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Cardioprotective signaling cascade of A, adenosine receptor agonist 5’-N-ethylcarboxaminidoadenosine against
myocardial reperfusion injury
Yong Cheol Lee, M.D., Young Ho Jang, M.D.*, Chan Jin Kim, M.D., and Jin Mo Kim, M.D.

Department of Anesthesiology and Pain Medicine, School of Medicine, Keimyung University; *Department of Anesthesiology, Pureun
Hospital, Daegu, Korea

Background: This experiments investigated the signaling cascade responsible for anti-infarct effect by an A, adenosine receptor
(AR) agonist 5’-N-Ethylcarboxaminidoadenosine (NECA).

Methods: Langendorff perfused isolated rat hearts were subjected to 30 minutes of regional ischemia and 120 minutes of
reperfusion. Drugs were perfused for a period of 5 minutes before and 60 minutes after reperfusion. For comparison of car-
dioprotection among groups, area at necrosis (AN) and area at risk (AAR) were measured by triphenyltetrazolium chloride staining.

Results: NECA significantly attenuated AN/AAR (14.1 £ 1.9%, P < 0.001) compared with control hearts (30.7 = 2.8%).
Anti-infarct effect by NECA was attenuated by an A;sAR antagonist 8-(3-chlorostyryl)caffeine (23.7 + 3.4%, P < 0.05) and an
AssAR antagonist MRS1706 (29.9 + 3.3%, P < 0.001). Cardioprotection by NECA was blocked by a guanylyl cyclase inhibitor
(23.1 + 29%, P < 0.05) and a protein kinase G (PKG) inhibitor KT5823 (30.3 * 3.2%, P < 0.001). Glycogen synthase kinase-3 /3
(GSK-3 ) inhibitor SB216763 attenuated the AN/AAR in both NECA with MRS (17.8 + 2.7%, P < 0.01 vs. control) and NECA
with KT5823 treated hearts (8.2 + 1.8%, P < 0.001 vs. control). The mitochondrial permeability transition pore (mPTP) opener
atractyloside also aborted NECA’s anti-infarct effect (24.7 £ 2.4% P < 0.05).

Conclusions: The signaling pathway by NECA administered at reperfusion involves the activation of both A»aAR and A;gAR
and cGMP/PKG pathway, which in turn depends on inactivation of GSK-3 4 and inhibition of mPTP opening. (Korean J Anesthe-
siol 2008; 55: 716~ 22)
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Ageli okEo] Auslo] 9A fob AMRY AEE AT
7] SeAE B olzlgol glem, meld AARS AE

9
ATet7] A= AAR AZAE o83 dFEol Al

5’-N-Ethylcarboxaminidoadenosine (NECA)= AJARKETH A AR

of Hob Ao A8l AAMEAL NECAZH AARS
A5S AR oldlsly] Hete] 48R 5 Ax A
$3 oFZolv], 212 NECAY 93 AZ ARF 4
3 AL wel7] 9% A5 Ay glent oby
AR 3 e BeA g

g3 Al Z ol A cyclic guanosine monophosphate (cGMP)
o]ZA] protein kinase G (PKG)2] #As= A4 B35 ¢
& AER AEE ALBNA AYA HFoz el

AU bt Ao FeA dut) xu FS0 AT AL
o] 4% Y Butel BE okPe] ARel Fg3E HAA

adenosine®] A H% Z-&oll PKG7} adenosine®] s}ekulj7l
AAE Aty Huslglon oloE AnARE FE 3
ofgheba sgivh 2t tHiEA Q) ALAR ZAHE-9FEQl NECA
b PKGE SARATE Aol Bal A FelA o fek

HT Aol s mPTP W AAZF A7 £l
o3 AT B3 HFE ATAD B2 AL g
ek ] "A A %] X (ischemic preconditioning, IPC) B & A
% 2] %] (ischemic postconditioning, Post-C)oll &JgF AL H3E
1A E mPTP7} Frojdto] L&A ek gk 304
ANFF Al Folgk A;AR Z8-<FE9l IB-MECA7} glycogen
synthase kinase-3 3 (GSK-33) H|ZAIs} 8] mPTP /& o
ANA AT AR E4E ddgto] Baslo] 9 ey
AAR| £3 283 NECAZF GSK-38 QA 3 mPTP
M JAE fFEete Add A obA7A BreA 9L
A gket.

wEhA] B ool e 31F 9] HE AAA AFF Al
FoI3k NECAZE A2 HAE T&EAZ + AEAE 1l9
3L NECAel 23 A B3 7Aoo ¢GMP/PKG 7 &9 &
A3k, GSK-38 BIEASH @ mPTP M A7} Fofst=A]
£ AFToEZA AB/F Al NECAY A BE 7|1He 3
ofste AlEW AZAT F2E vl aat shich

CHAL 2

Al HEHq

oH
+E % e

u}2 A2 pentobarbital sodium (Entobar®, Hallim Pharm,
Korea)& o] -83l9la A¥E XX|FEZ NECASH ApAR 7
A9l MRS1706, PKG A A9l KT5823, guanylyl cyclase
AAAIel oDQ B GSK-38 AAQ] SB216763 (Tocris

Cookson Inc., USA)E o]&3s}91a A,AR ZgAel 8-(3-

77

chlorostyryl)caffeine (CSC, Research Biochemicals International,
USA)= dimethyl sulfoxideol] 5o A2}tk mPTP WAl
# atractyloside (Sigma Chemical Co., USA)&= Z5oll o]
g3t

H99089 2 2 AA d9s FHE] Al 2,3,5-Trip-
henyltetrazolium chloride (TTC, Sigma Chemical Co., USA)%}
3} ZhA v AlF(fluorescent polymer microsphere, Duke
Scientific Corp., USA)E A&}

Langendorff A|2%& o] &3 HZ e A7

BEE A B Adeadelsld e 49 ¥ 5
Aol wa} A= e} AAF 280—330 gme] FH Wistar 2l
# (Korea Taconic Co., Korea)E W22 100 mgkge] pen-
tobarbital sodiume 7+ U2 FYsle] nfHE FE310 2
™ 300 109 &lgtgls Al Folaisivh. meElddlAe] FF
Aol i3k whgo] glas RIS & AF MES AWt
of AE =EAT v 4°C AATE A4 Sl A
A wEA AEsoivh A AR deds A5
Langendorff A]2Eloll 231 modified Krebs-Henseleit (KH) <k
THE TEA st BAEH 7t ThsEeE ekl
Modified KH $+8-2 118.5 NaCl, 47 KCl, 1.2 MgSO,, 1.8
CaCl,, 24.8 NaHCO;, 1.2 KH,PO, ¥ 10 glucose (%+$] mM)
2 Ay 349 Azxste] Agstgrl. A=zH modified KH ¢
ZFHL 2.0 xme] v|AledF}7](Nalge Nunc International Corp.,
USA)E of 348t & Ag3ioivh A 30E AFE 95% 0.2+
5% CO,E modified KH kN o g Fojsigjorm, pH7} <F
747} S| 25 19} Langendorff A| 2Bl FF3IHZE of
&3to] 38°C7F E =5 Eglen, ok AAelARE
FANA Y] FolE LELEHN 100 cmH07} HEF 31
th. Langendorff AJ2=loll A& 4149 A4S 3dto] 2
Aduz 2z FAE Yol MPI50 g3l (Biopac
Systems, USA)oll QZ2¢ o5 #dAts
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glglont 4z o4 AUAIFel A%HE Atele £}
Goz A4S AFAA A4 HlEos ARAES Hen

A B AWl BB TANZ & 179 o]
AWElgdeh, Folsl okEel BEL Aol ASH AE 2
IES TE ZAASATHNECA 100 nM, CSC 1 M,

MRS1706 10 nM, atractyloside 20 «M, KT5823 1 1M, ODQ
10 #M, SB216763 3 xM)>® RE ¥ GBEEL )35

TEET

mM oleke] AIE BE ok 4ol Arkete] Ages)
ov], ABF sE ALE ABF F 0ENA, E 6587

Fois gt

SGAB B o] &3 219 HE Aol AMBF
Al fFofdk NECAOl ojt AT A4 4 ARE &3

9Jste] HZzFm = 8) U NECAT(m = 8)ollA] AIF 247+
T AL A AEE vlasigled, o8 adE ABF F
AL AAE FY3A #AEAZ F gl AL EaH
Post-Ct(n = 9)7} v]i2&}gith. Post-CS AT-F ZZE 1029
5] 8 (global ischemia) B! 1022 ATFE 63] uHE A3y
sfo]  gubslgdeh® wel NECAd] 9et A Ft
AAR9| o] ool o3t ZRIAE Yot 7] St F F
e AAR ZsHAl &, AnAR ZskA|Ql CSC (NECA +
CSCT, n = 7) 3 AxpAR Z¥AQ MRS1706 (NECA +
MRS+, n = 8)% NECAS} 37 Fojsle] AT A AEE
NECA Fo] 3 vlwsl$]

& 2 FollAE NECAd o3t AHIF
ol PKGS} guanylyl cyclase®] F#HA-S Lol 7] $lsto] #
Z AAS TAHNE ABF Al NECASH &7 PKG < AA|
9] KT5823 (NECA + KT, n = 8) T guanylyl cyclase
A|AQl ODQ (NECA + ODQ, n = 8)F Foidlo] A7
A7 & AE A AEE NECA Fo] T3 wlasigd
E3F NECAo| 93 AZRE Zgo GSK-3471 Folste
A 283 GSK-347} AR ¥ PKGE 313 mi/eA7} 5=
AE gotir] 95kl APF Al NECA 9 GSK-358 AA
A¢l SB216763% ¥7 KT5823 (NECA + KT + SB, n
= 8) 32 MRS1706 (NECA + MRS + SBT, n = 7)< ¥
osle AAddlA AB/F F AL IAA BEE NECATTH
vlazstgiet. 22l A#F{F Al Foidk NECA7} mPTP W
= dAlFEAE GotEy] Hsle] AFF Al NECAS} 37
mPTP 78} & AIAIQ atractylosideE Fo]3}oI(NECA + ATR
T, n =7 AL A AEE NECAT 2 atractyloside §H5
ol F(ATRTE, n = 10)3 v]Ls}gl
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Ae A% 3 oF 34 2-9 um
4 ZEA vAlT 3 mE dswE 53
9t AA-S Langendorff A|2&HElol|A] wojulo] FAIE
& —20°Cell 1—3A17F WEAIZl vF& Acrylic Rodent Heart
Matrix (Zivic Instruments, USA)E o] £3}o] 2 mme FH|=
FHog AMNsA BHES 37°C2 sodium phosphate 2F
ZHell ¢ 1% TTC &HpH = 74)° 2027 &< +
10% TRl Efol] Yol dAle] = AE A (viable
area)?} AAo] E|A| ¢k A o (area at necrosis, AN)©|
BeelA =2 aglch ol¥ AAEE el Sl ¥
T gE fElgeE "doloen & fEl9t 744 2 mmvt
HE=E vk frels Slol oMlHlolE FHAE ¥ A
oA HAZIE ol g3te] P FAA mAFTE HelA ¢k
= ¥ od9(area at risk, AAR)T} TTCol| &]s}o] odMo]
A ke ANS 18 & A7 3 S Image Tool ZZ 1Y
(UTHSCSA Image Tool, version 3.0)& o]-&3slo] AFs}sls
o AR A 492 HE el tidk HIE(ANJAAR)E
T¥slglen, BE 99 AL £ FEAdd A F
ofatA] 2 AFAtel o3l o2 Agsigict. 7

T
TollA 2H e AT 8 AEd A AL Kol fldt

A A=

A3l e WF + EEeAT BAGov], Az} BAL
SPSS ZZ 1 (SPSS for windows, version 12.0, USA)S ©]
£3lo] one-way ANOVAS} AF 7AAHOZ = LSD testd A
el Patel 005 Ul A9E eloglE Aoz 17
a9
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2 i
A& 40% o|Woll Langendorff A]4Eloll 2
HEEW Fvh AEAY A st F 92ntel
2771 ol &E Ao, AT FF 3utelolA] AR
tEARAATE7| kA A ol sh7Ishe] 80 mmHg ©]3,
tatelel| A 2 2503] o]sle] Awe] whAiE]o] 4ule|7} A
PollA zle]x]o] ggute]e] HE AAolAe AnE vlast
ek

Z 7oA ANJAARS 307 + 2.8%%1.27, NECAT-oIA
9] ANJAARE 142 + 19% 8 thzTol Hlste] 2egiA 7+
Z3kdek(P < 0.001). ©]# 8 NECA®| o8t A+ B3 3
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I Post-C 7-2(12.4 + 3.1%, P < 0.001 vs. control) &3]
A Aot A hFig. D).

NECA®l| 93 82| A A= AjAR Z3A8l CSC (237 +
34%, P < 0.05 vs. NECA)2} A;AR Z3HAI2] MRS1706 (29.9
+ 33%, P < 0.001 vs. NECA)ol| &Jalo] A= ¢ chFig. 2).

NECA + KT# % NECA + ODQ o419 ANJAARS

60 1
50
g 40 - 8
x
$ 307 g ¢
b
< 20 O g . g .
0 g ® g e
O
0 T T < 1
Control NECA Post-C

Fig. 1. Area at necrosis (AN) as a percentage of area at risk
(AAR) by NECA treatment targeting reperfusion phase and ische-
mic postconditioning (Post-C) in isolated rat hearts. The anti-infarct
effect of NECA is comparable to the Post-C. Open circles repre-
sent individual experiments while closed circles depict group mean
+ SEM. *: P < 0.05 vs. control.
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Fig. 2. Area at necrosis (AN) as percentage of area at risk (AAR)
by A adenosine receptor (AR) antagonists in NECA treatment
hearts. The ant-infarct effect of NECA is antagonized by both
CSC and MRS1706. Open circles represent individual experiments
while closed circles depict group mean + SEM. CSC:
8-(3-Chlorostyryl)caffeine (an A;aAR antagonist), MRS: MRS1706
(an A2gAR antagonist). *: P < 0.05 vs. control, . P < 005 vs.
NECA.

719

747} 303 + 32% (P < 0.001 vs. NECA) ¥ 23.1 + 29%
(P < 0.05 vs. NECA)Z NECAol 93 sz A4 a7} A
5|9t} (Fig. 3). NECA + MRS + SB¥ ¥ NECA + KT
+ SBFollA 9] ANJAARS Z+7F 178 + 27% (P < 0.05 vs.
control) ¥ 82 + 1.8% (P < 0.001 vs. contro)E F T =
Foll Al izl vste] A AL sl ekFig. 4).

60 -
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< 401 8 o
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<37 o ¢ o @ t
z e o) 8 83
< 20 O . o
10 8
o
0 T T T 1
Control NECA NECA NECA
+KT +0DQ

Fig. 3. Area at necrosis (AN) as percentage of area at risk (AAR)
by protein kinase G (PKG) inhibitor or guanylyl cyclase inhibitor
in NECA treatment hearts. The anti-infarct effect of NECA is an-
tagonized by KT5823 and ODQ. Open circles represent individual
experiments while closed circles depict group mean + SEM. ODQ:
a guanylyl cyclase inhibitor, KT: KT5823, a PKG inhibitor. *: P
< 0.05 vs. control, T. P < 005 vs. NECA.

60
50 o
o
S 404 8 o . o
o
<301 o g8 © o e
z 9 o © « 0
20 1 « 8
§§ g§ 0 «
10 1
o © g ¢
0 T T T T T 1
Control NECA NECA NECA NECA NECA
+MRS +MRS +KT  +KT
+SB +SB

Fig. 4. Area at necrosis (AN) as percentage of area at risk
(AAR). SB216763 attenuates the AN/AAR in both NECA with
MRS and NECA with KT5823 treated hearts. Open circles repre-
sent individual experiments while closed circles depict group mean
+ SEM. MRS: MRS1706 (an AsAR antagonist), KT: KT5823 (a
protein kinase G inhibitor), SB; SB216763 (a glycogen synthase
kinase-3 8 inhibitor). *: P < 0.05 vs. control, T\ P < 005 vs.
NECA.
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+ATR

Control ATR

Fig. 5. Area at necrosis (AN) as percentage of area at risk (AAR)
by mitochondrial permeability transition pore opener (atractyloside,
ATR) in NECA treatment hearts. ATR aborts NECA’s anti-infarct
effect. ATR itself does not alter infarct size. Open circles repre-
sent individual experiments while closed circles depict group mean
+ SEM. *: P < 0.05 vs. control, T. P < 005 vs. NECA.

NECA + ATRioll4 ANJAARS 247 + 2.4%3% NECA°
o3t A A 4L AL AAEIeHEP < 0.05 vs.
NECA) atractyloside ZH4l= A& 2| AH24.7 + 4.0%)0ll &
< "AIA ESkehFig. 9).
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T
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2l gx|=A] grol AfIF Al Folste adenosine?] FFoll
el @2 =gho] 9lof g kA 2T AAR H
AAR 59 FEAol AH o7 283l adenosine fAHE
AEo] MEE I o] FEFol MIF A AT Ko &z}
Zglo] AgH oz JFHWUAYY olo] e AFEo| @
o] A= glr}.

4 AARY AT I Aol thE Hx AFE
A7) AIARSF As\ARl EAlo] st e
AMP579% o] &¢lo] o]Foizirh. Xu 53 Kis T2
7E o] &8 Ao ATF Al Foldk AMP5797F Al

NI
oo e

A
T =4
x= =

HAE FEAF oM, 7)ol AnAR7E T2 AEE Frt

2w oled ARF A Fold AMPSTOS A4 E
I 7)Aol AESL] A3zA  F|olA|(extracellular sig-
nal-regulated kinase, ERK) o] Zrojgtria e glc} >

@ AMP579E AAR F AnAROE A3t=e] glou}
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AmAROE H3tHo] glomz AL BHIZ 93 AARY
qeS AFslrlolle SHAIZE glow, AJAnAR AEFER
oA AMP579¢] AT B3 7Aoo AAR7F AEsA] o
= ol w3k WA gt

e AARe F2 2Hgste kR EE CGS216807 E <l
Foll Al Ag3 NECAZF tHEAHQIdl CGS216807+ NECA2)
AnAR®| A3} GASAT ApARS] 512 NECA7F
CGS216801 H]zled 374 ] H3po]m ) wlelba] CGS21680
o] Aeld AjuAR ZHE%EFE E5E T W NECAT |4
94 AAR AEFEE EREch B A AR 24
Azl AMIF Al Fod NECAE ujzFol vlsle] Al
AAE FhA ZFaAZ v, NECAd 9% 324 a7}
T Post-Coll &gt g A atel fAoich BEdE NECAd
ot A A FAE ZHVE AnAR AIAIQl Cscek
ApAR Z18AQ] MRS170601 Jsle] B A= 9denl o]
A3 Ade 3F9 AWF Al FoIgk NECAZF AnARSt
GA43A 7, o] F 7HA o} ] AAR F
FEAE AGE A AL B Zgo] 4
Al F, NECAo 23 AF B3 7]A |
F 7FA AR 243 257 Fa3 o
A7+ e},
ot AL HF 7]HOE Yang S2Y Pl3-kinase,
ERK, B3 AF$}A & (nitric oxide)ol] &gt} 3491 2™, Forster
52" NECAY A #goll pr0S6 7IvtotAl7} Fedt
18-S gk itk 3 cGMPPKG A 2°] dA 3=
= A% T3t AFEW Ax AL B F9 )
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o]t} Post-CZ} AZ A Az FEA
(epidermal growth factor receptor)®] transactivationoll 2]&}o]
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|
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Fig. 6. Proposed cardioprotective mechanism responsible for NECA
at reperfusion by various pharmacological inhibitor study. NECA
activates both A,y and A,g adenosine receptor (AR) and inhibits
c¢GMP dependent protein kinase G (PKG). This in turn inactivates
glycogen synthase kinase-3 8 (GSK-34) and inhibits mitochondrial
permeability transition pore (mPTP) opening, which is considered
as an end effector of cardioprotection. (+): activation, (—): in-
activation or inhibition.

g " 9 AT £
GSK9} mPTP7} Z93F oJ3he
7 A (transcription), AL, A|EE
AER Ao B3l Fast
HZA 37 AR B Fadt AEd s A9
wiZfQIAb7L Eeh gk AgA Ul mPTP2] 7HH-2
B E LA EHAE EE , AEIE
9l A EZAEA 59 A} (apoptosis-inducing  factor) &S W3
AA AZAEA - AAE oA =H o] At o
Ale AT HEE A% HF xade deAz o B
A Azt ABF A Folgk NECAE MRS1706 B KT5823
7 37 NECAE Foldk oAl GSK-38 AR
SB21676301 &Jate] A HA A &IUF AAEA K}
g}l o]& GSK-387} AAR % PKGE| &}3F wifelz}t ¢
< ou|gtel =g mPTP N4 A A|AIQ atractylosideol] £J3k
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