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F1E MEOER

1.1. 1ICHIZ

HIVONO AR GEBFNL T AT SIS ICE T E &2 AR ZER THY,
HIRDOFH I EL RFT. FDOAR AL, U CTES AR ORI IB G4 X
B BRI OEAS N TIE, BRHE RO KR, MTOMEINZRE DOHHY
ARV A, BBHNIRIE SO FED R RVEFR 72 & DAL =T /L AR ZADHEINZ LD
TV =TV IV TCET 508, ZOENKPERILZ2 5L, NRE OB 2 R

AL,

=

MR AR 2 4 iU 2 Sl VMR DR 54 AL 95 (Best et al.,
1999: Tatsumi et al., 2002). F7=, HBEDEIEFRHIIZZO TV —F IV ORI HIMED
ZELHABINT 2> T (Tatsumi, 2010) .

AERNIZH AT DU ATHL—E{k % (Nitric Oxide, NO) 1%, AEREBIR DD
Gl Chk 2 RBIR A | E T AT = —HF —L L THILIL TV A (Anderson et al.,
2000; Kobzik et al.,1995; Moncada et al.,1991; Moncada et al.,1993). NO |Z7V—F
AND—FETHY, FARPNIZIB W THRRALEER DTG V2T SRR L AR A2 HE R
SHEL =TT, ZORKEINTEORIEZ M/ N T AR — A% 40 45 &0 D 8 il
DIYERZFF ST ENENLIL TS (Alderton et al.,2001; Soneja et al.,2005; Sakurai et

al.,2005; Sriwijitkamol et al.,2006; Filippin et al.,2011%; Filippin et al.,.2011%). %7=,



O ITHHIPNIE AR E L L C, RIEMEAT 4 =—F —THLYA NI - rEHA

Doy WA TR HZ LD BTV D (Rigamonti et al., 2013).

ZNBAT 42— F— Do TRENT, B ARG I T DB IR OFIE
IZRET5EEZ NS, ZOLNT, NO IX B KRG TAR, RAECHImIER I
HLTWAZENBZLNDLD, ZOFERMIIAITHS.

AW CIXBET Va3t G, MIRMIGHEE T /L, @R EES), WE A
STk 2 7R TG BN RED A = IV AR AL B RIS NO A ko B
ERRFIL, A=AV AR A IER LB R IR S L E DI KITT NO Of%

ENZOWTHLMNITAIEEZHIIET .



1.2. AT

1.2.1. —BELER

Furchgott & Zawadzki (1980) (20PN Kz H ke i & st Kl 1 (EDRF) 2358 R4, #
[ZZANO THHZENHLDNISNIZZEN L 72D, RN TERSNDH L
e PR s E L L C D NOIZB T D ZE A R 1 Tl A AT DD L1278 -
7Z. NO LI & N BGHI> FILER (4F K, ~27m77—) TNO V2 —BIZL-T
TNAXR=ZUNSARKREND. NOILT T =Vl 77— OFEMAVIC I VAN Y2V
v2 GMP (cGMP, B1{R7T /2o =V iR) Z B NS A2 T TS T o L8012, i
faA Ca* AR FSELZL T AE MFRE GRS, LsL—JF7TNO 1Z7Y
=TV THDHDHIZ, FIESLEYOIRED B THMEKZRL A EREIC NO
B 2IRPL T T, O7& NO BUEL, V7L ONOO (~NLAF L =FT Ak
peroxynitrite) 235475, 0y, NO, ONOO 72 & DF 7 A1 /L8311 O 1 & o ik - filk
L CRIEZ 5| X 29 (Crow et al.,1996).

NO 2V /& 8 fh 23stfe L& YRR 23 g | S oS d e, mEAME T LML
9%, ZOERNIFEINRZ T TRSEARRY > N8I KUY, Bl ORI E - i
72T TR B A HAAR AR PR IR LTIl 2ot Ui E 2R RS Cna. Fz,

TRERRTZT T, R, RO EITI VTN NO 23N E 270 A FREERE



BG4 2L 380, MFENZARSNT G E T A2 OJRRRICEE 535280353720
NO Db M4 % D53 B TGN/ Tz,

ARNT NO 415 NO A klEsE (NOS) 12, RPN AL ARFED |- 5.
WZEOTEME(LS DR NO & Rll%35 (CNOS) &, Ji IR TR i S L% i il
NO & k£ (INOS) D2FEFH Y, cNOS 1ZIXFEEL T N MifaiZdH2% eNOS
EARGHIIEIZ D NNOS 385, —f%IZ, NO [ Jlifas Myt OMERS, /MK EESE D),
PLEIREE (LI, 7 AR, midn g, fiiE - PR R EDERIRGEEN A
LC\% (Elrod et al., 2008). ZAL51E cNOS (280 A& D0 80D NO 1L HERRS
WHN, TURReT v ay s, MRS, fMfaErE, KRIERE DAEREEER I
INOS ICEV AR SNDKED NO IZENAELAZENVRIEEL TV (Thompson et al.,
1996). L7=43->7C, NO 25929 a1, ABERIZBI 5795 cNOS H k9D NO @

FEHEIK L INOS TA RS AImFE D NO (2 LA MafEE I KRl Tx 5.



122, 'BRBHTEBIEAD =TV AR R

\

BRI Z DORSZIGETDZLIEV N 2 RIS, TOHEZREICIE 3 SDH

AT BFAETD. N ZEDORIZFES LR J) % F 4 2 ULiE 2 55 508 M DR

(concentric contraction:CON), B EIEIE SR NHIMEL K5 &) &2 3 45 D %1

JEMEIHE (eccentric contraction:ECC) EFRL, ZHUHE MG MR iEM A2 S ¥ TEinY

A (SRR 4E < isotonic contraction) &FESS. FEHEMED 1 CHIHEEH E N —E D

A A5 MEIHE (isokinetic contraction) 2. 7=, INFOESEZEZ RN T %

FEAH I I REA 2 R UHE (isometric contraction:1SO) EFESS. 2B DULKETEREIZ

FOFH D FEHHIETIE F72 % UHEE BE DS R M T E TR T TMR<72D, CON DFEHET)

1Z, 1SO LEEARTIRY Y. F72 ECC 1L 1SO LR TEWIENZRIET L. ZNHOE#

FHIHE I KO CEV R 3 S L TS, BIEI TIXIRE 0B O T e WO BLR D

EUD. ZHL TBHE LR B RN D MBI AT =TIV AN RE KT 5.

AR T A = VAR AL LT, $0I6T), #RKE, 51RY), IRE)- @5 7]

WZETOND. TOISA T, MRICIYIMENERIAIC AR SND AR ZATHY, H#H

AKIEE, M &Ko TIE N BRI E R i IO D [EA N 2 & 453. F251E

(X, SR D ER AR (Ao LA A I A AL X R A I L B AL AT

Dy, IRE-EE LT, BRSO AN ZEAET . AN=TV AR A



AT DM IV T, ENEIEFEEOMERE, FRDOIIE, T, £ L TH

K

B OFRERTLIZE G L TNHIEN D> TD. ZOARRIZE > TEH T 6E
MBS, HDLWITESCHE O~ N 72 LB TLHET 5. in vitro DFEBRIZIBNT,
Wy PR 72 I TR D 53 (b oA AR FL D S B T T 28 b oh o TRY, A=
JVAR TR OREEE, Ml LI BB EIZ RI-L TOLZENR RS
T\% (Akimoto et al., 2005) .

B ITEEN A R E, REREN I T 5 ECC RRIZBEFE TS| EISh
HZEMFNHIL TS (Armstrong, 1984; Smith, 1991; Nosaka et al., 1996). L)L,
ECC IZ&o THI RGN 5 SH SN DA = A LDFEMIE, BUED LZAHBNNT
2o TELT, LLTO @GN A LB LN TS, i 3UHE DT & SO 7 i
SNDHE, RO AR =B ELIWFHHEI N REGIEMITSNLOIT5[E IS
NHEVIFLDG S (Morgan et al., 2004) . —J5, ECC KFD AH =1 )V ARL A LR

HERE IR R 2 e BUB IR B DWW IR EL, e LD LA

%N

> OFEFPEDMRE S D LV (Peake et al., 2005) AFET DA, fRIAIZIZE TV

AAR



123, BRHBERIELRIE

A ARGINIE, BEAL AR E UM ofiikz A DB 2 B 5 S
5. TROLHREUIEE PIIXRIEN G SR ISNDHD, £ IITIERHET 72 A i
EROIEENNBIZR TS, RIERIE SN B W TEE A E 2 A ek, 0%
DIFREIZ LT, 2T A MRS B ERIZHTESIL TV D, ZOBE I, Y
EOFEOYEDTI Lo CUFBRER, AFEELEK, AP ERIC SN, HEEKIE, Voo
EREHERIZOFHS N CWD. AIMEROD I THEE 5D D4 R ERITAE R O B I HE
S TWD. G ERIT, BES RIS, 2— 8=V ARIUELFELT- AT =X AT
FOBEDOEMLI T YL A X —P DI —R (2% 535 (Fielding et al., 1993;
Nguyen et al., 2005). ST ~LAF L X —P IV AERESNb~rn7 77—V, A
L CETRMAED 2 E DR EE B, IHEBFEELARL TRETLEEHI, )
JEUPHE AT BISHE A Ol & A AR LIS ML S5 (Tidball et al., 2007; Brunelli et al., 2008;
Tidball et al.,2010). ~7 =7 77—, #ikIZIRIE 3D H1 ] B P 3oV Tl EE SE X
F a (Tumor Necrosis Factor «, TNF«) CHERE(LMS L /327E-1 (Monocyte
Chemoattractant Protein-1, MCP-1) Z#& e A MH AL R EIA L H AT 5D, T
SOV ANIAL T EBNANTME N EIIZERL, MilaHg s+ ThoteLrF
OFEBUCI MRS A MLERDOEE AR T SELELHI, HMERO ME N

MR O 2R Y. T2 A MERS 7BV A 2 DR T T N R A8y

9



DUT RGN A~ERTEL CHWEBRETMVOBRRBEZRDD. ZOLORRIEME AN A
Y OFBIZIDRIESIERIT, B CAM T 2 IER 22k E CHOB B L LA
RIS AR T e d 5. O LIRS Z MG T 5720, RIAEDH% B BT
V%, BRI HRD IL-6 723, A AVARER S 1 (IGF-1) BEWNIL-10 LW o7zfit
RIEPED Y ANIA L Z 3 WSS Z R LS E D2 LT XD, Bk O FAE Rk A HE s

FTHILENREEIN TS (Pedersen, 2011).

1.2.4. BEHGEREDOHAKF

FIRE 2 B THLEK L, 2L THLMHHMEIC I > TR S L,
DAL & H A>T TERERY, BERERVARRIEZ R T, EDOMERBRFMED — D& L TR
(XS THERESNOME L RA AR L TR WA B EF 7528035, 5
WHEE, AT =TV AR AOMIC, AKERTR, AN AEEE A TEEE 7RI E
FHITHARNATHD. FHIHEIC LD AT =T VI filE, — RIS THH I RE
WA & DR EEZ AT IED. E6IT, FiM RO fi OB Z BT v v
(stretch-activated channel : SAC) DBRFLAZFHF L, Ca® BN ~HATHZETH
JLs3A 2 (Calpain) 7pE DL T fREESR OTEEZ R L, i %7 7 D5 DS

fEd325. M Ca® JEEAS L H-§ 52 L CRESMEDTEIE, B AMIRDIZERY D

10



RIESOGOMFE T ZRBHREZ B S0, Z0%, 5Lk XA i
(2D,

FEBEFOEARITIY, a2l (stem cells) MFAET 22 LA B BA
&M, M LRELE L THERE T D ATREMEAS /RIB S CUWNA. B LT B # i o b fir 2
M (satellite cell) EFFHINDEANLAFAEL, FHORE, HIEROHOBAIES
LT\ 5(Hawke et al.,, 2001). 2 liaiE B CEFEN RTEETHY, B MHEEIZLY
ALK FARN ZZIH T THFEL, myogenic factor 5 (Myf5) <> Myogenic
differentiation 1 (MyoD) 7a& O e B AYHEA G- FHE K 1 DR BLIZ > THIZ AR ATBE
{k&72%. D%, myogenin, Paired box 3 (Pax3), Ladybird homeobox 1 (Lbx1) 72&
DIEAR T FB AR TR IS 2%, — DO IIIXE IO IRENC H 9255 2

R BTES VD, 5 AN L7288, — 5 ANCEE A L2 3 Al il & 2 L TRl

i
=

L &V S O M 2R T, 0 - G AR IR L TEAR M~k 35

N

(Zammit et al., 2006) (Fig. 1). ‘BF&A RGO FARITIE, Koy {b/ef 2 iiuss,
DB Z RT3, T72bLERHREREIED, fEMESIEENRIEIZ/20 5

L, FE IR TR A AT D, LL, BRGOFABRICEITS

"

B bEBEREZFFD MyoD 723, il 7 AR h— 3 AR FE S D1E A

oo

THIERELHRESIN TV A, (Sakuma et al.,1999). DXz, ‘B HEEDOFHA

EFRIC B2 AARIIARTZIHOLIIENDITE S TR,
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Satellite Cell Myoblast Myofiber

f.f_;g*é; Ay

Quiescent Activated Proliferative Commitmentto  Fusioninto  Maturation into
differentiation myotube myofiber

— CD34 ............

Pax7? = usssssssssssass

Myf5/B-gal =

MyoD ------------

----- ————— MLC3F-tg —

Fig. 1  Schematic of satellite cell myogenesis and markers typical of each stage.
Satellite cells are quiescent in normal adult muscle and can be activated by, for
example, muscle damage. Once activated, satellite cells divide to produce
satellite cell-derived myoblasts that further proliferate, before committing to
differentiation and fusing to form myotubes, which then mature into myofibers
(for clarity, satellite cell selfrenewal is not included). CD34, Pax7, and
Myf5/b-gal are expressed in quiescent satellite cells. Satellite cell activation is
marked by the rapid onset of MyoD expression, whereas myogenin later marks
the commitment to differentiation. The temporal expression pattern of
MLC3F-tg is typical of many structural muscle genes such as skeletal muscle
actin and MyHC, which mark sarcomeric assembly in the later stages of
differentiation. (Zammit et al., 2006)

12



1.2.5. BRHBEELERLGR

HREE LD EAE G REH AR 5 SE IS 28T H bR S TRY,
BUEICEDETELOBANREIILTND. 1970 FERNBIZC EoT- B A RFRIC
L2 B I IRET T VOIERRIZEY, f3MfESivie 23S ) & 38 1 3 20 aR M i 15
I OB EE S XE I LT W EN b - T (Lieber, 1992). LNLZD
AN =X NNIFERINTRASNTEL T, erOFREZ OREIR, & OFRE OH K
BENELDLIT DN TOR RS, EOTRE - [FIEIRFR I 2 IaiEE O F4
[ZBET 25 BB ARIZZ LV, BRI ICEL TiX, #5H (Hough, 1902) SiEE |
H5 (Armstrong et al., 1984) 23 /1 EEIVTWDN, BIFED LT A, 15 RAEDEHE
PERRIR DR T — L2 LWV BREBA XFF S TS (Cleak et al., 1992) 25FEH7/e /i
INZIEE S TR BRI ECRIE G E ST 585 2 bs CPK <2 H ML ER
RO BN R LI E TR & ORICIE, TRRRE 228k | O THR S L A D
REZORFRICB TS —E&x A7 (Nosaka et al., 1996). £/, i A a7 r—
IRE DRI TUL, B RGO MBERIER TR 2 TR AL E)
Wit dns (Henriksson et al., 1988). ZDZ Ennh, IBEIEMERGIRE OJFR IR AVE A& R
ZDOHLDTHHZENTITER N RS, FEF T FHRABEEZE B B THEENICHE N
THBRIEZER(NO)AS, L DR - RAEFUG DRI BV TH G- L TW D TRENE

Z< L7~ (Sakurai et al., 2005). 7U—F3F )L LIREFEME T OO B A R 4~ A 4

13



(Close et al., 2005) L5 L5, HBEDIEK A2 ~a—/L 35 NO 25 Teif k3

DS, — H THROFREIZEGL TWAHIELBE X HND. L LBED LT ARIM

9 & B R RGO B X E A 2 R TR T .

14



1.3. WFFED HHILHFIERE

I IR OO BRI DM IR U LD BAS ARG AT D08, £ 0FEMR AT =
R LRRVEHE - [FIEIRFR B H FLITRIZZ LV 304, NO (3RO RAE L DR
BERNHE SN TS, ZOZKENIREEAN AZ B KESED— 5T, TOKE NI
FORIEZAE N T DoV FEME OMER AR O ZENMBI TS, BREHRE IR
1T NO OFEN BB L TWHIENBEZDLINDN, ZDOFEMIT A THS.

ZIT, AW TIREMET L2V, FEENC RO T 31T5 NO o4
RE, GBI NRBEDOBIEEZ LN THIEE HIET D, EEO S KEB)ICE
DEFEMHPNCAERESILD NO BIBARGET 272018, Ty MT—18 0D & 78 B A= E)
HRAMULIZET VEER L. RIS, S REB)ORTITE i I E )R B AR
H9 280, WENBREZOLDOIVEK I T T RBELRGET 272012, Ty
(BN EARTLIEET VEERRLBER 5. £, B HHEREICIIT5 NO Bk
WA, T2 BICERRNG ST — 2 — B8 2 AW B HREET Lo
VER R AL, ZNBDET /WL, FIECE G 6 L FER 7R AT =T /L AR L A
FRRELIT —2EWET S (F 1). NO BEFORHEND, A=)V AN AIZLD 5]
SN BB FREICIARIERBOEN L 55, HEBELOMEMD

TIN5,
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ZIT, BHBREGEOIER -HERNE S ThLT7 Yy MDOBREGET VERRIC, &

R ARG OTRNE - (8115 36 L ORIRHIZ AT 3238 FEME A T O FEAE & NO ZE Rl o> Bk

IZOWTHIRFT 5. DL EOFREMA D012, LLF D 5 S OWF e A %1 T 5.

£ 1. AWEICBI D BERBEGET VERK

AT =TI VAR A
T R - 8 ) ER)VARE i i NES 515 7)
SR M « i D ERBE /it
AR A © O O
it 5 AT O © O
eAVAN =i} O O ©
O FFTHENDLEEZD BN DHEERD
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FSERRRE 1. EEBIARITES NO AR
FEEEOFEENZIBIT AN NO ERkEFR 57012, BRI oA RET
=T ERAM LT RO FRCERRHICEITSD NO L8N NO A% (inducible

Nitric oxide synthase:iNOS) DEhHEZ #1925,

MFERRRE 2. BESARIZES NO £k
WEEDFIER L /2D AN =V AR A CTHAIBE DD, B RIE T %

IZOWTHRTT 5.

WFoCRRRE 3. SAMRIATTICED NO ARk
T MO AT =T VI R VE A R T T VA ERR L, AR NI A RS
15 NO L iNOS mEhREZ #2345, 2Ky, HEEKHICERSIND NO D4R

FEFAZ DWW TG 5.

FFEaRmE4. AP ATFRED NO £REBHERIERRE
A= TNV BREIREGET MERTR, X o afaltEd 57 er7—8
T2 Calpain B & 5 R S O FIHE LI B <% R Td D Myo-D 35U Myogenin

&, BN NO AR L DRI SOW TG 2.
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WFECRRRES. A SIATRED NO AR ERMFHIE
AN = NIRE R RGET WAL, BAETNICB I DR IFEWE T DR
EKOZEALZT X, NO DB TROFBAIZEESEL TWARTREMIC DWW TRETT

2.

ZNHOMEHILY, @i EER T 7 /v, MENRAET IV, MEEINGEET

NEVSTUERETITEENE NO AR EDBIRIZOWTHLNTT HEEHIZ, B THE

BRI CHB IR DI E~D NO DR ESWTHRETT 5.
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H2E AHIEEIRFD NO AR

2.1. EEBAR

w3 1)

The effects of high-intensity running on inducible nitric oxide synthase

expression in rat skeletal muscle.

L3

BRI ST — 7 —BRENC LR EE T VL, FEEROEEIIC LD F AR EL

s

/

FAHN NO AERDEWEHDNC T 572012, Wistar SREEMET ~ M & E (8
23m) BILOMKFREE (555 10m) DFERFRI O v UL EEE Z AR Lz, Fo=07
(X BRMEAR I I Z LD B A ARG M RSN D TOSGETT Tlas, @ o EodoE
T CITWIRY 2T o =0 T DN RE R D Ll ATz, E1TIE,, 3, 24 BE%ICE
B R U SC RN A7) (Gas), & a7 (EDL), A€ E 7 (TA)ZfiH L7-. iINOS

Z 7, ARBREE AT TIIW T OB AT O W THBIERS Ve o 7,

19



R D E{TIZIZ Gas & TA O 5 CHEINLT-. @i ETTH D INOS mRNA 3
1% Gas & TA THLNALLDD EDL (B W BRI~ T=, miREEI TR DT
Y FECE R H TIE, INOSMRNA 73, filHea &8, g ONRICIBLL AN IX
BlsSnia otz ZRHOFERLIY, NO D4 EESE TéH D INOS O mRNA R B E
SR BT HALIDN, BT OFALIZLDEDORBUT R DIENE 2 L.

FEAR B LA AN F 7252 &0, FEHE DL DL NO AR BIECF %

AN D NO A ARICEE N DA Z LN RIB ST,

(1) INTRODUCTION

NO is an important cardiovascular signaling molecule that has been reported to play

an integral role in promoting exercise hyperemia in animals (Hirai et al., 1994; King et

al., 1994) and humans (Schrage et al., 2004), and furthermore it is a key signaling

molecule involved in adult skeletal muscle homeostasis, including its regeneration after

injury (De Palma et al., 2012; Filippin et al., 2009; Stamler etal., 2001; Nisoli et al.,

2007). In particular, NO promotes myogenic precursor cell activation and fusion and

chronically damaged muscles (Buono et al., 2012). NO is synthesized from L-arginine

20



by NOS enzymes. In healthy subjects, skeletal muscle expresses the constitutive nNOS

(Silvagno et al., 1996) and the eNOS isoforms. nNOS and eNOS are mostly

calcium/calmodulin -dependent and usually expressed constitutively (Green et al., 1996).

On the other hand, INOS is independent of intracellular calcium/calmodulin

concentration and typically is expressed when cells are stimulated by immunological

stimuli. INOS has been suggested to be responsible for the profound and long-lasting

production of NO. The specific contribution of INOS to muscle healing has not been

investigated yet. Because INOS is expressed by specific macrophage populations,

understanding its function may shed light on the mechanisms and role of inflammation

in muscle repair. The regeneration effects of iNOS-derived NO, particularly after

dynamic exercise, remain controversial. For example, our laboratory reported recently

that INOS and NO levels are elevated in response to a controlled stretch injury (Sakurai

et al., 2005).

The fibre-type and contraction-intensity dependent vascular effects of NO may account

for the unchanged skeletal muscle blood flow following NOS inhibition during low

speed treadmill running (Copp et al., 2010b) which recruits primarily oxidative slow-

and fast twitch muscle (Gollnick et al., 1974; Laughlin & Armstrong, 1982). It is

possible that high speed treadmill running which additively recruits highly glycolytic

21



fast-twitch muscle may unmask obligatory NO control during running exercise.

The purpose of this study was to investigate the changes in iNOS expression at 0, 3

and 24 hours following high-intensity running exercise in rat skeletal muscle.

22



(2) METHODS

1) Animal care and acute exercise program

35 untrained male Wistar rats (13 weeks of age) with initial body weight of 200-250 g

were used for this study. Rats were housed individually and fed food and water ad

libitum in a temperature-controlled room at 23 °C with a 12:12 hour light-dark cycle.

Some of the rats were subjected to exercise on a treadmill set at a 5° incline for 60 min

at 17 m/min. The sedentary control rats were not subjected to running on a treadmill. In

the exercise groups, the rats were scarified to be dislocated at the cervical vertebra

immediately after exercise (0 h group), 3 h after exercise (3 h group), or 24 h after

exercise (24 h group), and the skeletal muscle were removed. After completion of

exercise, the rats were scarified at the indicated time. All experiments conducted in this

study were approved by the Animal Care Committee of the Tokyo Metropolitan

University Graduate School of Science and Animal Care Committee of Tokyo

University of Agriculture.

2) Tissue Harvest

Rats were euthanized immediately after running exercise, the right extensor

digitorum longus (EDL), tibialis anterior (TA) and gastrocnemius (Gas) muscles were

23



excised at 0 hr (n=5), 3 hr (n=5) and 24 hr (n=5) post exercise for each exercise

intensity, frozen in isopentane precooled to its freezing point by liquid nitrogen, and

stored at -80°C. In addition to the five rats were used to estimate baseline (rest) iINOS

levels.

3) INOS Protein Content

SDS polyacrylamide gel electrophoresis (SDS-PAGE) in combination with an

enhanced chemiluminescence plus (Amersham, Arlington Heights, IL) detection system

was used to determine iNOS protein content in skeletal muscle. Tissue samples were

homogenized in 50 mM Tris HCl, 1 mM EDTA, and 0.1% phenylmethyl-

sulfonylfluoride (PMSF). Relative amount of iINOS was determined utilizing an

anti-INOS  (IgGl) antibody (Transduction Laboratories, San Diego, CA).

Autoradiographic signals were assessed using a BioRad scanning densitometer (BioRad,

Hercules, CA). Results are expressed in arbitrary optical density units.

4) RT-PCR Analysis for expression of iNOS.

Tissue samples were collected in RNAlater solution (Qiagen). Total RNA was

extracted from the skeletal muscles using ISOGEN solution (Nippon Gene, Tokyo,

24



Japan). To determine the expression levels of genes, extracted RNA was

reverse-transcribed and amplified with PCR using specific primers. The genes analyzed

were for inducible nitric oxide synthase (iNOS). The following primer sets were used

for the respective genes:

INOS 5’-GGAAGAGTTCCCATCATTGC

5’-TCTGCAGGATGTCTTGAACG

GAPDH 5’-CCAAAAGGGTCATCATCTCC

5’-GGAGTTGCTGTTGAAGTCAC

Specific GAPDH primers were used for the internal control to normalize the sample

cDNA amounts. Band intensities of the RT-PCR products were quantified using Image J

application (NIH).

25



(3) RESULTS

1) iINOS protein content

Fig. 1 demonstrates the expression of the three iNOS protein content rat hindlimb

muscle. Fig. 2 shows the density ratio of INOS protein. INOS protein was not observed

in any of the tissues at rest or following low intensity exercise. INOS protein was

increased following high intensity exercise in both Gas and TA at 0 and 3 hrs.

2) RT-PCR Analysis for expression of INOS mRNA.

Expression of INOS mRNA (Fig. 3) and densitometric analysis (Fig. 4) demonstrated

in rat hindlimb muscle. INOS mRNA in Gas was not detectable at rest and was higher

after 3 hr than 0 and 24 hr (6.02+1.33vs.1.76+0.91 and 0.38+0.07, p<0.05). iINOS

MRNA in TA was only observed 3 hr after H exercise, and its level was lower compared

to that in Gas. iINOS mRNA was undetectable in EDL after either H or L exercise. In

Gas 3 hours after H exercise, INOS mRNA expression was highest at the

musculotendinous junction (MTJ) and lowest in the proximal muscle (Fig 5).
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(4) DISCUSSION

The present study demonstrated that the changes in iINOS expression at 0, 3 and 24
hours following high-intensity running exercise in rat skeletal muscle. This is evidenced
by the following experimental results. For the first time we demonstrated that (a)
generation of iNOS protein is dependent on the intensity of running exercise; (b) INOS
protein is observed in TA and Gas muscle after 3 hr high intensity exercise; and (c)
INOS mRNA expression was highest at the musculotendinous junction (MTJ) and
lowest in the proximal muscle.

In the normal rat skeletal muscle, iINOS was almost undetectable and was
overexpressed only after damage. This suggests the causal involvement of the NO
system in the process of muscle damage. The increased iINOS protein in leg skeletal
muscle after running exercise that was found in our study might have a physiological
role since NO modulates vascular diameter and therefore causes vasodilatation and
increased perfusion, which is essential for remodeling the damaged muscle after high
intensity running exercise.

A major known function of NO is the regulation of blood vessel tone and therefore
blood flow (Radegran et al., 1999; Shen et al., 1995). We have shown that iNOS protein

was not observed in any of the tissues at rest or following low intensity exercise and
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was increased following high intensity exercise in both Gas and TA at 0 and 3 hrs. The

blood flow in the leg skeletal muscles may be estimated by exercise intensity.

Another function of NO is to regulate the contractile force of skeletal muscles (Reid,

2001; Corona et al., 2013). The expression of INOS mRNA in high intensity muscle was

significantly higher compared with low intensity muscle, at all-time points that were

measured. 3 h after the high intensity exercise muscle, the density ratio of iINOS in Gas

was 185% higher than that of low intensity exercise muscle. These data are compatible

with the known property of NO to regulate contractile force in skeletal muscle (Reid,

2001; Corona et al., 2013), therefore supporting our speculation of the involvement of

muscle fiber type in the pathogenesis of damage.

INOS mRNA was extensive in response to running exercise and was largely

restricted to areas of high MTJ concentration and high mechanical force near the

Achilles tendon. It suggests that running exercise induced muscle damage selectively

increases transcription of the INOS gene and promotes a rapid change in the iNOS at the

MTJ. And NO may play a role in MTJ conductance of contractile and stretching forces.

These findings suggest that iINOS expression increases after high intensity exercise in

rat skeletal muscle and the level of expression varies with muscle fiber type.
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Fig. 1. Western blot analysis was performed with anti-iNOS antibody.
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Fig.2. High intensity exercise (23m/min running) change in iNOS protein expression
in rat hindlimb muscle. Data were quantified by scanning densitometry and
pooled (n=5). Low intensity exercise showed no detectable iINOS expression.
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Fig.3. Running exercise specifically change INOS mRNA expression in rat hindlimb
muscle. Gas:Gastrocnemius, TA:Tibialis Anterior, EDL: Extensor Digitorum
Longus. Skeletal muscles were taken from control and exercise rat
immediately after treadmill running at times indicated.
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Fig.4. Relative INOS mRNA abundance normalized with GAPDH expression.
Data are Mean = S.E. (N=5)
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GAPDH

Fig.5. After 3 hour high Intensity exercise in increase INOS mMRNA expression in rat
Gas. Expression was highest at the musculotendinous junction (MTJ) and
lowest in the proximal muscle.
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2.2. WEHAF

R OB E NIRRT FEBHN NO ARICRIETRE

1) 5

WUNTE I~ OB T N ERBI R C, AR HE R A LT
BIZIE, Ty~ A FHRATIE T TIL, BICETAGEIILO LT HH1E )
T, ZEMECEMEREDREREANBIEZIN TS (Allen et al.,1996; Ohira et
al.,2002; ##5,2007). ZHOBEIE, H_ETOMYINE SR ER THIERSILT
V% (Ohira et al.,1999; Goto et al.,.2003). L/L72H35, T 725 LI 221
BOTL, FHMETOB/NEN~OBERERLING, 15 LT 25 NTFERIS, &
W3 58 ) GRE /) BFHMITMboTnd. EEE, AN—RA v NLORA,
IH EFRRICIE 3.2-G , JRIERFICIE 14-G O E MBI AEL TS (Stowa et
al.,2008). L7=23>C, FHMATAF A LIZAFgeic JofSbh -t B2, FHiET
DOPUNEINCEDEBITNZ, ZOWME I OENEEN WD AR DD, L)
L0, ZIWVETTFHM OIS L iR A ] E Loy [ o B ) A 3 E

K AT TR O TE, HEVHONTE TR,



W OHIER 16 BREE FIZIUN T, Hor oo i R B T Bh A A fif L7 BRI 1B 46
WCHRENAELD. — 5, MENRE NIZBT28 B OAZ Ty F—=0713,
ZOR~DAMENIGC BEE F CORMERN —= I Y T 520 mESNT
WHZEND (Yang et al.,2007), W E S BREEZ OH DS H I EL 52 5288
FHESND. 72, 1G BB F COH RO m iR EE SN LD E K5 ~DOE AR,
B REOREYE Ths -7/ v ra=4—+t (Koskinen et al.,2001) <°, KIEM
P AHAL (TNFa, A2 %—nmAF%> 6(IL-6) )(Kawamura et al.,2002; Ostrowski et
al.,1998) <> NO O & k%% (Rosendal et al.,2005; Tidball et al.,1998) DA pkA i
TLZENHESNTND.

FCARBIE T, FHMOFTS LR 28 E LR o B AL, 16
BRBE T IZ 31 D R BN S O A R L [FRR IS, B R ORI IR G A I &L,
B-7vrm=4—+E, TNFa, IL-6, INOS F3 LT NO A& NS5 LV ORI A ST

THRFILZZ.
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) EBRFIE

1) EREBWMBIOMAE LM

FEREIM 1T, Wistar HEMET vk 14 8 (a2 ha— LR, n=7, B E S ARRE, n=7)
Z . IREEIE 393.8¢+15.2 (CEEJHEME(R ) Tholz. 7y MIERI17— N TR
BLOUKITHEBHEBIREL, BHEFYA 270 (12 FEE:12 B EEIROHIEILZBREEICT
FE L. TRTOERT B, BRUEERTFEMMEE B SBUERDL N

H AR ZBRE L E (A T T2

2) WEHARER

WBE S AMITIE B AR RFEE ST OB s e E )5 (Kita et al.,2006)
AW AAEBEITT—F—IZER L 2 ROKERT —L(T7—25F:07 m) DS
2 4 DOALRTPHREIN, BEAICIVENEZAMT 260 ThD. MEHAMEL
TIyh 7 WL ORE AR ITHL, THAROH LS00 S BT R 2EEL
3.0-G D J A4 8 4y FEMEL 7= (Stowa et al.,2008) . = FFTi% 1 JL$o

T haEREE, [A#REL 51 rpm (IS GRE 2 AM LT

3) EREHEADHH
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FyMNIBENARKE T EZIZ, < hre 2 —1 (05 mglkg BEFENEE) 12T
TRIREE R, AR IO MO R EZUIBAL, 7 A5, MENERS, AifSE sl y
RiEmf MLz, it 7 VidtiE, EEallEURiEER TmAlLlzAY
NUANTRIERHRLIZE, -80CICTRAFLIZ. ], mRNA JIEDTZD D ¥
7 11X RNAlater &% (Qiagen, Hilden, Germany) HFIZERIELT=. fHH o7 W%, +5
IZHRLTeREY XA M3y 77— (0.1 M KyHPO,-KH,PO, buffer (pH 7.4; wt:vol
1:10)) N CTE—H —BREN DR v H—« F TR KRBT AP — T THEL, p-7 o

=4 —PIEHE, TNFo JRIE, IL-6 JRHEEH L 0NNO S AT ROBE AL

4) HRLFERE
TRTCOBEGHT T BT 2~~~ bxe4 Y (HE) 128D
Yufa, L, 8 1A DNV E RS I I 5 2 DR SR R0 7 B B A O SR BRI 8E (BX-10,

Olympus, Tokyo, Japan) % FVCE1Z2 L 7= (Fig.1) .

5) B-ZNru=XF—LiEHHIE
B-7 Nra=4—BiEMEIL Koskinen & (2001) O FEIZHE, BIELT-. BH& 5
I NEREVIRAMEIZ 3,000 x g (4 °C) T 10 HOZELETV, Ny T7—0

b ¥EHE 50 pl 12 450 pl @ 0.1 M acetate buffer (pH 4.2) %/l 37 °C OHIEAEIZT
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5 Bl AryFaX—hrL7E. KIZ, T AL AF 250 pl (5 mM
p-nitrophenyl-B-D-glucuronide; Sigma-Aldrich, St. Louis, MO, USA) %#/l%, 37 °C
OIEIRMICTI8 R f STz, B3, KkimLieZ Ui 3y 77— (0.1M, 1.5ml,
pH 10) N2 7=, W EEIE 420nm O R THRIEL..  fERIT Aty g &L
FOGEF R BEAL CHUE LR LTZ. o7 o 7 E 1T Lowry 1% (DC 70T

A>T ¥ AF v :BioRad f: Richmond, CA, USA) IZ L0 HIEL7-.

6) TNFa #REDOHIE

BN O TNFo ##EOREIZIE, 7~ TNFas & fll &% > b (BioSource
International Camarillo, CA, USA) #fE HL7-. fliho 7 Vet F U gsks -7
v TNFo HifR L EHICEIR T 1RGS2, & 7L, Streptavidin-si— A7
T 2~ YLA L H —F (HRP; Horseradish Peroxidase) ¥&i% & 12 5= 1R C 45 45
FORSE 7%, 30 DR ESEZ. 2 IEOTWMO%, oI ERFE RV E

450nm CTHIELT=.

7) IL-6 BEDHIE
IL-6 #=/E 1% ELISA VAIZIVHEEL-. HIEIZiZ~T A IL-6 #liE*x > (Endogen,

Woburn, MA, USA) ZER L. it 7 e F o E@iksni-si~w 2 IL-6 Hi
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REEHIZ 200CT 1 BEIRSSE T, K571, Streptavidin-HRP &k L3
20°CC 30 MM sEE7-%, 20°CIZC 30 M ZESHT-. EILEOUMD%E, 4y

HIEEE 2 FV R 450nm CRITEL 7=, R IE 1 pg/ml TH-7z.

8) iINOS mRNA 43#T
RNAlater ik LRI LT=f Yo7 1 X0, ISOGEN (Nippon Gene, Tokyo, Japan)
[ZERRVAREERR 2L, Oligo dT 77 A ~—iin BRY 27—t (RT-PCR)
EIZXY INOS B in 1Dt #17->7-. PCR D4AF1%, Taq polymerase i& Mk 7=
W 94°CT 7 RO T=DHBIZ, 94°CT 147, 55°CT 2 47, 712°CT 3 pfiia 1 A7
VELT 30 P A7 ToTe ERALIET T4~ —I3ENENLL TR TEBYTHY,
A —F)arba—/L LT GAPDH % v -,
iINOS 5'-GGAAGAGTTCCCATCATTGC
5-TCTGCAGGATGTCTTGAACG
GAPDH 5-CCAAAAGGGTCATCATCTCC
5'-GGAGTTGCTGTTGAAGTCAC
RT-PCR DA A—THEMTIZIE, NIH A A= 7 177 A (Ver.1.62) 24 L E &b L

7=.
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9) NO BEHEDHIE
flith 7 V% 15,000 x g (4 °C) T 153D L%, Az EEiEZ 5,000 x
g (4°C) T60smfHiELL, RFERIEIZHLT. HIEIZIE NO/NO; Assay Kit-Cll

(Dojindo, Kumamoto, Japan) %5 F L 7-.

10) #EFEHQLE
TRCDOTF =T EHHEAEETHE L. v b — LR LB E ) ARREO M
BIFAHEEZOKEIZIL Mann-Whitney U-tests % VY, A& /KYEIL 5% A

(P<0.05) L 7-.

40



3) MR

1) HE ZfIcL588

Fig.11X, = hr— L BEOET AL, WE DARRECI T HPEER, ©7 A0, Al
BRI OEEMBOMHIE G THD. BHEbICBE AR M — L

DN BB L OB ETEIZL DT,

2) B-ZNru=F—EiEH
BREEDIETHD -7 Ny —BIEMIL, BEED, FiEHBLIOE
BRI\ Car b — LERICHE AT, B E JJAMEEDIEO DA EIZEVMEEZ L

72 (P<0.05). L/ L, EZAH TlEMmiEO M EZRD o7 (Fig.2) .

3) TNFa JEE
TNFa JREEE, BEIER, RIS E B I OREHFICHENT, ar b — L i~

T, WEDARBEOIZOI DA B @V MEE R LT (P<0.05) (Fig.3). LINLZRMRG, BT

(E

A CIIMBEDRICA B 2% 8oz,

4) IL-6 ¥R
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IL-6 1T, I E AR Lo b — LV BEO B BB W CHIS B 7 2M O 5 X0
HIRVMEMZ R L. L, WTERORFIZB W THIRE AL e — L EED

WA B2 22 B -7- (Fig.4) .

5) iNOS mRNA
INOS mRNA (I ba— LVEE Tl S0 - 7223, B E ) ARt OBERE RS,

A E i B L ORfR AR IZ B W TR Ha 7z (Fig.5) .

6) NOEHEE
O IIHERERS, RIS B HRBIOERMBHICBWT, o b — LRRIZHE T, BE
FATTREDIZI DA BITEMEZE R LT= (P<0.05) (Fig.6) . LNL72A35, b7 AH Tl

ﬁﬁﬁ@ﬁﬁﬁ G:ﬁ%t:fci#%mu ?5?’)727%071
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4) B%

AMFFRNZIBNT, 8 43 HIE W R O E S ARIZEY T E A OBERE AT, A
CE IR LRSIV TERBHREDOHEIE ThH L B-7/ /v /n=4—E, TNFq,
iINOS 35 LU NO MM T 22 LZIIUD THOI LTz, LI L s, BB EG%
GIEEZ T IGEREE I CORMEEE F O A LI HRD, IL-6 1IZITWFhOfIC
BNWTHEAERBDO R 2Tz, £, ETAFHITB W TUIM O LT HRD I X TOH
RIZBWT, BE N AMICRD AT -oT.

FHZEMNCIBIT DM NE S ~ORE L, EIROFERV AT M EL KT T
RINTYH, BHEMIIROMEELZITLHVAT LD 1 DTHY, ZOE{LIZEHE
(Allen et al.,1996; Riley et al.,1996), Uit HE (Caiozzo et al.,1996; Widrick et
al.,1999), &= F3& 8L (Caiozzo et al.,1996) (T SZEN, FHMATEFIHLI-HFSE
[ZEY, EHENTWD. FRICET AR EIC B W T ERZ(RRBO L TRY
(Allen et al.,1996; 7%/#%®5, 2007; Ohira et al.,2002), #1815 1 XM/ B I 58 D 288

EZITRTWEEZILNG. —F, FHMO D LIFRIFERFIC I E )D&

aa
i
R

ZUTBD, ZIVHE Sy O B 1A R DN E RS ORI RS D F Y E
MAFTEEIZONWTIE, HEVHLIZII TR,
AWFZENZ IS 8 47 3.0G DB E 1AM LY, B HEEGORIETHD -7/ /v

rna=F —BIEMIZITH TR O BN, B R ER A ORI 2210 13481
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RSN 0T, BH D 16 BB FRBW TR HREGOIRIE THL p-r v rn=4—
BN, LRSS ATRBYC SO H i S % A THEICHNT 2 . S5IT p-
7N ra=g —BIERORFHIE SR E L K B721FT7e< (Salminen et al.,1985),
-7 N ru=F —EBIEMEHAHR L EDOREE ARSI TS (Salminen et
al.,1987). ZO#fkFHIZAIZB T 2T R L DOFE R DEWIZOWTL, 7'rha
)V EORFERZRME LD ATREMENRE 2 DD,

AWFFE TN M, 8 S MIDOEE ) AfTHE TIEEIC TR REE R L. @
H ORGSR T DA TR LI ER F IS LD AR ER IS RIS Db
DHBHLHN, KK T2 LI T AT O EIRF 2 (2Bl 22 S 1D (Brickson et al.,2001;
Sakurai et al.,2005). L7=723>C, w8 ST AR T 2EF AR B b SRRk R4
{LEDFRBEIZOWTIL, 5%, B-7 V= —BBL OB N OB EIRIES bk
T AV — LS (Salminen et al.,1985) DAY BIERA1THOZ LI kD, i
FTOTENATREL 2D B LAV,

IL-6, TNFa, iNOS F5 LU NO 72 E Dk 2 72 A DA, #MFRICHE AR 230>
TeRFICRIE DHEATLCIE M IV THERE R ZH W, BEFKHNICTHENTS
(Langberg et al.,2002; Rosendal et al.,2005). %7z, NO °Z DAkl THhDH NOS 1
BHOIGHER 1.0-G BREE T T M L7225 @ iR EEBC B W TH T 228230

x> TS (Alonso et al.,2006; Gomez-Cabrera et al.,2005; Sakurai et al., 2005; Tidball
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et al.,1998). T, FHES D NO & hkEEFE THS INOS 1E, v /r77r—, BN

AL, /8 A7 A S L L B BLS A, TR T LS D L RIEM PR Z RIS 2 DI+

[U

7372 NO ZAERN T2 5L TS (Beck et al., 1999; Torres et al.,2004).  AHF
ZEClE, 3.0-G OIRE HAMIZEY, TNFa ZEBUIBEER, AiiSE B L O M
IZBWTHINL, ZOREE, — Mo M EER) Tl SR ISN2F R E
(Kawamura et al.,2002) LHZIEFRIL L ThHoT-. EHIZ, 3.0-G W EHARKITIT
INOS HIEBFIFEHLL, NO HHIML T, LLZRMG, & i B SE B e L S X B A L
ELHEINT A% AN A2TohD IL-6 (Heinrich et al.,1990; Rosendal et al.,2005) (%

AWFFEIZ T D8 E ) B far CIFE A RS 72 o7z, £z, IL-6 I XHISE B3 o
AEEIZ LR eV RS, B ChARINSE i I XATEEHERF D72 D7 =
—ABUAZMEFFT D HBT, BAETHNED IL-6 2L T\HEE % B (Febbraio
et al.,2002), ZOMH A IXIE E ST AR RHIB W THEILLR - TebDEBE X HND. T
7006, HRFH O E SJARITLY, TNFo 3OS o5 E M G SRR D%
2RI HOD, IL-6 ([ZBWTUIMDB AR I T DR LT FEL> TV, ZoZ
&R0, FIRFH O B ) A T s RS EN AR SN D X Il B RO RIEME S &
T2 DI FRIC LS TERINIC AL E RIE L COD RIEEMENE 2 bz, S5 8 47
&N BLIRF R O B ) B far HPS, RIEME RS & RIER 72 AL F R L O FE A7 D

CEDNTFREMNE DN, KR RBLAN OB BRI D35S,
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AAFZEDHEFRTIX, 8 47D 3.0-G B E STAFMNET AFHITIXIALI R 22 % K
IEX72 o0z, FATIFZEIZRBW T, BB E IS FIFRERE VAT AR

T HIEHESTEY(Kita et al.,2003; Pecaut et al.,2004; Shibata et al.,2004; Kita

3

et al.,2006), 7223 Th, EZ AW AFRMED I =S LT EAIT, BIEDE ) AT L5
PEZEEHL CWAZED/RELTUVD (Bozzo et al.,2004; Chi et al.,1998; Pecaut et
al.,2004; Picquet et al.,2005). —J7, AMtDiBE )AL (2G) BRFEICKT L T, b7 A/
I 16 BWE FELEFIENU LOBHFEEZ R T IENMESINTND (Wang et
al.,2006). ZNHDZELY, RBFFEIZIB O TET AFHIZH B2 AA LSRR B b 2 BIEE L
RNl e, BT AR OFLE N EL TOIEB EOFHE TIZRWEB I HNS. [F]
BRI, BT A LIS O RECBIZRSZ TNFa BINC KD IEMER ST, BARD M
MEZA TR L DISENEDIBENL DB D ERIBEND . SHITHT Th ORI E il
BOTLEE ORETHROFH I IL-6 DIBLEDN DN ENE, FhfiES A
PANERAY S NG

ABFFEIZ I TILINOS D mRNA ZHIE LTz, B4 i OULHERERC ML DO B R L,
MREOFE 72 LI B2 E|Z B7-L T\ % NO (Anderson et al.,2000; Kobzik et
al.,1995; Moncada et al.,1995) D& pkEERIZIE, INOS DI, M N MR LU
&M NOS 23FE 4% (Nathan et al.,1994). Z0 3 FIEOEEHELHIZ L-TL¥ =

M5 NO Z BT A END, ARBFFEIZI T D E N ARIZIVEEINL7Z NO (225U T
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(&, MBS LIERErED NOS & BAFRL CU Tz AT REMEZ SE &I E TER

WEEZBND.
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Fig. 1. Representative cross-sections of rat skeletal muscle stained with hematoxylin

and eosin. A, 3.0-G hypergravity; B, control.; Sol, soleus muscle; Gas,
gastrocnemius muscle; TA, tibialis anterior muscle; EDL, extensor digitorum
longus muscle. Bars, 50 pm.
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Fig. 2. Changes in B-glucuronidase activity in rat skeletal muscle. Cont, Control group,
open column; 3.0-G, hypergravity group, closed column; Sol, soleus muscle;
Gas, gastrocnemius muscle; TA, tibialis anterior muscle; EDL, extensor
digitorum longus muscle. Values represent mean £SEM. *P<0.05 for 3.0-G vs.
control.
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Fig. 3. Changes in tumor necrosis factor-o. (TNFa) concentration in rat skeletal muscles.
Cont, Control group, open column; 3.0-G, hypergravity group, closed column;
Sol, soleus muscle; Gas, gastrocnemius muscle; TA, tibialis anterior muscle;
EDL, extensor digitorum longus muscle. Values represent mean +SEM. *P<0.05
for 3.0-G vs. control.
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Fig. 4. Changes in Interleukin-6 (IL-6) concentration in rat skeletal muscle.
**P<0.05 vs. TA.
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Fig. 5. Expression of inducible nitric oxide synthase (iNOS) mRNA (A) and
densitometric analysis data (B) in rat skeletal muscle following 3.0-G
hypergravity. The value is related to the optical density of GAPDH.
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Fig. 6. Nitric oxide (NO) content in rat skeletal muscles.

*P<0.05 for 3.0-G vs. control.
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2.3. 1A

Changes in nitric oxide and inducible nitric oxide synthase following stretch

induced injury to the tibialis anterior muscle of rabbit

B

R T o> New Zealand White Rabbits @ FHTISE fim it 42 @& HSE, —X
—HHZ I T LT B A BRENC LD AT E A = VI iR A R S %
ISR ERHBRETT VEERL, NO ARk B RGO B AL,
SRV R G AL BB 1% - 4+ 12+ 2448 BEHROT Y MEK ARG ET VAR LZ O
AR LT, G0 NO ARG EZ LY 4G ETEREIC AL
Z D% 24 LTI F 97528, 48 RIS O B2 LA 2Rz, B EH T
I 4 HE[E] B OF 48 IffE]#% 12 INOS Z L/ 738 BN b4, INOS 1EMED 4 IffH] KX T 48
eI 3% - IO E e LR AR L. 20 ERIIEHBE I AN EICREWD
DTHY, B SR THIBREH LIEB G OMIIIA BERZENRSIE.

LI EDRERID, MRMERRER I SE IS0 NO AR, B # i s Hiz
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ERREND INOS BLOEDTEMHENNC L TH R T AZ LA RIBI N, HEH

24 BEEILARRIZHE N5 NO A O ENIBHMEICSIAIZIZE SR ) o Tz,
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(1) INTRODUCTION

Nitric oxide (NO) generation occurs through the conversion of L-arginine to NO and

L-Citrulline, which is controlled by NO synthases (NOS) (Moncada et al.,1991). There

are three forms of NOS that catalyze NO production (Nathan et al., 1994). NO is a

ubiquitous molecule involved in a variety of physiological functions including vascular

regulation, neurotransmission, immune regulation and cell signaling (Reid et al.,1998;

Reid et al.,2001; Tidball et al., 1998). NO is also known to have profound effects on

skeletal muscle function, including contractility, blood vessel tone, blood flow, and

satellite cell activation (Anderson et al., 2000; Kobzik et al.,1995; Moncada et al.,1991;

Moncada et al.,1993). Resting skeletal muscle contains two constitutive types, neural

NOS (nNOS), and to a lesser extent, endothelial NOS (eNOS) (Frandsen et al.,1996;

Kobzik et al.,1994; Kobzik et al.,1995). The third or inducible form (iNOS) is

expressed mainly in leukocytes and macrophages in response to inflammation. In

contrast to eNOS and nNOS, iINOS can produce large amounts of NO over a prolonged

period of time (Nathan et al.,1997; Xie et al.,1994), and skeletal muscle has been shown

to induce iINOS mRNA and protein following endotoxin administration (Thompson et

al.,1996). Because NO has both pro-inflammatory and anti-inflammatory properties,

several possible roles for NO in muscle injury have been postulated. For example,
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leukocyte concentrations within muscle tissue following unloading and reloading can be

decreased by NOS inhibitors (Joshin et al.,1999). Moreover, a recent study reported that

rat skeletal muscle produced sustained increases in both INOS activity and protein

levels in response to crush injury (Rubinstein et al.,1998). In contrast to these effects of

NO on inflammation, NO can also have direct effects on muscle function, growth, and

repair (Tidball, 1995). However, the pathogenesis of acute muscle stretch injury and the

factors that regulate inflammation and repair are not well understood. In order to clarify

whether NO modulates either inflammation or regeneration/repair, or both, following

muscle trauma, it would be important to simultaneously examine the time course for

NO levels and nitric oxide synthase following muscle injury.

Stretch injury to skeletal muscle typically occurs following repeated

stretch-contraction cycles of the joint and associated muscles and is a common problem

for clinicians and patients. In this communication, we measured the time course for

NO levels, iNOS protein content and iNOS activity in stretch-injured skeletal muscle,

using an anesthetized rabbit model. We employed an isokinetic injury apparatus that

quantifies tibialis anterior (TA) muscle-tendon shortening, while allowing us to generate

a reproducible stretch injury similar to clinical muscle-tendon stretch injury in humans

(Best et al.,1999).
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(2) METHODS

1) Animal care

Thirty-three male New Zealand white rabbits (weight 2.7- 3.0 kg) were housed
individually and fed food and water ad libitum in a temperature-controlled room on a
12:12 hour light-dark cycle. The University of Wisconsin-Madison Research Animals

and Resource Center Review Committee approved the animal use protocol.

2) Injury Model and Protocol

Our model of stretch-induced injury to skeletal muscle has been described (Best et
al.,1999). Briefly, all animals were anesthetized with an intramuscular preparation of
ketamine (100 mg/kg), xylazine (2.5 mg/kg), and acepromazine (3 mg/kg). A 6-mm
incision was made over the dorsum of the right foot just distal to the ankle joint to
isolate the tendinous portion of the TA. The peroneal nerve was isolated through a 4
mm skin incision at the knee. The animal was placed supine in the test apparatus and the
muscle-tendon unit shortened 1.3 cm (Best et al.,1998) . With the muscle-tendon unit in
the shortened position, the TA muscle was stimulated to tetany (Best et al.,1998"). Once
muscle tetany was achieved, the ankle was plantarflexed through a 90° arc at 450°/sec.

The torque-angular displacement-time behavior was recorded. A sham operation of skin
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incisions was performed in the left foot and knee. The 4-h animals were maintained
under anesthesia with 1 cc of i.m. Ketamine every 45 min until tissue harvest.

For the remaining four groups (12, 24 and 48 h), all skin incisions were closed with
4-0 Ethilon suture, and the animals were returned to their cages after recovery from
anesthesia with unrestricted activity. Evaluation 7 days after single stretch-induced
injury in this protocol demonstrated a functional deficit (percent ankle isometric torque;

injured leg versus uninjured leg) of 47.5% +/- 5.4% (mean +/- SD) (Best et al.,1998).

3) Tissue Sampling

The entire TA muscle-tendon unit was surgically removed at its proximal attachment
to the tibia and distal insertion into the foot. A one cm? block (approximately 2 g) of
muscle tissue was removed from the myotendinous junction region of both the
stretch-injured and sham-operated controls. This sample always contained the area of
visible hematoma and maximum injury. The tissue block was cut and one section (1.8
g) was snap-frozen in liquid nitrogen. Animals were sacrificed with Beusthanasia (0.4
cc/kg), i.v., placed into the marginal ear vein immediately following muscle harvest.
In addition to the thirty animals evaluated following injury, three rabbits were used to

estimate baseline NO levels and iNOS activity. Measurements were made in both legs
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of the three animals not exposed to stretch injury or skin incisions to ascertain the

contribution of the surgical procedures to overall NO levels and iNOS activity.

4) NO Content

Samples were homogenized at 0 - 4°C in ice-cold 0.1 M K;HPO4-KH,PO,4 (pH 7.4)
buffer (wt:vol of 1:10) with a motor-driven Potter-Elvehjem teflon glass homogenizer.
Quantification of NO content was performed spectrophotometrically (Nims et al.,1996).
A range of standard solutions (concentration: 0-30 uM NO) was prepared using KNO3
as a standard. Because the Griess reagent measures only nitrite, and biological
systems contain both nitrite and nitrate, addition of 0.01 U nitrate reductase (Sigma, St.
Louis, MO) was added to each well, followed by addition of NADH (0.02 mM).
Samples were read at 540 nm using a microplate reader (Molecular Devices, Sunnyvale,
CA) and the results were expressed as pmol/mg protein. Pilot assays established

inter/intraassay variability of less than 3% (data not shown).

5) Inducible Nitric Oxide Synthase (iINOS) Protein Content
SDS polyacrylamide gel electrophoresis (SDS-PAGE) in combination with an

enhanced chemiluminescence plus (Amersham, Arlington Heights, IL) detection system
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was used to determine iNOS protein content in skeletal muscle. Tissue samples were
homogenized in 50 mM Tris HCI, 1 mM EDTA, and 0.1% phenylmethyl-
sulfonylfluoride (PMSF). Relative amount of iINOS was determined utilizing an
anti-INOS  (IgGl) antibody (Transduction Laboratories, San Diego, CA).
Autoradiographic signals were assessed using a BioRad scanning densitometer (BioRad,

Hercules, CA). Results are expressed in arbitrary optical density units.

6) Inducible Nitric Oxide Synthase (INOS) Activity

Measurement of iINOS activity was performed by examination of the conversion of
[*H]-arginine to [*H]-citrulline using the method of Thompson (1996). The reaction
buffer contained 3 mM n-2-hydroxyethyl-piperazine-N’protein-ethanesulfonic acid
(HEPES), 4 mM NADPH, 20 mM tetrahydrobiopterin, 20 puM flavin adenine
dinucleotide (FAD), 20 uM flavin mononucleotide (FMN), 1 mM dithiothreitol (DTT),
4 uM L-arginine, 4 mM ethylene glycol-bis (b-aminoethyl ether)-N, N, N’,
N’-tetraacetic acid (EGTA), and 2.0 mCi/ml L-[*H]-arginine (Amersham, Arlington
Heights, IL). The reaction was incubated at 37°C for 1 hour, and then terminated by
addition of buffer containing 40 mM HEPES, pH 5.2, 2 mM EDTA, and 2 mM EGTA.

Samples were then applied to a 10 ml Dowex AG50WX-8 (Na+) column (BioRad,
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Hercules, CA), and eluted with 40 mM HEPES. Effluent was collected in scintillation
vials and quantified by liquid scintillation spectroscopy using a Wallac LKB 1211 Rack
Beta counter (Wallac, Helsinki, Finland). 1 mM N-nitro-L-arginine methyl ester
(L-NAME), a nonselective NOS inhibitor, served as a negative control to assess
background activity and non-NOS-dependent conversion of L-[*H] arginine to L-[*H]
citrulline. Results are expressed as picomoles per minute per microgram protein
(pm/min/mg protein). Pilot experiments demonstrated inter/intra variability of less than

4%.

7) Statistical Analysis

Means + SEM values were caECCulated for all data sets. Data were analyzed with a
2-way analysis of variance with repeated measures to evaluate the two main treatment
effects, injury and time, and their interaction (StatView). The Fisher’s Least Significant
Difference post hoc test was used to locate the differences between means when the

observed F ratio was statistically significant (p < 0.05).

62



(3) RESULTS

1) NO Content

Baseline NO levels were approximately one third of sham-operated or injured tissue

values (Fig. 1). And 0 h values were significantly higher than baseline (p<0.05).

Sham-operated muscles had decreased NO content at 12, 24, and 48 h after surgery, as

compared to 0 h (Fig. 1; p<0.05, for all three time points). Stretch injured muscles

showed decreased NO content at 24 h, as compared to 0 h injured muscles (Fig. 1;

p<0.05). At 48 h, sham-operated muscle continued to have lower NO than at 0 h,

whereas stretch-injured muscles recovered NO to resting levels and showed a 146%

higher NO content compared to sham-operated muscles (Fig. 1; p<0.05).

2) INOS Content

Figure 2A shows the immunoreactive levels of iINOS protein in sham-operated and

injured muscles. Figure 2B shows densitometric quantification of iINOS protein.

INOS protein expression in injured muscles was not different from sham-operated

muscles, at 0, 12, and 24 h post injury. However, iNOS protein in injured muscles at 4

and 48 h was significantly higher than their sham-operated counterparts (P<0.05).
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Stretch injured muscles showed increased iINOS protein expression at 4 and 48 h, as

compared to 0 h injured muscles (Fig. 2B; p<0.05).

3) INOS Activity

Similar to INOS protein content, INOS enzyme activity was higher at both 4h

(p<0.05) and 48h (p<0.01) in injured vs. sham-operated muscles (Fig. 3). The time

course of INOS enzyme activity in injured muscles displayed two peaks, with higher

levels at 4 and 48 h after injury, as compared with 0 h (p<0.05) (Fig. 3). At 24 h, injured

and sham-operated muscles had decreased iNOS activity, as compared to 0 h (p<0.05)

(Fig. 3). INOS activity was fully inhibited by the addition of L-NAME.
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(4) DISCUSSION

The major finding in the current study was that stretch-injured muscles showed an

increase in NO levels 48 h after injury compared to sham-operated tissues. During the

initial 24 h after injury, similar changes in NO levels were found in sham-operated

muscles and injured muscles. No significant increase in NO levels was observed in

sham-operated muscles 48 h after surgery, whereas a significant increase in NO levels

was noted in injured muscles 48 h after injury. This finding may be of significance for

muscle healing for several reasons. First, adequate levels of intracellular NO may be an

important prerequisite for muscle healing after injury as it has been postulated that NO

plays a central role in satellite cell activation and muscle regeneration (Moncada et

al.,1991; Nguyen et al.,2003). Consistent with this role, various NO donors have been

shown to stimulate myoblast proliferation in vitro (Ulibarri et al.,1999). Second, NO

may provide some control on the extent of muscle inflammation and repair through its

influence on leukocyte infiltration. In addition to influencing myofiber regeneration,

NO has been shown to affect collagen synthesis, as NO generators can have both

proliferative and inhibitory effects on the mitotic activity of fibroblasts (Evans et

al.,1996). Finally, NO is a well-known vasodilative agent and conceivably increases

blood flow to recovering myocytes following stretch injury (Thompson et al.,1996).
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Taken together, NO or intermediate(s) may exert multiple biological effects to facilitate

healing of stretch-injured skeletal muscle in our model.

During the initial 24 h post-injury, NO levels were higher compared with baseline

levels, in both sham-operated and stretch-injured muscles. However, as noted in Figs. 2

and 3, the source of increased NO during the initial 4 h after injury or operation was

different between injured muscles and sham-operated muscle, respectively. Although

INOS protein was not present in sham-operated muscles, injured muscles showed

enhanced expression of INOS protein at 4 h and 48 h, resulting in enhanced activity of

INOS, which in turn, increased NO production and recovered NO levels. Thus,

enhanced expression of INOS protein appears to be the main mechanism. The observed

INOS-dependent increases in NO levels at 4 h and 48 h after injury may be specific

phenomenon in stretch-injured muscles. On the other hand, in sham-operated muscles,

there was no increase in NO after the initial reduction. The initial sham procedure

involving two skin incisions in sham-operated leg, therefore, may impose a systemic

stress response to the affected region. Alternatively, the higher initial NO levels

compared with the baseline animals may also have resulted from a general systemic

blood-borne response from the surgery and injury to the opposite leg. Sustained

elevation in blood NO levels have been noted for up to 48 hours following abdominal
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surgery in a rat model (Shijo et al.,1998). However, iNOS enzyme activity for this
injurious cascade is not known.

The mechanism by which higher levels of iNOS protein were observed in injured
compared to sham-operated muscles at 4 and 48 hour post injury in our model remains
unclear at present. One possibility is that the enhanced expression of iNOS was caused
by infiltration and activation of neutrophils, which are known to release inflammatory
cytokines (Tsukahara et al.,1998). Consistent with this hypothesis, our previous study
showed an increase in MPO activity, a biochemical marker for neutrophil presence, in
injured muscles at both 4 and 48 h following injury (Brickson et al.,2001). Neutrophils
undergo the respiratory burst to generate reactive oxygen species (ROS) as signaling
molecules to activate nuclear factor (NF-kappaB) and in turn, iNOS activation (Pan et
al.,2000).

Using a similar injury protocol, we previously reported an increase in the rate of
oxidant production at 24 h in both sham-operated and stretch-injured muscles (Brickson
et al.,2001). This increase paralleled an increase in xanthine oxidase activity, suggesting
that O, could be the underlying oxidant species. Therefore, it is possible that in the
injured muscle, the decline in NO levels during the initial 24 h post-injury may reflect

increased NO consumption within muscle cells due to increased oxidant generation.
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Indeed, it is well known that NO can function as both a pro-oxidant (Nguyen et

al.,2003; Wink et al.,2001) and an antioxidant (Tidball, 1995; Nguyen et al.,2003)

molecule depending on the physiological condition as well as the time following

various forms of muscle damage. One interesting possibility is that the decreased total

NO species (including nitrate and nitrite) observed in the first 24 hours in the current

study was due to a depletion of endogenous NO serving as a O,” scavenger before de

novo synthesis took place during the later phase of the post-injury time course. Further

studies are needed to test this hypothesis.

Our results should be interpreted in light of the literature and previous studies on NO

and muscle trauma. Rubinstein et al. have shown that iNOS protein and mRNA are

upregulated in response to injury using a rat muscle crush model (Rubinstein et

al.,1998). Their main finding was that INOS mRNA was increased to its greatest extent

at 6 hours after injury and remained elevated to a lesser extent through 72 hours

post-injury. INOS protein content was increased gradually beginning at 24 hours and

reaching a maximum at 72 hours. These results are similar to some extent with our

findings of increased iNOS protein content at 48 hours. Our finding that increased iNOS

protein and activity at 4 hours post injury is in contrast with Rubinstein et al. and may

be related to differences in injury models and species. Others have shown a less
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sustained increase in INOS mRNA and INOS protein following endotoxin

administration (Nguyen et al.,2003).

In conclusion, acute stretch injury to skeletal muscle can trigger a distinct time course

for tissue NO levels along with parallel changes in iNOS protein and iNOS enzyme

activity. NO production early following injury may be slower than its consumption

resulting in decreased tissue NO levels. However, by 48 h following injury NO levels

are elevated in stretch-injured skeletal muscle. The significance of the increased levels

at 48 h is a topic of ongoing study.
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Fig 1. Changes in NO content at 0, 4, 12, 24, and 48 hours after a single stretch injury
or sham-operation in rabbit TA. Data are presented as the mean + SEM for
six animals at each time point. p<0.05, injured vs. sham-operated. °p<0.05,
time effect in injured leg: 24 and 48 h vs. 0 h.  ©p<0.05, time effect in
sham-operated leg: 12, 24 and 48 h vs. O h.
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Fig. 2. Changes in iNOS protein expression at 0, 4, 12, 24, and 48 hours after a
single stretch injury or sham operation in rabbit TA. (A) A typical
western blotting analysis of the muscles obtained from rabbits at 0, 4,
12, 24, and 48 h after the single stretch injury and sham-operated
muscles. Macrophage lysate was used as positive control (PC). (B)
Relative abundance of iNOS protein normalized to PC levels in rabbit
TA muscle at various time points after injury using for six animals
muscle samples. ® p<0.05, injured vs. sham-operated. ® p<0.05, time
effect in injured leg: 4, 12, 24, and 48 h vs. 0 h. ©p<0.05, time effect in
sham-operated leg: 12, 24 and 48 h vs. O h.
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Changes in iINOS activity at 0, 4, 12, 24, and 48 hours after a single stretch

injury and sham-operated in rabbit TA. Data are presented as the mean +
SEM for six animals at each time point. # p<0.05, injured vs. sham-operated. ”
p<0.05, time effect in injured, 24 and 48 h vs. 0 h., ° p<0.05, time effect in
sham-operated, 24 h vs. 0 h.
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Role of nitric oxide in muscle regeneration following eccentric muscle

contractions in rat skeletal muscle
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(1) INTRODUCTION

Unaccustomed exercise involving eccentric contractions (ECC) induces skeletal
muscle damage including decreased muscle strength, muscle edema, and loss of
function. The sequence of events during skeletal muscle regeneration has been well
characterized by remodeling of the extracellular and intracellular protein networks,
which is maintained by a concerted regulation of the balance between protein synthesis
and degradation.

It is well known that nitric oxide (NO) plays an important role in regulating blood
flow and glucose metabolism (Kingwell,2000) as well as the cellular redox state of
skeletal muscle (Jackson,2005). NO may also influence expression of antioxidant
enzymes as well as cellular inflammation in exercised skeletal muscles (Huang et
al.,2009). NO is produced in vivo through the conversion of L-arginine to L-citrulline by
nitric oxide synthase (NOS). Skeletal muscle normally expresses the nNOS and eNOS
isoforms of NOS. INOS is also expressed in skeletal muscle in inflammatory conditions,
and activation of INOS can elicit NO in quantities sufficient to stimulate the
inflammatory process (Alderton et al.,2001; Soneja et al.,2005; Sakurai et al.,2005;
Sriwijitkamol et al.,2006; Filippin et al.,2011%; Filippin et al.,2011%). Because NO has

both pro-inflammatory and anti-inflammatory properties, several possible roles for NO
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in skeletal muscle damage have been postulated. NO produced endogenously by
skeletal muscle and other cell types has the potential to inhibit calpain activity and
cytoskeletal proteolysis (Koh et al.,2000). The possibility that NO plays a role in
skeletal myogenesis is suggested by observations that it participates in satellite cell
activation (Anderson,2000; Tatsumi et al.,2002). Moreover, iNOS is a muscle-injury
inducer both in vitro and in vivo that triggers the loss of MyoD mRNA (Di Marco et
al.,2005). Thus, the precise role of NO in skeletal muscle damage and repair is not
completely known.

Calpain proteins are a family of Ca®*-activated non-lysosomal proteases that have
been reported to cleave muscle proteins. Three calpain family members are well
characterized in skeletal muscle. p-calpain and m-calpain are ubiquitously expressed
and exhibit in vitro sensitivity to Ca®* in the micro-molar and milli-molar range,
whereas n-calpain exhibits sensitivity in the more physiologically feasible nano-molar
Ca”*-range and is expressed predominantly, but not exclusively in skeletal muscle
(Konig et al.,2003). NO modulates the mechanical behavior of skeletal muscle cells
through a decrease in calpain-mediated cytoskeletal proteolysis (Zhang et al.,2004).
Thus, NO inhibition of calpain may provide a potential therapeutic approach to protect

from skeletal muscle injury (Koh et al., 2000).
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In adult skeletal muscle, myogenic differentiation factor D (MyoD) and myogenin are
both expressed at relatively low levels (Li et al.,1993; Costa et al.,2007). However, in
response to injury, expression of MyoD is related to activation and proliferation of
satellite cells, whereas myogenin reflects terminal myoblast differentiation
(Tajbakhsh,2009). Several studies have aimed to study the expression of MyoD or
myogenin in skeletal muscle, but to the best of our knowledge, no study has shown their
presence in damaged skeletal muscle specifically after sessions of ECC (Kadi et
al.,2004).

In this study, we observed the repair process for seven days after mechanically
damaging the tibial anterior (TA) muscles of rats treated with NO synthesis inhibitors
(L-NAME) . The purpose of the present investigation was to examine the role of NO in
skeletal muscle regeneration following ECC. Specifically, we were interested in the
time course for regeneration and the potential role for factors such as calpain and their

effects on NO and muscle regeneration.

77



(2) METHODS

1) Animal Care
Forty-eight male Wistar rats (body wt 250 to 350 g) were housed individually and fed
food and water ad libitum in a temperature-controlled room on a 12:12 hour light-dark
cycle. All experiments on animals were performed following approval by the Tokyo

University of Agriculture Research Animals and Resource Center Review Committee.

2) Experimental protocol
Following 1 wk of acclimation in the laboratory, animals were randomly divided into
two groups: one group (n=24) received N(G)-nitro-L-arginine-methyl ester (L-NAME;
nitric oxide synthase inhibitor, 35 mg kg™ day™® ) in drinking water starting 3 days
before ECC and continuing until the end of the experiment. A second (n=24) control

group received tap drinking water during the experiment.

3) Eccentric contraction injury induction
The eccentric exercise was performed according to a condition of Kano et al [20].

Briefly, during eccentric exercise and all surgical procedures, the rats were anesthetized
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with intraperitoneal injection of pentobarbital sodium (70 mg kg-1 i.p.) and
supplemental doses of anesthesia were administered, as needed. The right tibialis
anterior (TA) muscle was stimulated electrically via a surface electrode (10 V
stimulation, 100 Hz frequency, 700 msec stimulation period i.e., 70 pulses). We
confirmed that maximum muscle tension was achieved by electrical stimulation of a
surface electrode (100 Hz, < 10 V). In the resting condition before ECC, the right foot
was attached to the clamp unit and the plate was connected to the electromotor system
(Model RU-72, NEC medical systems). The right ankle joint was maintained at 50
degrees as the initial angle and during electro-stimulation of the TA muscle, the
electromotor was rotated at an angular velocity of 260 degrees s™ to 180 degrees of the
ankle joint to lengthen the dorsiflexor muscle group. The muscle tension generated
during ECC was monitored using a strain gauge that was incorporated into the plate
fixing the foot. The strain gauge was calibrated using precision calibration weights that
spanned the expected range of strains. The right TA muscle was subjected to 40 repeated
ECCs. The TA muscle undergoing ECC treatment was isolated at 0,1,3 and 7 days.
Animals were divided into two groups for each of the 4 time points: (1) ECC/-L-NAME,

no L-NAME infusion (n=6 on each day); (2) ECC /+L-NAME (n=6 on each day). An
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unexercised contralateral limb with and without L-NAME infusion served as a

respective control muscle at each time point.

4) Histological evaluation for muscle damage

After the ECC protocols, the TA muscles of both legs were carefully dissected and the

mid-belly region cut transversely to the long axis of the muscle. The tissue blocks were

rapidly frozen in isopentane cooled by liquid nitrogen. Transverse 10 pm cross sections

were made with a cryostat (Leica, CM1510) at -20°C and stained with

hematoxylin-eosin (HE) to examine the histological features of muscle damage. To

avoid sampling bias, each section was sub-sampled at three different regions (anterior,

central, posterior) and each of these fields were analyzed in all muscles. Muscle fiber

damage was determined by a point-counting method using a 24 x 33 mounted grid (i.e.,

792 points total; one square = 30 x 30 um) on microscopic fields. Damaged fibers were

defined as those with infiltration of inflammatory cells, pale staining of the cytoplasm,

swollen appearance. Muscle damage was expressed as a percentage of counted grid

squares.

5) B-glucuronidase activity assay
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B-glucuronidase activity was assayed in essence according to Koskinen et al [21].

Briefly, 450 ul 0.1 M acetate buffer, pH 4.2, was added to 50 pl supernatant from

muscle homogenate and incubated 5 min at 37°C. 250 pl substrate (5 mM

p-nitrophenyl-B-D-glucuronide, Sigma) was added and incubated 18 h at 37°C. After

overnight incubation 1.5 ml 0.1 M glycine buffer (ice cold), pH 10, was added. The

tubes were centrifuged at 3,000 g for 10 min at 4°C. The absorbances were measured at

the wavelength 420 nm. The results were calculated per soluble protein and incubation

time. Protein concentration was measured using a commercial kit (Bio-Rad).

6) NO Content

Samples were homogenized at 0 - 4°C in ice-cold 0.1 M K,;HPO4-KH,PO, (pH 7.4)

buffer (wt:vol of 1:10) with a motor-driven Potter-Elvehjem teflon glass homogenizer.

Quantification of NO content was performed spectrophotometrically [22]. A range of

standard solutions (concentration: 0-30 UM NO) was prepared using KNO; as a

standard. Because the Griess reagent measures only nitrite, and biological systems

contain both nitrite and nitrate, addition of 0.01 U nitrate reductase (Sigma, St. Louis,

MO) was added to each well, followed by addition of NADH (0.02 mM). Samples

were read at 540 nm using a microplate reader (Molecular Devices, Sunnyvale, CA) and
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the results were expressed as pmol/mg protein. Pilot assays established inter/intraassay

variability of less than 3% (data not shown).

7) Reverse-transcription polymerase chain reaction (RT-PCR) Analysis

Total RNA was prepared from the skeletal muscles using ISOGEN (NIPPON GENE,

Tokyo, Japan). First-strand complementary DNA was obtained by incubating total RNA

samples (2 pg) with reverse transcriptase (Superscript I, GIBCO BRL, Gaithersburg,

MD) in the reaction mixture (18 pL). The reverse transcription product (1uL) was

subjected to polymerase chain reaction (PCR) using Tag DNA polymerase (Perkin

Elmer, Branchburg, NJ). Twenty to thirty cycles of amplification were carried out using

the following conditions for each cycle: denaturing at 94°C for 1 minute, annealing at

72°C for 2 minutes, and extension at 72°C for 3 minutes. The PCR products were

electrophoresed in 1% agarose gels containing ethidium bromide. The intensity of the

bands was estimated by scanning with a Light-Capture Scanner (ATTO, Tokyo, Japan),

and the optical density of each band was analyzed with the CS Analyzer (ATTO). The

primers used are described as follows:

Myo D forward: 5' -CTACAGCGGCGACTCAGACG- 3'

Myo D reverse: 5’-AGGATGTAGGCCGGGGTT- 3
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Myogenin forward: 5' —~ACTACCCACCGTCCATTCAC- 3
Myogenin reverse: 5’-TCTCTGTCACTCACGGGGCT- 3'
GAPDH forward: 5’-CCAAAAGGGTCATCATCTCC - 3

GAPDH reverse: 5’-GGAGTTGCTGTTGAAGTCAC- 3

8) Solution calpain assay

Calpain activity was measured as described (Graham-Siegenthaler et al.,1994).
Briefly, 0.25 unit m-calpain was solubilized in 0.4 ml 50 mM Tris - HCI, pH 7.4,
containing 1 mM DTT, 5 mM CaCl, or EDTA, and 0.5% -casein. Samples were
preincubated with varying concentrations of calpain inhibitor 1 for 15 min on ice. All
samples were then incubated at room temperature for 30 min, and proteolysis was
stopped by addition of 0.3 ml 10% trichloroacetic acid. Samples were placed on ice for
15 min, centrifuged for 15 min at 12,000 g, and the A280 of the supernatant was

measured. Calpain activity was defined as the Ca?*-dependent increase in A280.

9) Data and statistical methods
All values are represented as means + SE. Statistical analysis was performed using

two-way ANOVA and post-hoc Scheffe test using the Prism (Version 4.0).  Statistical
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significance was accepted at p < 0.05.
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(3) RESULTS

1) Muscle Histology

In the control and 0 day muscles, myofibers demonstrated no visible evidence of

muscle inflammation. In contrast, typical histological lesions appeared in the ECC

muscle fiber around 1 to 3 days (Fig.1l). Area percentage of inflammation and

regeneration muscle fibers was determined by microscopic fields (Table 1). On 1 day

after ECC, some myofibers were swollen (ECC/-L-NAME: 5.2 +/- 2.2%,

ECC/+L-NAME: 6.1 +/- 1.5% of total fiber area). On 3 day, myofiber disruption was

evident and the extent of damaged fiber area was significantly increased

(ECC/-L-NAME: 43.1 +/- 8.5% of total fiber area, ECC/+L-NAME: 35.7 +/- 7.4% of

total fiber area, p < 0.01 vs. Day 0). Muscle regeneration was observed at 7 days

following ECC, characterized by small diameter fibers with multiple central nuclei

(ECC/-L-NAME: 6.5 +/- 2.3% of total fiber area). Animals infused with L-NAME had

significant difference in regeneration at Day 7 (ECC/+L-NAME: 3.7 +/- 1.4% of total

fiber area, p < 0.05 vs. ECC/-L-NAME).

2) B-glucuronidase activity
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B-glucuronidase activity was measured to provide us with an indirect assessment of
muscle damage (Fig.2). B-glucuronidase activity was elevated 3 days after ECC in all
groups, the increase was more pronounced in ECC/-L-NAME muscles than
ECC/+L-NAME (p < 0.05). ECC/-L-NAME muscles showed increased B-glucuronidase
activity at 3 days after ECC, as compared to 0, 1 and 7 day (p < 0.05). However, in

ECC/+L-NAME muscles, B-glucuronidase activity increased continuously for 7days.

3) NO Content

ECC/-L-NAME muscles showed decreased NO content at 1day, as compared to 0,3
and 7 days muscles (p < 0.05) (Fig.3). Baseline NO levels, in ECC/+L-NAME treated
animals were approximately 25% of those of in ECC/-L-NAME group For all time
points, ECC/-L-NAME values were significantly higher than ECC/+L-NAME (p <

0.05).

4) Calpain activity

In ECC/+L-NAME muscles, calpain activity had no change with control muscles

(Table 2). One day after ECC, Calpain activity was significantly increased in
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ECC/-L-NAME compared with control muscles. but activity returned to the level of

control muscles at 3 and 7 days.

5) Myogenin gene expression

Following ECC, myogenin mRNA levels in ECC/-L-NAME muscles significantly
increased approximately 4-fold after 3 and 7 days compared with the
controECCondition (Fig.4). In ECC/+L-NAME muscles, ;myogenin mRNA levels were
increased only on Day 7. Furthermore,.L-NAME treatment resulted in a significant

decrease in myogenin expression on Day 0 and Day 3 (P<0.05).

6) MyoD gene expression

In ECC/-L-NAME muscles, MyoD mRNA expression increased at Day 1 (p < 0.05)
and peaked at Day 7 (~2.8-fold, P < 0.01) (Fig.5). With ECC/+L-NAME treatment
MyoD mRNA level was higher on Day 3, but significantly lower on Day 7 compared to

that in ECC/-L-NAME (P<0.05)
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(4) DISCUSSION

NO production is known to increase dramatically in injured skeletal muscle
(Moncada et al.,1991; Moncada et al.,1993; Kobzik et al.,1995; Anderson,2000). In
addition, previous studies have shown that a decrease in NO accompanies inflammation
and recovery after muscle injury (Tidball,1995; Filippin et al.,.2011% Filippin et
al.,2011%). However, there are many uncertainties regarding the role that NO plays in
recovery after muscle injury. In this study, we examined the relationship between
muscle NO levels resulting from altered NO synthesis and regeneration markers after
eccentric contraction injury using a rat TA eccentric muscle injury model. The major
finding in the current study was that NO dynamics have important implications in the
regulation of various factors during skeletal muscle regeneration following damaging
eccentric muscle contractions.

In our previous study, we reported that intramuscular NO concentration after injury
exhibited a bimodal response (Sakurai et al.,2005). In the current study, we reproduced
this NO bimodality by showing a decreased NO concentration a day after ECC injury
followed by an increase on Day 3. On the other hand, the higher initial NO levels on

Day 0 compared with the control muscles may also have resulted from a general
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systemic blood-borne response from the injury as well as thesurgery. The histological

changes shown in Fig. 1, where muscle fiber damage caused by ECC on Day 1 through

Day 3 began to recover by Day 7 in animals with normal NO, but recovery was delayed

in the NO-deprived animals suggests to us that adequate NO exerts a crucial effect on

muscle recovery after EEC-induced injury. Several studies have indicated that

INOS-derived NO is an important homeostatic regulator of leukocyte recruitment in the

inflamed microcirculation, suggesting that one of its functions may be to act as an

anti-inflammatory agent during inflammation (Hickey et al.,1997).

Muscle injury was indirectly assessed by measuring B-glucronidase activity. This

marker is a reliable indicator of necrosis caused by exercise-induced muscle injury

(Salminen,1985; Komulainen et al.,1998; Komulainen et al.,1999). In the

ECC/-L-NAME group, ECC-triggered high B-glucronidase activity declined on Day 7

in the presence of NO, whereas in ECC/+L-NAME rats it continued to increase and

almost doubled the level seen n ECC/-L-NAME rats. Hence, it may be that NO affected

the balance between necrosis and apoptosis. This finding is in accordance with previous

studies on the development of apoptosis due to ECC (Enns et al.,2008; Sudo et

al.,2009).
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The mRNA levels of MyoD which are the activity and the proliferation marker of a

satellite cell, and myogenin which is the marker of myotube production, were both

affected by the presence of NO. The expression of MyoD contributes to satellite cell

proliferation (Tidball et al.,2007). When satellite cell proliferation enters the

differentiation arrest step, the expression of myogenin is induced, and satellite cells

differentiate into myotube cells. This stimulates maturation of myotube cells to become

muscle fibers (Sassooon et al.,1989). In this study, since myotube cells were found in

large numbers in the tissue 3 days following ECC and the administration of L-NAME, it

can be assumed that satellite cell proliferation and differentiation occurred. Under

normal conditions, control of muscle cell differentiation that occurs after ECC injury is

considered to be a cause of the significant increases in the expression of MyoD a day

following injury and in the expression of myogenin 3 days after injury. An increase in

NO suppresses MyoD (Di Marco et al., 2005). Our results also showed that as

endogenous NO increased on Day 3, MyoD was suppressed. These findings suggest that

NO contributes to the time difference between the expression of MyoD and myogenin.

Ulibarri et al. (1999) demonstrated that myoblast proliferation is stimulated by sodium

nitroprusside (SNP) and S-nitroso-N-acetyl-penicillamine (SNAP), but the addition of

high concentrations of NO donor agents suppressed this stimulation. It was assumed
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that since SNP is a calcium channel blocker, it had an effect on the expression of

satellite cell proliferation markers according to the difference in calcium/calmodulin

regulation. Myogenin and MyoD also contribute to regeneration in muscle fiber

(Grounds et al.,1992). Myogenin plays an important role in the reconstruction of

damaged neuromuscular connections (Sakuma et al.,1999) and the differentiation of

terminal myoblasts (Tatsumi et al.,2002). There is a possibility that skeletal muscle

damage accompanies regeneration since this accounts for the fact that the expression of

myogenin increased significantly from 3 days after injury.

Calpain plays an important role in the breakdown of proteins in skeletal muscle,

inflammation, and induction during regeneration (Koh et al.,2000). NO inhibits calpain

activity. In addition, it has been reported that calpain reduces the expression of

myogenic regulatory factors (MRFs), including myogenin (Kook et al.,2008). The

present study found further evidence to support these previous findings. The increase in

calpain concentration a day after injury accelerates the disassembly of broken down

muscle protein, and that it is synchronized with satellite cell proliferation, as indicated

by the expression of MyoD.

In summary, the results of the present study demonstrated the important role of NO in

recovery after muscle injury. It was suggested that NO activation after injury, exerts an
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effect on the expression of MRFs that occur during recovery and that it makes a

significant contribution to the reconstruction of tissue. Furthermore, there is a

possibility that NO plays an important role in regulating both the destruction and

construction of tissue during recovery after skeletal muscle injury. Further research is

required since NO dynamics has important implications in the regulation of various

factors during skeletal muscle regeneration.
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Table 1: Area percentage of inflammation and regeneration muscle fibers.

Control

1 day 3 day 7 day

ECC/-L-NAME 0.0+0.0
Inflammation fibers area (%)
ECC/+L-NAME 0.0+0.0

ECC/L-NAME 0.0+0.0
ECC/+L-NAME 0.0+0.0

Regeneration fibers area (%)

52+23 43185 0.0+0.0
6.1£15 35774 0000

00+00 00+x00 6.5*23"
00+00 00+x00 37%14

Control: contralateral (left) no-ECC muscle. Valued represent mean + SEM,

*p<0.05; significantly different from ECC/+L-NAME.

difference from control.
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Table 2: Calpain Activity.

Control 0 day 1 day 3 day 7 day
ECC/-L-NAME 134 =138 128 £+ 19 263 3.7 122+ 44 142+ 25
ECC/+L-NAME 128 = 16 153+ 32 166 28 15335 179+ 46

Control:contralateral (left) no-ECC muscle . Valued represent mean = SEM for five
animals at each time point, *p<0.05; significantly different from control values.

94



Control ECC/-L-NAME ECC/+L-NAME

1 day

3 day

7 day

Fig. 1 Histological analysis of muscle sections by hematoxylin—eosin staining.
Representative effects of ECC in tibialis anterior (TA) muscles at 0 day (E,I), 1
day (FJ), 3 days (G,K) and 7days (H,L). Effects of ECC without L-NAME
(E,F,G,H). Effects of ECC with L-NAME (1,J,K,L). Serial transverse sections
from control (contralateral (left) no-ECC /-L-NAME muscle) (A,B,C,D).

Bar=100 pum.
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6.0

k+

201 -@- ECC/-L-NAME
-O- ECC/+L-NAME

B-glucuronidase content
(pmol /min/mg protein)
S
o

days

Fig. 2 Time course for B-glucuronidase content at 0, 1, 3, and 7days following ECC in
rat TA muscle. Data are presented as the mean £ SEM for five animals at
each time point. *Significantly different from ECC/+L-NAME.
+Significantly different from three day from ECC/-L-NAME treatment.
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Fig. 3 Time course for NO content at 0, 1, 3, and 7days following ECC in rat TA
muscle. NO data are presented as the mean = SEM for five animals at each
time point. Cont: contralateral (left) no-ECC/-L-NAME muscle.
*Significantly different from 0 day. + Significantly different from
ECC/+L-NAME.
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days

* 4+
400| | ECC/-L-NAME
[ ] ECC/+L-NAME

300 +
200
) |j_‘ ﬂ |j_‘

0

0 1 3

% of control

7
days

Fig. 4 Myogenin mRNA expression. Samples were taken from rat immediately after
ECC treatment muscles at times indicated. A; ECC, B; ECC/+L-NAME,
cont: contralateral (left) no-ECC/-L-NAME muscle. Valued represent mean +
SEM for five animals at each time point, expressed as relative expression
levels normalized by dividing by the GAPDH level. *Significantly different
from 0 day. +Significantly different from ECC/+L-NAME.
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400 | mmECC/-L-NAME
[ ]ECC/+L-NAME * -+

300
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% of control
k3
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0 1 3 7
days

Fig. 5 MyoD mRNA expression. Samples were taken from rat immediately after ECC
treatment leg at times indicated. @ A; ECC, B; ECC/+L-NAME, cont:
contralateral (left) no-ECC/-L-NAME muscle. Valued represent mean + SEM
for five animals at each time point,, expressed as relative expression levels
normalized by dividing by the GAPDH level. *Significantly different from 0
day. + Significantly different from ECC/+L-NAME.
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4= N FATFRED NO AR BRMEG R

BREHRBEBIERRICKITIRBEYEL —BLERLOBEE

1) ®HE

S REE) KBS A RGO AR 235 | S 23D 28Tl < b Rdaks Ty,
BUEICEDETEL DN RESI TS, 1970 FRDDIZCEoT- B E KT G
LI B BRET T VOIERRICEY, B S R 5 )% R+ DR e IS
B I OB GE 5 X I LO9 W2 E M) o T (Lieber RL, 1992). LasL
ZOAN=ANIFZERITMEHAS N CTEL T, bhO H FEB OFE R & DR E D F
ARG AL DD T ORI R, 85O IR - BT FR I3 17 2 Ml & O 7
HEEEIZEIT 2 b RIZZ L. IR ICRIL T, #4555 (Hough T., 1902) &
IR 530 (Armstrong et al., 1984) 253G /) LSV TWANS, BIfED LT A, 15 KIE
ISEFEVERRIR DR AT — L7 o L WOBRERLA SCRF ST (Cleak MJ et al., 1992)

DSEERZR BRI IT R > TR BRGSO RIEROSE KT 5LE 26N 571
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TFUTHAT HFF—E (CPK) X H I ERIZ I S o M 42 O FEHE SR 7 &
[EICIE, TRRRFA 72281k ) O TR L906 D KR ESOBfR IR W TH — a7z
(Nosaka K et al., 1996). ¥7-, fi o Aa 74— OFERIZB W T B
BT RARRRAE R IS H TR A T AE L7 BV )i A6 85 (Henriksson et al., 1988) .
ZDZEND, EFMEF IR OIRIK B GHEEE DL DO THHZLITIZEERNFED.
WERMERIEYE ChHH7 7% = (BK)IX, N EELZ TGS
MAEDV L AL DBE TR =) —FUPBREESIL, v /77— UMM
ERT 228180 TC, RIEAT 4 =—H—% N LT, BHOK, BVl L OMbofk
FWEIIK TR EZ RO A TIES TS, FIC<KHNREREME Chot
mh=2(5-HT)IZ, AL, M/, AR R IAFE L RIERFIZ 30\ TR R 2 1 58
FTHZEDRFOILTND. 5-HT 1T Z L OZFEPIFAET DD, TO—DThD 2A
SARITR RN B #EL TWODZ e A ST (Abbott et al., 1996). — 75
BIREEME CHHT ORI T T DV Ey (PGEY) 1X, TR VNG atFki 7
F—F(COX)IZLVAREND. PGE, 121X RI~R4 D 4 DOZFIENIFIEL, R2 X
TR IBEUC AR T DR BN ThD. PGE, NEDZFIRTHD PGER2 IZHEA LIEM
THE, REZRIBOMIAND cyclic AMP & Ca®* DB EF-L, B R BimE
FUR R R A S & 29 (Guan et al., 2002). PGE, D& ik B#EE S T COX I21%

COX-1 & COX-2 DIFELENRNHISHIL TS, COX-1 IZARIN D KERS W H B AFAE
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LTHRY, COX-2 ZRIEMRNILIC L ~ruT 77— BB A RSN, INOS Lo B
#, K&\ (Okusawa et al.,1988; O’ Banion et al., 1993). COX-2 & iNOS IV b RIE
OIFNZB W TEEREEZHIBEFE THLN, ~/u77—HTINOS AL
NO 73 COX-2 LU, EDFER COX-2 WEMALTHZENME S TS (Kim et
al., 2005). T B A EEHZEH BV THERNIZEENT 5 NO 23, ZO7EH - &
JESSDOHENZ BN THE 5L TS AT gEME A7~ L7 (Sakurai T et al., 2005). 7V —
TR EBEFEME IR O B A R 9 5 A (Close GL et al., 2005) H&H5Z800,
BEOEA =2 r—/L 325 NO & & TGRSR D, — TR OFAEIZEI L
TNBZELEZ NS, LinLBUED 2 AIRIME R TR & B 46 A R 5 TE R & o B E X
E RS Z TR THD.

ZZT, AWFZETIE, ECC EENZ LD B ARG AL I OEIEBRIZHB N TE
R RN TR T DRI B E 2B, MBI E S NO LOBH 28122

L, BEIEMEFIR DA = A LA 592 ARIE LT,
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(2) FHiE
1) EREY
FEREN ) &L C 12 3 n D Wistar REEMET > N (R H: 235179, n=40) & 7-.
TRTOTYNL, EiRH 22+E2°C, B 55+10% T 12 R OB A 7 )W E BRS L
TWDEIBEEIZB VT 1 D7 —JIZ 3~4 [BT OB L. fEKIE, ZhEhH
HEBIRSE. T TOERRT vhaL L, EX0E R FEMERE BSHERD

OTH R ERF I PR L A S HE IV T o T2,

2) BRBIREET VAER

Ty ME, ~UhveZF— L RID A (T0mglkg) O RGN G-I LD R T I
T, NEVEER A ATIEE IS E LT (Fig.l) . XIS E 2 AL, A PR
R & b 3R EMA O CESHNG (L ATE 4.0 msec, $65 100 Hz, Hl%E
[#]:0.7sec, BHE: 10 V)IZEDAM TA fiz ik KRS, RIHBI4675 0.2 21
J2BiffiZ 120deg RS2 ECC UifEa 3 B2 AL, 1~100 EIDIUHEEZIZ
AUHEL 72, PRI, e A B SE2RWEEL, BREBS ITEEN S E TR E L THHEL
HIZRALERZAT ST, BAS A IRIGIER 1, 3, 7, 14 HZRICHIIRBE AR L7z, ECC

(CEVBEUIA T IR E B2 850, o IR E 2 3R G RE, Bk

THATIEE i 2= h— VRS LT 4 PL3° D V72 (Fig.1).
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3) ‘ErEEEADHIH

ZoyNIBEBIERIE I, M SEH—1 (0.5 mglkg REVEN P 5-) |2 CTHRIBRER
%, Lo VO KEZUIFEL, 7 A%, BER, siRE B I OREHE
Maft Uz, i 7 Vi E%, EE2EURIRER CHEILTA Y~
YINTTREHEBER L=, -80°CIZTIRIELIZ. 1, mMRNA HIEDT=D D7 ik
RNAlater ¥ (Qiagen, Hilden, Germany) FIZfrR{FL7z. P70, +o3I2im=0
L7=REYRA M7 7— (0.1 M KoHPO4-KH,PO, buffer (pH 7.4; wt:vol 1:10)) N
TE—H—BREN DR Z— T TR TREDFT AP —IZTHEIL, PGE, BELBID

NO &H EDHIEIZHW= .

4) ML

T RTCOFEGHRE 7 L, 7U4 A%~ (CM1510: LEICA) (12X-T-20C F
T 10um OREMETHEALL T Vara—T 40 S ATARH T AES LTz, B
BIEOF MO, MR T I~~~ e - D ER AL, k7

PR BEEE  (BX-10, Olympus, Tokyo, Japan) % FUNTEIZELT-.

5) NO ZFEHIE
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Nitric Oxide Fluorometric Assay kit (Cayman) % T, 7V —REIZLDHHE

RO THRIELZ.

6) PGE, IREHIE

PGE; ELISA Assay Kit (R&D systems) # T, DT HiEIZHE> TRIELTZ.

7) FHREBEEYWED RT-PCR ##HT

RNAlater ik FIZERAFLT=f Yo7 1 X0, ISOGEN  (Nippon Gene, Tokyo, Japan)
[ZEDRRVAREERR 2L, Oligo dT 77 A ~—iin BRY 27— gt (RT-PCR)
B KB DT 21T 7. PCR DA%, Taq polymerase & MALD7=6
9 CT 7 HRDT=DHIZ, 94°CT 147, 55CT 245y, 12C T3 a1 A7 ne
LT 30 Y1771 AL T4~ —13F NN FIORTEBYTHY, 1
v H—Farba—/LE LT GAPDH % iV o. RT-PCR DA A—UfEHTICIE, NIH A

A—=7ar T A (Ver.l.62) AL EELLT-.

COX-2 5 -TGTATGCTACCATCTGGCTTCGG-3’
5’ -GTTTGGAACAGTCGCTCGTACTC-3’

5-HT 2A 5’ -GGCTCATTGGCTTTCTCATC-3’
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5’ -TGCGCTTTGCTTCAGCATTG-3’
PGE;,R2 5’ -CCATCTATGGGGTCTCCTTG-3’

5 -AATCTAAGAGCTCGGAGGTC-3’
BKB2R 5’-TGTTCACCAACATGCTGCTG-3’

5’ -AGATAGAGGTCCTCAGAGTC-3’

8) #MRILE
TRTCOT — I EHHEHERR TR U, HFH M2 Prism (Version 4.0)%
fEAL, BB o & O Bz T > 7. AEZEMIEIZIT post-hoc

Scheffe test 2 AV, A E /K %EIL 5% (P<0.05) EL7-.
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() EBmER
1) HE ZfIcL588
BRI, 2 b — U i U CHRIGRECIT R E: 1, 3, 7 B BIZH
/2R A B, RT3 A BISHIRSME O ~DORIEIZ L0 MR 4

D72 E DT LWL BIEZSNTDS, 2O RIT 14 BEITITZERITIE AL (Fig.2).

2) NOEEE
BRSSO FITIE NO DBAERRSILDDY, £D NO L3R E 1 HiLIZ
e, 3 B, 7 BRICHEICE FAHEB N ALN, 14 B ZIZIZIEREH L~V ET

(a1 L 7= (Fig. 3).

3) PGEBE

FERGRETRGREC L, TRTHIL s —5 T, BERED 1 AL 3 [

% TIE, IEREGIE LA BRENZLNIZ, F1IC, 53 BRI PGE IR &L,

BEZ 7 %D 14 BRI TRA LT (Fig. 4).

4) REFEEEWERLGTRR
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BKB,R Z[&< COX-2, PGE;R2, 5-HT2A 134815 3 A %I E a3 BN — 7123
LTW5. F72, NOBEELIEE 3 HRICE—272 "L T\, =% Ny ZE#NICE
TAERETHEEIZIBWT, NO EE<DOF W BEE Y E 1T E% 3 HRRIZEHOY —7

TR e EE S AU (Fig. 5).
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(4) B%

RPN EENC K> T SR ZS N2 B AR I, INOS (2X->T NO A%
SIS, RIRRICE R A REREORIEIZL > T PGE, 23N 5. PGE, I, 77%
RUEEDD COX IZEN B RRSILDZENHDIL, T D53 ThD COX-2 [FAAENERITK
IR0~ 7 7=V ENBEESNAZEND INOS D BEE KEWZEDHHILT
V% (Okusawa et al.,1988; O’Banion et al., 1993). COX-2 & iNOS [\ 3uh RAEDH
HlZ OB THY, BHHIBGIZED PGE; D2 LIX NO DARKICIIEE LSz
COX-2 iU THEAZIT CVDHIENRE X LS.

PGE; A D—2>Th% R2 1%, MBI R T 22 A THD. PGE, 13 ED
ZRETHD PGER2 (TG UEM T 2L, MAEAliMA 5 &R ZengEshnT
W% (Guanetal., 2002). £7z, 5-HT Z&ARD—2>ThD 2A R, iR HlEEIZ
B L CU 5 (Abbott et al., 1996). AHFZETIX, ZIHIRTICBEE 25 RIKOE [A)

TR ICEBIZE L NO L Bh#EZ MR L=,

FOFER, BRGEE 3 H%ZIZ NO XL 37 DB NFE B — 2 238 2 573,
PGE,R2, 5-HT2A H NO E[REIBEIC 3 HZICE — 2232 A2 EAVRIBE 7=, NO (L

BNIZH1T5 5-HT2A DA EA L, A4 FRET9 % (Iwabayashi et al.,

2012). Z oo i i SR E 3R T am B OFR ST K - &7 b T EmMEBE 2 HiLA. £, COX2
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BIOPGE, EZDZ B THD PGE,R2 BFEIMALI EHAZRLZZE1E, NO 2V
BEASDRH =725 TNDIEITHTITE BN,

UL, PGE, 3L T8 NO (ZRERFICZ BICARSNRIEL S E T3, PGE, 23
INOS FEHLA MR L RIECILAE PLIEZ B IZHE R T2 F IER T8 WOl EL 5D
(Koide et al., 1993). ZDO X512, NO IXB & B #1514 O B Al i NI 361F 278w B )
BHOIaAN—7|ZHEREENZ R LTODD, ZOFEMIIARIZMAS TN E
AWM. SHLERMEAR T2 NO N 5T A AN =X %, LR+

AW FRNCED T REMRF LN LB LB 2 HND.
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14 day
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stretch injury

Isolate of TA muscle

Fig 1. Experimental design
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Fig 2. Representative effects of ECC in TA muscle at 1,3,7 and 14 days
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Fig 3. Time course for NO content at 1, 3, 7 and 14 days following ECC in rat TA
muscle. NO data are presented as the mean + SEM for seven animals at each
time point. *Significantly different from 1 day.
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Fig. 4. Time course for prostaglandin E, concentrations (PGE,) at 1, 3, 7 and 14 days
following ECC in rat TA muscle. Control: contralateral no-ECC muscle. *
Significantly different from 1 day. # p < 0.05 vs. control
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Fig 5. Western blot analysis of COX-2, PGE;R2, 5-HT 2A and BK-B,R protein
expression at 1, 3, 7 and 14 days following ECC in rat TA muscle.
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EBITE D

ATEENRF ISR T, (RIRMEIGHE O IR L B R B EET LY, 205
7R AT = X LSOV M« [EE R I BT D LIIORTIEZ LV, 54, NO Sk %
JiE & BN 23 & X 40TV D (Anderson et al., 2000; Kobzik et al.,1995; Moncada et
al.,1991; Moncada et al.,1993)). =DEENLFEL AN ZAEHKEIEH— 5T, TDRK
BN RO RIEZHE /N DEN) B [ O AE 2 FF 2 2 L2350 CuV4 (Alderton
et al.,2001; Soneja et al.,2005; Sakurai et al.,2005; Sriwijitkamol et al.,2006; Filippin et
al.,2011%; Filippin et al.,2011%). “HH& FH RSO IIELIRHIC NO 3B 5L T AT EN
BRZONDLD, EOFMIIAHATHS. ZZCAMETITEWET VAR, fiEHE)
(AR T H1T 2 NO DFEE L, 815 -1 L DREZ BN T2 8% B

EL, 5 DO FIT L.

MFZE 1 TlE, —1PEo & 58 EEE R LD NO AR DUV THRGEEZAT -7z,
EBEOBFEATEENCI1TD NO A LOBIREAFH 57212, HIREH] O kR iR~
Y=V TERARULIET Y RO FIREREHIZI1TH NO Ak Eh g2 @8I L7z. INOS #o
AT, AR EET TNV T OIS O W TH BRI SR 723, @R ED

AT IZHERE 7 (Gas: gastrocnemius) EEITEE /5 TA: tibialis anterior) O 5T
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INOS &> /7B FEBLMEINU T, 5B EEAETTH% D INOS mRNA FEHi L Gas & TA T
HH5H MO EDL: extensor digitorum longus) (Z3W TS oTz. 2,
R EITHRO FTE KI5 INOS mRNA FELX, MBS, fEOIEIC
BT ALENZIBES N oTz, ZhbORERIE, NO D& HE#3E TdhDHINOS D
MRNA B IREE EITHRIZADILDDS, M Z A7 o P AL L Z DB
TR DT ENB BN, K TIIHARHER D 252 L 10, BRRIHE &L NO 4

FROD B E RPN O NO AR ATIZ BIE S H 5 2 LSRR S vz,

WFSE 2 T, B DOFTEE LI HM H ) ARTICEDAT =T VAN ATH D

BRI DB O NO AERLOENREIZ DUNTRRET L 72, Faiy [H O 8 ) & far iRy

\ZBITD FTRB NI AT = VIR BEE T IV ERIL~L D NO AR A v A —

117



BA L FEOBRGERE DI AT 503, MR BE MR T 22 LTTE D

7o, KR, B REDf LD -7 Vv ru=F—F, TNFa, iINOS EIx T

FRERBIONO LI, BB NARICELY Gas, TA BLOEDL Tl KARLTZN,

ET AR TIEZEDOEAIT AL IR D >T2. Ll IL-6 13T X TOMIZIBWTEIE

IO, T S ARIIMEE A = H VAR A THDH ATREMEDS RIBENT-. E5IT,

I O E ) AMEICHIE I THOET AIZER e oTeZllE,  FERFH

OB ENAFICEDERHN NO ARkT 16 B FOEKGHEES IR LD ENn

RIS T,

118



e 3 TIE, T8 bOMIEE A& i 12 AT = VI ok MR R 7 L 2 ER L

NO i EhREZMFEL7-. FREM ICHITD NO AkiE, HIEEH LY 4 % ETH

HICEHL, 2D% 24 BFHETIR T 952, 48 RFFRRICHOA B LAZ2RUZ.

7=, HBERS TIE 4 BERE M O 48 B4 12 INOS Z o 7R 7 38 BN A5, INOS JEMED

4 RfFH MO 48 W IC ZIEME DA B 72 A2 /R U, ZOTEME EFHIIEREHIC

HAFEIZREVWEDTHY, BB SRV THIREH LIEREGH ORMICIX

A ERENRENIZ. LLEORERLY, MR BEG R IESEIShS NO ARlE

5 PRI O FHUAFTE T DINOS 2L THRAETHIENRIB ST, 1514 24 FEfH

CLEICHE N2 NO A DR ENZIAME [ SN ITIZE SR -T2,

Tendon Shortening Device

Rotation

‘% potentiometer
" Anesthetized
rabbit
e
Electrode to Common Peroneal nerve
~¥" Ground electrode

Nerve - _
stimulator | "\'\

119



W98 4TI, B EETEREE NO Ak e D BEIZ O\ TIRREEAAT 7o, A =7
IWVIREAS R ET WAERAR, Zo 03 fiaiRiET 527 a7 7 —EBThHY, NOIZK
DA 1T % Calpain 1%, NO 2ME T 5% 1 BRZIC EH L. ARG
NDFAEI#L 2 THD Myo-D FL T Myogenin 1, BHA N NO AR ERIEEIZ
HE% 3 AU R UTe. e, SEBRII BRI NO A plka 7 a7
HILT, IR ENDSZELHBNTRY, RO NO ARAN I — L0 B #

DOVEHE - FIEMEES D ZEAVRIRS LT,

WFZE5 TI, B AR ETR I L RN O BE OV TRGEE AT o 72, A=
VI B R BET T VAR, BRI NICBITDRBHE ST O BROLE LE
ATz, EAS R EIR IR IS T D38 B 7 o R0 An 1 DI BLIE, NO ARk
INE— 7 L7 B8015 3 H LARRIC ER T2 EMRBBMNIT/2 572, NO DIIF M E O H
REBIZB T2 BEORBIAH 21T 281280, BERMETROREAEICEEL TV

ATREMED RIS AU,

B A O AR SRMEIUHE 2 RO SEBY I I B B IR s S ZShD. ThET

(b, FIRELH IO, BT AT B OB, FiREkIC 1T DM E D2 LT

120



LT ~DEEFR 72 E D BRIZOWTE S DM E DRI TS, HEER:

(3, AIGHE R OBEAR RO 72 B BRI Z LD G ISHEE, BIGEALIC I D RAERG 575 %8

SNADZERNBITND, ARBFFEIZBWT, BN NO AERITEER 8L 7=

BIZ—RFIZIR R 92282 RENTz. LnL, BH DX A LT 7% BV THREMHNIC

BAAEAL D RIESUSKFS, WRNTIEMEALS NI F P IR~ 7m 77— INOS 73

FHEIN, HONOARNTUESNDZELABNI o7, HBEE %O NO A Tt

V&, IR R SO B ) A 7R SRR & TR AT =TI )V AR RITBR S IV B RS R NI

Pr

BOTHRBRICBZ S, TS E - BIER I B E LITL TODHTENVR

X7, 72, RO RIE B EDOREZ AL T H72DIER LIZ A =%

NABGET VO FEERND, NO 134k & 7216 - 389 BEY E O R 7 — L LT T

HZEDTRRENTZ. NO [TBIEERCAR B ICB W T N ORI &, Hiig{bEEdE o

TEMEZ I SERIE AR A RESEL—T7C, ZTORKE IV RIEZHE /N UM

N SEZ A D LD M E ORI 2 FF O ZENHBILTWD. B RGO RIE

IR ZIZZ O T H N BIE L TODAS, ARBFZEIZERBWT, HBE# O NO LRI iG

~DOEBRDEE THHIEDIRENT. AT HERIE, NO WNEELT-F#

FEARAE LA L TR T = — 7 2 AR PR E I 2 T 2 LR T h 0 THY,

A LU D LT HEE 2 72 ARV RITKTT DB O E O Al A S 2 5 — BRI/ 5

ZLERBHT AT DO —BER AL DEE X .

121



51 F 3CHR

Abbott F.V, Hong Y, Blier P. (1996): Activation of 5-HT2A receptors potentiates pain
produced by inflammatory mediators. Neuropharmacology, 35:99-110.

Akimoto T., Ushida T., Miyaki S., Akaogi H., Tsuchiya K., Yan Z., Williams R.S.,
Tateishi T., (2005): Mechanical stretch inhibits myoblast-to-adipocyte
differentiation through Wnt signaling. Biochem. Biophys. Res. Commun.,
329:381-385.

Alderton W.K, Cooper C.E, Knowles R.G. (2001): Nitric oxide synthases: structure,
function and inhibition. Biochem J., 357: 593-615.

Allen, D.L., Yasui, W., Tanaka, T., Ohira, Y., Nagaoka, S., Sekiguchi, C., Hinds, W.E.,
Roy, R.R. and Edgerton, V.R. (1996): Myonuclear number and myosin heavy
chain expression in rat soleus single muscle fibers after spaceflight. J. Appl.
Physiol., 81, 145-151.

Alonso, M., Collado, P.S. and Gonzalez-Gallego, J. (2006): Melatonin inhibits the
expression of the inducible isoform of nitric oxide synthase and nuclear factor
kappa B activation in rat skeletal muscle. J. Pineal Res., 41, 8-14.

Anderson J.E. (2000): A role for nitric oxide in muscle repair: nitric oxide-mediated
activation of muscle satellite cells. Mol. Biol. Cell., 11: 1859-1874.

Armstrong RB., (1984): Mechanisms of exercise-induced delayed onset muscular
soreness. Med. Sci. Sports. Exerc., 16:529-538.

Beck, K.F., Eberhardt, W., Frank, S., Huwiler, A., Messmer, U.K., Mihl, H. and
Pfeilschifter, J. (1999): Inducible NO synthase: role in cellular signalling. J. Exp.

Biol., 202:645-653.

122



Best T.M,, Fiebig R., Corr D.T., Brickson S., Ji L.L. (1999): Free radical activity,
antioxidant enzyme, and glutathione changes with muscle stretch injury in rabbits.
J. Appl. Physiol., 87:74-82.

Best T.M, Corr D, Brickson S and Ji L.L. (1999): Free radical activity, antioxidant
enzyme, and glutathione changes with muscle stretch injury in rabbits. J. Appl.
Physiol., 87: 74-82.

Best T.M, Loitz-Ramage B, Corr D.T. and Vanderby R. (1998): Hyperbaric oxygen in
the treatment of acute muscle stretch injuries. Results in an animal model. Am. J.
Sports Med., 26:367-72.

Best T.M., Mccabe R.P, Corr D.T. and Vanderby R. (1998): Evaluation of a new method
to create a standardized muscle stretch injury. Med. Sci. Sports Sci., 30:200-205.

Bozzo C., Stevens L., Bouet V., Montel V., Picquet F., Falempi, M., Lacour M. and
Mounier Y. (2004): Hypergravity from conception to adult stage: effects on
contractile properties and skeletal muscle phenotype. J. Exp. Biol,
207:2793-2802.

Brickson S., Hollander J., Corr D.T., Ji L.L. and Best T.M. (2001): Oxidant production
and immune response after stretch injury in skeletal muscle. Med. Sci. Sports
Exerc., 33:2010-2015.

Brunelli S. and Rovere-Querini P. (2008): The immune system and the repair of skeletal
muscle. Pharmacol. Res., 58: 117-121.

Buono R., Vantaggiato C., Pisa V., Azzoni E., Bassi M. T., Brunelli S., Sciorati C. and
Clementi E. (2012): Nitric oxide sustains long-term skeletal muscle regeneration
by regulating fate of satellite cells via signaling pathways requiring Vangl2 and

cyclic GMP. Stem. Cells, 30: 197-209.

123



Caiozzo, V.J., Haddad, F., Baker, M.J. and Baldwin, K.M. (1996): Influence of
mechanical loading on myosin heavy-chain protein and mRNA isoform
expression. J. Appl. Physiol., 80:1503-1512.

Caiozzo VJ., Haddad F., Baker M.J., Herrick R.E., Prietto N. and Baldwin K.M.
(1996):Microgravity-induced transformations of myosin isoforms and contractile
properties of skeletal muscle. J. Appl. Physiol., 81:123-132.

Chi M.M., Manchester J.K. and Lowry O.H. (1998):Effect of centrifugation at 2G for
14 days on metabolic enzymes of the tibialis anterior and soleus muscles. Aviat.
Space. Environ. Med., 69:A9-11.

Cleak M.J, Eston R.G. (1992): Delayed onset muscle soreness: mechanisms and
management. J. Sports Sci., 10:325-341

Close G.L, Ashton T, McArdle A, Maclaren D.P. (2005): The emerging role of free
radicals in delayed onset muscle soreness and contraction-induced muscle injury.
Comp. Biochem. Physiol. A Mol. Integr. Physiol., 142:257-266

Colasanti M. and Suzuki H. (2000): The dual personality of NO. Trends Pharmacol. Sci.,
21:249-252.

Corona B.T, Ingalls C.P. (2013): Immediate force loss after eccentric contractions is
increased with L-NAME administration, a nitric oxide synthase inhibitor. Muscle
Nerve., 47:271-273.

Costa A, Dalloul H, Hegyesi H, Apor P, Csende Z, Racz L, Vaczi M and Tihanyi J.
(2007): Impact of repeated bouts of eccentric exercise on myogenic gene
expression. Eur. J. Appl. Physiol., 101: 427-436.

Crow J.P, Ischiropoulos H. (1996): Detection and quantitation of nitrotyrosine residues

in proteins: in vivo marker of peroxynitrite. Methods Enzymol., 269:185-194.

124



De Palma, C., and E. Clementi. (2012): Nitric oxide in myogenesis and therapeutic
muscle repair. Mol. Neurobiol., 46: 682-692.

Di Marco S., Mazroui R., Dallaire P., Chittur S., Tenenbaum S.A., Radzioch D., Marette
A. and Gallouzi LE., (2005) NF-kappa B-mediated MyoD decay during muscle
wasting requires nitric oxide synthase mRNA stabilization, HuUR protein, and
nitric oxide release. Mol. Cell. Biol. 25: 6533-6545

Elrod J.W., Calvert J.W., Gundewar S., Bryan N.S., Lefer D.J.(2008): Nitric oxide
promotes distant organ protection: evidence for an endocrine role of nitric oxide.
Proc. Nat.l Acad. Sci. U SA., 105:11430-11435.

Enns D.L., Tiidus P.M. (2008):Estrogen influences satellite cell activation and
proliferation following downhill running in rats. J. Appl. Physiol., 104: 347-353.

Evans D.M. and Ralston S.H.(1996): Nitric oxide and bone. J. Bone. Min. Res., 11:
300-305.

Febbraio, M.A., Pedersen, B.K., (2002): Muscle-derived interleukin-6: mechanisms for
activation and possible biological roles. FASEB J., 16: 1335-1347.

Fielding, R. A., Manfredi T. J., Ding W., Fiatarone M. A., Evans W. J. and Cannon J.
G.(1993): Acute phase response in exercise. Ill. Neutrophil and IL-1beta
accumulation in skeletal muscle. Am. J. Physiol., 265: R166-R172.

Filippin L.I., Cuevas M.J., Lima E, Marroni N.P., Gonzalez-Gallego J, Xavier R.M.
(2011): The role of nitric oxide during healing of trauma to the skeletal muscle.
Inflamm. Res., 60: 347-356.

Filippin, L. I., Moreira A. J., Marroni N. P. and Xavier R. M. (2009): Nitric oxide and

repair of skeletal muscle injury. Nitric Oxide, 21: 157-163.

125



Filippin, L. I., Cuevas M. J., Lima E., Marroni N. P., Gonzalez-Gallego J. and Xavier. R.
M. (2011): Nitric oxide regulates the repair of injured skeletal muscle. Nitric
Oxide, 24: 43-49.

Frandsen U., Lopez-Figueroa M. and Hellsten Y.(1996): Localization of nitric oxide
synthase in human skeletal muscle. Biochem. Biophys. Res. Commun., 227:
88-93.

Furchgott R.F. and Zawadzki J.V. (1980): The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine. Nature, 288:373-376.
Gomez-Cabrera M.C., Borras C., Pallardo, F.V., Sastre, J., Ji, L.L. and Vifa, J. (2005):
Decreasing xanthine oxidase-mediated oxidative stress prevents usefuECCellular

adaptations to exercise in rats. J. Physiol., 567,113-120.

Goto K., Okuyama R., Honda M., Uchida H., Akema T., Ohira Y. and Yoshioka T.
(2003): Profiles of connectin (titin) in atrophied soleus muscle induced by
unloading of rats. J. Appl. Physiol., 94, 897-902.

RERIFIE, ROFEFEE (2007): FHBRBE R ER B L OBALICI DB R 7 DS, T
LZZBR LR 7, 44: 49-58.

Graham-Siegenthaler K, Gauthier S, Davies P.L and Elce J.S. (1994) Active
recombinant rat calpain Il. Bacterially produced large and small subunits associate
both in vivo and in vitro. J. Biol. Chem., 269: 30457-30460

Green DJ, O'Driscoll G, Blanksby B.A. and Taylor R.R. (1996): Control of skeletal
muscle blood flow during dynamic exercise: contribution of endothelium-derived

nitric oxide. Sports Med., 21: 119-146.

126



Grounds M.D., Garrett K.L., Lai M.C., Wright W.E. and Beilharz M.W. (1992):
Identification of skeletal muscle precursor cells in vivo by use of MyoD1 and
myogenin probes. Cell Tissue Res., 267: 99-104.

Guan Y., Stillman B.A., Zhang Y., Schneider A., Saito O., Davis L.S., Redha R., Breyer
R.M. and Breyer M.D. (2002): Cloning and expression of the rabbit
prostaglandin EP2 receptor. BMC Pharmacol., 2:14.

Hawke T.J., Garry D.J. (2001) :Myogenic satellite cells: physiology to molecular
biology. J. Appl. Physiol., 91:534-551.

Heinrich P.C., Castell J.V. and Andus T. (1990).:Interleukin-6 and the acute phase
response. Biochem. J., 265:621-636.

Henriksson K.G.(1988): Muscle pain in nruromuscular disorders and primary
fibromyalgia. Eur. J. Appl. Physiol., 57:348-352.

Hickey M.J., Sharkey K.A., Sihota E.G., Reinhardt P.H., Macmicking J.D., Nathan C.,
Kubes P. (1997): Inducible nitric oxide synthase-deficient mice have enhanced
leukocyte-endothelium interactions in endotoxemia. FASEB J., 11: 955-964.

Hirai T., Visneski M.D., Kearns K.J., Zelis R. and Musch T.1. (1994): Effects of NO
synthase inhibition on the muscular blood flow response to treadmill exercise in
rats. J. Appl. Physiol., 77: 1288-1293.

Hough T. (1902): Ergographic studies in muscular soreness. J. Physiology, 7:76-92.

Huang C.C., Lin T.J., Lu Y.F, Chen C.C., Huang C.Y. and Lin W.T. (2009): Protective
effects of L-arginine supplementation against exhaustive exercise-induced
oxidative stress in young rat tissues. Chin. J. Physiol., 52: 306-315.

Iwabayashi M., Taniyama Y., Sanada F., Azuma J., lekushi K., Kusunoki H., Chatterjee

A., Okayama K., Rakugi H. and Morishita R. (2012): Role of serotonin in

127



angiogenesis: induction of angiogenesis by sarpogrelate via endothelial
5-HT1B/Akt/eNOS pathway in diabetic mice. Atherosclerosis, 220:337-342.

Jackson M.J. (2005): Reactive oxygen species and redox-regulation of skeletal muscle
adaptations to exercise. Philos. Trans. R. Soc. Lond. B Biol. Sci., 360: 2285-2291.

Joshi M.S., Ponthier J.L. and Lancaster J.R. Jr. (1999): Cellular antioxidant and
pro-oxidant actions of nitric oxide. Free Rad. Biol. Med., 27: 1357-1366.

Kadi F., Johansson F., Johansson R., Sjostrom M. and Henriksson J. (2004): Effects of
one bout of endurance exercise on the expression of myogenin in human
quadriceps muscle. Histochem. Cell Biol., 121: 329-334.

Kano Y., Sampei K. and Matsudo H. (2004): Time course of capillary structure changes
in rat skeletal muscle following strenuous eccentric exercise. Acta. Physiol.
Scand., 180: 291-299.

Kawamura T., Yoshida K., Sugawara A., Nagasaka M., Mori N., Takeuchi K. and
Kohzuki M. (2002): Impact of exercise and angiotensin converting enzyme
inhibition on tumor necrosis factor-alpha and leptin in fructose-fed hypertensive
rats. Hypertens. Res., 25:919-926.

Kim S.F., Huri D.A. and Snyder S.H. (2005): Inducible nitric oxide synthase binds,
S-nitrosylates, and activates cyclooxygenase-2. Science, 310:1966-1970.

King C.E., Melinyshyn M.J., Mewburn J.D., Curtis S.E., Winn M.J., Cain S.M. and
Chapler C.K. (1994): Canine hindlimb blood flow and O2 uptake after inhibition
of EDRF/NO synthesis. J. Appl. Physiol., 76: 1166-1171.

Kingwell B.A. (2000): Nitric oxide as a metabolic regulator during exercise: effects of

training in health and disease. Clin. Exp. Pharmacol. Physiol., 27: 239-250.

128



Kita S., lwasaki K., Onishi R., Fujisawa M., Kim H., Shibata S. and Ito M.(2003): Bone
metabolism and formation of mice bred in a 2 G environment. Adv. Space. Res.,
32:1453-1457.

Kita S., Shibata S., Kim H., Otsubo A., Ito M. and lwasaki K. (2006): Dose-dependent
effects of hypergravity on body mass in mature rats. Aviat. Space. Environ. Med.,
77:842-845.

Kobzik L., Reid M.B., Bredt D.S. and Stamler J.S. (1994): Nitric oxide in skeletal
muscle. Nature, 372: 546-548.

Kobzik L., Stringer B., Balligand J.L., Reid M.B. and Stamler J.S. (1995): Endothelial
type nitric oxide syntahse in skeletal muscle fibers: mitochondrial relationships.
Biochem. Biophy.s Res. Commun., 211: 375-381.

Koh T.J.and Tidball J.G. (2000): Nitric oxide inhibits calpain-mediated proteolysis of
talin in skeletal muscle cells. Am. J. Physiol. Cell Physiol., 279: C806-812.

Koide M., Kawahara Y., Nakayama |., Tsuda T. and Yokoyama M. (1993): Cyclic
AMP-elevating agents induce an inducible type of nitric oxide synthase in
cultured vascular smooth muscle cells. Synergism with the induction elicited by
inflammatory cytokines. J. Biol. Chem., 268:24959-24966.

Komulainen J., Koskinen S.O., Kalliokoski R., Takala T.E. and Vihko V. (1999): Gender
differences in skeletal muscle fibre damage after eccentrically biased downhill
running in rats. Acta. Physiol. Scand., 165: 57-63.

Komulainen J., Takala T.E., Kuipers H. and Hesselink M.K.(1998): The disruption of
myofibre structures in rat skeletal muscle after forced lengthening contractions.

Pflugers. Arch., 436: 735-741.

129



Konig N., Raynaud F., Feane H., Durand M., Mestre-Frances N., Rossel M., Ouali A.
and Benyamin Y. (2003): Calpain 3 is expressed in astrocytes of rat and
Microcebus brain. J. Chem. Neuroanat., 25: 129-136.

Kook S.H., Choi K.C., Son Y.O., Lee K.Y., Hwang I.H., Lee H.J., Chung W.T., Lee C.B.,
Park J.S. and Lee J.C. (2008): Involvement of p38 MAPK-mediated signaling in
the calpeptin-mediated suppression of myogenic differentiation and fusion in
C2C12 cells. Mol. Cell. Biochem., 310: 85-92.

Koskinen H., Jarvisalo J., Huuskonen M.S., Koivula T., Mutanen P. and Pitkénen E.
(1983): Serum lysosomal enzyme activities in silicosis and asbestosis. Eur. J.
Respir. Dis., 64: 182-188.

Koskinen, S.0., Wang, W., Ahtikoski, A.M., Kjaer, M., Han, X.Y., Komulainen, J.,
Kovanen, V. and Takala, T.E. (2001): Acute exercise induced changes in rat
skeletal muscle mRNAs and proteins regulating type IV collagen content. Am. J.
Physiol. Regul. Integr. Comp. Physiol., 280,R1292-1300.

Langberg, H., Olesen, J.L., Gemmer, C. and Kjaer, M. (2002): Substantial elevation of
interleukin-6 concentration in peritendinous tissue, in contrast to muscle,
following prolonged exercise in humans. J. Physiol., 542,985-990.

Li H., Capetanaki Y. (1993): Regulation of the mouse desmin gene: transactivated by
MyoD, myogenin, MRF4 and Myf5. Nucleic. Acids. Res., 21: 335-343.

Lieber R.L .(1992) :Skeletal muscle-Structure and Fanction. William & Willkins,
Boltimore, pp.260-265

Moncada S. and Higgs A. (1993): The L-arginine-nitric oxide pathway. N. Engl. J. Med.,

329: 2002-2012.

130



Moncada S. and Higgs A. (1991): Endogenous nitric oxide: physiology, pathology and
clinical relevance. Eur. J. Clin. Invest., 21: 361-374.

Moncada S., Palmer R.M.J. and Higgs E.A. (1991): Nitric oxide: physiology,
pathophysiology and pharmacology. Pharmacol. Rev., 43: 109-142.

Moncada S. and Higgs E.A. (1995):Molecular mechanisms and therapeutic strategies
related to nitric oxide. FASEB J., 13:1319-1330.

Morgan D.L., Proske U. (2004): Popping sarcomere hypothesis explains stretch-induced
muscle damage. Clin. Exp. Pharmacol. Physiol., 31:541-545.

Nathan C. and Xie Q.W. (1994):Nitric oxide synthases: roles, tolls, and controls. Cell,
78:915-918.

Nathan C. (1997): Inducible nitric oxide synthase: what difference does it make? J. Clin.
Invest., 100: 2417-2423.

Nguyen H.X. and Tidball J.G.(2003): Expression of a muscle-specific, nitric oxide
synthase transgene prevents muscle membrane injury and reduces muscle
inflammation during modified muscle use in mice. J. Physiol., 550: 347-356.

Nguyen H. X., Lusis A. J. and Tidball J. G. (2005): Null mutation of myeloperoxidase
in mice prevents mechanical activation of neutrophil lysis of muscle cell
membranes in vitro and in vivo. J. Physiol., 565: 403—-413.

Nims R.W., Cook J.C., Krishna M.C., Christodoulou D., Poore C.M., Miles A.M.,
Grisham M.B. and Wink D.A. (1996): Colorimetric assays for nitric oxide and
nitrogen oxide species formed from nitric oxide stock solutions and donor

compounds. Meth. Enzymol., 268: 93-105.

131



Nisoli E., Clementi E., Carruba M. O. and Moncada S. (2007): Defective mitochondrial
biogenesis: a hallmark of the high cardiovascular risk in the metabolic syndrome?
Circ. Res., 100: 795-806.

Nosaka K. and Clarkson P.M. (1996): Changes in indicators of inflammation after
eccentric exercise if elbow flexors. Med. Sci. Sports Exerc., 28:953-961.

Nosaka K., Newton M. and Sacco P.(2002): Responses of human elbow flexor muscles
to electrically stimulated forced lengthening exercise. Acta.Physiol.Scand.,
174:137-145.

O'Banion M.K., Winn V.D. and Young D.A. (1992): cDNA cloning and functional
activity of a glucocorticoid-regulated inflammatory cyclooxygenase. Proc. Natl.
Acad. Sci. US A, 89:4888-4892.

Ohira Y., Yoshinaga T., Nomura T., Kawano F., Ishihara A., Nonaka I., Roy R.R. and
Edgerton V.R.(2002): Gravitational unloading effects on muscle fiber size,
phenotype and myonuclear number. Adv. Space. Res., 30,777-781.

Ohira Y., Yoshinaga T., Ohara M., Nonaka I., Yoshioka T., Yamashita-Goto K.,
Shenkman B.S., Kozlovskaya I.B., Roy R.R. and Edgerton V.R. (1999):
Myonuclear domain and myosin phenotype in human soleus after bed rest with or
without loading. J.Appl. Physiol., 87: 1776-1785.

Okusawa S., Gelfand J.A., Ikejima T., Connolly R.J. and Dinarello C.A. (1988):
Interleukin 1 induces a shock-like state in rabbits. Synergism with tumor necrosis
factor and the effect of cyclooxygenase inhibition. J. Clin. Invest., 81:1162-1172.

Ostrowski K., Rohde T., Zacho M., Asp S. and Pedersen B.K.(1998):Evidence that
interleukin-6 is produced in human skeletal muscle during prolonged running. J.

Physiol., 508:949-953.

132



Pan M.H., Lin-Shiau S.Y. and Lin J.K.(2000): Comparative studies on the suppression
of nitric oxide synthase by curcumin and its hydrogenated metabolites through
down-regulation of IkappaB kinase and NFkappaB activation in macrophages.
Biochem. Pharmacol., 60: 1665-1676.

Pareek T.K., Keller J., Kesavapany S., Pant H.C., ladarola M.J., Brady R.O. and
Kulkarni A.B.(2006): Cyclin-dependent kinase 5 activity regulates pain signaling.
Proc. Natl. Acad. Sci., 103:791-796.

Peake J., Nosaka K., Suzuki K. (2005): Characterization of inflammatory responses to
eccentric exercise in humans. Exerc. Immunol. Rev., 11:64-85.

Pecaut M.J., Miller G.M., Nelson G.A. and Gridley D.S.(2004):Hypergravity-induced
immunomodulation in a rodent model: hematological and lymphocyte function
analyses. J. Appl. Physiol., 97:29-38.

Pedersen B.K. (2011): Muscles and their myokines. J. Exp. Biol., 214:337-346.

Picquet F., Bouet V., Cochon L., Lacour M. and Falempin,M.(2005): Changes in rat
soleus muscle phenotype consecutive to a growth in hypergravity followed by
normogravity. Am. J. Physiol. Regul. Integr. Comp. Physiol., 289,R217-224.

Radak Z., Naito H., Taylor A.W. and Goto S. (2012): Nitric oxide: is it the cause of
muscle soreness?  Nitric Oxide, 26:89-94.

Radegran G. and Saltin B. (1999): Nitric oxide in the regulation of vasomotor tone in
human skeletal muscle. Am. J. Physiol., 276:H1951-1960.

Reid M.B. (2001): Nitric oxide, reactive oxygen species, and skeletal muscle
contraction. Med. Sci. Sports Exerc., 33:371-376.

Reid M.B.(1998): Role of nitric oxide in skeletal muscle: synthesis, distribution and

functional importance. Acta. Physiol. Scand., 162: 401-400.

133



Rigamonti E., Touvier T., Clementi E., Manfredi A.A., Brunelli S., Rovere-Querini
P.(2013): Requirement of inducible nitric oxide synthase for skeletal muscle
regeneration after acute damage. J. Immunol., 190:1767-1777.

Riley D.A., Ellis S., Slocum G.R., Sedlak F.R., Bain J.L., Krippendorf B.B., Lehman
C.T., Macias M.Y., Thompson J.L., Vijayan K. and De Bruin J.A. (1996):In-flight
and postflight changes in skeletal muscles of SLS-1 and SLS-2 spaceflown rats. J.
Appl. Physiol., 81:133-144.

Rosendal L., Sggaard K., Kjaer M., Sjggaard G., Langberg H. and Kristiansen J. (2005):
Increase in interstitial interleukin-6 of human skeletal muscle with repetitive
low-force exercise. J. Appl. Physiol., 98:477-481.

Rubinstein I., Abassi Z., Coleman R., Milman F., Winaver J. and Better O.S. (1998):
Involvement of nitric oxide system in experimental muscle crush injury. J. Clin.
Invest., 101: 1325-1333.

Sakuma K., Watanabe K., Sano M., Uramoto I., Sakamoto K. and Totsuka T.(1999) :The
adaptive response of MyoD family proteins in overloaded, regenerating and
denervated rat muscles. Biochim. Biophys. Acta., 1428: 284-292.

Sakurai T., Hollander J., Brickson S.L., Ohno H., Ji L.L., lIzawa T. and Best T.M.
(2005) :Changes in nitric oxide and inducible nitric oxide synthase following
stretch-induced injury to the tibialis anterior muscle of rabbit. Jpn. J. Physiol., 55:
101-107.

Sakurai T., Kano Y., Ohno H., Ji L.L., Best T.M. and Izawa T.(2004): Effect of nitric
oxide in recovery from structural damage in skeletal muscle. FASEB J., 18:

A359-359.

134



BOFEE R, BAHEL, B0, SeMRE, FAME, THE, IR, Al —
(2010): FERFE OB E S ARIHVE I T TR, FHMAERREY:, 47T
3-9.

Sakurai T., Kashimura O, Kano Y, Ohno H, Ji L.L., Izawa T. and Best T.M.(2013):Role
of nitric oxide in muscle regeneration following eccentric muscle contractions in
rat skeletal muscle. J.Physiol.Sci., in press.

Salminen A. (1985): Lysosomal changes in skeletal muscles during the repair of
exercise injuries in muscle fibers. Acta. Physiol. Scand. Suppl., 539: 1-31.

Salminen A. and Kihlstrom M.(1987): Protective effect of indomethacin against
exercise-induced injuries in mouse skeletal muscle fibers. Int. J. Sports Med.,
8:46-49.

Sassoon D., Lyons G., Wright W.E., Lin V., Lassar A., Weintraub H. and Buckingham M.
(1989): Expression of two myogenic regulatory factors myogenin and MyoD1
during mouse embryogenesis. Nature, 341: 303-307.

Schrage W.G., Dietz N.M., Eisenach J.H. and Joyner M.J.(2005): Agonist-dependent
variablity of contributions of nitric oxide and prostaglandins in human skeletal
muscle. J. Appl. Physiol., 98:1251-1257.

Schrage W.G., Joyner M.J. and Dinenno F.A. (2004): Local inhibition of nitric oxide
and prostaglandins independently reduces forearm exercise hyperaemia in humans.
J. Physiol., 557: 599-611.

Shen W., Zhang X., Zhao G., Wolin M.S., Sessa W. and Hintze T.H.(1995): Nitric oxide
production and NO synthase gene expression contribute to vascular regulation

during exercise. Med. Sci. Sports Exerc., 27:1125-1134.

135



Shibata S., Kita S., Kim H., Ito M. and Iwasaki K.(2004): Morphometric changes in
vagal nerves of fourth generation mice passage-bred in a 2-G environment. Aviat.
Space. Environ. Med., 75:387-390.

Shijo H., lwabucki K., Hosoda S., Watanabe H., Nagaoka I. and Sakakibara N.(1998):
Evaluation of neutrophil functions after experimental abdominal surgical trauma.
Inflamm. Res., 47: 67-74.

Silvagno F., Xia H. and Bredt D. S. (1996): Neuronal nitric-oxide synthase-mu, an
alternatively spliced isoform expressed in differentiated skeletal muscle. J. Biol.
Chem., 271: 11204-11208.

Smith L,L., (1991): Acute inflammation: the underlying mechanism in delayed onset
muscle soreness? Med. Sci. Sports Exerc., 23:542-551

Soneja A., Drews M., Malinski T. (2005): Role of nitric oxide, nitroxidative and
oxidative stress in wound healing. Pharmacol. Rep., 57: 108-119.

Sriwijitkamol A., Christ-Roberts C., Berria R., Eagan P., Pratipanawatr T., DeFronzo
R.A., Mandarino L.J. and Musi N. (2006): Reduced skeletal muscle inhibitor of
kappaB beta content is associated with insulin resistance in subjects with type 2
diabetes: reversal by exercise training. Diabetes, 55 :760-767.

Stamler J. S., and Meissner G. (2001): Physiology of nitric oxide in skeletal muscle.
Physiol. Rev., 81: 209-237.

Stowe R.P, Yetman D.L., Storm W.F, Sams C.F. and Pierson D.L.(2008):
Neuroendocrine and immune responses to 16-day bed rest with realistic launch

and landing G profiles. Aviat. Space. Environ. Med., 79:117-22.

136



Sudo M. and Kana Y. (2009): Myofibers apoptosis occur in the inflammation and
regeneration phase following eccentric contractions in rats. J. Physiol. Sci., 59:
405-412.

Tajbakhsh S. (2009): Skeletal muscle stem cells in developmental versus regenerative
myogenesis. J. Intern. Med., 266: 372-389.

Tatsumi R., Hattori A., Ikeuchi Y., Anderson J.E. and Allen R.E. (2002): Release of
hepatocyte growth factor from mechanically stretched skeletal muscle satellite
cells and role of pH and nitric oxide. Mol. Biol. Cell., 13: 2909-2918.

Tatsumi R. (2010): Mechano-biology of skeletal muscle hypertrophy and regeneration:
possible mechanism of stretch-induced activation of resident myogenic stem cells.
Anim. Sci. J., 81:11-20.

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

Tidball J.G. (1995) :Inflammatory response to acute muscle stretch injury. Med. Sci.
Sports Exer., 27: 1022-1032.

Tidball J.G., Lavergne E., Lau K.S., Spencer M.J., Stull J.T. and Wehling M.(1998):
Mechanical loading regulates NOS expression and activity in developing and
adult skeletal muscle. Am. J. Physiol., 275: C260-C266.

Tidball J.G. and Wehling-Henricks M. (2007): Macrophages promote muscle membrane
repair and muscle fibre growth and regeneration during modified muscle loading

in mice in vivo. J. Physiol., 578: 327-336.

137



Tidball, J. G. and Villalta S. A. (2010): Regulatory interactions between muscle and the
immune system during muscle regeneration. Am. J. Physiol. Regul. Integr. Comp.
Physiol., 298: R1173-1187.

Torres S.H., De Sanctis J.B., de L. Briceno M., Hernandez N. and Finol H.J.(2004):
Inflammation and nitric oxide production in skeletal muscle of type 2 diabetic
patients. J. Endocrinol., 181,419-427.

Tsukahara Y., Mirosaki T., Horita Y., Torisu M. and Tanaka M.(1998): Expression of
inducible nitric oxide synthase in circulating neutrophils of the systemic
inflammatory response syndrome and septic patients. World J. Surg., 22: 771-777.

Ulibarri J.A., Mozdziak P.E., Schultz E., Cook C. and Best T.M. (1999): Nitric oxide
donors, sodium nitroprusside and S-nitroso-N-acetylpencillamine, stimulate
myoblast proliferation in vitro. In. Vitro. Cell Dev. Biol. Anim., 35: 215-218.

Wang X.D., Kawano F., Matsuoka Y., Fukunaga K., Terada M., Sudoh M., Ishihara A.
and Ohira Y. (2006): Mechanical load-dependent regulation of satellite cell and
fiber size in rat soleus muscle. Am. J. Physiol. Cell Physiol., 290:C981-989.

Widrick J.J., Knuth S.T., Norenberg K.M., Romatowski J.G., Bain J.L., Riley D.A.,
Karhanek M., Trappe S.W., Trappe T.A., Costill D.L. and Fitts R.H. (1999):Effect
of a 17 day spaceflight on contractile properties of human soleus muscle fibres.
J. Physiol., 516:915-930.

Wink D.A., Miranda K.M., Espey M.G., Pluta R.M., Hewett S.J., Colton C., Vitek M.,
Feelisch M. and Grisham M.B. (2001): Mechanisms of the antioxidant effects of
nitric oxide. Antioxid. Redox. Signal., 3: 201-213.

Xie Q. and Nathan C. (1994): The high-output nitric oxide pathway: role and regulation.

J. Leukocyte Biol., 56: 576-582.

138



Yang Y., Baker M., Graf S., Larson J. and CaiozzoV.J. (2007): Hypergravity resistance
exercise: the use of artificial gravity as potential countermeasure to microgravity.
J. Appl. Physiol., 103:1879-1887.

Zammit P.S., Partridge T.A., Yablonka-Reuveni Z. (2006): The skeletal muscle satellite
cell: the stem cell that came in from the cold. J. Histochem.Cytochem.,
54:1177-1191.

Zhang J.S., Kraus W.E. and Truskey G.A. (2004): Stretch-induced nitric oxide
modulates mechanical properties of skeletal muscle cells. Am. J. Physiol. Cell

Physiol., 287: C292-299.

139



B

REHE 720 20 FERVOREH 2R T LT % OH F0ITR WAL BUFZ S 7212 b0
MPHT, TERZIREIWEEZ G0 U EER G | R SR 18
FHEAZIRIZ DDLU BT 3. s BRI S 72 TS T2 B0 £ L7
JSHAMB R RERFR WK RE I E PRI OV EILEA L
DI ET. FARFRIVARLEGICBHEEITRD AHFEE LL TO BEETHH D FAi H
R N TR REHNN L E T

REAVLHFFEE T2 TR RO MR L T2V RS R HER ekt
2, HMRKRT KEFHBEREEHHN-LET. TRV F ORI B HEE
EVOFZE Sy BF 23BN TU 2720 = The Ohio State University @ Dr. Thomas M Best,
The University of Minnesota ® Dr. Li Li Ji IZ/&#\V 72U E9. BATE L KEFE B B AR
DEPEEB FEOJeA T, HEANPSOIMFOMEL, TLTLNLDOSHEIIA S
WGV LET . Fe, MPRZEDDITHTIZ, TR, T HE2 TSR G, 22
BRI LT ZENHNTRD T2 DT 2 \TLLVEH B LT £,

AHFICNL FEBREN) ORI D EIZRD N> TOWET . AFFEOZATIZEEL TEM D
it B B AR RN 2, ATREZRIRY 2 e & 5- 2 2 Z L8 Ol D D T E 2 44
STEELED, YO TAMED IO LR T EEO BEREZ BTV L%
R

BN ET N BRT L OHFEE OBFEIHW-OBLD 3R AT8> TIIZA,
RHZDBREHLE T, ZL T M FRZEE THLO P BIFIZERL  ED X570k
PLUZBWTHISEL TN BELLWEE - H I 0 DG L £,

201347 H #Jf i

140



	第1章 研究の背景と目的
	1.1. はじめに・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・3
	1.2. 先行研究
	1.3. 研究の目的と研究課題　・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・15
	(4)  DISCUSSION

