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Table 1. Immunoreactivities of INOS in the rat skeletal muscles

Time of reperfusion

Cont  Ohr 05hr  1hr 3hr
3P + + ++ + ++
WKY 101P ++ + +++ ++
ls 3P
SHR ++ + + ++ +++
101P ++ ++ ++ +++
3IP + + + + +
WKY 101P + + + +
sl 3IP + + + + +
SHR 101P * + + +

Abbreviations: WKY : Wistar-Kyoto rat, SHR: spontaneously hypertensive
rat, cont: control, 3IP: 3 times of ischemic preconditioning, 10IP: 10 times
of ischemic preconditioning, TA: Tibialis anterior, Sol: Soleus, +: trace
immunoreactivity, +: weak immunoreactivity, ++: moderate immunoreac-
tivity, +++: strong immunoreactivity
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Fig. 1. Immunohistochemical staining of iNOS in the rat skeletal muscles, 1 hour after ischemic preconditioning (IP). Intensity of the
immunoreactivities is shown in Table 1. In Tibialis anterior, iNOS was stonger in SHR (D~ F), compared to WKY (A~C). In
Soleus, iINOS was trace in both WKY (G~ 1) and SHR (J~L). Tibialis anterior: A~F, Soleus: G~L, W: WKY, cont: control,
3IP: 3times of IP, 10IP: 10 times of IP, S: SHR ( x 400).
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Fig. 2. Western blot analysis of iNOSin the rat skeletal muscles. A: 0 hr after ischemic preconditioning (IP), B: 0.5 hr after IP, C: 1hr after
IP, D: 3hr after IP. WKY: Wistar-Kyoto rat, SHR: spontaneously hypertensive rat, C: control, 3IP: 3 times of IP, 101P: 10 times

of IP.

=z (left common iliac artery)-&- 334 A=A =
5% FoF £ ¥ 58 Fd EFoFE HAE 33
=X 103 WEste] HPPste AAsea, P4
Wz APFTS vigke o F ol AXT

317 ghaleh.

A7} B Foll AAAAE AASHE L, A
7 0417k} 0.5417), 1417, 3412k Flo] BH 3w
FYYes UYEEE AW A A5 292
o ATIEE ARl 289 R4 Groc-
mal part):= Western blot analysisE-, ®1Z3-9] (distal
Pt el A e A,

Ysteha
SELRS

2 A7l stetadRe QakskEA
(phosphate buffered saline, PBS, pH 7.4)¢}

142

z222 AH% 5 % 44;}-,-5\_3} Weke 53}
Lodlom 68 223 F PBS= A3l 0.4%
pepsin £-<8 (Sigma, USA) 0.2 A1-26]|A] 81 HI-2-A]
Zlc}. Blocking S} o 2 37°CellA] 408 x]2|3t +,
rabbit anti-iINOS 3} (1: 100, assay design, USA),
sheep anti-CuZnSOD %=+ sheep anti-MnSOD 3}
(1:100, Calbiochem, USA)Z 4°Cell 4] 1647} uk-2-
AlZe PBS= A2 & 2} 844, goat anti-rabbit 1gG
kA == rabbit anti-sheep I1gG 3}4| S PBSel| 1:
1,000 v]&2 3]A3te] ALoA 40%, ABC 4
(Vector Laboratory, USA) o 2 Al-2ej|x] 3082 2]
3t =], DAB kit (Vector Laboratory)E o] -8-3}e] LA
AF2m, 1% methyl blue £} o 2 o) x4 M3}l9
Az 2 3338 n] 7 (Olympus
2o 3hedar, BEA; 2
=7l meh, SAS

=59 FARE
BX51, Japan) o= 544 bzl

ol wWeigaurs 7ws)



(=), wleFst °J*é%—8—(i),
=5 Obﬂu}_(_H_), AL
3led Table 13} 2, 3¢]] A

4. Western blot analysis

40uge] TS 8%, 10% = 12% SDS-poly-
acrylamide gel 7195 o] g3le] A7 ¥,
Hybond™-P membrane (Amersham Biosciences, Eng-
land)el] o]=A]Z k. Membraneg 3% blocking 8-<4
(TBST: 25 mM Tris, 8% NaCl, 0.1% Tween-20, 3%
non-fat dry milk) o2 Al2oj|A] 1A]7F 223t ¥, 1
2} 34 rabbit anti-iNOS 344 (1: 1,000, Assay desi-
gns), rabbit anti-CuZnSOD &} £} rabbit anti-MnSOD
3} (1:2,000, Assay designs) & 4°Col|A] a5 E<t
x)2)sl e} 221 344 horseradish peroxidase (HRP)-
conjugated anti-mouse 1gG 4] =+ HRP-conjugat-
ed anti-rabbit 1gG }4] (1: 1,000, Amersham Biosci-
ences) 2 Aol x| 1A)7F vh--A)7]aL, TBSTZE A1 H
gt % enhanced chemiluminescene (Amersham Bio-
sciences) g o2 13 2|3 ¥ x-ray Bgel =%
A1 Ze}. Quantity one® == 73 (Gel Doc 2000, Bio-
Rad Laboratories, Italy)g ]85}l band?] *>=
(density)= =A3}9] 37, student t-testE A A3}l o}
Anti-mouse actin 34 (1 : 5,000, BD Biosciences)=
o] &3t 7} Aol x3E iAo of2 el
et (AR A el = ZFAT7IA GskH).

£l = iNOS

#2] NZzAT Gl
£-2 SHRel|A] WKY 1.
B2 ¢]}. 7}x}u]goﬂ A] INOS i out
719l {Z=A] skt (Table 1, Fig. 1).

2) Western blot 241
iINOS= SHRej|A4] WKY ¥} =7} (p<0.05)% )
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S0|A INOS2} SOD gl —

3, S oFAta = INOSE AA =R}t 2747

o} 7}Rpu] 2ol A INOSE #2=#] ek} (Fig. 2).

2. S|EAME F Wi
CuZnSOD

KoM 2EEE=

1) oz 351 A
CuzZnSOD®] W edutee WKY 1t} SHReA] oF
SR R R R A A

Al FEF S (Table 2, Fig. 3).

2) Western blot £44

CuzZnSOD: WKY 3t} SHRel|A Z71= 9], 3
HefAtsHe CuZnSODE W &H el F7FA e 7}
Aol A A7 Bl W Sie (Fig. 4).

b = wof2]o|M 2E == MnSOD

toh

3. slgdd

=

1) ootz siseiny
MnSOD<2] W odub-e-& WKY Xt} SHReA <Fs}
A Basert 2 Aot sglen,

el a7 #2590 (Table 3, Fig. 5).

2) Western blot 244
MnSOD: WKY Ht} SHRel|A] Z71e )1, 58
F’33H= MnSODE AN ZZHT F7HAFH

Table 2. Immunoreactivities of CuZnSOD in the rat skeletal mus-

cles
Time of reperfusion
Cont Ohr O5hr 1hr 3hr
3IP + + ++ +++ +
WKY 101P B ++ +
TA
SHR 3IP ++ + + +++  +++
101P ++ ++ ++ +++
3IP ++ + ++ ++ +
WKY 101P + ++ ++ ++
Sol
SHR 3IP ++ ++ ++ ++ ++
101P + +++ ++ ++

Abbreviations: WKY : Wistar-Kyoto rat, SHR: spontaneously hypertensive
rat, cont: control, 3IP: 3 times of ischemic preconditioning, 10IP: 10 times
of ischemic preconditioning, TA: Tibialis anterior, Sol: Soleus, =+: trace
immunoresactivity, +: weak immunoreactivity, ++: moderate immunoreac-
tivity, +-++: strong immunoreactivity
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Fig. 3. Immunohistochemical staining of CuZnSOD in the rat skeletal muscles, 1 hour after ischemic preconditioning (IP). Intensity of
the immunoreactivities is shown in Table 2. IP increased CuZnSOD, compared to the control. In both Tibialis anterior and Soleus,
CuzZnSOD was stonger in WKY (A ~C, G~1) than that in SHR (D ~F, J~L). Tibialis anterior: A~F, Soleus: G~L, W: WKY,
cont: control, 3IP: 3times of IP, 10IP: 10 times of IP, S: SHR ( x 400).
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Fig. 4. Western blot analysis of CuZnSOD in the rat skeletal muscle. A: 0 hr after ischemic preconditioning (IP), B: 0.5hr after IP, C: 1
hr after IP, D: 3hr after IP. WKY: Wistar-Kyoto rat, SHR: spontaneously hypertensive rat, C: control, 3IP: 3 times of IP, 10IP:

10 times of IP.
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Table 3. Immunoreactivities of MnSOD in the rat skeletal mus-
cles
Time of reperfusion
Cont Ohr 0.5hr 1hr 3hr
3P + + ++ ++ +++
WKY 101P + ++ ++ ++
A 3IP
SHR + + ++ ++ +++
101P ++ 4+t ++
3P + + ++ + +
WKY 101P + + + ++
Sl 3IP + ++ ++ + +
SHR 101P + + +++ +

Abbreviations: WKY : Wistar-Kyoto rat, SHR: spontaneously hypertensive
rat, cont: control, 3IP: 3 times of remote ischemic preconditioning, 101P:
10 times of remote ischemic preconditioning, TA: Tibialis anterior, Sol:
Soleus, =+: trace immunoreactivity, +: weak immunoreactivity, ++: mod-
erate immunoreactivity, +++: strong immunoreactivity
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Fig. 5. Immunohistochemical staining of MnSOD in the rat skeletal muscles, 1 hour after ischemic preconditioning (1P). Intensity of the
immunoreactivities is shown in Table 3. IP increased MnSOD, compared to the control. Tibialis anterior: A~F, Soleus: G~L,
W: WKY, cont: control, 3IP: 3times of IP, 10IP: 10 times of IP, S: SHR ( x 400).
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Fig. 6. Western blot analysis of MnSOD in rat skeletal muscles. A: O hr after ischemic preconditioning (IP), B: 0.5 hr after IP, C: 1hr after
IP, D: 3hr after IP. WKY: Wistar-Kyoto rat, SHR: spontaneously hypertensive rat, C: control, 3IP: 3 times of IP, 10IP: 10 times
of IP.

T S5, to 5(1995)& SHRY) wldl= AT ATRd AAnZeA A BAHGEE, ok A
$ol4 MnSOD §4¢] sl superoxide Aol s frol AIAT} o whel EAlel) wheleh
z7hE5 3 sholeh 3 Az, 949) w2 gel4 MnSODE: 7hA}

2 AN SHRIA AR MnSODE WKY  w|ZelA] 7 335w, M T4 42 o2
weh Aglor), #9 5 SHRe WKYeld 27h0  7RSyese gmxzed 74w Zre MnSOD
MnSOD: #4Ak471E A Aste] MEEde 3 7h Z9eka 3 Hollander 5-(2000)9) Astel 9
AA Aoz AZEE SHRY A4S AAvaTue AWk slWPYst F 5718 MnsOD: # A
27159 MnSODe] Fo| WKYRE} o Zeh ol oA WulTsNEs ned & U Aol 47
SHRe] Rl o] chepe] $AAY)7L s Hgish
T ole] ¥kgSled WA MnSODS] Z717) eyt saepE F wshE iNOSe} CuznSOD 2] 1
T3 A7eH(Zhang 5 2003). o]ejdt A3k ® MnSODE AR 27lel: Pzt F7b mx
AP SHRAA INOSS| o] o el ® Azt gastgov], AHF Akl Agel meh Pz
#edo] oleba gt Szom A%s: Aoz BAF ol 3

=3 Western blot #4454 MnSOD: 9 P43t 33) mi 10318 AAYE 9 T84 %o

148



AL AT Gt tha] e 4le
Aapolwl, AR Fol Bz WG 47 wx
Z7hshe Ae s¥ATel Ahasiel, LA
H28s A3 B gldm AR B AGE
Foled, Al S8 B A7 SHR3E WKY )

W) 280 4 INOSS} CuZnSOD2} MnSODE 27}
A7 AL okt iINOS7E v o] =71%l SHR

o] WKY Rt} AsAl=8 o @] e Aoz A
ZE AL, Akt E AT 27 Eg SHRe|l WKY
web BYAAIE BHoR AASA £E Ao
= A =8 PHATE FhAbEl R INOS
7} o ®o] Z7}=31 CuZnSODg} MnSOD~7} A A
BHE Aoz moh, HALAS WA BE Aoz
AAFG. o 4E FFS A 9 ARFA F
7}€l CuZnSOD$} MNnSODE AFSIAL=ZS 7FAA|A
TEAEE Be¥ oz AZEH, Zejd g
F et MAZTEA 2 7" AT AR

Soll A7) 414 Aoz Az,

X}
=]

WL

Ameen M, Davies JE, Ng LL : A comparison of free intracel-
lular calcium and magnesium levels in the vascular smooth
muscle and striated muscle cells of the spontaneously hyper-
tensive and Wistar Kyoto normotensive rat. Ann NY Acad
Sci 639: 550-553, 1991.

Amstrong RB, Phelps RO : Muscle fiber type composition of
therat hindlimb. Am JAnat 171: 259-272, 1984.

Bakau B, Horwich AL : The Hsp70 and Hsp60 chaperone
machines? Cell 92: 351-366, 1998.

Beckman JS, Koppenol WH : Nitric oxide, superoxide, and
peroxynitrite the good, the bad, and ugly. Am J Physiol 271:
C1424-C1437, 1996.

Bruton JD, Place N, Yamada T, Silva JP, Andrade FH, Dahl-
stedt AJ, Zhang SJ, Katz A, Larsson NG, Westerblad H :
Reactive oxygen species and fatigue-induced prolonged low-
frequency force depression in skeletal muscle fibres of rats,
mice and SOD2 overexpressing mice. J Physiol 586: 175-
184, 2008.

ChenZ, SiuB, Ho YS, Vincent R, Chau CC, Hamdy RC, Chua

EF o o

149

S0|A iINOSe} SOD gl —

BH : Overexpression of MnSOD protects against myocar-
dial ischemialreperfusion injury in transgenic mice. J Mol
Cell Cardiol 30: 2281-2289, 1998.

Chou TC, Yen MH, Li CY, Ding YA : Alterations of nitric
oxide synthase expression with aging and hypertension in
rats. Hypertension 31: 643-648, 1998.

Gray SD, Carlsen RC, Deng J : Soleus muscle contractile pro-
perties in hypertensive rats. Am J Physiol 267: 735-739,
1994.

Hollander J, Begjma J, Ookawara T, Ohno H, Ji LL : Superoxide
dismutase gene expression in skeletal muscle: fiber-specific
effect of age. Mech Ageing Dev 116: 33-45, 2000.

Hussain SN, Giaid A, El Dawiri Q, Sakkal D, Hattori R, Guo
Y : Expression of nitric oxide synthases and GTP cyclo-
hydrolase | in the ventilatory and limb muscles during endo-
toxemia. Am J Respir Cell Mol Biol 17: 173-180, 1997.

Ito H, Torii M, Suzuki T : Decreased SOD activity and incre-
ased O, production in cardiac hypertrophy of SHR. Clin
Exp Hypertens 17: 803-816, 1995.

Kane AJ, Barker JE, Mitchell GM, Theile DR, Romero R,
Messina A, Wagh M, Fraulin FO, Morrison WA, Stewart
AG : Inducible nitric oxide synthase (iINOS) activity pro-
motes ischaemic skin flap survival. Br J Pharmacol 132:
1631-1638, 2001.

Kaur H, Halliwell B : Evidence for nitric oxide-mediated oxi-
dative damage in chronic inflammation. Nitrotyrosine in
serum and synovial fluid from rheumatoid patients. FEBS
Lett 350: 9-12, 1994.

Koh BC, Seo YK, Shin CO, Chun SK, Paik DJ : Effects of
repetitive ischemic preconditioning on the expression of
nitric oxide synthases in tibialis anterior and soleus mus-
cles of rat. Korean J Phys Anthropol 20: 213-224, 2007. (in
Korean)

Krotkiewski M, Lithell H, Shono N, Wysocki M, Holm G :
High blood pressure and muscle morphol ogy/metabolism-
causal relationship or only associated factors? Clin Physiol
18: 203-213, 1998.

Li G, Labruto F, Sir§jo A, Chen F, Vaage J, Vaen G : Myo-
cardial protection by remote preconditioning: the role of
nuclear factor kappa-B p105 and inducible nitric oxide syn-
thase. Eur J Cardiothoracic Surg 26: 968-973, 2004.

Nakazono K, Watanabe N, Matsuno K, Sasaki J, Sato T, Inoue
M : Does superoxide underlie the pathogenesis of hyper-
tension? Proc Natl Acad Sci USA 88: 10045-10048, 1991.



=
e

_ol

NoshitaN, Sugawara T, Lewen A, Hayashi T, Chan PH : Cop-
per-zinc superoxide dismutase affects Akt activation after
transient focal cerebral ischemiain mice. Stroke 34: 1513-
1518, 2003.

Park JW, Qi WN, Liu JQ, Urbaniak JR, Folz RJ, Chen LE :
Inhibition of iINOS attenuates skeletal muscle reperfusion
injury in extracellular superoxide dismutase knockout mice.
Microsurgery 25: 606-613, 2005.

Quadrilatero J, Rush JWE : Evidence for a pro-apoptotic phe-
notype in skeletal muscle of hypertensive rats. Biochem
Biophys Res Commun 368: 168-174, 2008.

Seo YK, Kim JH, Lim HS, Shin CS, Paik DJ : Age-related
alterations of Bcl-2, Bax and apoptosis in ischemic-reper-
fused rat tibialis anterior muscles. Korean J Phys Anthrop
16: 97-107, 2003a. (in Korean)

Seo YK, Shin CS, Kim JH, You YJ, Paik DJ : Agerelated
aterations of apoptosis in ischemic-reperfused rat tibialis
anterior and soleus muscles. Korean J Phys Anthrop 16:
291-299, 2003b. (in Korean)

Thompson M, Becker L, Bryant D, Williams G, Levin D,
Margraf L, Giroir BP : Expression of the inducible nitric
oxide synthase gene in diaphragm and skeletal muscle. J
Appl Physiol 81: 2415-2420, 1996.

5, Ne

150

2

HH

(b

4 ey —

Ulker S, McMaster D, McKeown PP, Bayraktutan U : Impair-
ed activities of antioxidant enzymes €licit endothelia dys-
function in spontaneous hypertensive rats despite enhanced
vascular nitric oxide generation. Cardiovasc Res 59: 488-
500, 2003.

Umemoto S, Tanaka M, Kawahara S, Kubo M, Umeji K, Ha-
shimoto R, Matsuzaki M : Calcium antagonist reduces oxi-
dative stress by upregulating Cu/Zn superoxide dismutase
in stroke-prone spontaneously hypertensive rats. Hypertens
Res 27: 877-885, 2004.

Wang P, Chen H, Qin H, Sankarapandi S, Becher MW, Wong
PC, Zweier JL : Overexpression of human copper, zinc-
superoxide dismutase (SOD1) prevents postischemic injury.
Proc Natl Acad Sci USA 95: 4556-4560, 1998.

Zhan CD, Sindhu RK, Pang J, Ehdaie A, Vaziri ND : Super-
oxide dismutase, catalase and glutathione peroxidase in the
spontaneoudly hypertensive rat kidney: effect of antioxidant-
rich diet. J Hypertens 22: 2025-2033, 2004.

Zhang L, Looney CG, Qi WN, Chen LE, Seaber AV, Stamler
JS, Urbaniak JR : Reperfusion injury is reduced in skeletal
muscle by inhibition of inducible nitric oxide synthase. J
Appl Physiol 94: 1473-1478, 2003.



— S| F Y EF 2 wofZ]0A INOS2t SOD Wd —

Korean J Phys Anthropol
22(2):139~ 151, 2009

Abstract

Expressions of INOS and Super oxide Dismutase
in the Skeletal M uscle of the Spontaneously Hypertensive Rat
after |schemic-preconditioning

Jun-Hee Lee, Youn-Kyoung Seo, Doo-Jin Paik

Department of Anatomy and Cell Biology, College of Medicine, Hanyang University

A balance between production and degradation of reactive oxygen species has an important role in the cardiovascular
homeostasis, and is known to contribute to hypertension. Under oxidative stress, an upregulation of inducible NOS
(iNOS) induces ischemic-reperfusion injury, and is involved in the pathophysiology of the hypertension. Ischemic-reper-
fusion injury of the skeletal muscle results from reactive oxygen species, and overexpression of iNOS in the skeletal
muscle increases the ischemic injury. Superoxide dismutase (SOD), antioxidant, is a major enzyme for degradation of
reactive oxygen species(ROS).

The purpose of this study was to observe the effect ischemic preconditioning (1P) of the lower limb on the expression
of INOS, CuZnSOD and MnSOD in the white and red muscle of the spontaneously hypertensive rat (SHR).

Nine weeks old male normotensive rat (Wistar-Kyoto rat, WKY) and SHR were divided into control and IP groups.
The IP group was further divided into 3 (3IP) and 10 (10IP) times of IP. Left common iliac artery was occluded 3 and
10 times for 5 min of ischemia-5 min of reperfusion using rodent vascular clamp. The animals were sacrificed at 0, 0.5,
1, and 3 hours after reperfusion and the Tibialis anterior and Soleus were removed. The expressions of iNOS, CuZnSOD
and MnSOD in the skeletal muscle were examined with immunohistochemical methods and Western blot analysis.

iNOS was expressed in Tibialis anterior, but in Soleus after IP. The expression of iINOS was increased in both WKY
and SHR, it was higher in SHR than WKY. CuzZnSOD and MnSOD were expressed in Tibialis anterior and Soleus,
higher in Soleus, after IP. The expression of CuZnSOD and MnSOD were increased in both WKY and SHR, higher in
WKY than SHR.

It is consequently suggested that hypertensive individual and white muscle are more sensitive to ischemic injury of
the skeletal muscle as considering their high expression of iNOS and low expression of SODs.
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