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The effect of treadmill endurance exercise and PDES5 inhibitor on pathologic
features and cognitive function in the mouse model of Alzheimer's disease
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Abstract

The purpose of the study was to evaluate the impact of treadmill endurance exercise(TEE) and/or Sildenafil(SIL) treatment, a PDE5
inhibitor on pathological main hallmarks and cognitive deficits of AlCl-induced Alzheimer’s Disease(AD) mice model. To induce AD in
an animal model, all mice except the CON group were administrated AICl; (40mg/kg) for 60 days. After last treatment, AlCls-induced
AD mice were conducted TEE(10~20m/min, 50 min, 5 days/week) andfor SIL treatment(7mg/kg/day, 5 days/week) for 4 weeks.
Increased the level of amyloid- 4 and cleaved caspase-3 induced by AlCl; was decreased following TEE and/or SIL treatment. In
addition, low-density lipoprotein receptor-related protein-1(LRP-1) protein was reduced and the receptor for advanced glycation end
products (RAGE) was increased induced by AICl3 treatment. However, only LRP-1 protein was elevated following TEE and/or SIL
treatment. Moreover, reduced antioxidant enzymes such as superoxide dismutase-1(SOD-1), superoxide dismutase-2(SOD-2), and
catalase were increased by TEE and/or SIL treatment. Finally, cognitive function and Nest formation score were significantly reduced
following AICl; treatment, but it was improved following TEE and/or SIL treatment. Collectively, our data suggested that TEE and/or
SIL treatment may regulate amyloid-/ expression, cerebrovascular function, and antioxidant enzymes, thereby ameliorating
AlCls-induced cognitive deficits in AD mice.
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d=stolr] AsHAlzheimer’ s disease, AD)& X|wle] 70% o)
& ARk EA AREGZASdoZ MR AT 7
29F AR A7t Yehe E4S Bo|A|9k of7kA] At
VA ARl 71HE g YA Gk shARE 1wk Agd
TE HEoE e ofdEo|=(p-amyloid: Ag) TES =23}
ER- whlEe] molakelg Qlek AAARY s neurofibrillary
tangle)o] 54L& Yosl= oz HuEtHselkoe and Hardy,
2016; Greenberg et al., 2020). ©]5 Ap ©dLe 7P we
7b A Qe 54 odE Alxy ookdk ded A4
(insulin resistance), 434 2~E#]2endoplasmic reticulum-stress),

nEZc o} 7)%o) Hmitochondrial dysfunction), g%(inflammation)

9 QEnA] 750 Himpaired autophagy)S frEste] Axpzoz
ARNES] AEE fEske ZoE BuHEcMulins et al,
2017; Liu et al., 2017; Ardura-Fabregat et al., 2017, Mossmann et
al, 2014). WA Ao SHHE Ap GAAE AT o
AXZIE Zlo] ADE 943t AF F Sle A ol Al
A= k.

T ADoA A Holjeh ABAHE AR Aol B
Ha Qe 7k IS4l Ap wEe] 2o BEEol St

3 AASERAHDorr et al, 2012; Lai et al, 2015). SU]FAE de
la Torre9} Mussivand, (1993)= A whilde] o] AAMZ A

S ZEb] olxel MA HEwe] 715Nt veht AAHE A
B ASs aEHOR AASA Faf Mol FHHTE THEe
AL AN o]F W APATolAM HEH 7% A
s7F AR D‘r‘”‘@_/] 23 #do| ks 29E Busiylon 2
= ¥ Wse MAAT7IE Aol ADE A8T + Qe & skt
o] a¥AQl whHolgla A|AIska JthZlokovic, 2011; Rius-Pérez
et al, 2015; Sagare et al.,, 2013; Nielsen et al., 2017).

HE#o| 75 5 -8 A8 Blood-brain barrier : BBB)
7)% oA F9o EAISh= pericyte AIE] 7% ZAE BBBY
o] 70| o &oll A8E Ap DS AASH: FE
otk B sl rhSagare et al 2013, Zhu et al., 2018).
B Ao HAef AAomA 7es 283 AT E HEA
Zolimild cognitive impairment: MCD) 22 AD %7] BBB 7% A
37} Ueldt= Zlo|tiMontagne et al., 2015 van de Haar et
al, 2016; van de Haar et al, 2017). oA AAHE Ap T
70~85%+ BBBell &A1= 4=&4¢! LRP-1(Low density lipoprotein
receptor-related proteinl) THAz} Agtslo] Hollx] Ao = of
Sxo] AAHHDeane et al., 2004; Tarasoff-Conway et al., 2015;
Zhao et al, 2015). ¥HA dH £ Ap oo RAGEReceptor
for advanced glycation end products) =& ThiAy} Agsle
Halo 4] ¥ 029 §o)E 2 9lom o= AR Al AEF
25 fr=ste] AZAAME A —% Z#f &K Zokovic, 2008; Deane
et al,. 2012). wehA Ap DES a0 AAS] HsliAe
LRP-1 ©ide] 848 F7HAl7]= WhH RAGE Thilde] 24&
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AZAA BBBY] 715 3 EA7= Aol Fasitta Az
& AFA ] A Al %J‘F& 85S HE
Bok oplel MeAow o) IR FUIet I duAd
SAAR] FIs vHta ¥ A °‘E](Pere1ra et al., 2007; Huang
t al, 2013). 2ol g ADS| BBB 71:& Aurw 1A &
T 71915':‘# WAAR S S7H71L A TES o QollA &
dog FEANA AAskE TFAY @l LRP-1& 71417
Rk delloflA ] ko2 Ap wE f9ish= RAGE ©ldel=
olF-Hl FJES nXA Y=ty RuFATHLn et al, 2015). WA
lin et al. (2018)9] AFollAlE AD AFE o= A7 50l
7198e] e3S S7MAZANE LRP-13 RAGE ©hijd 2 @
sl ARt Basieint webA 5ol o3 BBBY| 7153
0] WE AR whillFe] §9] To 823 Q13 7k 7|HE F¢l
F7HAQ1 A7) Egsittar AyzbE.
A ke % B o= kel A2 PDES  (Phospho
—diesterase Type-5) SAIAQ] Aelu2(Sildenafil, SIL) A= &
AR 7L 9F A 2 AT g8t Al ZoR B
HAcKibrahim et al, 2021; Yazdani et al, 2021; Fang et al.
2021). 3] Puzzo et al. (20143} Orejana et al. (2012)2 =3} #
& e E Huvgs AXNT AR AEAMEY Aol FHE
WA AZAEY] Apdo] dAEo] Ag TES] AES FHAAT
o Basiglch webd 53 A Fole Ap gl
WAAZ} HER 7% ZHAH G mH How |
T QAR of27EA] ole} TAH A FEG Aotk mEA
B dAoMe Al ool o3t AD 58 B3-S tdos Ed
T A4 &5 Auuge Rzt ADS) A wWedty £
A AL A A AZAE, H-83 75 9 ks a4t
O Q1% A7 /W &3 gRlshet] Ut

(@}

N

Sk 2~
g & Je

H

AFEELS 838 F C57BL6 vR-~n=40, female)E thAato 2 7]
ARy $oe e T APFEHRE

21T, F5E50£5% FoRt Ao &%, 1227D0lA A8k

th AD 55 2d AZS A 6097 aluminum Chloride(AICk,
Sigma 40mg/kg)E HAU T8ttt Ad FES A vlw F

© control (CON, n=g), AlCl; Fof et (ALCL, n=§), AICl; o %
Eed 274 S5HY (ALCL-TEE, n=8), AlCl; Fo] 2 A}
I AAFY (ALCL-SIL, n=8) ¥ AlCl, £ % B3 3t
(Combiend, n=8) 2.2 &3} c}.

2, AlHIE F0f ¥ ECY X|7Y 25 Z2ES

Al Fo] 3 Efed A4 53 Ay (Sidenafil citrate)
OFE-S AABIGTE WA A2 Orejana et al (20122 A7



oA A 87K Tmglkg/day)s 71202 3= 53] F 453 B
Fofsitt. w3l EFEY AT &85 AN JE 5EA
F& Ed=d A48 &% 717I@8-Lanes treadmill, Daemyung
scientific Co, Ltd, Korea)g o]83t] &5& 339tk UA 2
&5 A A A-&-&5(10min, 10m/min, 59& G & F &
SEOoE WAHOE AEE oA F 477H10~20m/min, 50min,
5%/5F) AT

3. TE0IZHA

AA7)5S BAS] Slel 5n| 24 Kwater maze test, WMT)
& st % AlRHescape latency)Z Azl(escape distance)E
HA3E 2 IMOMART-LD)S 0|83t 43 5 SMART-CS =
Z3(Panlab, Barcelona, Spain)2.2 EA31¥th A WMI= ¢
PrAEXEo|, Lomx40cmel] Ago] < 12cmsl H3F 4
(target) < 2cm AE 79 off AA|stal E22C~24T)e A& 9
e &lAA FE FZHo] Holx] EE AXEth HAARs
% 59 B¢ BT 2314 Azl A A ARsle] F3E A

| s

F 4

4, Nest Building behavior test

AAZH moke] Nestlet(Nestlets, Cotton Bedding, 5X5cm) A&
€ /N AolAd o] s} v Bt Sk WA oE 7185
o 24 e EZEslP] 8l @ AolNg BEs 3.0g9
Nestlets 4% A 1AZE A AolA el st thad of 8
Ao BE AdsEY TA 4 Az mE FHH e
Deacon 52000014 AN ZAE viEOE 15 H4R Fofs)
o] A3
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RE A¥xA7} £58 5 pentobarbital sodium (50 mgkg)-S
4 W Fost] niHA7| L AP s wet wEA ¥ 22
Huld, snhs AESth ol 2AS A3 did] FAAA
-80C A% 7(Deep Freezer, SANYO, Janpen)oll #AIA74A]
Bt

6, Westemn bolting

R Hed ¥ 22s AR & gaEo] 15-20uge =
SDS- Polyacrylamide gel(10-15%)ell %171%9% & 5 membrane© &
Zoleiitt. ©]% 5% BSAZF 7k TBS-T §og 0% &9k A
£ojA blocking A7]1a. 13+ &AE 4ColA ovemight AlZATE o
+ 2 TBS-T 8o = 1081t 43] AHsta ¢ 5 23 A& 60
b og2olA HEEAIZLE o] % TBS-T $5 gio= 1087t 43]
gk & ECL solution(Millipore, WBLUF0100)l 183} membrane
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7. XEX2|

B oAqoM FHY BE AFE PSS Statistics 240 5A Z=
IS AR 7 S tigk 71e5 AR Bt BEa)
(Mean=SEME AF=319ith. Jea A7) 2t whe WQlE9] Aol
2 AZs) Yal YYHZEX(One-way ANOVA)S A&k 1
aololl i3k Al AFoZE Least significant difference(LSD)E
o] g3tk ol FAH FFEL «=062 HA3IGT

. o7z}
1, Ef|c2 X7 257} Aok MZ| e ofl20|= oY
Aol MIZAKE| ojxl= Sk

TEESHSIL 43 5 Ag 9 thash AEAEe] s 332
QI3 At [ 7 SAHOR f% Aot ekt AFHZ

r=0.671, p=0.0002
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J2! 1, The effect of TEE and/or Sil treatment on amyloid-8 expression and apoptosis, A-D) Representative blot and densitometry quantification
of western bands for amyloid-8, BACE-1, and cleaved caspase-3, E) Correlation between amyloid-3 and leaved caspase-3, Al bars shown
represent the mean + SEM, One-way ANOVA followed by LSD post-hoc test: “p ¢ 0,05, *po ¢ 0.01, ™ ( 0,001 versus CON group; #p

( 005, ##p ¢ 001, versus ALCL group
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307 r=-0.4444, p=0.0261
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2! 2, The effect of TEE and/or Sil treatment on blood-brain barrier integrity, A, B). Representative blot and densitometry quantification of
westem bands for LRP-1 and RAGE protein, D) Correlation between amyloid-8 and LRP-1, E) Correlation between amyloid-3 and RAGE, All

bars shown represent the mean + SEM. One-way ANOVA followed by LSD post-hoc test: o ¢ 001, ™o

( 005, ##p ( 001, ##tp ( 0001 versus ALCL group

S NS 1. HA CON Heta} mlwste] AIC; A3
ALCL #<e] sfrjollx] Ap o3l beta-site amyloid precursor
protein (APP)-cleaving enzyme (BACE-1) & ﬁiﬂz—% EAH=E
FosiAl Z7IEIE ™ 1B, ). kA% TEE £& B3 AA&
AICL o8l S71d Ap ©iEe] WS FolshAl A
shH BACE-1 ©d g =32 TEES} SIL H3 & Zaske=
AR UEPHARE $AHcR fFofgk Aol Ueh A it
Ao E  AlEArEF] #EPE glskr] s cleaved
caspase-3 Tl IH-S RIS dldgh vkl o] CON et
3} vlwst] AlCl; Ao 93 Ap wEld $50] F71E ALCL
HeollA FAHCE FoatA 718 202 YRt 1d 1D).
aFA)k TEE, SIL 2 e AX)= deaved caspase—3 il FES
oAl AR AoR yehgth A E 3 deaved
caspase-3 A o] JUEE TAT A3 A4 JUUAE
VR 1E, ~0.671, p=0.002).

2. EH|SY X7 25T AHILE 45D} el ofx]
= g
TEES} SIL A1) 48 715 e DulRP-1, RAGE

T 55 [ ol AR FoshA Aolrt e ALE
AES AR 2. WA ti=s]dels CON et vl
3jo] ALCL F9he] LRP-1 ol 52 BAIH R frofai 7t
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SOD-2 protein
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( 0,001 versus CON group; #p

28 70 UERET, RAGE T1d 2 422 CON R} ]
wate] RE FuolA frolsh 2713 0% Vet 1Y 2B,
O). kA% 749 [RP-1 Thild 422 TEE, SIL 2 23 xx]o|
o3 e Zrkehs AoE JeRdth mdk Ap Tl 5

¥} LRP-1(=-0 148 p=O 4087) % RAGE(r=-0.4444, p=0.0261). whH

A o] HUEE BH A% 47 54 4B et
(2% 2, B
3. ERIEY XY 251 AU M50} Szt 24

olls @at

TEES} SIL A% & ﬂ&i}'ﬁi‘ﬂ superoxide dismutase-1(SOD-1),
superoxide dismutase-1(SOD-2) ¥ catalase @& 4 &
Ak A et 1F BAZSE o3t Ao|7k veht AR H5-S
AN 3. WA ALCL o] SOD-1, SOD-2 ¥ catalase
il 1o CON Aok nlwsl] SAZ R fofsiA 1ad
ASE et ad 3B-D). akA9k TEE, SIL 2 E3F AXof <]
3] 7+4% SOD-1, SOD-2 @ catalase thild Walo] EAHoR
st S71e ACE Yeith

T
[e]

catalase protein
(% of CON group)

g

ALCL

3 B8
I
g
=

ALCL-SIL
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2! 3, The effect of TEE and/or Sil treatment on the level of antioxidant enzyme, A-D), Representative blot and densitometry quantification
of westem bands for SOD-1, SOD-2, and catalase protein, All bars shown represent the mean = SEM. One-way ANOVA followed by LSD

post-hoc test: o ¢ 0.05, *o
0,05 versus ALCL-SIL group,
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(001, *p ¢ 0,001 versus CON group; #p ¢ 005, ##p ¢ 0.01, ##Hp ( 0001 versus ALCL group; &0 <



4, BBl AT 2ET
building testo]| O|xl= A&t

TEESH SIL AH AFH =& <l Rl sl FEr=
AAE AASIRTIE 4). HA AlCl —F%O— EoJgk ALCL A
< CON Hekt Hlaste] 3 Ag] g Agke] BAHSE {3t
A F7H 7A49.§ UrE‘r‘*ﬂCLB‘ 4A, B). o]= AlCk; Tl <J3k
QA7)E 2t fr=d Aoz Az s TEE SL 9 &
o M= AlCl FAZ Qg AZe A S7H 95 4R
t}. TEES} SIL 4ol w2 nest building testE v‘i“ﬁ& A7
ol FARCE fre)gtk Afol7h et AS AFS AT
(7% 5). 1A ALCL & CON &t} sty EAZo 2 &
9J3}A nest formation score7} At Aoz VERGTHIH 40
SlAeE TEE, SIL ¥ &3 3z 7+4H nest formation scores
SAACE FofstAl ST A0 T

A M3 QXD ISzt Nest

opdEo|E HEKAmyloid- 8, AB) ©HES] =22 ADS| &
QA HeEskd EAog ¥ &Ko AL SAd FEHE LAY

=914 wd(senile plaque)e] F2 AEolth Apel AA 71A
= A EA RFA dEolAe obdEels A Tl (amyloid
precursor protein: APP)o] q-secretase®} y-secretaseel] J3 2t

o F[F 0y

B-secretase®} y-secretased] 93 zEthE EAEH Ap Thil
A o] Z7FAthBertram & Tanzi, 2005). ©]ZA] MXol| =4
HAp gde ‘i}“ﬂ 2EY X F3s Zifete] Ao R 4l
BAES AMEE frEst IA7SE ZHAaAZITMullins et al,
2017; Liu et al, 2017) U}EW AT Ao =49 Ap &
WAS HAANTIAY 22 S JANTE As 5HO02 g
A77F &= glok
AlCl; o= AA|= ADA Yehk= 2l
3o} Ap DA 2248 Juksl= o2 B Qi Abdulkadir
et al., 2021; Mohamed et al., 2022).
B AFdAE Al oEs T oA Ap widz
BACE—l thi o] CON Ho vlnste fefsiA 7k A
S SRIGHHIE D. webA AlC; F9ol g AD 55 Zde
B dAFollA gRlstaAt sk 8R1ES Akt At A
Zrec) obA AAEE A Y A/g tla =z ngEZsgo} 7|
‘s(mitochondrial ~ function), — @ZHW-{inflammation), 2 EI}A]
(autophagy)$} 22 HlZ Ui 7IAES] SAS AAlEI 2
HHog AAMEY ApEE ZHdit) o]} FARHA £ Aol
AZ AlCl; AR ALCLFHo] CON Atz Hlwsled deaved
caspase-3 Tl ool [ FEIATHIE 1D). ol&
AlCl; 93t Ap T ZHo] AZAPES zE3 Zloz FjMd

Za3k

T o AB oA} cleaved caspase-3 T ko] i
FUEE 24T AdoM e F AABA0.671, p0.0020% Lt

Atz BT Ag Budo] AHEA of ] opdzols gy HT ¥ AT S ST £ Sl @ TEE, SIL 44 5L
. . - B3] x| = uﬂz 2=z=0 FAA 7
74 Z(non-amyloidogenic pathway)E AX|Al EA|5+ APP whigo] FUAARE AC, SiF Ag @ refeil Azl 2
A B C
20 60 3 o #
B 2 g ”
=3 Fdkdk = 8
g . g' *:* E 2
z *#* * ## 3 |i| .'E
2 « 5 g
e 2 g’
0
2 5 = 2 I g 5 8 2 1 Z 3 = 2 3
g 3 % :3: § S 2 % i : g 3 E § é
D = “ 21 = U

CON ALCL

ALCL-TEE

ALCL-SIL Combiend

& 4, The effect of TEE and/or Sil treatment on cognitive deficits and nest formation score, A, B) Escape latency and escape latency of
probe test, C) nest formation score, D) Representative nests constructed, Al bars shown represent the mean + SEM, One-way ANOVA

followed by LSD post-hoc test: *o ¢ 0.05, ™p ¢ 0.01, **p

( 0,001 versus CON group; #p ¢ 005, ##p ¢ 0,01, ##Hp ( 0,001 versus

ALCL group; $o ¢ 0.05 versus ALCL-TEE group; &p ¢ 0.05 versus ALCL-SIL group,
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o2 Yeh} TEE && SIL AAJel| o8 Ap ©hid 7as
gk AgPATe}t YAk AFE VERTE AR 4 ge
B Aol Bolah= 401 BACE-] thild ale 9% 5o

SIL Aol ofal] FHash= Agko] UeptARE 723 Afol=
ERA] goktt webM TEE &2 SIL AX|ol 93k Ap e
A Ap wEY] AL AAlshs A opE AAE A
I AS AASH: 7o FFE AR FF ATFE T
g davt doka Az

TEE =2 SIL Ao oJg Ap @i 727} omdt 7|Ho=
Y= =2 BRIsl] S8 -8 3348(Blood-brain barrier : BBB)
of #AE A Iy FES IRUSTE A A AAF
oA Y AL whAe [RP-1 vl o] ofs) AAEE Wb
RAGE +8A| ©id = ZAgtso] T ¥ o7 {FoEo] Ak}
A 2EH2E 23K Tarasoff-Conway et al, 2015 Deane,
2012). £ dAFeXME Ap D] F717F UeRd ALCL Fdo]
CON Mo} nlwsle] [RP-1 52 74% ZoZ Yehta
RAGE 72 7H 2108 YBINTHIE 2). ol& ¥ &Kol 44
H Ap EHES AAsks sl 4 Hlta F5H &4
ok TEE 32 S AXE 74" LRP-1 @l 28 folsH
ST AR YeptAuk RAGE T 3ol 423 2jo)
7F GERA] gk ol Aol Huet ARET dF o
A8k A3E UeRh 3, B AfM= Ap ©dy 9 F
thild 7t AREE 243 A [RP-1 B de fofgk Ao
7} UERIA 928(=-0.148, p=0.4807) ¥ RAGE: 2.4 24313
7F JERSTH=-0.4444, p=0.0261). w=hA ADo|lA TEE &2 SIL A
2l thet BBBO 7153 10 wE Ap Tl 9] §& #F
2 Qg A 71Ae o Be Al Basita AZEh

ADollA AkstA ~Egaet Ap Tl Zrh= w9 EHsHAl
#HeEo] eiCaruso et al, 2019; Zhang et al, 2020). £ Ao
ME Ap hild 4==o0] 2719 ALCL 15904 SOD-1, SOD-2 &
catalase T 0] FroahA AT Zo0E YT o= A
B EE Aol ofgl giksl 49| SAo] ZHAET ARA o
2 B 2Bt SENTE As gt oiiEe A
FATNAN &5 FslERY S FTMATIE FeE B
5 AtHNogueira et al., 2018). &3k SIL AHE SA4LE AAT
& e sl 548 #4498 IME £ v Bt
(Maziero Alves et al., 2020; Ibrahim et al, 2021). ©]¢} FAFSHA|
B AFoME TEE SIL % B3A2]= SOD-1, SOD-2 2 catalase
ol 2E2E F 7R A0E Uehd kst ~Ef 2~
7b G5 sl Ao et

Ap g =42 51 WHEF 3 IA7Ts Askel wig-
YHEHA #do] Stk B ATelME Ap Tl FFo] Yepd
ALCL F=to] CON &3} rlmste Q1A7)50] Astdd oz
BRI 4 APATolA AAG A7ATet YAshe AT o
BTt =3k 7199S @9ehs sfirHhippocampus)el o) =d
5= nest building testi= AD A&ollA] sjnke] 91502 FA IA4

gl

O T

|

fob = oy

O]
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o] Ago] Yehd 4 gtk BuEtkDeacon et al., 2006). &
nEAE E Ao As ALCL 894 SAFA A47 CON 3
7 vlwste] fofaiA AE ZoE Ueht sfuke) st
&go] JYH Aoz Ak ST AskE AA7
formation scoree= TEE, SIL 2 B3t A& Faf ¥
d Aoz Uepta, £3) TEES 3 SL &S T3k
9 AX et FAHORE FoatA FAAREE 7

(o
[ rﬁ
i,
g

N

B Y o ooy
ot
.
5

>
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