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Possible factors contributing to muscle fatigue during intense exercise:

effects of inorganic phosphate, glycogen and reactive oxygen species

Masanobu Wada', Makoto Sakamoto®, Minako Sugiyama’® and Satoshi Matsunaga®

Abstract

Skeletal muscles induced to contract repeatedly respond with a progressive loss in their ability
to generate a target force or power. This decline in function, referred to as muscle fatigue, has a com-
plex etiology that can involve various metabolic and ionic factors. Of these, intracellular acidosis due
to lactic acid accumulation has been regarded as one of the important causes of muscle fatigue that
occurs with intense exercise. Recent surveys, however, have demonstrated little direct effect of aci-
dosis on muscle function at physiological temperatures, and in fact several putative mechanisms by
which intracellular changes can attenuate contractile function have been proposed. The most likely
mechanisms to explain muscle fatigue include elevated inorganic phosphate concentrations that re-
sult from phosphocreatine breakdown, compartmentalized depletion of endogenous muscle glycogen
and/or modification by reactive oxygen species that are produced extensively in contracting muscle
fibers. This brief review seeks to examine how these three alterations contribute to muscular fatigue

processes.
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¥—7— N/, Ca M F v kb, B
fEZX ML R, BRERARME, REIEE
Sl

I I

2T, HORKED S L RRANT =28
BKTTBHE, H5VEHF-EOEND LI
—EDNT — B L CRIETE R kb R
(] &, FMhalBRBE okl 2 LA
R HIGE % [RUREEE) | LIPRZ LT 5.
HEFOERIZI TR R, HROERPME
LTWwbZEREETHLHH (Favero, 1999 ;
Nielsen and Clausen, 2000 ; Allen et al,,
2002 ; Vandenboon, 2004), 1907 4£® Fletcher
and Hopkins (1907) O LK, wiREED)IC
BT, BETEHHARICL>TT ¥ F—T AR
BELBI LD, HEFEFETHERLZIED]L
OTHHEEZONTE., L LEVFLES,
FLBRIZ D) RERRENTEATL, HEFIIHL
TRELBEZRITERV (Westerblad et al,,
1997 ; Stary and Hogan, 2005), $»%Wix2)
b LAMEY ZRIET A2 Z D (Nielsen et
al, 2001) % EDHAISHRESHh, Ihbidikc
WXEEROOH B I Y IcEbNRS (Allen et al,
2002 ; Pedersen et al., 2004 ; Wada et al,,
2006) .

HBRICETLIINLORMBIEBEETHL L0
E, TENTRAREHEFPRIL0H0] L)
VERISERT A & L b, R, EEY VR
(inorganic phosphate ; Pi), 7V aI—7 %5
WIETEBBEM (reactive oxygen species ;
ROS) 7%, LB ZERE LTERBENT
BY, KBTRINLHIED X I ICPUEREREIZR
BEE2LOPCOWTreview T 52 EI0T 5.
BRI, BREEENIRE D KT O ER MK
WhlzbafH i, H{EFTLRED3IDDHE
BIZEEZBEWZLDOTHEH. MMOBEROFEIC
Wi, Nielsen and Clausen (2000), Fitts
(1994) O#HAE, F7-, KT EOME L,
B Of &L HEBICOwTEiih 5T

B563, 62O WTid, Favero (1999),
Berchtold et al. (2000), Vandenboon (2004)
B P BE IR,

n |y 8 (Pi)

PEICEB T 5 PIORER, RERTIR]1—
SmMBETH DI LT, HBEEER T
20— 40mM I23% 73 % (Cady et al., 1989 ; Godt
and Nosek, 1989). PiOEREHIHEH OEE T
H5HZ kX, 1978412 Dawson et al. (1978) 2
Lo THICERENTEY, ZOROWELDL
PioWEsMmyT 5%, 343~ ATPase itk
BARMED B id i ERME D Ca® ITx 3 % s itk
HREMET B EDHELNIR -2 (Vanden-
boon, 2004).

195 TR e D UAE - ARV, KRN ERE Ca® iR
BIoLoTHRHiENTEY, Ca BEMNLuME
KRl EHT 5 L HEDS, 01y MBLTFIZETT 5
LR AR B, BT, TOCSIRED
P, HESREEZROEL L) ICEEL TS
/R (sarcoplasmic reticulum ; SR) #%H-
TBY, BHOIGHEEIC LN s LT R T4
BHThorlwz k). dF, PLEHERHELZT
T7% <, SROEDHH T2 I LAWRBRINT
By, O EFABICRDLHEFOREE L
TERHMEHIN TS,

1. SRO Ca* IHADFE

COZERBMICIEH L2 DE Fryer et al.
(1995) TH Y, %5 i&H—FHHE% 50mM O Pi
BB T AL, SRIZEoTHIBENECa® D&
BEILLETTAZ L 2HMELL (Fig 1A C
OEEREF VT, BRI H— 7 OHER
ASRICE 5 Ca’ HHMBZRKBLTW2). 2D
L9 REHRI BRECO>CTES I, 1) F
WEOPIOBRENFET S L, Pio—#H SR A
CHATS, 2) FICBEIHEETSCa M
&L, CaPi% BT 5, 3) Pit#HiaL7-Ca® ik
BRSNS, ZODICSRYLALHBEN
5Ca ORVETTH, LviolzBEE~TH
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Force records from skinned fibers with intact sarcoplasmic reticulum (SR) (A) and

schematic diagram of Ca® and inorganic phosphate (Pi) movements across the SR membrane

and binding sites within the SR (B).

Heavy arrows indicate changes of key concentrations during fatigue. Abbreviation: CS, calse-
questrin (modified from Fryer et al, 1995 and Allen and Westerblad, 2001).

WHPETHLOWHLRB LA (Fig. 1B). k
BOLHIC, EEANTEPIOEBERSEI->TH
¥ 40mM FTTH 5. LA 7T, Fryer et al.
(1995) PSEEICH W2 PiO#RE (50mM) 133k
I ZETH Y, W OHDFRE L7 & 5 R4S,
in vitro CORFLBRBETCIRIZE LTI,
AR CTEBICET L0089 PITon TR
BENB, T2 T, EEAEBRIEEDOH
BECH 5 30mM T3, Fryer et al. (1995) %%
BLZDOLABOBSEIRE 52 L 25, Dutka
et al. (2005) 2L o THEZINRTWA, CaPiss
ERINE0ErOMMEIE, Ca’ BE L PiEE
OB 6mMM IZENE L2 2 AICHh B EZE L BN
Tw’% (Allen and Westerblad, 2001). SR A
DCa* BEEIH ImM TH 5 DT, PLEEN
bmM ZEZ 5 & CaPidER I N B Z LI 5.
COWBEEZTRTHAMAE LT, 1) Uz
BT & SRMNDERECa? BED67%I2E T

& F9%Z & (Kabbara and Allen, 2001), 2)
HBRFARORH LT 2 L, HEFRICREY
RoTd, WTFLACY HMHBBIREHEL W
& (Kabbara and Allen, 1999) (BRRZRAHEER
Lawe, SiBEICER L7 PioREEE»E
LLETT3), 3) ZLT7FVvFF—+ (crea-
tine kinase ; CK) "KL 727 v 2DH T,
PHEZBR DL THSRD Ca BB TIFAED
w2 & (Dahlstedt and Westerblad, 2001 ; Pi
DOERIL, CKOMBERIILI-TERIS), &
5Wid4) SROBIZIEPITF v ¥ A VDBFELET S
Z & (Laver et al, 2001) Z EAHESIhTw
5. 4) [ZBLTCLaver et al. (2001) &, F% ~
AN AL TOPIDOSRANBENDFHEAIZ ATPIC
XoTHflEhAE LB LTBY, ZoaR
ok, T ORERBEIICBT S ATP ORE
DETA, PIEAD M) H—b % b I &HRIR
Eha.
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—F, DL BPIOERIZONT, 1) PiD
AN SROCa> MHEDETIERH LRI L%
v, 2) CaPiOBBBHHEROEEIIHFET S
Mg *BLXUATPIZ X o THIlE N5, HEHWIE
3) ADP DD 5 & SR A5 0 Ca’ i
AHEZ Y, SRHUEICBWT, CaPiBROMET
H5H6mM ZTEHALTREEND L% E, ZORBH
WCERERZRITHITBIEH L 28N Tw5 (Steele
and Duke, 2003). Fryer et al. (1995) D#2'ET
LIRGLFEHT A0, BHREEEHS, SR
MEICBWT CaPid R EN TS Z L HE
R TF—8 2 BLLENDA.

2. SRCa* HUVIAHANDEE

Pilx, SRDCa** DA% &3 Ca® "By Ak
WHEEELZRIFTIENRENTVS., SRIC
£ % Ca** OHLY AL, SR OMEEE HIEHHF
FE3 % SR Ca®*-ATPase DFEHIZ & o THEEIRIIZ
Thih, 1mol D ATP DHfEIZ L o T 2mol D
Ca’* %, HHEH,»LSREEANEEEIND.
Duke and Steele (2000) %, HE—@#HEzHw
T EBIS, PIOBRENSE S & SR Ca?"-AT-
Pase 2SIEH & (XU A MIC/EEN L, SRS S
Cl*"DRHTAZEEHEL TS, HIHZ
BOSESE, IO & U L O ORER Ca iR
ER2—3ICETCEE A0 (Allen et al,
1995), D L) LPIOBRBIILLIDOTHASY).
Ca’* DIRHAHREZ 5 & SR D Ca® "B Y AAH RS
BT L, BHRMEOIUE - gD A 7 VA HEIC
BEENEL AL, TRHGHERIGERICER
L7-Ca®*id, ISPV FYTICLoTHDATE
nazepmenTBh (Gilis, 1997), TD7
DIZSRAEICBIT B CE OIFEENMET 52
EHEZLND.

m Hyva-—-s>r

1962 4E1Z, Bergstrom (1962) & & o TAKR—
IRZEOFEFICEA I N = PN F TV —
Hik, 70 =7 UHEFICRITTREICEY
RO REL L Lol 1960 FEREF

H 6 1970 FEACH T b NIz —E DS 5
BEABFEENED60—85%DHEEDEE TII,
FEGCEIhAE ) a—-TrUPMEETLE, %
NP EE T A LN TERLRDI LR
B S5 & & (Ahlborg et al, 1967 ; Karlsson
and Saltin, 1971), JETIX, H7IVIa—7 Vi
A, KEEEE FBoMRN R EAEEDbL
W) TOMESEEATHELZLEFTH
BIERELRBOLNTND.
IhHDOHMRETMA, 1990FERBFEITDR
T B— i & B R T, B DI T
AT $ 54 (Chin and Allen, 1997) &%\
VIS TV 80A% 30 B LU F @354 (Stephenson et al,,
1999) I2BWThH, EINs 7 a—7rroul
ERBE BT L, HEFVPRYIIC W L
REN (Fig 2), EHMEERICBWTY, X%
ZONTELRIVH Y a—r U ER KRS %
BRLTwhAb0LBbhs.

1. SR Ca*" Ml F v > XIWADY T FIVEE
~NDEE

Chin and Allen (1997) &, YU#&IZX Y (Fa-
tigue 1) BHB X USRD Ca* "HMEENAMET L
TR R SV a— AR ER LBROP TRE
WEDE (ZOMEICXY, H7Y) a—F ViE
BT 2), WNTA—F—&HITIFIFEEICHE
3 5% (Fatigue 2 ; Fig. 3A), ZVa—A%&
FEVERETRETSCEELZWI EZBEL
Tw5 (Fig 3B). BT/ MNELHEET ST 1L F
u¥y Y254k (dihydropyridine receptor ;
DHPR) X, BNy —Vry—b LTHETS
BETHDH. DHPRABEREIZE L IEHEN
FRAIL, FOYIFNVASROCE BT ¥ v
%) (Ca®* release channel ; CRC) WKfRZESH
5%, CRCABHOLSR» S Ca Pl s s,
DHPR# 5 CRCAD Y F FVEENED X ) 7
A H 2R L TIDIDEDPITOWIEARE LB
%)Y, DHPRB X U'CRCOM A1) Bk
MEFELTBY, 2hdd) VBLE 5 Z &7,
VP MEECHETH L EZZONTVA.

7 a—=r  RTE, HERHERICEEICST L
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Fig. 2 Correlation between fibre capacity to respond to T-system depo-
larization and initial glycogen concentration.
The fibre capacity to respond to the T-system depolarization is ex-
pressed in equivalent number of maximally Ca*-activated force re-
sponses that were elicited by successive T-system depolarizations until
the response declined to 50% of its highest level (from Stephenson et

al, 1999).

TWB b TRy, MO e LBL, BEE
WEl, SROED B CIZHEREDOIFEL ATFKD
ZH (BLEOBHB TR, Z2IC=Eo8AaE
PREENRTWE) 2E, ATPR2LHETS
B L ICEBEIWCHFFE L (Friden et al, 1989),
VERATPOS R L —HIZBET ST 2
— UL B ENTWAE I EBEHEhTY
5., INBHOHEZEIZEDE, Chin and Allen
(1997) &, WHFICHENE DM ABEEELD 7Y
a—-F VKB L, RETIICATP OREFET
$572%, DHPR® %W CRC DY v B{LA+
SICHEFT L %Y () YBALIIZATP R
LEND), BEFVERILEOTHSH) LHERL
TWwW5hb,

BRENIIBWT Y 2= Y ORTRE
2, BICATP KT 5-00EETHH T L
P TERY. H27)a—5 080 % i
NOMREIZHEICH S L (Stephensonet al.,
1999), ZDMBOBMENFEICEZEZF ATV
BEEZHNTWS (Cuenda et al,, 1991).
Stephenson et al. (1999) &, Chin and Allen
(1997) HEILL7-d 0 LEP LB, ATP

BHFCHFETIRETTOETH I L 2 HIE
L, ZYa—7rY#»DHPRA» 6 CRC~ND Y 7
WEEICE 2 B2, ATPO/BEALTT
127 <, DHPR, CRCOEL L —FH DX
WA DOEENLELEALTVEDTHA) L
/L TW5A., £, DHPROBEOE/LIEE
CRCoO#EDEEZFREL, Z£NITL D CRCH
BT 5LV EFAIRBENTEY (Meiss-
ner, 2002), Stephenson et al. (1999) DFFEFRIL
ZDET V& BE L TRRE .

Chin and Allen (1997) B X UFStephenson et
al. (1999) OEFZETIX, &H 5 DEBRICHVH
BBO Y 4 TIXAELTW WD, BW-EWs
XUHOREEL, OHRET L LRBHRETH /2L
Bbhb., 5%, FOXHZALNIME, Gk
FATERBER, FVIA-TFVOERAEEH6I
HMICHET A EE T NS,

2. SR Ca’*-ATPase KU Na*-K*-ATPase
DR

SRDOEIZIX, ZEO 7 a—TFUPFELT

W5 (Leesetal, 2001 ; Mishima et al, 2006).
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Fig. 3 Data traces representative of the changes in force, intracecullar Ca* concentra-
tion ([(Ca*]), and time to fatigue for fatigue 1 and 2 under control (A) and experimental
(B) conditions. Tetanic force and [Ca™] were reduced at the end of fatigue 1 (A-a vs. A-
b). After 60 min recovery in the presence of glucose, [Ca*] was recovered to a greater
extent, compared with the absence of glucose (A-c vs. B-c). {modified from Chin and

Allen, 1997)

HGIEER BT F ) a—F Y ORPEEE SRIZ
HELTWRLOLEHTHELAD DL THEK
+5L, MZEOHFENHSEBVI EPFHLMIR
5>Tws (Leesetal, 2001). ¥/, BEKROHE
ORI R 2 558 % R729 Na*-K "-AT-
Pase i, fREROAH % IHIT 5 & 2 OMEED
BTT52, AREZOR#LEEL THEEKD
TR SR VI EARENTEY (Okamoto
et al, 2001), THHDW|ENLIE, ZD2DD

ATPase PSfERIC L o TG EN B ATP 2 E
LLTHALTWA I EWREINS., Lo
T, INHOBRICT ANV 2T 5 RATH
BV a—F rAEETRE, BEFPET LS
EBRTFREINS.

IV EMERE (RQS)

ROS & 3@ OBE X Y SO WEREL
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EWMORKHTHY, ThoOBREFEHVEE, 4
OPRFEFRARS LS LEEEEEZ D257,
HRRAEAN T, A THEEEOROSHEA SN
TBY, A=N—=FF YV FPZORTHAH., A—
N—=FF Y FREFEROBC LY, BELKE,
LRIV T VNGB ENEEREINDL, A—
N—=FF VP, FYOFUFFI¥5F—FBIY
IPAVFYTTOEBFREERD2ODRIBICHE
WTELLTEESNDEDY, EHE5O0RIED
ATPOEENRETH I LICX Y ET HAHB
BTHD. LT, LEDATPR2HET S
BHIHE X, SR TRET 5 ROSOEIRY
REJICHET Z &2 B,
ROSIEEAETH L, MEd2VIIHET LY
BERBRIKIGLTLE S 220, BHHEAICET
HEEREBIETAZ LI, REETHHEAM
v, LhLe26, BEILIRE, ZVvyFt s
HEVEINEIVELRE, ROSZELT AR
HEWOREZHETAZLICLY, MBAOE
b - BITIREEZ RIS TIE D DB 2 L 5T
&5, COREZHAY, BREESHICLI-T, B
HMBNTEROSOBENBEEAHZLIRENT
B (Alessio et al., 1988 ; Matsunaga et al,,
2003), THHHEHEFELERRED1DE R oT
WHbDEEZ LN,

1. BEFEAOHE
ROSHHEHDER L 2o TWBI L, H
MKELZ ROSICBET A LRIV KTTHZ &,
B %V IZ ROS DRIA % & L T % I
E¥LE, BHOBTVIBRING Z &R EDOH
ERERICIYREINTVS (Reid, 2001). ROS
PERT AL, BHREFOCa " BEFRA—TH
2 Th, HEMMESBETHRIVKETTSHIL
PRDLNTEBY (Moopanar and Allen, 2005),
BEMHED Ca? IIN T A2 RZUENRT T A &
A, ROSIC Lo THEFPELLZERD1IDOTH
BLEZLNTVS., HERELBRTELD
FUNRIDOFT, Ca 'l Lo THICKELE
ERITLDDER, IF T ECEERHET VN
THHMORZUTHY, BREEOE(IE, D

3 300 r [JCONT HMl HYPER 7

St

= =

§ 250 * 3000

;. S

Q\O ~

@]

£ 2000 &
L Q

T 150 g

2 100 -

5 1%05

© g

= g

] 50 S

2 p=

8

& 0 0

Carbonyl content Tetanic force

Fig. 4 Carbonyl content in myosin heavy chain (MHC)
and maximum tetanic force in the soleus muscles from
control (CONT) and hyperthyroid (HYPER) rats. Hy-
perthroid rats were treated with 3,5,3-triiodo-L-thyro-
nine for 21 days. Introduction of carbonyl groups into
amino acid residues of protein can be a hallmark for ox-
idative modification. Maximum tetanic force was
evoked by direct stimulation at 75 Hz. * P<0.05, **
P<0.01 CONT vs. HYPER (modified from Yamada et al.,
2006).

200 EL LT HEVIEWHFNEIZE o T
RRIBEEDLNSE. L2LAEYES, EEH TR
Ca* " #& % V37 3ROSICL BEME %1712
WeENTHED (Andrade et al, 2001), L7za4°
2T, IFVVITEERNRENIRI o TWAHH
BBV, BERA P VAKX DR T LA
BIZBWT, IAVVEHEIBILEhTHSZ L
%585 % Yamada et al. (2006) O#&ix (Fig. 4),
INEXHTHELDOTH L. BILOBEIZONWT
Lowe et al. (2001) %, 374 ¥ VEEERIZIZIUER
RICEELREEHEZRE-TAL T FY IV (SH)
ENBEHFEL, ShoPFBLEhs e, 775
VEBAEAETBE I Y VEBOBIBL TS
EERLTWS,

2. B EEANORE
SR Ca**-ATPase "ERfb &N B &, ZOEERD
TEEEIREREICETL, SROCa BLY &
ABEREDHIHI SN B Z &2, in vitro DFEERIC X
S TRENT WS (Favero et al, 1998 ; Gutier-
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rez-Martin et al,, 2004). SHEEEIC I o T
SR Ca?*-ATPase DER{LAAT 5 Z L1, 100%
BAMEENEICHY T 2METETEZITDEL
5 v OB TIE, SR Ca?*-ATPaselHEED
WA & L HIZATPase ICEENHANVKZNVED
BAHINT A L&D, Matsunaga et al.
(2003) DB Lo TRENTVAS. L LRk
A5, IFVVOBELERERY, IICX B
LA PLRICEBEENTDH, SR Ca**-ATPase &
FN5HSHEZBHEZZ T2V EFRDOLNT
BY (Klebl et al.,, 1998 ; Matsunaga et al,,
2003), ROSHED L H % A H = AL TSR Ca®’-
ATPase DEERIZHET L0222V TIEHALH
Tk,

ROS 75, F#RIZ SR D Ca? "B Y JAARRITIZR
BERIZLTWATEERE DD L. —BRILERS,
A=N—FF Y FLRHORBIrOEESINS
ROSTHA. SROBEIIZIX, —BRILBED Y —F
vy D1DOTHBCKMMFELTEY (Wolosker
et al., 1996 ; Lees and Williams, 2004), SR
Ca’*-ATPaselZ X 5 Ca®> " O Y :AHKITIE, 77V
D=7V OSRIIMA, TOCKIZL o TR
WCEEENS ATPHFIH S L TWwW5 (Wolosker
et al, 1996). L7:#%> 7T, SR Ca’*-ATPaseif
HEREL L L TH, IHEEFHIC L hEmLA—
BALEREIC X o TCKIFEWPET I NIZ, Ta%
ATP2MERE S he {7, Ca® "By AKERITA
BTTAHZENFPEINS.

Ca**DELY A& & IH NI, ROSIECa®* D
PO U CIMBERICIER T 2B A5 wEE 2
LN Twb (Favero et al,, 2003). Z#id,
CRC%##m¥ 5 SHEAD LIS L, CRCH
BIREBIC2E5-0THE. SROFEEIZE, X
—X—FF ¥ FEEAT S NADHKRERES F ¥
F—VBIRELET S, Xiaetal (2003) &, OB
EEENALT B ECRCIEHTHYT )V Ok
EEFENTAZEEZHEL, SRELPRAETY
5ROSIZX 5T, CRCOBIIREI R 22T
TWABDTEZWHLEELTHWSE (VT / VY
WBICIRREICH 5 CRCICHET 5).

vV &hHUIZ

B 5 BT AT ARY, T2 THY
FiF7P, U a—-UrBLTROSOVT R,
EREERIC X o TRIABEFICHELTna
Zlid, BiIEEBREwEWwWEERDbDNS., SHBOMI%
HEE LTI, BoERDEOEBOEF IR
L TR L254A, TUERREICE D X 9 ks
EFLDD, HDEVIITHEFDOEL ORETHE 4
ODRFVED L) ZLEETHEFTCHFSTHO0
ERZOWT, BHTLIEPETONS.
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