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ABSTRACT

Background and Aim: Spinal cord injury (SCI) is a condition that causes muscle atrophy and
motor disability. An imbalance in mitochondrial dynamics may contribute to motor dysfunction.
Considering the effective role of exercise in rehabilitation and the antioxidant effect of MitoQ in
neural injury patients, this study aimed to investigate the individual and combined effects of these two
treatments on the expression of certain genes involved in mitochondrial fission and fusion pathways in
the gastrocnemius muscle of SCI rats.

Materials and Methods: Thirty adult male rats were randomly divided into five groups: Sham, SCI
(injury induced at T11-12 using an aneurysm clip), MitoQ group, swimming exercise group, and
swimming combined with MitoQ supplementation group. Treatments began two days after SCI
induction and continued for 28 days. At the end of the study, after performing the Basso, Beattie, and
Bresnahan (BBB) locomotor test, the gastrocnemius muscle was dissected, and the expression of
mitochondrial fission genes (Drp-1, Fis-1) and fusion genes (Mfn-2, Opa-1) was evaluated using Real-
time PCR. Data were analyzed with GraphPad Prism 9 software.

Results: The results showed that after SCI, motor function significantly decreased compared to the
sham group. Treatments (swimming, MitoQ, and the combined therapy) significantly improved motor
function, with the best improvement observed in the MitoQ group. Furthermore, the expression of
mitochondrial fission and fusion genes in the injury group was markedly increased compared to the
control group. Groups receiving only swimming exercise and/or MitoQQ supplementation reduced the
expression of all four genes significantly (p<0.05).

Conclusion: All three interventions successfully attenuated the aberrant expression of key
mitochondrial fission and fusion genes, restoring their levels toward those observed in the control
group. These findings suggest that the improvements in motor function may be mediated through the
restoration of mitochondrial dynamics by reestablishing the equilibrium between fission and fusion
processes.

Keywords: Mitochondria, MitoQ, muscle, spinal cord injury, swimming.

Received: Nov 26, 2024 Accepted: Sep 21, 2025

How to cite the article: Mahdiye Moradi, Daruosh Moflehi, Soheil Aminizadeh, Zahra Behroozi. Effects of
swimming and MitoQ on mitochondrial dynamics genes in skeletal muscle of rats with spinal cord injury.
SJKU 2025;30(5):27-40

Copyright © 2018 the Author (s). Published by Kurdistan University of Medical Sciences. This is an open access
article distributed under the terms of the Creative Commons Attribution-Non Commercial License 4.0
(CCBYNC), where it is permissible to download, share, remix, transform, and buildup the work provided it is
properly cited. The work cannot be used commercially without permission from the journal


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

PV=ICe /116 1E (53 § 131/ (o 8)03 7 Olwn)S b)) eole slSiily (ke alas

S 90 Sl s 43 (g 3 gino Swolisd sy 5 99 MitoQ JoSo g by oo pili
ELD i sl 1

£ 8395 105 081y wel agw  eldo g 518 ¢ (5310 higo

VIFA-404Y—r v o s 7~-~‘\:¢_§)\,\§onf_uou;‘ptfH;z;Li.:lg‘s;z;),(,u}@.g\;ﬁj:g&:ungj)jsjgx}gm)‘@uﬁéﬂub.\

I TATS VYT APUR PSS Ol ele S 0l ST b g ot (53 pole 5 G 0aSls (5555 S35 ,S Luils.Y

YO O-FEO = s s Fmr e :.x;)\.ts@\ﬂuau;cou;vs.:xC}Lo,&:\bcégﬂ,,\s:;unéjjj;u)u,g;;)sﬁ;,,lfupu.r

G ey (U ki) Ol Ol S OlS (S ple oKy (SIS Lk o lShasy wGdnid Slike S ookl F
VEFA-AFVO— e v e Y—r v vn 1S, ST YF-YYYSFLVY :dl (behroozi_2010@yahoo.com

by s Jslas t.x_o:}_mdnu_:ff- Slsl s BT Eslias ol ngL‘ﬁdii(SCI)(_gBdWT HE RV WPy
MitoQ (Sl (ST 28 5 (2wl 5 55 Fi5os S50 G2 & a5 L BL wdls 28 (S 15 0 Ll 5 e 558 e
‘f&wjuwéuwL;uojd;ﬁotﬁﬁ\,guﬁ,;@1c.l}:jafl,\?u;a;ﬁmou‘wwml,uﬁ);
=5 02 SCL 4 Man sla o se 5lB 53 abas 55 (6,4 s

T1- Jooms 55 oo T LN SCL o 1s o 09 50 53 (351l Syt Jl 5 (ol e Bsn (oo IS0 5 § Sl
3315 La0k3 leys slag 8 plas ol 5 MitoQ JoSie 5 b 05,8 5 1d 3555 05,5 Mit0Q (s s 5T o8 51 oslizul L 12
BBB ) Olalws s 5 (o5 sl (5 o 05057 planil 1 g candllan OLL 53 sl aalsl 55, YA G 5 5,8 SCT Gl 1 s 55,
oo L (Mfn-2,0pa-1) 5,48 e o ear 5 (Drp-1,Fis-1) S8 gls s 105 Obs 5 lm b (5 4l8 55 dlie «(score
S Ol basls e g4 2 (g » Graph pad Prism 9 J|J'§|¢J: N fl""ﬂ Real-time PCR

SMitoQ () Ladleys ol 2alST g 5 B 5 sbay ob 03 8 4 o (3 5 Shas SCI g 515 0L gyl HdBl
s O, b 5l as sdaline MitoQ o);)asﬁwd%6&%3}*6)‘:\;”)}.1;4{\)@5? :,iw(rbsou);
4S5 glaeg 8 Al A Tt b0y 8 4 S T 038 53 (6548 gin o gman 5 SHSE (5la s (51005 O
(p<0.05) Lsls 2als” soaly 05F o Ol Lils MitoQ o pas U/ 5 L o 05 Lo

1y La0T el 5 Lsls 2ol 1) (65uS gte plosl 5 s (GUST (SL05 (el Oy Sl g b Al ot a8 1S 0 AR
23l G b S el S (5 3, S 53350 4 a3 oo OLS ol bl S50 U 8705 8 5 dodtalie pelas
258 plal oo 5 i (S T ey 3l 3dzms ()1 L () s2n Sl

(0S5 mle calize (L (ol T (Gl Olls”

VECE/ B T VR F BT g e Dol VE Y4 Fidlie  pe s


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

P9 5i0)e o)

Dynamin-related  wlus L LJ e &5 OS5
oS e S s lsT 55 5 (protein 1, Drp-1)
5 (2sa ,s)(Fission Adapter Protein, FIS-1)
5 (Optic Atrophy 1, Opa-1) Vs mas 33551 55
P Mitofusin-2, Mfn2) wg@ge S,
5 dshe b5 (Hmen 3) Mitofusin-1 ,Mfnl
bl Jole b 5 Slas L 3 age Sl B
(F) LS

Ol i 3w «GTPase &5, 5, 031 5l glael 5Drp-1
G e ()l Glid w4 J i) st Sl plaaz 551 ey
AT 3 e 0l s FIS-1 4 T 55 0358 00 Jaiae
Sy BT by gSh L &8 Hlie b ()i e SIS
SaSS 5 0ki) SlaylS e pleal L (& e oy (V)
UL e anb 4 4 0T 0l S5L el os
soman & Opa-1yMfn2 b5y, (A) 558 00
LGS s s 5 ol glid s 1) ()uS s
oS e 3 Slas 2 gl 5B Lo plasl 55
Q) Wyls

(1) b T 5l e (S g2e Salss ol pe
25 oS s JEl Hlge by (S s sluas talS
G A s s S5 A e e Sl LS
ol -(Q) Wss . (axonal degeneration) &uus S guS'|
e (U5 4 T 5 (de sla)b g5 ks b i
Fs M o f o S el 5 his ST
ST slaas 8 nlil 5 550 g el L Ks S b
S g gl il WSl 228 el (ROS) 055
ol (00) A8 o ety 1) e 8 eld T
b GotS s IS 5 hamer b OIS
b S3das Gb ) S s S Sl L Kl
S S g STTHL(VY) 55T Lis 1 Jske
yls (Sas gbdshe b 5 55 A5 5 @S
S el Ll e (oS s eSalus s Il

Ve IS (53 § 131/ ¢ )93 7 OLwy)S by egle slEiily (alc alas

-

o0

Cond s & (Spinal Cord Injury, SCD) _sbs o
(s S NS o Al 4 i 5 Sl oS 0I5
Dbl e 5wl s de cululy Cand
o2l 3 Olgm gl 3 L@ Breees GYO e L& aYL
535 215 B Sl Ll b ol Ly e o) (6 le
4 Mie Ollay AV 39 53 (V) US oo Jueses anal-
5 Ol (KaSs sy (Sy (Plas bl SCI
LT (S5 CohS Tkt & ol bt e 353
Sl Gla,Kaly Bl ccpl b ((Y) das o 2l
el 5l 55 Y el Sl ea 52087 5 55

G e eia T B8 S n sl
adgl 5B das e By a sl 5 adsl 5B ss 5o Laslys,
36 ey 56 5B ok e s T Sl ey alol
5 S 3t (oSl (55 G35 4 T b 5 ol 1
ol el el an gl s (U e S ple SV
525807 4 sl y (Sl Sl SRS 4 amte YD
.4 3% o (Adenosine triphosphate, ATP) oleé s 5
D o T~ o g I
Culgys S (M) uS o b |y Oleasl Gl o35 o
SISl EMas 5 Shes 5 gkl Sk luais
LBl S58 E (de gla s ki eSS
a5 gy bas s L=l ed e 2l (sl
(F)ssd o0 LolBIAs & olal

3 Jold (58 e Sl s 2 el (sladle 5o
cawl g les > (Fusion) _is»es s (Fission)
63 S 1dy (glodul;d Coaal (neurodegenerative) oz
(il iy S das o Ol dalgd Lol
3 35 0P (e B (GOUS s b b Sleds
Jedle 0siShl Gl T Ll Gy any
Al ow dols L0) uS e Wl L. s (MS) 5y Sl

wile Gl dow s ()8 e SO 5 S e


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

N\ (Gl C)\)._X_SES Wo

Sllg Sl das 5 (6,48 za(Mfn2 ,Opa-1)
Col o3 T

e (S S A Tl ol g Jol 4
P b oawlis 3 ¢ MitoQ JoSe (5 pae 5 LS
$Soalus 53 55 05 Ol e whiS Eeb (oS
el Sk 3 Sles g ensys s (68 g
s dal g Slae S 5T

by w9y 93Mg0

e gl 0L gl oS s b ol
Sl 51 (8 Y YY) Sl s 315 5 gl s
Skl Loyl 5 55 5 GOl A 5555 Dlides S e
YYEY Ly o SOb cele VY 5 Sliy, el VYD)
0 GI35T s 5 des )3 00 55l Cugby ool 5 sl
win &G | Lkd 6, eSS (Il glde 5 OT
O a osle bl iy & Dbl el b 5,8 5L
AJA&V.:MEJ{)'G:a);JAJ::\M)U;
ot s Ak Sy b S a5 ) o ey S
(J.S:JQ&L_)J\)GS‘.A)>

LOT gl o 238) (SCD (ol o o5 5 Y
Cilys Gloyd md g Ld 63,58 sy gl 6 S dbwse
(L5,

ot 530 335 L8 o jaT o SUlse) L 255505 8 Y
(L5315 plowil axin 4 e 4 45 SCI L T S

YO Ol 4 1y MitoQ & SUles) MitoQ o5 8 ¥
T 5V ey 535 33 7 53 250 PM/L) Y 5o 5 Ko
(W58 cébys aan 4 e 4 SCI

s Ld i S SUlee) MitoQ oS 5 s 05,8 0
3Ly SCI T I oy s 4 ke @ ¢l MitoQ

NETYY

Gty Wlg o ol glacamT 43 )uS s 25
Ak P sl s

S AR S Olsea b o (B Sl e
3 S 3, es 3 3 Alslle o salezel LB
OY) Gl st lis (Il iy Slalllas ) gl T
S5 53 5 A WOl (65,8 S, Sl i 1,5
S (S (\f Slaas o 4 atia e 0y
AOY) b o s Joos 5

) wle STl 5T sla JoSa Sl oslizul K5 (5 5m
posid J3 5 «Sdsd 0555 & MitoQ
SNV ST s 8 a5 oS sl ol LSS
@355 3 9 ol ol fuate 0 5SS p @ s dip Ll
b K2 4 ¥ SIS b 04y S s
Bly eolasl psba 8 Gaie b JiSes
Oleys (6l 1y ol (60 a5 ¢ 29 g0 (65 20
ol el 035 e s 4 b (e Slaglen
s She 5 ksle 51 ROS B S L e
9 A8 oo bl oSSzl flie s (6,8 g
ol OF) Sas 55T 2als sl g b opl )
o S el sl (5 3ty ) anlls e sge
SR sl (S s Sy 5y sl L el
Sopan 5 L el pmes b (S 3 Sles
Cundy dpp )3 S5 & r\.\fja MitoQ JASA
5 Amer Fie silnST gl AT 5 oloAS s
asls Gloddly s Sloys Ol JI Llg oo 93 pl S 5
5 ST 5T b oS o e a1 4 a5 L sl
Sl gl ol isils Olyes 53 a5, Ol el
NO) s a 555 90 ISl alize 3 2l ol 4 b
i S g SIS s w5 sl G s 1 (V8
S iy Sl S S SMae (g,
Ld oo 2B sy aallas ol Bas ol 3,8
b0 Ok » MitoQ JoSe s pze b ol jan 5 oletie

hsmen 5 (FIS-1 5 Drp-1) Z3ls (sla e IS

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

[ B VERIVS)

b s LS le am s YF B YO L el ol T
Sloslizal b Lo b o o3 65,3 31 5 555, 5 Ab 4 8
OA) L o 5,5 05100 e

oo 4gi (9

Sy sea (MitoQ Ltd, New Zealand MitoQ J&
(250 UM/L) 2 53 Vg0 e YO+ Olsme 4 4l
Slaos S slaism 4 OT 53 Jshme Sy g0ty 5 odiiang
M@,JJQM@,;JJ,;\;;LNFJN,\,‘&,?
S 3L hS Slidms 53, (14) db ol 5 tin ¥ Soka
T 5 jeze Ol e 5 (Y+) 42 WG HPLC 35, 51 ¢ JoSe
ORIl sy ol 5 53 LSS Sa) 53 A
A el (Y+,14) (5 Slalllas ulal 59

( PEL LT 6T 9 Bl (& w5 digei
Oled b Sllsm ¢ 08 dude o 5T 5l des sl FA
dde C8L LS Sagn Dl g el A3 G
Iy il e 5l s o b (Gostronemious) s 55

A Jae )3 A H 5 B 4 e s mle S5l

105 Ol (2
Ol S5 oS S5 b ills RNA o]
Sl 3l e85 S 00 ¢ 05 Oy bl sl A plod
A58 535 oS Osle sy a5 il 1y slss alae
5l eslizal L 5 RNA I 1 pg i eslizul L cDNA s
Mulv Reverse "~ 51 5 Random hexamer primer
oslizul | Real time - PCR .5 § gl transcriptase
cLble jleslasl L Premix syber green II cLle i
J S 05 Ol sea 188 5.2 § planil cDNA 1 100ng
Real time > oslitulsyge asl 35 oslizul Jsts
LFr Wl 10 Sde £ A0 - aids Ve e 4 40 1 els
oS 0L Ol 3 (Fr 4t > 1ST) diss )V Sk
S5 s o8l 2-AACT - gy L s ge

.v\.&‘\j‘)‘\b}‘.@idju\?}.}uﬁ‘ﬁ

Ve IS (53 § 131/ ¢ )93 7 OLwy)S by egle slEiily (alc alas

(LB anlo  Jow skxyl
2o Sk VN s Ve el b Sl
S A g (Blhe 51 Ojson p S S
OMas 035 4Ly iy (Ol Sy slage OAE S
$lae g JLail Jous 33 2 5y (TI2U T o s
3 ok plasl asliCin 4 o 054 TI2 ST
oS ks el o bl she (pl edalie
sl 59,5 g L v2 5 RS 6472) Micro Vascular
BV Sde 4 5500 SlS Sy s (FO-FOQI/cm?
(g 5 Do adu Sl 35,15 0T
55 3 day dE esls 13 b sl sl i s Sblg
05051 ool 2 WOT (S o Conds o sla g Gs)
3 ,l¢z (Basso,Beattie and Bresnahan(BBB)) oS ~
Tl Glasise ol b S wallls 5)l5 5 OT 5l a8
B ‘5ﬁfjl> slyp Lss ¥ 5 BBB Score (g)ls odi
350 52 Db 8 ALl 5 shoun (2 Joun st
S Gl b sy 53 5l aleflule dd (gl amls 55,
A plsil ¢ 5581 Caws a1y 058 Syl Uls Sbl e
Y)

1oty ga3l
Sy 05T Sl Olem S Cardy owsp S g
G v 5107 (6 0 0d wlis 348 0 03lizwl BBB S >~
23 s IO 02Ol 26S 6 00 &S (5 sbas el Y

Bl o y0d SS9y
Al Laon b s g ¢ (o5 T ool 5l ey 5 5
J K S S ol o4 ks gillsT OT
sl J 3 OT ya 1y 2 jei glaos 5 4 Glate sla i s
L s a3 (Uhse o Joos @ a5 L) 4l A Bse o
C.Jb'l‘,:.s-c.,\a.:6hjjjjs.xals(lqd\§ﬁfhaqu\)
4 e a g aman 53 55,0 Gy p o sladds b day ?

los .Gy, m ps aads ¥ 59d) Lsls rl’u‘ [y Ly aan


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

g Gl o3 wp

Byly Je ) Jou

FYR] Froward primer 5’-3’ Reverse primer 5'-3’
Drp-1 GCAGCCGTAGTCCTCAAAGA CTCCACCTTTTGAAGCCAGG
Fis-1 CTGTTACAGACTGAGCCCCA TGAGGCCTGTCACCTTTCTT
Mifn-2 AGTCGGTTGGAAGTCACTGT TGTACTCGGGCTGAAAGGAG
Opa-1 CCGTGTGAGCAGAAGAACAC AGCCTCAAGGCCAACTATGT
GAPDH AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC
laaisly SleMb! ko 94y 355 59 5

SWogT 33 Lakic & Loy oy bl
Pled 9 4l 1o MitQ JosCo 9 L -3 pod

Lo 0k sy canT & s o Ol (g LT =k
)G LS gin hgman 5 (Fis-15Drpl) Cals 55 e
osls u:i\j;|r;z°,f4i¢.,@@u I, (Opal sMfn2
ol s e Al T |y oS e s Shee 5
Wl by ol ladely & das e Ol aasl
5 Ol s sl pde 3T Cos L5 e (S > SISl

~ 53 8 sl S 03m3T 3l eslizal bosls w5 05 Jle
2 05057 dhs 55 ouloly (Kas s il
@oF 0an dby a e L3S 5 Gl s
(Tuky Post ) One way ANOVA (g LT ;JUT claesls
Graph pad 4 )Uél(sj'. Sl eslaal b baesls .4l oslasl Hoe
bosls .55 13 Jdowsajs 3,5 Prism 0.
p<0.05 ;LT aen 5 .us O Mean+SD & yuoas

A Bl Sols sne CE.»J Ol e as

s slaog 5 43 (Opa-1 9 Minl) hgzxod § (Fis-1 § Drp-1) 81K O Ol Ol § (& > & Klos dwllan .Y Jous

PEIliZyy
9L (2 503 09 Mito JaSe 09 5 Lo oy 505 09 5 ol 095 (n)ps 03 095
.. =)
(1=1) Jos (=10 (=) (=) 2%
- gt ] gty ] gty - gt Bl 2l
oo T gk T oSk T gk T oSk
Sbxo slo sbo BIFen Sbxe B gk
BBB
\.Vo \euvy Y.2VvA 4.Y0 Y.Xo VYAY \.0F AL . Y\
Score
\.AFY Y.FY. CAOA V.40A + AFYYF \.V¥$ v AVYe Y.4qF. + YAANS V.\PY Drp-1
+ VAA \.yev Y2y CAVYY +Yab AIIX v YYA: Y.AQ VFEAN V.08 Fis-1
DR LV V. OA +.FYVA Voo L YVWWYY COYYD +FYVY Y.VAA + OAPY VoAV Mfn-2
AR N \.2vY DRZ\D \.OAY v 4004 VYA CEAY ¥f.04A + YFAY V.4 Opa-l

Lol b Sl g3 8 LS 258 5 aleme i
) b s ool 038 4 S ) IS
W (s & p=0.0005 5 p=0.032 <0.0001
gl 4 b S s Shes Cudlm ol Sl S

(\ Jls508) Lilw 5 J 287

2 PIF 9 A1 MitQ Jose § Ul (p 03 1

(BBB scores) (5 > & Klos
T &S Ul candllan OLL 55 515 OGS i ol
e S o LAE L ks S 1y e
s oS MitQ &7 SUls 5 (p<<0.0001) Lus

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

W (5)0)e) o)

3k 3k %k %k

3k 3k 3k %k

3k 3k %k %k

259 ok ok ok K

BBB score

|
baseline 2days

3k 3k 3k %k
>k >k k
—
ok 3k 3k 3k
3k 3k 3k *k
1
*k
1
3k 3k 3k 3k
1
* 3k %k *k =3 Sham
I =3 SCI
=3 MQ
=1 Swimming
Em MQ/Swimming

28days

Time after SCI (Days)

AR o0 O 1) LaliSe Sy 5 50 5 o & o LY Hl0g00

odalice g_,:..wT a};) a); U’-"‘ O ‘SJ‘JL:&A C))Uﬁ Qj

(=Y s ged) Wi

Fis-1 O3 ol
o585 53 Fis-1 03 Ol &5 wsls Ol (o LT (slaesls
wils 5l b 05,8 4 Comd O3l 3 sba ol T
(els 0Lz ey & e 55 (p=0.003 ¢ 41, YAP) Sl
Ls ol O3 055 5 olesa MitoQ JoSo clid s jo5
deze 3 Fis-1 05 0l lsbms [2alS 5 osdhe ¢ JoSe
(w5 4 p=0.00355 p<0.0001. p=0.0004) 5>
o s S 52 0T o (S35 4 1) 05 Ol e ksl

2 PP 9 S Tu MitQ oo § Ls (32 05 51
SIS gio BTG 50 w5 50 SO O 89
Drplyl ol

e 05,5 ;3Drpl 050k & sls olis (o,LT (slassls
SRR T B IA Sy o 0s 5 4 S
s op el & Sbos S ummen .(p=0.0015) ol axils
05 0l L3y en,S Zabys slgSa |y MitoQ oS s
osls 2l T o5 & & G (g l3line  sbas 1, Drpl
(s 5 4p=0.027 45 )y Y+V 5 p=0.0149 ¢ ;) , Y YD)
5L ol Oloys g ST is 8 605 J 8 b
Ol gelaw 53 (5 das 2alS 1, 05 0Ly 5 il 5 JoSa

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

g G o3BG wie

<
*
I
* o A
1
* Ak A e A
= 4 11
-2 -
8
= 3
Ead
a»
a
=
s 2
x
=
=< 1—
<
=
P p-
@ M (= o . &b
‘:5@%» = Q—\\o é\\.p <®<\
o = &
= S e
» = o"
[y o
= <&
-
>
<&
Groups

Drp1/GAPDH gene expression

<l
Y
6 * k *
4
2_
U_
o o =Y o> <
*‘\6\ WX S
-] q;{" £
® o
< s
<5 &8
o
~
GJC-
Groups

AR 0 QLIS 1 ddfllae Lalisko (Sog 58 Fis-19Drpl (SO Ol Ol pudi ¥ 510905

Opa-1 O Ol

05,8 53 0pa-1 05 Ol & Lsls Ol o,LT (slaesls
aabls ol oo 8 4 e O3l 3 sba o T
s Ls os 8 e Olays 05,8 4w L . (0<0.0001) ol
Sl el OT Olejen Oleys 5 (ol MitoQ JaSe
5 S Slilg JBgs ahae ;5 Opa-1 0 Ol Hlslias
(o= l350) (p<0.0001) Lus O

2 Pl 9 A Tu> MitQ _foo 9 L& o9 w03 I
veRed 30 W SO o B9
Mfn205 Ol SIS gino

o585 53 Mfn2 &5 0l o5 wsls Ol (g LT (slaesls
axbls 2l 05 8 4 S Olsl 5 5 b ol o
pode Liagh Olys os 8 4w e .(0<0.0001) ol
sy alae s M2 05 ol lsbee  talS
O o 415 05 Ol o Ly ,5 Azl 3 «(p<0.0001)
.<gd\—rjt>,.;>.uumm,fﬁ

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

AR Y VERIPS}

<
* ok ok ok
I
* ok Kk
1
kokkk  kkokok
[
I
4_

Opal/GAPDH gene expression

& [y =) <2
s & )
= b & *@{k . 4‘5‘§
‘$.§‘ \N {‘\

. =) G_-.(" 5

= &

\K
e
Groups

Min2/GAPDH gene expression

&l

o o o

LR R

4 sk ok K ok sk ok Sk kK
11

o-— T
& ~ L& 3 oD
o 5 {-Q\oq &° &
X2 =
" &
\K
5,90
Groups

AR (0 O 1) ddfllae Laliske (SWdog 5 58 Opa-19 M2 S5 Oy Ol i 1 510905

e Jolse 3 (oS e SIS 5 B men Au1 5 53
.x;l:ﬂQT&QJ)L;),\S}::A sl chwu::.sG
Libo gla g dSle b g S o g5 lads | 3 ol
€555 0 Cl;,;\Drp—I « Fis-1 3 Opa-1.YY ,A)Mfn-2
23 o B s ol 5 Shes 5 Ol (ol
() 05 (658 sz ST 5 Shas
Lé)ﬂﬁﬁ}ﬁ)wgﬂ}bw&ﬁ)wb
Drp-1usle (6548 ge o5 gla, 556 alawly o 94
g bos 31 ol arw s 5 55 )5 (ooe S5 Flis-1
0 58Kele (65l €0 gminS (6 slew ol HT (6o e
Dlp—l U'f-sjf-'- U:"l‘f‘ Ld:o_uuh (0) w@ LSJL’ aJ:.'Gj
Jo Eoly (2B T I gy oS Sl 1131 L
(Ubiquitin-p )55 - cotd Sy gl OS
Colgys e Ol 3 s ssProteasome System ,UPS)
CoS sn (Hmer e GaiSsn S 4 e
Sl s ys sl el & ::Jf@ (Opa-1 s Min-2)

Ve IS (53 § 131/ ¢ )93 7 OLwy)S by egle slEiily (alc alas

Lo
Slacs oy 53 (SOAS e Sals 28 | sladl s
g bl 03 STy (gl 3 Coeal ae ol
Salys (s el Ol Sl S
295 MitoQ JaSe 5 8555 o 05 BB 5 (648 e
Sl ool 8 G35 5 b, esshe Sl S
Wl o Al Sy el 5 b 1 ook
Slod (555 Lulh 53 o8 Wlos S 36 dalys
oS e 235 o0 olalie (S gn b
Sl Das 53 ATy g Mg ol e Ol s
S 05ST T Lo s Lab asbs
255 Jodd LS g 4 SIS 53 e U s
oS s 53 ROS ilsl o8 Wsls Oli Sladlas
C2led 5 oIS e A e colasl 5 DA
S5 33 s B Ll e &S 55 0 Sae B 5T
(YY) il ils S -


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

g Bl o3 Wy

el 8 53 (S s Slas [l 5l aalllas
Pt s 4 Bl 5 e &8 sl 5 ptn oy 8l 4
GoS sn Hgman 5 SIS Wl 53 Jbj sls
sadsl e os o 4 aS Wsls Ol Oldlks sl
ae® s 4,8 e lis sty 2alS SCT &
€ S s S3Lusl3T Sl 31 ol (58 e Sl s
slml 4 aeie Colg s & Wisd oo Sl aws, Wl
S ezl les ol 31 (B6 SlacanT 28
() 555 e S

S8 I AU L5 e Dladllas oy el OV ponan
Gl DS s el DSl e g )
ST gles wile Jasee Ll 2 o 5 (lew £ 5 (200
3 8es 53 S0 SlacSs s Ot b Joun 5 il
23 Drp-1 85y ) g Jomo Jls (15 Sl (5 H)AS e
B ol B W S sl
i pre o) S 23 s i e IS
Oy shud diduy o froh ml e & g Ao
Gk n 3SE FOF 5 Y oy e oSl s Dip-1
D=1 050Dy gad o Jlmys S (0 Sl 1)
Co g |y udS st 3KE Fov 5 OVAC PVF o e
Ju 5 DIp-1 O gD ) stnd Joes 4 atuy (YO) U5 s
ke plae 3 b 5l L feily ol (S 0T 0l
g il g (MPTP) (6 yAS sin (5 s 5 528 Jlail dole
Oy 5hed b ol 2505 0355 o S ROS
Ceb Drp-1 55, O JalS axsys 5 Ser616
Srddsh ol (ol e slad il R
0N ssd OIS s 2L dse 5 GOAS 5
Lo 0T 5 Olge a5 T los oS 5ls Ol 55 (glastlas
5 Eamen 4 by i) Ok s Wiy e A8 s
SLds Ok s Bl s Dl oS e SIS
4=, Y#) YL sbs ,s Drp-1 5 Opa-1Mfh2
a5 0) ol sl L Ol a4 (:\;G:Ju
(FY) ol il zalS (o) 8 sl

3 Slas falS wms 5 Sdde 5557 5 648 s
M s ol asdllas 53 (YO YF) 55i s S~
bl e 5105 0L il T 05 8 s YL Slalllas
Gl (Il b (Fiss1 5 Drp-1) Cole sl 3
Crioman 3y ol en (Mf-25 Opa-1) o gean b LS e
s sl Sl e (S 5 Shas 53 G 25 <
ol gty & Lol Gl gl &G S &7 A sl
Olllae & (Y9) bl o BW1 L@ suSTT 055 g
o &S Llesls Ol ol asdllee alie iy
Olesen Sysots ol San s ¢ pze GaanT
Gb G s il CAKE b e gladsl b
ol codisn (slage S s oSS 5 (3l
Jbe 53 oJle gl 4YA YY) aeS” L 1) g5 Shae
Slosn Ok dajis 03 e LIS WSl
Drpl &3l&s) 5 (Mfnl 3 Opal ) g )uS s o sreon
Ol pets opl Bl 20530 Olejen Hsbay 95 a (Fisly
5 oS e 3 Sas Gl 5b 6l Sk AN eias 0L
ol s adlas L(YA) Conl oSl T L bl
ol AT olen b L o G505 GlacanT 53 & das o
GoLS g CHSKE Il el Drpl Sl il 58l
G men ST 3 (5 Olen Ll s ol 3 05 e
Ol Olojan il 3l ¢ Sladlas ol L(Y8) Ls o b 30
5 odom Fal 6K 1) SIS 5 Smen ST
e 3 GS e Gl el S W s
Jb 5eST ol RS 5 e Sla)AS
Ny

25 S Olge b Sllas 4 slaal bl
SIS hIB s s T Sl anllls
GOS0l (Gl Foly 53 5 el old (U8 s
A5l e S S sl Bl b men b Lad
ot 5 Yzt T3 o) A7 (6,8 sl (5508 s
I om S 2 SNas o st s S ol sl 5o
T | P P |

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

BV 503 ho)

23 SFF s A Ol e hames ol 5 )5
o Sl S e 313 (6548 e 5 Shas 35
543l Sslize Ol (slaes S o DIP-1 O 5Dy 5 sied
Dip- 05 0l 2 MitoQ il &slize ol K5 3,5
opl ls g Jmf(.\; e Ll oo 6&: Olays s 1
gl Gl Gk 5 i MitoQ 1,5 sl O
2 e 56 5 LS o Joe ROS 228 5 551uS
Cel & Drpl 59, cpzmen (37) 5,00 Drp-1 Ol
S & Gk Lo 5 ey 0355 n (58 soe SIS
plosil OT (655 (Opmd)sand o) 55 Ol
Drpl b Ol &Sl gn 55 0 JES 358 s
MitoQ o a0l | 5T L ROS 5ldin 4 goditens ) sbay
Ol 1 ey Sl i cpl 4 2he AU oLl Lo
et 33 ol Yzl el gl (FAYC ! dsls 55
ple Col §adn men 5 LU AT ol bl
N Sl ol oS 5 Oleys 53 Dip-1 Hls gae [ialS
Gyl odi b S > 3 Shas 350 45 Il s (F
Sl S b ks Ol sl Ol
Sl @SN DIP-1 0 gDy 5 5 5 a5

s mle g o dalsd sl p e s
b 7383 Sl Lajl O A3l (sl bl casd S IS
i Jowily b5l le o3 Shas sl S5, 3 eslizal
slbords dalsd iomen s ROS Wi 5 ATP O
5 Ceod O oMy s D,k 5 a5 b aler |
O s ol addlls G sgdme > s5lee ol
Slalie Olyea Bw Job glaasl ool ply 6555
S (5l (eSS Do dia3l 5 ok e oy
Sl ool s 55ds M&a

Gl

Jsba Lilg oo LS MitoQ 45 sls Olas ol asllas
P ngdpungu;\r@pa\,@,mf\.\?

e 33 Sl 5 AT e S |y 6, AS e S3G

Ve IS (53 § 131/ ¢ )93 7 OLwy)S by egle slEiily (alc alas

S3len o ed a ¥ols OWE J ol ey ol (rioes
SR iy 5 Fis=1 03 0 53 (gl sne 2ol o
I B N [ IR SN G (L
Ole 51015 oo (205 Sl ol planil b Sl 0 a3l
55 6,8 s Calie slagslew 5o Fis-1 a5l i
5 Slllae ple 55 i3 pl 53 edeTowwsa s (YY)
Gi) ok Sl i e 5 Sl edd AL
oS e (Fiss1 5 Drp-1) 6 48 g S5
(VF) 350 € p5 8 st L1 2l 5 b 51 55 T
s 8hs  MitoQ Sl i1 &S dlesls ola Slallas
Ll s 5 Oous Dol gy 4 d Sl (Ses (65 S g
AU MitoQ CslS s 53 (Il (gl ¢l & slize T
REIL (58 e Saalts SO wbiS g 5B
S 4 sllST e mal als L oadly Ll cl

(F0) w8 eSS ol s Shas
Lgh&;)ﬁdgc]adsj\fwaﬁsbg)wﬁsdw
5553 4 Cawlus Ll g s« Opa-1 5 Drp-1 hFis- 1
5 Shes b Yzl Opa-1 05 sl Jshn 5 das s |,
S5l blas 551y Jshe 5058 ablas hFis-1 555 15 5
LSy, & sbdde Sl a4 U8 o L
S 35351 S50 eT W 4 Lus alss LT Opa-1
Ol 5 ol rags el (YF) Wes o ales
el L ks 0y S s Opa-l ol ialS & Wl
BB L gt ol el 03y dan S 3 Shas

(¥9) 5,05 Cllas L5 Slallas
5500 Sl (oS5 5 MitoQelis) Sle s sbaes 5 oles
Ol 5 s ol 055 4 e Ol (S o 5 Shes
Sols gae sba Iy Fisl 3 Mf-2 3 Opa-1 0}
ol andlas 55 4T . Lsls ralS T 0s 5 4 oo
L35 3l s ol 1y bOleys 4 ol (25 8 5 Il
odalin ahae ;5 Drp-1 05 0L cb.nja Solslae ials
s kb os Sl e (S 5 Shee sp el S Al
S A8 o W paise ol b JoSe 058 5l a8


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

g Gl O3B WA

O sty 5 31 oS o el IRRKMULAEC. 1402.020
Slasl gl bl ool olSaws b g sl 3l candllas oyl
Ol S (S pske o8iils (5558 5 Ol islas |

Aoy ¢ Ol S el dgd ouils Sl s eaSluls

Lo B4 (S skl s pete fhy (Smmes
s lulpd s 90 2 MitoQ JuSe 5 5l s
bl S e ¢SS s T 4 D Oyl 23wl
Sl 6505 53 0590 4ol 53 (6 ke Dlidos plowl

prd e 5 Sl e shten o T 4 Sl

oils () (sros plel Ol loy Il i 4o sl (G358 ¢ D s oS 553 S 5 (590
Gler b & (o3l S 5 i (S pske
b b Bl sl 5 Olis s o

NS o 5 S a5 g ekl ga

LSRR )
Lol ,S sl dgd oKisls low g (4sbOLL) ol anlllas

ol ommmen Cl ols Jbo Coles YFOOVFAF o L
S L b s s

&b
1. Quadri SA, Farooqui M, Ikram A, Zafar A, Khan MA, Suriya SS, et al. Recent update on
basic mechanisms of spinal cord injury. Neurosurg Rev. 2020;43(2):425-41.
2.Cheng L, Cai B, Lu D, Zeng H. The role of mitochondrial energy metabolism in
neuroprotection and axonal regeneration after spinal cord injury. Mitochondrion. 2023;69:57-
63.
3.Liu C, Liu Y, Ma B, Zhou M, Zhao X, Fu X, et al. Mitochondrial regulatory mechanisms in
spinal cord injury: A narrative review. Medicine. 2022;101(46):e31930.
4.FuJ, Wang H, Deng L, Li J. Exercise Training Promotes Functional Recovery after Spinal
Cord Injury. Neural Plast. 2016;2016:4039580.
5.Shi W, Tan C, Liu C, Chen D. Mitochondrial fission mediated by Drp1-Fisl pathway and
neurodegenerative diseases. Reviews in the Neurosciences. 2023;34(3):275-94.
6.0tera H, Ishihara N, Mihara K. New insights into the function and regulation of
mitochondrial fission. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research.
2013;1833(5):1256-68.
7.Losén OC, Song Z, Chen H, Chan DC. Fisl, Mff, MiD49, and MiD51 mediate Drpl
recruitment in mitochondrial fission. Mol Biol Cell. 2013;24(5):659-67.
8.Menezes TN, Ramalho LS, Bechara LR, Ferreira JCB. Targeting mitochondrial fission-
fusion imbalance in heart failure. Current Tissue Microenvironment Reports. 2020;1:239-47.
9.Sheng Z-H, Cai Q. Mitochondrial transport in neurons: impact on synaptic homeostasis and
neurodegeneration. Nature Reviews Neuroscience. 2012;13(2):77-93.
10.Calo L, Dong Y, Kumar R, Przyklenk K, H Sanderson T. Mitochondrial dynamics: an
emerging paradigm in ischemia-reperfusion injury. Current pharmaceutical design.
2013;19(39):6848-57.
11.Chang JC, Liu KH, Li YC, Kou SJ, Wei YH, Chuang CS, et al. Functional recovery of
human cells harbouring the mitochondrial DNA mutation MERRF A8344G via peptide-
mediated mitochondrial delivery. Neurosignals. 2013;21(3-4):160-73.
12.Fu J, Wang H, Deng L, Li J. Exercise training promotes functional recovery after spinal
cord injury. Neural plasticity. 2016;2016(1):4039580.

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

W ghEas § )oKl

13.Smith RR, Shum-Siu A, Baltzley R, Bunger M, Baldini A, Burke DA, et al. Effects of
swimming on functional recovery after incomplete spinal cord injury in rats. J Neurotrauma.
2006;23(6):908-19.

14Mao P, Manczak M, Shirendeb UP, Reddy PH. MitoQ, a mitochondria-targeted
antioxidant, delays disease progression and alleviates pathogenesis in an experimental
autoimmune encephalomyelitis mouse model of multiple sclerosis. Biochimica et Biophysica
Acta (BBA)-Molecular Basis of Disease. 2013;1832(12):2322-31.

15.Barros NdA, Aidar FJ, Marcal AC, Santos JL, de Souza RF, Menezes JL, et al. Effects of
resistance training on oxidative stress markers and muscle damage in spinal cord injured rats.
Biology. 2021;11(1):32.

16.Maugeri G, Amato A, Sortino M, D" Agata V, Musumeci G. The influence of exercise on
oxidative stress after spinal cord injury: a narrative review. Antioxidants. 2023;12(7):1401.
17.Hadadi M, Farazi MM, Mehrabani M, Tashakori-Miyanroudi M, Behroozi Z. Curcumin
reduces pain after spinal cord injury in rats by decreasing oxidative stress and increasing
GABAA receptor and GADG6S5 levels. Scientific Reports. 2025;15(1):12910.

188.Harman KA, DeVeau KM, Squair JW, West CR, Krassioukov AV, Magnuson DS.
Effects of early exercise training on the severity of autonomic dysreflexia following
incomplete spinal cord injury in rodents. Physiological Reports. 2021;9(15):e14969.
19.Rostamzadeh F, Najafipour H, Aminizadeh S, Jafari E. Therapeutic effects of the
combination of moderate-intensity endurance training and MitoQ supplementation in rats with
isoproterenol-induced myocardial injury: the role of mitochondrial fusion, fission, and
mitophagy. Biomedicine & Pharmacotherapy. 2024;170:116020.

20.Rouholamini FS, Aminaei M, Aminizadeh S. The effect of eight weeks of endurance
training and MitoQ supplementation on antioxidant capacity and the expression of sestrin-2
and AMPK in cardiac tissue of aged rats. Experimental Gerontology. 2024;196:112572.
21.Xu X, Talifu Z, Zhang C-J, Gao F, Ke H, Pan Y-Z, et al. Mechanism of skeletal muscle
atrophy after spinal cord injury: A narrative review. Frontiers in Nutrition. 2023;10:1099143.
22.Santel A, Fuller MT. Control of mitochondrial morphology by a human mitofusin. Journal
of cell science. 2001;114(5):867-74.

23.Rabchevsky AG, Michael FM, Patel SP. Mitochondria focused neurotherapeutics for
spinal cord injury. Experimental neurology. 2020;330:113332.

24.Broome SC, Woodhead JST, Merry TL. Mitochondria-Targeted Antioxidants and Skeletal
Muscle Function. Antioxidants (Basel). 2018;7(8).

25.Ren L, Chen X, Chen X, Li J, Cheng B, Xia J. Mitochondrial Dynamics: Fission and
Fusion in Fate Determination of Mesenchymal Stem Cells. Front Cell Dev Biol.
2020;8:580070.

26.Friedli L, Rosenzweig ES, Barraud Q, Schubert M, Dominici N, Awai L, et al. Pronounced
species divergence in corticospinal tract reorganization and functional recovery after
lateralized spinal cord injury favors primates. Science translational medicine.
2015;7(302):302ral134-302ral34.

27 Kawalec M, Wojtyniak P, Bielska E, Lewczuk A, Boratynska-Jasinska A, Bergsewicz-
Haller M, et al. Mitochondrial dynamics, elimination and biogenesis during post-ischemic
recovery in ischemia-resistant and ischemia-vulnerable gerbil hippocampal regions.
Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease. 2023;1869(3):166633.
28.Liu W, Tian F, Kurata T, Morimoto N, Abe K. Dynamic changes of mitochondrial fusion
and fission proteins after transient cerebral ischemia in mice. Journal of neuroscience
research. 2012;90(6):1183-9.

Ve IS (53 § 131/ ¢ )93 7 OLwy)S by egle slEiily (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html

[ Downloaded from gku.muk.ac.ir on 2026-06-10 ]

.Gl C)\)._)J—B ISo

29.Cho D-H, Nakamura T, Fang J, Cieplak P, Godzik A, Gu Z, et al. S-nitrosylation of Drp1
mediates B-amyloid-related mitochondrial fission and neuronal injury. Science.
2009;324(5923):102-5.

30.Chang J-C, Liu K-H, Li Y-C, Kou S-J, Wei Y-H, Chuang C-S, et al. Functional recovery
of human cells harbouring the mitochondrial DNA mutation MERRF A8344G via peptide-
mediated mitochondrial delivery. Neurosignals. 2013;21(3-4):160-73.

31.Fealy CE, Mulya A, Lai N, Kirwan JP. Exercise training decreases activation of the
mitochondrial fission protein dynamin-related protein-1 in insulin-resistant human skeletal
muscle. J Appl Physiol (1985). 2014;117(3):239-45.

32.Bosiacki M, Tarnowski M, Misiakiewicz-Has K, Lubkowska A. The Effect of Cold-Water
Swimming on Energy Metabolism, Dynamics, and Mitochondrial Biogenesis in the Muscles
of Aging Rats. International Journal of Molecular Sciences. 2024;25(7):4055.
33.Rostamzadeh F, Najafipour H, Aminizadeh S, Jafari E. Therapeutic effects of the
combination of moderate-intensity endurance training and MitoQ supplementation in rats with
isoproterenol-induced myocardial injury: The role of mitochondrial fusion, fission, and
mitophagy. Biomed Pharmacother. 2024;170:116020.

34.Cereghetti G, Costa V, Scorrano L. Inhibition of Drpl-dependent mitochondrial
fragmentation and apoptosis by a polypeptide antagonist of calcineurin. Cell Death &
Differentiation. 2010;17(11):1785-94.

35.Jeong JH, Koo JH, Yook JS, Cho JY, Kang EB. Neuroprotective Benefits of Exercise and
MitoQ on Memory Function, Mitochondrial Dynamics, Oxidative Stress, and
Neuroinflammation in D-Galactose-Induced Aging Rats. Brain Sci. 2021;11(2).

36.Lee Y-j, Jeong S-Y, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian
mitochondrial fission and fusion mediators Fisl, Drpl, and Opal in apoptosis. Molecular
biology of the cell. 2004;15(11):5001-11.

37.Murphy MP, Smith RA. Targeting antioxidants to mitochondria by conjugation to
lipophilic cations. Annu Rev Pharmacol Toxicol. 2007;47(1):629-56.

38.Chang CR, Blackstone C. Dynamic regulation of mitochondrial fission through
modification of the dynamin-related protein Drpl. Annals of the new York Academy of
Sciences. 2010;1201(1):34-9.

39.Moore TM, Zhou Z, Cohn W, Norheim F, Lin AJ, Kalajian N, et al. The impact of
exercise on mitochondrial dynamics and the role of Drpl in exercise performance and training
adaptations in skeletal muscle. Molecular metabolism. 2019;21:51-67.

40.Haghighi AH, Bandali MR, Askari R, Shahrabadi H, Barone R, Bei R, et al. The effects of
different exercise training protocols on mitochondrial dynamics in skeletal and cardiac
muscles of Wistar rats. Journal of Orthopaedic Surgery and Research. 2025;20(1):395.

1€a 1S (53 § 13T/ 8)gs /7 G35 3b)y eole slEkils (alc alas


http://sjku.muk.ac.ir/article-1-8660-en.html
http://www.tcpdf.org

