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ABSTRACT

It is well known that exercise training induces mitochondrial biogenesis in skeletal
muscle. More recent studies have demonstrated that exercise also alters mitochondrial
quality through the processes of fission and fusion. In this study, we investigated the
effect of electrical stimulation-induced resistance training, which induces muscle
hypertrophy, on the expression of proteins related to mitochondrial dynamics in rat
skeletal muscle. We found that 4 weeks of resistance training increased protein levels
of mitofusin 2 (Mfn2) and optic atrophy 1 (Opal), whereas protein levels of fission
protein 1 (Fisl) and dynamin related protein 1 (Drp) were not altered. These results
indicate that resistance training induces mitochondrial fusion, which may lead to
an expanded mitochondrial reticular network along with muscle hypertrophy. It has
been generally assumed that resistance training has little effect on skeletal muscle

mitochondria. However, our results suggest that resistance exercise training may
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increase mitochondrial function without changing mitochondrial content in skeletal

muscle.

2 B

EEIEEHI by N ToRRENSES
TR, BRI b 726 T RRIEANE
FEOWMRIZ L VIRBENT VL. RIFETIE, 7 v
b & SEERENY & L TRV EAURINE 7OV 2 A
L, LYRZ YA NL—= 0 ZEHHOI b a
YR TIERIZTREEIOWTRET A2 L& H
e Lz 4O N —=2 272k oT, 3 b
a2 B 7 OREIZHE YS9 % mitofusin 2 (Mfn2)
B & O optic atrophy 1 (Opal) % ¥ /X7 HENH
BICHWINL/Z—HT, I b3y Y 70552
5.4 % fission protein 1 (Fis1) B & " dynamin
related protein 1 (Drp) 1 % > /7387 B2 LI A
b adolz, TRLDMRIE, LYAY AL

— S VBRI N3y )T oG Tk
L, 2oz &m0 2 kL RmE L T

#

jill]

WAEDOIISEIZ BT, AWM ML —= 7|
Lo TERBOI bay ) 7ToE)HENT 572
JTHRL, TOREIZEADR 5T LR, ¥ A —
Va2 N3y N T OS5 EAERIYI M
L EpmEshTwa Y, —FT, LIRSV
A ML= Y TOERHBIZBWT Y VST BA
rEmo, HMBERTb-6T 3L lMshTwn
L0, INETITbNTE/ZIbay FYTICH
FTLEDE CFFHAN ML —=V 7T 255 0
THY), LIYARZ A==V ZERBBHD 2
b B TICRIETHEIZOWTOMRIEA %
W, BRI AR WT, ST Y Y
TEEXMT A= L THESN 7
ey vy —ERansiEre Nur-—vE%ol

7 N AR—VEE Vol. 38

IV Y AS YA ML == 72K 5L
EAONLpo/zl b, LYAY AL —
=V THEALR D T A F =B KT
NEVEZEZONTELLY L Lad s i
Tk, VYAZ VAL == 7L o THIER
I I Y N T OMFREERED £ o 72 & v ) iy
bENTWL Y Zhs okfTiiEE, LY
YA == TS LOERHI ha v N
DT DR GEALEEDT, HNAZE L 25
SRR RIZL TV D

AWZETIE, FRZI ba >y MY 7o EE LR
HEICBWTEELRERGZ RT3 7 2 (4
FLRE) ICEHL, LYRAY VA==
PERHI FT Y FYTIERIETEEICOWTH
FAdalill I FaryFTOGRICE
fission protein 1 (Fisl) & dynamin related protein
1 (Drp) 1, AlA121E mitofusin 2 (Mfn2) & optic
atrophy 1 (Opal), OZENZEN2 DD Y VY I37H
MEELGEE R -TIEMENTEBY, h
54005 YRy HEEMETHIEIZLoT,
AV R T ORENLZEERENT L Z LN
T&rLEz26Nn5 (H1).

1. RBAE

1.1 dL—Z=27

2B 1213 10 oM fim o 1Y Sprague-Dawley 7 v
b (AERZLT7H) 2z 9y M 12 B
TLOWHEBOITT, KB LUREL T
G25NTHEIN, T TOEYIERILH RS
BRFHWEFHEZ BT, REARTEESD
KRGO, VYAY VAN L=
& LT, MEET CTHE OBERER 1R Lo RSE Rk
JERHEEE NV 7 ST S D &) BB ER



— 218 —

Opal

@ us @ u @D
NS = @D
@ o D

i

M1 I barRNY7H%-Eesy 87 H

H (100Hz, ~30V) 247w, AMiEa > bo—
V& L7z BRIz, 3SBBoOIGELY 7O
A= NVEZFTIORZ Ly FEL, &Y
FHEICIZ 3OV A M EAFS Y MTo
72 ML—=r 7031 HBXIZEF12, 4 A5
TV, EO L —= 2 795 48 KM B IZHEIE
Yy TV ERRIL 72, COFEERIE, Ty M
WIHLIAY VAN ==V FETVELTY
TIHEV. SN/ DTH Y, —#EEORITIZ X
% mammalian target of rapamycin (mTOR) "7
AR OWEEAL, BLIORM ML —=2 71285
LRI RIE S CIHERREA TH L Z L b, 4
EENEE T2k AR NP 23 INVAKILUNE?3 4D
7ot TIVIGIRAE I AT H L, o E T
-80 CCTIRAEL7-.

1.2 JIx4>JOvyrq>9

BERE AR > v a v, Jur7—EB8L0
74 A7 7y —EHEH % S A7 RIPA (Radio-
immunoprecipitation assay) /X 7 7 — THEY
FA X7z, ¥ X7 IL BCA (Bicinchoninic
Acid) L DHEIE L. 10 = 12% OKR) T 7
VT IRV EHWTESKE %175 721,
PVDF £ ¥ 7' L Y IZ#E L 72, Ponceau % 12T
FAL/MR, AV TL U R 5% AFLAINVTET:
Y S IE 7 V7R v & & TBST (B CEiR
WCCTIRl7ayx 7L, WETLY v \r %
FERIICFERR T 2 — RPUARBOL (1000-3000 5 A
ML CTACTI6 M) BL U ZicHio L=
WHUAESUE (5000 AR L C=imT 1 RERH) %,

b Fs Yk i B3 12 T % L, ChemiDoc XRS
B X U Quantity One (Bio-Rad) % JH\V i & it
Ao 7z EBRIIHW—RPUED ) A M3FgA
RS

&1 KRB THN L 72— kbt

A= — A
VDAC Cell Signaling Technology #4661
Mfn2 Abcam ab124773
Opal BD Transduction Laboratories 612606
Fisl Abcam ab96764
Drpl Abcam abb6788

1.3 HEEtREART

T IITTPHME = FElEFEETELL. 2
B OLEIIEE DD 5 tiEx v, FEK
#(3 p<0.05 & L7z, f#HT1213 GraphPad Prism 6.0
3 AV

2. RERER

2.1 NI KUTE

ES hary Py T7EOEEL LT,
Voltage-dependent anion channel (VDAC) &% »
N BEEAAELZEC A, LAMOLYAY »
A ML ==Y TORIEHASN o7 (B2).

11

11

2.2 PRACKUYTEALFIUR

w2, IbI YR TOMELEGEICEGTS
5 8 BeEOWEERITo /. AFFETIE, I b
I BT OB EEHGT %728, VDAC
Yy BEDHIZ) OFR -GS s Bl
WIARTT =2 2R L7z A HEMOLYAY VA

T2 b AR =Y FEF Vol. 38



VDAC
~ 207
[
€
o
o
<] 1.5
[0}
=
© —_—
g 1.0 pu————— - - - - - - - -+ I
<
o
5
o 0.57
£
L
<}
“ 00- .
Control Trained

K2 VA AML—Z2TIZLD
Ihary Ry TEROZL

MNo—=2712&oT, I bary Y ToOREIC
595 MMm2B LD 0pal 5 37 HENA
=izwmL7z (®3). —AT, I raryFY7T
D FUZE5-$ 5 Fisl % Drpl © % > /87 B2
ZEA SN o7 (K 4).

Mfn2
2.0

Protein content (relative to Control)

Control Trai'ned

B3 VLIAY Y ANL—=2 T2

219

AFZETIE, Iy MDLYAY VA ML—Z
TEBRETIVEHV, PL—=r7IZLoTI
I N T OMEICEEGT 5 2o s B HEn
THIERRLE —H&IIC, BEDOH#EALZI T
O P TOHPIZAINF—EERIIOENT &
DPHOENTVD I EH5 210 SE s R
X, I IV N TEOREICZAER SN
WA EN RO 2 REE, 2 W o
JERIZHEST, ISPV FYTDORY bT—2 %

BT S HEOBISAHE 52 & T, TALVF—D
FEARENE T A REME 2 RIZ L T\ 5. 2R
12, S I FYTOREGICEET LY Vo]
DORIELz= 7 AT, 2 hay R 7 ok
EPRI B2 TR, BHELRHERIVEZ 5 2
LhEgssncns W onEC HBAK L —

OPA1

2.09

Protein content (relative to Control)

Control Tra}ned

LHIbhary Ry TGy o BEOEA

(“‘p<0 01)

Fis1

Protein content (relative to Control)
o
1

Control Trained

M4 LIAYAPML—Z=U T2

T2 b AR—VEE Vol. 38

Drp1

Protein content (relative to Control)

Control Trai'ned

53 MY R THEY Xy BHEOEAL



—220—
ZyrEIbary R TERBLE LD AVE—
R L —=r 7Rk 2w XHic
INBE200RLLBEILE LTEZLNTE
B, SRIOERIZL VAT VAN L —Z Y 7 H53
MY BT ORKREEMERE - LS5 ETERE
REEE R TUREERL TS EEZOHN
5.

K THWEL Y ZAY VA ML —= v 7Dk
REFBRIZ, 7y POFAEN L —= 2 7 ¥EREE
T OESHH (0 Hz, 3 h/day) I2L->TH I b
I RYTOMEIEET 55 28y B ol
PRI DI ENHESRTWLE P, F72 v b
DOBFEEBIIBTOHFANR N L == T H b0
EEEREA 7 =\ L —Z= 2 72K 5T Mfn
DEBISEE L EPHE SRS B 2
D= T, WAZHEANEHET VDL DOTH S
Rt ic & o C, BEICHES T 55 3 BHED
WAL, RSB 28 HESHEINT 5
ErHmELTWwE Y F WoORESHET
Ve LTHIL NS BERETH MO MErT S 1
TV AN ML —= 2 70k o TR
oI by RYTHEIR L L, FHRRE
BLoTIbary FYTEIELTLI LT
CHIBNLTWD A, IhHDETRE, I b
YR T OEN AR HIRIICBWTD
RGeS 5 VIE T ANV F—FEIIEbETH
A EbE RIS EZ2RIBEL TS

EARANGEYIC X 2 86 & [, iz X - T
BEBGOI I P TERPET S50 TR
<, IPaY P TOMEIIHEGST LY 0 E
OEBAET T2 2 EpHESRTW 7 &
M AL IZ B VTS & 2 iR H 2 VI fbkhE
O TIHMEE 2 BT, ZNUHTAHLIASY
YANL—Z Y TOFEMEIEEPEL o TS
W, FOMPIITEE LTHY 37 Gk &5 FED
NG U ZADUFIZ L HHEIEME LCHHS T
&2 L Las, SHoOFERER,PS I M

YR TEREEOUEEICS B L TW D TIE 2w
MEHER S NG, KRR OB % v 72
EETHo2b DD, FEEEL, SElias s L
VAZ VAN =y ZIZEoTI A YR T
BB R T ORBAHEB DR — /2D
eV B RLEET 2 . S,
7 v MEHWIFEROFEREZ TV, LIAYY Y
ARV ==V 2B Nay R 7O#BICD
T, 2O TV E LV EEZTWVD
7, PL—=27DANII P R TOE
W72t e T & LC, A uy) —HlR2s
FFons, hu) —flREHFEGOEE, 50
T Z b6 AL CHBNTR S
B, BHHOI My B TR EDL I LD
Wi EN TS, BIREWT &2, H 1) —HIR
&, BRI NI FYTORTIERST A XD
ZALEFIERIT Y. Lza-T, 4% L—
=y 7 EHu) —HIROMAEDEDORFEIZDO N
THEEZ DTV, 72720, I ha vy FYT7o
WG B THIE R A S N L TREE S 5 —
JiT, Au) —HlRIZ L 5 TE vy EREDMK
TLERER LYZAY AN L= 712X 5
JERHREAIH L CLE ) TMREEDEZ S X 5.
Hfals, AMFEORA L LT, HEHTIEI b
a2y )T OBRNGRFHEAY LAY Ty T4
PRI X AR - BEICEE T8 v B
DPEDHKTH B EHNETHEND. SliEs
ML=V T DRGSR BROBME
WIRERED, I har B TORENLEL H
BVAINIFRARFE DAL L B > TR DD EH
PEEHOMERETH L. T2, SRIOERT
(ZIEBNC L 2 — @O E LIRS 5720, 438
oL —= 2 7 DREOES» S 48 FEH 212
BTN T RFToTC0D. LEd o T, Sk
b7z bay R TRIG S X7 BoOMEN»E
DEIBTALT=ATEI 5 TWDLDOHIEARH
THhb, ¥ ARFTZEATHZEICB VT, 120

T2 b AR =Y FEF Vol. 38



SEOML Y RINWEIZLSTI IV FYTO
SEUNCES- A Fisl ¥ w87 BESHEML &
VI D 2 00 4O MLy B3I VEDER
|2 Drpl DEHALAS R S M7z kv ) s 2D s
nTwasb, 2%, —@Eko#EETIE, I Far
FU7D%y NT =27 OFERO20, &5k
FA=T%Z T2 b2y B T ORHROT0IC
IhaY P TOGEMEESN, PL—=2 T
2 X B EMMZESE L CIRERES RS 2
ETI MY N T OMNEREREOM LA 20
7w, CHENEND. ST T8 A A
RA Y PR LT, SHFNERE LTV
WA YV

4. % &

AWFFEICED, LIRF VAR == 71E3
Fa Yy R TORERLE L5 L TEK
DOFEREAERE - ) 1B 4 15l & 7 3 ] B
TR E N

#

KWFE 2 ZAT3 5 I12H72 ), MRS EE D £
L72AARRL ST ¥ b AR = R 22 <)

FLF L ETES. 7, FEROERICTHNTESE
I Lo R IERTO/NEFBRHERIR, HA

FERFEOHEE—HIRIOH, S EHHL 5.
X ®

1) Yan Z., Lira V.A., Greene N.P., Exercise training-
induced regulation of mitochondrial quality. Exerc.
Sport Sci. Rev., 40:159-64 (2012)

2) Tesch P.A., Thorsson A., Colliander E.B., Effects
of eccentric and concentric resistance training on
skeletal muscle substrates, enzyme activities and
capillary supply. Acta. Physiol. Scand., 140:575-80
(1990)

3) Green H., Goreham C., Ouyang J., Ball-Burnett
M., Ranney D., Regulation of fiber size, oxidative
potential, and capillarization in human muscle by
resistance exercise. Am. J. Physiol., 276:R591-6

7 N AR—VEE Vol. 38

4)

8)

9)

10)

11)

12)

221

(1999)

Pesta D., Hoppel F., Macek C., Messner H.,
Faulhaber M., Kobel C., Parson W., Burtscher M.,
Schocke M., Gnaiger E., Similar qualitative and
quantitative changes of mitochondrial respiration
following strength and endurance training in
normoxia and hypoxia in sedentary humans. Am. J.
Physiol. Regul. Integr. Comp. Physiol., 301:R1078-87
(2011)

Salvadego D., Domenis R., Lazzer S., Porcelli
S., Rittweger J., Rizzo G., Mavelli 1., Simunic
B., Pisot R., Grassi B., Skeletal muscle oxidative
function in vivo and ex vivo in athletes with marked
hypertrophy from resistance training. J. Appl.
Physiol., 114:1527-35 (2013)

Porter C., Reidy P.T., Bhattarai N., Sidossis L.S.,
Rasmussen B.B., Resistance Exercise Training
Alters Mitochondrial Function in Human Skeletal
Muscle. Med. Sci. Sports Exerc., 47:1922-31 (2015)
Ogasawara R., Kobayashi K., Tsutaki A., Lee K.,
Abe T., Fujita S., Nakazato K., Ishii N., mTOR
signaling response to resistance exercise is altered
by chronic resistance training and detraining in
skeletal muscle. J. Appl. Physiol., 114:934-40
(2013)

Ogasawara R, Sato K, Matsutani K, Nakazato K,
Fujita S., The order of concurrent endurance and
resistance exercise modifies mTOR signaling and
protein synthesis in rat skeletal muscle. Am. J.
Physiol. Endocrinol. Metab., 306:E1155-62 (2014)
Eisner V., Lenaers G., Hajnoczky G., Mitochondrial
fusion is frequent in skeletal muscle and supports
excitation-contraction coupling. J. Cell. Biol., 205:
179-195 (2014)

Mishra P., Varuzhanyan G., Pham A.H., Chan
D.C., Mitochondrial dynamics is a distinguishing
feature of skeletal muscle fiber types and regulates
organellar compartmentalization. Cell. Metab.,
22:1033-44 (2015)

Chen H., Vermulst M., Wang Y.E., Chomyn
A., Prolla T.A., McCaffery J.M., Chan D.C.,
Mitochondrial fusion is required for mtDNA
stability in skeletal muscle and tolerance of mtDNA
mutations. Cell., 141:280-9 (2010)

Igbal S., Ostojic O., Singh K., Joseph A.M., Hood
D.A., Expression of mitochondrial fission and fusion

regulatory proteins in skeletal muscle during chronic



— 222 —

13)

14)

15)

16)

17)

use and disuse. Muscle Nerve., 48:963-70 (2013)
Cartoni R., Léger B., Hock M.B., Praz M.,
Crettenand A., Pich S., Ziltener J.L., Luthi F., Dériaz
0., Zorzano A., Gobelet C., Kralli A., Russell
A.P., Mitofusins 1/2 and ERRalpha expression are
increased in human skeletal muscle after physical
exercise. J. Physiol., 567:349-58 (2005)

Perry C.G., Lally J., Holloway G.P., Heigenhauser
G.J., Bonen A., Spriet L.L., Repeated transient
mRNA bursts precede increases in transcriptional
and mitochondrial proteins during training in human
skeletal muscle. J. Physiol., 588:4795-810 (2010)
Tamura Y., Kitaoka Y., Matsunaga Y., Hoshino
D., Hatta H., Daily heat stress treatment rescues
denervation-activated mitochondrial clearance and
atrophy in skeletal muscle. J. Physiol., 593:2707-20
(2015)

Wagatsuma A., Kotake N., Kawachi T., Shiozuka
M., Yamada S., Matsuda R., Mitochondrial
adaptations in skeletal muscle to hindlimb
unloading. Mol. Cell. Biochem., 350:1-11 (2011)
Crane J.D., Devries M.C., Safdar A., Hamadeh M.J.,
Tarnopolsky M.A., The effect of aging on human

18)

19)

20)

21)

skeletal muscle mitochondrial and intramyocellular
lipid ultrastructure. J. Gerontol. A. Biol. Sci. Med. Sci.,
65:119-28 (2010)

Melov S., Tarnopolsky M.A., Beckman K., Felkey
K., Hubbard A., Resistance exercise reverses aging
in human skeletal muscle. PLoS One., 2:¢465 (2007)
Finley L.W., Lee J., Souza A., Desquiret-Dumas
V., Bullock K., Rowe G.C., Procaccio V., Clish
C.B., Arany Z., Haigis M.C., Skeletal muscle
transcriptional coactivator PGC-lalpha mediates
mitochondrial, but not metabolic, changes during
calorie restriction. Proc. Natl. Acad. Sci. U. S. A.,
109: 2931-36 (2012)

Ding H., Jiang N., Liu H., Liu X., Liu D., Zhao
F.,Wen L., Liu S.,Ji L.L., Zhang Y., Response
of mitochondrial fusion and fission protein gene
expression to exercise in rat skeletal muscle.
Biochim. Biophys. Acta., 1800:250-6 (2010)

Jamart C., Naslain D., Gilson H., Francaux M.,
Higher activation of autophagy in skeletal muscle of
mice during endurance exercise in the fasted state.
Am. J. Physiol. Endocrinol. Metab., 305:E964-74
(2013)

T v AR—=UEEE Vol. 38



