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Neuroprotective effect of exercise and mitochondria-targeted antioxidant MitoQ
against environmental toxicant linked to the neurodegenerative disorder :
Implication for Alzheimer’s disease
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B A7E faldE ARl w2 s cPEHoE (e dxstold A3 FERES o 53 nEZSEol %4 4| MitoQ
o) AARFTEANS Rt F) COTBLI6 PH-~E o g dxsloln S fEsly] 98] 90¢ 7k Aluminum chloride (40mglkg)S
Eofaigdon, ke Control HT (Con, n=10), AlC, T (AICl : 10w}e)), AlCl-Exercise ¢ (AICL-EX : 10W}g]), AlCk-MitoQ e
(AICl;-MitoQ : 10w}g]), AlCl-Exercise-MitoQ & (AlCl;-Combined : 10m}e)) o2 7R3 EH =D 952 6527 AZE0° , 12m/min,
40min, 5days/week)Z AA3HH.oH, MitoQ HHE 260 umols FEFTEE AAs 657 o= ARSIATE AlCh Aol o8] F7ke ¥=
stolr] Agk FQ HelA ¥ [Amyloid beta (AB or Abeta)], phosphorylated Tau (p-tau(s202)%! A|ZAPE (Apoptosis) BeA2lA}e] W40
MitoQ B &3 MitoQ HAR] ol o 7AE o] A|7E el 7lodshe 210 SRIstGirk A8H R, fafdbd adl =20l sl
SHE o A H3E WelaRdA A8ty BddS dATlE nEZEDol 24 ISR AH7E dzstelH Ao A& o]
g 5 9ls ZloE wdEn

Abstract

The purpose of this study was to investigate the neuroprotective effect of exercise and mitochondria-targeted antioxidant MitoQ in
AlCl3-induced Alzheimer’s disease mice. Following the administration of the neurotoxic chemical, Aluminum chloride, at a dose of 40mg/kg
for 90 days, C57BL/6 mice were given access to treadmill exercise (40-min sessions, five times/week for 6 weeks) and treatment with
MitoQ supplementation (at a concentration of 250 umol for 6 weeks), and the experimental groups were divided into a Control group (Con,
n=10), AlCl; group (AICl3: n=10), AlCl-Exercise group (AICl;-EX: n=10), AlCl;-MitoQ group (AICl;-MitoQ: n=10), AlCls-Exercise-MitoQ group
(AlCI;-Combined: n=10). The results showed that the increased expression of pathological hallmarks [Amyloid beta (A 8 or Abeta), phos-
phorylated Tau, and apoptosis-related factor (Bcl-2) were decreased by MitoQ and combined treatment of exercise and MitoQ, which is
accompanied by restoration of cognitive impairment. Taken together, these findings demonstrated that MitoQ supplementation intake could
be a therapeutic strategy to alleviate an oxidative imbalance induced by exposure to harmful environmental factors for AD.
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A, 7|90 2 g wMX|(PM - Particulate Matter) =3
I 2 ffgdaglo] A7l mXe AL @kl iz =
WAl #ado]l mopAa gk 53], AW =X “THE
POLLUTED BRAN'ojgl= AlEoZ AAE 9] ==
A71E A Y= F3lA LY w2l wE HPA AHEse] /9
& Z7Ml i $1g4e 13121tk Underwood, 2017).

A &EALe] oF 60~70%5 AFA|shs Y=stolw A Alzheimer's
disease)2 0% ool wsiol Al UAS & F Gl ARE
(Sporadic) FENZ Uepdm, Z7lelle Mz 71989 vt
=3 Ho] Mgt meh dAEY TS st A
Aol o|2A sk A EAE Uehdthlista et al, 2015
Masters et al, 2015). APAFo] ostH opdRo|= [}
(Amyloid- 8 A)E2 T49 =914 ¥HdSenile plaque)?} Tau T
wao] IRVt ogt 47 sFNeurofibrillary tangle;
NFT9)}2 54S oA o AVAAIY vI71 A Mreversible) 217
AE S frske gzstoln] Fgke] 38 WHOE QAL

g Q12 ¥R ¢k A7 o]tiHarrington,
2012; Demetrius & Driver, 2013). &}A|qh, d=3jo|n] H3S o]
slstel e HAwol AE7FEe] vt Alss o AEANA UE
U= A Z3HMetabolic dysfunction), @ 2 A8t ~Ef 2~
(Inflammation & Oxidative stress)®] Z7}o} 2o EA Ol W
o] Yzsjoln Agke] W] 7|ofske ZEAR U] & &+
. Aokt tHDaulatzai, 2010; Lista et al., 2015).

H AR, AAEQA A 9 DAl Hep| 71 55
o]l& 9] 3¢l dFuFAuminum)ol] it A& w23 &
z3tolm] A3k 233 HaA HAshe] H2 Aude 23 7zt
S AT G5 =oEo] gtom, A dFvE =3 2
A7l #ae] digk A8y ZA7E A&HoE HuEHIo
(Tomljenovic, 2011). SP|EAE, T Ao mEH 243
Al dFjEel tigt =& vi=3]A(Cortex) ¥} 3l wKHippocampus)
HOE 23leh o] HukolA] g=sfoln] H3kel=g HHoE i
He Ap wde] A3 Tau ©Ae] IRIAkeE ZXA7|=
Aol Hoste] AASAS fFiehe ZCE UET
(Castorina et al., 2010, Kandimalla et al., 2016). Altl’}, &Fv)H
522 BAAETE FEolA 48k Exge] dlle] HE whe:
A Aka Z(Reactive oxygen species: ROS)2| F71E F4102 oY
AL A mEZEo} 7lsold, dEke 22 o A
P 2H A 2Hol Aolg Fidte gt ged Aaeol
BHuEQtAbulfad et al, 2018). &, "IAAA} o] YgAEe
A w2 7Y g R2Hol dAT 4 e A HE
Sl ther A7 HHoA GFrlE =55 Tl AP oE f %
e g=zstoln] A3 mdle ok AEd ¥ A ket ¥
Y71 Ap Tiide] 23 9 S| o Al i
THY A FFH0E JATs &4l 7]oshe g=stoln 4
3 27] AEA g BAS ThsstA & ZoE FEH
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S, 253 BopllAs 4lAEE(Physical exercise)e U=
stoln] Zghe] o B X5 HS A3 AFHAQ tijke® A
okalitt. AlE<gA(Cardiovascular system)] A28 Eaf 9}
o450 Y HAE kA B (Aerobic exercise) 417 E]3Y
A A AEH HES A B LEFEHE dEA o
o, FA7| el w2H XujgkRie] A9 A4 57 = Rating of
perceive exertion: RPE) 10~15543F9] 7214 58 F35= 7
o] A% FHMoore et al, 2016; Cai et al, 2017). 3}A|%k,
Y HgATEo] APl e 24E B3l AA 9] At
A #YE FAANIE 50| WA SEH A Sk tiA 2439
3 Q3 A= &R T 2T 4 okl B
ol wkekDay, 2014; Bouzid et al., 2015), o]& FAjsh= Mo A
g2k} A)A)(Antioxidant supplementation) 433)¢] &3} FH-S AQH
3l tHAlbarracin et al., 2012).

HZ, AE W S4RY] F8 7RI mEZEoLE &
Asto] ARgsh= g4ksl AA MitoQe thaket Aol oigh A 53
HE 7FeAoE Qs Be #AS WA 9ok MitoQe HEEE
gofe] 4ksld QlAksl o] FQ83 7|ARA o] fHE fHlFE
(Ubiquinone)ell A]-8-4(Lipophilic) 287191 Triphenylphosphonium(TPP)
Fol2s AGAT EHEA 7847 nEZE} Tl tid F
HAS =of U=HMitochondria inner membrane)dl] TEEE =
Hol 4kl 71ss  U3dTHTauskela, 2007, Tiwari &
Chaturvedi, 2014). ATk}, MitoQ x| 343-5-28}2)(Epigenetic)
HslE IBAZ 7hFsgo] wol A7z ARl o8 BHoE
UeRd = 1= W914(Endogenous) dHaksE G40 ZHAE A A
24 T ke SHoA A ERAE Astl ek 37873 2| 7]
Ol 7Fs4de] E0Murphy & Smith, 2007). AT, oFR7IA 3]
S alle o) AbtHos wAskE ¥ AEA EEA Rk
Wdell 7198ks 53 MitoQe] Al7dR s adtel thgk A= 7|
3 Aotk

weha, B A= Aluminum chloride k3ol s 4P og
FEST gxstolrAd Au] 23t sE=RdS tdoE 57 7
EZrejol 2 st MitoQe] AR T mHE Q1A7]s A
MEAE ol Qo

o g

B d7E Kiigha 55438291939 ¢S 4o 43
8Tt AdFE2 COBLI6 th-2n=5005 tido = Kujg)k
FEARARE 242C, 5 50+5%, HYF7] 1247D0llA 2]
ol =2 A Fuetd] ARSI AT Control (Con:
n=10), AIC-Control (AICl;: n=10), AlCl;-Exercise (AlICl;-Exn=10),
AlCl3-MitoQ supplementation  (AICl;-MitoQ: n=10), AlCl;-Exercise
-MitoQ (AICl-Combined: 10m}e]) o & FESITE
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2, Yxol0|md At S=E R

Aluminum chloride(AIC)2 AASEHELZA A7k & 9
3 & ZFF AA Aol ZHHo| dzstolmA Ao
QS k= o2 Bug(uka et al, 1996). AICLe] 2=
Saba et al. (2017)¢] A2 skl 0L 7+ 40mgkgs] FEZ
e BXE gols E7AlIntraperitoneal injection: IP)
atof 285kt

3. 25Uy

AIC-EX 393} Al0;-Combined FeHe oz 23554
EF=(8-Lanes treadmill, Daemyung scientific Co, 1td, Korea)<-
ol gate] 793+ AAS FA(BARE 0°, 10m/min, Smin) A
A B eEe JBFEUIe] AW mdol HE Yol
Okamoto et al. (2015)¢} Koo et al. (2017)0] AA &5 ZREF
2 TAR QFUPIe) 2 AFSHET FAsle] oF 673 AP
(0°, 10m/min, 40min, 5days/week)e] EF =Y 52 A5
A, 2EE AN e FATY] A sl wE
HeE wiAle] fs) 2erd e edd ARbs 14"
EF=E 9o HF2ES sioith

4, MitoQ

MitoQ= ™RC Mitochondria Biology Unit, Cambridge, UK, <]
z2 7% 259l Dr. Mke Murphy2} Antipodean Pharmaceuticals,
Inc, & &3 Alzagroen, AlCk-MtoQ ke AlCk-Combined
el MitoQ A3 2 A4 e MYATE FHaste ¢
A - BI3ItE MitoQ= 100 ymol 552 Fa8% 52 A3l 6
2R AZIA:

5. X[ 7|5 HAk
1) =& 012 ZAt
TEUEANE dErHAF LomxEo] )l A& 12

o) EA(arged & SRl lon B 2 AgFzle] 9
AN T HA-200] YARRE SAA BAS Holx g

AZHescape latency) 2 4= &l(swimming pattern) &2 Ags}SiTh

Sefsizieol w50 ol Sl SEE Az

2 TSS[HAL
AANE A 8 &5 FB 3UH] EIuke At
(passive avoidance test)& AABIATE ©] AA= B 31134 o
T2 BREeE FAEe] 9lom ofFg Ik vigels A=
S TR £ 9 zHClE 2 HAE A

[¢}
FEA T U W et ol atke TRske ¥ ¢
AH7} ol E3bell 501 W7hA|9] AxKinitial latency time)&
7153 AF7E ol 3ol SRkt AejlM A7ISATSY,
0.5mA, 50H)& 227 7keh § T2ARE  AbiziAleh 5 84
o7 A4S APl U TN ofFR IR Bolkes
AR SIS,

ARAAE B ABFRES COMMOIN of 287 BFAA
50 W) dojst o 24

9 Yoo YR/ olg3el ¥ 2 BFL £
siglon, ¥ ZAelx e sieiHippocampuos vEZEo}
BHGE AT BADLo T4 PEAA BH A7 B0
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8% AQ73lE(Lipid Peroxidation, MDA) 439 242 4
AQHog g JE B4 7|EMDA, Sigma aldrich, MAKOSS)
ol g&ate] £F3H WS Tl EAaGTE ksl st
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WA MDAE 532nm 9o F33%E microplate reader
(HIDEX, Finland) A2 8] =439tk

8, Western Blot

&9 %28 23 Homogenization) A7l H YAlEz|Ek
AL TS Agsl AZL FHsIgtE FhlE AES A

ol whe 10%9} 12%2] SDS-PAGEel F%& #5541 80 voltol
A A719% 8k, 1AZE 30 59 ©illdS MeOHell 241 PVDF
membrane© & HAAZ ZY. A2olA] 602 FF Blocking
membraned 4Col|A 13} Aol HRAIZl 3 Ao 247 F
oF 221 A9} ¥ReAlZl H Luminata Forte Western HRP
Substrate(Millipore, USA)el| 2483t 2AIAIA AojZ] membrane s ©]
mz] 2 A|2~elMolecular Imager ChemiDoc XRS System,
Bio-Rad, USA)& o]&ate] 43Itk
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9, At=EX{2|

£ AFoA Ldojzl BE A5+ GraphPad Prism v8 (GraphPad
Software Inc., Lalolla, CA, USA)E ol&dlq 7|& FAX
(mean+SEME AH=stith 2F zdAbdRlel digh R 1t Aol
BAS Qja) JYHEEA(One way ANOVA)S A8k, A 7t
o3} 2}o]7} )& 79 Bonferroni post hoc HPH-S o] 83l Ab
255 ANBIT ol FAA ot =052 ARSIt
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1. ACl; Xxlof| M2 A0l HSHst U

Ay AXo] W APEBe AFWS P B
(FigD. 1 A3}, faj@74819] & °
w9 A%EE AFe] Con Hah li’_o}&] Fashe ARRS U
Wom, E3] MtoQE 4333 AlCk-MtoQ} AlCl-Combined |t
o] 7$- A3} AICL-EX e ulasted AlCh A% Fytoz 2
F2 AFA o] T FeHAA YERtTL

Goo s TETED
) o Control
a 23 i: DL,?h:;.-* ii = ACI
i, % %lit = AICI,Ex
AICL-MitoQ
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e
e
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days

Fig 1. Body weight changes and cognitive function in
AlCis-induced mouse model of Alzheimer’s disease.

2. 257 n|E2 (ot B SziH| MitoQ MF(ofl e A3
529 eAP|s 7=t

AlCl; AA]e] w& 417 o
4 5o gal fEsHE AHRsEANE AS3 ] Skl °'7<l7]

TS Wk TEHEAANWMDSL 5394 HPAT)IE
ANSIGTHEg2). 1 A, FFR|EAY] AY AEEEY
Hidden platform zoneoll ™&AI7HTime spent)e UeR)E = Eof
A MitoQE 41313+ AlCl-MitoQ3} AlC-Combined ko] AlCk 3
St Bl foabAl R Zle ERISHATHAICKE-MitoQ:
7X.05; AlCl;-Combined: X.05, Hg. 2). 45u|27AL] wpx|gk &
B|~Eo| =4% Hidden platform crossing 3= SAHCE
ofetxl FAE 22 A AAE veile AS st
SN AR A FEHEAA A fARH
AlCl;-MitoQ Fete] A AA7|5 <ol Al ot Blust
o fosA 355 Zlo] gRlE HHAAICE-MitoQ: K001, Hg. 2),
AlCl;-Ex¢} AlCl;-Combined 3T f-<J3t M EAE UElA] &
skt

off [
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Fig 2. Neuroprotective effect of exercise, MitoQ and
combined  administration on  cogntive  function  in
ACIZ-induced mouse model of Alzheimer's disease. (A)
Representative swimming path of each group in probe test,
(B) Escape latency to hidden platfoom and (C) average
swim speed in each training trial, (D) Time spent in each
quadrant during probe test, (E) Number of target crossings
in the probe test, Data are presented as mean + SEM. n
= 10/group, *p € 0.05; "< 0015 *pC 0,001,
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3. 257} n|EZcE(ot BX SHIBHH| MitoQ AF0| mE X
310/ Zato] F2 HWalx|Eo| #st

AlCl; AAJol|] wg dzstoln] Zghe] 9 W A& WA
3 &5 9 MitoQ Ao s frEHE NlaAE g o
oA Sttt (Fig 3). 1 Az}, g=zstolw Ao +0 H
A %91 ot zo|t wlEfAmyloid beta (AS or Abeta)]o] W34
o] Con 3} Hlwsted Al AlCl-Ex FetolA AR &
oAl VI AS RISKACHAIC: K05 AlCh-Ex: K01,
Fig. 3), AlCh-MitoQ¥} AlCl-Combined Fw+e] 7% AlCl3} ®]wa}
of Ap wRleEe] RS Uil A S8t (Fg. 3).
Tau ThE Q) QML FFs Il A Ap WATES A
SHAl Con ek} vlwsted AlCl; Fehel| 4] phospho-tau(s202)2] &
gozo] =& 7S SWISHAOMAICE 00D, AlCMitoQwh
AlC;-Combined Hete] 7 AICLHT} Hlwate] Tau gHzo]
Ak} o] S UehlE 21 Rl (AlCh-MitoQ:
X0 AlCl-Combined: z£.001, g, 9.
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A Hippocampus

s | 5 o i S |
PTau(s306) | S e s e e i |

p-Tau(s202) -

PTan(5404) | e S o S S o S s

Ponseau

Control AICT, AICIEx  AICI,-MitoQ AICl,-Combined

Ap (% of control)

p-tau (s396) (% of control)

Fig 3. A Representative images of western blot for A3, T-tau,
PHF1, p-Taus3%), ptaus202), and p-tau(s4dd) in the
hippocampus, B-G) Densitometry quantification of the AB,
T+tau, PHF1, p-Tau(s396), ptaus202), and p-tausddd) in the
hippocampus, Ponceau S was probed as a loading contral,
Data are presented as mean = SEM, n=6/group. *o ¢ 0.05;
“p 001 **p € 0001,

4, 257 n|EZ =2l Y S| MitoQ 4dF(of| e 41
HZAIE ZEQIXI9| et

o A7ANA YR A AZAFE(Apoptosis)2] 2 S}l
g A3}, Pro-apoptotic #|3£¢] Bdl-2 ©hde] A9 o3 xlo]7}
Ueh}A| ko ubd Anti-apoptotic 2|91 Baxe] 79 Con et
3 vlwste] AlCl FdelA fefahA S7H @ads<Ee] MitoQ A
Hell osf FolskAl FHashe A UeRATHK 0, Fg. 4.

A Hippocampus

e T TITTY I

Bax L ———————

Ponseau ?'-ﬁn—--ﬂ-———n-n-—-,
o S =S 2 -~ 5% ene ey

Control AICl;  AICL-Ex AICI;-MitoQ AICL-Combined

c

®

1.5

Bel-2 (% of control)
Bax (% of control)

Fig 4. A) Representative images of westem blot for Bax
and Bcl2 in the hippocampus, B-C) Densitometry
quantification of the Bax and Bcl-2 in the hippocampus,
Ponceau S was probed as a loading control, Data are
presented as mean + SEM, n=6/group. *p ¢ 005, “p (
001,

5. 252 n|EZ =l Y M| MitoQ MF(of| e M3t
AEHA 5l Sitke} g4 EEHE

AlCl; Ax)o] W2 ¥ 2Z ) ASIAEH A

M,

sl &

2

TP &5 3 MitoQ AR sl F=se MdEds
F35thFg. 5. 11 A¥, 48 2B~ £2& Uehille 14
Ql A& AFAASEMDAS] S0l Con Hkt Hlwsle]
AlCl; FollA FejaiAl S7Fet3l S (AICl: p<00l, Fg. 5), £,
MitoQ, TL2jal EFAA] Aol oJsf ReJeHAl ks A &
Qlatgith (AIC-Ex: p<0L AlC-MitoQ: p<.0L;  AlCk-Combined:
p<00L, Fig. 5). =3k 4-HNES] BEsEs FAHOR fofsizl
GAT AL Fdelld F7kske A¥e dehilen, Wbz
AICI3-Ex, AlCL-MitoQ, 12]3  AlCk-Combined gtoll] 7hadh=
Ae T F YTk AT AE W B 249 dste
2 A gy fAe Hofele s a4 ©d Catalase,
Mn-SOD, 12|31 Cu/Zn-SOD @& BRIg A, Control 3
ok} Hlwale] AlCk-Combined ghellAl SOD1 WH43o] F-oj3}
Al T & At Boldel wsls g1 4 §iSirkFg. 5.

20 B

4-Hydroxynoneal

o}
E
§

%

CwZnSOD

Ponseau

Control AICl;  AICI-Ex AICL-MitoQ AICL-Combined

w
A

MDA concentration (nmol/ml)

Fig 5 A Representative images of westem blot for
4-Hydroxynoned, Catalase, MnSOD, and Cu/ZnSOD in the
hippocampus,  B-F)  Densitometry  quantification  of  the
4-Hydroxynoned, Catalase, MnSOD, and Cu/ZnSOD in the
hippocampus, Ponceau S was probed as a loading control,
Data are presented as mean + SEM, n=6/group, *o ¢ 0.05;
p (001 **p (0001,

6. 231 0|EZ=2of FY M| MitoQ AF| wE | =X
a

L o|EZEC2(0f Apkeint 8t J ZETH piEHRIXlo| wHst

&5, MitoQ 3 EA Aol we o 22 f v]EZE=eol A
“J(Mitochondrial biogenesis)#} §-3HFusion) ¥ #S(Fission)zd &
dolnle] waEdsE AzagnFg 6. 1 A%, HEEcdl
A3 TR0l PGCl- ¢ 9} Tfame] WdFE=S Hok 7t Ajo|&
e A] ettt sFAIRE PGCl- ¢ 9 short isoformQl NT-PGCl- «
o] W30 AlCl; Heka} wlwale] AlCl,-Combined FghollA &
AR Z Foldt 2o]E YERY 2 (AIC;-Combined: X.01, Fig. 6),
53 MitoQE AF3 Ao ¢ ddiFos Frkeke B
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Uehdich =9 rlEZCeol §3 3 22 #EAA] HAsE
& BX% A3}, AC-Ex s} st AlCk-Combined gt
A BAHeRE fosAl A Mitofusin-IMENDS  Al9jat
(AICl-Combined: p<.0l, Fig 6), Mitofusin-20MFN2)} Dynamin
—related Protein-1DRPD)-S #-2]8k Ajo]2 YehA| eiglth F7}
Moz mEZ:=gol 4kslA  Ql4ksHOxidative  phosphorylation,
OXPHOS) &3l 744 Qll5e] Ha4ES 8RIg A%} OXPHOS
['to V complex ¢] 9|3+ xoli= e A AtrhFg. 6).

A Hippocampus

PGCl-a | v v v — =
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v - >
SN - L aa S A A L AR A B A
-4 2 2 _4_4_-=% ¢ 4 _
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Ponscau | RN BB B8 0 ' s vt oo i)
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Fig 6. A) Representative images of westem blot for PGC1-
a, NT-PGCl-¢, Tfam, MAN1, MFN2, and DRP1 in the
hippocampus, B-G)  Densitometry  quantification of the
PGC1-a, NT-PGCl-a, Tfam, MFN1, MFN2, and DRP1 in
the hippocampus, H) Representative images of western
blot for mitochondrial OXPHOS complex proteins in the
hippocampus, )  Densitometry  quantification of the
mitochondria OXPHOS -V complex in the hippocampus,
Ponceau S was probed as a loading control, Data are
presented as mean + SEM. n=6/group. *p ¢ 0.05,
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