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the neurotoxin 6-OHDA (6-hydroxydopamine) and explored its mechanism through molecular simulation. The cell
damage model of PC12 was established by 6-OHDA. This study examined cell proliferation rate, the re-
lease of LDH (lactate dehydrogenase), cell apoptosis, activity of SOD (superoxide dismutase), GSH (glu-
tathione), level of T-AOC (total antioxidant capacity) and Nrf2 (nuclear factor erythroid 2-related factor 2) protein
expression in cells to explore the protective effect of AS-IV on PC12 cells and its mechanism. The compound was
docked to Keapl (Kelch-like ECH-associated protein-1), a negative regulatory protein of Nrf2, and the molecu-
lar dynamics simulation system of the “compound target” complex was established to further study its interaction
mode. The results showed that compared with 6-OHDA model group, 25, 50 pmol/L AS-IV could significantly in-
crease the proliferation rate of cells after 6-OHDA injury, reduce the content of LDH, inhibit apoptosis, up-regulate
the levels of total GSH, T-AOC and SOD activity, and increase the expression of total Nrf2 in cells. The expression
of nuclear Nrf2 was up-regulated and cytoplasm Nrf2 was down-regulated. AS-IV was docked to Keapl, the nega-
tive regulatory protein of Nrf2, with a docking score of —7.03 kcal/mol, and the complex system remained stable in
the simulation time of 50 ns, and the protein conformation was stable. The results showed that AS-IV could reduce

the damage of PC12 cells induced by oxidative stress and improve the endogenous antioxidant capacity of PC12

cells, which might be related to the activation of transcription factor Nrf2.
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ENBZRI R EH T, mFkiaiR
AT P8 () R AN BT, X R T S
(Huntington’s disease, HD)+ 114 #%J5 (Parkinson’s
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AD)EE )R A5 R 45 5 BE AL 23 355 SR ™ B (1) 1
. EANES B SIRAT RN N R A SR
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EAMAEIIR, JE HAEBA A a N AR
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AT DAF M 5P 22 1R AT PR 1R BR AL S R
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¥, Kelch#f ECHA 5% H 1(Kelch-like ECH-associ-
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NPT T, 4HBE T+ Keapl 5 N2 B 454, ¥
FCOR B AE A0 B 5T LAEAT V2 2 A AN B 1 g A B i
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N — P AT IS SRR, o] LSE s b LA i A
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H AT = G 2 IG R 259 Rt , SR EERIE H
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5 P LAY T 1 PN B AR B T, A R i B e
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CHOP){5 518 i, Ml & el T, 54k, AS-IVRE
AT RFIPR AR, W50 A T8 I AS [] 7 48
BRSNS R R JO AR A B AN /N BRL A #2245
it R | 4EoR 7 HAE ADL PD. I GRIIAT 5 G g%
PRI S 28 R B YR AR FH DS, 1T AS-TVAR 75 AT LB
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VR GRA YRR Rk, DAV A 0 4 i ) S
WAn s, AN 7T DU R (R 2% e, R, AT
FRIT T — RIIM L, BN AS-TIVEHE LR
PRI — DR AR S TR -

1 MR575E%
1.1 LAY 5K

AS-IVAHIL 5 HS19515A7)IH E A8 J&oe A Ykt
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BEEPTRIgGHAL PR S 31458) R4 MGt
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fitf -EDTAH AL (P25 1 S310IV)E B iR R W)
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Abmole/A 7] . MEMETE (MTT)(#L 5 : M8180). 5%
2 D G-250(HlE 5. PCO015)H [ b i B 3% A
FAWRAR . FLER A B ka7 & (5 . A020-
2-2) A BCH PRI e N & (S A061-1-2),
SEACYBAL BRI E B R S5 A001-3-2). BPT4
T BE F1 5 R S (S 0 A0T5-2-1)1 F R A 2 A

W TREWT T Annexin V-FITCZH 7 - 46903,
FlE S C1062S). RIPAZLEW (LS : PO013B).
PMSF(t5: ST506). #iLamin B4 I 5 5w f 41
RS AF1408)04 F L = RAEMFARGRA
Ao SDS-PAGE_ R (L5 : CW0027)) H R
Nt AR IR AR . 40 E A /R E A
R & (S : €510001-0050). T GAPDHAA
YL YA dILS : D110016-0100) H _Ei#g4: T
AV TREEARARAF .. JUNrR2GIFEN: 2 s Edi ik
(#t'5: 41255-1)14 H 3% [E Signalway Antibody 2 ]
1.2 “Afm

TSR R B 4T R 4T AR (PC 1240 Al Y(HE 5
CL-048 1)ty B i i e A an BHEA PR A Al .
1.3 {435

TR R (LS - SKYTH-1112)1 E 3£ [
ThermoFisher A w] . EEbR{X (245 : Epoch)It F 3% [
BioTek /A Al WOt RERMEAE S IX8HIWHH
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1.4 5%
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142 LDH&=Z®ME R EUAE K PCI241
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[116-OHDA {55 7 AL 4k 255 7724 h, A% 7tk B
T LDH F5 5 1R 5 AR A e I K 7)1 B e
1.4.3  sFemfe A 69706 WPCI24H % 7= T3t
BAELH/NILE, I 25, 50 pmol/LI AS-IV AL B
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P A O L R BB VSR AN B I 5 e e
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TR A RIEE L

147 5Faf4 MWEEFEEE (protein Data
Bank, PDB)H13k 15 | Keap1-Nrf2 &% [ 1) X 26 i 44
45#) (PDB ID:2FLU)2*2!, Schrodinger f] PrepWiz
R T 32 B A R AL B, IS n &R 7 IEF H
OPLS3e /135 43 B i F RS FOEE 7 v A o T /)
DT EEH AT Keapl 5 N2 25 & 148 F, X
Pl T RN 10 Ax10 Ax10 A, 08 %5 x=5.53,
y=7.12, z=1.34, il T'Keapl fti&LE#yHP1. P2, P3.
P4. PSHAT HASHIE P2, LigPreptith Hl F1L &
Mg AL, &4 B IR RERS R AE OPLS3e /)
W N5k, RS, IR A RO R AR
o 8 FH Glide AR EKS FZ 772 (standard precision,
SP)HEAT 4T XF %, Epik28 LApHAH N7.0+2.0 9 26 145>
B L BRI AT T B

148 T hFEN N TH—Pi5iKeapl 5
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R AT 50 nst 0 T8 1B . AW FAE

1 GROMACS 2018F2 /7 ] pdb2gmx i /= A= £
MRS H B, mAMTE S5k 2548 gro-
mos54a7 /)37 P &I E A RVN G TACE Y AL R
A, MERE SRR, #EE TS PR Tl
o BEAWETIHK N 10 AR TIP3P & B &%
IKIERL [ SE TR K BT, AEAR R AN Na F CLi
AR B 8 F B BE T PRIEIEAT S 00020 HE B B
I, A R R AR AN G B R . £E NPT
REE R SRR T AT, IR G T2
Nose-Hoover, H4UIE &~ 300 K, J£ 774 1.0 bar. £
Ja, FEASATFT R BN, ZEAT50 nsf I (8] 3
J1EEREA . R P KB N2 5o 20d2 nsiITil
VS, HEAT 50 nsif) IEZUBAL, & 10 psi#kAT — B
AR, ETHIEsR S 0000, H ANk FE b dp s A il 2
HIR SRR EAER . 7550 nsi 713 /1B
4595 , 18 ] GROMACS 201825 H iy () gmxrms..
gmxrmsf, gmxgyrate. gmxhbondfi i1 H A MA 5
H1¥5) 75 MR W 2 (root mean square deviation, RMSD).
FEAS IR 5% 2 1 35 7 M3 3)) (root mean square
fluctuation, RMSF). [H]/ig2f-4% (radius of gyration,
Rg)F15##(hydrogen bond, H-bond).

149 #%4pdfeitH RS EY AR
A1 AR -2 456 3 HRe R, HAUE /N
45 & i /5 1 e ERRAIR™, BB, LSS B RER
CLUNZI ST S it — @ IR B 5 2% 3 . 47
F 1AM B IR 2% 2 R TH B (molecular mechanics-
poisson bolzmann surface area, MM-PBSA) & —ffi1}
HEAR-IAEEEME G mReEHIE, iz
L T SR 2 R B R T AR BAE 25 A B
ft. WEAYEINPIERI BG5S nstF BRI £
SKUR, FERNT PR 10 psH— il 4 &3 Gt AT 40 #7 -
1.4.10 R AFAM  Schrodinger K i 1 HIQik-
Prop B A ProTox-II 1 & P H T ADMETZ 4 i}
S, T A AR 4 R TE 203 (level of
action in central nervous system, CNS). b &5¥15 N4
A 45 4% B (binding constant to human binding
protein, QPlogKhsa)~ = FEA7K H 173 Bt 5 2 (partition
coefficient between octanol and water, QPlogPo/w).
KT R 5 AR P PR 368 (the logarithm of solubility
in saturated aqueous solution, QPlogS). FHWHERG K*
JEIE [ ICso I 4 2 {H (the logarithm of ICs, that blocks
the HERG K' channel, QPlogHERG). B4 N4
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128 2 4120 (number of reactive functional groups,
#rivEG). PM3THELH) B 740 (PM3 calculated
ionization potential, /P). 1 R-##HE & (median
lethal dose, LDso)~ 514732 (toxicity class)5E S 4]
1411 SitFas® S A HEE R HISPSS 17.0
B MT 54811, Graphpad Prism 9.0%4FH T
2K, BT Z o i T AL LR, 2 P<0.051
WA 2R TB] 1 22 e B Gt 22 o

2 HFHR
2.1 AS-IVXTPCI12400185E &8 RSN

T, A MTTSEL:, YE4h 7 AS-TVX 4 A 3G
PERIFZIR, WENAFTR, IRAETISEIR LG, ARG
AS-IVIF T 25 50 umol/LIFAE FI 40 24 h.
WIENBATR, A ) 4 41 it 389 4 W S A4,
25 umol/L AS-TV T T4 i v] & =1 58 A L3 15 26

., EEES

15N PC1240 B IO 39 58 2 (P<0.05), 24 AS-TVIK ik
F50 pmol/LE, 4H B A7 & L1 5120%(P<0.01).
2.2 AS-IVX6-OHDA T 7l jg 415 = & F LDH
B2

N T HRAMTTIEE R, B G E |8 R 5
LDHI & & . S50 WE 1CHR~, ME T4 ax g
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AS-TV AL 5 (5% 9% 3 b LDH 4 2 5 3 10 BRI
FHEL FACRLZ ) 25 umol/L AS-IVA# LDH & & F#1I%
10.7%(P<0.05), 50 pmol/L 7] LAf# LDH? & B
19.6%(P<0.01).
2.3 AS-IVALE 126-OHDAIE SHIPC12 4R E T
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UG AST A0 M08 T2 @15 O, Annexin VR] EURI A1 5
21 21 Pt J5E 4100 £ 5% I 9% 22 20 B2 (phosphatidylserine,
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© 350 -

300 —*f— ,
250 I v

200 —

150 <

100 =
50 =
0

AS-IV /umol- L' — - 25 50
6-OHDA - + + +

LDH release /%

A: AS-IVATA MBS R B2 B: AS-IV AT 6-OHDA T F5 4 LI 14 52 R ; C: AS-TV X 6-OHDA T 4 i 1 77 2 h LDHZ ) 50 . *P<0.05,
#P<0.01, 57 AX ALK "P<0.05, 7P<0.01, 56-OHDARL R LHAH LL A
A: the effect of AS-IV on cell activity; B: the effect of AS-IV on cell activity after 6-OHDA intervention; C: the effect of AS-IV on LDH content in cell
medium after 6-OHDA intervention. *P<0.05, **P<0.01 compared with blank control group. “P<0.05, *P<0.01 compared with 6-OHDA model group.
Ell AS-IVXPCI24BREE K 155 & - LDHAY AT
Fig.1 Effects of AS-IV on PC12 cell activity and LDH in medium
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#P<0.05, 57 X AL *P<0.05, 556-OHDAE RV AR LU AL 1 T Sk BT o o I TG ST A SE 4T A o
*P<(.05 compared with blank control group. “P<0.05 compared with 6-OHDA model group. The white arrows indicate late apoptotic or necrotic cells.
[E2 AS-IV3} 6-OHDAIE SHIPC1240 A T RIS
Fig.2 Effect of AS-IV on 6-OHDA-induced apoptosis of PC12 cells

(A) 20~ (B) 8 ©) 60
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Q © S ()=
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T 5+ O 24 o) .
8 < 2 10-
E H .
0 0 0
AS-IV /umol-L™" — - 25 50 AS-IV /umol- L™ - - 25 50 AS-IV /umol- L™ — - 25 50
6-OHDA — + + + 6-OHDA — + + + 6-OHDA — + + +

A: HHMESGSHE /ML B: & AMMT-AOCE T LML C: &AM IESODIE /I L. *+P<0.01, 525 (X B L. “P<0.05,
#P<0.01, 56-OHDAR B4 AH L #5 .
A: the change of total GSH content in each group; B: the change of T-AOC content in each group; C: the change of SOD activity in each group.
*%P<(0.01 compared with blank control group. “P<0.05, *P<0.01 compared with 6-OHDA model group.
E3 AS-IVIPCI2ZRAEH R GSH. T-AOCE EFSODSEFIHIF
Fig.3 Effects of AS-1V on total GSH, T-AOC content and SOD activity in PC12 cells

PS)4E &, &5 Wik ET FITCHRiC i Annexin VE]I 2.4 AS-IVIT6-OHDAR{AGRIPC1240E+ 2 GSH.

ARSI 2 R T A0 AR PN AT DA € 0 T e A
AR, RS, SRS RanE 2R,
S AR b, SRR st 0 W s, 41
0 EIS AT 1 55, 25, 50 pmol/L AS-IV -5, 7%
60 B A U S, VE B AS-TV AT LR 2 (R 973K
J8E, 54 i 5 T8 T (P<0.05)

T-AOCE EFISODE RIS

AL A AR A SR TR AR O, BT T Y
W AR AS-IVA] URIEM AR ER, Tk, A
TP H YR BUEA R G, e T 40P
W GSH. T-AOC/KF-F1 SODMIE . Wil 3AfT
N, AHEE T2 R IR ZH ) SR A RO Y 2H S GSHIE
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PR 2 R % (P<0.01), 1 AS-IVT-TifiE B 512 2 4 o
WS GSHIE & &, AL TR, 25 umol/L AS-1V
AJ DU B GSHIE M3 7 18.1%(P<0.01), 50 pmol/L
AL DU LG PR v 38%(P<0.01). W 3BRTR, 5
2 AN IRAA L, AR T-AOC/K T 8.3 R %, 1
FHEEFARAYZ | 25 pmol/L AS-IVH] LA T-AOC/K -
PR 21.4%(P<0.05), 50 pmol/L 7] PAA# /K P2 &
27.2%(P<0.01). WK 3CHI~, BAH SODIE PR
7 DN R R 2 PRAIC, T SR RYZHAR L, 25 pmol/L
AS-IVH] LLA$ SODF 144 155 5.7%(P<0.05), 50 pmol/L
AJ PAd L EPE SR =131.5%(P<0.01).
2.5 AS-IVXHENrR2RIERI S0

PLEAE TR M, AS-TV AT LLER & 47t S AL B 1
T, R R BUEL RGBT AL S, AR I
AS-IV _EH A R 1 3RIE SN2 2 1A 2%, K H
Western blot R AfF 78 5 12230 52 41 i Y A Nrf2 [ & & .
WE 417, 50 pmol/L AS-IVA] DL 2 i PC1241
Jig HR Nrf2 [ 2835 (P<0.05), ¥6HH AS-IVH] LAAE 4 Nrf2
(R 77, SN F2 A 4 P AR R
2.6 AS-IVAILUEFHNr2894% 5 (L

T Tk N2 3634 12 175 5 40 M R 4 Bl 1) 3508 T 22
Nrf2#12 B % . @it Western blot73HT 4% 24 7
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Fig.4 Effect of AS-IV on total Nrf2 protein expression in PC12 cells
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Fig.5 Effects of AS-IV on Nrf2 expression in PC12 cytoplasm and nucleus
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Keap1-Nrf2 PPI model diagram.

El6 7 FIiRESEAE
Fig.6 Molecular docking binding model
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A: RMSD monitoring values of Keapl-AS-IV and Keapl-without ligand during 50 ns simulation; B: RMSF monitoring of amino acid residues of
Keap1-AS-IV and Keap!-without ligand during 50 ns simulation; C: statistics of the number of hydrogen bonds in Keap1-AS-IV complex during the 50 ns

simulation; D: free energy landscape of Keap1-AS-IV complex during 50 ns simulation.
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Fig.7 Molecular dynamics simulation of Keap1-AS-IV and Keap1-without ligand

EYIHIRMSDIE /), WME T #EA, B6W (A HAEH , TR e B A7 T K PE R P4. PS5 T
MG T/ | ERHE A o b T B A e RS 48, X 534 AS-IV 5 Keap 1 [11P4. PSI
RMSF & & i 7 B it 45 I [A) 22 AL T AR X T2 % AL SHREREKVE A —8. E7CER, 7E50 nsfif5
BRWZEE, FHRERD AR TR EM. & PR, Fra R BG4 S 8 A AL, K IRE
BT T BT R R IR 2 B R B 1 RMSFE I E] HERS, A HCE S AE2~3, HIEEEA K,
ME 7B AR, BEW) 5 T8 A KRR a5 FIRTE 50 ns B, AR 8 A Tl B E
FHALL, MBS 529 0.056 5 nm. 0.057 1 nm, EA5YIH FXREE , R B KIS . FIHE S0
RMSFE /N, UL E SR R PR FEAINT T 014 RMSD. RgMA R 1) Gibbs H HHAEHEE H HRETE S A
AL E WA FE TN, Hod, fEE AWK R P RMSFIE (free energy landscape, FEL), fiff 55 A~ [A] 8 & RS FIH %
KEFRFEA GLY325. ASP385. GLU446. THR541 k. tETDRTR, EEYINRgEAE1.780~1.792 nm
2 RUIXELFRIEAE 50 ns BT FE 2 3] 1 2 5] Y Y AT RMSDAE 7E 0.10~0.12 nmis} HAE R K, A
B8], MRRAE T —E RN, LA BRI ik 4 A M IMEARER TR AR S A E B 454, i W
PRI RMSFAEEAIC, W] IX ehk 5 5 FlAA TR B o B EV R BRSNS, HAE 50 ns B EADL



400 WETT I L
#1 ETMM-PBSAT AT EHIKeapl-AS-IVE AV A BEHAE
Table 1 Binding free energy of Keap1-AS-IV complex calculated based on MM-PBSA method
g2EW YO B R E I/k) - mol ! i p B BT WA FIGEE /KT mol ' AR PR Ak RE/ S E H HRE/
Complex E\qw /kJ-mol™! kJ-mol! AG,q/kJ-mol™! kJ-mol™! kJ-mol™!
Eqe/kI-mol ™! AG p01 /kI-mol™! AGhina /kJ-mol™!
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Fig.8 Energy decomposition of Keap1-AS-IV complex residues
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R2 ASIVHIARFNNIFEMER
Table 2 Pharmacokinetic properties of AS-IV

ey kR S5 AGEE FRERUK WRUKE BHITHERG BARRL PM3THE cREEUtE  #BESRS

Com- REWER AMSE PRSI WA KNEIEMIC,  MIThAeE METH mgkg! Toxicity

pound &l e A FERIRTHE I He Eikye e LDs, / class"
CNS* OPlogKhsa®  QPlogP,."  QPlogS* OPlogHERG®  #tvFG" 1P /e V¢ mg-kg!

ASIV 2 ~0.492 0.73 —4.591 2 1037 23000 v

a: TRIAL S TE PR 4 R GE KR IO, TSI 9—2~2; b TIML G4 5 N2 & B I 245 6 80 0T —3.0~1.2; o AL B HE S BRI K i 43
it R HL, Y0 R —2.0~6.5; d: MRIKIEIRHR B 7R 1 R HL, Y0 FEE—6.0~0.5; e: PAITHERG K@ MICso I AUE . JEFIN/NF-S; £ HA vtk
(T AL AR, YO — MR 0~2; @ PM3THHT IS b4, TUHELZ7.9~10.5; h: IJU(LDs<<5) A&, IZ(S<LDso<50) 7MW Al {8y, ML
(50<LDsy<<300) N &M T, IVHL(300<LDs<<2 000) N EMHA 2, V(2 000<LDs, <5 000) AN A g4 2, VIZL(LDso>5 000) N 7

a: to predict the level of action of the compound in the central nervous system, ranging from —2-2; b: to predict the binding constant of the compound

to the human binding protein in the range of —3.0-1.2; c: the distribution coefficient of the compound in octanol and water ranges from —2.0-6.5; d: the

logarithm of solubility in saturated aqueous solution, ranging from —6.0-0.5; e: the logarithm of ICs, that blocks the HERG K" channel. The range is

less than —5; f: the number of reactive functional groups, the range is generally 0-2; g: ionization potential calculated by PM3, ranging from 7.9-10.5; h:
Grade I (LDsy<5) is fatal swallowing, Grade II (5 <LDs,<50) is potentially fatal swallowing, Grade III (50<LDsy<300) is toxic swallowing, Grade IV
(300< LDs;<2 000) is harmful swallowing, Grade V (2 000<LDs,<5 000) may be harmful to swallow, grade VI (LDs,>5 000) is non-toxic.
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Fig.9 Mechanism of action of AS-1V in PC12 cells (modified from reference [37])
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