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Free radicals have long been considered damaging to various tissues. An excessive amount of reactive
oxygen species (ROS) is known to have detrimental effects on the body and to be linked to numerous
pathological conditions, such as cardiovascular disease, cancer, diabetes, and skeletal muscle atrophy.
On the other hand, recent findings suggest that ROS is important for maintenance and development
of cellular activity. Cells respond to increased oxidative stress by adaptive changes in the expression
of a variety of proteins involved in the maintenance of cellular integrity. ROS is also essential for skel-
etal muscle function and metabolism. It is well known that physical exercise has many health benefits.
Paradoxically, physical exercise also stimulates the production of ROS, which result in oxidative stress.
Based on evidence amassed in the past decade, exercise itself may be considered an antioxidant be-
cause training increases the expression of antioxidant enzymes. In this review, we discuss the proc-
esses underlying the generation of ROS and its role in exercise-induced adaptation based on recent
evidence. Furthermore, we discuss the possible role of NADPH oxidase in exercise-induced activation

of insulin signaling and its effect on longevity.

Key words : Exercise, oxidative stress, reactive oxygen species, skeletal muscle

M E

84 4k 2 (reactive oxygen species, ROS)&, Ab4
of & EdAT Ao AAE s, 24
7k 72 =3}, 1 2" o)y, 1 a ggd
A ToE A7 HAGA Aa-ghed ’\]"%‘0 2
Aoz YA o] Bt F7he A4
| 2= (oxidative stress)& frdste] AlZo £ %3]
A3 J, A2HA 2, AAA 248 4 DNA &
(cancer)e et 3tE 3 A7l T B
WelA o] de 2 dh42]. o] 9 2ol FA LAY
refetAl Aol gom, ol
= 4 &4t} (antioxidant) EH 9] HE S 9
=]

ey

Hs
&

o

£

>.
o o
r;'ﬂﬂ:lord'é—aw

m 4N & lo ok

}\o
ok
[¢]

o oo &
N ox, & ru
cg o 42 o

re
B

el
4
rw
L
)
o2
2

o
oft
o
Ho
offt
o,
gk
ox
>
B
Lo
o
oXx

AN
N
>

Y
)

[
uet ofN
12
Mz
R
-3
< orr
1
Ho
oft
S
2
o
=
N
]
Ho
offl
rlo
o>
o

S =
= X
v
4 .
Ty
l"lO l">'
2 P
it
ofN
X
>
)

*Corresponding author

Tel : +82-2-3277-2563, Fax : +82-2-3277-2846

E-mail : jun@ewha.ac kr

This is an Open-Access article distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(http:/ / creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

iy
of
ol
X,

rlo

=

bl

do =l
b
>

ol
S
2&
=
rin,
=
=

o 1o
Ho ox ox
oX, oX
ol
>
=
o Mo
o = off
=2
o
:1]1 ©
ol )
2 ru
A
e o
;Hl" °
| (
T o
w o
o 2
o o x
»—1
o
=
=

FN
1o,
o
3
B~

a o
Ny
= N
fotr fr
2 g
LN
o2 f
A
‘—_('u_‘_l_.N_.m
oxl

X0

o Ao Ay
ro 1
18 n

4 =
ek o
o
_0|L
N

o g =

& (inflammatory response) & & QI3 £743o] o
A7) Yol E S88 ds o= A
8, 55].

H

—

¢

2

o mR ox off ne rfr B P~
v

30
)

& oA
O
i

b or Kl ol o © fo of o
ro 2 i offtt

o g 0o x

rlr ofx
L N gk
oX
=
B o e = l“F
)
Ho
N,
[
o

o,
ol i

e o

=2
-
1o
e

Aitee AaEAY AT Be ol FA Xdt

g )7t H o ‘3}?:— AAE He BE T7Y ¥y =
ojwl sk, #4F3kF A (hydrogen peroxide, H:0,), 43} 2}
T Z (hydroxyl radical, - OH), Z 34} ©]-&(superoxide ion,
02-), 28 o4 i’&(hypochlorous acid, HOCl) 5& ¢
HgTh30]. o] £ T FE wet ¥ FFo] 2EHH,



EZEofe

X
i

ol AE 2% AAANM E=

AR ALGAE B
‘:'Ei Trﬂm AAE ddFozn FAHT48].
G e AWM A A48 (lipid perox-
1dat10n)% Wy, AT FAHLAES FASE B4 52
2 AEAT, AA £ GNLE Ad a9 o3
ARE T AP ORN wfg FE&F ASHT EAEAN o
& g2, 55 whekA ThkE 7@ 9 2H A Yol
A @4l 9ol %}ééiﬂ o 2HAEN AT
’“EEO}LZM] o 3f ‘%

NADPH &tstga

AR St Fof 234t o2& AAste 24
NADPH (nicotinamide adenine dinucleotide phosphate)
8} 8 2 (oxidase) 21l 3H=H], o] & AAZEE 234t o] &
AAse A AAE AFste DA Fo A (electron do-
nor)Z2M 9 A4&E FPIThB0. AR HIET THFY
NADPH 4tstase= 724, 7154 Aold w2t NOX
(NADPH oxidase)1-59} DUOX (dual oxidase)1-27} ¥ = %
=, o5 BEF J|EHoE N2 gp9lphox (cyto-
chrome b558 heavy chain) ¥4 & 7|8 =40 % gt} o
ool F7FH O 2 1A )& p22phox, AEZ ] p67phox,
p47phox, p40phox B¢, 181 AEAZF GIP 2¢0H 4
(small GTP-binding protein)?l Rac®] % & TF&% Zo]d
uhgt Al £33 B30, 32].

NADPH 48t a4 & F2 "oAd Ao A 2o,
TR A% B3 FolF(granulomatous) S #3 le EA
o] 2] A Z (phagocyte), =& &% T (neutrophil) ol 4] # €]
T2 @77t o] Foj A FoH29]. =3 AT ZE
ahs AA Bol 1Al Qlo] AL T A
Aol JAH | g6 Ly H He o
oAste W AE 0] 99 WA H(smooth muscle)A 2, 9
/¢ 3] (gastrointestinal epithelial) | %, % 9} (mucosal) &3] Al &
9 Bt AESAAE Edo] BFEH HuHu o
[7, 54]. A& & HFE3 EHFFAAM NOX1-57HA 5709 53
(isoform) Tl A o] W H 1L, o] ¢ FAHEE DUOX1-27F %
Ax o] o] & 771 4+t & 47} 'NADPH oxidase family’ 2
=Y HAT23, 24]. o5 A4 FIHE AA J# 9
a9 Ao bEA EuHu e, NOX1e 2 2%

=]

tlo > o

fRLorok oo Sl af

o3

=

A
BIAES} HAZHE SolA F2 2@ 1dY, GSR
5, A, A 53 ddo] lon, NOX2& A el A
TS AAE, dxstolr], 33 E, HETH AR 2
T B NOX3e AdA F2 235 o FPAzold, 3

Journal of Life Science 2017, Vol. 27. No. 9 1079

g 53 #dol o
NOX4%= 4 % (kidney) ¥
o HEZEgo} )% vy
#9913, NOX5& Bl % (spleen), L3H(testis), ¥ =4
Al E&@ = o] 4 & (esophagus) 23, YA (prostate
Aol Y& AoR B ﬂobl‘ﬂr[29].

DUOXE NOX59 F2# 02 {41317 EF-hand % 9o
e Zg A =Hde S Zdgol Adste] ddo] 24
= [11], DUOX+ #1784 (thyroid gland)ol A1 NOX29} A
3 FHE A5 THEAG A ol oz st
825 @Al thyroglobuling 414 &4 (biosynthesis) 3}
7l 9 AdsteaE AN ] b, £ DUOXE ‘3F
24 NADPH 4}3} & 2 (thyroid oxidase, THOX)' 2 % 2] =
S 11[15, 17], DUOX2 mutant E2 A 74X 7]5 A
(hypothyroidism)®] Aol Hi® wub 9ITh[34].

DUOXd of&f #AH = Atas A4 oA Bt
q9&< Fdste Aoz A gled, 9 dgoz A4
A A A8 st 7 Asgd s 24 9T
2 27 vrol & 4 Sloel. AA =, DUOXY } =4 %‘
3 YAz He qdd eSS FYle
et AAZ 2479 7= 4y /‘ﬂvL"ﬂ’ﬂ“ Al
A 959 el o DUOXE &AMt &4
DUOXE #< W4 wvith 90 nM9| st g A4 sk
ZE3 A AeE 5o AAS Woldte AR HuHa

r
P
G

a
Bl
iy
.
o ©
g T
oX
‘ﬂ
=3
w2y

~

4

A,

. o

01'1 _{l-}j' Fﬁt
ol
ol

A

P T T

~

%“@W A 3]
BAAA T8 ﬂ (epldermal growth factor receptor, EGFR)¢}
7 S ANFoEN B B SARES B

fr
iy

o= HFYF¥ A E(pulmonary carcinoma
71HA ZAAE FAA dojvthe TFE Aol
il BHol3l, zebra fishe A3, 23] Hjolo
A 35 71% of o] DUOXel 93 A aba o] 2

ATHB3].

o] 9} Z;LO] DUOX+= HAAA 9 #edste] @& A7t o] F
o] A1 9o}, & NADPH 4H3t &4 T4 249 NOXo
Ha), 2 M e SEg A7t o] FoAA g o

£50] Aol B3] SENLE §2
d AT o) RolZTHle], BT £5E o B 53
242N B4 ARHH oo et 20| £4L

o



1080 BBULRIX| 2017, Vol. 27. No. 9

YeETe BE 19829 H22 SR JT14]. o] F &5
g gL AR 7HE WA g AFES v Rsko
S50l g8 A HE ML E FRHOR AAT & JE
atstA o #EE AFSo] e YY) o2, +
T AU FHd wE &84 AH AF 9 A8 FES
ZASAY Gt AE Foll AL, B FAE Ao
T Agsta, oo W st 2EH 2o o7 25 27
9 AlEe] EolY FE FAA HHY MStE Hishes d
T7F FE ol FAT20] 2y HT S0l wFoll s LT
G2 AYd w59, 2o B AX U AsHE 42
of MAe Y&, sk whgol RZeA 2dHE AR
7} (redox-sensitive transcription factors)7} 4§ &3}, A) 2] s}
Ao ol HTS FPste=Ad I A7 daAol
F4g o we}, of & #relaal st AgEo] Zeel o Fof

AL ITH40].

re
—Ll
=2,
>
i
oo

A %k(vozmax) 60% 7&501] A 1A]7
AAF sl 0 B4 A S Z7M7l , &
H et EE Folsta ole @ @agol Z4AH T
thie]. 1 o]0 27] At &5l Aoﬂ LAY
B 2 g AR
of o ok
AGA &)t 3

L
3
—LJ

S

2 ol oot

rﬂ),_‘ [}
Rl xR oo P O

Rl b Mo o

f
9‘1"

r{r
o F
o ¢
gg
30
>F31
5 L
B
BN _[op
I
g I
2

tlo N o I
>
)
kI

b
ox
>

Sl
=3
i

Z,

>
o
m
rlo
=
bl
-
ox I
i
™

Mo mx

§% oft o
rlO rlo EE o Fﬂg. l"-iO

o K

32

, =

W

=

=2

[ o2 Ho
]
offt

(3
fr
1o
3

>‘
fo
—

e
o
olN

PN R
H oz ool
[
it
B>
=
o |
=
[l
W
nl
o
o
gt
oX,

I-—\
o
o
=
T
m
r
L‘I
f
O
5
©
B
5

o
ol
NS
>
N
rr
=

215}[27 57]. H&?ioﬂ U]E”E
2 HEZEg ot oF) Ay
~5% TERD O A& oFo] 2t
AtE AT A7 RuEEA
Zrgote 444 B #G &

> K
Erﬂ
nqo—eo

r S
£l

Auh
o
=2,
Ao
ot

\’)‘ BN oXx
o
s

i

o
® oo fz
(I

e
o
r

. offt m\ﬂ
o
E

N
=
gt
oXx
=
[
lo
i
o
o
)
lo
e,
2 ri
K
N
s
rr
ol

rr o

oz off o= N [
ox pl ox ok
©
N
0~

flo fo

o,
23y 2% 2EY2E B
E AT A%E B3 5ol rHd3, 4,

oo fif oo o
— fo l"lO 1o -‘W'

ol
4y &2
A o
g‘L

it

OJYE BL AFAEL &5 F 50 LS TN 7]
© 78 TdE 2] e AT AA s 2Eu A,
hEe @95 2 e 2350 &5 F AU A
A Ao 71qste FEo AP, 5ol 9l AdAHL
Z A E = ok A g wkgo] 5oy o] 242
S0l Al A A AR 71H ATl oE ¥+ F 3 ATH35,
40]. =3 &F5FY AgelYd FEEY 0= YA A
o] AgHo)7] o] &5 F A0 oH, A4F &E
o] dAH R dojus AL EA W o AT AT

ol ddstri[3s].

=Z20|M2] NADPH &tatga

ZAZ AfoA NADPH 4tsta2E &8 A A % (sarco-
plasmic reticulum), T¥(transverse tubules), =2} (sarcolemmay)
ol EASH EEol AT FAZY FE2 AXU Y gFd
FoA 2] HEo o8 234 o] 2 AHE A=Y
[11]. ¥4 A7 2" NADPH 4H3t 84+ =4
of 25 EAste], dgol2o] mAUstE gotx
(ryanodine receptor)gl g4ste 2FAAT] #

IEE FEE 93, °|E 3] NADPH 4HslaiEe
Oli" A4 6“4[11 37, 40]. 18y %A Aw3 NADPH 4
= T " TR 4Tt AT Y 23T o] &S
i, Al Qh—i HFgtras BEAIIEA N BE ¢
U EFY AAoln, TAZA A LT AE
oA ofH R JEE steAo Btz WA B x

ATk A5 NADPH 4tst a4 o] £4 ==

< o, NOX5¢ DUOXe Al Y Alsxd
3te 4= Q1= EF-hand =W 918 7FA 21[30, 32], ©

7179 A gl oaf E4do] =24 ‘?&E— % *}
P4 doe Hd 5 % dayol ot 5 2=,
A& Nz mE Zg ik Wk Aols 101] E}E}
HIE Ul A} NOXG, 28 DUOX®] &rdo] 245 =4
g A77F dgEolol & Aojal, AT AEAA L
A Aol o3 NOX59 DUOX 28 2 7o wp& &
T4 24 B3 75 £ Hojok & Aot

ol
-

¢

oH. f“
ol

o r [‘[F ox

o I
H
o

e
P
i

:?1:1

)

i)
2o K

& &

Jﬂ.%&
Em -HN‘ m iE
O\I

I‘IJ

ﬂ‘iJN-émHoﬁtm>rUUi)ﬂ_ﬁ—lJoEi°,L

foe

GQaE 2 93 dojve WY W F SR Z
U R A Z9} 2o TN TN BdF o &7} G2
S dE Fdog Agddn B34 Yo £33 NOX9
DUOX EF ZAMEZ7} ofd G2 AEEAE TdETE
Aol WA HA o] 50| Thofdt HESE 7|5S T Fo|
=i oﬂ = ATH4, 21]. o]} #HHAZ] &F I} FFSel #
S HT AFES A B dar) g A aY Y84 &5



& % (plasma)ol A &S Aol E71 (pro-inflammatory
cytokine)?l CRP (C-reactive protein)®] $=& F7HA 711
[28], 244 Zol M= TNFq, IL1B, [L6 53 & Ato] &7
< /MG BIH IR 39]. £ 0T FF N>
AR AEY =42, 3 oM e A< =
A2 BIH U306 HIF *A dAFT WEAAAT =
vl o oju, At g AEdA DUOX7} ‘Oé of i &
s st A3 2ol g 1*‘01]*1 o o
A3 gzl vt QLA &5l «IOH frede o
& 3ol DUOXE Hl % PNADPH Abst & 47} oju gt
$e SEAE Yol Bas) dgn AR

aE ole@ BaSol o4 nluge) o B g
S0 F2 WAL AThe A, ZHF A2Rol e AT}
Aol AFaTE A o] #3 70| 2 Azto] 2878
Aoleba Az,

o
I"IF m[o

r&": I

18 of\

=31} sl 22

Aol A fHEoiA = F4ts} G4
A2 st 712 A (catalase), =
(glutathione peroxidase)7} 100, 234} o] && 4k}
A3t AR vHEE SOD (superoxide dismutase)”
SODe A Al +Fol o3 %HO] /M= 7)i~i HaH

3 Qe 18], 48 AEE A7 tREe 2PN
SODe 4 =& AT AREc] T2 EﬂM ) TH57].
SODE FHAQ f4+4 £5o| wsto] oF APEA
A3 d AEYAE JA Y Qo] 2AA IS = Ao
2 984 Y18, 5 ] #d 05_% of had ke Ao A
% H(wheel) €5 % SOD, PlEZEelcl SOD, Al

SOD, Al Z 9] SODQ] 445 % 3} l SR LT, =3t
Q3] %7}t NADPH 43t & 4 AN ATT
H 13 ATH18, 56]. whekA & %“é Mg AR TA

9]
9 &
LN —\_?:

of g4t3l 49 FHS FAFOEN, T4

&

o] A A3}
40 $BE UAE ALE £E9AL, ol 2212 ¢
FE g ol FolAck ¥ AoE AZEn

g SAEoIU FAEAE FAY 4 AT Tt

GoAstA o = ol o] FoA glon, £F3H} %“&ﬂxﬂ
Ao # A7 txH o2 HERIC E, ZAAY (coen-
zyme) Q100] o] AH&H I YTh[37]. FAtAI o] A= &

B2 A AT E4olf 93 08, 200 269 gad
A2g oAt 4T guu Bd A7E0 gt
[33,45], 23|18 2 &< FAANIL, & P& EE A4

38 e sits dFET RuFo o5, 12, 13]. A4
&9 FajAol FE HILES B ATAER sl F 4t
EAY A, e ARE SHALE AASE £ 1A
of #g Ao HAE JhetA st 2y A2 £

Journal of Life Science 2017, Vol. 27. No. 9 1081

YRt 087 A § woo) 3HHA JF oA
£ AT FUIAA o TAAL Yon, FPY AT
Asgol ks Bhol AA A%l FE gl U o
B2 AZSD Yok A4} Gust 24 HAT 29 A9
2 =3 AT, 9 FHH TS 018 F Y= AYE
o WAS Z7H7) L0 YA Bl Yrka BIHGLH)

wj 7§ 3= PGC-1a (peroxisome proliferator-acti—
vated receptor gamma coactivator alpha) A& 429
g4 S F6H, 2% AZ 39 F2 84U MEZEY
of AAE Feth LU A Fol A= Ff EIZE

HOP DNAZ} Al £3k9] JAAR 28T ¢ U] *&

T GANLE ded FEAY dEsd F&A4 7149
1_4‘_@1-2 8, ded %Zﬂ W Bt Ab& (insulin re-
ceptor beta chain, IRB)oll & S 444£FS Fatsr4E R
st QA e FH < THA L %EH ] 28y A=sHA =2
TEL 5“““} = ded/ 3712} (Insulin/IGF)

’\1§Xd S sty By

o

‘%}d °] o 50 HH ;‘7]-’3},\,\_1_ in vitro VA ZH 444
< 7betAk GLUTAZ} 243 59len, d4tkst =43l NAC

(N-acetylcysteme)—e— Ageta SFL2Y AR FFEo] o

50% AASAT Y Bisto[49], 4449 ded ATA

A AR F2d & & IA =AU (Fig.

3 o TAZ AE QC1R T4 4A %Ol Hitsl

AE WA A dEd 84 mRNA 28 2 dsd +&
Al 7179} 1AL F71e % 0., myotubed] A7 0] F71et
At Busith 1 Ad dedd ded A AFIA
of o3 WAl Hobd HEAI 2 % #d FulAH
34 & 4 (B3-ligase)?] atrogin-13+ MuRF1¢] @& o] 7HA31%
2v, NACE 9 Azeta ol FaAe 2d ol F7tst3d

OH25]. whd W@ g dgrolA AEldos st @2
H4A g atseas 237 149 F C2C12 ALoﬂ
Agatde W old A9 2] IGF1] mRNA E&o] 23
g Zastgtal s oy, IGFI A E 28 F3f <M
g fFEste A otd (creatine) = A g skA A Ao
O3 IGF-19] 3 4 d/do] FostA AAH AT A A
SHATHB2. Aok 2& AHES AHE v FNLTL 2



1082 BBULRIX| 2017, Vol. 27. No. 9
ROS
. o -
ca* 0,
Chanel
i P || B W
N e GLUT{ caz o
\\\/ Cytosol
p I W e
Fig. 1. Exercise stimuli release ROS to increase insulin sensitivity via NADPH oxidase in skeletal muscle
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1

Fig. 2. High levels of ROS causes physiological damage, low-to-moderate levels of oxidants play multiple regulatory roles in skeletal

muscle.
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