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Role of Protein Kinase C Signaling in In-
testinal Ischemic Preconditioning
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Ischemic preconditioning (IPC) is a phenomenon that a brief
episode of ischemia to a tissue renders the tissue resistance
from a subsequent prolonged ischemia. It is generally
accepted that this protection is a receptor—mediated proc—
ess, and 1s realized via signal transduction pathways. Protein
kinase C (PKC), known to play key regulatory roles in
cellular processes, has been proposed as a primary cellular
mediator of preconditioning. However, the role of PKC in
eliciting cardioprotection remains controversial. The evi—
dences for the 'PKC hypothesis' of preconditioning in
various tissue and organs are summarized. Especially in
intestine, a brief ischemia induced a reversible epithelial
injury to the jejunum that is associated with activation of
several PKC isoforms. Injury induced by an additional
period of ischemia is reduced by the prior IPC, and this
effect i1s abolished by non—selective PKC inhibition but not
by a selective inhibitor of cPKC/or PKCH. This result sug—
gest that activation of nPKC isoform (especially PKCk)
during and following ischemic insults may play an important
role in protection against I/R injury in the intestine, and this
mechanism is identical with previous study in heart tissue.
J Korean Soc Coloproctol 2003;19:177—191

Key Words: Protein kinase C, Ischemic preconditioning

A 8, 715 Al T aAks 516
et 8] kgl o)k E: 425-707)
Tel: 031-412-5952, Fax: 031-413-4829

E-mail: junwonum @korea.ac.kr

177

524717 AL HY we
ol b4l Titalok ek, e} ol
o} Ao mel ABFL AL
249 7SRt 24 5 H
% ABE A erhs A4S T FeiA ok

A ehe] YAA & (brief episode of ischemia)s WH
AA| JF =F o} 7|32 T AEHA S (sub-
sequent subletal ischemia) 256 E. ¥ =t} “ischemic
preconditioning (IPC)” &4 Murray 5'o] AZ+=%
of| A IPC3lH $52] s|d 2R AT A9 =77}
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9] #}Ql epsilon’” ' UAF H ol o3l A 3}y
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1) Ischemic preconditioning

Ischemic preconditioning (IPC) &4F2] ¥l X713
ST FARIAY AAlE = Al FolE = Al
(extracellular)®] W04 (endogenous)Z} 2] AN A (exoge-
nous) 281l el TS F AF7F AFEHN L
HZ7HA o] Hatel whEw A7 AdellA LAH

T F52] sjdo] 2417k o] jel] AV s & o

A
IPC 8445 Ho|+= classic (acute) IPC} DA% ] Fo|
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WEARSEAL 2447 o] A IRE Fol] FL59] o] %1
g5 Jy z23s Hushe thilAe o) IPC d4do]
YUofi}+= delayed (late) IPC (ischemic tolerance)] + 7}
A& Vg F Ak £ classic ischemic precondition-
ingoll A o] Z=A B34 AAzF o] A&EE &Y
ZHE B33+ WA X 3 (endogenous protection)dd
dolm o3t AF F&A o3t AT A FIA (sig-
nal transduction)ol] 2J3fA] o] Fo]Rcta A A 9
b AAF " 3 AZAE R ATPE #H4AE KBS
Ak T oA AE W ATP7]' A=l Q)
k' Adenosine2 ATPY] thokdl ZHF9 489
TAAER S =2F oA 2 %Eg Ko]Auk pre-
conditioning& 7}8}7] Zel| adenosine <=8 2] ZgA]
(antagonist)E T3} preconditioning®] ZZH T &

Abo| A% m, 55 7F adenosine®| Ut A-F£A4] ZHEA|
(agonist)@l N6-1-(phenyl-2R-isopropyl) adenosine 1
3k 7% 5E7F2] $ ol 23t preconditioning@} A5}
A AZ7Ae Wl =717} Ak 1pC 94

BRADYKININ

/\ l OPIOIDS

ADENOSINE v —V —V

o] ¢ w7 £ adenosine,”*'*'® PKC>*">"** g

31, heat shock proteins™o] 7 Z2E QA A 2159
e g3t 712 obF YAl giA] ekt vt
E79 AA zZF o] HIEE& IPC #FollA adeno-
ine,'" bradykinin,” opioids,” L8| free oxygen radicals™
o] Zolx|glor, o]F Z7ZHE PKC < A|A|(inhibitor)
ol o3l IPC §go] A== Aleg Hol IpCe] 3=
A 71" PKC AZALARA o] Fa3 Jd5 st
Aoz A JrhFig 1.

o I B S =
conditioning-> adenosine A,-receptor <2 K'arp chan-
nel opening®] 42} A7} Zrar shgl o) & ol
+ ischemic preconditioning®] integral® Y& A= A%

A I8 F PKCE] Aol A2 vigde] = ar v

Z719] classic (acute) ischemic pre-

2) Protein kinase C (PKC)

PreconditioningS f-Ests 2o 2E A= ot
S g9} Agrebel, oleld SA|9} AT AEW
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Fig. 1. Schematic representation of the proposed mechanism of preconditioning in rabbit heart.'*
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Ischemia leads to release

of adenosine, bradykinin, opioids, and free radicals that are seen attaching to their respective receptors, which in turn are
coupled to a G protein (Gp). The latter activates either phospholipase C (PLC) or D (PLD), resulting in degradation of
membrane phospholipids and generation of diacylglycerol (DAG), the required cofactor for activation and translocation of
protein kinase C (PKC) from cytosol to cell membranes. Sufficient PKC is activated to translocate and initiate a complex
kinase cascade that involves a down stream tyrosine kinase (possibly one of MKKs), p38 MAPK, and MAPKAPK-2. These
kinases eventually open mitochondrial Karp channels that may be the end effectors. Many steps in this sequence remain

unknown.



9] o]z} AZAA = 4AA2] preconditioning@}2] A
off Hall W A77F A= 3 ek A-gAeL 2 &
A7} AgsiAl =H, FEAIe Asle G-rhE o]
A 3lE] 31 o] = 1] phospholipase s A 3}A]7]1H,
phospholipase+= phosphatidylinositol biphosphateE ino-
sitol triphosphate$®} diacylglycerol (DAG)Z 2%,
2%l DAG”} ischemic preconditioningoll ZQ.3F &g
& ok Aoz waElel? ke skl e
713 PKC+= %2 HE 310l A preconditioningol] FHofs}=
AEATE) FEAsh ARE ohe e A LA
SIe e ARk PO T2 ol s e ue
Bgpelel, BAT T4 Lol BB 47 con-
stant regionZt A 9], 714z} A3}, aegla FEFEAL
Zyzbe] BolAd& AU 5709 variable regiono 2 Z-
2 glevl® w3 Hol% 11714 ol4tel BEELT
U5 o F EFALES A7) OhE nhe 5
AUl 1o preconditioning®] A&k 7| H S 8Fe] 7]
7t g olRin AgA el Ak AR Aol &
ek dukdow prCe) B 2HE wiEshy,
PKC®| A AAE A& preconditioning &7} ]
Actar Hastg A whiel] I8 AP EdAE
PKC2] A7} preconditioningg & AlS}A] X3ch=
ERASECY =

1) X U 27 dulE 22 PKCE catalytic domain
(carboxy-terminal)¥} regulatory domain (amino-terminal)
o] 7 HS1E FA=lo] & phospholipid dependent
serine/threonine kinase®] ¥+ &f+(family) 2 PKCS] 5%
H A E(isozymes) S HolE 127}A] o]4o] dEA 9
o o] 5 regulatory domain®] F22} 43l H
0% BEAEE TAZ Al AR AR}
Conventional PKCs (PKCo, -fI, -, - EZ
eIz} & A A (lipids), diacylglycerol (DAG)/phorbol ester,
]al ZH(Ca”)o]l PKCE 4 3toll 2 Qslrh(Fig.

2A). HFH| novel PKCs (PKCH, -& -m, -B)= A
4, DAG/phorbol ester”} 2 Qs}A|wF Zh45-2- L Q1A o
thFig. 2B). ¥HH atypical PKCs (PKCEL, -% -1, -l

= Z+7} DAG/phorbol ester7} 25 Z 231A] ko
A A Al ozl 4] sl vh(Fig. 20). whebA
9] PKC 5% 84+ regulatory domain®] 5-o0]% 4]
ol 93] Lol A} 14278

(2) PKCO| =% 50|17 2Zot dgh YA AE
U zFe| A PKCO| EAet I A Alx HolF
(cell-specific) 22 Z%] £o|# (organ-specific)e] &

e AUE Aoz FHA AP0 zH o} ALe)
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N

PKC %3 49 ¥+ Northern/Western blot, &2
Az A e sl LHAA =gew  pKCn, -
A, -fIL, -6 -& 83 Iy WEES EE 2
o] £Aehe EEELR LeA Uk PRCoE 7]
o] RE zA ol ZAsta, PKCHIT -fII= ¥ 9}
Zbol] thRE ZAgc) PCKiE ¥, AR, vlA, =, 71
i, vk, el BAlel EAlgieh PKCe |, Al
, FAkoll EAfsl 53] ¥ =2 ol FH3slrh. PKCL
e Z2F ol EAeAIRt B3] H|, ¥, 7 =7
ol Brh ¥ PKCvs - S5 18a 24
o] AgrElo] Eafslar, PKCie I 59t = =4l o)
Tt SR8k, gk vlAbou) ¥ A AR AR &
4 ok PKCHR= tlE Z5=F ol EAst =),
v, 35wz oAs &2 o] ek PKCE=
0% ThakshA REste] S+l FA Aol 43
2 WLk vl% Aol PKC EAlel U3 cherdt
Aol Weha QAR R chakt Z7te] 24
ol 4] A AL A X (transcriptional level)2] X}o]oll tif3l]
Ale BEs] dHAl vk gl whebA] 23 ol £
off A& H&s] &ar A F3k AA otk PKCE=
A ZE2] A A (cell growth)T} 3} (differentiation), ©]-22]
o]3&(ion transport), A|E 7te] A5 =8 (cell-cell com-
munication), A|EZ7 2] F-Z(cytoskeletal architecture),

A3 A2 (plasma membrane) & E3sh vkt A

¢

e o

¢

=4 7]A (diverse biological process)s ZA3}H,

tumor promoter2] &}1}2] phorbol ester®] major cellular
target©] ™, tumorigenesis®-7t ol 2} thekst Azlol| A
A 2 o] FoA¥ AL gt 53] PKCE 9143
A A el A 2] FA o] F(vectorial transport), T Z
& (barrier function), A322] & ell(cell shape), L2 3L Al
F9] o]z (migration)oll Z& -5 w|XH, AF] B
S}(differentiation)} A Z2] F¥ 3 (phenotype)] -5
7 (modulation)ll = T8 2-&& rkar Ldeix 3l
o} 2933942

(3) PKC M %(translocation)?| 0¥ L EM3l(acti-
vation): Y42 Q1 PKC Al e a4 o] 542 A=t
2 %] (biologic compartments)ZF2] A $] (translocation)
He Zeg, 243 EA @2 PKCE & A4
(cytosol)oll $1x|3lH, 5FH 47 EA3tE g2
A Z2H(plasma membrane) - E A Y= ™ LR AFL}
zZ A= 5 279 AFTH E 3K (biological tar-
gets)Ql A|FEF A Q 4 (cytoskeletal element) Y (nucleus)
52 AlE Y(intracellular)®] 1% 2 A S =t 4
A kPP PKC FFIAE AE W9 EE7t dA e}
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A cPKC(a, Bl , BIl, Y)

I Regulatory domain B Regulatory domain —
V1 C1 V2 C2 V3 C3 \Z) C4 V5
« T B
| | |
DAG, phobol Ca 2+ ATP Substrate
Ester binding binding \ binding binding
PKC activators Peptide translocation PKC inhibitors

Inhibitors or activators

S T T T

B.nPKC(d,&,n,0)
C2-like

[ I
N | |

/" DAG, phobol

Ester binding
Peptide translocation
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C.aPKC(Z,1 /A
C2-like

N | o

PKC activators

(Go6976, LY333531)

ATP Substrate
binding binding

PKC inhibitors (Rottlerin)
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ATP Substrate
binding binding

PKC inhibitors

Fig. 2. Representation showing the sequence homology between the primary structures of protein kinase C (PKC) isoforms.”
The PKC structure can be divided into an N-terminal (N) regulatory domain and a C-terminal (C) catalytic domain. The
conventional (cPKC) structure comprises four conserved regions (C1C4) and five variable regions (V1V5). The C1 region
(C1A and C1B), which possesses the cysteine-rich zinc fingers, is involved in binding to diacylglycerol (DAG) and phorbol-ester
activating compounds, whereas the C2 region is responsible for binding to Ca™". Regions C3 and C4 are the binding sites
for ATP and the PKC substrate, respectively. The novel PKC (nPKC) group and atypical (aPKC) group both possess a C2-like
region within V1, and the aPKC group possesses only one zinc finger. Many isoform-selective inhibitors of PKC, such as
the indolocarbazoles and bisindolylmaleimides, interact at the ATP-binding site (or C3), whereas many activating agents act
at the DAG/phorbol-ester binding region (or C1). Peptide inhibitors and activators of PKC translocation target the C2 region

of cPKC and the V1 region of nPKC.

A e, FolH et

Sol# A T 2 FEREE(stru-
ctures)T} FHo] W Zlog Az i, PKCO =
FTHALTEY 75A Sl 159 2 AIEA 1A
74 7] (subcellular localization)ol] ¢J&l] 24 =t} PKC &
FTHaFo] A3, 47| FEE LT 4 A4
39 subcellular siteZ % $]=]o] RACKs (receptors
for activated C kinases)o]g}x W= E< cluldy]
AgslA Pk F PKC TEE4EQ 49 A
A3} = wll 2u|AEA 91X 0]F5 2 E Mochly-
Rosen 54 mds3Hl& o] gsto] H|ZA 9] PKC
FELHALE] A3} =W A9 ot @ i A
o o]| 4] cross-striated structure (contractile element)2} ]
ZAE HAGoE ANES Yo, thekst A

3
3l
S|

ZU] FxE] 9Xsl= RACKsS A3 E 5584
o} Agte o FA Hrkar sgivt. webA] pKCo 24
3te] Aol Xu|AEA E¥(subcellular fractiona-
tion)o] Aol Zu]|A|EA 3 (subcellular com-
partment) AFo] 2] 4% 2 93 (contamination) 2 & 2138 4
T7F A Qov g Wgz2 st HAAY AR
Au) 734 A7} wk g eslcl. PKC A3} 1 o]
> AlE=to Z o] A9+ PKC AZALEIA 9] 714 =
Q3 g olrt. spAIRE 1 AETHE QJuo]| sl A=
obZF &= g A7) Z13E A Qi PKC 245 34
sl 33 whH e 23 PKC immunoblotting, B] WAL
7] ¥ (non-radioactive kit; ELISA 7|, &2 F8|4
3182 Wkw] © 2 phosphorylated peptide S ZH WHH),
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@) PKCO| CHt 9F2: PKC A4 = PKC ©h F=
Well Al 4% &5 sk $X]oll whet 278 o+ ek
™A regulatory domain®] 2} A4 phospholipid -2
phorbol-ester2}2] 72 H-$lof| 2F8-sl= HbH o] cata-
lytic domain®] A A= substratet} ATPS}S] A% F
Slell 2H-&stA ek AHg 73k PKC AAAlE ook
A RE PKC AbAlollqr 52 7H70e] PKC S84 72t
Zhof] et SolH el JAAE wl$ Hrh” :LEJE-E
Yoz Frdk Aelz PKC JAAE ATPSFS] 2
Yol A 2F&3sl= PKC A AA = FEoltt PKC &
Z g 4ol gt A=A o A A (Isoform-selective inhibi-
tors of PKC)2] k&= = Rottlerin® (selective PKC i
inhibitor), Indolocarbazole PKC inhibitors*’ (Gb6976,
UCNO1, CGP41251), Bisindolylmaleimide PKC inhi-
bitors”  (G66983, G66850, GF109203X, Ro0317549,
Ro0318220) LY333531 (PKC[H+isoform-selective inhi-

Table 1. IC 50 values (IM) for isoform-selective protein kinase C inhibitors

ded
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bitor) S-©] 21th(Table 1).° = £]o]] PKC gene inhibition
ol] == antisense oligonucleotide inhibition of PKC, ribo-
zyme inhibition of PKC7} It} PKC EFH 40| T3k
A1 ¥83 activatorsol] = phorbol ester compounds Thymel-
eatoxin (Thymelea hirsuta leaves), sapintoxin A (Sapium
indicum), bistratene A, polyether toxin (Lissoclinum bis-
tratum), polyphosphoinositides, phosphatidylinositol 3,4-
bisphosphate [PtdIns(3,4)P,], phosphatidylinositol 3,4,5-
trisphosphate [PtdIns(3,4,5)P;] 5°] <& et 3kA
PKC2 Aol gk A Ae} 2-A A|(Inhibitors and
activators of PKC translocation)oll &= o+&3} 72 &3
o] gt} Eo]A PKC EEF 49 BA T} Aot 7h7h
_,] PKC E..__S_J_A EE‘&‘]— xﬂg] psl Z]—_Q.v_o— HOS’"“]—}”
E} o|& &% RACKs (Receptors for activated C
kinases)®} 72 specific anchoring proteins¥} 4] 3}=l
PKC 5549} 7o 2 PKC S840 243 A
A7} o] Foi A char AedA] $keh* Mochly-Rosen 5
oll &J3f] 7NukE PKC A 919 peptide fragment] < A|A|
o} FA A2 -5 E W rat neonatal cardiomyocytesoll
Al PKCeoll 9|3} ischemic preconditioning®] J 37}
PKCi2] peptide inhibitor®l eV1Z} £V1-20] 2]

A=) AL, adult rabbit  cardiomyocytesol] A =
PKCE, -B -ngell thdk Z+2he] peptide inhibitorel]
2] &l 4] ischemic preconditioning®] & ¥}7} FA%E wh

O

J

50

Agent
[+ B AT

Naturally derived inhibitors

Rottlerin 30 42 ND
Indolocarbazoles
UCNO1 0.029 - 0.034
CGP41251 0.024 - 0.017
G066976 0.0023 - 0.006
Bisindolylmaleimides
G06983 0.007 0.007 ND
G06850 0.0084 ND 0.0180
Ro317208 0.160 - 0.310
Ro0317549 0.053 - 0.195
Ro0318220 0.005 - 0.024
R0318420 0.008 - 0.008
R0320432 0.009 - 0.028
LY333531 0.360 - 0.0047

Abbreviation: ND =

Protein kinase C isoform

not determined in reference article, -, no effect.

[T q n
ND 40 3~6 100 100 82
ND 0.030 0.590 0.53 - ND
0.032 0.018 0.360 4.500 >10°  0.060
ND ND - - ND
ND 0.006 0.010 ND 0.060 ND
ND ND 0.210 0.132 5.8 ND
0.28 0.377 ND 0.330 ND ND
0.163 0.213 ND 0.175 ND ND
0.014 0.027 ND 0.024 ND ND
0.041 0.031 ND 0.039 ND ND
0.031 0.037 ND 0.108 ND ND
0.0059 0.400 0.250 0.600 >10°  0.052
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£V1-20]] 2|8 4= preconditioning®] &I} 7} JAF =
AR A3 E Bk AAR 5 7] 5l PKCE] o]
shH, PKCe] A5 &3t S84 A A4
2 gA2 42" F Ik 342, neonate®} adult
cardiomyocytesol| A A& o g PKCee| #A¢]e] 2A)3)
& 5% 4 9+ PKC] VI regionoll 4] 8-amino acid
=)o A]  pseudo ERACK peptided 7Nbslgdct™
Pseudo ¥fRACK Q] Fo&}lA1} mouse heartol] =QE §
AR w7 4 F B A &5E AL FT o Z N
AAA ] A5 E (viability) T A 7159 MAAE B

2}]\.[:]_.55,56

3) Role of protein kinase C signaling in ischemic
preconditioning of the various tissue and organs

1) AZEE AZzAol|A] HEo g K ischemic
preconditioning= 7} 3t oAy} R Y= 3 9l =
7ol Wi Aute Aol tisk dte|rh
Ischemic preconditioningS W% ZZ K5 & Fo|m,
o] 2L G &Aell 23k AT LTl oafjA] o] Fo
Ackal A ekt AZzZ oA ekt g9
A5Aet ALGAES A4 A8 A7 adenosine,'
bradykinin,”' opioids” 52 F&# 2]&3 2] endoge-
nous trigger2} free oxygen radicals,” nitrate,”’ calcium 5
o] &2 v]e)E& 9] exogenous trigger 5oll 2| ghrlar
dA] 9lom o]} H#&Hsle] Tyrosine kinase, PKC,
Mitogen-activated protein kinase (MAPK), ERK, JNK,
p38 MAPK -5o] Ao Zd37g o] w2 deiA] 3l
o, 53] PKCHe| H el gk A7 2 FAlo] 5
T g} e

QAT SAEANA Aol 6714 o149l PKC E%
H47F e E g ow ¥ 25 F preconditioning@h 22
¥]o] PKCi¢}l PKCiflo] #AJ3ME B ich'® PKCee]
peptide A A AQ) £V1-2-2 preconditioningel] £]gF 47
THAES RS aIE JAIsE 2, L 0] 2]9] peptide
AAA = AFEEZaHNE JAsIA| Fsloe] PKCee]
$4ol QAT HEINe] Heehtha sk B
PKCi2] 24 #-EAQl "RACKS neonate®} adult
cardiomyocytesell 4] S|8B4 A A9 70% 7V 7
A7l BIE B A, PKC 9AA|2E PKCee] A€
A AAAQ evi2ell ]3] %RACKS] AAHZE
FE= £2AFPY? WRACKS  ©]£3F  transgenic
micer= FFol| u}E AF2] &4o] non transgenic mice
off Hlal 60% 7}=Fe] FH4E Hof AEL transgenic
mice?] G AAELS HEsly] a4+ PKCe

o] FBAo] Heslrta s}yl 18] wRACK 3
< A oFEel 93k Q17 HEA AR Azl X8
o]l &= § Qe AT} A Foll k™

(2) 2k 7Foll &t ischemic preconditioningel] tht &1
T A Aol A] vlsle] o}F 27| thAlo|tt. Heat
shock (5 A|&5 42°C7HA] &8 1527 RAXZ) =
< ischemic preconditioning-> 7+2] warm ischemia @ 5
Bl aaFo g Balm O wal cold storage injury 2
Hel B¥gca agdeh® QAo 7+22 9] ischemic
preconditioning™ell thak E 3} adenosineo] 7H4 F&
3k miAE deA Y™ AdenosineS NO*OE A3
Ast= £7] ©AI9] adenosine A, receptors A=-3)
0],%% PKC, adenosine monophosphate-activated protein
kinase, L28|3 p38 MAPKE ZA3A| 71t 319
oS ol gt AE W AsAGIA 9] A=
2R Ao WA EES] WA SV
otyel AE HAE BAAAZ| AL ofA] A8
z71¢ A 71} Recombinant IL-69] Fo] 2
(warm ischemia) ¥ A3l AP E4S A
= Ao® B 4 9lom” heat shock proteins® (
HSP70)7} heme oxygenase-1 (HSP32)"7*¢] wb&d
preconditioning®] 7]%-& Al HSPE| H
proinflammatory transcription factors®} 2] AgHS 7
Z=A1719,7 A Z9] A3} 5 (antioxidant capacity)S &
7 G ek’ olgldt F JFA ATE precondi-
tioned liveroll4] TNF-n9] AAS ZA4A|7]3 454k
S-S AT = AL e Aow AZE ] 5
A BF E4ollA A= heme oxygenase-19] &
=21 carbon monoxidet= p38 MAPKE 43} A7)
Aoz wolrh” walA] ischemic preconditioning®!
A= 818 E4oZHE o] Fat 22 o7 24l
ol Had o dvka Aztuw, H 2 Zho]4] FE
ol Al w A preconditioningg 3t 73-§- LREZ
Aol vl @5l #ule] Sk 1k o]AH I
7}, el ZhEAe] XA LDHS 8% =7}
A5 o), PKC A A Z # %] %] gk preconditioned
Z+o] A ¥ 2 preconditioning &I}/ JA|H-S Hof 7H
9] ischemic preconditioning<> PKC2| &A]3} A7} 2
tha Warslgivt?

() A2 =4 THollA 9 latissimus dorsi flapoll
4] preconditioning©. 2 & ol tigk WAL F7l o]
e B9l om ® wat canine gracilis 52 o] &
gk IPC A3 ollA Kare channels®] #&A43}e] 7Moo ®
RAEe] Ei7t SUtEo] ExzF o2 Y £4
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< Zolvtx #gich® Intravital microscopyS ©]-&3h
murine 23HAZe] /AL Fol| A wAE L] adhe-

sion¥} emigration< preconditioning > 2 A=A

lj e o] 7]A o= adenosinee] ol H 3}
Aek® A7 & (contractile muscle)2] preconditioning

of]| 2 Aol vty B 1H adenosine> YHF L5
(striated muscle)ol| A1 = 343 288 3l Aoz A
ZhE e}, F ol
o4 PKC A A€} K'arp channel Z A2 4] % 5}
o] preconditioning< 3 <5 79 ES FIUt 7
23} "hwo]] PKC activators® A4 X3 -9 5 7
Aol B$ & I+ preconditionings S+ 752} FASH
& H3a9E Blom, Western blotol| 4 PKC (n,
B, B, B & 0 T 0o FFasrt W=, o
¥ FFA4L F IPC 5<F PKCevto| F-93HA Al £
A B3lollA Axet 2o g A9 o] #&E g}
ol AALFoA L) FAZ ATE Ko, 4ut &5
Alel| A 2] preconditioning 7] A% .PKC} K arp channel
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A7 Askstel AT WA Lelolel e
Bglo} 339 asl ARFE B A9E wa)
SLEE™ sEdl iAol A 1054 3319 SR (A7 1027
MRS 6079 ol 8ol sl HAe] Glrkx
59 thY Adenosine %] X of] whE X142 precon-
ditioning= A A9] preconditioning@} 22| bradykinin,
muscarinic, opioid F&A] S ATP-sensitive K'arp
channelsol] 2]3F 71A = BA7} 99, pertussis
toxin-sensitive G-proteins¥} PKC9F= A7} 4 leh?
18] 3 cultured human proximal tubule (HK-2) cellsol] 4]
ATP depletion preconditioning (antimycin A/ 2-deoxy-
glucose) Y=+ adenosine (adenosine A; or Ay, receptor
selective agonist) 22 AX X3}l FEHo] ATP de-
pletion®. 2 =45 WHA] =™ ATP depletion® 2 <13k
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R AR E ] £4o] Tha ﬂ 3 A "F, adenosine <84 2
A2 AAAE A ARAAEY] &4 B3 Fart
J A= ow, ATP depletlon preconditioning¥} adeno-
sineol] ]38l viNE ZZ RS A4S mitogen-activated
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B3} ® Rat & Z9] classic ischemic preconditioning
EdlloA] 35459 leukocytes rollingol] o]l
P-selectin®] %8 -2 preconditioning®] A& 7ol A Z4
s+ 2, preconditioning®] ] X|  adenosine A; F*
&2 ZAA = PKCY AAAEE AAXE 745
P-selectin®] W& o] t}A] Z715l A3 2 v|Fo] ische-
mic preconditioning®l| adenosine®} PKC7} X o=
tha Hasgleh? sAut 22 o 7 g 44
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4) Protein kinase C signaling in intestine
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2H(plasma membrane)2] A A3} ghulA o] LA g3

productive cell-substratum interaction 5 2ol 2|E&3

Al Hl=dl o] 59 i BF /Aol d3Fs
W=t} * Ischemic epithelial phenotype®] generation
H| 5 Ao 4 o] 25 8|a pHe| W3t 59 o
ot 2.910] QAT FolurhE AE W ATPS]
2 Qlslo] &4 tiFES A Hok webA] ATPE
G oS ASehe AEdeE QTE BFaE
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9} (cytosketetal membrane)e] Atk A|E=le] Bob | Al
3E Fm ] 53} (cell surface polarity) 4241, 12|31 4+
A £ o] F HF7]5 Wt T FEE 5 A
o} 7 w3l AAH A A AZ(hypoxia; 02 depri-
vation) 32 3] °3(1schem1a, A9} 71A 9] 3172 A
o 200 A% AR Pk AFADA PO
4291 epsilone A9 E wbSoll 9
$ o3 ok Ao eldl gont) Aradel u
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(1) PKC signaling in intestinal epithelial ischemia (me-
tabolic stress): Human intestinal cell line®] s}1}2Q] T84
cel(AAL AEF)L electrogenic Cl secretionT}
tight junctional integrity S H.7] $]3f B2 Ag o F o]
£-5] 0 ek T84 celloll Al PKCO] F5FH 4 F PKC
o, -f -£ -L7} Western blotollA WaxE|Qlo
T84 cellollA] phorbol ester®] &}F1}Ql phorbol 12-
myristate 13-acetate (PMA, 100 nM)°l] 0, 15, 60, L2 3L
12087 =FA7 &, Zu|AlEA B3 (subcellular
fractionation)s}©] western blot= A]3jgt A3} PKCr
(epsilon)= 154 o] Wofl A7t o3& ooz AEA
Lol A Alxet E3¥or A& hHE . 34
PKCo= oF 6027HAl= A4 3 ellA] Alxet 22
oz HLE BYovt 1 olF Ao A= 2
913, PKCH, -T A=A ekokeh '

Metabolic stressi= chemical hypoxia$} authentic hy-
poxia®| F 7FA| WS o] &gt UnbH o w Ag
sl= HPBR £H9] 10 mM glucose WAl 10 mM 2-
deoxyglucose2} ATP 34 A A1) 1M oligomycin A
Z 28310 chemical hypoxiaS -§-balgl ow] 10410
3t T84 cells< specialized hypoxic chamber& A}-8-3}o]
1% "|7ke] Oxygen & authentic hypoxiaZ -fFHHAIZ
t}.'% in vitrool| Al A
cose free bufferoll4] ¥ 7|4 3428 (anaerobic glyco-
lysis)2] false substrateQ] 2-deoxyglucose (10 mM)Z} 3t
7| H'-ATPase 2} A|A|2] oligomycin A (1LM) -2 site
I electron transport chain & A A Q] rotenone (10MM) 5
I} 22 A3}H Q1A 3H(oxidative phosphorylation)E &

¢

.

=4 (ischemic stress)< glu-

3 st o g §HkAZ 4= 9lt}. Oligomycin A$} 2-
deoxyclucose s Ah-&3to] 605 o|toll A|E2] ATP

= 3% control ©]3t& FAAIZ 4 Yk a4
T84 cell specialized chamber& A-83}o] 1% w]gte]
Az o= &7

o Aol 2] 24417 7
3k 3 T84 cell®] ATP X 745 A] 9E9kH Colgan
5% A7} oligomycin A2F 10 mM2] glucoseS AH-&

Oxygen <, authentic hypoxias
4 AL T AL
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Chemical hypoxiaol] 30&7F %% T84 cellsollA]
136+2% control2 =715 Hli
w34 40v] 7 71 Akl A
T actin cytoskeleton®] remodelingg Ho]™, 53] AlE
9] 7]#] 2] Z(basolateral)ol| A & <= v}, w3t F2HA
#lo] A&7 71 AHconfocal microscopy)ell4] actin fila-
ment®] cytoplasmic clumping (A|EZ W 4234}
SHA| AAA| FEol|A] Kol stress fiberd AAE B <
8l t}. Chemical hypoxia (1M oligomycinA plus 10 mM
2-deoxyglucose in glucose-free buffer)E W T84 cellol]
A PKCe- 104 o Wiol] AZEA R-Hofl 4] AE} &
oz ALNE Blow, 30~60% ool 7ha &
PKC #A3HS)E EAckEFig. 3A). 33 PKCee]
S8 ¥ PARE ATPY agko] QRS WAL A
Lol B 7] 23l hypoxic condition (1% Oz)°ll 1~12A]7F
Qb wljekslo] AlE3 E2E X Western blot2 s}
PKCio] AEZZA B3| AZEut Blog A=A
she & galsldchFig. 3B). L} T84 cellollA] 1k
#HE PKC 5F84 5 PKCn -6, -Ir chemical
hypoxia®l A AEF(1% 028 2714 AlZ2E E& o
Al Azt 2oz o] ALE & g gldck webA] T84

.“% A~ %9};\‘4‘.100,104

F-actin® content+

rhodamine-phalloidin %34 %
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I 1 I 1 I 1 I 1
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— — — <+ PKCe
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B
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cC M CM CMCMZC M
I s e < PKCe
1% O,

Fig. 3. Time-dependent translocation of PKCE in T84 cell
during metabolic stress. (A) When PKC isoforms are
activated by phosphorylation, they translocate from cytosol(C)
to membrane(M), and this has been the basis of the indirect
measurement of their activation. When ischemic insult was
applied to the cells in the form of oligomycin and
2-deoxyglucose, 30 minutes of oligomycin/2-deoxyglucose
treatment induced significant translocation of the novel
epsilon isoform to the membrane. (B) 12 hours of hypoxia
(1% 0O,) also activates only PKC epsilon isoform. This PKC
epsilon activation by hypoxia is also time-dependent, but
occurs much more slowly compared to the ischemia model,
starting at around 6 hours.
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(2) PKC signaling in intestinal ischemic precondition-
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Fig. 4. Microscopic findings of the rat small intestine. 1. Effect of prior IPC followed by subsequent ischemia A: 20-min
of SMA occlusion without prior IPC (Sham-IPC), B: additional 20-min of SMAO in prior IPC animal. 2. Pretreated with
various PKC inhibitors prior IPC and followed by subsequent 20-min of SMA occlusion. Effect of pretreated with PKC inhibitor
on IPC. C; Saline (DMSO), D; G66976, E; G66850, F; Rottlerin. H&E stain.
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