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Myofiber apoptosis responses

in the inflammation and regeneration phase

Mizuki Sudo

Abstract

Mechanical and metabolism stress with exercise leads to adaptation of skeletal
muscle via various intracellular signal transduction mechanisms. This study focused on
the apoptosis responses of skeletal muscle damage to the recovery process after exercise
stress. It is known that eccentric contractions induced muscle damage leads to myofiber
necrosis, accompanied with ultrastructural collapse, edema and inflammation. These
inflammatory reactions achieve their peak responses in ~3 days after eccentric
contractions, and subsequently, the muscle fibers shift to the process of regeneration in
~7 days. The elimination of damaged myofibers by necrosis constitutes one of a series
of responses in the process of myofiber regeneration. However, it is not clarified
whether apoptosis contributes in these processes. The aim of this present study was to
determine the inflammatory and regenerative phase of apoptosis responses induced by

eccentric contractions. The main conclusions were as follows:

1) A small animal model for exercise stress induced muscle damage study was
established. In addition, the relationship between exercise stress condition and extent of
muscle damage were clarified. 2) Eccentric contractions appear to cause greater
apoptosis to skeletal muscle than isometric contractions as well as histological muscle

damage. Furthermore, there are gender-related differences in the apoptosis responses to



eccentric contractions as well as inflammatory responses after muscle damage. 3)
Apoptosis responses in myocyte generate not only an inflammatory phase but also a
regenerative phase after eccentric contractions. 4) Eccentric contractions-induced
skeletal muscle damage and apoptosis responses were suppressed by concomitant
hypoxia stress. 5) Eccentric contractions-induced inflammation-regeneration response is
delayed in diabetes. In this occasion, the apoptosis responses were increased in the

inflammation phase in the diabetic model.
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1.1.

il

HURSEIE, AR LOYRERAGE IR IC LY, REIZR > Ml S AR L
EAEMRAOIZ A DPEBR 57 ARh— A (apoptosis) &, ZAVEITHRF BRI IMEENLD
MR ERIC > TRAETH I/ — & (necrosis) IZHHHSIND. TR RAD
WSS T A LARTNE, ARSI A TR/ m— U AL LU TREGRS LTz, L L7es
5, Kerr 5 (1972) (ZXoTRIm— AL B DM IE CH LT HRh—
AVPEE ST, TRV R, BB TICT 17T LSV E Bl 4 A LT
REENAYMIIASE TV, RAFT AZ L AR E BT DT oA M Bl G T EHE A % B & Rz
LTWD. DFED, Rrm— RETHRRY, il /oy - BiEL RE— K72 > THEY D
ot —MEAERF I B B 2 R THIISE TS,

RO KRR I T DML, 2 DAL (ELRY, (L2, R 1oL
T, WL TDRNEFREFOZENHOLN TS, Fex O REBARL TODEE I,
IR Lo TR SO 2 IR AR AR L TR W AT e 2 35, B i 2
FRL TV DFARHET, 2 THY, & % ORZIZ I SRS AD A A E i
TFAET 5. FHIUHEC 31T DB AR R, FHRRHEIC KT L TR e B a2 AL,
kz, MRE DR BREEZFISEITR, INSITFRI/a—L ACELHEHTHHI L
MEfESN TS (Clarkson & Hubal, 2002). LU/ D, TEEIAR AICL DM
BHEICEWT, 7RV A ELTWVWLIERREBEINTWVD
(Podhorska-Okolow et al, 1998). fHiBEICHITHT R r— A1, FHFRHEICKILC,
A LT AR S A DHIIARR B2 L TOD 00 b Ltz FIUHFEICE
DER WIS LT Sl E, BT LA 3 D1 S A B i oD i 2R AR 72 & A3 i



BRI AESND. ZOWRIE, HifEDEBE LA DIENTEHIEAD.
AR, TR = AIHRGIZR T MR E O H 25T, EE ISR T DMt
OBFEIZHEA G L QDI EBN RSN TS (King & Cidlowski, 1995; Asakura
et al., 2007). LIAL7e3 0, fifRHED FAERFRIZI1T 57 Rh— 2D ENZ DN T
1, BIDIZEIL TR, LA o T, ARIFFEIE, TEENAR RIZEH 720 B & i
(BT HIHBEEZOFAMEICE BL, FHICEOBBRTELDLT Rh— ADFEE
EZDBEFIZONTHLNCTHIEZ HRE L.



1.2. SEATHFZE

1.2.1. 7TAHRM—ADHE

19 ARG 20 HEACATHETE T, MSEIZBEL CIIBRES:, FA TR RNG
WSOPDOHE NI TE. BUED MY/ 7 R — A%, Flemming 5
(1885) 728, T v h o PN il 1T e A 4K 28 [, 43 Wb S 4L 72l 38 % 8l 53
L “chromatolytic cell death” 4 L7=ZEDMAEN THS. 1960 FE LY, &
BEPSER T ZE I B A SN2 T, TR A E RS, 7R = 25RO
fasbh < @5 &7z (Lockshin, 1969; Makman, 1971). Kerr © (1972) 13fif5E
MK 2V VY — AOREFRIRGELY, SN DIEHEE LI R L 724
fa, T7ebbrra— ZHIADIFNIZ, TR, BN D ZUE LYtk
A3 FRE L. 61T, ZOREBLZ R TMasEI T Am LBz TR~ 7o/l
WCEBENDIEER AL, Z 0 ML & M5 o HIENC 3 5 oy 2
(mitosis) EOMERERTXS LA TRFH-T 272D TARF— 2 (apoptosis) | &4 L7

(Kerr et al., 1972).

1.2.2. 7RV ADESE

TIRN—=2 AL, Y RO B, BT EE ~DURAE, 1 & E o s - W7 1k,
TR — R IMEDTE R a bR LT DA sE I RE T D (Collins et al., 1991). 77K
F—Y ZADORFRBIEZIR ML, 7u~F L ORELEOK L THD
(Kroemer & Jaattela, 2005).

KRNI R — AL HMIMASEDTERE AT, SFa RUTINBIGED. #1012



MU/ IMEE DSIZEL, Mg 2GRSO T, =L —pEADE THHIM=
YRUT &R Z8I2ED ATP PEAREZ R, RBEHIEA 2L I [SEIL, K&ERY
IR AT T T 5. SHIT, MIAEIZRITDEDMOMBAP/NEES AT 5.
— 07, BT DL BRITIT R EF IR IZTODD, &I/ a~F
I NERLR (T EEE LI 3% (Lockshin & Zakeri, 2004) (Fig. 1).

1.2.8. 7R =V RADOFEAEER

TRV ALV BIGI, R RRIC BT AR B L OYERRIRIL Tk nT
BEEIND, FEBRIT, BEMROEECHEE, AR “Detter
death than wrong” O/ —/ZhE-ThRESTS (Adhihetty & Hood., 2003).

WHZT Rh— 2 filS b &, ARNIZIB W TIEIE M O R E 1N A TS
(Thompson, 1995; Reed, 2002). 77N h— A& FHE T HEN X, HEFHA 0%
KERTOMRE, IEMERSE, S0 XBERRERS T oNnD (Fig. 2). Filz1E,
14 H MO RS EICBIT A NEENRIBIC LV ERE L 7267 AR Tl DNA oW i {b4
EUBN, ERLVEVE IGF- T (AR EIR )2 535281280 DNA
W A AL LR ARHESL DD IS LD Z L ESIL TS (Allen et al., 1997). =
DZENL, HREI AR 2D I, IGF- 1 72X OHFER D B T4 S 5y s
PMMETL, ZORER, AFE 7 T NAORDICED TRy —V AN ELEEZREL T
W5,



Fig. 1 Morphological features of cell death by necrosis (A) or apoptosis (B). 1,
normal cell. Route A = necrosis. 2A, swelling due to accumulation of electrolytes
and water; 3A, cytosolic vacuoles, blebbing and disruption of membranes, including
intracellular organelles, e.g. mitochondria; 4A, necrotic stage with tissue
disintegration and shrinkage. Route B = apoptosis. 2B, cell shrinkage and nuclear
condensation; 3B, membrane budding and DNA fragmentation; 4B, necrotic break
up into smaller apoptotic bodies. (modified from Majno et al., 1995)



1.2.4. 7RN— ADFRARERE

TR =T RSN I T Dtk 4 BB LV RNR LI R AME 452 THRIE
SIS, MIENIZIBIT DT R h— ZADOFHE - RE - EITHE L, <D0 1280
HENTWD., RIETIE, TRV AT T DM S 2 A2 LT A A MRS
¥, BLOIa U RITE LN RMER R ICE A2 H T (Fig. 2).

SRPEICE DT R =V AD R, TAL® 74— Thsb TNF (EHEER 1)
SRET 7V —OHIRNZRIRICIT RS TH2ETHHEENS (Baker &
Reddy, 1998). ZiILE TIZ6FEIHDL BT X —NHBILTWDD, X d DU REL
TlX, TNF-a, FAS, TRAIL 23®IF6N5. ZIWHDY T U RBZRIR~FEE T D8
T, FrRH) 7 0T T —E (caspase 77U —) MEMALL T Ah—T 2% 3585 T 5.
caspase %, NEME7R procaspases DIRFETIFIEL, H EHDWIMLD caspase D
TERIZEVIRE S, R EL TOEERICEHRT 52 TIER T2 (Kumar,
1999).

TAL BT H—2 7 FNEDT R— AR AT T, caspase-8 DEF G- 13 <#H
HEIN TS (Baker & Reddy, 1998; Li et al, 1998; Salvesen & Dixit, 1999;
Sun et al, 1999). IEMALL7= caspase-8 1%, FADD / MORT-1 4L, DISC
(death-inducing signaling complex) EFEIINAHEEIKZEEKL, DISC OHT
caspase-8 WEVEALL TR h— A7 F AN ~MeEESN5 (Kischkel et al.,
1995). caspase-8 (ZLVEEEIZIEMALSILD caspase-3 1L, TR — ADFELTIA
&b (Nicholson, 1999). L/nL727235, caspase-3 N E.#2 DNA OWi b 5] %
-4+ o Tix7<, ICAD (inhibitor of caspase-activated DNase) & CAD
(caspas-activated DNase) DFEEE N L TN~V T TN ELZ TODIENHL

ME7>TuV% (Lechardeur et al, 2000). £7=, Z® caspase-8 DIEM:IL, 31T

™
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Fig. 2 Overview of the extrinsic and intrinsic pathway leading to either

caspase-dependent or —independent apoptosis. 1) Recepter-mediated apoptosis.
2) Caspase-dependent apoptotic pathway. 3) Caspase-independent pathway.



+Tdh5 caspase-3, -7 DYIWHEMAL (Salvesen & Dixit, 1997), 31U Bid & 1]
WiEtE (truncated Bids tBid) 5281285 TR RUT 25 L CEATIR 035
PElbsH2 (L et al, 1998) ZENHESILTWD. 1@, DNABEBEFREIL, G
PER caspase-3, -7 (Z&> TIHH(LELD (Nicholson, 1999). Lizh3-C, iEMELL
7= CAD LRHESN- DNA BERESRIZL - T, BB FAICHIEI SN =T R — 203

%495 (Nicholson, 1999; Lechardeur et al, 2000).

NIRPHEFE AR D — D> Th 2 caspase IRTFRR KL, T2, Iba RUTIZRET S
TR —= ARG R IRV T RN A2 55, Iha RUT I E 23 I
STHEIMI T ENTIMEEEZL TS SR RUT BT AR h— AR GEO i %5
THE, ZOBEEEMENSTUEL, N, FMEIZEY X E SV R A — A F T 5
R7v 2 ¢ X° Smac / Diablo, HtrA2 / Omi 728 O 7 AR h— A &L 7 8 53l
B2 T 5 (Fig. 2). ZOTRN—TAFFEZ AT EORHIE, Iba RUT O

VA HIH5 Bel-2 (B-cell CLL/lymphoma 2;Bcl-2) 773V —42~7H |2k
DI TV (Adams & Cory, 1998; Tsujimoto, 2003; Brunelle & Letai,
2009). Bel-2 773U —2 71, (RERF (e. Bax, Bak, Bok), #0iffilA
(.e. Bel-2, Belxi, Bel'w) ELTCIRa RUTHMEIZRHTEL, 7THRM U RAFEALIN
A RYTIZEBIT DI FE S M2 455,

et %> N7 H T % Bax (Bcl-2-associated X protein), Bak (Bcl-2
antagonist/killer-1)1%, BH1-3 RAA L LD AAE I IVIEMHALT 5. HiZ
BH3-only protein 1%, Bax ZR B I T RUTFEEBIEZTTHEL, v Moabc
DHHEARES T LI ETT RNV AZFHETHIENREIINL TS (Murphy et
al., 2000). Bax X Bak ORI/ 77U AL, K 90% 2R AEBIELR0, A F
NTE~ T AR TIRY )i, Wi, Ao i RS0 el 7 Aot il e 73 81 2%

% (Lindsten et al, 2000). i E H1123517 % Bax OIEMABEAHIZBIL T, K72



TINCHLINI RS TR, BAKATT =2 Fx1/b (VDAC) 2B 5L T
HIENFESI TS (Brdiczka, 1991; Shimizu et al., 1999).

il 2 7B THD Bel-2 1%, B EFER, HILBEICB W TR SN TR
(Hengarttner and Horvits. , 1994), Sha RUTIRFEMRREIZB W TT R F—2 A
MENCEE B A RO ZENHBIN TS, b RYT OA VA R BIHIET
% BH KA1 (Bel-2-homology-domain) 1-4 1%, 7R = A& FHE T HHEN 70D
FOZRAN AR Z L VIR = RUT MBI JRAES D7 R h— T Al 7 LA
AERZRZIL, 7ARN—R5AD onloff ZRETHNI T —DOHIEEZH T5
(Chittenden et al., 1995; Danial & Korsmeyer, 2004). Bel-2 A3 @55 HLL 7=
fa T, b= RUTIROFIEIEE SRS D7D M r b ¢ O ITBEZES 72
Motz (Kluck et al, 1999). £7=, Bel-2 /v 77U~ ATIL, 7R AD L
WZED, BEARR, Vo Rl LR OFEMRE 2725, LI2hi> T, Bel-2 /
Bel-x1 O7 AR — ZMHNEMET, FIZEEEMERE THHEE 2 DI TN,

e Enizvrras ¢ 1, CADR (caspase recruitment domain) %4 3%
Apaf-1 (apoptotic activating factor-1) LA 9T 5Z & THEEELAEZRIL,
caspase 9 Z{EM LS T RN — LEMEINDE SR E K TS (L et al, 1997;
Daugas et al, 2000). 7RN/—Ai, TR RAFEFTNFTHD caspase-3 DI

PEAEZAEL, #2RAYIC DNA OB A bk OHila Az A SES.

ha RUT BB G LT AR— A5 T, caspase /SRS GAAET .
b R TNIRIZRE D2 8 Tdhs AIF (apoptosis inducing factor), 3
L Endo G (endonuclease G) |, caspase OiFE ML IFBEHRRHIIAEL CEERE L T
Rh—y2%#% 35 (L et al, 1998; Susin et al,, 2000). AIF |%, EhD.Ofj &Y
BRI B W TELIHTET HIENRINTEY (Susin et al, 2000), 7a<F LD
JHE, DNA Wrhfbz 5| &4, ATF 20 LIz 7R h— 3 2R A IR T AR B



THESNAZENRESN TS (Joza et al, 2001).

Endo G 1%, Ih=RU7 DNA O#EBEZMHBT2X7LT7—ETHLHH, Li H
(2001)1F, IFaRUT B HIHENHZET Endo G MIEMELT2ILERLI.
Endo G I3, caspase & 171" DN ase Th% CAD CFALILT-HEEEZ AL T DHH DD,
caspase (ZIEIK /71972 DNA OWr i b & #5E 9%, F7z, Parrish > (Parrish et al,
2001) 1%, BAIZBIFDATRF—T ADIEH 72 TIZH4 57 caspase-6 73, BLAST
FENTIZE > T~ AD Endo G EDOHEIMED 48% CTHHI L& MERRL, MH M HERET
HFRER CTHDHNERRFET D721 caspase-6 2 A2 Endo G ZRBLIE/-L25

FERE BB S8 BB TEHZEE BN,

1.2.5. BHETHRP—T R

BRI, B E DI T RO RHE R EN DI LR ST D,
NITIE, ZLOEERINar RYT, f/ a2 E ORI /INGR B L IR AR DS EAEL
THY, ZEFETHEOLLT, FAEOBBR CRA L2 MIIc Bk 3260 T
b5, MHFFAEOELRITHN 1 pm OMFRROEEERT, Mo R m UE
) AFATIAFAEL, MW T 4T AN THLT 7T 74T A M —E MR THLA
FIZELHIL, ZDMERWIA T T4 T A MALEL TWA. il X2 ZHla T
SOOI, 1 DDENZ L B G U KOG IE P RE AR CE DM E O ERFFEIC
BRANTFIET D, ZOBOXFMHER (ERAY) 2T 528T, MDA X
Ml ENS (Gallegly et al, 2004; Favier et al,, 2008). ZALHDHEER), HERERY
FEMEE, ARRAEIC 3810 D7 AR — o AR b 8 KT T e PSS,

1.2.5.1. EEIARN R LT RF—T R HE

10



A DIHERRIE, T AV AN w7 (FERM), a2 Ny 7 GEHMENE), =% 2L My
7 (BRI ES L, HIEREMED LT, Zhn 3 DOTFEIEAN 2 TEENT
WD,

BHELL, FFB L OE ML ~UUICB T AT RE A %, e DK
T 482 TH5 (Brooks et al, 1995; Warren et al., 1999). 7 AV AN 7GR E
DODILHERR ALV ViR D2 J8 4 50 £ Mo 7 I AT 12 OB #& i I,
D) PAaXT ORREE, 2) BRIFEHEICEAL- DI E RS O RIE, 3) MR H
L 4) B IVHEEBREE, 5) BEENOIK T2 95 (Proske & Morgan,
2001). Friden & (1998) i, =¥ Mo 7 UKL AR LI 1 A&RICHR
MEZAEH L, HEBTHHREG R AT REEL Tz, £ ORE, MiftiEl 5B ET, B
TERNCAT TWDZERLTE (Fig. 3). MifME DB EL, MM RRIZAECLDH DT
(72, BRAED — I DTZ0, FFRMED AR MR BEEERA DN T
5.

AR I Z LA — FARREORIFZ(L (Friden & Lieber, 1992; Takekura
et al., 2001; Pizza et al., 2002; Kano et al.,, 2004) &7 Rb—3 A0 BHHIZ DU
T, WL<ONOWENRSNTND. BENZLDFHAEDOT R — 2 REE T,
Sandri & (1995) (Lo THIO THRE SN2, TV ADAFREMT =07 % 16 FfH
BAMLIZET MCEWT, FU=27% T 2 BT, TRV 2ADOREO—>T
&% DNA OWr L3S BICHINT 2280V R"EN 7=, D, Podhorska-Okolow
5 (1998) 1%, FET /Va&AWTFFEIZEHV T, DNA Ol Tk E %5 TUNEL
(treminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling)
IELE BB E W BB RBLELY, EEE% S 6 RFFE ORIV T,
TRV RIREOH BRI RE L. ZOLET Rh—V R Z B Th
% Bel-2 OFEBLUT, HEEE 96 BRI ETHA L, MRAYICfetES 7E Bax (3, #
Btk 96 WA £ THlkRe L 72N o7

11



(a)

Fig. 3 (a) Titin immunoreactivity in a longitudinal section of EDL muscle, 1 day
after eccentric contractions. Disturbances of the sarcomere lattice are observed.
Sarcomere lengths and thus fiber diameter vary along the damaged fibers. Bar = 50
M m. (b) Schematic drawing of longitudinal (top) and cross (bottom) sections of a
musclefiber with segmental damage surrounded by two normal fibers. Vertical lines
Plane of cross sections. Hypercontraction zones (arrow) are bilateral to the necrotic
zone. In the region of necrosis, phagocytes (phag) are present both within and
outside the partially damaged muscle fiber membrane. The hypercontraction zones
displace and compress the adjacent fibers, but in the region of lesion, these normal
fibers taper along the damaged and narrow fiber (Friden et al., 1998).
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Biral 5 (2000) 1%, EXRHEAELAICARSELTF B Ny ZIHEE T /MR
FDIMILT AR — L RSB OWTIRFEL 72, Biral H23%F 5L L7 B Tl
TUNEL 5K DB MERE A a2 L R A a7 ¢ D R AR LT i i | 8 22
Sz, AN S ThH Y AN T 4 U B RINICRBL TS mdx w7 A
I CIE, UGS LD A L AUZKI L CIEH U A LD TR — U A& 3 AL
LTV ENREIN TS (Sandri et al, 1997; Podhorska-Okolow et al,
1998). &51Z, THRM = AHilfl# 7378 Bel-2, Bax Z#fkFA0ICFM L. B4
TR CIXIE LA ERBULALINRD-T2DS, mdx < T AT O CTIXm &2 /X
JEDBHRR IR BLL TN 28D, BT A~ — 3 AN — (R o 48 340 e
NTITHOI CNAZED I RIBS LT,

XN w7 IHE R O BREITEENAE T ENMEIN TS (Amelink
et al., 1990; Komulainen et al., 1999; Stupka et al., 2000; Stupka et al., 2001;
Clarkson & Hubal, 2002; Kendall & Eston, 2002; Tiidus, 2005; Tiidus et al.,
2005a; Tiidus et al., 2005b). Komulainen & (1999) 1%, 130 /0D X 7 eiLTy
SV T ARTEE DA A ARXT MR T, FATAAIDS I IEIC ISV TR E
IR U, Fi, ) 4 ABRORIERISZRRELT AT A TIT A ML
BESNTZD, AADFH R BN TUTIEEAE BN o7- (Komulainen et al.,
1999). =612, Stpuka & (2000, 2001) (TERDOFEIEFHIZIBITHMEZEIZOWT, H#E
A 3 HERICBWT, BREOEED —>ThHHMEsL 7 F % —F (CK)
ER IS B ST BAEER EAZRUICEHREL TS, Ao mE CK

—

HD EFIX, HlaoREIZEGR0 CKMMAEFIZ B L7 ZE2 BERL TERY,
W AR D E U DT LA R UTCRHIL CH D, EENFE R FFHEEG BT DMEED

=%

JRRNZ DWW T, B2 RER DB RS I TODDRIZAGIIS I TR ERS 23

4. Kendall and Eston (2002) (ZARDMRILEL ThHT AN L, Flia

13



DORFEERBIUOBEARN AR E LU TEHL CWDZEEFRRL CWA. I
TIE, EBY IO MR EHRWREEALIE RS N D = A0 7 A LD RIER
1 AR BT D RAT DV TH STV D (Tiidus, 2005; Tiidus et al,
2005a; Tiidus et al., 2005b).

HUAE AL OB R BIT DT R — ADMEZEZ DWW CORFRITIEF 17
VN (Stupka et al., 2000; Sanz et al., 2007). Stupka & (2000) 1%, =% Ny

VEENER OERDFHIZIBNT, TARM— Al #2378 Bel-2 O3B A /A0 T

P

EIZIVRE  EBZATo72. TEE) 48 RO N T, LMEXs HED Bel-2
AR A BICEVME T -T2 Zea R LTz, LinL7esh, Sanz & (2006) 13

EFHTYNERAIZBWTT RN— ADEITHE 1 CTh b caspase-3, -9 & & & LI-fE
B, T2 o2 2 LM E L Q0D TIRM—Y ADMEZEIZ DWW T, caspase FE

RIFRREBIFET AL S FEX TR T AL ERHINE LR,

BREAHIE, — IO EIRE R INGE I KO ARG AR T 008, EEA kT 5
ZETHEGII TR E G 5. BEITS T ED ERIT, BRI
BILT R ZAFAEOIHNEE G- L TWDIEN RSN TN,

Siu 5 (2004) 1%, FHE7 OB ZRGIZUIZ 8 O v RULVEEZ A
s, Fef&iEE) 48 RFfH % O DNA B A {bR B LT Rh— U ZHE R+ D Ak
(R 2T T o7z, L —=" 7 BECHITSH DNA bR, SR BELOfa BT
BoiRholz. kkERI7e e — =0 ZIC R TR =V RSB R A>T B R
LL T, HSP 70 (Heat Shock Protein 70) & Mn-SOD (Mangan-Superoxide
dismutase) DEI5-E/RELCD. HSP 70 i3I, EShHIFLICI0R BB L, 22
NOBERSPEGE LT VB DIEEERESE L2 eGSR TS (Siu et
al, 2005a; Siu et al, 2005b). EHIZ, IhaRUT LD M ab ¢ O il

(Li et al., 1998) HL<I%, HSP 70 7% Apaf-1 I[ZHEE T AHIENLT R — LDFE KL

14



ZBHEL, caspase-3 DIEMEEIMNZHIENHGLNE/ > TUWD (Beere et al,
2000). F7, BN LV FEAESN TG MERERIZLO T A= ARFE RS NDH L H
BENTWD (Powers et al., 2008) 7%, Mn-SOD |XIEVERE R A bR =4 DI ER FE
DZENLT RN—=V ADFEAZ I THZER A EETHS. Siu HOFERTIE, F—
=7 1%® HSP 70 &£ Mn-SOD Zxf Lt LEn L, ~ 170%, 64% DEL
W& R LT, LT2as- ¢, E#jh—=71% HSP 70 & Mn-SOD % LH.&4,
BB DT R—V AR AEE MG T RN HLHLEE Z BTN,

RHIRZEER N — =270, 7R AR SO IR R e 52 528
DBEAEEIN TV, Song B (2006) 1, Ml T v b xtgiZ 12 @272V v R
JVEBN AWM SETA R, N — = AR O T v L T, TR
P 22 378 Bel-2 13HEINL, (RS /327'E Bax 3L caspase-3 {E MDA L
feZ&Z Rz, 61T, DNA Wi bRb A B LT2ZE0 0, Ty MZBIT5
EE N — = 1T AR N U AIEIE IS 53 A2 ERNTRIB I .

ZNETORATIELY, BB —=0 70, BRHICBITDTR— ADI A
IS AR 3 H5. LonLienss, EE N —= 7LD EE I WIS AS,
EENARE, WEE, No— =0 ISRV B2 D IO, TR AR AT N TE
AT IV IRBE MR B2 D L.

1.2.5.2. BRHBELELT R —RNE

WA, AEESENSEICEEL, Z01biet 3 ES #ild (embryonic stem
cells, WRIMERRHIIG) Cupflla (stem cells) |ZEHHETAHIZEN KA THD. BIET
I3, Bk 2 I AR IR S AAE T D 2L BIDNIE I, % & DENEZIEZ 0 krgd
LCHEBET 2 ATREME DS I P ST D, IRA LT B I b 2 (satellite
cell) EMEINAEMIANFTEL (Fig. 4), AiORE, HIEZ O OFA - S

15



BEL T\, fAEMIEITE CHIENTRETHY, N—=0 7 PHEREREITIAED
T2 B FEARN AU THGEL, Myf 5 X MyoD 72 & o # e 2 1 s 5 5 Hi K] -
(muscle-spesific transcriptional factor) OIEIUZL > THIEZMRATERIKERD. %
D%, Pax3, Lbx1, Praxis 72X OBR TR B2 CHHFMIZ (myoblast) £725.
— OO A TEE DN R T 5/ MO S NS, i S T HEL
7=, —JFENCELS LR 3 AR A 2 L TR A (myotube) &V )% DShH;
7RI T, B - A A0 IK L TR T~ {E 35 (Fig. 5).

B A EEL 727 AR — 2 RN B RO 2, iRz dReLzb
DL (Podhorska-Okolow et al, 1998; Krajnak et al., 2006; Asakura et al.,
2007), TOAEBEHERIL, R A ORlEE BELIZb O ThHHEB RSN
TWA. I THDTZD, 1 DDEEINS XTI L0 & HE
AAHERF CE M E DO EFRIZIRANFAET 5. FABRRRIZI T HH 2O T Rk
—VADFANL, EOIBE BERAY) 2T 2D EE AR/ T5
DTIHRVMNERBEN TS (Siu & Alway, 2009). Krajnak & (2006) 1%, Fi
BE O > M 5 R & LTI AT £ OB B O B AR T R — 2 A I2o0
THRETLT-. BRI X DB A 72T A AR w7 IR %A s £ O F S AR IR S
FH ~HAE AR T MyoD &7 AR h— 2 eteZ /378 Bax OILFBLUX, M7
NCIFE T b b EOEIEZ R L. Fo, B OFABERICB T 5/ 0k
BREAFFD MyoD 7235, 7R = A fEMAYICHEE T OEEL A 5L mESL
TW5 (Asakura et al, 2007). i OFABRIBITHT R E— T A& OE 2R
BERICOWTL, MENIEFITDRNIEND, SR RNRB R THLNE

DANIRTZALDNTS TR,
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cyloplasmic processes

Activated Satellite cell

\
basal lamina
Satellite cell

Fig. 4 Satellite cells occupy a sublaminar position in adult skeletal muscle. In the
uninjured muscle fiber, the satellite cell is quiescent and rests in an indentation in
the adult muscle fiber. The satellite cells can be distinguished from the myonuclei by
a surrounding basal lamina and more abundant heterochromatin. When the fiber
becomes injured, the satellite cells become activated and increase their cytoplasmic
content. The cytoplasmic processes allow for chemotaxis of the satellite cell along
the myofiber. Bar = 1 mm (Hawke et al., 2001).
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\ \ Myoblast
Mesodermal /

v
'

Progenitor cyclin D1
\ Growth
Factors
MRF 4 "\ myogenin
MLP MEF 2
4
r
N / y 4
e < 4
& ‘ 4
A7 \ <
\, Early Myotube

“Innervation”
Mature Myotube

Fig. 5 Member of the MyoD and myf-5 expression is involved in detertmination of
precursor cells to a myogenic fate, whereas myogenin and MRF 4 expressionis
associated with terminal differentiation (modified for Koniezny et al., 2002 ).
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1.2.5.3. IKEER AN RET R R RE

AERFRRC & THEIMIT, =13 — G OB W& FR L, MRk T
KT DEZ TR D0, RMEIITITHIIEIZES. B ifIK 5/ st
ATPL VDK T AN T —E35. MIIRNTIE, ATPL UMK T 580030 A
AF4 (Caz) RN AL, b= RUTHRE RS, MIRBEORGHEN £ T Rh—
ARBIOXIO =V RAEFERTHIENHRESIN TS (Elsasser et al, 2001;
Gujral et al, 2001). ¥ MM ARBE R A A 52 1258, 7 Va—ADRE D5
FAUTHER RIS T COMERE R ICE > T ATP (3523, TAM =V ANLGHES
e, =l TN a—ZREMEWNGG, ATP (3881, MRS O H 25
0, LTI =V AL THIIERSFEE S LD . 7R — U A AEDEITR F
T b caspase DIEMHALIL, ATP IZIEIEL TWDZEMND, TIRM— AR AEDOEIL
ML D ATP JE B 5L TODIEAVRIREN TS (Bguchi et al, 1997). L

MUIRING, TR A5 4121E, AIF X° Endo G 72X 1255 caspase FEIKAFAE D
FAETHZEb WA S TS (Bonde et al, 2002; Iwata et al., 2002). F7=, FE 1L
IRENZL DR R AN AL, BRI W T P EROTE M2 2 & CrE M e 3R
EHEL, BAELULIEMRRIIT RNV A2 BE TR ESI TS (Raj et

al., 1998).

1.2.5.4. BERIRET HRP—T R

BE PRI TA > AV ARH DA RIS LD i fBEAE & D R 2 G R 21 30
HELT, lERF 7 E DB R EIIRH PR R E 2R, £ ORIR, RIETEER
MR E R EDEIHEL G SEITIRETHS.
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PEPRIFITFE RN IEDE 2 HRICHBITES. Kl B A OB RE 5L H 128D,
A AY L EFE DAL, IEF R RTEB DT A L AV R G- b D %A
VAVARSEIRIGEIRIS (1 BUBEIRAR), AR O ER SR HHC R AL, 151

iR T oA AV ARHOIET, Thbb A AV ARG Z [ ST HDZ AR
U IERAFPERE R (2 BUBERIF) LEFRL TWD.

PERIGEEREN M ELC, 1 BRI IZARN- 7R b (STZ) 2RV TREERIC

\\

FHRIEHIENTE, BRFIER 1 BIFEIRH T~ M2IL, LETF vk, NOD vV A
DBHWLND. o, HIRFIER 2 BRI ThHDH OLETF 7>k, GK 7>k, KK-Ay
<A, WBN/Kob 7> MalWlFbid. &7 WL TRERIFFE AR, R
BN, mBEEIIEE ~ THD McGuire & MacDermott, 1999; Yamamoto et
al, 2001; Matsumoto et al, 2007; Najemnikova et al, 2007).

BEPRI X, Frge 32 e b2 O L LI REIBEE Tho— 77, WATL TN L
HIRCRIBR AL O REREE (Emanueli et al, 2007) 72X Ok » 2pligdnfEE %
H7eHT. MA T, PRI T DIE H PEFE A < e BRI B # i ZHE O &
PHELRI ST . 20, IEHEOIK TAHTZD, IHRLFHHBOIK T2
BEINDIENEZLND.

oy

W, DX I ERREFIRONT L AIRIN T DR HEIR A FIET D%
DT ARG, 1 BBERIFE T N ClL, A ChHLRFRM A ICB T8
VEAEBGEEILER Ty MBI NEIY, 2o R0 B il A B m A
TENRESIZ (Farrell et al, 1999; Baviera et al, 2007). L>L7z035, JBE
IEATOET AR 72 E OREFIAMEIZIB N TE, 23V B A BGRE DA B E RN HD
Nn7enaoi= (Farrell & Keeffe, 1998; Farrell et al., 1999).

BE PRI DA DHE D — DO ThHHMHEM IOV THEL DG RSN TN, FiZEHN
1X, il % OFAHEDOERE, FHFHEDBDHOVNTZENST G ORE R Ths. 1 TFER
T VOB TIL, BARRHEDO T AXNIEF Ty he L TH BICHAD §562
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EMIESN TS (Armstrong et al, 1975; Ozaki et al, 2001). LIL72H5, b
rD 2 FRUBEPRIFSE T /LTI, R NS Ll RAE 2 L, 18 5 RAED 6D
FTHEVOIHEDHD (Marin et al,, 1994).

ZHETIS, Mk a b vax=7 (B ZEM, X7 AEE (REY MM ZE
Hi) ICED BRI OZERICB N TT A= AN EER R EEH T 52 ENEL O
FACEOIRRSCEIz, BEAME, BROY, RENMER 2L, DNA OB T {L-omik
DO LB ENESI TS (Allen ef al, 1997; Smith et al,, 2000). X5
IZ, Siu and Alway (2009) 1%, fiZHEIIZZMIL THLMFHMECIB T LH —D7
A=V ZAFAEITERL TWDZEERR L. B HALICE DT Rh— v RIT LD/
OB, TR AL DR EG/ NS EDZEN DR /7B A AN RE
720, RN EM D FIINDIENZZOND. LIehi> T, FERIFICE D ZE
HEFHIZB W TOEON K Z BE LT RN — ADORAENTHEINS. 2, bE
JRIGE R OINI L RUTICRBITDBEEE R 2N 70T 7T AR — AR AL RSN
T\5 (Stark & Roden, 2007; Peterson et al, 2008). L2>L7235, ZiubHDFEH
IR OV TIARAZR SR Z WV ONRER TH S,

BUE, BEPRIR ORI REL THRO AL CWDEENEIEL, A EOK T %
HAE LA EMER L TR0l 70N FEAE THS. Usui H (1998)
1T, 2 BBEIRPBE ITINT, 30 43 MIOOARGREE 7R B #5 HUEB) A3 A > H R oD 1
PEEDA T A b HE WA Uic. E7o, ARG We R MEIEB) D 05 R I3 7R FB 3 D S
BRI RB T DHARN ZURIRL ~L O, f5IEEER{LAE /I ORI, MM
BOWMES| SR T ZENERS TS (Kim et al, 2004) ZEbHIpEL ~ L
DHEFFICH N THHZEDIRIBS LT,

7, HEEINA BRLLIEBL T IOV THEERRSILTWS. /5 8%
HREL7-RL—=71%, GLUT 4 (glucose transporter 4), 1> AV Z K, T

KK+ Tdhsb Akt DXL VB EEZBEINSEHZEDNRENT- (Holten et al, 2004).
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LL7235, Katta B (2008) 13, BERINT v OB 26t RIZL AL AR —
=V T HRBARTUIAER, 20 DG fRIEER 1T o MAPKSs X° p38 # 7T 9 52
EaE LTz, ZOIONT, BEIRIAEE o R & U CEENR AT AT ANHIL T
D, B OFEDFhZME T D BHEREZ B L LT-L DAY B B RE ~K

ET R DRIZOWTL, RIEAZRE S Z 0,
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%2 FE Bt B R OHHERE

AR DEARR I T DHINIE, FE 2 DAL AW ELRY, (L2, BT
WIS T DR EFFOZENMBIN TS, FIRTEEN A E T ThO B, £
HIIR CHDIMEIC > THE ARSI, fh ORI E R -7 T RERY, FERERUHRFIEZ R
T, ZORERERHED — DITHHIAE I Lo THIESALDER 2 7R AR AR TR Al
AR THIEDRHIT OIS, HIHEIEL, A=KV, {KEEE, (BIAN REL T A
A RIS 5 T DIEBN AR A TH D, MRS L DB R, — &M

o

BI5CH DA O fEZ AT ST, MilaND CaBEN ER$52LT
A RRAEDVRIE, B AMIILOIRIE 2L O RAE RS O e T kG E 5 k3
0, T, BB HMRMET SIS, HfRAEDIEEIX, iR EIcAETDE
DTS, BHED — TR D72, FHfHED B AT BB LR 2 5L
PATED. MIASE - ML ARSI B DRE L L C, BB ks T rr I A
BHECID BOEBRET DI 7 ARN— 2 3BT, LU G, B O
15— AR RRICB W CE M THD MM 57 R — 2 2D B 513K
BINCSITORN, LTE3o T, ARIFSEE, EBIAR RZELRIFREG LT DA
BEAEICE B L, FRCZOBFE CTALDLT RN — T ADIEALZOREFIZ OV TH B
23 HZEa BELT.

WrERRE 1 EBHREMEHRETT LV OMEL
o bR e S B B A BN A AL, I S 4 5
c

RG22 B2 (iR 1). 361, IRARIC LB G 2/ 12
FOMREL (38R 2), Ty et QLT EEA R IREGET VLT 5.
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HIRRE 2 BHHBEET NMCBITDTRM—T RSB DORGE

F A ARG NI I B R G = U N v 2 IR I KA R G E RS,
WFEDT RI— AFAEITBIT DA OV TR - ita B 2725 (B8 3). 7=,
B — FARRICB T MM, BEONEMIO T Rh— R RE 2Rk - 41k
FRFEZHNOTHRF T2 T, LM THLMHMMECIIT D7 R — A F 4
DAEFZNERIZOVTHLNCTD (FEB 4).

WIS 3 KERRERIE TIZRIT 2= Ny ZIUHEIC LD

TR AR

T b OB & i 2 R G L FR R DM P ARER R 75 8 7 V2R L, (KR
AR TICBITF v My [ DO REF A A FH AT R — AR E B KL
ORI BARIERE B ST SISOV TR 97% (BE8R 5).

DHFERRE 4 BEIREREIICR T DT Rh— AR

FEPRIS L, BEACHNC 31T DI MERHE A HE< LRI B R B BRE O & IHEA B =
BT ZNEORREL THEOMERE, T72ROHMIEREEERRIEN RSN
TWDDS, FHIGHE IZ L DM & DIFTECHR G OBIEIGE (FFE 1R IER)
PIEFIRIE TH DL LB 2. L3 T, SRR 512 85 1 BB RIS T
WEERL, =3t My ZIUHES S RGBT 5T R — U RIS EEMRGET %
ZETHUERE E DIRFUESCH G R OEE IS E IOV THBENT TS (525k 6).
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03 E EBRGREGEETT VO

3.1. IUEEIZEEESSORER (528 1)

3.1.1. EHFEELEW

I OWHERERIE, 7TAY AN 7 (R, 2t Ny GEfEM), =%t Ry
(RIS, BIREIED 22T, 2hb 3 SOIEEFEAN 2 TEFN T
W5, =Xt ys (ECC) WL, TAY AR v2 (ISO) UHE72E O IfiEkk
RI0b, BHFENEL, WERARL 2K EV (Enoka, 1996). ECC IN##HIE
WERAARL ZIZEOFET (FLarT) LUz 5 ZIEOES O ELIRE DR
FAE OIS DR EEZ 5 ZR 9. 61T, MiRICEOMIIIED ftE, s T
¥ /L (stretch-activated channel: SAC) DBAfLAFHERL, Ca2 23 il N~
ATHZLET Cazhig i LR DX B fRlEHE (e, L3 AL) DiEM
BT 5. TOMRE, BEBIOCESMIICBITREREDHEELE ISR T2E
N ESN TS (Lieber et al, 1991; Proske & Morgan, 2001; Clarkson &
Hubal, 2002). ECC WA MIZEVFHRENFHFISNDER LU T, IHHEE,

WEE, [, FREEZREICBIT DR L OB GRS TnD. ZRVETOSETT
ST, HBEORE LM EIKFL TRY, MnLog| sk cffik
PEAM DD E, FBREORELHLIHZENMEIN TS (Nosaka et al,
2001). F7=, MRMEMHTEBIORIEITRAFL, B L <020 LEEE % O KT
HRELAD, HBEERELHEIMNT 5 (Nosaka & Newton, 2002). Sonobe &
(2008) 1%, in vivo E7 VIZHI1T%H ECC ILERIE L Ca2t DEFHENREIC SOV THRE

L7z, ZOiER, ECC [Ufg AATICRBITDEHAME 28I, AiMilai To SAC H3k
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O CazBEN LRI 22 %R, T7bb, MBEOREX, fHHEaR oE
B LDHHAENICI T D CaztiREE LA G L TWDs LR, LAl
M5, ECC IUAREIZL AR EEIA O BIEE I DWW ORLIZEN RLIT A 720, LTzdo T,
SR 113, ECC IR AR IZL 2 BARDIGHE R LR GRS OBIREZB LN T 528
ZHIELT.

3.1.2. HiE

3.1.2.1. FEE#EW

ARSEERIZ, 13 HiD Wistar A4 A7 vh ((KE: 285 +/- 17 g, n = 40, : HA
SLC) #HW =, +_XTOTvME, FiE 22 +-2 °C, B 55 +/-10% T 12D
R A 7 W ZE SN TWAEF EICBWNT 1 DO —IZ3 ~4 LT S F L.
fEEKIE, 22N A HEBEIREE 2. RFFRITERUEE K 7B ERRE B2 O7KGE
EFFobOTHY, 2 TOFBILE I TAFE Y FBRIESH Al > TiTh iz,

3.1.2.2. ECC WHg& 7 ahaL

ZyhME, XUhre g — YA (70 mg / kg, ip. K AARREE) ofFpe
WG LD MEE TIC, /NEEE A GTELE (RU-72 1 : NEC AT AWV AT
A LR) ZEEL (Fig. 7T-a) . EXUIHZEE (83F46 : NEC =) &ML, 4
RIS E (tibialis anterior : TA) & Lo oFmEMm (Ehe—kK, A-50: HA
JeEB) AVTESRMNE (VALE ¢ 4.0 msec, % 1 100 Hz, #IFEHERE 0.7

sec, FJE © ~ 10V, Fig. 8) [ZXV A TA iz i Kisfa S, RIMBHAAS 0.2
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oI BER %A 120 degree fififESH2% ECC UifE4a 3 B EIZAMTL, 1~100 A0
WHEZZnEniiL7- (Fig. 7-b) . 7vbX, 7 2O/ —7 (n = 4 — 7, each
group) & ECC INH#IZI1F DA LI HEL7= ECC 1 (n=6), ECC 5 (n = 6),
ECC 10 (n=7), ECC 20 (n="7), ECC 30 (n=4), ECC 40 (n =4), ECC 100 (n =
6). xR, IUiEA ARTSERWAREL, BRERZIESIEE IEE L TR 7 AL
HafiTo7z.

3.1.2.3.  FHHRFAOEEAM

ECC & 3 H1%, BiEE T ICB W Tl TA &L, S (hkin) 25
FNZet U CHREICEIVERER U7z, AR e EE 4] (Tissue-Tek. O.C.T.mi /3wy
K, 4583 : SAKURA) # AT, IRIRERIZINBHILToA Y U2 A THiE e
ZRiL7o. WkE 7k, 2UA 24y (CM1510 : LEICA) (28> T-20CF T
10 pm OFEFHEYEALL T Vara—T 4 T ATARHT A (s-9441
MATSUNAMD (Z#2& L7z. G ORI 72012, kA 1E, ~~hF U
—TAVy (H&E) ERtzlill-. Zhbld, vl (RIEFEZE) [2XVE AL,

e EE (ECLIPSE : ESOONIKON) % W CHElIZ%41T-7-.

3.1.2.4.  FHm- 34T

MDA, EENENIDIC RS 3 AT GRE, Tk, RE, Rt =

2.13 mm?2) TR LT 21T -7, RGO RIEIE, BUSFL-fEfE &I 24 X

33 v A GRIETH 792 ~2; 1<% 30 um?) OB TEAKL, BAL LT

7 (Fig. 9) IZXWERL-. BEGHIL, KIEICI DRI, MREAE [
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(a)

DC strain amplifire electronic stimulator isolator

electromotor system /
: RU-72 model hotplate Mac Lab
(b)
surface electrode brace of knee
TA muscle
ankle axis of
rotation

Fig. 7 An anaesthetized rat in put in a dorsal position on hot plate (a), and a
knee and an ankle joint are fixed (b). Muscle contraction is induced through
surface electrode on skin after epilation. Joint motion is performed by motor by
an electric control. Torque is recorded with strain gauge incoporated in motor
part.
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(a)

electrical

stimulation
(b)

degree of 120
rotation degree

(c)

torque : S — \

(d) ) 3 sec -
time of
torque ISO ISO
element
——p

200 500
ms ms

Fig. 8 Experimental protocol of eccentric contraction with electrode stimulation.
(a) electrical stumulation; 100 Hz frequency, 700 ms stimulation period i.e. 70 pulses.
(b) degree of rotation; 120 degree, (c¢) torque by ECC contractions, (d) ISO and ECC
torque elements contraction times (ISO; 200 ms, ECC; 500 ms).
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Fig. 9 (a) The damage area at 3 days after ECC contractions. (b) Black grid areas

are damage areas in TA muscle.
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S Hifa, MlROFE, EEof e AT oMIEERL, piraeiTo7.
ARG, R8T DGR AR T ORIS TRHMEL7Z.

3.1.2.5. HERHLE

AREBRIZBI DM RIL, FHME +/- 2R~ (SD) L ORL7Z. BRI
X, — TR E OSSRy 72—t L AL B LA AV, 708, 5% ATED
CRRRAE A B KUEL LT,

3.1.3. R

ECC UG & faf O fpffkCIx, HERMAROIRE, BX ORI IE 2L DRAEK
jnaBlEsNnT (Fig. 10). HEARTFOXH ORIV T, RIEIGE 3B
STz,

ECC 1, ECC 5, ECC 10 (238175 TA Wi OB EREE L, 3.9 +/- 1.4% LL N Th-o
7. =D—J, ECC 20 (49.1 +/- 6.8%), ECC 30 (60.6 +/- 3.6%), ECC 40 (53.7
+/- 15.6%), ECC 100 (65.7 +/- 6.1%)I23B W\ T, RGO THOHRIE, A

MR IR M E N R PH CElZEs - (Fig. 11). ECC 20 (%, ECC 10 &L C,
AREIIA B2 (p < 0.05) Z g ZENBE/RoT-. F72, ECC 20, ECC
30, ECC 40, ECC 100 OFEHIZ B IT DB EHEIG 1B W TH EZILADILR) T,
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Fig. 10 Light micrographs of cross-section TA muscle for control (a), ECC 10 (b),
ECC 20 (¢), and ECC 100 (d). Bar =100 pm.
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Fig. 11 Percentage of the damaged TA muscle fiber area by ECC. Results are
expressed as means +/- SD. ##p < 0.01 vs. ECC 10.
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ZINETOATHISED D, ECC IUHEIX ISO It e Do IUkEkk =& ik LT,
LW BEZFEITHIENNOIL TS, FfREIC B T A RIERE O EEA T,

i

RRFHERN O Ca2tiRJEN EH 322 LICERTHEEMIN TS (Gissel &
Clausen, 2001; Allen et al, 2005). Sonobe & (2008) 1%, in vivoET /LIZEBWT,
ISO HHEAM ClX CaZDOFEFER V7203, % HRIVIZ ECC ULHE A O FHHEN
? CaZH B TNGHEIEBUKAFL T EF-$2284R LTz, 37205, ECC ILiED[HE
AL TR E N 2ZRITIX, CazDHEENFEL-L T\ oHob L
V. ECC IHEIZAn i D EE7%5% 35 (Lieber et al, 1991; Friden &
Lieber, 1998; Clarkson & Sayers, 1999; Proske & Morgan, 2001; Allen et al.,
2005). FHtfiIZIIT DR E L, MoRSEERD IR LT, FHETRIH IR
DHIER LTREEZFE 3. e AR IR 3 Z & Tl R ORE DS RS T REMED DS
D1, MREREIZRIET D SAC ORRILENELRDATREENRE 2 L.
SAC DBLEN DI Lld, Mlasnson Cazt it A3 LS L, M o
Ca2RED LHIZE 5%, 70 b, ECC IUEA#0ik 4 24T, MildN Caz+jiz
FEITMH RIS AL, ZU T E G REER THD IS DIEMEDRMeS LD
(Armstrong, 1984; Clarkson & Sayers, 1999; Proske & Morgan, 2001; Smith
& Dodd, 2007; Warren et al., 2007). L2>L72A3 5, ARFEEROFE B CILIHERIEL 10
[F1E 20 EIOMICHEEREDH BERAERNBHLNIZZEND, FHEEITT DRED
AL RIES V. T 70bb, fMlaN CaztiRE, HLUE, I/ A Az ST
DRGRMENFET Db Law,
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3.2. HBEDORAEEN (B8 2)

3.2.1. HERELEW

EBAFEIEF G L, AARAEC I DM IS O B 38, FhsRMEDTRIE, & A
JaD R DRIEE 5 &R T (Friden & Lieber, 1992; Takekura et al,
2001; Pizza et al, 2002; Kano et al., 2004) . fifiEDEEIT, Ml ERIE
UoHDOTIEeL, MkiED—H 3 L5720, AhRkHED FFA I/ 7B 1H L i
R HIENTED. SRS L 28 EIE, W< OMEICL DL, — MG E L O
FIRRHEIC B W TRIEZF R LT WIERIBEN TS (Lehto & Jarvinen,
1991; Kirkendall & Garrett, 2002) . —J7Cl, in vivo T /VIZBITAH#EEL,
FIEIZ I WTEL G ERZESND VO mEbHD (Pizza et al, 2005; Baker et
al.,, 2007) . IHIZ, Lovering ©H (2009) 1%, TA 23517 2 IUHEARTIZED, Hik
IR DAL NT CTRHBE N AETHIEZHERL T0D. 20X, ZRETO
FATHFZETIE, BIHEIC RO FE RSN HREOREIZ OV TOHERIZ—EL T
720N,

AL, 1 EOETh =2 —a b2 U IR KA A 521 OO D IE BN AL 41
SR AT D, BEEAICBIT D EA L WERBR LT, EE AR TL

BN AL OB B Y — U ATEORAL, ZHUCEY R EIZI T A A AL OFE
ENEZDEEZLND. FlzX, MEEIHE & ESRIEIC L DIGHE TIE, fsiEics
(DRAY0)]=Pav Seahag/ae A S S el 1 2 711 Q1=K 2 3 DLAN I RN EE W Y G )] = P
BV WD LR, 22T, REROERET VBT DA HEEG O

\uﬁ:
\\v
\II
\2

RS A O T ANENDD. LIz -, FEbr 2 Tk, ECCIUEa A
~ TA #5 D ERIZBITHHHEED FTEEZHLNZTHZEE BT,
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3.2.2 i

3.2.2.1. FEE#EW

AFEERIL, 13 #lHD Wistar A4 ATk ((KE: 237 +/- 1 g, N =20 : HA
SLC )% A=, fE HIETFER 1 LREREL.

3.2.2.2. ECC ¥~ ab=

ECC IR AL, EBR 1 LRIBEO T ah=L TITo7-. EBR 2 TlX, FEBr 1 OfE R

%7515 C ECCULRTIH 40 I BELARTAHEL 1. RIIE, IURE% ARFS 7R,

ML, BREBRICERLLEIZRRE L TR R LB 21T -7

3.2.2.3. HMkFEAIREAR

ECC &1 3 Hi%, Bl TI2BWTHE IO TA i 2 Ui (20%), F 93 (50%),

EANLFED (80%) (2 EIL, A HENL A2 Rl Mz L CEREICTVER->72 (Fig.

12-a) . EEELL7=@ 0o 7 ik, FEBR 1 SRARICEGRS %, H&E Yuta il 7-.

3.2.2.4. S 3AT

ARG AT, BEALICB W TEENEWLSICRZRS 5 EFT anterior (P1),

medial (P2), center (P3), lateral (P4), posterior (P5) Z#xi LT & 1T-7- (f&
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s N
g g
= o

Posterior

Fig. 12 Schematic drawing of the rat TA muscle showing the zones sampled for this

study. (a) longitudinal analysis positions. (b) cross-section analysis position.
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AT EFEHDH = 3.55 mm?2, Fig. 12-b) .

fRE, BUS U AR E1412 30 X 40 v & (Faks 73k 1200 ~ %31 A 18
X 18 um) D& - H B, RAL NI T4 TRV ER L. BEHIT, £k 1
ICTCERLIESMFOL LTSIV, £, HEROMHTIZEESR 1 o7 ahaL LRk

\ZAT-o77.

3.2.2.5 et

FhR 2 IZBTDMEHREIL, EME +/- fEERRE (SE) ELORLTE. BERLLERIC
L, — LR E DT EY =7 2 \Z DS B A V=, 7038, 5% R DO fER
Re[EKELLT.

3.2.3 HER

3.2.3.1. RHh7MIZRB DA EGORERIS

ECC i 8 A& Ok CI, HERMIIRDIRE, BLOMIRROZRIE S DF L
RIEISE NS, AR O IRIICBE O TR, BRI RSNehoT
(Fig. 13). Bl J7 Ikt DA RO RIEISENL, FhL, HI, mAO2TICE
WCRIENE NS, BIEEIEIL, A0 22.0 +/- 3.8%, HJei: 26.4 +/-
3.9%, WALER: 17.7 +- 5.2% THY, Mt FHICH B2 RITR DL T

(Fig. 14).
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proximal; position 3

TA muscle

3

distal; position 3

Fig. 13 Histological damage to myofibers after ECC. The micrographs shows
cross-sections stained with H&E from each position of an injured TA muscle.
Bar =200 pm.
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Fig. 14 The numbers of inflammation myofibers were quantified at proximal,
middle and distal position. The data are mean +/- SE.
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3.2.3.2. RGBT ARG EIS

o AEL R D REIT IR 30 1T 24 SR D R R G 1%, RIEH (P L3 2 &Pl
(P2), HuiHy (P3), sMAI (P4), & (P5) THEICHEWMEZRLZ (p < 0.05,
Fig. 15). 3Thr, ok, AR IT 5% P1 ~ P5 OBEEIGE LT 5L, §_C
DIEALIZIBNT PS5 TR CTh-o7z. o, I8\ T, PLIZBIT2EEERE

PMLOFAL LS v V&< L7z (Fig. 16) .

Zvh TA 23T ECC UL Vurhr, F I, @il COFBREG DI AT ER
IEERD LIV T2, LL7Ze35, Lovering & (2009) 13, AUNAE A Mm% 2 KFHE,
24 FEf, 7 HOZvh TA BziBacnl GIAr, W, mAr) (SR s 1k
(MRD ([ZEVBEGEOFMEIT-72L2A, WHEAM# 2 FFfH, XLV 24 Ff# O TA
AN BN THRESIENAFICNT TRIEIGE DBIEES NI, SHIZ, =T )L
— (EBD: evans blue dye) Bl GEIEEOEBEIZIVME T LTI EREEL
7= EBD 235 Al AL D 2026~ A LA MR 23 Y S A7 i) 12 K2 AEA
(Lovering & De Deyne, 2004; Lovering et al., 2007) ®O#fE5%:, TA O i<
VI DAL L L L T BB NE R LT-. L7223 >C, Lovering & (2009) % TA
A k3 2 E 23 A I W T, A L0 RIE S EFH R T H L%
BLTWD. RFEBROMRL—-E L0 >7c 2 OEREL T, FHUHEAR O 7 aha
WWIRRILDHZENHIT HID. WHEIZ IS5 /2 B O R EEFH N AR EER D 7 mhar
(120 degree) L% Lovering & (2009) ®d7'mh=/LClI/hEW (80 degree) . &

A FEMER RGO SRMTIL, W5, MR, R, e DRk 2 7 BN EE 5L T
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Fig. 15 The scheme shows the region which evaluated muscle damage on

cross - section. Bar =50 pm.
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% muscle damage

proximal middle distal

Fig. 16 Stacked bar diagrams showing the percentage of muscle damage in
each muscle field (P1-P5) at (proximal, middle and distal position).
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WAHZEDERISN TS (Nosaka & Newton, 2002) Z&05, iR &R FHOE L
RIESE DI EE KT ZENEBZLILD.

TA fOIAL, TR, WA IUT DIHRHMESZ A 71X EIEFHRAME THDDY, IEE
(IEWRE S (P3, P5) TIXEMMMED HD2EIG A& (Torrella et al., 2000).
AREBRIZF51F % ECC A LD BEWT 72 5B BIREAR Ti, WAz, Fie, w4
TTP2~P5, 7720 bRBERNICI W TBE R RIEMAE N BIZZI . i
MeS A7 LIEENFE I MR R G O BIEMEIXAO TRV, KEBRET VIZEITD

FRRMEED B X2 — U MBI E L CWhBA0 s LRV,

3.3. EK (EB1,2)

REBRTIE, FvrOBEBERG ARG LT, IO EE D BT RIET 5
B X512, BHEEICBIDREICOWTIEREZEICEBELREEZITo 72, Ok 5,

LIF Oz R ZA572.

@ ECC 1, ECC 5, ECC 10 (Z#1F2 TA FioEERE 3.9 +/- 1.4% UL FTho

7= (Fig. 11).
@ ECC 20 (49.1 +/- 6.8%), ECC 30 (60.6 +/- 3.6%), ECC 40 (53.7 +/- 15.6%),
ECC 100 (65.7 +/- 6.1%) 2B\ TIE, MRk ICRBIT 2 RIE - BB B2 S, &

LWMEEEIAZ R L- (Fig. 11).

@ ECC Ui 40 [N LA EEIE, TA BB DIALE (22.0 +/- 3.8%),

1 (26.4 +/- 3.9%), WALES (17.7+-5.2%) TlIA BERZEIT ) -1 (Fig. 14).
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@ FAAWTEN ST DR G RIEE, TREDRETIZI WV TELWIIERR )
Bl RETIIBEGORAFIG IR -7 (Fig. 16).

ECC 13 20 [M1 2L A2 K0 EERE MR R G4 758 L, 10[RIEL T CidA
ENFEAELRNZENHB Lo T-. LT, ECC I I AR, IUHE
[EIE 5t U CRRIMEDMFAE T D2 EAVRIBSNT-. F72, TA fHZF25 ECC Ui & fr
VX, EALES, TS, AL IR AR R IB G AR E T D2 EAVRS L.
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B/AFE TR AR MEEIHICBITANHEARIZLD
TR R R (B 3)

41. EHFEELEW

ECC Wiz &b 720 @)% OF I MIZIB W THRED R AT HIENMHILTND
(Proske & Morgan, 2001; Clarkson & Hubal, 2002; Kano et al, 2004; Kano et
al., 2008). ZOIEBNFHIEME R LA BRHEBGHIAE E D AR EA £ U HZLITINZ T,
B BRAE DI NP RIE 2 L b R o Te i A SE A 5 | S - ZEABBNIZESN TV D
(Armstrong, 1984; Clarkson & Sayers, 1999; Stupka et al, 2001). #lfusEIx
TEREF R B IARITHE B 37508, R/ — ADOMIZT Rh— AEFEE NS DNA
W A bz L b 220 M SETZ BB SMFEAE T 5. 4R, EEF MO MHBERRIZEAL T,
DM FRIZES TEREHOT HRR— ZAFAEIZ OV THESN TS (Sandri et
al., 1997; Podhorska-Okolow et al, 1998; Podhorska-Okolow et al, 1999;
Arslan et al., 2002; Boffi et al., 2002; Lim et al., 2004; Podhorska-Okolow et
al., 2004).

5 WS HfE 5 0D A% A PR A R E I T AR R 2 D BRI 2 o TH/RY), H71Z ECC X
M BN TIE ISO IR E Dt D UL AR AL e L THRGREE T8 TH D
(Armstrong et al,, 1983; Friden, 1984; Friden & Lieber, 1998). ZILE TD AT
WFFE T, BEEERMET R — 2 AT — @O R A EE AR AR ELTZHON
%\ (Sandri et al, 1997; Podhorska-Okolow et al, 1998; Podhorska-Okolow
et al, 1999; Arslan et al, 2002; Boffi et al, 2002; Lim et al, 2004;
Podhorska-Okolow et al, 2004). IUHERkALEEBGE I T Rh— 20D AR Z

R AT 72< (Biral et al, 2000), IWHERER OB W EFHEEDOIZEEIZ SV T
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HDIZSITORY.

F7o, BENCIDEET, BiEE L Tz W Tflsns (Clarkson &
Hubal, 2002) t45fii& T 5. Komulaine 5 (1999) 1%, 7 DX T BT
=V PRI BRENRA ALV AACB W TURNWZEZRLTEY, TOHERELT,
AADAERNIZBIT DA T 3 BlAREL TS, =X r T, ik, Bla+
FEEL, A, DR, i EOMERFIZBI 5L T\ % (Tiidus, 2005; Tiidus et al,
2005a; Tiidus et al, 2005b). 3725, =AM AL, MIRLE, MifE, Z~0/F
M (Nadal et al,, 2001a; Nadal et al., 2001b), <%, #ifa{t/EH (Moosmann
& Behl, 1999) 72X OFEREIC LM T D IRE S A A T DL RS TV a.

PEFEL T ARE—2 A2 DV THE, Stupka & (2001) 2SEE) % OB AR IZINT,
TIRN— A 2 R E TS Bel-2 ZE B LIZEZAMENELAZ LA L.
F7z, EhOHE R G E LT ECCIFEAME TIE, 7L T F ¥ —EBL gk
DA L TR B WD TRLWARE R ALY, 24 FFEIZRIZISWT, TR
N ZADRHETHHW L DNA OEF &I B L EBIRVMETH 72, LinLzsis,
B 6 IE[E 14 D Bax / Bel-2 ratio 13D HA BAR A RLICZENHESILT
W5 (Kerksick et al, 2008). 372bb, BHEHIZHITLT Rr—T ANEICETS
ZIVETOR R TIX, HIEHED LB L CRARE CTIEF B RADHD, 7
= ADFAENZ BT HMEZE DN T DDA =X LD BB THD.

LLEDZEIY IR 3 Tid, 1) ECCUUHMEFR LU ISO UEH DOF ki IC I TR
BT RN—V RSB NELD, 2) TOT Rh—V AREINIMEZEN HHIDEOH T
#3C, Ty et REUTGEERERMEMBGET L (B 1, 2) W THRGEELT-.
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4.2. i

4.2.1. FEBREWBIORIE 7 b=

ARFBRITIE, 13 HlinD Wistar 7k (KHE A4 A: 283 +/- 24 g, AR 166 +/- 7
g, N=23: A& SLC) #He. Iy hofE kX, EiR 1 LRERO 7 bzl
7= 7=, 1SO UL, 8 1 128175 ECC WD BXHNM SO (iR
0 degree) ZHE 957 mha/Li L7z, ECCIUHE, BLONISO UUHEDEIEIE, 44,
AREBIZ 20 FNZRRE LTz, AR AREGIZa ha— L (CONT) &R ULHE B A fE
ZAPHL, SHIZECC IR H N ISO INAE A mit, 1IEHEE (1H), 1 ARE (1D),

3 A (3D), 7 HEE (TD) ® 4 7/ v—F (N = 4—6, each group) (4317,
4.2.2.  SHrHEAE
4.2.2.1.  FEHHR YT

G AT RFIZ B A REIRTIT O T A2 L TarBa—4%— (Power
Book. 1400c/133) LfEMT#EE (Mac Lab/8s : AD Instruments Pty. Ltd.) (2CE
=H—L, 7k (chart 3.5.6/s : AD Instruments Pty. Ltd.) ZHA W CEEL
7. ERANMIC X DR L, FLEkS TR DO R KIEZ T, mN-m
(R L= % 7 ey b Ui, AT RE8E, ECC IAE, BL O ISO INAEICBIT 5% 20

[ DA FE AR ) L LTZ.

4.2.2.2. RGBT LIEEREREHE
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4.2.2.3. TUNEL £ (TdT-mediated dUTP-biotin Nick End Labeling assay)
T IR — A DA

THRN = ADOALFER R EIL, DNAB ZAREHOFEXIL Y — L HAL
(180-200bpDHEEfE ) THY, 3°-OH THIWISILHILETHD. AT TIL, Mk
FH 72T IR = ARl LT TdT-mediated dUTP-biotin Nick End Labeling
7 (TUNEL %) 12557 7k DNA K% i L & 2117,

WM IZ AT A AT AR E /T 7 4 )V BT VT ERVEIR (4%, pH 7.4) 2=k
(2T 20 SRS EARRREE R, Vo MRt dEiaik (0.1M, pH7.2) (T THEHL,
WER L KIEIK (0.8%) 1[CkD7myX 7% kL 7= (30 min, RT). TUNEL %28
75 DNA Wi Fr b o+ T AE#k1E, #H s (MEBSATIN Apoptosis Kit Direc,
Co. 8445: MBL) O7 mha/UZL7hi > CHMFRIQLEAIEIC RV RE L7, KRR
T, SBEEFTHIC #2712 VECTASHIELD Mounting Medium (H-1000:
VECTOR) MW THEEAZE AL, # M (CKX41: OLYMPUS) #fEHL
TUNEL JEIC LD T Rh— L ARG 2 B LT,

AT RGP, BB S EE LRI 1 RIEHT-0A AT 9 #FT, AAIT 6
T R R E LTS, MRS, TR #E (Penguin 600CL: PIXERA)
IZC 205D B AR L, BN 7N (Instudio Application) % FVCE]
a2 N ZHDIA AT B fEATIE, Photoshop Elements (Adobe) % VY,
H&E Yl sz Ro LA ERnn, O BEZMHER LI ETT RN A5
FEBLI. TARM VARG SE BAL RS (mm2) H7-0ICHEL, SFEFICE
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W HBIRE 1T o 7.

4.2.3.  FAHALEE

FEROMFEIL, FHE +- R (SE) LU ORL. RO ECC #E:
ISO HED Ll 72 ONIMEZED FBI I — It Bl [ O 3 AT IR0V, FEZR p fE
PELNT-LX, Fisher PLSD VEICEN 7 LV —TF DL BB A T-T-. 728, 5% A
i D fE R A EKEEE LT,

4.3. HER

4.3.1. FEIHIE ) E R RS

A BT R O 20 [BIOFSFER T ORERHEIL, AR, AZAEHIZ ISO #ELYD ECC
M EEEZ L7z (Fig. 17-a, 18-a). 7=, ECC RO FHHIE 1%, AA (58.9
+/- 3.87 mN-m) kWb F 2 (76.9 4/- 4.4 mN-m) I[CBWTHEICE)»T- (Fig.
17-b, p < 0.05) 2%, HNLHEIFEL7=VDHET] (4R 2.08 +/- 0.15, AA:2.39 +/- 0.58
mN-m / mm?) |JI3HBRZERIBESN) -7 (Fig. 17-¢). ISO FHIZBWTH,
BENNFIAATOA AR TEVEZ R U(Fig. 18-b) , FHRIEE T, 42 TiE
BCEoTe (KA 7.77 +1- 0.96, A2 5.33 +/- 0.66 mN-m). ISO UUHFEIZI1T
DHALHEFE S 720 D3RS (4 A1 0.21 +/- 0.02, AA:0.24 +/- 0.05 mN+-m / mm?2) T
IIEEAETALND 5T (Fig. 18-¢).
FRIAEATT 1 RefIAD 7 ARRICHIE L7 TA i (FiBar) o fh R FE L
ECC 72 HONE ISO YA DA R, AR TR B 72722 B SFERD H/an
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Fig. 17 An average value of 20 times of muscle contractions. (a) The peak
torque of ECC in male and female. (b) absolute value, (¢) value per
cross-sectional area. Values are mean +/- SE. *p < 0.05, N.S.: no significant.
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Fig. 18 An average value of 20 times of muscle contractions. (a) The peak torque
of ISO in male and female. (b) absolute value, (¢) value per crss-sectional area.
Values are mean +/- SE. *p <0.05, N.S.: no significant.
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Tablel. TA muscle cross-sectional area (mm?) after ECC and ISO
in male and female rats (n = 4-6).

CONT 1H 1D 3D 7D

male  33.4+15 ECC 358+30 36.7%+22 37.8+21 42136
ISO 322%23 36.6+21 36.0x18 379%+24

female 24.8415 ECC 231%£21 257+1.7 23.6*x1.7 249+26
ISO 229+22 248+12 21.0+16 23.7x1.6

Values are mean +/- SE. ECC, Eccentric contraction ; ISO, Isometric
contraction ; CONT, control; 1H, 1D, 3D and 7D, rats 1hour, 1day,
3days and 7days, respectively, after ECC or ISO.
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-7~ (Table. 1).

4.3.2. GRS DR

ECC Ui, XSO IHE 3 A 1% D H&E YLl LD O BIMEE mi g2 7~ L
7z (Fig. 19-a, -¢). ECC I fiF 3 H DA ADFHMARIZISWT, Hhfifo 7 E,
FMERORE, FRG MBSV, L LRD D, AR TIIA A TRIES NI R
TESSZ R MR T LA E DR otz ETz, ISO IR TIE, A X, ARE
HIZ ECC Ui TRONIZIH 22 la 0B G138l s /2 ~72 (Table. 2).

4.3.3. TIRM—IRFEA LR 2L

ECC Wi, BIXOISO Ui D7 AR h— A% (TUNEL-positive nuclei / mm?2)
OFAEBE - ERE L (Fig. 19b, -d). A AO R TIL, ECC IUHE A firf
(CONT: 0.25 +/- 0.14, 1 H: 0.80 +/- 0.16, 1 D: 0.74 +/- 0.24, 3 D: 2.61 +/- 1.08, 7
D: 2.34 +/- 0.89 TUNEL-positive nuclei / mm?2) 2 ISO U¢#E&fr (CONT: 0.25
+/- 0.14, 1 H: 0.09 +/- 0.05, 1 D: 0.54 +/- 0.45, 3 D: 0.18 +/- 0.09, 7 D: 0.38 +/-
0.24 TUNEL-positive nuclei / mm?2) J0H 7 RM— ADFEAENF BITEHNOIED
RENTZ (p < 0.05). ARTBWTY, TR = ARAEEIEIL, ECC ULHE A fif
(CONT: 0.15 +/- 0.09, 1 H: 0.17 +/- 0.13, 1 D: 0.40 +/- 0.19, 3 D: 1.72 +/- 0.27, 7
D: 1.06 +/- 0.54 TUNEL-positive nuclei / mm?) 7% ISO I¥ffE& i (CONT: 0.15
+/- 0.09, 1 H: 0.27 +/- 0.19, 1 D: 0.15 +/- 0.08, 3 D: 0.86 +/- 0.64, 7 D: 0.15 +/-
0.08 TUNEL-positive nuclei / mm2)&H#E L CHEIZHIML TV = (p < 0.05).
PERFRY2 7 AR — 2 AFE AT, S IRRFL L THATIZ 3 Hi% (p<0.01) BEOMT

H# (p <0.05) CTHERBMMHZESNZ. £/2, AAL 3 HEICBWTAREITH
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Fig. 19 Serial cross - section in male (a, b) and female(c, d) after ECC in TA
muscle. H&E staining (a, ¢) was performed to examine the histological features
of muscle damage, fluorescence staining (b ,d) for myofiber apoptotic nuclei by
TUNEL assay. Bar = 50 pm.
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Table 2. Morphological findings in TA muscle after ISO and ECC in
male and female rats.

CONT 1H 1D 3D 7D

Male - - - - -
ISO

Female - - - - -

Male - - ++ +++ +
ECC

Female - - + ++ +

-, no damage fiber observed : +, ~ 1% of fibers were
damaged : ++, ~ 3% of fibers were damaged : +++, 5% ~ of
fibers were damaged.
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L (p<0.01), 7 HETHLEWREBIENBIESNT (p=0.09). &5, ECC X
HEIZZAT RN— 2 DI AENTBNTIL, FADRAZIOE A EICE WL RENT-
(p < 0.05). ISO s COMER LERLIZEZA, e A BEZILZRO LR

7= (Fig. 20).

4.4, EB

4.4.1. WHEREE T Rh— A5 A

CHETOIATHIIETIE, — i E DR ANEEEN LT R — AD BB S ST
V5% (Sandri et al, 1997; Podhorska-Okolow et al., 1998; Podhorska-Okolow
et al, 1999; Arslan et al, 2002; Boffi et al, 2002; Lim et al, 2004;
Podhorska-Okolow et al., 2004). Sandri & (1997) 1%, ~7A® Wheel running
1Z8% 16 FEE 0 H FBIEEEN £ (2B 57 Rh— 2 25 & % TUNEL 1£4 O CTHRGE
L7zeZh, BIMET =0 7T EZE 6 FERZRICHB W T BRERUZ, S5
(2, EAIIROT Rh— AR OB ES) 4 A RICIHSWTHEINLZ, KL T,
ECC % D 3 B T HIZONT T, TRV AEDOIRAER LI (Fig. 20).
ARFERFIEIL, H&E Yetal TUNEL EICE D8 YD A G DI L > TT AR
— VAR RE L2, fhfiha, 62D N EGieO 2 e Ok
BT HZENREETH T2, LIz3>C, Sandri 6 (1997) OF5REIY, KFEHR
2L TRHHENTET R — A DWW O EMIIEIZ B S L T FIREME DS B
5. LDL7230, Kano s (2004) 1%, AEBREFEHKEOEE)IET /L2 T, ECCUIX

&

7 A2 ZHR G 2 52 1 50 0 O I E PR BB O SR 18 |2 R X7 B KI5
NN EEMEL TND. LIZD->TC, AEBROERT T /L8 M8 N EGIIE IS L
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e male o male
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Fig. 20 Time course of changes in ECC and ISO induced apoptosis nuclei.
TUNEL-positive nuclei per mm’ in ECC and ISO in rats. Values are means +/- SE.
*p < 0.05 vs. Male CONT in ECC, **p < 0.05 vs CONT in ECC.
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T BN DR Z 52 TP IR =V A& FHE T 2B NI DWW T ML RE O [ E %
SEXTCFEILLDSOROBRENLETHS.

ARFERIT ISO WHELVE ECC ULiEE DT ARh— AEDOFEBLEIE I BT E
A 7RL, A A ARG ICa b — LREE L U CUHE 3 B 4 1S Eeb B 2 A DV
g3z, ECC Ui, ISO UUHfZe & OO IAEEER I IR B K EL, FHo
AR FM oS 2 b2 4L (Enoka, 1996). Biral & (2000) 1%, 7> hoH
A BNT, ERRPIZLDHIGHE DO AR KD A T 4 D RIBET Rh—
IR — G T RIEL TWDZE AR LT 2L, M DFES /7B DIE SR
FERLELCT RV 2ZFHETHO TRV ERHL WD, REBRICENT,
ISO &Y ECC UUHEIC L DI FIEN B - T-Z DR 2R E 21, 3
2L, HAIRBEOBEEZ LT NIENE DD (Table. 2). LI > T, UL
BB NI AR EEIGOFERIL, TRV 2342 ECC It TI% ISO Y
MELOBIE CThoTCHEKDO—DThLHEBZEROND. £, BEVTIZH AT HIEMERR
FL, TRV AR T ZERHEIIN TN DH(Dirks & Leeuwenburgh,
2004). LML722A05, Boffi © (2002) 1%, 77 Ly RO —=7 24 K& OF
AFICR W T, MIBRELVL A EICE Y DNA WA EA L2, 1EPEREE L o
PRI RSN Te 2 e HE L T0D. ECCIUHEIE ISO I & bk L TRV ik
R LU DN, TOREORH = ANIE (Bigland-Ritchie & Woods, 1976). A
FEERET MZBNTS ECC WHMEIZRD B DT AR — ZFHE N FR(L AR ZAD
FDOEBIZEDHDOLITE 2L, WA AL BE B E T HIETHA

7.

4.4.2. TIRh— AR

AZADBREIHIL, AALOGEE R O TSI T oMEZE L2/ NSV, Amelimk
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5 (1990) 1% in vitro DFHITKRTL TELBIMIZ LD INME% O CK &4 ik L7-&Z
A, FARFARIOB A BN 722 % /R UT-. $£7-, Komulaine & (1999) %, &
NG = TRIZRY, MR RS SIS AAT DA AN TE LA EE -
HREELHAZEZWLNICL. ZNHDRFEL T, ZHERLVES DA s D
B G- HEHL QD =AM AR A 22 B S, ETIG MR DI A (R
THHMALIERAH S SN T % (Kendall & Eston, 2002). ECC I
(ZR DA MR~ DRI A N AN L DM S o R E D RREEDS, = AR OAF
RIzEkos TR, HREOREEZIMZ TODENL LIV, L7223 T, AR I
(AR AZ BT DG @, BN LD ARG A EZ LI AT REMED B 5
7259.

AREBRIZBIT DA AEAAD W FE 8TV OFFHEIE ) & ik LT f5 5, ECC X
B BIHHE NI e -7 (Fig. 17-0). L LAaedh, ECC IUHE#E DA A
DHDFHFAFRIZBNT, FHHIfaOFE (1 B#) &HMEROZEE L7 RE K
& (3 H1%) MBS, O~ TARATIIRIEIGE T EA L BONIe -T2
(Table. 2). [AERIZ, THRF—VADFAEICHLARBRENBDLNT (Fig. 20).
Stupka © (2000) IFErDEEGHNICIHITHT RN— 2| & R ETHD
Bel-2 OFBLEITHERENHDLZELFERL TS, LD END, EEfA %DM
BEOHEZEOERIZIL, TRV AORENE G L TWDIENEZ LN,

AREBRIZLD DO FFIHEA N RZB N TRAET DT R h— v R LR TS
FOF R AR LD IR ENEDFENBALNIE N2, TR AORATARICE
T OTEE P DOMER: P S RSB DV R o TV D EEZ LN TWND. LTIEA - T,
IR DT AR — 2 ABTELZ T E O TSR L O Lo C, EEE T AR

— U ADARNTOREINIVAME I/ Bbns.
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4.5. B

Fr 3 T, FABIPART Y DT RI—TADOHRELZEIF5H ECC [UEE ISO
WA D BAE T R BIZ DWW TIRGEE T o 72, TR RAIGE1E, ECC IAFRB L
ISO X#Et% D 1 KEfE], 1 H, 3 H, 7T BIZBWTHEIZL, TAHRM T RIE, LLFDLH7%
AT

O ECC WAtk TIL, R RIEZ R T SR OREIL, A TIHBIZESNTNR,
AAZ N TIHIEEAE BB h 7= (Table. 2).

@ FA, ARZYNMIENT, TR AFEAL ISO BE (A @ CONT: 0.25 +/-
0.14, 1 H: 0.09 +/- 0.05, 1 D: 0.54 +/- 0.45, 3 D: 0.18 +/- 0.09, 7 D: 0.38 +/-
0.24, A% : CONT: 0.15 +/- 0.09, 1 H: 0.27 +/- 0.19, 1 D: 0.15 +/- 0.08, 3 D:
0.86 +/- 0.64, 7 D: 0.15 +/- 0.08 TUNEL-positive nuclei / mm?) XW# ECC &f
(4% : CONT: 0.25 +/- 0.14, 1 H: 0.80 +/- 0.16, 1 D: 0.74 +/- 0.24, 3 D: 2.61
+/- 1.08, 7 D: 2.34 +/- 0.89, A2 : CONT: 0.15 +/- 0.09, 1 H: 0.17 +/- 0.13, 1
D:0.40+/-0.19,3 D: 1.72 +/- 0.27, 7 D: 1.06 +/- 0.54 TUNEL-positive nuclei

/ mm?2) [ZBWTHBEREMAED LN (Fig. 20).

@ ECCWHMEIZEDT A= AR BUZIB N T, HENRBOLNTZ (Fig. 20).

LI EDZENS, MR FAREG LRI E I 57 Rh— AL IS0 ILiE

J0t ECC A CTELBLIESI, E6IZ, ECC I3 27 R h— AR T A A
IZBWTHE THDOZLNHLNI R oT.
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BHE X N yZINMEICLABE —FAEBRRICBITS
TRM =T RE (B 4)

HOIKL D ECC WHRICE > THHEBAFHIESNDILTMEN TS, ZOEEH;
FEMERRREIE, FRRHERGIIAE & D B A A L DT LTI A T, fHE D I R E
Lo T i HIIEEEIEA B ST ZERHALMIEIN TS (Armstrong, 1984;
Clarkson & Sayers, 1999; Stupka et al, 2001; Clarkson & Hubal, 2002). Z#L
HORIENL, BCC IR 3 H&ZICE —2ITEL, 7 H H MRS AR~ BT
HZENFEfSIL WS (Armstrong et al, 1983; Friden, 1984; Friden & Lieber,
1998). X7 u— AL MG MHBMEDBREIL, M EDBRRICI T DISED
—H LTSI TW .

B, IR AR EOMBECHRHEL, BRrRfl#EZ L7 Rh—2 Rk
S>THRZEENS (Lockshin & Zakeri, 2004; Henriquez et al, 2008). 7Rk—3 A
Llx, Bin 77 mr T A& @ R hl SR 2 > T RE BN R 2 Il SE THY, 4
ERDIEA, HEFFICMEDEFREEFEL D (Kerr et al, 1972). iT4F, EEHZLY
FIHSNTHE LT BRI B N TO R/ — U ALFRIRFIZ T N — T ADFEAEDHE
£ XN %5 (Sandri et al, 1997, Podhorska-Okolow et al, 1998;
Podhorska-Okolow et al., 1999; Arslan et al., 2002; Boffi et al., 2002; Lim et
al., 2004; Podhorska-Okolow et al, 2004) ZERHLMNISIL WA, 72, ZhE
TOFATHIIELY, TR — ZDVEREAH I 1T DMl oo (b D R 2 il 3~ 5 B 2 7
TERIZEE 5L QDI ENRFERSN TS (King & Cidlowski, 1995; Asakura et

al, 2007). Bz X, TAHRM— RAFELTINFTH5 caspase-3 DIEMAVIL, HHHIZ
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BIT55bZE3 (Fernando et al, 2002; Hunter et al, 2007). £7-, Asakura
5 (Asakura et al, 2007) 1%, 553 LFFEK - CThHo MyoD 2HIFHIB LY, ki
BWTT A= AT HEE T 52 LM L.

L7235 C, ARFEBRIE, ECC IHEICLDT RN— A1, BHAICERITHEEHRE
DHIeHT AR O THIRAETHEVIGELZ LT ECC INAMEIZ L DIEBN %
PERFRIGT T VISR T S — RO FHRHER LONEIIC BT 5T R h—
VANEERABINTT DI HIELT-.

5.2. FHiE

5.2.1. EBEWE ECC IHE 7 ahan

ARSEERIZL, 12 B Wistar ZA ATV ((KE: 246 +/- 13 g, N = 45! HA
SLC) Mz, filE BLOECCIMEARTITIER 1 LFEERO 7 ahauic Lz iy,

ECC U AfrEEL 40 FICRELIToT-.

5.2.2. TUNEL 4035 kA8 s ks et

ECC I3 %, BRI FICTHZIERD TA fZfitiL, IKERICIVmAEISN
TeAY U Z e IO TS L-80°C TG IRF LIz, FREGIREIY, H&E Yozl
L, RAVIIT T4 T EEHWCTEREZ{T-7- (Fig. 21).

FH T TR WT I L OMEWT B A SumITERR LB A 2 LR S o, 1%
BSA (bovine serum albumin) &iKIZED 7 ayd 7 %47-7- (30 min, RT). /)

AR S 2 R E O RIEITIZ AN T 1% 1 IREUA; Anti-Dystrophin
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Fig. 21 (a) H&E staining 3 D after ECC. Damaged myofibers were defined as
those inflammatory cells with swollen (outlined arrows), swollen with infiltration
(arrows), and infiltration (arrow-heads) appearance. (b) The multiple central
nuclei can be detected (arrows) after 7 Dof ECC. Bar = 50 pm.
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C-terninal, Mouse-Mono (VP-D505: VECTOR,) (2551 F2X—132(1:30,
60 min, RT) #%, 2 k$1{A; anti-mouse IgG rhodamin-conjugated anti body
(RO207: Dako, 1:100, 60 min , 37°C) (ZIVIEFRL ezl 7z, AT 428
N ettt 7R AEDREIL, MEBSATIN Apoptosis Kit Direct (Co.
8445: MBL) @7 whaizLiz3vy TUNEL 41757, B AREIZ DAPI
(46’ -diamidino-2-phenylindole, H-1200: VECTOR) ZLAa4 % luL , =%
BAMEE (ECLIPSE E800: NIKON) 2 LBILEL 7. MfkElsL, HELRWE

218 hRdizh, £ig 3 &, e 3 @aTodt 6 FETA EEsIchh L (Fig.
22), BEEREEEICTOANM T o0 E Y%, TUNEL Y418, DAPI Y04 %
FNEIREL, BT HZETCT RN AORIEEAT o7, MRalEs gy
Zha 74 DPRANIAFET S TUNEL Bt L O DAPT 23 38 BLL TUVHRE % i il
a7 Rh—v ARG EERL, €E®mLE (Fig. 23). £/, WEMRT Rh—T 21T,
Dipeptidylpeptuidase IV (DPPIV) X Alkaline Phosphatase (AP)
—EY (Grim & Carlson, 1990; Koyama et al, 1998) (2L FHIME % [ &

L, TUNEL Gtttz L A LiEEa1T -7

5.2.3. TIRM—AHEIH L RIEDE R

TARI— A 2 7 E O TE L, Western blot EICE-TERELZ. fiHL
L, ATV F AR YT 7— (50mM Tris, ImM EDTA, PMSF) 1 THREY X
—hL, Oy BRI L % (8000g, 15 min, 4°C) & LiEE /L CHltfs iR
(-80°C) L7=. SDS #BEETICBNT, 12% RUTZULTIRZ VA& W TES K
B2 hWF T E RSV LTS S ERIRTARUICEID AL T L
(20V, 30 %3: PVDF: milipoa) (ZHEEL, 10% AFALIL7T7yF 2 (60 min,

RT) #4717z, ZD, THRM— A2 737'E Bel-2 (sc-7382: SANTA
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Fig. 21 [Equatorial cross section of rat TA muscle stained by H&E, TUNEL
assay and AP-DPPIV. Numbers (1-6) indicate the sample areas (positions) from
where muscle damage, apoptotic myofibers and endothelial cells were obtained.

67



Fig. 23 Muscle cross-sections were immunofluorescent-stained with dystrophin
antibody to identify the sarcolemma (red, a), fluorescein-mediated TUNEL assay
(green, b) was performed to identify apoptotic nuclei (light blue, d), and all nuclei
were labeled by DAPI staining (blue, ¢). TUNEL-positive nuclei (e) were found
both inside (f) and outside (g) myofibers. TUNEL-positive nuclei positioned inside
the dystrophin stain (f) were identified as myofiber nuclei, whereas other nuclei
located outside (g) were counted as endothelial or interstitial cell nuclei. Bar = 50
pm.
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CRUZ), BLO, TARM—VAEEH L/ 7E Bax (sc-493: SANTA CRUZ) #HiJ&
PUAS S IZEVRIE LT, M 5 151%, ECL plus Western Blotting Detection
System (RPN2132: Amersham Biosciences) %\ T Bel-2, Bax %t L
7o SN ANURIE, sPHREEZ FEHEL L C CS analyzer f#HTY 7 (ATTO) (2K
DT IAN — R AT o T

5.2.4. HuitiLEL

FEEROMFTREITEE +/- EHERZE (SE) ELOURLE. ERRM FeEICIE—oT
Bl O HATIZEDITV, B ER p E(p < 0.05)03F 51 724%, Dunnet 742
TN—TRIOLE AT ST,

5.3. R

5.3.1. RGO AR

ECC eIz Lo G L M O 5 A &%~ L7z (Table. 3). ECC U 1 H
%L, AR OERE (6.3 +- 5.7%) 7oL RIENBIESNTZ. 3 HZIX, A
FADRREE, AMERDOREIE DR Ta— AR E e B LY — 7 12EL, %t
FEREL L U CHRIGEIA S A IS (33 +/- 12%) L7z (p < 0.05). FAi@BfET
HOIEAN 7T B, 14 BRRITE, BEIZEALE BONR-T2D, FLEES D
AR NS FIEH N/ NSV AR (TD: 4.0 +/- 3.1%, 14Dt 3.8 +/- 1.6%) A B %%
iz (Fig. 24).
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Table 3. Percentage of inflammation and regeneration muscle fiber after ECC.

CONT 1D 3D 7D 14 D

inflammation >
fiber (%) 0.0+/-0.0 24+/-2.2 23.4+/-6.2 0.0+/-0.0 0.0+/-0.0

regeneration  0.0+/-00  0.0+-00  0.0+-0.0  45+-13 3.7+-14"
fiber (%)

Values are mean +/- SE . Significant difference from control (*p < 0.05, **p <0.01).
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Fig. 24 Serial transverse sections from control (a—c), 3 D (d—f), and 7 D (g—i) after
ECC in TA muscle. H&E staining (a, d, g) was performed to examine the
histological features of muscle damage, triple histochemical staining (b, e, h) for
myofiber apoptotic nuclei was used as shown in Fig. 23, and AP-DPPIV staining
was performed to identify endothelial cells (c, f, i). Bar = 50 pm.
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5.3.2.  FHHIIAE KOV R T AR — 2

XHHREE, BLOECCIHE 1 B % EEOFMIEIZINT, AT 4 D RIBITA5
N9, FT RNV ATV EOIEO A BIEESNT. ECC IUHE 3 HEZRETIE,
BHE IRV AN T 4 D RILT IR —V ARSIV, LU s, il afEo
FRERHL W=D, fiifila Ty Rh— A O B IO ERIFAATRETH 7.
ECC Ui 7 HB L 14 HEHHE, WDV PNIOARIE, LY, 0O HBLN
BRI ORI E T AT 7 Rh— 2 nlsishiz (Fig. 24).

RAe, 1A N AR T AR R — ARZC B T DR (k&R LT (Fig. 25). 48
15— PR Il tk, MREROZEbE LD END, TN Miat:
HIEVDOT RN—V A A E & EH Uz, ST R — AL, a7 R
= A0, 1 B THX 2.5 +/- 1.1 % (apoptosis nuclei / myonuclei) 13Z5{b737
BRI T=8, T B TR REEE IRERLC 7.0 +/- 1.5 % (apoptosis nuclei /
myonuclei) DA ERHEMN (p < 0.01) NEIEIN. Fi2, TRV ABEOIAE
X, FAESE T THLINMER 14 HETHREICHWMEZ/RLZ (3.8 +/- 1.1 %, p <
0.05). %7z, ECC i 7 AR OIMAE NEINBIZIS T 27 N h— AREHUT, o i
CLEERL, 7.6 +/- 3.6% (apoptosis nuclei / endothelium nuclei, p < 0.05) OHE
IREEIMA R UIZ0Y, iS00 ECC AR 14 H &I IREELRICL ~ L

(0.9 +/- 0.3% apoptosis nuclei / endothelium nuclei) TH-7-.

5.8.3. WA DHEWTHIZRFHEE T R — A

PR Tl BCC IHE 7 H %, 14 HH&RED TA fhaHEIcBlE T2k
X0, TR RBE AT OISOV CTREEL 2. MR I 2 e 7 R h—
VAR, BT T oBlgS e, ECC U 7 A %BEO T Rh— A1,
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TUNEL positive nuclei / cell- nuclei %

[l myofiber
D endothelium

10 - *%

o L.

CONT 1D 7D 14D

Fig. 25 Percentage of myofiber and endothelial cell nuclei identified as
apoptotic in control and post-ECC muscles at 1, 7, and 14 D. Values are
mean +/- SE. *p <0.05, **p < 0.01, significant difference from control.
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RO IDBIZITBIE SN 2o oT-. £, ECC U 14 HZIZHBIT DA
TR — AR, MOREE BT DA TRAEL Qe (Fig. 26).

5.3.4. TIRF—AHIEIA L RIEDF,

ECCULER BT DT R — 22 B ORI LA E B LT, 2
RJE Bel-2 1%, HEERETHS 1 AH%EE, 3 B&EE, ARRED 7 ARFEIZHN
TR (100%) JobZENnEh, -35%, -60%, -56% DA EREDVERLEZ (p
< 0.05). F7z, (REZ L /R7E Bax X, Ml A BIITmELIVR) 7203, 3 H
% (+88%), 7 Ht: (+51%) (ZHIL7= (p = 0.09). ZNHDFEFR LY ECC INAfE%
?® Bax / Bel-2 ratio I %, XfFELLEZL T3 A% (4.5+/-0.9), 7 H#% (3.4 +/-0.5)

IZBWCHERBD R DL (p <0.05, Fig. 27).

5.4. Z%£

ARFEBRIE, ECC IHEIC LD REGICIITDRIEM D Z7e BT, FRAMFR I i A
J7 Rb— ZABRFEATHLEYIO THOLMI LIz, SHIT, ARSI 255
B 7 AR N— AL, A FRBRAED TN TALE T D8 Tldzel, MIaEEE FiziunCal
g3,

5.4.1. FIEMIBT LML T Rh— 2

ECC IUHE# DIAEISENL, I afm% 3 A B TE—2IZEL, MldDB G 8

2R3 N5 (Best & Hunter, 2000; Henriquez et al., 2008). ZAVE TOM LTI
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Fig. 26 Longitudinal sections taken 7 and 14 D after ECC in TA muscle.
All nuclei were stained with DAPI (blue), and nuclei with internal
dystrophin stain (red) were defined as myofiber nuclei. TUNEL-positive
myofiber nuclei (arrow) were located in the subsarcolemma, but central

nuclei were not detected. Bar =50 pm.
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Fig. 27 Immunoblot analysis of the protein expression of Bcl-2 and

Bax. Inset displays representative images for control and ECC muscles (a).
Quantification by densitometry of Bcl-2 protein was significantly decreased
1, 3, and 7 days after ECC compared with control (b). Values are expressed
as the percentage of the mean values of the control. Bax/Bcl-2 ratio was
significantly higher at 3 and 7 days after ECC (c). *p < 0.05, significant

difference from control.
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ECC itk DB I T, RIEICEHE T 5L OB FRELDWME ST
% (Chen et al., 2003; Barash et al., 2004; Hubal et al, 2008; Mahoney et al.,
2008). Urso bl (2005), ErOE#AHIZI1TSH ECC ILAE 8 R 2 ICHBLT 5. &

TOBEETDIH 9% BT RN RAZHELIEL DO THHZ AR LT, RERIT,

ANSS

ECC AEFH T MR RRAET RN — 221 HIERED Z2 ] 7y fifRE L IR R AN D[R E
RATc. TOREE, ECC IUHE 1 AL TIE, SiflaNIZB W ThT R T R — 2
EBlgshiz. 3 BRICRDEELIREG LML, MIEOR#EZ b > T
W22 D A DIRIE LA FTRE Thh o7z, LL7edih, <O TUNEL BEERZ 3
M TV AR T 4 D RIBLIZE FT RISV, —fRAYIS, MifafgEs s
BOVAMNT 4% RIBLTZ P A 7 4 — 2 RIE LI mfl IR 58 & 2 b
TVDD, WL ODDORFFE TIET W= AL R HE DRSS R AT 5 AR L
T\W% (Sandri et al, 1997; Tews & Goebel, 1997; Sandri et al, 1998; Abmayr
et al., 2004). Biral & (2000) %, TUNEL 5%4%03, ECC IUAEA T 6, 24 IRFfH %
TIEP AT e alZ U O RB UM E CRIES NI 2 WmE L. T
7eb, ECC ULtk DM E 4% 22 /7 B O KR LT AR — L AJRE O B
EZLNS.

0

5.4.2. AR

A

&

(BT DAL T IR — A

H

AR, ECC U O ARSI AR T R h— T ADIE A Z D CHE
L7, 2608 Rix, Sifilao B AMRRIZBIT 5T Rh— 2D BEM A REL
TS, AIIXZ IR ChHDTD, —EDIER A EFF T AZ MM TH
5. Tebb, BABBRICB LT RNV AL, MlEokEE HELZL O TIER
WH LR, SO A BT DD RTERR A 2l 35128720, TR
N—=Y AT EERRE A/ TH2OTIH RO EHERIL T, 23U, OSSR
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HEDOT AXDHIINT 2K THDH=HTHS (Gallegly et al., 2004; Favier et al,
2008). iz 1%, ZEEf T, MRS L EMIOBREICERLIZY Rh—v
AMEEZD (Allen et al, 1997; Smith et al, 2000; Siu et al, 2005¢; Alway &
Siu, 2008; Bruusgaard & Gundersen, 2008). [RIARZ2HHE /3 78R AE O FF A B FRE D
RGN A > DZERIRIRE NS 5L TODD TRV EE BN,

HEETHE TRLIZERY, Bl o7T Rh— 23, ECCUED 7T H, 14 H&IZH
WCHEIRE O FL X0 H MBS R I CTRAL TV, b L, f MRS SO i
BN TSI B O I MR DS RTEL TWTEEA, AR A FRE D=0 120
N EEOM#EE HIE LT T R — 3 A8 22 8IS LS. Ml 2 x
rEpiiin s L CoEEE A LA E %27 (Adams, 2006; Bhagavati, 2008).
fh AL & HIE B IK - TéH 2D MyoD, Myf 5 31T myogenin 134 2 ML DOIEMEAL
70y T LEHIET DI MEDOL O THS. Okadan (2008) 13, ECC LA ff
T BNV, ECC IWAEEATR 3 HoxDb 7 HIZ MyoD (2B 5@ B A
LTV, BT, B EEETT L TH 5 HD 21 HEIZOTTO MyoD
DOFRBNELSNSD (Richard-Bulteau et al, 2008). &512, Asakura > (2007) 1%
MyoD 73 2O HEFE IS L OV 721 CRLFARBRIZB T 5T Rh—T 2R
HHHL TODZ LRl TV, AREBRTIE, ECCIUHATRR 7 A b 14 ATk
W, Bel-2 & Bax OIZEWT, KT 28EEZRL7C. Bax / Bel-2 FEHLEIG L
ECC Ui 14 A £I121%, L~ LETHEIEL. Ziudk, ECCUNHE 14 A B Tl
TIRN— LV AFFE R F ThD Bax, Bel-2 ([ZEDHIEHTITARL, MOEITRF7RE D
RN TT R AFRAEZEL TNDHEE 2 DD,

5.4.3. WEMIIZEBITET RI—T RAIGE

AREBRTIX, ECC IUHa#E O ffIasi) Tl N B BV Th 7 ARk —
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VARBENB LN ZIVETORATHFETIEL, ECC UWHEE, NEMIBIZIITH 17
0 — A BEEITHES NV ERESN TS (Kano et al, 2004). Lo>L7Z2nN
5, EENCIVEMMAE OT Rb— ZARFERESNLIEBNERSNLTOD. FlZIE, B
FER RO R AR BB Z AR LT~ T A5G, WEGMIIZHBIT 6T Rh— A
NaEEEND (Podhorska-Okolow et al, 1998). ZHHDEK LTIk, ECC UL
RN 5T ATEMEREE (Kon et al., 2007; Maruhashi et al,, 2007) &
BN CaZtiR D ERAMNE X HD. FECE VKA Ca2 R BTV A A5 M
AL, AP ERDIEMAFRE T 20 70D (Raj et al, 1998). {EMEAL L7 4F HER
IEPERR R A PEAL, 2 VB4 fRS DNA OBEELHEE T2 (Powers &
Jackson, 2008). L7=23>7C, I&MERESRIL, WA BT DU P ERDIETEEEL,
FEAl ML D PRIZH N BGEIZO 7 R — 2 A% FFEL TOD DS LIV,

5.5. B

FBR 413, AT MECES A2k 5: 4L C, ECC IUHEIC LD 15 — AR D
MBI DT IR — A EDIRREZAT 7. T ORERLLT DXH70%0 A4S

O EHEBRBIOHEABRICBITAT R ARG ZHLMNILE. FiZ, ECC
e 7 B OFABERIZH MR (7.0 +/- 1.5 % apoptosis nuclei / myonuclei),
MAEWNEHAL (7.6 +/- 3.6% apoptosis nuclei / endothelium nuclei) D45l

IZBTFAT A= RSB O Bz LT (Fig. 25) .

@ TR AREZ B, 22328 Bel-2 DR AT EE BRI L

(1D: -35%, 3D: -60%, 7D: -56%), 7 H HLAEIZEIE L. kA e~
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X8 Bax (3, EENE £ T A BT EAMRAR S TV (1D +8%,

3 D: +88%, 7 D: +51%) (Fig. 27) .

® ECCILfE 7 ARLT 14 ARICBUIDFHMHERIE N OT7 Rh— ZSE 2 il
ik L DHEWTRI T REVABANZ LT (Fig. 26).

PLEDZEMNS, ECC WNAMEIZEAMAMIIZ BT DT Rh— ANEX, 5 —F4E
TRRRIZBW T RINAZELHOLNILZ. F2, ZNHOH AL, THRM—AIZE
FAE PR E R REIERE, FARRBICI TRARAZEA TR TERY, LM

fel THLH R AR AR R AR L CODHEE LS.
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H6 X2 KBREETICBIIA =X Ny IIEIZ LS
TRMN— R R (B 5)

6.1. EHRLEW

UG I L > TR SNDIEIESE, BLOWHEHARN R IEAMIIER 52
b, £ & ARV AR A& A AR S O BHE M2 B BT D2 ENEHE THSH. ECC UYL
ML, ARG A TR T 277, ISO UHEEL L T LU hypertrophy (F/fEX)
(Hortobagyi et al, 1996)& hyperplasia Giliffiatg%5#) (Tamaki et al,, 1997)% 5| &
BT ZENFDILTNWD. Ee, HHEICBITHEE AN AD— D THLHIKEEHE AL
LV AZEEN T ~O MR HIR (BFR) (2L THREE 52 L% H )& L7 i i il BRE
B, (KT AR T IR R EREITAZENHRESIN TS (Takarada et al,
2000; Ohta et al, 2003; Abe et al., 2006). LNL72H30, fKEEFE AN A1, Mkl
PR W T EROIEMEZ R 32 TIEMERE R Z A5 L (Raj et al, 1998), FAEL
TIEMVERE R LT R = A B THIENHESIL TS (Power et al., 2008). L
7m0 T, R FE RS T T ECC INAEE RGO T Rh— ZSEITE R $22L
1, HEWARN AL B FH DB OV T T D Rt H 2.

RIEFRTIE, IR K> THRAETHREEFEANN A LA B3HBE S LOT RN
— VAR EEIEREE D EWGEA LT, FIE I T HIE B~ BFR A
(Z R DB DRGEAR T, /NEV Y FEE L B2 T, 3B ), BRR 2 EERE, )
{HIERAFEIELLIZ BFR Ztb7e-72 ECC UFEOMENT, ST, HAAN ZADRE
i, FARIROTERERIZE (L, BLOT Rh— ARE O Z B LTz,

6.2. ik
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6.2.1. FEBREMWBLIOMFEHIFE ECC IWiE 7 k=L

AREBRIZIZ, 12 B Wistar 54 A7vh (KHE 261 +/-4 g, n=64: HA
SLC) MW, v bk kA EE) A M E ICEEL, KR Z (WA98005,
Hokanson) %%, JEAMT (B 120, 140, 160, 200 mmHg) #fid Z&icky
TA i ~D MRz IR L7z, JEAROZAIL 71X, ECC IUEE T 30 FORTIZBHLEL,
IHERE T 30 MR IZBRIEIZL.

6.2.2. HTHEHE

6.2.2.1. FEFEIESIFENT

5 I BT R I 1 D IR ) IZ O ARt a2 r L T B a—2— (Power

Book, 1400c/133) tfitTitE (Mac Lab/8s : AD Instruments Pty. Ltd.) (ZCE

=H—L, 7k (chart 3.5.6/s : AD Instruments Pty. Ltd.) ZHAWCEEL

= BRI I DT RS, RSN EABIENH IS0 R ITBLVECC K

DOk (Fig. 8-d) ZLIk AKfEZ7 7yl mN-m LU THERLLTE.

6.2.2.2. [BFELSEIR

Ehe

WHEFRD TA TR ITDREHRE DL, BRI F o 7IEICKORIEL . FREE T
IZBWCHBIRIC =2 — v a @A L= 7 Mot 7 e—7 R2 (0.014 g /
kg body wight : Oxygen Enterprise,Ltd) Z~/SU  (NFRAR-<lAr /Lt R)

a AT EEK CRIEEREE) (T RL, W =a— L&l T EN~TEALT.
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ZD% 37 ClZimDTHRY L —k ORAF VY —F & 2— :BWT -100) EiZ7
 MAMBMZIZLU T, iR ERDMET Y MEBOEEN FHIEE L7z, IE TS TA i,
JihEL YEAN EHE I R CTE DI, KIE B KO A UIBH L g H S 7. XU
285 ECC WiaaATo72, #& NS BRI EM (TOG 205-053 :
== I AT 4 TIV) ERRELT. BUNILE NEEE 7 (PO2m) 13X, TA 0D HLNE
AL 2-4 mm BfEL TRE L, PMOD 2000 (Oxygen Enterprises Ltd.) Z{# L
THIESN. B (524 nm) 1%, TA B~EMRELTHEE (700 nm) @ Life
time ZHIELT-. POaom 13, BXHIHF 1 MR CHIESN. FHLIA OIS,
RS T &< 72912 Ringer #% & % (NaHCOs, NaCl, KCl, MgSOsy,
CaCle*2H20 / DW, pH 7.4, 37°C) Z Xt B~ FL7-.

HESHIZ POom fHIZ, BB ET L RUCEIRE L, ARATE AR D
BAMEDZEL LT,

6.2.2.3. MifhiEE

ECC I 1 [R1H, 300 40 [ H OULE I35 TA fEOM R E ORIEZTT
ST, BT Oy D% A EEV B ICEEL, KRS 7 245 Lic. R§4 )
BHL, BRAA, JThr, ok, AT, o~y —haEE, gl ik cEmE -y bl
TRVLC, WG AT O~ — I OB A 73 L CRR BT M LD A AL — R 2

FNCE > TRE R To72. BH Lz TA B OFHIRMERF 28 1k D7=81Z Ringer #%
i (pH 7.4, 37°C) ZfHITTRNERBRERA -, FLdkL7-EE X, FD-DAIS
VIR RNWTE—var Xy 7 Ty L TR DO~ — I OB B EERER T L7-.

6.2.2.4. HBRGRHICIS I DIEREF AT



ARG ORHTIL, F2BR 4 LFREROT BRI EDTT T,

6.2.2.5. TUNEL £ 27 F k. DNA O H

TRV A OREL, FBR 4 LREROT BhaW 30 T o7

6.2.2.6. MIEKKET (S6K1) i&EMHEDE &

IHEEAT 2 FEMZICHIER TS, FED T ARy 77 —H (4°0) ITTHREY
F AV — (FRUrm, PT-3100 : Kinematic AG) THREY R—hL, =050 B4
WL (8000 g, 15 min, 4°C), RiEAEIL7=. SDS #EEE I VT,
7.56% RUTZUNVTING Ve O CTERIKENVZATo72. 7 VA IR T A SR GAIC
A7 (PVDF: milipoa) (2§55 (20V, 45 min) L, 10% AFAILITT
2% 7 (60 min, RT) %1757, AIEKE 1227378 pT0S6K DI 2 3L,
p70S6 kinase Ab # 9202: Cell Signaling), Phospho-p70S6K-Thr389 Ab #
9205: Cell Signaling)Z HWCRIEL-. & 1%IZ, ECL plus Western Blotting
Detection System (RPN2132: Amersham Biosciences) (&0 S 723K
1%, p70S6K (28T HHe K /7 E R B &2k % phospho-p70S6K & Hl &% CS

analyser Z N CTT U AN = BEEfli L 7=

6.2.3. AarALEE

FROMETEITFE +/- FHERE (SE) LU TURLE. KR ECC R
BFR+ECC BEDHBIZIT— TR E D 0 BT Ic L TV, AE7AR p [HAELNZE

%, Fisher PLSD {EICIVI N—T RO L E AT -T2, 7235, 5% A DfER=R

84



A EAKAEELT-.

6.3. MWHR
6.3.1. FHIES

200-BFR+ECC #£DiE /1%, ECC BEE B C, UXAiE 20 [ H AR ClE, ISO ik
TS TIHAK L2 (Fig. 28), ECC sEA BV MRS Tz (Fig.
29). A fmr o IS0 ks O F¥)i%, ECC & (8.51 +/- 1.64 mN-m) Jbi
200-BFR+ECC # (5.5 +/- 1.09 mN-m) I[ZBWTHRIEWEZRLEZ (p <
0.05). LinL7e35, ECC Ao o F¥i%, ECC # (15.45 +/- 2.09 mN+-m) &

200-BFR+ECC £ (16.46 +/- 1.82 mN-m) IZB W TH BERERIILLNID >

REBRTIE, HIELZ PO BIREICBITDEIRRLVELNIZR—ZT 1L
POgom D7 e KEESE 7 EE (PO2m, min) EL72. WHEF O PO2m, min 1%, ECC #
(5.2 +/- 0.4 mmHg) & H#L T 120-BFR+ECC (3.1 +/- 0.3 mmHg),
200-BFR+ECC #f (1.8 +/- 0.2 mmHg) (2B W THEIZIKIETH-7= (p < 0.05,

Fig. 30).

ECC X4 1 [8], 3LV 40 [B] B IZB 2K ENLOFH R EIZ OV THET 21T -
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® ECC

g 50 - A BFR+ECC
%’2 40 -

<E

2

ol

So

9.2

38

number of contraction

Fig. 28 The peak torque of ISO element were measured in 40 times-repeated
ECC and 200-BFR+ECC. Values are mean +/- SE.
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® ECC
50 A BFR+ECC

eccentric torque
(stretch force, mMN-m)

number of contraction

Fig. 29 The peak torque of ECC element were measured in 40 times-repeated
ECC and 200-BFR+ECC. Values are mean +/- SE.
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S 30 -
E
£ 25 -
3 20 -
2
£ 15 -
g
g 10 -
S * *
o - B e
S o
normal ECC 120 200

BFR level (mmHg)

Fig. 30 PO;, minimum level during ECC and 120-, 200- BFR+ECC.
Values are mean +/- SE. *p < 0.05 vs. ECC.
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7=. ECC [ 1 [, 40 [ B OffigE &%, ECC B, BFR+ECC BEEbIZ, EALEA
WAL P IEBIVB A BEICEVEEZ R L2 (p <0.05, Fig. 31). ECCUUE 1A H I2H

HiEpLEOiEEIL, ECC #EE BFR+ECC BEOMICAH BEZEIXALNI)-T
(Fig. 31-a). L2>L7ess, ECC UHE 40 [\ B2V T, ITALE CoffsERIL, M
I ChA B ErBl gz (Fig. 31-d).

6.3.4. RGOSR

ECC BHZBIT DA ZOMEEIL, 1, 3 BEICTHMAOEE- EkOi=H
IREDPRIEE, T, 14 TIEF DO MBS OFAISERBESNT-. fHiE
HEIA1L, ECC B (26.4 +/- 4.0%) Lib#kL T, 120-BFR+ECC #f (26.2 +/-
7.0%) TIEZERIT2D 7203, 140- (2.6 +/- 0.5%), 160- (2.7 +/- 0.7%), 200- (0.3
+/- 0.01%) BFR+ECC FEIZIHWTTAREICEA 72 (p < 0.05). L72A3> T, 120
mmHg & 140 mmHg BFR ORI BEOFHRBEME S FIET HZENHDI LR

7= (Fig. 32, 33).

6.3.4. HAEEYT-VDOTRE— A&

ARSEERTIE, ffiie, BXEOY, FIBHIIEIZ 31 AL AR 2k 42 TUNEL B
O EEZ1T-72. 200-BFR+ECC Ui A i Lo ffiiarh o7 Rh— 213, 1F
EAEBIEESND 72 (1D 2 0.11 +- 0.11, 3D : 0.43 +/- 0.43, 7D : 0.43 +/-
0.43, 14 D : 0.53 +/- 0.53, myofiber apoptosis nuclei / mm?2). FFEHILIZIST 5
TN AR, IR AR 3,7, 14 HZICTEVVEZRL (1 D:0.21+/-0.11, 3
D:1.39 +/- 0.91, 7 D: 0.96 +/- 0.55, 14 D: 1.60 +/- 1.28, extraxellular apoptosis

nuclei / mm2). L/L7R0305, o ECC UAME A IZID T R— AEDF A (3
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Fig. 31 The extension level of TA muscle during 0 to 120 degree in ECC (circle)
and BFR+ECC (triangle) at first (a-c) and 40th (d-f) contraction. The proximal

position (a, d), middle position (b, e), distal position (c, f). Values are mean +/- SE.
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Fig. 32 The photomicrographs of cross sections of TA muscle 3 D after
ECC (a), 120-BFR+ECC (b), 140-BFR+ECC (c¢), 160-BFR+ECC
(d), 200-BFR+ECC (e) by H&E satined. Bar =50 pm.
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35 ¢
30 1 I
25 1
20 -
15 1

10 4 * * * %*
5 4
0 Bn s
ECC 120 140 160 200

BFR level (mmHg)

muscle damage (%)

Fig. 33 Percentage of muscle damage after ECC and 120-, 140-, 160- and
200- BFR+ECC. Values are mean +/- SE. * p <0.05 vs. ECC, **P < 0.01 vs.
ECC.
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B 4) Jobn bV METH -7 (Fig. 34, 35).

6.3.5. LKA OE &

p70S6K1 DU FfbIEEFEHLELIL, ECC &£, 200- BFR+ECC #E&d % HBAE (42
At b A EICEVEZRLE (p<0.05). 512, ECC B BFR+ECC BEICH
FAHETALN DT (Fig. 36).

6.4. EE

AWFTENL, T hzxtgL Uz ECC IUHE T 1T HIE @ i~ Ml RA i3 Z &
TEBERAN ZAE RIS HET VAL, BB AR R OB SR AR AV E

B~BLIET TR RSOV THREE LT,

6.4.1. Iy REENT T L OMESL

ARG\ Z 3 T DI BN L, BRRE2 ML LL, ZNLITIMKIZE > CGEfS TV 5.
(CRIETEBR IR DML, MR OR B e S LB E T DM E AT 5
EEHIT, LI FECAHIPED 72 E DR FEW AP\ T B E B A R Tng.
AR, JEEN O MR R 2 &b 72 o 7B # 23, @ OEE R — =7 JOH KGR -
LA CEAS I O REZFH I T 2L HESIL TS (Takarada & Ishii, 2002;
Abe et al., 2006; Cook et al, 2007; Nakajima et al., 2008; Madarame et al,
2009; Manini & Clark, 2009; Suga et al, 2009). Abe & (2006) 1%, D KR

Rt RELT, kM2 W TOMB B MR HIRZ L, B &L~ OB R E
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Fig. 34 Cross-sections from 1 D (a), 3 D (b), 7 D (¢) and 14 D (d) after
200- BFR+ECC in TA muscle. Triple histochemical staining for myofiber

apoptotic nuclei. Bar =50 pm.
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m apoptosis of myofiber

3.5+ O apoptosis of extracellular
E
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°
=)

CONT 1D 3D 7D 14D

Fig. 35 Time course of changes in ECC with BFR induced in myofiber and
extracellular apoptosis nuclei. TUNEL-positive nuclei per mm’ in ECC with
BFR in rats. Values are means +/- SE.
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(a)
CONT BFR ECC BFR+ECC

g m.- ! p7036K Thr 389

—
O
A
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0.6 -

0.4 - T i
0.2 -

0.0

CONT BFR+ECC

p70S6K Thr 389 | n70S6K

Fig. 36 Phosphorylation of downstream indicator of mTOR signaling
(p70S6K) in CONT, BFR, ECC and BFR+ECC. Values are expressd as
mean +/- SE. *p < 0.05 vs. CONT.
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(20% 1 RM, 1 RM: K% LA OE#HN-—=27 (IR 28 12k, K
8% DFFMIEFE DM ZDHZ LA LT, i b —=027"Ti, @, K
EHFETDHIN — =0 T ELSNDAMTREE, 656% 1 RM L ETHDLFEHHE
NTERY, exio T DN ZY, AERBIERPBRHSND ETITIT R 10
Wz 55Tz (McDonagh & Davies, 1984). D% HiL, ZHETOH
HELONZTOHLTHSTED, WLODODDREMANH TS, —DoHIL, Zhb
DAL, BT RELIZTETHY, HilERKOFEEED—>TH D5 OEiW
FUIIHREANEINT (MRD ZHWCHlESh 2L ThsH. MRI Ti, BN 74k
HFEDS, FHRRHE CHA LTS 8 ORIEISE, bLUL, HHOERDOELLICER
L7z DZ BT+ 52 81X TE A, o I, MFHIRE G720 E 82 L0 5 IE
RIVFFEFESNDAN = AL HDNWTE, ATEIZZR2 > TORW R THS. Takarada b
(2000) 1F, MPiEHIERA Eb 7> T EBNEL R (2361 D MK T O RRA/LE S DYRE b
FAEWMELZN, EEE, HERNICEWTE DI REFIC IR FERSNDLD
EHDNI Uz ST D7y (Fujita et al, 2007). =2 B, Ml BRIZE AL
Fe RV RV~ 5 2 DB ThH S, MITE M-SR FEEREE T, ATP
BRRENIME T 357280, = — GBS o2 em b, ATP 2B ET 5
caspase |ZRH#E T AT RN — AHIER DMERE AR 24 Z UHIIRAEIZ = 2 Al HEME DS
AR

ZNHDORERZHAMEICT DI, BEHITS T 203707 7 —F a7 i
THLEWET VIRVEThHoTz. LINLRNRG, MO H|RE b e RN biEsh %
AT DB ET MIZNETOEETH-7-. 22T, FEhr 5 T, Ty hORBRH
(ZH 7 &S, EEEEE A A O E 7 VA ERR L. REBREY
120 mmHg UL EOFEAREEE 72> ECC UG DA, MU ILAE N ORR R4y E X
Hfio ECC ULt A B ka2~ Lz (Fig.30). —f%ic, (K IRIETIL,
ST LT WVEW b ILTUS. Takarada & (2000) 1%, BEREET /LELIZHFZEIC
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BN, MFEHIRF OFIRETIX, ZEOHMENEE TG L. 72b
L, OB OIR T LI, HEsRE DRBPEM OBRENPLES IR L,
WL DHES DR T BNELS. TD780, 39 LT SHED DI L5 D 5
HEDB B INDZEZHERIL QD ARFEBRCIL, ISO 8RSy (Fig. 28) (X BFR+
ECC BEIZIBW TG EHUKAFL TR FL, ECC 8R4y (Fig. 29) Ti, IUHE
[E14723 20 B H LA TR T 3228722~ @ ITfRIzIV T, 2L, AEBRCIX
BRI T DTy hET L E FHWTWDT, EXHIIIZE D ECC IHEIZ IR W TIRIZEA
EDRpRHENEI B SN 05, Takarada & (2000) 23R4 L7205 57 (2 B@#E L 7=
IR 72 R AERN B AT = X MR KT 57 ER TideneHllans. [KEgHk
(ZEDIE I LT fB 1T, HOREIE ) OIK T IS~ TR IR s AR R o0 4 B 2338 B4
% (Walling, 1999). ZAUiZ, MRE DT RLF—RZIRAE/RE THIN D ADP )N
EHL, 7027 VoY (TI7F 2 =34V 5ER) NEEICKLIRDZEIER T 5%
ZHITEY, ZOIHZRRU T TEMIFMEE OB R LS [ SR fhioAT 17 %
AN LS, ThbbiERLE, ZEEHO LANEILZERBEMEITNWD
(Proske & Morgan, 2001). L7=73>C, ECC A tF OAREER 2RI RIS K0 AB 7V E
J7 Ui FA9IZ ECC 3R /1Ay Tz @ik s LR L7ZEE 2N 5.

F7o, RFEBRTIE, TA {23175 ECC U DR &I OV TRRGEEL 72 Tz -
o AL BRI I D A R T O MR R, SEAL CIZUTAL - PR ER LS i VEZ R L
Tz, Fie, ENEERICI TS ECC UHE 1 [ H & 40 [B1 B OffsE &% ik 45L, BFR
(R DR IRI T > ECC ULHE 40 [B] H i, MEEIF 0-100 degree DR &3
1 [\ H Xub iR MECTH-7= (Fig. 31). BFR #6720~ 7- ECC LA 1 [B1 H kv, 40
[B] B CIE A RHEN OIKEE R L ~LME L CODDIEHLNTHY, O FEDITAL
BT DMIEEDENICENTHDOMNE LR,

6.4.2. RGO

98



ARFEERTIE, LT, MR RICEDIERIEFRERE T icdki7 2 ECC IUHHEE
ARG ATEIE LRV EDHBA L2572 (Fig. 33). B> ECC IR L2 E
DERERNT, 5 3 EThib~7=&d, FEMARITTIC L DM OB G Mg o
Ca?tiR EDEHE M EMWIESEHILETHLHEE Z LN TS (Armstrong, 1984;
Stauber & Smith, 1998; Clarkson & Sayers, 1999; Friden & Lieber, 2001;
Warren et al., 2007; Sonobe et al., 2008). L7=73>T, AREERET /L TILHMEAN
CaZHR LS LA 2J0IRIUTESRD o T ZEN TRIND. HHiMiNIZRIT
CazjiR E D L HIZHOWTIE, MR\ ICRAET L2EM X EF v v
(stretch-activated channel: SAC) ORI G- fEfisi T % (Yeung & Allen,
2004). Yeung © (2005) (%, SAC [LEANCLVHIIAS LD Caz DAL T 1y
L7z T ECC IR IZDOWTHREEL/ZEZA, MfEPNTO CaZtR D FA-13#]
SXNIerotz. KR, MY I E ThD Y AT v RB~T AD il
faClE SAC OREEZALDEERLT NI LD DATMEO T A A T 52 MEL
T=. Ty EREFZ N RELT in vivo A A—D0 7 DBFZEIZEW T, ECC IUHE B

TN D CaztiRED ER-BHBITR, ISO Wil I SAC 7ry s
T ECC AEARTICBWTTH T2 EFLBIERESIL TRV (Sonobe et al,
2008). AHEBRTIL, (KREAN ADE Kz L7 ECC IUHETIZ, MftiEcH
TR TS SAC OREEZELFHESNRNIEND, MlsHD
Caz D AN PLES N, fit RANZH RGO LELMEISHIZOnb LR, £
LREL T, IK#RR TICkiT25 ECC IUEAMIZ L DITALER O R AR EE AN FAR o
ECC g K0RVMEA R ULIZZ &, F72iE, fhoWiEICER T2 b o8k /)
D EHABHROENTZENDHEESND.

6.4.3 TR — ZISZE O]
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TRV REFHE T HER TRk 2 ThDHD, KEEFE SHEE AR RCERT2H0
ELTIE, CaZtBED EF, cAMP LU, =3 b X— e R’ B 2 bn5. fll
WIZBIT5 CaztfE o 7T, fBmIc= R 7L 7 —B0iEH kIZ kY DNA @
Wr AL ARE S 208, ARFERTIE, HREGIFHIESNRoT=ZEn bR D Ca2
RED EAPMHISH CODERERIS D, Fi2, TRN -V A%ZFHE 55 cAMP (3,
ATP JvpEAS5 (McConkey et al, 1990). (KEeFEEREE FIiokb ATP A RkAE
PME T L7728 cAMP OBEAND LT R — ZAFE RIS Z0s Lt .
BT, TARM— AELTIR T T D caspase DIEVE(IEL ATP ¥ IEAFTHZEN
WES W5 (Eguchi et al, 1997) Zta5F2 58, caspase IRIFRRIKIZEDT
= ZADFEEDOMHIHER EL TERLND.

KRR AN A KRS ET2 ECC WHEET VI, MM T RNh— T ASE DI A
ZANHIL7228, MRMIICRS W TIARTER 3 Ab 14 BIZhT TEARELDSL &
VMEZ R L7z, RIEFRIZBITDRIBRMARIE, MRS R E ThHV AN T 4D
SMANZJRES Hfla (WG, A Mie, BRMiael) 4L s, Eien
BT Rh— ZDBAMRIZB T, ZHET, il — FHRETRICEATE R FE D%
HERTRN—=V AEFERTHIERERSILTN D (Wang et al, 2006). AFEERIZE
WTHBLBREERNZ LI, MM T 57 R — A0 AN, IWHEARTAD 7, 14

HZIZBW TSN, 5%, MIAfEOREL S EL THRAFL QUK KENGS.

6.4.4. FHRERKAT-DOIEMAL

B OIEKRIE, 2y 78 RREEDH N 2 OTEMEIC IV, F1
OB I 7 T AR ERR IR I IR SV TVAEDS, ZOH THAL AR

IGF-1 R EDREZRET DHRNVEANL, RAT7TFINA b= 3 FF—1E
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(PI3K) 7' m7 (%) —+E B (PKB) 728D LiD¥F—BaWifkaZIG b
2524125 > T mTOR (mammalian target of rapamycin: "FLIEICI 1T B %%
MHIFN T S~ A ANER 2 R0 E) LRI D RV | AL =2 B R
LT (Sekulic et al, 2000). =D FDHF—"7 v BRURY— LK XIE S6 7
BT A% —F (S6K1) Thd. S6K1 DOULFRILIC L BIEMEALIZFe A& Al &
YORIEE RN EHREES. Fujita & (2007) 1%, EMZBT A M iHIRE Lt 7
STV RZ L ZEB A 3 FEEICRBWT, HE SV EARREED 46% b T-
ZERL, FARFIC S6K1 DM EMOEEFELDS 3 56 LR LIZLamE L.
U L7230, i it il R IE Bh 12 L 2 7 BB KA B L 7= FR A SR I B W TR Bl 238 s
TORECIE, fEMEOEE (p21, MyoD), BXWY, #4278 O HEERT 7
Fv (MurF1) 13 EFL, fpcRMEIAF (myostatin) (XA L7223, MiiHlBR
ERES7e o T REEOF B AT -7 (Drummond et al., 2008). Fujita
5 (2007) XU Drummond & (2008) DET /LIX[A—THHIEMND, BIR 7%
BLOREM N Z L B A AR IR TR - L HARAE O HE 5 - 43 AL BB IR 112 d 1 D %6 Bl
DFREZ OB LIV (Manini & Clark, 2009). KEBRCTHW =7 O
BFR+ECC 7 /UZEIT5H S6K1 OIFMEE—21%, PliFEBRICEY, Elh & 2 B
[F1#% CThoToZEM b, TOXAIL T HFTAMRA L R E LT, S6K1 DU BRI
I3, EEVE A ML LR L TR BEICEWIEEAEO0Y, B ECC INEREE D
ZX AL 72 (Fig. 86). LS TR R IC L DK EEREE T IcB 5
ECC Ui, #2 /X 0 B A AR O TUHEAR §- 2 LD RS,

6.5. EK

£k 5 TiE, ECC I I DTEENfH ~D itz Hil R4 57 L2 EkL, IR
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faf FIZ B 1 DARER B HIITL T CD ECC WHEIZ L DR ~D 2, BT Rh—
AIRBNZDOWTHREELTZ. T DOFE R, LLF O X578 RA57-.

O MmEHIFREEZ L7272 ECCULHE TIX, ISO 3E 1 2ME FL (ECC#: 8.51 +/-
1.64 mN'm, BFR+ECC #: 5.5 +/- 1.09 mN-m), ECC /o0 FH45%
(ECC #£: 15.45 4+/- 2.09 mN-m, BFR+ECC #£: 16.46 +/- 1.82 mN-m) Z&0 5

SERN N EELZEN RS- (Fig. 28, 29).

@ IUHE A ORI E DR AKEEFE 53 (PO2mmin) 1%, MO ECC IUEHA
fir (5.2 +/- 0.4 mmHg) &LH#LC, 200-BFR (3.1 +/- 0.3 mmHg), 120-BFR

(1.8 +/- 0.2 mmHg) 2BV THREIEKWMETH-72 (Fig. 30).

@ ECC IXHEFRF DR ENL, ALz W C ECC AR 11l H kvt 40 [ B Tl
BFR % Lb 72572 L TIR T A RSz (Fig. 31).

@ ECC UEZFEFMEREEIL, 120-BFR+ECC (26.2 +/- 7.0%) TII@IgS=23,
140- (2.6 +/- 0.5%), 160- (2.8 +/- 0.7%), 200- (0.3 +/- 0.01%) BFR #7329

ECC IUAEIZ B W TII RSN L ZEN BN (Fig. 85).

® 200-BFR+ECC INHEAMFICRY, i T 27 Ah— A% (1 D: 0.11
+/- 0.11, 3 D: 0.43 +/- 0.43, 7 D: 0.43 +/- 0.43, 14 D: 0.53 +/- 0.53, myofiber
apoptosis nuclei / mm?2) [IALNe0 -7, FT-, BB CIXIE AR 3, 7,
14 HEIZBWTT Rh—v 2% (1 D: 0.21 +/- 0.11, 3 D: 1.39 +/- 0.91, 7 D:
0.96 +/- 0.55, 14 D: 1.60 +/- 1.28, extracellular apoptosis nuclei / mm?2) 73

LI EMO ECC I B LB IR METH -7 (Fig. 35).
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© MRz Ebieo72 ECC I A miL B> ECC I & RIARIZ A AL KRR -2

TEMEL T o2&nmEnsz (Fig. 36).

LLEDZ &G, ECC i oo Mg il FRIZ S D7 Bh Al ~DAKER F& AL ADEE R
1, HRELT RE— ARE M 2RO ERoTz. Fe, 8, 7R
VASEZ I T DITH DO TR IE RN FIIEME T D2 RSNz, L2
> T, RERFEAN AL LGRS Te iU AMTIE, G FHRETIHOZ L IE

BEEE LA SEMHIEREEST 0 T L THLEEZLND.
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BIE FERFEERBICBIIDTARMN AR (25 6)

7.1. BHREEW

FEPRIE, BEACGHNC I T DIEH A 2 A< LRI IS B I I =M O & IHEE 5| &
FLZ. BEIRI B 1T 40 s R CARR ISR N A <4 2 e imESL TS (2008
e, JEAETIEIR). BEIRIE RS 331 D RRIHR 12 L 2 e i i D T O (S
DIERIRE (FAE TR IER) DEFRETHLZLIETE XV, ZbIcBET
HH IO Th 7w, 8%, X I EDERREDZ IR T A IR TZITND,
FERIRE T hET LSBT AT, 2y EA R EEITE Ty A5 0K
<, RPN Z L TS R B 138D TR W2 RS SN TD (Farrell et al,
1999; Baviera et al., 2007).

— MRS, AN Z E UM BN T, TRV AR ETHIEN LN
TWA. FHZEMICE G LT A= AFRARITIZIE, Z@Ve5EE 2615 (Siu
& Alway, 2009). —2IL, fhi% SV EAEBEDIR FIZED, fik%o Kl fEisiC
BAEL, EORER, HEZOMIERT RE— AL TTONOE T iE ST
W5, Fiz, PRI N T R — AL TRESNDZET, FEOFHKICESXK
BLAESI S A &L PH 70 DT O 2 L R E Do fiR, T b ZEMRI R AETDHEEZD
NWCOD. BERBO BB THT A= ASEPBEINDZEND, 2
CRTDEOBEITR N THHDTRWNEE 2 LD, 51T, FEIRIFEORIEIZE
KIL72Ibar RU T OMBER 2IZE DT Rh— A0 R AL HAESI TS (Stark &
Roden, 2007; Peterson et al., 2008).

ZD XD BEIRIE DEITIC LB 2RO FH 20 - i B OAR T T, B OmE a2 9772
T2, FHEREIR P IS L OTEE K AEDIAS 5 EE 2. BRI I KD B #Y7e
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i B DWW A Quality of life (QOL) DX TEFZEIHLNTHY, il EMiRi%
R IEERIED L EEINL TS, ZIVET, R OTERMERER 2 B & HiEBhjE
TRITZ<HERSN CTEID, HIERE(ET X572 ECC IUiEEBNZ W Coms 3
RO ZRETORITHIETIE, I —=2271F, GLUT4, A AV Z 808, R
KA THD Akt DXL 7 BEEINSELIEN RSN TS (Holten et al,
2004). 51T, BERBFE I 6 7 A DEREL VAL AN —=0 70, i &
EHERFT 2R DR o T LHERISIL TS (Dunstan et al, 2005). LNL7RH5,
Katta © (2008) 1%, $ERIT Y MIIBIT DL VAL AN —= U TR B L 78T 55 fRAIE
HEK 7 ThHD MAPKs <° p38 #EETHIEAMEL CVDAIEND, LU AKX AJE
hSHE RIS BRI IE T REIZDONT, SHRDIRFIDE THD. LI >THE
B 6 TIE, FEHEERIRGICED 1 BBERIE Ty NET VAL, ECC IUHEF M
TR IZI T D7 R b — 3 AR E R IR I IRGIE S 5 2 & Ol hutg & O IR Gt
ERFDIERISEIZOWTHLNZT 522 BRYELT-.

2. FHiE

7.2.1.  BERWET NMAERIB IO ECC IUHE 7 v h=/L

ARFBRIZIE, 11 D Wistar 24 A7k (KE 209 +- 9 g, N =30 : HA
SLC) M. 7y hofdElE, R 1 o7 rhaiZLizhiorz.

1 BUBEIRINET /WX, ARL T /v (STZ, S0130: Sigma) ZMEFENICHEEL
(45 mg / kg of body weight in saline solution) {ERKL7-. JRIBA (Hrr)om—=
Ga, 7/V8) &AW THE HIRFEFERIEZITV, 500 mg / dl LA L THHZ L4l %
L7z, STZ #54%, 1 MM E LR ICHERSET LTy (DED) L TEBRIIAWD
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7o EEE TRICBWT, B LVERIMEZITV, mMEEL 300 mg / dl LA ETHLL
DEFER L. ECCUUFATHL, £8 4 LAEOTaran it -, E
wWET L (NED) 2RI T —XI%, 3t 4 TELNT-LO % AV,

7.2.2. SyNTEH

7.2.2.1.  FEIEERIIENT

R A R IC B T BB R NIT O T A5 2L Carta—4— (Power
Book, 1400¢/133) Cfi#tTi#EE (Mac Lab/8s: AD Instruments Pty. Ltd.) (ZCE
=X—L, 17 (chart 3.5.6/s: AD Instruments Pty. Ltd.) W\ CE&ELT-.
IGHE I C R DI AR 1T, RS2k B e KA 7 vy bL mN-m (ZH#E
L, 40 BIDOF RS 2R/ L.

7.2.2.2. G DR 3T

MHL7-fBIE, B8R 4 o7 mhaL LRIRIC H&E etz fil, HgIckis
G2 BT L. FHIREGRIEI, ER 4 LRRICEEREZIToT:.
AR ff O X HRE (CONT) (2381 2 i A i A1 3k, 45 1462 D £ i e oD S

b — AL, YA % Image J & W CEE LT, fifbT 513,

H

TA BT HREWTIE O -5 (FRHESL N B 271 4+/- 16 A, D B 316 +/- 18
A, N=4 - 6, each group) £L7-.
TIRP— RNEN BT DA SRR X, 528k 4 LR O T BTz

TiT1o7~.
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7.2.3.  HEtALER

RO RITTLIA +- BHEEELLORL, “StRBOSHATICEIT,
AE2pfE (p<0.05) BFEH7LX, Fisher PLSD {EICEN 7 LV —TF DL E L
WAAToTZ. 723, B%RiMDIERFEA B /KIELLT.

7.3. WX

7.3.1.  MERATETVAZISNT D E B R A - B

HATET LV (CONT) OFRE BW) BIOWERE MW) 1%, D # (BW:
209 +/- 9 g, MW.: 0.28 +/- 0.16 g) BN H#E (BW.: 272 +/- 14 g, MW.: 0.46 +/- 0.26
g) JbENENABITEWMEEZRLEZ (p < 0.05). 72, BW.H7-YD MW. TIZ,
DR (1.35+/-0.03mg/g) 1%, N# (1.71+/-0.03 mg/ g L THEITMEWN
fETdH 7= (p <0.05, Table. 4).

CONT BHIZISIT DA MRHEREI mfEIX, N & (3140 +/- 319 pm2) Xv% D Af
(1698 +/- 107 pm2) (ZHWTH EICIKfEEZ/RLT- (p < 0.05, Table. 4).

ot D Bl E N #E (107 +/- 11 mg / dD Xvd D #F (485 +/- 33 mg / dl)

(CBWNTHRD TV MEZ7RLTC.

7.3.2. &fEHIET]

ECC Wifg F1z 31 2 538 5E 711%, D # (26.2 +/- 5.42 mN-m) Tl N #f

(118 +/- 17.94 mN'm) CHEL THEIIERWMEZRLTZ (p <0.05). F7=, HALHE
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Table 4. General characteristics of experimental animals.

BW MW CSA blood glucose level
(9) (9) (1um?) (mg/di)

Normal 272 +/-14 0.46+/-0.26 3140 +/- 319 107 +/- 11

*
Diabetes 209 +/-9 *0.28 +/-0.16 1698 +/- 107  *485 +/- 33

Values are mean +/- SE (n =5 - 6, each group). CSA : cross-section area.
*p < 0.05 vs. Normal.
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BEHT-DDONLLRIEE B NTHDEE (175 +/- 2 mN-m / mm2) 1% N E£(398 +/-

3 mN-m/ mm?2) JVHHEEIIEWETH-7- (p <0.05, Fig. 37).

7.3.4.  MREEROS AL

N, D #0 CONT (231 AR BILES 20 o7, D BECI1T 5 ECC ULHE & fif
BomEER (1D:0.9+/-0.4%,3D:9.7+/-1.7%, 7D:3.7+/-2.6%,14D:0.1
+-0.0%) 1%, 3 HEZIZBWTHER EARALA (p <0.05, Fig. 38, 39). H0l»
a4 584EMIE, N BE (7D 3.2+ 1.8%, 14 D: 2.4 +/- 1.9%) TiX 7 H#IZ
s, D#E (7 D: 0.5 +/- 0.1%, 14D: 6.3 +/- 4.2%) Tl 14 H#IH
Zaiic (p < 0.05, Fig. 40). L7=3->C, 5 — FAEEIT, D BECIE N #EL0D
BIEL =2 EMHABN IR oT, F72, D BECERIT D EEEIAIE, N BEE L TF%
KR FNZBWTHEIZIEVME (p <0.05) THAHZEN RSN,

7.3.5. TR RAILE

AFEERIY, D BB BEBRRICB W TR T Rh— AOF A NS
7. %71, ECC UL A T 1 H L DOFZEA L Z Lz ds VT, D#ECTIET ARR—
VARENE ThHoT2 (Fig. 41).

N, D #izB1T25 ECC A M I L DMl TUNEL Btz o544 Bl m
FEUT-DICHAR L CERZIT o7, RFEBRTIE, MBEEHICIUEAR 3 H#EIZDWT
13, RIEIE 3 LHIRFEOH RIS AT RETE S Te Io O E BAAT RO ZE AR ATHET
bolz. T Rh— A%, N BECIHEARET /L (CONT: 1.04 +/- 0.73
myofiber apoptosis nuclei / mm?2) &L CULHEA R 7 H#% (7 D: 7.21 +/- 3.78

myofiber apoptosis nuclei / mm?2) (ZA B/ MNZRL7-. D BECIRIUHE 1 A #
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Fig. 37 Peak torque per muscle weight of ECC in normal and diabetes
models. Valuses are mean +/- SE. *p < 0.05 vs. normal.
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Fig. 38 Light micrographs of transversely section tibialis anterior muscle in
diabetes. (a) CONT, (b) 1 D, (¢) 3 D, (d) 7 D and (e) 14 D after ECC. Bar =50

pm.
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[0 Normal

B Diabetes
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CONT 1D 3D 7D 14D

Fig. 39 Percentage of the damage muscel fiber area in normal ad diabetes
moels. Values are mean +/- SE. * p <0.05 vs. Normal 3 D.
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12 1
« L Normal

10 1 [ Diabetes
g
6
4 1
2

CONT 1D

regeneration myofibers (%)

Fig. 40 The numbers of regeneration myofibers were quantified and shown in
the histogram . Values are mean +/- SE. * p <0.05 vs. Normal.
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Fig. 41 Transverse sections from CONT (a), 1 D (b),3 D (¢), 7D (d) and 14 D (e)
after ECC in diabetes model. Triple histochemical staining for myofiber apoptotic

nuclei. Bar =50 pm.
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CONT 1D 7D 14D

Fig. 42 Time course of changes in ECC induced myofiber apoptosis nuclei in
normal and diabetes models. TUNEL-positive nuclei per mm’ after ECC in rats.
Values are means +/- SE. *p < 0.05 vs. Normal.
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(1D: 14.32 +/- 2.86 myofiber apoptosis nuclei / mm?) (23 T CONT(CONT:
1.74 +/- 0.57 myofiber apoptosis nuclei / mm2)J0H A EIZEVMETH-7- (Fig.

42).

7.4, E£

7.4.1.  FERIFICB TG EHER

ARFEBRTIL, I FHNTHERIED 1 BBERFET VA Az, KPR LRI
1% 1 BUERRIFE T M%< OISR W THE SN TEY (Atalay et al, 2004;
Maiti et al, 2005; Aughsteen et al., 2006), Aughsteen (2006) (ZL5E, STZ IZ
LDHERIFET L, KEOWD, MAHED LR, BXOWhZEREEFHRETLLEES
NTWD. KERIZR T 5EE A ORERTET /LB ThH, (K, fEE
BROFH W OW LMD EAZFRDHZ (Table. 4).

BERIZ v MET VT, AR R OIS RS BREEDME T 4524 (Kindig
1998), # 2 R 7 B A ROR E MRS R E A E W28 (Farrell et al, 1999;
Baviera et al, 2007) B ESNTND. I5IZ, HZEMEGIHELL THERTHIL
IRFNHITND. LIed > C, ZOID e b LIoHE IR E 7 /WICBIT DB A& I
ECC i AMICBWTIER BT VIS ELWHBEGLFHIE T 22N TESE.
LU D36, RERFERIL, EFET VIOBIERFET VT, HEERENE
BICEVMEZ R T 22O ELT- (Fig. 39). FEEEIAMEIEE RLZ RO
— LT, AT DA E R O LD REE SO TSI s,
CHETOIRATHIE O FHZE M LD AR DK T 23, R ) A2 D SE52
ENMETESL TS (Challiss et al., 1989; Stephenson & Fuller, 1994; McGuire
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& MacDermott, 1999). AZEERIZISWNTE, D BT 505/ fa W m B o J
L, BAZBrE RS- ORI O T AL Loz, Fiz, ECC AT L
T, FERIA Tl CaZt D FfRHEN ~DIRADDIRNZ LR REN TS (Kano et al,
2009). ZHHDOERFIZED, ECC IAEIZ LD EEIA2, NHELVL D TIIAELS

EoleZeNBZLND.

BEIRIAE 7 L TIHREEI A IR o T2b DD, RIERRENSIEH ET L L0b Fife
SN TWaZEnraniz (Fig. 39). EERHMIICB I ERIEREZAH T 54+
B, I antg 2 ReRUPICREZBIMGL, 1 HRICERRNEEIZERZEL TS 7
H#%FECTRBETLHIENHESIN TS (Pizza et al, 2002; Koh et al, 2003;
McLoughlin et al., 2003; Tsivitse et al., 2003; Pizza et al., 2005). L7>L72535,
AL AV WEEZELRD 1 BBERAE RIS O, AR DT HRIE
e A B A2 (Ge. TNF- «, IL-6) D% Wit O e (Straczkowski et al,
2002) DMERLRWATREMED $%. BEIRINET VCEBIT DRIEDIRIEIL, A AU

BEREAR RITER LI R ERO~ a7 7 — Y O - i ERE T OIK T IC kDb D)
LAV,

Fio, BAEMZRTHOEAATOHMRIE, EFET7 VCITARE 7 BICBE
cElgsnz (Fig. 40) 25, BERIFET L CITAME 14 BICHEBERBEMBALN

7. ZORERIT, REBRICBITHRIELEDBIELT-Z L, BLOY 1 WEERBE 7Y ME
TINZRIT LM TIE, Zo "V EEBORENIER 7y O A IS, xfRIgIcs
VORI R IR TV (Farrell et al., 1999; Baviera et al., 2007) Z&A3
EEL TWDDOTIFRVIDEHERIS S, LT2A T, BERIFE R CIERIE — A&
WFRIZBWTIEFR 2B LG BIE 2 A LD ZENARIERIVIALN L2257,

7.4.2. WERIFERRICBITAT Rh— A
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WEPRIF LA DHEL L TR MR 2 TIE T 5. fhZEMZ AT, 7R
—VANRAETHIERHENTWD. FHMIIICI T2 R E G RO FIZED 5
LD S E IR IS A E T DI LB RN DI T R — 2 AL TEITE
% (Siu & Alway, 2009). L7235, fiZfaa 56E L TODBERIF OB FE A IZ I 0
THT R AFFEL TNDEEBZOLND. LLRDD, HERIF B ET Rh—
VAT DM E T L, EDO A=A AT OW TSR, FERIFICE
HA LAY ARPHEDTUHEN, IR RYT OBRER 2E2F L, HRMICT Rh—v
AHFFETHIENWESIL TS (Stark & Roden, 2007; Peterson et al, 2008).
LINLIRNG, A AV D EE, TRV AFRAIZ BT DI RPER B (2B 5
FTHRIEMEY AN AL TNF FEAEDD AR &m0, FERFE BT 57 R
—VAIRE DO AR ATREMEN B 2 b 0. RFEBRID, FEIRP, BLO, EWHET
IV DG A AT O BRI B NT, TRV AR AEICH BRI ADIRN S
7273, ECC IUffE 1 H & OFEIEAE Z L7 Al B8\ TR 72 7 AR h— T RIS A M
wlgzsniz (Fig. 42). FERF OB AMETIEEL A T2 LB BERMHINTHDHIEMN
5, ECC I 1 A& THORIEM PN BRI Rh— A%, 5Tk
T AP IEE 2B LOBARN OB R INIZO TITZR W EHERI TES. L
UG, T Rh— A SEL, IiE 7 BRICBWTUIb T ThoT.
ECC IHEIZLARIEISEDBIEL TODIZHDNDH T, TR ADFEAE DMK
STz, ARV ARGUELD TNF PEARUNCERR T 508 L. 7 A
=ALFARBED, ECC IGHEIZEOT AR — RSB D ECHZ LT LTS T.

7.5. B

KR 6 T, BEIRINT e T VOREBCE 2 RELT, ZEHMifhickiT5 ECC
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WA AW IZEDT A= AREN DWW THRGEE T -T2, ZORERLLTF O L5725 A
=

O BERIFET VL, EFHTT LT, (AE (NAE 2724/ 14 g, DEE 1 209
+-9g), MEEORD (NAE 10.46 +/-0.26 g, DR :0.28 +/-0.16 ), LB
® E5- (N A 1107 +/- 11 mg/dl, D # : 485 +/- 33 mg/dl), FHFEWTEFEDIL T

(N ##: 3140 +/- 319 pm2, D #£: 1698 +/- 107 pm2) MNA5i7= (Table. 4).

@ ECC IHE iz ALK m i 7-0 O HEE 1L, FERIFET L (175 +/- 2
mN'm/mm2) TIZEHET /L (398 +/- 3 mN-m/ mm2) X0HAE K MEE

L7z (Fig. 37).

@ BERIF BRI 1TH ECC IHMFARTICELRIE (1D 0.9 +-0.4%,3D 9.7
+/-1.7%, 7D :3.7+/-2.6%, 14 D : 0.1 +/-0.0%) 1%, EHET V&L TR
FEL7= (Fig. 39). 512, HABRICBITA2HAMOHBUL, HEIRFEET LV (7
D: 0.5 +/- 0.1%, 14 D: 6.3 +/- 4.2%) TIZIEHET /L (7D: 3.2 +/- 1.8%, 14 D:

2.4 +/-1.9%) KObIEIEEZAET- (Fig. 40).

@ THRM=VAIREL, FEIRFBET LTI EEE (CONT: 1.74 +/- 0.57
myofiber apoptosis nuclei / mm?2) EHEELT, IfE 1 H#% (14.32 +/- 2.86

-

myofiber apoptosis nuclei / mm?2) 2@\ MEZERLTZ (Fig. 41).

PLEDRERNG, BEIRIFEFIE LT E BT, ECC I IC LA EEIE )
EFEET NVIOBENIEDHT, RIE — FAISITBETHIENHLNIT
STz, EBIZ, TRV AIGEIT ECC IAE 1 HZRICBWTH BTN ALk
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B8E Fiim

BN R REGL, MM RRICRENFER T DO TR, RIS LT
BAERIICAEL D, FHstiEl S, SIS WO ER R RS A L TODT2), # )
IR, ML RENEMIIA DS - 3L BB ICKV AT e TES. &
(RTERUC BT DM DFRE - B S 2 VR — M DA AR RE 11X T T AR —3 A
W%, BInFIZE0 70l I LENTWDL T RM— AL, EEFEFEMEFEEGICBT
LG — PR AR T, AR (SR A7 I 00 B 3 — (B R O HilENC RS 5L T
DAREVEN DD, £ZT, AW TIE, FHIHEICLDEE — HABRREO T R— A
JISBEIZEBL, BASIHBRAEICIBIT DT R —V ZADRAELE DT EZ BN T5HT
Lz HHIELT.

EENAN RIS DG — RIS T 0T A= RSB EMRFET DI
HI=Y, AWFFETIET YD TA 5128175 ECC IUEA R IRET T NV Oz
HfEL7z. ECC UM%, MMt DA IE DRREEA S SEL, S5, HIRIZED
AR FRLE, Bt AT v 1L (stretch-activated channel: SAC) DB L%
FEL, Ca N ~IRAT D2 TIRE LFACRDZ OB SR (e W
WSAY) OIEWEEER T 5. Sonobe & (2008) I, in vivo ET /VIZEBWNT,
ECC WLifE B % DRFFRAEN D CaZti 2N, IHEEI A+ 812, SAC [ZHK
LCEHFT2ZL5®mE L. 37206, ECCUHMED BIEITAR AT LT R E R o # N
ZANZE, CaZOFFN AL L TOD b LI, LIeA-> T, WFFERE 1— 328k 1
TILH72% ECC I A M AR EGH G OBERAMEEL - R 1 O RICE D
T, ECCI[UifE 10 [E]& 20 IO ET AT BT HBEABIEZSNT-. ZDLl5H7
SR RIEU T DR G BIMEO AL, B SV IR EG T 7 L OMESLICEE

121



HLerpor-. EBr 2 LIEOER 7 ahaL TlI+ T, EEEEE 20 UL RICHRE

TAHZLT, BIEEAZEB LT /L COERNREIZ/-T.

WIZHE B Lm0, EE 7 aha L SRR A DA EFRE TH- 7. 2,
SIMTENL DR BN BT EIERM A L7205, ZHETORAITHFZETIL, FHliEIZEy
FRENTZHEEDO BIEICOWTO FIT—E L T, Bk 2 T, ECC Uk

H

ZAMLIZT YD TA FHZBT D RO RGO RTEEZ RFELIZE R, T, +
e, AL COFHEE DI AEIZZERITZRO LR o7, LvL7eRD, Lovering ©
(2009) 13, BRI EG L (MRI) (ZKVEUE AR 2 Bl L0024 BFHOZ
RO TA fHIZEBWTH SR DAL ERICNT CRIEISE DR SN 2282 L T
W5, FEER2 ORERBE WD, ITALBIEA IS TREOFAFALIITS > ENE
CAHBERELTIE, UK ARTO 7 aha VI KR LT R DB B2 — L A F /g
HIENEZLND. FlZIX, IWHEIZI1T 5 2B ORI R 2 o7 mhan
(120 degree) Xv% Lovering & (2009) o7 mbz/LTid/hEVy (80 degree). Ehi
2128175 ECC IHE I LD BEWr 72 5B BIFEAN T i, o R SHERIEEALIZAN T T
FERRIEMIRA BRI T, BfRHES A 7 LE BN A I A5 O BRI XA BT
72D, SEENEE ARG O SMFITIE, B, RGP, FREE, WERE DRk
RBERNBEEL TWAZEN RSN TS (Nosaka & Newton, 2002) . ZiLHD
K DAL DD, BEDOR AT EL KIET OB LIV,

MRS 2 TI, BFZERE 11238\ TRENZS Ve ECC A S M AR I5E 7 v
NT, IR, PEZEITE B LTe e 7 R — 2 RSB ORRGEEAT 72 (325 3).
ISO I Tl ECCME LB ARG I LT AR h— L ADOF AR, £z, AATIE
BHREBLOT R = RTNEEA LR AELRN LB E o7, Biral &

(2000) 13, AAF Y OBHIHIZINT, MIKES 2R T (0 DRIFET RE— 2
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EEMIA— BT RTEL COAZ LA BLE LT Ze0 D, HINADES L /7B DOIE KD
RLLTTRh— Y AEFE T HEME L2, ART, TR AL AR #
MRS TS, 72, ISO IWHEIEAE O MR Z 5| S E ISR N2 E0D, Mk
OEENEEINIENB ZLND. TRV AREOMHNL, 2D NES
FRLTWDOME LR,

WFFEARE 2 — F2BR 4TI, A ATy T ECC ULt DM 7 AR — 2 ADF A4
IZDOWTHRGREL T, IT4E, TR = ZDVE R 1236 1T D i o3 (b oo s 2 2 4 3%
HEREMICEGL T MRS TS (King & Cidlowski, 1995;
Asakura et al., 2007). #lz1%, TRM—AEITIRNFThD caspase-3 DIEMAKIZ,
BRGICBIT55bZEd (Fernando et al, 2002; Hunter et al, 2007). £7-,
Asakura 5 (2007) 1%, B0 L E K T TH2D MyoD MNEEFERB LY, 3bizisvnT
TR =V A FEMANCFHE T DI EME LTz, L2 > T, MO AL T R h—
SADFETBEMNENE N ENEZLND. £IT, EBR 4 TIE, $712, ECC Ui
HOFARIRICBIT DT A=V A AICHE B LT, TORER, BIEBLI- MMM i
AESNDEFEZIB T, MIRE NRET D RELIETRh— 2R 4
FTHILEWLINILT. ZORE R, BEDFHRMED YA X2 HIH D720 1M 2
ARG R SR DB AERE L BEAF OB E D RN 1T DGR ET T8, TR — AN EER
BNz RIELTODZERIRL TWDDE LIRS, B, [RIERZBERE3 25 O
W THADLILD. MG TIE, IR OBLEE B L LTI T R — U ARF AT
% (Allen et al., 1997; Smith et al, 2000; Siu et al., 2005c; Alway & Siu, 2008;
Bruusgaard & Gundersen, 2008). 7725, FAMRME TIE, R AC D72/
HIZRIRENET G- LIC T IR b=V AR B W TR AELTZO TIIR NI EE X HI
L. LnURsh, F2k 4 OMEIE, fiEN A Oz BRE L7 Rh— ZRE
THHEWETHIUILTLL 0TI, L, FABRRICBITLZ TRV AR
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BN A OFRENC B 53572018, FfHEN O T Rh— AL TR 7 OLE
BT BT HHME — BB B R T 20 S G T 2% ERH D, &

2, BAEBRBICB W TBIESNI LT R — ARBEF O THLOM, HH
R B CR OB AL THLONZXRITHIET, HfEZIZBT2HF MmO
— B OMICBITDIE RIS EEE DAL DN TEDL RN H5.

FR 5 TlE, IREEREREE T 0 ECC WAMEIC L > TR GRS IRNZEN RS
iz, ZORERDG, [KEERAN ZADE KA Lb e o7 ECC IUHECIE, fifiEics
TOMIRRRE N IHIEA, CaZii AT ¥RV Thd SAC DREEZLIFHESILT,
RS ED CaZt DL AR ESND IO RGBS IHI ST Db L7z,

¥72, FEBR 5 Ti, 4B A mTOR &H O TN+ Tiho S6K1 #/37

EOIEMEALDSIRENTZD, ZOFERIZ, H P EE KIS TR T Rh— A0 i
ICHB G L CWDATREMED DD, Zo /7B A mTOR # O LK1 CThd Akt
1%, B - DMFAET HZETT RV AR ADIEHER - TH 5 Bad 25 LS
%. @, Bad 1%, 7ARM—V AORAEZFET D0, IEMHEASN722LT Bad A% D
B A ROTZO T R —V ZADFAEZ WK T2 MICER 35, EB 5 12805
S6K1 DiE X, mTOR D Lk ThHHMGER 7 (EH/LVEY, IGF-1 72
&) BEO Akt BIEHEALSNTZZEEZBHL TS, T72b 5, Akt OTENEIXT Rh—
AP E BEANTIHIL TWDIENEZBND.

B 5 TIE, M7 I Tl L g T A Y A a7 DIMANT JRHTE
FTHHBRHIZINTD, Afitg 3 HD 14 BIZHNT CIEARTREIDS EVMED T
Rb— 23 AR U7z, MEHIR (1) $13, TA ISV TIREESRE AR AHH
K203, BREICKDMGEHER (B RO, MR EA I T 2 LickoiE
PERRSENELD, MARICEEEREE L KIE b L. MRS OMEENS L E TiE
HOHN, MBFHIRIZIB T DT AR N— R, KRR AR AZLDH O Tlde<, Ein—
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BREROBRIZAE UL AR ZIZ I N B TS A LT AT REME S MV e B 2 B L
2.

AWFFETIE, FifiET Rh— 2 B IT DRI AR ZADZE A BN T 5Tz
DIHEIRIAE T /L OB % ECC IR IC L DIRZNZ DUV THMRAEEL 7. HEIR
JRET LTI, & MIa ORI AT OB R R LI R K FRALN 280D,
AR Z D BRI AL AL~V DMED o T ZE D HELLS LS. FEBR 6 Tid ECC X

&

M LD RGN IE R T 7 VLB BER P B 5 CIIA BIRWEIE Tho7z. Zo
i R, FEHEN L~V OET, IBLUBERF B ICHITD CaZt DML P A
W72y (Kano et al, 2009) ZEDBBIFRL THADODG LAV, LALLM, B
BRERWNZ8UT, BRI i AR ME S 1T 2 A MR I Z LD RIENE, [IEH 7 VA mRIC

BT HRFIC IV THAkEEL CVe. S265k 6 THVZ 1 BRI T M, JEBR7RY
FIEIZENA RV D W ELELIZET LV THDH. Z1UTED, RIEM AN A
R~ IaT 7=V Ol AF DA A ARGUED LTI LV IR SN2 LT, RIE
JINEDBIEAFANTZZEN TSNS, Fo, TR 6 TiX, RIEDIEILERIENET AT
NAVEADIKRTIL, BEFHOHIUICHLENZLTOLIZEE LN,

ZDEHZ, ECC WHEIZ LG — B AR I8\ TR IED A U2 HE IR I B 45 7
1%, TR AREITHIEF TV EOMEL L L L. EiR 6 OfE R T, ECC
IHE 1 B % OFRIEZEZ LA C B W TR E 72 7R b AR BB RSN T,
BEPRIR DB R A Mass A A T 22 LRI TWDHTEND, ECCUNAE 1 H#% T
D IIENIN BB SN T R — A%, RIS B E UM IE & 7225 &
DHAERWEOFHERINTZOE LRV, ECC PHEIC LD RIEISZ DSIEEIEL TWHT
ENn, ECC AT 7 A#IZBITDHAMIAT Rh— ZADF A2 TFRL Tz, L
U5, 815 - FARRRIC BT MR T R — RSB MR o722 enn, 1
AVARBIMELD TNF AL DT R — AR BEOME 3B 5L CHDH00,
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LAV720,

AWFFETIE, EHEIAL RZES RO G L L OFAMMEIE B L, FrlZeoiEik
THALLT RE—V ADFAEIZ DOV THRFEERAT T2, BUE, ZEHMIIL THDHBRHMEC
KT BT R =V ADFEREE I LIS IZSI TR, LNLRRE, RIFFEICE
THERIL, 2 THD MR = — 7 I B RIS E 2 R T h O
THY, HEED IR BIIRAR AT T DB A& 5 0 i A M2 350 B 3 2 87
IRAN =R LEIRDIEAD,
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BIOE B E

ARWFZETIL, BENAR A ZEL 7RG L OFAMEIE R L, FHIE O
THEUAT R ADIEELZF ORI DWW THHONCTAZEE BIELTLL R D
IR A A A T LT,

WHIERREL: EBFERMEARET T VO

BET NV E G E LT BRI DB AR IR T L O By
LC, ECC AT OEBUKATIE, BE O, RGN 2T+ 52 Tl AR
ACLLEEEIEZMRRELTZ. ZORER, FHHEEGIE, IHE 20 2L Lo AR CIIFE
ENDHH, 10 BILLF TIRIEEAERAELRNZENHLNE -T2 (R 1), £72, TA
iz H1TH ECC AR, WTALEs, ouss, il Tl — G aifia 5280

mENT (528 2).

HEREL: BRHBETT MCRITETRI— RNEOREE

TR ART y MERE B2 k5 ECC IUHE, XU, ISO Uiz A mL, 7R —
AFEAENTRBIT DM OV TRFZ T o7, TOREE, lkICB T 57 Rh— 2
1%, ISO IXfE Lt ECC A CE<BlEINT-. SHIZ, ECC IHEICK 3257 Rh—
VAIRNEE, ARZBWTHE THAZENH LN o7 (F26k 3).

iz, BE—FAERRIZB T, BEONEHIIO T Rh— RN E 2/
W A FTEDSRFTT 5L T, TRV AR A A ZH B R OMIA 2R
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Il FDOFER ECCUHEIC LA COT R AR, HERREICB VT
BIEINDTZ T T, BABREOMEEE TOMEZICBWTHERINLZ L4
SNILTZ. OO R, TARM = ARETAHEFRNE RSB AR T

BB A REMZRIB L TV (525 4).

WIS 3: RBRFERE T IR 5% v Ny ZIUEIcLs

TARRN— AR

AR DS %6 9~ DIEB AR AN Z C, IHEARIC I 1T DIRER R A & L b 7
o7 ECCWAFET NVERENLL, A MR AR AFREA AR~ KIE T T ARh— 2
JRBENZDWTIREEL 2. ZOfER, ECCULHEH o> MLt il BRI L DTGB~ Kz 5
FE ORI, Bl ECC Ui & &g U CRRIR G LT R h— A& 2 Bl 3
HZEDBHBNEIr T, Ko, 815, TR RSB IH T 52800 05T AR
KEFITEEETHZEDRENT. LTeDi>C, KRR EREE T2 T DA IEE T
M, R GE LRIV RV FIERZ S | ST 7 mr T A THLI LD TR
Sz (328 5).

WHoERRE4: FERIRBERRHICRT DT Rh— AR

BERIRZTIE LB R HIE, Mesatha A3 0280 R M T0D. RIS, BEAGH
(23S UT D TE H MERHEHE | & 2 ZE M & ] IR L I A oD BRI CAR S R DB AR
PEDIR TR EALND. LTehi-> T, EEZH R G IZE O RINT v b7 VAR,
ECC U263 2l 1 DML GRE DRSS B HOWTT Rh— R &
VOB OIRGEZ ATz, £ DfE R, ECC INUMEIZ LD RIE — AR E DN IEH 7
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KA LGB IET 528, SHICRIENIINCB W TT RN — RSB NI 528 %
SN LT (28R 6).

AWFFROFN LI, ZRMIATHDHFRAEDEE — FFADFEIEIZIBWT, TARE
— LV ADOEGRHGNNI IR o7 R, FAERRRIZBIT DT AR — AD R & E
I, SN T2 M RHE R A PR E ThD. ZOR RO 72 fh#
BAEEAD = A LEL THEH T REATHY, EEO ISR E A M AN RT3 T 5
HHEFH O BN AT AT A =R LD—D>ThHDHTEA).
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s

A SLOAERZ ST, FARZRY) T iR H 2 0 £ L7 EXEE K5 B
W TSR Sy 8 HEEER, MOONSHH B BuRICIRIEROHEEZRLET. £
7=, KR DOVERICERL TEIRBRY L7z ExBfE R &1 -WE TR PPN 76
B 2w, Bl Sk HEEER, EERZRL NS S2BRICI W TR E2 D L7 548
REFHGL NFIREFACFIER It 5 ZaRITODPDEHOEZRLET. S5
(Z, MR 2 EBRIEE SR L OZ <D E 2B EL 72 2N LK Dr.
David Poole [, HUARUKRY: G UEMFFERE LHH 8 HEEER, EX@ERY &
T WE TR R M MEEAR, THEVE R REE EEE UM 2%, SR
MRt RS VAR FREL e, BARUEIE RS PEAKHIE TR b oe=s e
iz, ERMERT B-PETER iR ES BEEIICoRE AT IR
LA L BT R, Fiz, SZERICERUEN A TEW P BRI FE = OB AR IS O DAL
HL BT ST, RIS, A DTV S RRD R ) LI FE LD D%
HOFERLET.
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Abstract Eccentric contractions (ECC) induce myofibr-
illar collapse, edema, and inflammation in muscle cells.
Although apoptosis of myonuclei following ECC is acti-
vated during the inflammatory phase, the apoptosis
response of the regenerative phase remains to be eluci-
dated. The aim of the present study was to determine the
inflammatory and regenerative phase of the apoptosis
responses induced by ECC. In anesthetized rats, the tibialis
anterior muscles were subjected to ECC repeated 40 times,
evoked by surface electric stimulation (100 Hz, 10 V) with
mechanical muscle stretch. Apoptosis was examined in the
control group and in groups 1, 3, 7, and 14 days after ECC
(each group, n = 4-6). Terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (TUNEL)-posi-
tive myonuclei were assessed by further labeling with
dystrophin staining and DAPI. The expression of proteins
related to apoptosis (Bcl-2 and Bax) was examined by
Western blot assay. At 1 and 3 days, focal edema and
necrotic myofibers invaded by mononuclear phagocytes
were present, whereas regenerated myofibers with central
nuclei were detected at 7 and 14 days. The occurrence of
TUNEL-positive myonuclei increased significantly at 7
(7.0 £ 1.5%) and 14 days (5.6 & 0.6%) compared with
control (0.9 £ 0.5%). Further we found that myonuclear
apoptosis was restricted to the subsarcolemmal space at 7
and 14 days and markedly absent from the central nucleus.
The Bax/Bcl-2 ratio was significantly higher at 3
(4.5 £ 0.9) and 7 days (3.4 £ 0.5) after ECC. In conclu-
sion, myofiber apoptotic responses following ECC are
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Department of Applied Physics and Chemistry,
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Tokyo 1828585, Japan
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present not only in the inflammatory phase but also persist
during the regenerative phase.

Keywords Muscle damage - Bcl-2 - Bax

Introduction

It is well known that repetitive eccentric muscle contrac-
tions (ECC) induce muscle damage. ECC-induced muscle
damage leads to myofiber necrosis accompanied by ultra-
structural collapse, edema, and inflammation of myofibers
[6, 16, 17, 46]. These inflammatory reactions achieve their
peak responses 3 days after ECC, and subsequently the
muscle fiber shifts to the process of regeneration in
~T days [6, 20, 21]. The elimination of damaged myofibers
by necrosis constitutes one of a series of responses in the
process of myofiber regeneration. It is also known that a
damaged or dysfunctional cell or myofiber is removed by a
genetic control through apoptosis [23, 31]. In fact, apoptotic
induction is observed with necrosis in myofibers due to
exercise [7, 12, 13, 30, 36, 42]. Previous studies demon-
strated that apoptosis plays an important role in controlling
the cell differentiation processes of skeletal muscle [8, 27].
For example, caspase-3 activation of apoptosis-induced
factor is required for skeletal muscle differentiation [19,
25]. MyoD, a muscle-specific transcription factor, promotes
differentiation of satellite cells. Recently, Asakura et al. [8]
reported that MyoD plays an essential role in apoptosis
during proliferation and differentiation phases. Therefore
apoptosis may play an important role for controlling the cell
differentiation processes of skeletal muscle. Based on these
studies, we hypothesized that the apoptosis response
induced by ECC would be activated in the regeneration
phase as well as the inflammation phase. The purpose of the
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present investigation, therefore, was to test this hypothesis
by examining the time course of the apoptotic response
from the early inflammation phase through the regeneration
phase following ECC.

In addition, endurance training causes apoptosis to a
muscular capillary (i.e., endothelial cell), but little is
known about whether ECC contraction with significant
damage induces endothelial cell apoptosis. We also
examined apoptosis induction in endothelial cells during
inflammation and regeneration process.

Materials and methods
Animals

Male Wistar rats (n = 27, Japan SLC) 12 weeks of age
were used in this study. Rats were maintained on a 12:12-h
light-dark cycle and received food and water ad libitum.
All experiments were conducted under the guidelines
established by the Physiological Society of Japan and were
approved by University of Electro-Communications Insti-
tutional Animal Care and Use Committee.

Eccentric contractions protocol

During eccentric exercise and all surgical procedures, the
rats were anesthetized with intraperitoneal injection of
pentobarbital sodium (70 mg kg~' i.p.), and supplemen-
tal doses of anesthesia were administered as needed. The
right tibialis anterior (TA) muscle was stimulated elec-
trically via a surface electrode (10 V stimulation, 100 Hz
frequency, 700 ms stimulation period, i.e., 70 pulses). In
preliminary experiments and our previous study [26], 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° as the initial angle, and during
electrostimulation of the TA muscle, the electromotor
was rotated at an angular velocity of 260° s™' to 180° of
the ankle joint, which lengthened 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 span-
ned the expected range of strains. The right TA muscle
was subjected to 40 repeated ECCs. Each rat was
assigned randomly to one of five groups and examined at
control (m =5)or1 (n=6),3(mn=4),7 (n=206), or 14
(n = 6) days post-ECC.

@ Springer

Histological evaluation for muscle damage

At 1, 3,7, and 14 days after ECC, 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 frozen rapidly in isopentane cooled by liquid
nitrogen. Transverse sections of 10 um were made with a
cryostat (Leica, CM1510) at —20°C and stained with
hematoxylin—eosin (HE) to examine the histological fea-
tures of muscle damage. To avoid sampling bias, each
section was subsampled at six different regions: (1) ante-
rior-medial, (2) anterior-central, (3) anterior-lateral, (4)
posterior-medial, (5) posterior-central, and (6) posterior-
lateral; each of these fields was analyzed in all muscles.
Muscle fiber damage was determined by a point counting
method using a 30 x 40 mounted grid (i.e., 1,200 points
total; one square = 18 x 18 pm) on microscopic fields.
Damaged myofibers were defined as those with infiltration
of inflammatory cells, pale staining of the cytoplasm,
swollen appearance, or multiple central nuclei (Fig. 1A, B).
Muscle fiber damage was expressed as a percentage of
counted grid squares.

Identification of myofiber apoptosis

Double labeling with the TUNEL assay was performed
after dystrophin labeling. The sections were air dried at
room temperature, fixed in 4% paraformaldhyde for
15 min, and washed twice with phosphate-buffered saline
(PBS, 10 min each). The tissue was blocked by 1% bovine
serum albumin (BSA) in PBS for 30 min at room tem-
perature. After washing in PBS, sections were incubated
with an anti-dystrophin mouse—monoclonal antibody (1:30,
VP-D 505, Vector Laboratories) for 1 h at room tempera-
ture, followed by an anti-mouse IgG rhodamine-conjugated
antibody fragment incubation for 1 h at 37°C (1:100,
R0270, Dako).

After dystrophin labeling, apoptotic nuclei were asses-
sed from muscle cross-sections via a TUNEL assay.
Apoptotic nuclei were identified by a fluorometric TUNEL
detection kit (MEBSTAIN Apoptosis Kit Direct, Co. 8445,
Medical & Biological Laboratories) according to the
manufacturers’ instructions for both muscle cross-sections.
Briefly, tissue sections were incubated with a fluorescein-
conjugated TUNEL reaction. Negative control experiments
were performed by omitting the TdT enzyme in the
TUNEL reaction mixture on the tissue sections. After
dystrophin and TUNEL labeling, the muscle sections
were mounted with 4'6’-diamidino-2-phenylindole (DAPI;
H-1200, Vector Laboratories). TUNEL- and DAPI-positive
nuclei and dystrophin staining were captured under a
fluorescence microscope (Eclipse E800, Nikon). The
number of TUNEL and DAPI-positive nuclei was counted
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Fig. 1 a Hematoxylin and eosin staining 3 days after ECC. Damaged
myofibers were defined as those inflammatory cells with swollen
(outlined arrows), swollen with infiltration (arrows), and infiltration
(arrow-heads) appearance. b The multiple central nuclei can be
detected (arrows) after 7 days of ECC. ¢ TUNEL-positive nuclei
were found both inside (a) and outside (b) myofibers. Muscle
transverse sections were immunofluorescent-stained with dystrophin

from six random, nonoverlapping fields at an objective
magnification of x10. Only the TUNEL-positive nuclei
inside the dystrophin were quantified as myofiber apoptotic
nuclei (Fig. 1C). The TUNEL labeling was quantified as
the number of myofiber TUNEL-positive nuclei per total
myofiber nuclei.

Identification of endothelial apoptosis

For endothelial apoptosis, serial cross-sections were
stained using TUNEL and alkaline phosphatase-dipeptidyl
peptidase IV (AP-DPPIV) stain [29], respectively. A small
amount of substrate solution specific for DPPIV was
poured onto the sections, which were maintained at 4°C
overnight. The sections were rinsed with PBS and treated
with the substrate solution specific for AP at 37°C for
60 min. The solution for demonstrating DPPIV consisted
of glycyl-L-proline-4-methoxy-beta-naphthyamine, which
is a substrate for DPPIV, dissolved in 1 ml of N,N-
dimethylformamide, and fast blue B dissolved in 0.1 M
acetate buffer (pH 7.4). The solution for AP consists of
naphthol AS-MAX phosphate, which is a substrate for AP,

antibody to identify the sarcolemma (red), fluorescein-mediated
TUNEL assay was performed to identify apoptotic nuclei (light blue),
and all nuclei were labeled by DAPI staining (blue). TUNEL-positive
nuclei positioned inside the dystrophin stain (a) were identified as
myofiber nuclei, whereas other nuclei located outside (b) were
counted as endothelial or interstitial cell nuclei. Bar 50 pum

dissolved in N,N-dimethylformamide, and variamine blue
salt RT dissolved in 0.1 M Tris—HCI buffer (pH 9.2).

Western blot analysis for Bcl-2 and Bax

Protein expressions of Bcl-2 and Bax were determined in
TA muscles after ECC. The samples were homogenized in
homogenizing buffer (50 mM Tris, ] mM EDTA, PMSF)
and centrifuged at 8,000g for 15 min (4°C). Soluble protein
was heated for 5 min at 95°C, loaded on each lane of a
12% polyacrylamide gel, and separated by routine SDS-
PAGE for 50 min (20 V) at room temperature. The gels
were blotted to PVDF membranes (Millipore) by semi-dry
assay. The membranes were blocked in 10% skim milk in
PBS with 0.05% Tween-20 (PBS-T) at room temperature
for 1 h and probed with anti-Bcl-2 mouse monoclonal
antibody (1:500, sc-7382, Santa Cruz Biotechnology) and
anti-Bax rabbit polyclonal antibody (1:500, sc-493, Santa
Cruz Biotechnology) diluted in PBS-T.

All primary antibody incubations were at room
temperature for 1.5 h. Membranes were then incubated
with horseradish peroxidase (HRP)-conjugated secondary
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antibody, AP1254 for anti-mouse IgG antibody, and AP758
for anti-rabbit IgG antibody, and the signals were devel-
oped by ECL plus Western Blotting Detection System
(RPN2132, Amersham Biosciences). The resulting bands
were quantified as OD x band area by CS analyzer (ATTO
Corporation). The size of the immuno-detected proteins
was verified by using standard molecular-weight markers
(Bio-Rad Laboratories).

Statistical analyses

Statistical analyses consisted of a one-way ANOVA with
Dunnett post-hoc testing using Prism version 4.0 (Graph-
Pad software). For all statistical tests, the 0.05 and 0.01
levels of confidence were accepted for statistical signifi-
cance. All values are reported as mean & SE.

Results
Muscle fiber damage

Histological examination of control muscles revealed no
visible evidence of muscle tissue inflammation. In contrast,

Fig. 2 Serial transverse
sections from control (a—c),

3 days (d—f), and 7 days (g—i)
after ECC in TA muscle. H&E
staining (a, d, g) was performed
to examine the histological
features of muscle damage,
triple histochemical staining
(b, e, h) for myofiber apoptotic
nuclei was used as shown in
Fig. 1, and AP-DPPIV staining
was performed to identify
endothelial cells (¢, f, i).

Bar 50 pm

A
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typical histological lesions appeared in the exercised
muscle fiber after around 1-3 days (Fig. 2, Table 1). One
day after ECC, damaged muscle fiber showed the swollen
condition (2.4 £ 2.1% of total fiber area). At 3 days after
ECC, focal edema and necrotic fiber invaded by mononu-
clear phagocytes were recognized and the extent of the
damaged fiber area was significantly increased (23.4 +
6.2% of total fiber area, p < 0.01 vs. control). A regener-
ation process was observed at 7 and 14 days after ECC,
characterized by a small-diameter fiber with multiple
central nuclei (7 days: 4.5 &+ 1.3%, 14 days: 3.7 £ 1.4%
of total fiber area, p < 0.05 vs. control).

Myofiber apoptosis and dystrophin

The TUNEL assay and dystrophin staining to investigate the
expression of myofiber apoptosis are presented in Fig. 1.
Loss of dystrophin was not observed in the control and 1 day
after ECC. Myofiber TUNEL-positive nuclei were margin-
ally detectable in control and 1 day after ECC (control:
0.9 + 0.5%, 1 day: 2.5 £ 1.1%, Fig. 3). In contrast, intense
staining of TUNEL-positive nuclei and loss of dystrophin
were observed 3 days after ECC (Fig. 2). Because of sar-
colemmal degeneration after 3 days of ECC, we were unable

C »
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Table 1 Percentage of inflammation and regeneration muscle fiber after ECC

Control 1 day 3 days 7 days 14 days
Inflammation fiber (%) 0.0 £0.0 24+£22 23.4 £+ 6.2%* 0.0 £ 0.0 0.0 £0.0
Regeneration fiber (%) 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 4.5 £+ 1.3* 3.7 £ 1.4%
Values are mean £ SE
* p < 0.05, **p < 0.01, significant difference from control
to quantify myofiber apoptosis at this time point. In the 2
. - - *
regeneragon phase (7 and 14 days after ECC), loss of é 121 W myofiber
dystroph'm was not obse'rved, however, regenerated rp}'/o— E 0 [Jendothelium s
fibers with central nuclei were detected. TUNEL-positive 3
. . . = 8
myonuclei were significantly increased at 7 (7.0 = 1.5%, z *
p <0.01) and 14 days (5.6 & 0.6%, p < 0.05) compared E 6T
@
with control. £ oar
Figure 4 shows the longitudinal section of TA muscle at g , 1
7 and 14 days after ECC by TUNEL and dystrophin 5 o=
staining. We found that myonuclear apoptosis was located 2 0 control 1 day 7 days 14 days

in the subsarcolemmal region rather than the central
nucleus at 7 and 14 days.

Endothelial apoptosis

Using serial sections by TUNEL and AP-DPPIV assay, we
evaluated vascular endothelial cell apoptosis (Fig. 2). We
observed TUNEL-positive endothelial nuclei at 7 days
(7.6 &+ 3.6%, p < 0.05 vs. control) after ECC. The myo-
nuclear apoptosis remained higher than control at 14 days
after ECC, whereas endothelial nuclear apoptosis had
returned to basal levels.

Expression of apoptotic proteins

We performed Western blotting to determine the pro-
apoptotic (Bax) and anti-apoptotic (Bcl-2) muscle protein
content (Fig. 5). Bcl-2 protein significantly decreased in
muscles at 1, 3, and 7 days after ECC compared with
control (1 day: —35%, 3 days: —60%, 7 days: —56%,
p < 0.05, Fig. 5b). Also, there was a tendency toward an
increase in Bax protein content at 3 days (88%) and 7 days
(51%). Thus the Bax/Bcl-2 ratio was significantly higher at
3(4.5+0.9)and 7 (3.4 £ 0.5) days after ECC (Fig. 5c¢).

Discussion

The present investigation has demonstrated for the first time
that, following ECC, myofiber apoptosis is not restricted
solely to the inflammation phase, but also occurs during the
regeneration phase. Furthermore, this regeneration phase
myonuclear apoptosis did not occur in central nuclei but
rather was restricted to the subsarcolemmal region.

time course

Fig. 3 Percentage of myofiber and endothelial cell nuclei identified
as apoptotic in control and post-ECC muscles at 1, 7, and 14 days.
Values are mean + SE. *p < 0.05, **p < 0.01, significant difference
from control

Myofiber apoptosis during the inflammation phase

After ECC, inflammatory responses progress over the first
3 days following insult, and damaged cells undergo
phagocytosis [10, 32]. Previous studies [9, 15, 24, 33] have
shown that many genes related to inflammation are
expressed in skeletal muscle following high-intensity ECC.
Urso et al. [48] reported that gene expression related to
apoptotic pathways was approximately 9% for a total
expressed gene at 8 h after ECC in human skeletal muscle.
In the present investigation, we attempted to determine the
time course and spatial resolution of ECC-induced myo-
fiber apoptosis histologically. One day following ECC
some apoptotic nuclei could be identified within myofibers.
After 3 days, most damaged myofibers were accompanied
by collapse of a plasma membrane structure that precluded
identification of myofiber nuclei at that time. However,
many TUNEL-positive nuclei were observed within dam-
aged myofibers that lacked sarcolemmal dystrophin. It is
generally accepted that dystrophic muscle fibers are dis-
assembled by necrotic pathways, but several studies have
suggested that acute muscle fiber degeneration occurs by
apoptotic pathways [1, 41, 42, 47]. Biral and co-workers
[12] also reported that TUNEL-positive nuclei were
detected in fibers deprived of dystrophin or a sarcoglycan
sarcolemmal staining following 6 and 24 h of ECC. This
latter paper considered that the loss of several membrane
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Y

14 days

Fig. 4 Longitudinal sections taken 7 and 14 days after ECC in TA
muscle. All nuclei were stained with DAPI (blue), and nuclei with
internal dystrophin stain (red) were defined as myofiber nuclei.
TUNEL-positive myofiber nuclei (arrow) were located in the
subsarcolemma, but central nuclei were not detected. Bar 50 um

skeletal proteins after ECC could lead to fiber death by
apoptosis Or necrosis.

Myonuclear apoptosis during the regeneration phase

We have provided original evidence that myonuclear
apoptosis occurs in the regeneration phase following ECC.
These findings suggest the participation of apoptosis in the
processes of myofiber regeneration. The myocyte is a
multinucleated cell, and it is necessary to keep a fixed
muscle nuclei domain. Taking into consideration physio-
logical significance, apoptosis in the regeneration phase is
not targeting damaged myofiber for removal. We predict
that apoptosis plays a major role in regulating nuclear
localization and domains during myofiber regeneration. It
is well known that the number of nuclei is a causative
factor for the regulation of muscle fiber size [18, 22]. For
example, in atrophying fibers, apoptosis contributes to the
elimination of myonuclei and/or satellite cells [4, 5, 14, 43,
44]. A similar mechanism may contribute to the spatial
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Fig. 5 Immunoblot analysis of the protein expression of Bcl-2 and
Bax. Inset displays representative images for control and ECC
muscles (a). Quantification by densitometry of Bcl-2 protein was
significantly decreased 1, 3, and 7 days after ECC compared with
control (b). Values are expressed as the percentage of the mean values
of the control. Bax/Bcl-2 ratio was significantly higher at 3 and 7 days
after ECC (¢). *p < 0.05, significant difference from control

definition of muscle nuclear domains during myofiber
regeneration.

As shown in the myofiber longitudinal sections in
Fig. 4, myonuclear apoptosis was localized to the subsar-
colemma rather than the central cytoplasm at 7 and 14 days
after ECC. If a central nucleus represents a neogenic
nucleus from the satellite cell, it is possible that an existing
myofiber nucleus located in the sarcolemma leads to
preferential apoptosis. Muscle satellite cells are responsible
for repair as they function as muscle stem cells [2, 11]. The
myogenic regulatory factors such as MyoD, Myf5, and
myogenin play an essential role in regulating the satellite
cell activation program. In the ECC animal model
employed by Okada et al. [35], which was similar to the
present investigation, it was reported that the MyoD protein
expression level was increased markedly from 3 to 7 days
after ECC. Also, it is known that myotoxic-induced muscle
damage causes high MyoD expression after 5-21 days
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[40]. Interestingly, Asakura et al. [8] have demonstrated
that MyoD regulates not only differentiation and prolifer-
ation of satellite cells but also the apoptosis response
during the regenerating phase. In the present investigation,
we found a very different quantitative and temporal profile
of expression of Bax and Bcl-2 between 7 and 14 days
post-ECC. Though apoptosis was induced at 14 days, the
Bax/Bcl-2 expression ratio declined to control levels. This
profile suggests participation of other pro-apoptosis genes
in the post-ECC response. Indeed, there is evidence that
MyoD alters the expression of many genes involved in
apoptosis [8].

Apoptosis response in endothelial cells

This study found that apoptosis occurs not only in myo-
fibers but also in capillary endothelial cells after ECC.
These findings were unexpected because we have shown
that ECC does not induce necrosis of endothelial cells [26].
Little is currently known about exercise-induced capillary
endothelial apoptosis. There is one report that examined
apoptosis after running in mice [37]. That previous study
showed that acute spontaneous running increased the
number of apoptotic nuclei in endothelial cells.

There is evidence that both reactive oxygen species
(ROS) [28, 34] and intracellular [Ca*™] ([Ca®"];) dysreg-
ulation may participate in ECC-induced muscle damage
[3, 45]. Specifically, high [Ca”]i serves to stimulate cal-
pain activity and consequently promotes neutrophil acti-
vation [39]. Activated neutrophils are potential sources of
free radicals and ROS production, which subsequently
damage proteins and DNA [38]. Thus, ROS caused by
neutrophilic activity acts on endothelial cells from inside
the vascular lumen and may induce endothelial cell
apoptosis.

In conclusion, we have discovered myofiber and endo-
thelial cell apoptosis throughout the 14-day inflammation-
regeneration period following ECC in male rat skeletal
muscle. Future investigations might usefully explore the
specific myonuclear domains during apoptosis found in the
regeneration phase following ECC-induced damage.
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