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Effects of vitamin C supplementation on low-intensity prolonged exercise
training-induced changes of metabolic and antioxidant enzyme activities
in rat skeletal muscle

Koichi YADA*, Katsuhiko SUZUKI** and Hideki MATOBA™**

Abstract

The purpose of this study was to determine the effects of vitamin C supplementation
on low-intensity prolonged exercise training-induced changes of metabolic and antioxidant
enzyme activities in rat skeletal muscle. Male Sprague-Dawley rats were assigned to one
of four groups: a control group, exercise training group, vitamin C supplemented group,
and vitamin C supplemented exercise training group. Rats in the vitamin C supplemented
groups were given vitamin C (500 mg/kg/day). The vitamin C supplemented animals were
given vitamin C in their drinking water during a 2-week pretraining period. The rats in
the vitamin C supplemented groups were administered vitamin C with a feeding needle
1h before each training session in the training period. Rats in the exercise training
groups swam without a load for 6 h in two 3 h bouts, separated by 45 min of rest. The
rats performed the training once a day for 10 days. Vitamin C supplementation attenuated
oxidative stress and increased glutathione level and catalase activity. Exercise training
increased citrate synthase and hexokinase activities. However, vitamin C did not change
these enzyme activities. These results suggest that vitamin C does not prevent the
training-induced activation of metabolic enzymes, but attenuates oxidative stress via
induction of antioxidants in skeletal muscle.

Key words: reactive oxygen species, antioxidant, low-intensity exercise, skeletal muscle
adaptation
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DEEVPBEORBEIIE, BE, ¥V /37 EBLD
DNA OFEb 5 &2 &b, ZDIRER BE1L
AMLREVS, —BHREEEA ML AD LRI,
BB ORI OB T, KIEB L OHIEEY L ME
FFons7-0, FERICHEOEIUZ L) FR{EA T
VARBRETAIENETF L WEEZLNTWA.
—H, MiBMLEH S S b L—= v 72k b 3
I B THEOHEIME T, A A VSN
DWEZT D ZEHNRBEINTNED, Zhbn
WRFERERE, (EEBRFE DEE) I3 5 KBS D v
FrEVELTERLTEY, MBMEWEIC & 2
BREOHFIXII NIV FYTHE, A VEZ
HEoEE L Vo7 b L — = U FIR A B & S
TAAREEERELTCWA,. LHL, FxDOLFID
B 723 LA D70 3 BB L E O 5- I3 A
MNo—= & BI ary N THE 1R
VEZEORER BT hWEERELTEBY, Bt
WERSS M-V TR RIZTREICELT
= L-RBEEsN TR, 512, FEEL
WEELTEYZIYC(LTVC 2#@HEL L
Gomez-Cabrera et al? OffzeCix, EE L —=
TEATOLRWVCHSEZHZITTBST, VCAH
L= v I 2 BIGEHET 500, VC#xRGE
MTHAEAERICEEL RITTOPEIHL 2 TIER
VW, ZOSEIZE LT, Strobel et al®id, EE ML —
SV TR E BB ELLEYIVE (LT VE) B
L Va) RBROBEGIZLVEEHOI Fa o FY 7
HFHEIEET A —DERTHFFESNLIEF
WMEL TS, —F, VIBEYWEL L Ta) KRR %
DX VHA L QIOIMA TR L7-HAI, B
OB ERLBEELRIZT I ENHEI LT
B9 51z, MBRLEREAET 275K/ A F
D—ETHL7 VLTV EERGOI Far R
THEAFET LI EHESNTEBYY, HAHL
7oA L E PRI ER DA OIVER A L T
LR L H B, L7zh o T, B ERKRSH b
V= VRIS R T B 2R T 5561213,
B L OBBEOEVC L AHELEETL L
QEELEZA. LPL, ITNFETONIEETIL,
VC & VE R &L O ORBRLME % 6 L Tk
HLTWAHEIEH LD DD, VCEHMOES A b
V== v WL B2ERBOBEISZHET 50D,
VCA ML —= 7GR CENICHE R RITT
OB L T o fThh Twniwvy. €2

TAWETIE, VCESGIFHAKE N L —= 710k
LEEHOMICEHET LY, BEMk5IC L 2828
v EORFE LT, KiRE, REHOFEANE b
L— =y ZICE B ERGOEMELEE B L OB
EREREEOZIIRITT VC &S ORE L i T
HZLRHEME LT

I. 5
A, EEREY

EEREIW & L T Sprague-Dawley 2 v b (H
K7 LTHRAS) 28L& HH L2 3 HEEmkIC
T P FHEEFITIZFEL RS L) I VC IR
5. (No supplemented; N) # (n=14) B X I*VC
5 (VC supplemented; VC) # (n=14) 124577,
VCEIZIZVC 05 247> 72, 15HHE %, 5 8%
BRlZ, NB, VCBHOT v FE2EREN TS DI
ML —=r 7% (Sedentary: S) HEBL U ML —=
78 (Training; T) B2 L72d» T, &
FAGIZT v X, VCIE®RGIEP L —=F (N+S)
B OVCIHEES L —=rv 7 (N+T) B VC#5
FEhL—=7 (VC+S) BEBLIUVCHE ML —
=v7 (VC+T) BZairons. v MaiE, M
o (Chow MF: 4 = v ¥ VEERIT) b
LUOVKGERE BRBIREE. 2, @FSEEE
%220 1.0C, i 8 FEH 5% 8 I E Cx BT,
FH IO ST TR EZEL, v b
B L. B, FERIL EEKZEOBYWER
HBEEZEROKEL /B TiThh:.

B. VC#&5-

VCELT, L (+) —TRAINVECER (577
A7 A7 %AEMH) 2EEKE» L TERLZ.
VCHE#HD T v M2k 1 H500 mgkg weight @
VC ##5 L 72. Gomez-Cabrera et al¥ i, Z D%
580 VCHEIZLIY) ML -7 LA Ty ME
5D PGC-laB LU ha v B 7HAEDEET
HHY b TOL DY VNI EEOEMAEIH S
elEELTWA, EHEL, 15HEORGHIH
I EEK ISR CHBICIBR S ¢ 72, ZOHHF
OVCHO 1 HOKEkgH72) O VCENEIX
518.0x0.7 mg ThH o7z, b+ L —= v 7HBFILE
HEBRBO 1 B Y 72 AW TRO%S L
7z.
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C. KikEBZLA L —=vF7ubay
TEDS v ML, Terada et al** O FEIZE L
T, 3EROKKZ4STEOKRE L IRAT2E, &
6 B OKGEE % IOHMEFRCTRE L. Fv b
1%, KEOEEANR200 ecm?i27% 5 X ) ICHIET D
AT, AKEIF36T IR 72,

D. Mol B L OREFE, B> 5 OWESH
DHE

EENI R B OEE ) SASFHIAEBRICIT 72, ¥
IFNVI—FVHKEET T, LR=EHimLL, B
BLICHAERICE ) HESE, 2 TREEERT
WHRAF L7z, 72, REEIR &~ s S
BEExHWTRMAITo 72, BINH%300 g T 3 4=
L, BEERIESTVE LTHRE L.

F/2, EB=HEHE IBAEOS0 mM ) R
e (50 mM ) 774, 1 mM EDTA 2 &,
pH 7.4) I\ZAN, KGEFTREIFA XL &5
(2, 10000 g Tlo4rfim.oL, HiEZHED L, &
MEEFE S HE B superoxide dismutase (SOD) B &
O° glutathione peroxidase (GPx) I& 1%, trolox
equivalent antioxidant capacity (TEAC) iz H0E
L7z

TH=FEHE IBAEDS0 mM ) v EREH K
(50 mM ) » B %Y 7 A, 1 mMEDTA % & &,
pH 6.8) IZAN, KEFTHREIFA XL &5
12, 10000 g Tl1o4rM&.o L, EFEZRO ML, &
VARZ ALY » 282 B L U catalase (CAT) {EHED
WMEABE LA B7VSE F 4V E (total
glutathione : TGSH) 121, & 512, 1HEED10%
A& RN ZTL0000 g T 5 4L L TiR72
LEE W

E. Mm# VCEEDHEIE
M4 D VCiEE Ol % 1%, Benzie and Strain® @
FHEIZE TN TIFo 72,

F. BE{LA b L RAIEEOWE

EHEBROFEROWEL, HEBRERZEEL
% 70— 7 THh b 2, 7-dichlorofluorescein
diacetate (H,DCFDA : Invitrogen-Molecular Probes,
D399) % T, Koltai et al.® D HEEIC#E L TfT o
72, B, EUEBREORERL BONIENMEE
MO N+SHELEREL LTHTELL.

T ANEZ LY voszik, HEMF Y b
(Cayman Chemical Company) % F\>Cilll%E L7-.

& 512, MFEOFEBREZRHEY (-ROMs) i
% Verde et al.® Ot - TRIE L7,

G. MERALBEREHOHE

PrER{bEEE & LT, SOD, GPx B & UF CAT &%
%, #l% % v b (Cayman Chemical Company) %
ATz L7

H. JEEEZHmRILEE ) OllE

I o JEEE R B PLER L RE J1F81R O ferric reducing
antioxidant power (FRAP) @ il % iX, Benzie and
Strain? D HFEIZFED T o 7.

7, BRHOIFEENIIRILEDEREL LT,
TEAC % Re et al®PDHEIZHE> THEIE L 72,

I 87 VyF4 & (TGSH) OflE
FHEHH O TGSH 13#l%E* v b (Cayman Chemical
Company) % FVTHIE L 7-.

] REBHEERREEOWE

I bV R TIREDIBE TS 5 citrate synthase
(CS) HEMHEDHEEIL, Srere® D HEIZEITWTIT-
7o, FERBHCEEE T A8 T4 5 hexokinase (HK)
EMOWIEIL, Simoneau et al.?” DFFEEIZE DN T
1To 7.

K. fratisd

T AT T RCFHE R ERAE TR LU BE
AL |2 13 SPSS (SPSS Varsion 19.0, SPSS Japan
Inc.) #HW/ 4BEMOLEIZE, E#HFL—=
v 7 (sedentary 3 & UF training) & VC#% 5 (No
supplemented 3 £ UF supplemented) % EXjHE L L
T2BERDESMEITo7. T, KEER»ED
bN/-84121, Bonferroni D HFiEx W TEEL
BREE{To7. AREKEIS %RIGE L7

I #%
A BRILA b L RIEIE

Figure LI BB L Ol oL R b L A5
DIEFREZRNLTZ. BH¥HICBWT, HDCFDA * H
WOENMEREEZHIE LR, EEEREOSRE
EBEEH L -V TICL o THEEENRD S
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N, THEPSHIZHEREIZHEL R LIS VCHE
SEORBIIRD 5 Lk h o 7 (P<0.05, Figure
1A). F72, BEHOA VKLY 32 12EL
T, BB ML —= v 7L VRS TREEHEDGE
O HN7z72%, Bonferroni D k% AV TL E HER
MEZITo72. TORKER, N+SEH LB L TN+T
HICBWCAHEERIIHMEL R L7 (P<0.05, Figure
IB). EHIZMAFIZBWTIE, IM4E d-ROMs (2
DWCTEB ML=V FBIOVCHESICE->TAH
HEFROLN, TESSHEICHNAEEICHELYR
L, VCEDPNEICEREEIERELZRLZ (P
0.05, Figure 1C).

B. JEEEERYPIERILEE IR

Figure 212845 8 & G O IEEER BT L e
NIEOERER L. M VCIEEILER L —
VT E o THEEEDRO LN, THASSHIZHT
NEBIWRMELZR L7208 VC G2 L A BEBIERD
bizd o7z (Figure 2A). %7z, IM4F FRAP B &
U EEFHDO TEACIZ L —= v 7B LU VC #5142
LB IRBO LN H o7z (Figure 2B, C). —
H, BRHOTGSH X, ML—=v 22k 5%t
BRBO LN o228, VCEEIZL o THEEDS
Bobh, VCHNPNEICEEEIIEHEE L
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Figure 1 Markers of oxidative stress in skeletal muscle
and plasma after training and vitamin C (VC)
supplementation. means*SE. *, P<0.05, vs
no supplemented exercise group. +, P<0.05,
main effect for training. # P<0.05 main effect
for VC supplement.

(P<0.05, Figure 2D).

C. BHPIRRI LRI %

Figure 3IC BB O F ELIBEILBERTH 5
SOD, CAT B XU GPx{EMOMREZR L. B
B9 SOD i1 B & U CAT {E B L CTid:ES) b
L=z v 7k o THEEENRED SN, SOD &
B THEHPSEHICHREREICEELZRL, CAT EHH
ETHASEHICHENAEERICKMEZ R L7 (Figure
3A, C). €512, SODICE L TiZ VC &5 gz
3D SN Do 7208, CATHEMIZ VCRGIZE -
THEEENRDOLN, VCHENBEICEAEILE
%7~ L7z (Figure 3A, C). GPxIHEMEIZEE L Cig,
-2 7 BLPVCHERGOEZEITIZD N,
o 72 (Figure 3B).

D. ‘EEH B R R

Figure 4IZBHEHOI a2y N TEHEE % XY
5 CSTHEMEL L OHERBICEET 5 HKIFHOHK R
zaR L7z, BB O CSEMDB X O HK i ILE8)
M= Tk o TREEVFRO LN, THEEDS
HIC~ERCEELZRLY, wihbEsy Iy
CHE5DEEIIRD SN h o7z (Figure 4A, B).

A 100 - gNo supplemented B 600 4 [_]No supplemented
VC supplemented Il vC supplemented
75
Z —~ 400 +
£ i + o+ §s
£ 750 €3
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C D
15 - gNo supplemented 800 4 [_]No supplemented
VC supplemented Il vC supplemented
= # #
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o —~
Q39 b0
EE Z 3 400
i o
T 5 1 -
E. 200
0 0- _—
Sedentary  Training Sedentary  Training

Figure 2 Non-enzymatic antioxidant in skeletal muscle
and plasma after training and vitamin C (VC)
supplementation. means*+SE. +, P<0.05,
main effect for training. #, P<0.05, main
effect for VC supplement.
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Figure 3 Antioxidant enzyme activities in skeletal
muscle after training and vitamin C (VC)
supplementation. means+SE. +, P<0.05,
main effect for training. #, P<0.05, main
effect for VC supplement.

V. EX

ARFFE T, 10HMORERAM]R ML —= 2728
BB OBREEOENIIRIZT VCREOHE S
BEFL72. 208ER, BEHICBWT, HBLEER
TH5 CATIEMIL, PL—= 7 TIRETT 525
VC &5 CH¥INT 5 2 kAR Nz, —7%, SOD 7%
LU H B ERREETH A CS B L UHK O
FEBI ML - WXV ER L DD, VO
BHICLBEBIEIRD LN o7,

K TR, -V FEFLVE LTRBER
BRI OEEIIAKIK b L —= > 7R e TR
T, AFFEEAHO ML - 72X, BB
RAY—LFal—F—ThrBEEHBWETFD
PGC-la, M E#EEREE TdH 5 [-hydroxyacyl CoA
dehydrogenase (f-HAD), CS B & O"HK i&MH, T
BILBER CTH L SOD2B L UNGPx D ¥ ¥ N7 HE
MHEIT B Z EAHRE SN TR0 KRS
WThH, 10H MO REEIKEE OFRFAKIK b L —
U7t o T, LE=HEAHO CS M, HK &1,
SOD EMWD R V) BEHE L. Lo T,
REFFECHW7EBUE, BHBICBITS L —
YU EERBET LD TS ERRER ThH o
EERAB.

EERFIZIE ROS OFEEAEDHEIL, B®ED ROS iF

No supplemented
- No supplemented 1 A E
40 VC supplemented VC supplemented

ot 0.75 4 + o+

w
[=]
'
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HK activity
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Figure 4 Metabolic enzyme activities in skeletal muscle
after training and vitamin C (VC)
supplementation. means*=SE. +, P<0.05,
main effect for training.

BRALA P L AZFIESEI TV LM TW A,
AW THV 6 B KK EE T IMiEF 0
TBARS (thiobarbituric acid reactive substances) %
BT A2 EFRESNTEYY, EEFREIZEN
HbODROS 2 HESELEEETETNVTHD EE X
bis. —7, ROSHERHOBEILIZES L Tw
DI ENHEESINTSY, ROS (& AMPK % 7213
p38 MAPK D&M L% 4t L TEHH#EIS O PGC-1
cHBEEBOEMESIEEIL, I bar F) 7H4E
ZEDBRHOBMISEFIEEBITEELLONTY
B KEFZETIE, EBRFICEAT S ROS OH
EERRET L0 E L L THE kg H7C
D500 mg D VC %K G L7z ZoOVCHSEIL,
AREEEL cm?®7200.24mg IS L, F v MBI
BICBWTEALN L —= v 712X 5 PGC-laB &
I Mary NYUTHEDEETHAL M7 OL D
y o HEOEMEEE L7 Z & 2 Gomez-
Cabrera et al?IZ X W #EHE IR TWw5E, Lo L, &
TR DRI L CAFETIE, VCESIX b
L= U S X BB OB B ERER B L Uik
IEEERIEHEOEIZIITE L RIS o/, A
ZCHllE L7:8% (CS, HK B XL UFSOD) D#Efx
F i3 PGC-la il EEN T /2IMEBHICHB S LTy
5T EDNHEIN T WA, Wende et al® i3,
PGC-la BIZF 2 BEIEHI L/ TIATIECSD
mRNA 3, HFHEBIUOHK DY /37 EEH
MTAsZeiHELTVS. 72, BELKZRICE
% SOD B & UF CAT OB FEHHOBEMA, PGC-1
a%x /v 7Yy LIRS NG Z &5l
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FEERIZL N RENTWBED, LT, RBFZEIZ
BYWT M= v AL BBEREEO LD VC K
5T L eholz0id, PL—=r 712k 5
PGC-la DEIE DM D 5 VI iEMALH VC % 5T
BEIEL e olzlcb b ERE SIS, £72, K%
DHEF L Gomez-Cabrera et al? DIRENRE 4 5 E
WELT, Pr—=V/BHEBLIPMN —= 7
BEOEVHEZ SNDL. TR, 75%V0,max
THRASBTDOML Y FINVEZAEFMLTVE, —
T, Fa T HLERYKGREE T 6 BRI O K IKIER) & BT

LTw5b,

PGC-la DEMACIZIE TR 4 20 ) V BRALEEE 5
LTWa2S, EFREOEVIZLD, EHHO
PGC-laD) VERALDEI G R 5 2 EARENT
WARTR Lo T, EEREOEWIZLD
PGC-la % EMHALT AL 7 F NV E LTOROS DE
WENEL LMY SH L. T, EFEE OB
WL DEREA P VAEYN LA T A &0 0 BH5RE
DEWNIZEL Y ROSOEEE, B LEEI R DL
Ry 7 ZREWELRLLEZLNDY. Lizdo
T, EEFREOENH N L — = v FEISIIRT AT
BRI ER G DR E Y TAL S LML S 5 L&
RENE. LHLiDS, BEDOL ZAEEHEIC
EBLTHL—= v Z#IGIIT 5 IR L E S
DEFBERE L T @mLidhvwizn, SHoMms
HETH D,

AWETIE, €3IV Ck5 1 BHZDMmEE VC
BETHELLER VCESICLIAVCEENE
BB O5LI L AHERLL. LKoo T,
VCRBENPSWRETEHOEFHZHKBL T,
L2Lahs, PL—o 7 HBOMmEE VCIEREN b
L= V7L DET L, 222 VC IS DEEITFE
OOoNLholz, FATHIRICE 2 LD VCIRE
FBLWEER2-3HIMET T A Z L2R"E T
BY ZHIFELA L ADOEIIZ X ) VC AIEE
ENBDEEZLNTWE, LzdtoT, KifzE
ZBWT, ML=V 7ICk A VCIEENEKT IR
B OEE D HAGFH BICRM L 72729, VCIRED
BTFIRETWARETHEEZONSL. &6
12, VC¥5-12 X 5 MAED VC IBE 0BT 240 1
BRI GROBEIZRD ZEFREINTNEY,
VC # 5 CME VCIEEDSHML 22 o 7201k, 48
R 12 BRI & 47 o 727212 VC B ED R SR O
BRIz EZ2 b5,

AWFRIZBWT, VC#ES5IZXY, PL—=7
WZBER 7 BRSO CAT B X UV TGSH D ¥ENAT5 |
R s NS BATHIETD, VCHEGIZE DB
%, TP, BB X OVGEERY T CAT G hn+
LI ENMEINTVE, T/, VCHRGIZLD,
ARIMERD GSH 2s#hn+ 5 2 &2, Zus 5% 29t
ARTAHEIHBO VCREIKTT5Z &9
RENTWES, LA oT, VCEEL VY FF
VIEEREBICERLTWLIEEZONSL. ThE
OFEFRIL, VCHEFEW BRI LEED 2 Ho 721 T
137 <, MOV gL mo 5 Z & 2RE L
TWwa,

F7:, RWZETE, VCHERS5ICED ML=
BROMIEVCIEEIEN L 2do72b DD, ML —
UL B EREGO N IVEZ ALY VX OB
AEHI Sz S 502, MmO d-ROMs &4 VC
BTHEIZEDABIEMEZR L. VCHREIZED,
BIEE O CAT &M% & UNIC TGSH 2SN L T 7z
ZEMS, AHERICBIT A VCHESIC L ABEIEA T
L A TIE B O CAT OB & O TGSH
DEMOEBDH 72255,

FATHIZEIZC BT, AEMICN L -2 7175 C
WAEHII M= TR fTo TR nE LR LT
LEEEOBLA N L ARV EHE SR TWDY,
T2 BET Y MIBWT, BAM ML —Z Y72
L) BRGEOBILA P LA T T 52 L AHES
nTwa®? Lal, AT, PL—=r21C
L DERILA N L ARIECTH 5 B OB ERE
EBICY o EANEZVEEL S IR O
d-ROMs S AZEIZHM L 72, BITHEIZBNT,
Kumar et al.'®3, 60H #0305 D7k ik :EH)
&Y, Ty NOLHOBEELIEE AL 72 &
#HLTWA, &5|2, Ogonovszky et al®if, #—
N b= 7 %FEETLIL—Z 07 ELT,
Z v MZ1HI1EMOKKES Z 1ERIZ5E, 4
BT o 72 1% IEBFREM 2 45RMICHE ML T 28
MEM LR, FEOBILA L ADEMNEEZO
TWw3, AMETE N —= Y Z7HBIZENL O
D, FATHED b L—= v 7 L) FEEEORVIK
KEE AL TWA. L72AoT, 10HETIES
AN 6 R OKKEENL F L —=2 78 LTEH
LWiDTHY, BILA DL AOWEMAH R S
hizkEzons, 3H)—oO0ERE LT, KM%
T, PL—= 7L 5 CAT HHEOET A5 30
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ML=y LB BRHEBREEOEIICRIZTEY I Y CREDOEE

SNz ehgFons. M-Il L BEHK
£ CAT EHOEALIZE L TR D 528, »
COPOMEIF N L —= U FICE VKT T 5 L
LTBY, RFEOKREE KL T3> CAT
BB bk FEZ EFLT LIBILBEZEO—ETH
5. BEALKER, SR ERIETAIEICEDE
FaEysYhNEnhb e FaXxy 3 Ih0VIdE
PEABR L, 8By v BOB LA E| X2 T
L7zh->C, AWFFEICBIT HEIEA + L 2O
CAT EHOETICBALR L TV B BN S 5.

V. #&

KRBT, VCIKRGIMERMERRMOFTA
T L ==Y 7 X BB OBRIEEOR LIZIE
FEERIZS hholeh, PL— Y ZIZERR <
VLR Ch L EHHON & 7 —Eihtts LU
BALMBECH L VY T+ ViRERZENSELZ L
ARENT FT2, BERGB I CMPOBRIEA b L
ARBETIELZEARENZ. Lo T, VC
B ERERRROBAL N L —= Y I L8R
A EREOMIITEEL RITST, Hik
LEENI 2 BB T LIC L DEILA P L A2 BT 5
eI N

8
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