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MECHANISM OF GENERATION OF ACTIVE OXYGEN AND ROLE OF IRON
IN SKELETAL MUSCLE ATROPHIED BY IMMOBILIZATION

Hisao Kondo and Yoshinori Itokawa

Department of Social Medicine, Graduate School of Medicine, Kyoto University

To clarify the mechanism of oxidative stress in skeletal muscle atrophied by immobilization, we mea-
sured the activities of antioxidant enzymes and xanthine oxidase (XOD) in a typical slow red muscle, the
soleus. Male Wistar rats (14 wk old ) whose one ankle joints were immobilized in the fully extended
position were killed after 4,8, and 12 days. The activities of Mn-containing superoxide dismutase
(Mn-SOD), Cu, Zn-containing superoxide dismutase (Cu, Zn-SOD) Se-dependent glutathione peroxidase
(Se-GSHPx) ,glutathione S-transferase, catalase, glutathione reductase were measured spectrophotometri-
cally. The XOD activity and the concentrations of hypoxanthine, xanthine, .and urate were measured us-
ing a high performance liquid chromatography. Increased Cu, Zn-SOD and decreased Mn-SOD in atrophy
might reflect increased generation of superoxide anions in the cytoplasm rather than in the mitochondria.
The source of superoxide anions in the cytoplasm might be the increased superoxide-producing XOD. En-
hanced generation of superoxide anions and increased Cu, Zn-SOD activity in atrophy suggested the en-
hanced generation of hydrogenvperoxide in the cytoplasm. Owing to the unchanged activity of Se-GSHPx
and the unchanged or slightly increased activity of catalase in atrophy, the ability to degrade hydrogen
peroxide might not increase so much. Hence, hydrogen peroxide is expected to be increased in atrophy.
Because there is also an increase of iron in the microsome of atrophied muscles, the production of hyd-
roxyl radicals, the most aggeressive of radicals, might consequently be elevated.
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B LSRRI R Cdp B2, ZD—F CRISHDE IEHMFE L U, ROtk - s 2m
LB D, RIS SIS L CRiA OFRL Y 27 2 %X TV B A, ZRE B CEMmEE L
END LD HKEEZELIA P LR ERLTHEY,

RIS s 04, BILEREGERIEIE L PSMONTWLIERTRD LD, TOBFIC
B L CRKARTRHDE Th b, Fa i3k, BWEREIT - C, BERAMERT BN b L A2
LTWabIEx MO THLA,IIZ L2, 22 CRERTE, HMLBFIEESLHkT L — PARE%E
BRICE D, ZOREMFEOMEEHNE LTT> 72

W R F &
. B ONITERE

FEERII ST D Wistar RHET v PR HWTIT 572, T— 7 VBT C, FEBUIY L CREAL
TORMEEEMZIT, ZOFRICBEAEGHZERTE LS4, EEYRIZ0 (control), 4,
8, 12HME L7ze A I OEENBEOBESEHLELRETHD L ZIICHERL T2,
WM T 8, REMNLRRY CTH 5 soleus muscle % FEEM (atrophy ) L IEEEM (contralateral )
DENFNDO TP ORI L7 HEROWMEICHEL T, BEMEEEEME dFKEZFUTH -7
DT, BEELFNEL WA,

MALAG A b L A ORI L % B TBA RUSHIEWE (TBARS) %5 UNIZ V5 F4 » DRED = DDHK
FHIIBE b It s, FoMmoREHIE $ CHREBERT CRE L,

2. B R b L AFREOHIE

&%mXbpx®%MLgmA&r%&%E(Hmm)ﬁ7w&%ﬁ/(mm%m ERfL v
554~ (GSSG) %ilE L7

RERMBEOBILETEN LR LT 572001, MERKBRWMBEL 2T, S5EHBD
homogenize (2B L-CIX 7V T ¥ # XA FT4F - 770 TBARS Dl E1d Ohkawa 5 DK S 2% B L TIT -
720 BN HHIE F DIRE O BB R DHEFT % B < 72%0.0125v0l. O butylated hydroxytoluene % Uik
WAL 721, GSH - GSSG O#llsE 1 Anderson & DF Y T 5 72,

3. Vi bBEOWE

superoxide dismutase (SOD) , selenium-dependent glutathione peroxidase (GSHPx) , glutathione
S-transferase (GST), catalase, glutathione reductase (GSSGRx) %% L7z,

K& L7Z10mM Y »EEH )y A8 E#E (pH7.4) 1 mM EGTA @ solution % 3:#} @ 20vol. 1 2 T
homogenize U727, 45%0{# sonicate L72d D%, i 08 (100,000gX60min) L7z, ZDLiE#x —
BOCTHRALT, MEIcft L7,

SOD HEHE DM 12, MaCord&Fridvich D F Y THIHITME L7z SOD 12iE, MEICRET 5
Cuk Zn %41 SOD (Cu, Zn-SOD) & 3 b ¥ FY 7IZRAEL Mn %4 ¢ SOD (Mn-SOD) %3 %,
KCN {2 & ¥ Cu, Zn-SOD i fHE &, Mn-SOD IEHIMAEINZWI E*FALT, ZO20
SOD Do #EE & 1T - 720
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GSHPx i MEiE, Hz0, % #£E & LT glutathione disulfide DK IAFHi$ 2 NADPH OBt %@ L5
JEEZ B E L72Y 0 GST GO MlsE 1, Habig & D" ¢ 1 -chloro-2,4-dini trobenzene® Hg & LT
T 5720 Catalase {&VEIE Aebi DF7iEY THIRE L72o GSSGRx ik, NADPH OFLiE U T4 6H
E LY,

FEHEER T Lowry OFETH o 7219,

4 . Xanthine oxidase {f1% & hypoxanthine, xanthine, urate JEE DHlE

HAII 1 Podzuweit & DT & A THIRE L7z,

Xanthine oxidase (XOD) {HHEDHRIE L, xanthine® FEF & LT, AW I N7 urate ¥ 5@k 0~
NI T 4—TERETAHI LITL VAT 572, XODIZIE, nicotinamide adenine dinucleotid (NAD)
-dependent XOD (type-D) & oxygen-dependent superoxide-producing XOD (type-0) O 2D % A 7
Db, €I CHRIDEFONAD OFIIZL Y, ZOZODGHEREIT 72, RBMERICEITL
DNY A TOEWEPILT H7:%, 100mM EDTA, 100mM DTE, 200mM PMSF (% 4 & ik BE) %
Homogenizing solution (ZH1Z.72,

urate, hypoxathine, xanthine D E& 1%, BRILFHREBGrHW - SEREKI o b7 57 1 —
(HPLC) T4T- 72, HPLC system i, Waters #1#! M600 Multisolvent delivery system, Waters %L U 6
K Injector, EEMLTERSIIST7T RO X =¥ 25740, T it Merck 18 Lichrosorb RP-18 (250
X 4mm, 5 #m) AW/, BEMEL L CT5mg/¢ EDTA 2 & L0.1IMY VBT ¥ €= 7 LB H K
(pH4.8) % R\, #ii#id1.0m ¢ /min TIT - 720 BRALFEM LR D apply voltage 1%, XOD I&ERIE D
729 @ urate PEREDH0.5V T, ZDAh1£0.85V T1T - 72,

5. #kF L — MEIERG-EBR

$F+ 1 — FHIE LT deferoxamine (Ciba-Geigy Co.) #1272, 15JED T » b % 3L 9T, /Y
(control ), 450mM deferoxamine (DFX #£), 450mM iron-saturated deferoxamine (DFX +Fe ) %
Be5 Lico R, BERERY 7 (type 2 MLL; ALZA Co) % FICHOAL I LI > T, EEHK4
HEZS—HIKE 1 kg4 ) 0.21mmol O % s Ic g Tk s L7217,

6. MEEMHLH

T=5d, FHIFEBRETRINT VS, BEHEORLZ 77— 5O, S6128F 1L — M
B 5.5 BRIZ 134 L EEE O Bonferroni % vy, ZEHEM & xHEl (contralateral) & @ IBIZ I paired
t-test & V72,

5 R
1. EFio#sT (Fig.1) .
soleus muscle DEEIZT v MIX o TKEL ELBHDT, EMOBELFHET 2012, [EME] &
LT, ERICLAMBEBORIDEE TR L,
MR O 8 HE CRMICHEITL, 8 HE CEMEIIS0%55E TILET L5, ZO®RIIEL,L
#ofz (Fig.1),
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Fig. 1. Changes in degree of atrophy (ordinate) as function of no of days (abscissa) af-
ter immobilization began. Each point is meanSE (n=5).

2. PiRRILEERIEH: (Fig.2-7)

superoxide anion (Oz ) % {4# L T hydrogen peroxide (HpOp) % MEZET AEEZE TH 5 SOD 21,
HIRBANDRIEL BIZT 2 2Nl H B0, EMOEITICE SR -T, TD2HD SOD DIFHITLE £z
S 72BAbE R L7z Cu, Zn-SOD iEMEE, 4 HE ST 2@M%Z/RL, 8H - 12HB CIARICH
ML Tz (Fig.2). 4I212H H TId#90% b EH LT\w7z, —7, Mn-SOD iEMHiE, 8 HH D5
TAHEMERL, 120 HCIXAEITHW0% bW L7z (Fig.3)o

GSHPx 1&, Hp0: % BRETHWRTH LA, TOEMIBZEMBICBVTEADL AL N LHh 572
(Fig.4)o FIL { HoO2 % fF¢ HBEECTH 5 catalase DIEMIL, 8 HE T TEALDIA LN D - 7278,
12HIC% 5 L BEIH3S5% LA L7 (Fig.5). GST i¥, GSHPx & [@#%IZ glutathione peroxidase {1 %
A~EAS, GSHPx & xtHRMIC4 HEDS LR T A5MEM%EZ/RL, 8H - 12HE TIRARIZE4#60% -
85% DYEMAER LA (Fig.6)o

GSSGRx 1, BALEI 7 Vo F 4 VI CRIGEICT H2BETH 5705, EMHICBVTHEML L
(Fig.7)o
3. Xanthine oxidase (XOD) i (Fig.8) & Hypoxanthine, Xanthine, Urate #2fE (Fig.9)

XOD DIFEMHEEHBICB W THEZICHEIMUL 72 $IZ, 0, #EET 5 XOD (type-O)i DIEMEEH
2.2f5IC LR LTz, T2 XOD IS ® 5 type-O DEIA L EMMICB VT, AEITN60% D%
~L7: (Fig,s)o

—7, XOD OFF'E CTH % hypoxanthine & xanthine, & 512 XOD |24 L IGDERY TH % urate D,
EHPCORELRLIZOWFig.9 ThH b, BHFICBV T, hypoxanthine, xanthine urate & A E
WZHEEIL, a v Pu - VEHOR2.3~2 MEDREER L7,
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2 BEMETBIZIZBIT A Cu, Zn-superoxide dismutase EHIEDEAL

Fig. 2. Changes in Cu, Zn-containing superoxide dismutase (Cu, Zn-SOD) activity in
atrophied and contralateral muscles (ordinate) as function of no. of days (abscissa) after
immobilization began. Day O is control. Each point is mean=*SE (n="5). a, b, ¢, and d indi-
cate significant differences at p<0.05 compared with 0, 4, 8, and 12 day, respectively.
*Significant difference at p<0.05 between atrophied and contralateral muscles.
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Fig. 3. Changes in Mn-containing superoxide dismutase (Mn-SOD) Activity in atrophied
and contralateral muscles (ordinate) as function of no. of days (abscissa) after immobiliza-
tion began. Day O is control. Each point is mean =SE (n=5). a, b, ¢, and d indicate signifi-
cant differences at p<0.05 compared with 0, 4, 8, and 12 day, respectively. *Significant
difference at p<0.05 between atrophied and contralateral muscles.
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Fig. 4. Changes in Se-dependant glutathione peroxidase (Se-GSHPx) activity in
atrophied and contralateral muscles (ordinate) as function of no. of days (abscissa) after
immobilization began. Day O is control. Each point is mean £SE (n=5)
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Fig. 5. Changes in catalase activity in atrophied and contralateral muscles (ordinate) as
function of no. of days (abscissa) after immobilization began. Day O is control. Each point
is mean £ SE (n=35) a, b, ¢, and d indicate significant differences at p<0.05 compared
with 0, 4, 8, and 12 day, respectively. *Significant difference at p<<0.05 between atrophied

and contralateral muscles
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Fig. 6. Changes in glutathione S-transferase (GST) activity in atrophied and contralater-
al muscles (ordinate) as function of no. of days (abscissa) after immobilization began. Day
O is control. Each point is mean = SE (n=5)a, b, ¢, and d indicate significant differences
at p<0.05 compared with 0, 4, 8, and 12 day, respectively. *Significant difference at p<
0.05 between atrophied and contralateral muscles.
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Fig. 7. Changes in glutathione reductase (GSSGRx) activity in atrophied and contralater-
al muscles (ordinate) as function of no. of days (abscissa) after immobilization began. Day
O is control. Each point is mean SE (n=5) a, b, ¢, and d indicate significant differences at
p<0.05 compared with 0, 4, 8, and 12 day, respectively. *Significant difference at p<<0.05

between atrophied and contralateral muscles.
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£ 1 deferoxamine %5 A FHZEHE I RITTRIR

Table 1. Effect of deferoxamine on muscle atrophy.

Control DFX DFX+Fe

C A C A C A
muscle weight (mg) 158.2+3.3% 73.6+2.6 144.4+6.2* 84.3+4.3° 156.9+6.3* 68.8+2.4
degree of atrophy (%) 53.5+1.3 41.6+1.1* 56.1%£0.7

TBARS (nmol MDA/g) 24.6+1.2% 38.6+1.5 25.3+1.0 27.7+1.5® 25.8+1.6% 38.5+2.0
total GSH (nmol GSH/G)  29284+118% 1805459 2867+£180* 188385 2753+112*  1869+57
GSSG (nmol GSH/g) 51.64+7.3% 64.044.7 57.6+5.2% 33.0+3.5" 56.0+11.5 59.0+5.3
GSSG/total GSH (%) 1.7540.22* 3.6040.33 2.0440.20 1.95+0.26* 1.68+0.41™ 3.21+0.23

" Values are mean =SE (n=05). Control ; double-distilled water injection group, DFX ; deferoxamine injection
group, DFX+Fe ; iron-saturated deferoxamine injection group. C ; contralateral muscle, A ; 12-day atrophied
muscle.

*; significant difference at p<<0.05 compared to atrophied muscle by paired t-test.
a, b ; significant difference at p<0.05 compared to Control and DFX -+ Fe group, respectively, by Bonferroni
method.

4. $k% L — MEIFEGEER (Tablel)

¥ L — FHITdH B deferoxamine (DFX) 5 D12H B OZEMICRLITTEE LR LD Table 1
Th %o DFX &GH TId, MOBEIZILT, TBARS - LB Vo F4 > (GSSG) 1A BIMEAE 7R
L7 BMEOB VY F 4 28T BELT 7V % F4 >~ OE4 13, Control, DFX +Fe T idd il
IOHBEIZE VD, DFXEE5HTESEERU LNV ECET LTV, $7°, DFX (5B TIIHE
FEEEDEE L, av bO— VERICINRD EAEICH22% b BB S Wiz, ERBORING FA ¥
IZDoWTi, ZO0HTEHARRZETROONED 072,

% =

1. DB bEERIES

Nemeth Bid, BEFIMMERTIII Pay FYUTORBEELLAVI L E2HELTWEY, ftoT,
IRV R TICHET AE (Mn-SOD 4 &) OWEMEE, F03I a v P T7H) DBERY
ML TWADTH-T, I +ary FYT7TEHBOBENEMICLZIDOTIEIRVWEFT RS, £ 72 GSHPx
B OV, EENTERETHL 7N F4 v I OMRERET 52 LFMENTREY, &
WIS T4V D LT 0T, Eifif O GSHPx IHEHE T — ¥ id Fig A KR OIS &
HHELRBADBOO NG 072 b DD, EMEFHITBITSH GSHPx DERM 2@ S IMETLTWwE L
EhRb,

GSSGRx W7 V& 54 » OBLE % BTCENBH T BFETH 50, BBV T2 OREREH
BFER LTV (Fig.7)e —F, EMHCRBAHOZGIHMLTVEY, oz b, Bk
N L 27 GSSGRx DN % EMH - THIML TV % 2 & 275R LTV B I & 7% Ve EMEf5 Tl GST %
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ML EBEM LB L Tz (Fig.6). GST {3, glutathione peroxidase {EMEDAMIZ, Z IV FF »
AR N L COMEER% b - Twa (glutathine transferase 1) 7o BMEN TRV 5 F 4 &~
DA T B, BALIA L AREHI L THZORI VY F 4+ Y DRDIIRS %\ (Tablel) Z&
75, GST O glutathine transferase i§E S DEMWHICBITEE NS F4 L ORADIZESG LTw5
ZENRTFHEING,

SOD HE D 0, " Ik s THEENDL T EDL CHAILNTENY, SOD Ll O © DFEA % M
LTwaeb#xb6Nb, $720,7 3—RICAERELBBTEAWY, Tho2EXEbELE, &
MBI BWTOMBECBAET 5 Cu, Zo-SOD FH O (Fig.2), I +a ¥ FUTIIHETS
Mn-SOD iHHED WA (Fig.3) 1, O+ OEADEICHIE TR EN, I by FYTTRELAED
LTWwWbIEERLTWAEEZ LA,

FEMEFE YA 5 D Cu, Zn-SOD {HF DML, £ DRILAERY T % HeOp DELDHINBE IZ BV TR
HASHIMLTnAZ e A TRLTVA"Y, H0,2hEY 8% L LT, GSHPx & Catalase & 4%
Hbo EMfHO GSHPx HHEDOWME T — ¥ EFBLENMERE LD 7205, L LAFBED & HIZZ DM
XFEEKNTETLTWAEEEZLND, ) —D?D Catalase |IZ LT H 120 F THINIEAL LW
(Fig.5)o GST i, GSHPx & [fl# 2 glutathione peroxidase iGPE% #H7, HMaAH TIL R LI 2 & A
BIFAS (Fig.8), HoO: % HEE LTHATE W), UEdS, MIED H0 M X EMEH 25 F
ALTWBEEZLNS,

2. superoxide anion (Oz ) DEAE

KICFHREE 7 B D, FBEHICBITH 02« DELFETH D, EMifH T, BHBOAHIETL, ¥
BRACBHI DRI TV B2 Z OMBREH OB B R & 72 B 0IE, MIEICHET S XOD Th o0
IO EMAIC BT D XOD ISR 7o s, AR, Fig.8 1R L7z E 912, XODEHIRAE
IZHEIN LT\ e 2512, XOD 21 type-O & type-D 253 525, FEHMiFH Tt Or+ 2 LT % type-O
DEICHEEINL, 2 PO — N OR2.2 Fi2b % 5 Twiz, F72X0D DEE T&H % hypoxanthine,
xanthine FEHH BV TCEFNF N 2 BEREOBIMEZRL, XOD XL BICERY TH S urate b 2 f5LL
ML Ty (Fig.9). MER S, ZEHEAHTIE 0z - EAM® XOD (type-0) itk ix#E 223N
LEEZLN, INN0 OFELREWREEZ LN,

# XOD 1233 5 type-O DOEIA 1L, BEHTH0% LA L TH Y, EHHIZHB VT XOD D type-D
25 type-O ~NDEWATR X TV DB T LIl b, OB, Iy 2EFERET DT T -
(CANP) #SBI5-3 5 Z EAHE SN TWBY, Fa 3k, EHGHICBOTHRAL VY Y L7554 %
HECHIMLTWAZ ERMELTNEY, ZoMimLiey vy A0% CIIEAKEGHETH S ) 78,
FEFIC7 ) —DANT T AWML TWEEEZ BN, T2 CAMP ZiEMHILL, type-D 2°5 type-O
NOLEHREREDDLRELERTHL L BbNb,

3. BF L — RIS R

S, MR TIE Harber-Weiss FUSIEEBEIR T, 0z - R HoOoh¥dHh - TdH, KBS IEEIIE L Bk
7 + OH radical IR EE SN Ve EIAPBLEOBREEBRVHFEAT S L, £OGITEEITELT

7
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Fig. 8. Activities of oxygen-dependent superoxide-producing xanthine oxidase (type-O
of XOD) and NAD-dependent xanthine oxidase (type-D of XOD), and ratio of type O to
total XOD activity in 12-day atrophied and contralateral {(control) muscles. Data are means
+ SE (n=5). *Significant difference at p<0.05 compared with control.
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9  FHZEHEIC BT B hypoxanthine, xanthine, urate DL
Fig. 9. Concentrations of hypoxanthine, xanthine, and urate in 12-day atrophied and con-

tralateral (control) muscles. Data are means + SE (n=35). *Significant difference at p<

0.05 compared with control.
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Fig. 10. Mechanism of oxidative stress in skeletal muscle atrophied by immobilization. Oz
: molecular oxygen, Oz *+ . superoxide anion, Hz0z : hydrogen peroxide, « OH : hydroxyl
radical, H»O : water, D-type of XOD . NAD-dependent xanthine oxidase, O-type of XOD :
superoxide-producing xanthine oxidase, CANP . calcium activated neutral proteasc, Cu,
Zn-SOD { cytoplasmic form of superoxide dismutase, Mn-SOD : mitochondrial form of su-

peroxide dismutase. GSHPx . Se-dependent glutathione peroxidase.

L, &8 & LT - OH radical #5EAE S N2 X 912429,

A4 T TBICEMOMAT I o THOREN FRTHZ L2 ME LTV A, Eifh T, BiEL
L1205 & H02HEIN LT Y, T ORRICEOMWIML /IR T - OH radical DREADKRL, #
HZH COBRICIFE OBMASTFEEN S,

Z 2T, FEEHTOHDEMITRAII A L RZEBRIZEE LT A2 L) i RET 572012, #
¥ L — MHICH D DFX DI GHEEE%FT 572 (Table1), DFX 512X Y, ZEHMFIZHBITH TBARS -
BRALEL 70V & F- & » OBIMASHIE S fzo TR, DFX AS, BEFIMEZEMEA AL D BRbe 2 b L 2 b
MEIH L2 ER2RLTCWD, BTNV EF4 T 2BLEI OB &L KA L, FEMEDOxHI &
FLLXVETR 720 ZOBICBOEEGIBFEEORMICER 2 KE LR/ T I LMo TS
D, DFX i, ZEMICL VISR ENARFBOBBICEBRLTVEEEZ SN, —F, DFX+
Fe %5 Clt, DFX G CTRONA L) ZERERO N o7z, SO ENG, DFX OB{ELIA b L
2V B IEIER L, DFX O#kFL— MERICE B D THHEEZON L, BIb, S BEAME
HEFR OB A b L ANCEERRE 2> T D 2 L RRTICHE S 2w,

F 72 DFX 52 & o THHEM TR S /oo FAIIEIZ, B LHIBRGERICLY, B2 b
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VADEHEMTIRET 2 L RRLTWDY, f#5C, 0 DFX OfFEMINFIVER B LI R F L 2
DOIHIZALTOHDE WS NS,

AR THL M LABRAMHERICB AL b L ADFIZTDOWT Fig.10 I F
t&bf:o
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