 A FREREF T ¥4 IR LC3-I, LC3-1I ¥ Bax 2. ¥

P RiRREiEY V3 i 12

fi
]

ADU after Adjusting to Actin ADU ratio of
H0, ik &
LC3-I LC3-II Bax LC3-II/LC3-I
0 uM 0.54 0.24 0.65 0.45
50 uM 0.71 0.27 0.65 0.39
100 uM 0.65 0.55 0.62 0.84
200 uM 0.53 0.60 0.37 1.15
400 uM 0.49 0.64 0.32 1.29

H,0,: Hydrogen peroxide

LC3-I: Cytosol light chain 3

LC3-1I: membrane form light chain 3

Bax: pro-apoptotic protein

ADU= Arbitrary Densitometry Units
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ot 4 2 RERTES L3 Hiwre 3RS

kR HO, (8% 12 /] BFis 2 mPe 35 %

H,O, k& (M) e 3 S (%) P-value
0 100.0£ 6.9 N.S.
50 105.0£10.2 N.S
100 91.2+55 N.S
200 30.1+ 94 0.03
400 315+ 7.2 0.03
800 3.95,0.% 0.03

ST 15 e 2w K

OuM H202 # P8 e w2 2_ w2 3k {3

5 v

4 5 A o5 2L X
TR EAE ST Sl N

x 100%)

H,0,: Hydrogen peroxide
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¥ 5. ¢ AfE 0.5mM $ HOc2 ‘mPe 5 7% F B

I AfE 0.5mM A2

e pERE (hr) Survival (%) N P-value
0 100.0£6.7 6 N.S.
2 97.0£6.3 4 N.S
4 90.7£3.1 3 N.S
6 92.7£6.5 6 N.S
12 89.4+26.7 5 N.S
24 88.1+3.3 6 0.004

SR 15 e 2 vR kK

‘;mpé -+ o ;‘%:7‘\—:‘_1- v oY
. F e A oot R’( LT H R % 2 Ak

x 100%)

Heptanol: &+ & fi%, gap junction uncoupler
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R 6V REF T HFHE o RS R E P )

HF % 1 4 400uM fE* t5 4 k%% F i(Guassia Luciferase Assay, count per second)

Time (Hr) Control (N=4) H,0, (N=4) H,0,/Control
0hr 17885.3+1547.7 20754.0£673.7 1.16
2 hr 20196.0+1424.1 19911.5+841.9 0.99
4 hr 22728.5+825.0 23453.5+1210.4 1.03
6 hr 23636.8+1660.8 23768.8+563.4 1.01
8 hr 24911.0+£2222.5 27867.8+494.6 * 1.12
10 hr 26065.3£1920.8 31995.3+1943.1 % 1.23
12 hr 25391.8+570.9 33174.3+2028.8 3 131
14 hr 24847.8+643.1 36956.3+890.0 ° 1.49
16 hr 25552.5+883.8 35555.8+992.5 1.39
18 hr 24690.8+1095.9 36769.5+595.0 ° 1.49
20 hr 25591.0£723.4 36070.3+844.8 ° 141
22 hr 25466.0£622.5 36070.3+637.8 ° 1.42
24 hr 26452.0£1879.2 36608.0£603.4 ° 1.38

Control group: H9c2 # % pCMV-Lc3-Gluc & - %\;‘,’F ‘vif g v 4@ > HyO, group: H9c2

f# 4 pCMV-Lc3-Gluc & > 4r » i % i* & 400uM> *: P value<0.05, ¥: P value <0.01, §:

P value <0.001
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* T

4 % f¥% F R (Guassia Luciferase Assay, count per second)

TAMBHE LR FFme p Bl (LREEF )

Control Heptanol H,0; H,O,+Heptanol

Time
N=4 N=4 N=4 N=4

0hr 308.0£76.2 413.8+56.5 363.3+53.3 338.8+26.3
2 hr 1384.8+169.1 1468.5+167.7 983.8+115.4 1184.5+93.3
4 hr 2082.8+415.3 2520.5+87.2 2919.8+231.8 2800.8+153.4
6 hr 4644.5+618.2 4636.3+174.6 5190.8+438.4 5030.5+229.6
8 hr 6990.3368.0 6986.3+179.7 8131.3+971.7 6708.32908.9
12 hr 11870.3+285.1 10755.5+934.7 19069.0+2863.1 15590.5+807.9 ¥
16 hr 14084.8+529.3 13599.3+331.9 25081.0+3402.7 £ 19904.3+1034.5 8

Control group: ¥ & 4 ¥ % ;% » Heptanol group: # * & A fig 0.5mM = * > H,0, group:
|

H,0,200uM i®* » H,0O,+Heptanol: fF B:rf/fl‘ “v it )%ﬁ%ki’ H,0, 1T #

¥: P value <0.01; 8: P value <0.001; Data compare to H,O, group

£: P value <0.001; data was compare to control group
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