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Reversible oxidative modifications partially cause myofibrillar active and

passive force decline in early phase of immobilization
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1. #8

RSN T A ) A AR Gl )
DZWIEER L TH 5 (Watanabe et al, 2025
Am J Physiol-Cell Physiol 329: C939-C952,
DOIL: 10.1152/ajpcell.00554.2025). ASEh{LIZfE
I BRI OAMLRNE, FHRHET A X3 &L
MREBEDIR T 2 7259, WIUHIRREEIL, IR
WEBRTAIME T A TH S [ HAEIH
Ml IKELTWS., Zo7at 2GR
DARIFITHRE D, Fiv> THiZMEK (Sarcoplasmic
reticulum: SR) 725 ® Ca? A2 V), #%
HE 1 R RHE O AR 12 A (Lamb, 2002).
Lamboley et al. (2016) X, v bZRgE L7
23 HEOAEMLIZ X Y, ¥4 7 IS
BHHEMHERD O T & 5 4 7 TRHEICB T %
F/NEARN Ca2t IF B O VEL LT %
/R L7z (Lamboley et al, 2016). L722%> T,
/N & 55 IR BEHE O T 7 OFERE DA BT LI B
I R RERE I B W CHEREEH -5 L F
AbNA. HERHMEL Caz b uR= VS
RISKHEG LB, 2ux7 )y Y - H AL 7%
AL TR ERASE, 2oL, ¥ 74

Rl T2 S 12 H MR D & MR E Ca?
BREE ([Ca*ey) OBIRIZE o TEFHAliTE 2
(Lamb and Stephenson, 2018). ®&KEI D
50% & 14 % 72O E R [Ca?t] eye DE DXL
TdH 5 pCaso 1, HiEGHRAED K T HERE DIRIE
ELTHwS, BARD (WHEEHZZH O
CaZ FRINEN) I AEROIRIEL LT
Hwsha, BITE i, 3L EoAE)
LI2ED, e bOFATIBIOTY A T
HMEDOW S CTHEAERDIPLT§2 2 LHREINT
W% (Larsson et al, 1996; Brocca et al, 2015;
Lamboley et al, 2016). Mz T, Iy +DF A
7 T#HETIE 6 BRI OAELEEIZ pCas & A
RHDOWEPMET T2 2L @MEINRTVS
(Udaka et al, 2008). BBRZEWC &2, EAFED
WFge i, MERMED ZEIEIII AT v 7
4T A NOWEZREL, EEIVIRIIOIE
T A WRESRE SN TV S (Rivas-
Pardo et al, 2016). fiJE#uHEDZ BRI,
FRZMHME Mz 2% 74 7 A Mo ¥
WIETHHIA4F Y (AxrFELTHH
5N5) OEEIZ X - TE X b (Maruyama

1) KEEER
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et al, 1976; Wang et al, 1979). v +D¥ A 7
IRHEIC BT, 6 BB OARELZIZY 4 F 2 H
KOZERIAMET T2 2 LG IhTn
% (Udaka et al., 2008).

GG OATER L, GBS HE (reactive
oxygen/nitrogen species: RONS) g/ % b4
mEesZeMmenTBh (Min et al, 2015;
Hyatt et al, 2019), Z NAS6WhERRHMEDBEEIN B
L ZEME 2L E ¥ % (Dutka et al.,
2011; Alegre-Cebollada et al., 2014; Dutka et
al, 2017: Watanabe et al, 2020). #)z1E, <)
T¥TF 4 54 b (ONOO ) RA—s8—%
FUF (02°) ~OUEFEIE, EHHED IR KR
J % F &4 5% (van der Poel et al., 2007;
Dutka et al, 2011). X512, RONS D381,
HRLNO FE LRI E TH L 7NV Y T4~
(glutathione: GSH) 12Xk o> THfilisn 5. Hi
AL, GSHE VAT A Y EDMIZTY AN T 4
FEEKRT 2L RIBTH S [S- 7V 5y F %
Ab) R, Ig RAAL VoY etz mhEH S
ETHAF v OMMEEKT ¢ % (Alegre-
Cebollada et al, 2014; Watanabe et al, 2020).
512, S-Z Ny FF ALIZZEINIERT 220
T S BBEIIRDICD B2 JITT. ¥4 711
A BWTIE, PR I0S- vy T
T AL ERMED Car Bzt E R b 2 &
PHHN TS (Mollica et al, 2012). *FHERY
2, PRV IORLEY AT A YL, —
b RFERE 2T 4 VHRIEEDOIRIT X
S>TS-=haYFF—VEEXKTS [S-= b
ovitl %35, S- Vs FF b IdRL
D, PaR=YI10S = hua v biddoR)LE
726 L, HERHED Ca2 EZHEEZ T &
% (Dutka et al, 2017).

AHFZED HIWiL, BRI B0 % 1R
FAHEDREEN Y B X O BRI O E L& R4
L, TNHEDOEAITHT BT ORI % #
WTs2eThHo7z. Frlx, EBCUHIZK -
TAE LB OREEIN B L O BIRYE A HE S
% &) I % VT2 RONS O Ry 7 B
T AT 2 BRA LB f 2 5 | &k 2 4 0 ek
2 5728 (Andrade et al, 1998; Murphy et

al., 2008), A7 TIIABLOMIBLR (18
L) SN2 YT BRI THE Y FF
ML A4 b= (DTT) &, S-Z V% 5% 1t
RTANVT 4 NG E O 1 2 BAE
iz RICT 52 ENTEL, REMLLZFA» 5
YRR L7z A I = HNVAF Y FT7 74 3—=IZDTT
BB L72E 25, AEALHE O EFKEO RES)
B L OZEWRD ARSI BE L. 2o
T &1, RONS AIAIHBY AL 9 DU B RE R 512
EEFSLTVWLIEZRIRLTWS, E5IC
WEED X /) = X L2 MET 572012, RREIYIR
JIZK$ % ONOO™ D% L ZEWIR IR
5STNYFF MLDEEE ZTNENRGEL 7.

I. A&
1. fRIEHAGE

AWFEDTRTOFNMIL, KBUKE KB
FERT RS RAE S 1 23-3) ORBEMHTE
sz, <o AL, WEEHISRZERN (22
~26C, 12W[HHEBEY A 7 )v) THEF SR,
KEfFEHHICERS S, AV TVT Dl
Fl3z 52 X D ORILERNIC~ 7 A 2 4L S
7.

2. T &t

You & (2015) O FEz—#UEL, <7 A
ORWEARB{L L7 (Youetal, 2015). 4V 7
VT VR (3%) FT1mLF v 7 (94300220,
Thermo Scientific, USA) @ iM% 5 v
FLUTHER LB B2 L CHEEREEL,
BAf % 180 BEICREE L7z, KIS, FMEHZHE
EINER==27 ) v TR AT, FAH T4
oY —5—7 (3M Multipore Tape 2743, 3M,
USA) THE, g KRS E L7z, Jfkll,
N— K5 —7 (3M Multipore Tape 2980, 3M,
USA) TEWH%EHE o7z, ABLILE %2175 72
WEABEH (Im), [F—<7 ZAHNOUE % i
LCwZWwWHZE (NT) & L7,

23 ED MM~ 2 (11-12 i) % 3 HH O
AL (N=7) & 7 HEOAEL N=16) D 2
TEICEN D 24 T B L%, BEIEA (gastrocnemius,
GAS) ZHML, VY H—TkipFL, K
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FEREN>LBICERLZWE L. 01,
ANZHANVAF Y KT 7 A4 8—% v ERS
T 2175 72, TPHRIEBRICB VT, A#fk7
HHEZFTNT WEAELL T kol &
DT, GAS O EREPB X O EHHERRE (3
bbb, FARTEB X Ca? BZMk) 2ER
BWZ LR LT

3. ZFLRT 74— DR

ARZANVAF Y K7 743—=1F, Lamb &
Stephenson @ St - THE# L 72 (Lamb
and Stephenson, 2018). 7¥5 7 4 Y F A4V (£
) DAo72y v — LHIZHEI L7z GAS 21
&, BICATF VL ABOY V2R LCTEEREIC
BREFL7. Vv =L 2T A A8y 70 LICE X,
10 CITHERE L 72, SERBEMER T CH.—
HMEAFBEL, €ty MTRMIICERBRE L 3
BEL7:. AF Y F7 74 3=%iEHF (Muscle
Tester, World Precision Instruments, USA)
IZHEEBEL, 05 mL Ok (Relax) ¥ (fkik)
il Lz F vy vN—IB L7, BIICAF
Y K7 74 8—% pSr (Sr2 i 0D )
H35.2 DEWIRIE L, i L7293 XT oM
BEA T THbHZ L ZHFEL (Bortolotto
et al, 2000; Watanabe et al, 2024). —&BOHR
HECBWTIE, EHICTFVESIKE (FRil) 12
X o THHE Y 4 7 &2 FE L7z,

4. RAX2RT7A4N—DBR&

Relax %31, 126 mM K*, 36 mM Na*, 90
mM HEPES, 8 mM ATP, 10mM 72 L 75~
) Vg, 1.0 mM EEE Mg?t (8 Mg?* 85 mM),
50 mM EGTA (pH 7.1, 25C) Ti## L 7.
Maximum Ca®* (Max) &1, 3-XCTD EGTA
% Ca-EGTA IZHE & 2 72 DA Relax ¥ &
FkOMIE E Lz, —#oEBRTIE, KOH O
WINZ X Y pH % 85 123 L 72 Relax VA
(Relax pH 85 @& & M-5) ZEH L 7-.

1 M DTT & Relax VA TR U/ L 72,
200 mM PEALT 7 v ¥ 7+ ~ (GSSG) 1,
Relax ¥ CTHAML, KOH TpH % 7.1 2L 7-.
500 mM 3-ENFY YK 43 (Sind)

13, Relax pH 85 & CTAMM LAEH L7z, 70
mM ONOO 12 3 M NaOH TARR LIEEL L 7-.
INHDA Ny 7 EIE, EBHET8 TH
WHECRA L7 FEBYH, DTT & GSSG
13 Relax i (pH 7.1) TE N ZFNHREE
10 mM & 20 mM {ZFA L 7z, Sin-1 & ONOO
DAL 7 BRI AERNCFH L, Relax pH
S5 HMTENZFNHABREE 500 M & 35 mM
ICERLHRLZZ. ONOO A b v 7 B0 IEFE
IR, 566EET (Varioskan, Thermofisher
Scientific, HA) # M\, ONOO OHLEDOWE
2% (1670 Mlem™) &M L CE L7

5. BIERHEOREBRRDDAIE

AF Y K774 23—%, Max Al & Relax
W Z W) R IR CTHREAE LT L7 pCafl
(9.0, 64, 62, 60, 58, 56, 54, 52 B L UN47) ®
B RERE L2 REBWT o pCald,
Moisescu & Thieleczek 25815 L 72k & B 5K
(Moisescu and Thieleczek, 1978) 25¢- THl
BL7 KpCallBFbrE—2sRzHIEL,
[f]—#HED Ca?t FR R KEINHR 5 2 HE
EEHE L. 2ot EnEho pCallit L
T7ay FLTHELNLES -pCa thifr 5,
pCas BEL U W rHzmm L7,

FTRTOAF Y F7 7 A N—JER TR, M
HEDE B O g U7 SRS E R &, EWh
TOMMEEZWE L2, BAES (mN/mm?)
X, AR E Ca FRMER KR SHL L
7o WP L-EEE VTR LA fE
Ao, A4 Vb Tl Lz8Ea50 D
B %b., i, AFY 7740 —HEH
TR 15% IR L, Z OE R KET O
5% DK T #4728 TH5SH (Watanabe et al,
2019). ARWFETIX, AEMLIC L 2RO ZE
PR B 728, BTN U 72 HHERS 2 fi
HL7Z.

BARINIAE L 7 HAIIZK T L7223 H
BT Loz, 7 HEOARELE
1o 7B OMMEHELTZ YT Dutka B3,
EHEAL STV GRERETIZIUHE S €T i
Wh o) BAEICDTT 2 LiE L7256 D A,
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RONS LB S SRR T A3mIE 9 2 28, {57k
b ke GBI s ¢723 o) Tk
DTTW#E % 52w2zWBELTwS
(Dutka et al, 2011; Dutka et al, 2012). L7z2%
2T, FEEHEALRHES X ONEEILRED 2 oD
AT DTT WMEOR)RZMEEL 72 FEEMEAL
AR VW2 ERTIE, AF UV FT7 74 0N—%
Relax i C 2 55 M FAL L, ¥ v 3 X 7 & (SL)
28um¥ CHE R/ 2ok, 10mMDTT &
WAZ 10 R L, £k, Max EICEEE L
T Ca? iR KRIR) 2 e L7

Sin-1 13¥E TR L C—BIbEER (NO®)
E O AEKL, TS5BS LTONOO %
9 5. pH 85 28T Sin-1 255004 M 1f
ETDHE, 200 MI2h720# 5~ 8uM/min @
ONOO % #fIZAEm T & % (Tiago et al,
2006). AEML7 HEDO A XY F7 7 4 38—
L, pH 85 T T Sin-1 %4772, pH 85T
20 3 LB L 727%, pH 7.1 T Ca® it bk
RHEWEL. 2512, Sin-1 OMWORIFEYD
(NO®* BX U 0:") 205 ONOO OxhHF % 45-Hik
357290, ONOO #E#EMA L. T/ 2
O ONOO B3t THREM THRIGT 5 2
& (pH 85 O TE» HE ) %FE
L (Koppenol et al., 1992; Beckman and
Koppenol, 1996), BUGKERIE 140/ & L7,

6. BERHDOZERRADEIE

SL i, Watanabe & ® HFHEIZHEW L —H—
EHTEIC & ) Pesg L7z (Watanabe et al, 2020).
fHHIZIRRD &, BT S Nz L —F —JhER
DR DOER B L OF v v N—DRER @# LT
2R R B OMIEARE R & LA %
AT, —REFHARERKDONE D 53 SL %54
Lz,

FTRTCOZHEHIRDOWEIXER (24 = 2 °C)
TiTo7z. HHNERFx =2 E L%
%% Relax W Cili7zL, AF Y K77 43—
TIRAT Tz WAE T — R S e otk M4 %
SL (26, 28, 30, 32, 34, 36um) 275 X912
g 872, 0, SL 28 um TOZEE)
ZRMAE L. BT, SL28um 2L 10 mM

DTT T 10 7 RALBL L 7288, K4 7% SL CT=8)
WHEAE L. DTT IZAEML 7 H# ORHE
TOAZERI Z NE S 72720, S-T7VyF
T ALDEBEE DY A LRA VN THRE L7
FA4FDIg FAAL Y (S- TN FFF LA
LN #BINEEDL20, S-7VFF
F AbDMLE (GSSG B LU DTT L) %47
I YA SL36um ~DMEPLETH S Z L8
s Twb (Watanabe et al, 2020). 58
w7 EE, SL 36 um 2L T 20 mM GSSG
TI5 ML, HOMA % SL TR
gL FO%, SL36umiZL T 10 mM
DTTIZ 104 FWEEE L, @RI lE % 17 - 7.

7. 214 TORE

HWEBDAF Y KT 74 /N—% Relax I8 T
1 AE AL L 7214, 10 ul % ¥ 7 Vgt
W (625 mM Tris/HCI (pH 6.8), 2% SDS, 20%
syta—), 5% 2-ANVA T LY ) —),
002% 7UEZ7 /) —NVTN—) ICANT. Z
Dk, 1% R )T 7 UIVT I KXV EKKE
(SDS-PAGE) 2t L, =iR&I2T170 V T
MEE L7z (Wada et al, 2003).

8. HEMHI NV EERE

0 JERRAE & X 7 B AT &, SDS-PAGE
TRz A TRy T4 I DAL
7. GASOREN»HHK 20 mg #MIYI L, K
TIMEDOREYF A AR (8 M JRE, 2 M
FARFE, 013% 2- ANVH T vy 7 —, 10
mM EGTA, 10mM EDTA, 0.2 mM PMSF,
083mM XY X7 3ITV YV, 14uM RTRXY F
YA, 22uMuAX7FY 5mM 7 vAbF b
U Lh) WCKREIFA AL, ZOHF 7N
% SDS-PAGE (24t L 7-.

MINBE B & O R I B wT, 34
v o E (MHC) DAHZH 250 kDa @ % » %
7 BRIz (Watanabe and Wada,
2025), MHC & A # & Coomassie Brilliant
Blue (CBB) #ufti T #L & 724 250 kDa @
NV FEEICL>TELZ. 2ofio s v o3
VEEAERIIY AT Y Ta Yy T4 v SRV
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T L7z BXIkENIR & /37 8% PVDF
BCEEE L7z, 7Tay 2 7% —kbitk (i
TrFy, PSR aR=Y T bt
RIFT V) Z2HNT4 CT—MS v Fax—
ML, Pt EU R KPR TA v F -
b L7z N2 RidbssotE g cmfieL, ~
¥ FEBEOMHIZIE CS Analyzer V7 b7 27
R L N NEEIL, Y ASryTuy
TA Y THOCBB#RMIZL AWMBHZOEY »
N7 EE&EARTIERILL 2.

9. HRETEEMT

FEEHANT X GraphPad Prism version 10 % fii
HL, $XRTOTF— 5 % it + £l (SD)
TRl TRTOF—=F &y MIOWTHS
R L 72, —IoRCES AT (ANOVA),
ZOCHCE AT, F W ¢ AR & A L

A B

MHC (CBB) Anti-Actin

7z [H—~=7 AN [F—#HE F 72135 % g3
LHEE, W OHEMEETEH L7z, KA
v ZHICIE Holm-Sidak #: &M L7z, #
BKH#EIX 5% KHEL L7z

I #R
HEESSUVUHERES N VEEFE

GAS O ERIIAFIHELLKT L
(NT: 116 = 588 mg vs. Im: 107 = 498 mg; P <
0.0001). 7 HIZIZIZ S HICTHERINTFABIZE S
N7z (NT: 119109 mg vs. Im: 99.6 = 9.12mg).
AEALIIENZ A 53, NT H & Im 5 D H
TMHC, ta®3I+y v, baR=ryToH
A& o7 (K1A, C, D). 775~
AR 3 HEIZ 8.7+ 120% 12, 7H
1213 861+ 144% 1WA L7z (K 1B).
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Figure 1. Changes in myofibrillar protein contents in the early phase of immobilization

3days 7days Calibration (ug)

(kDa) NTIm NTIm 2 4 4 6

CBB

45 —

2% 222 % % |

3days 7days Calibration (ug)
(kDa) NTIm NTIm255 5 5 75

35 —|-----—- --|

CBB

o 3days e 7days

= ns ns

e
o

c

3 1.5: ° °

2 12

K]

5 09

£ 06

@

o

g 03

o

g oo

= NT Im NT Im

3days 7days Calibration (ug)
(kDa) NT Im NTIm255 5 5 75

CBB

o 3days

® 7days

Troponin T/ total protein (A.U.)

A, upper panel: Representative image for Coomassie brilliant blue (CBB) staining of gel. Lower panel: Mean (+SD) change in myosin heavy
chain (MHC) content in gastrocnemius muscle of non-treated (NT) and immobilized (Im) legs after 3 and 7 days of immobilization. The
numbers of mice (N) examined was N = 6 for NT and N = 7 for NT. B-D, upper panel: Representative image of western blotting against anti-
Actin (B), anti-Tropomyosin (C) and anti-Troponin T (D). Middle panel: Representative image of CBB staining for membrane after the
application of western blotting. Lower panel: mean (=SD) change in actin (B), tropomyosin (C) and troponin T (D) contents in
gastrocnemius muscle of NT and Im legs after 3 and 7 days of immobilization. N was same as A. *P < 0.05 (two-way ANOVA for repeated
measure). ns indicates no significant difference.
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Figure 2. Changes in myofibrillar active force in the early phase of immobilization

Mechanically skinned fibers from superficial region of gastrocnemius muscle were used for measurements for force-pCa relationship and
specific force. The sarcomere length was adjusted to 28 um in Relax solution by laser diffraction before measurements. A and B, force-pCa
relationship before (A) and after (B) dithiothreitol (DTT) treatment after 3 days of immobilization. The numbers of mice (V) and fibers (n)
examined were N = 5 n = 10 for non-treated (NT) fibers and N = 5, n = 11 for immobilized (Im) fibers. C and D, force-pCa relationship
before (C) and after (D) DTT treatment after 7 days of immobilization. N and n were N = 2, n = 7 for NT fibers and N = 3, n = 9 for Im
fibers. E, mean (+SD)pCas before DTT treatment after 3 days and 7 days of immobilization. N and n were N = 5, n = 10 for NT fibers after
3 days of immobilization, N = 5, n = 11 for Im fibers after 3 days of immobilization, N = 2, n = 7 for NT fibers after 7 days of immobilization,
and N = 3, n = 9 for Im fibers after 7 days of immobilization. F, mean (+SD) Hill coefficient before DTT treatment after 3 days and 7 days of
immobilization. N and n were same as E. G, mean (£SD) specific force before DTT treatment after 3 days and 7 days of immobilization. N
and n were N =5, n =9 for NT fibers after 3 days of immobilization, N = 5, n = 9 for Im fibers after 3 days of immobilization, N = 5, n = 14
for NT fibers after 7 days of immobilization and N = 6, n = 16 for Im fibers after 7 days of immobilization. **P < 0.0001 (unpaired t-test). ns
indicates no significant difference.

B R AR HERE BN IR 6.30 = 1.86, Im #iHET 734+ 154 TH-72. 7TH

RJ) -pCa M IAEL 7 HiE X TEALL % M OARELHE D pCaso 1Z NTHHHET 5.80 = 0.076,
oz (K24, C). pCasn B L e VAREIZO Im H#HET 580 = 0077 TH Y, LIVEREKIZNT
WThH, 3HEOAELES L7 HEOAE) HAET 544 = 192, Im #HET 592 £ 150 TH
LB OW T, NT #iE & Im FHEO I 57z, DTT W%, AL 2 2b 5 F,
BO LN AP o72 (M2E F). 3 HMOAREL FTRTOFETHES -pCa MiFITAHIZY 7 L
#%® pCaso 1Z NT T 576 = 0082, Im ik 7225, DTTLB#% O NT & Im O RIZIZ41%
T577+ 0075 TH Y, ©IVERKIE NT #iiET b otz (X2B,D). BEAKRTE A8L7H



KIAEFFAITE 5 65 %

BICHBIKT L72AY (K2G; NT 185 = 370
mN/mm? vs. Im 119+ 309 mN/mm? P< 00001),
3HBBRIIHET Lado 7.

) R RACIE A AS, AEL 7 HROREA R
TLFIZFELG LT3 hEMEAH 5 (Dutka et
al, 2011; Min et al, 2011; Dutka et al, 2012).
DTT 130 1 % BRALIS i &2 &0 T & 55001 7%
FICHITH B, ARWFZETIL, WA — G

10 mM DTT, 10 min

ENDEDTT ENITHR S &) AT
(Dutka et al, 2011; Dutka et al, 2012) 232
&, FEEVEALRRAE & G LA D 2 DD LT
TDTT O#EZMHEF L7 DTT LB, &
AL Tm #AHE I B TIA L BRI % M
Lol (LERETO 960 = 641%) (1K 3A,
C). *HEMIZ, FEEMEAL Im MHEDO AR I1Z
DTT RIRIZ & 0 A mE L7258 (X 3B,

10 mM DTT, 10 min

+DTT before activation
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Figure 3. Effects of dithiothreitol (DTT) treatment on specific force after 7 days of immobilization

The sarcomere length of mechanically skinned fiber was adjusted to 28 um in Relax solution by laser diffraction before measurements. A,
representative force responses in activated fibers from non-treated (NT) and immobilized (Im) gastrocnemius muscles before and after DTT
treatment. Fibers were exposed to Max solution (solid arrow) and then to Relax solution if the force reached the plateau (dashed arrow).
Thereafter, the fibers were immersed in Relax solution containing 10 mM DTT for 10 min (DTT treatment; black arrow). Then, specific force
measurement was repeated. B, representative force responses in non-activated fibers from NT and Im muscles. DTT was treated before
measurement of specific force. C, mean (=SD) specific force in activated fibers. The numbers of mice (N) and fibers (1) examined were N =
3,n =7 for NT fibers and N = 3, n = 7 for Im fibers. D, mean (+SD) specific force in non-activated fibers. N and n were N = 5, n = 14 for NT
fibers without DTT treatment, N = 6, n = 16 for Im fibers without DTT treatment, N = 3, n = 10 for NT fibers with DTT treatment, and N =
3,n = 11 for Im fibers with DTT treatment. *P < 0.05, *P < 0.01, **P < 0.001 and ***P < 0.0001 (two-way ANOVA for repeated measure for C;

two-way ANOVA for D).
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D; DTTHLEZ L 119+ 309 mN/mm? vs. DTT
MLEDH 1) 156+ 30.7mN/mm?), NT #HECTixsh
ErRR SN r -7 (K3B, D).

ONOO 1 ZIETEMEALHEHE I B VT DA Ca? i
PALR KRB EZIEL T EELTEAREINTV S
729, AEMLEFEEORIME T3 %5 ONOO
DOFE R FA L7z, pH 85 HlTII BN %
o 7zh% (K4B), pH 85 Bili FiZT Sin-1 4L
Welr) &, RRENVPHBILTL, ZoK
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Figure 4. Effects of 3-morpholinosydnonimine (Sin-1) treatment on myofibrillar maximal force after 7 days of

immobilization

A, representative examples of Ca%'-activated maximal force measurement with 500 4M Sin-1 treatment at pH 85 for 20 min (black arrow) in
mechanically skinned fibers from non-treated (NT) and immobilized (Im) muscles after 7 days of immobilization. Before Sin-1 treatment, pH
85 effect on Ca*-activated maximal force was examined (open arrow). In each measurement, fibers were exposed to Max solution (solid
arrow) and then to Relax solution if the force reached the plateau (dashed arrow). B, mean (+SD) changes in Ca**-activated maximal force
after only pH 85 treatment. The numbers of mice (N) and fibers (n) examined were N = 3, n = 6 for NT fibers and N = 3, n = 7 for Im fibers.
C, mean (£SD) changes in Ca*-activated maximal force after Sin-1 treatment at pH 85. N and n were same as B. D, representative force
responses in non-activated fibers from NT and Im muscles. The Sin-1 treatment at pH 85 was conducted before measurement of specific
force. E, mean (£SD) specific force in non-activated fibers. N and n were N = 2, n = 5 for NT fibers without Sin-1 treatment, N = 2, n = 6 for
Im fibers without Sin-1 treatment, N = 4, n= 7 for NT fibers with Sin-1 treatment, and N =4, n =7 for Im fibers with Sin-1 treatment. *P< 0.05,
*P < 0.01 (unpaired t-test for C; two-way ANOVA for E). ns indicates no significant difference.
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Figure 5. Effects of peroxinitrite (ONOO-) treatment on myofibrillar maximal force after 7 days of
immobilization

A, representative examples of Ca?*-activated maximal force measurement with 3.5 mM ONOO- treatment at pH 85 for 1 min (black arrow) in
mechanically skinned fibers from non-treated (NT) and immobilized (Im) muscles after 7 days of immobilization. Before ONOO™ treatment,
pH 85 effect on Ca**-activated maximal force was examined (open arrow). In each measurement, fibers were exposed to Max solution (solid
arrow) and then to Relax solution if the force reached the plateau (dashed arrow). B, mean (£SD) changes in Ca*-activated maximal force
after only pH 85 treatment. The numbers of mice (N) and fibers (n) examined were N = 3, n = 6 for NT fibers and N = 3, n = 6 for Im
fibers. C, mean (+SD) changes in Ca**-activated maximal force after ONOO™ treatment at pH 85. N and n were same as B. D, representative
force responses in non-activated fibers from NT and Im muscles. The ONOO™ treatment at pH 85 was conducted before measurement of
specific force. E, mean (+SD) specific force in non-activated fibers. N and n were N = 3, n = 6 for NT fibers without ONOO™ treatment, N = 3,
n = 6 for Im fibers without ONOO™ treatment, N = 2, n = 7 for NT fibers with ONOO™ treatment, and N = 2, n = 7 for Im fibers with ONOO"
treatment. *P < 0.05, *P < 0.01 (two-way ANOVA). ns indicates no significant difference.
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Figure 6. Changes in myofibrillar passive force (PF) in the early phase of immobilization

PFs were measured at various sarcomere length (SL; 2.6, 2.8, 3.0, 3.2, 34 and 3.6 um) before and after dithiothreitol (DTT) treatment (10 mM
for 10 min). A and B, passive force-length relationship without (A) and with (B) DTT treatment after 3 days of immobilization. The numbers
of mice (N) and fibers (n) examined were N =5, n = 8 for non-treated (NT) fibers and N =4, n = 9 for immobilized (Im) fibers. C, mean (+
SD) change after DTT treatment after 3 days of immobilization. N and n were same as A and B. D and E, passive force-length relationship
without (D) and with (E) DTT treatment after 7 days of immobilization. N and n were N=2, n = 7 for NT fibers and N= 3, n = 6 for Im
fibers. F, mean (+SD) change after DTT treatment after 7 days of immobilization. N and n were same as D and E. #P < 0.05 (main effect,
two-way ANOVA for repeated measure). *P < 0.05, *P < 0.01, ***P < 0.0001 (unpaired t-test for F; two-way ANOVA for repeated measure for

D and E). ns indicates no significant difference.
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Figure 7. Effects of S-glutathionylation on passive force after 7 days of immobilization

A, representative examples of passive force measurement with 20 mM oxidized glutathione (GSSG) treatment for 15 min (grey arrow) and
subsequent 10 mM dithiothreitol (DTT) treatment for 10 min (black arrow) in mechanically skinned fibers from non-treated (NT) and
immobilized (Im) muscles after 7 days of immobilization. Solid arrows indicate progressive stretch of the fibers from 2.6 to 3.6 um sarcomere
length (SL). After measurement of passive force at 3.6 um SL, the fiber was slacked (dashed arrow), then PF at 28 um SL was measured
again. GSSG and DTT were applied at 3.6 um SL. B and C, passive force-length relationship with GSSG and DTT treatments in NT (B) and
Im (C) fibers after 7 days of immobilization. The numbers of mice (N) and fibers (n) examined were N = 3,n = 6 for NT fibers and N = 3, n
= 6 for Im fibers. D and E, percent changes in passive force at 3.6 um SL with GSSG and DTT treatments in NT (D) and Im (E) fibers. N
and n were same as B and C. F, mean (+SD) change after GSSG treatment. N and n were same as B and C. #P < 0.05 (main effect, two-way
ANOVA for repeated measure). *P < 0.05, **P < 0.01 (unpaired t-test for F; one-way ANOVA for repeated measure for D and E). ns indicates
no significant difference.
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Figure 8. Changes in active and passive forces in type IIb fibers after 7 days of immobilization

A, representative gel image of fiber type determination. B, mean (+SD) specific force of non-treated (NT) and immobilized (Im) type IIb
fibers after 7 days of immobilization. The numbers of mice (V) and fibers (n) examined were N = 2,n = 7 for NT fibers and N = 2, n = 6 for
Im fibers. C, effects of 3-morpholinosydnonimine (Sin-1) treatment on specific force of NT and Im type IIb fibers after 7 days of
immobilization. N and n were N = 2, n = 5 for NT fibers without Sin-1 treatment, N = 2, n = 5 for Im fibers without Sin-1 treatment, N = 4, n
= 7 for NT fibers with Sin-1 treatment, and N = 4, n = 6 for Im fibers with Sin-1 treatment. D, effects of peroxinitrite (ONOQ") treatment on
specific force of NT and Im type IIb fibers after 7 days of immobilization. N and n were N = 3, n = 6 for NT fibers without ONOO™ treatment,
N = 3,n = 6 for Im fibers without ONOO™ treatment, N = 2, n = 7 for NT fibers with ONOO™ treatment, and N = 2, n = 7 for Im fibers with
ONOO' treatment. E, passive force-length relationship after 7 days of immobilization in NT and Im type IIb fibers. N and n were N =2,n =7
for NT fibers and N = 2, n = 4 for Im fibers. #P < 0.05 (main effect, two-way ANOVA for repeated measure). *P < 0.05, **P < 0.01 (unpaired

t-test for B; two-way ANOVA for C and D).

V. ZE

AWFgECid, SHMB L7 HMAEILL 72
oo NIZAAZHINAF Y BT 7 48—
H, AELO PR B0 5 W 7
ACAIBSR 25T I ARAE DB IC E D X 5 [T ET 5
MEMGE Lz AFZEOR R, W 2 mb
1 Hii ASAS B AL 90 1] 0 5 JELAE O U AS 42 |2 255
THIERRBT L. Frlx, 7 HHOREL
BIZBWT, 1) KTFLABARDADTT L
HIZX > TR MICHET S &, 2) SL 36
um (BT 2 ZEIEIAIDTT WIHIC NT
MMEX D D Im BMET X D BEZICBIINT A 2 &
EBIELL S50, 7TAMORELE, 1)
ONOO & & 0¥ Sin-1 MLBLIC X 5 A O
TR>ImMELDY I NTHMETRKEL, 2)
GSSG LHIZ X 2 Z BRI OMKT b Im #iiE
IV LNTHIETKE D72, TNE ORI,
ANE L DRI HE 2 BT B BEBIIR T DAL T2
1 ONOO I & 2156725, ZBNEI O TIC
WS-V Fr A EEREEE R LT

WhHIZEERETS.

TEMEHEIC B VT 2 BHIFEIRHE D BEEIRYIR A IS X
T 3P EER LSO E

TATWIZETIE, e FBLXTT Y MZBWT,
BA R DA B L1 V25 SRR O WA 3R AR
THIEMNRINTWS (Larsson et al, 1996;
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FTIEDNELMONT WS, Thbh, LA
VD RONS I D &R S, HEHEDOERILA

FLAEHHERT XS, LEdoT, AH
ALH OIS 2 P LAl O BIE,
B Lo WIM, HE, BXOMHH SIS IEIL#H
O EOBERIZ L - TEZ B0 et
V. INHOEBERERL, AELh ok
TR TFEIT %720 DR RN R MM & I 512
X, EOHRLMENLETD .

BRRI 22 B 5, AEMEISEER S % 7 5
Mo BEREA A, HRERBR I 4+ 87— (CIM)
(Shi et al, 2019; Swist et al, 2020) 2B LT
WAL RS B, CIM X, R 2 AT
WA EHZ Z T TV L EHICA SN IET
RIFBE T HWETH Y, BREOIEH AT
5. CIM BRI 7Z1 TR KDoA
WM E R SR 3. BFIRRN
Lz, CIM BEoRiREm T, 77F v &
HRIZWHTBHIAFVOEBPBEI LTS
(Swist et al, 2020). L2*L, AMZEOHMRI
W OPDETCIM QAR E TR > TWAD.
CIMEBETIE, T7T7Fv745Ab&D Y,
IFTVVTATAYIDE N2 (B MHC
Ry AF V) PELRIHELT S (Friedrich
et al., 2018). WMRAYIZ, AWFZETH-AH)
LTI MHC B TR AL T 7 F v EhE
PEEICHALTEY, ZUECIMTHO
HNNT =3B THSE. LIz2-T, IThb
2 DDOIRREN—TH A ek, 4
DOFEFAT CIM KT B2 % 5 2 5 W] gtk
H5b.

V. &R

AifgEIE, L LS AELOMMERE I35
T, TS 70 ERA LA B % IEURRAE O RE B 1) 35
L OZEWIRII O TSI MICHFLE LT 5
CLERLL HOMEEIZL - TSRS
No ek, FRomEH, #eo20), F

FRAT 7% EOARFLIC BV TEHRZB2FHIET
Hb. LIhoT, NMEENERT 2 REEE 7
Bid %7200 DR AN ADBANKTH L. K
721, PiMeib#l, $HICRNS Z2HEHE 453
DN, AELE NI L THRERDEE D
TR ZRIR LTS, LA L, A8t
OWIRH, H&E, JRHoOMEE L EORER %1
EICEETL2LEND L.

AR
AT L CTHIS N S AR 7 .

BE

AT 2 ) B AEMFARE Glgd:#4)
O_WIBGR L TH A (Watanabe et al. 2025
Am J Physiol-Cell Physiol 329: C939-C952,
DOI: 10.1152/ajpcell00554.2025) .

Eif

AOFgEIE, BHEwrse BBk 4 ABEF%E B
(23K24738, U3 @ P& KHE), EIBR 3L [F F 78
Ik 4 (23KK0297, 3% @ g AHE), PR
e Bk & JEAERZE C (24K14496, 1L -
EHG), BXOKBRAEZEEHZEDK (1tE:
WEBEKE) OB E 27250 TH 5.
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