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Abstract

BACKGROUND: D1-3-n-butylphthalide has antioxidant and anti-inflammatory effects and has been explored to have protective role in Parkinson’s disease, but

the underlying mechanisms are unknown.

OBIJECTIVE: To investigate the protective effect of D1-3-n-butylphthalide by the approach of network pharmacology, molecular docking, and cellular

experimental validation.

METHODS: (1) Network pharmacology and molecular docking: The database was used to screen the targets of D1-3-n-butylphthalide and Parkinson’s disease.
The intersection was taken from the construction of the target protein interaction network, and then screen the core targets. The GO and KEGG pathway
enrichment was used to further analyze the core targets. The interaction between the target proteins and D1-3-n-butylphthalide was verified by molecular
docking. (2) Cell validation: The passage 6 PC12 cells were divided into six groups for culture. The control group was cultured with conventional culture
medium. The model group was cultured with N-methyl-4-phenylpyridinium iodide to induce Parkinson’s disease model. The ML385 inhibitor group was added
with nuclear factor E2-related factor 2 inhibitor ML385 on the basis of inducing Parkinson’s disease model. The D1-3-n-butylphthalide treatment group was
added with butylphthalide on the basis of inducing Parkinson’s disease model. The D1-3-n-butylphthalide combined with ML385 treatment group was added
with D1-3-n-butylphthalide and ML385 on the basis of inducing Parkinson’s disease model. The D1-3-n-butylphthalide group was cultured with conventional
culture medium containing butylphthalide alone. Cell proliferation, intracellular reduced glutathione and malondialdehyde levels, and protein expression of
protein kinase B/glycogen synthase kinase 3B/nuclear factor E2-related factor 2 (AKT/GSK-3B/Nrf2) signaling pathway were detected.

RESULTS AND CONCLUSION: (1) A total of 52 targets were screened for the intersection of drugs and disease targets, and the core targets including the matrix
metalloproteinase 9 and GSK-3p were involved the phosphatidylinositol 3-kinase (PI3K)/AKT and oxidative stress-related signaling pathways. The molecular
docking binding energy of D1-3-n-butylphthalide and GSK-3B was-18.27 kJ/mol, which indicated that D1-3-n-butylphthalide had a good binding ability with
GSK-3B. (2) Compared with the model group, the PC12 cell activity and reduced glutathione level in the D1-3-n-butylphthalide treatment group were increased
(P < 0.05), the malondialdehyde level was decreased (P < 0.05), and the expression of p-AKT, p-GSK-3B, Nu-Nrf2, and T-Nrf2 proteins was increased (P < 0.05).
Compared with the D1-3-n-butylphthalide group, the PC12 cell activity and reduced glutathione level in the D1-3-n-butylphthalide combined with ML385
treatment group were decreased (P < 0.05), the malondialdehyde level was increased (P < 0.05), and the expression of Nu-Nrf2 and T-Nrf2 proteins was
decreased (P < 0.05). (3) These results demonstrate that D1-3-n-butylphthalide can inhibit oxidative stress and improve cell activity through the AKT/GSK-3B/
Nrf2 signaling pathway, and has a protective effect on the Parkinson’s cell model induced by N-methyl-4-phenylpyridinium iodide.

Key words: network pharmacology; molecular docking; Parkinson’s disease; D1-3-n-butylphthalide; oxidative stress; signaling pathway; engineered tissue

construction
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1 #EF1/53E Materials and methods
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Figure 1 | Venn diagram of D1-3-n-butylphthalide-Parkinson’s disease
targets
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Figure 2 | Protein-protein interaction network diagram of D1-3-n-
butylphthalide treatment for Parkinson’s disease
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and glycogen synthase kinase 3
(GSK-3B)

* sidechain acceptor O solventresidue @ arene-arene
<= sidechain donor metal complex ~ ©H arene-H
= backbone acceptor solventcontact @+ arene-cation
y - backbone donor
ligand
exposure

metal/ion contact
(O receptor

ur exposure

A pakT [ =] 6oko B ﬁ: 189 b %5 25 a
< 1.6 ]
< e ? 2.0
< va
p-GSK-3p°" 46 kD ;ﬁ 1.24 27 10
il 7]
1.01 D-LID 0.5
o b =L
TNrf2 [ -] 68 kD ﬁg 15- p S
a
el <
GAPDH 37kD S 104 A
% £g = T sk
AR I = -
a0l £E o5
T 2
g 0

BIVE: B Ay Western blot 44 ] AKT/GSK-3B/Nrf2 {5 538 % #H ¢ & A %
BN B R ARIEE M. °P<0.05, "P<0.01. GSK-3p:
B R BERSES 3Bs Nrf2: ZIRF E2 MHSCIHF 2,

& 5 | #2840 5T EYERATTLE PC12 #ARE A AKT/GSK-3B/Nrf2 {5 5B E&HE
(EBANFRIE

Figure 5 | Expression of proteins related to AKT/GSK-3B/Nrf2 signaling
pathway in PC12 cells in the model group and D1-3-n-butylphthalide
treatment group

b
1507 '_' 4L
s b b a AR
$ o ] ML385 il 4L
21100 o THRRkIRTTAL
‘-Q;EI T ZEREE S ML385 AbFH4L
§ 504
I
g
0

EyF: °P<0.01, "P<0.001,
[El 6 | &4H PC12 MHBRTEERAILLES

Figure 6 | Comparison of PC12 cell survival rates in each group



HAREE PEERTERE @772
Chinese Journal of Tissue Engineering Research  www.CITER.com

A 2 B d AL M ITZ B - R OR R MR NP2 L 7 R

= | R

Say S sy e S (EFRET A B A MR, N2 Rk &

S T | Tqlhe [l T R e i, ears ot pice s iz - Beamsth g,

= 9 3 14 ‘ ‘ ! i

S - NIrf2 A KEAPT 0 B-TrCP 32 5 o B HEK 34435 B 41

=3 @ ) ‘ ‘

-0 & o ! %, SHEA R ARE 454, A TTTIOE Nrf2 b

¢ 0

ks A R ERAREH KT B —RKCT . *P<0.05.

7 | &4 PC12 TR R A M H AAFI A — B TRLLER

Figure 7 | Comparison of reduced glutathione and malondialdehyde
levels in PC12 cells of each group

A FRIEPAC (P<0.001), THRAKLL. T HBLIAYT 4L T-Nrf2
HEFRIBTE (P Y <0.05); HSEEMAMLL, TREATT
4 T-Nrf2 #1 Nu-Nrf2 25 (4 % ik T+ & (P #J < 0.01), ML385
O ZH Nu-Nrf2 5 [ 25 B 1IK (P < 0.01); 5 T KEKIGTT
AL, T RBCEE S ML38S Ab B 41 T-Nrf2 A1 Nu-Nrf2 47
HFIEBIFEAK (P 1 <0.05), WLE 8.

A T-Nrf2[3 = == ® = =]68knB
GAPDH | e a «m a» == == ‘
Nu-Nrf2 68 kD
AR R 36kD "

w
~
=~
o
=]
=
H

T-Nrf2 2
LRSS
(T-Nrf2/GAPDH)

N- L —4- o8k _
meemey ~ Yt C Y b a
IREk - - — ¥ + 4 _ 15
Nrf2 JUIF ML38S - - 4 - - 4 B Y b
w2
Ninf .34& 1.0
HH Z 5
~ =
cIHE 0.5
¥
ZRE
N- I —4- ZRIEIEIEMALY)  — ¢ v =+ ¢
KL - - - v+
Nrf2 $IFI ML38s — -+ - - ¢

BvE: Nrf2 NIZIR 7 E2 AHCE T 2. & A iy Western blot #6:1] T-Nrf2 A1l
Nu-Nrf2 £ [ 3R IE G IR B 9 T-Nrf2 T Nu-Nrf2 25 [ 50K 8 & 40 #T .
°P<0.05, "P<0.01, P<0.001.

8 | &4A PC12 4HBE T-Nrf2 0 Nu-Nrf2 A FRIAAILLER

Figure 8 | Comparison of T-Nrf2 and Nu-Nrf2 protein expressions in PC12
cells of each group

3 111 Discussion

Nrf2 2 4 il o f B8 B 3G S DR P 22—, TR 40 BT
A A L IORT 2 o S AL J P P TR OB A . Nrf2 1)
WP J B Kelch A 34 %0 &0 A be AH G 8 1 1/Nrf2/ARE.
B MG Ik LIS 3— Pl /AKT/GSK-3B/Nrf2, c-Jun 8 2 K S ¥
ity /Nrf2 R K7 kB 25 22 Fi (5 5 4% Sam g . $83RE,
Kelch RS A FEAH OCER 1 1 /2 5 Nrf2 3 sim PR
THEAY. EIEFARENET, Kelch PRSI
WA LB R EA S Nrf2 () Neh2 45 #4545, et
Nrf2 (92 4k, & TR ARk R " . GSK-3B Xt
Nrf2 {8 42 L 0T 7802, {0 GSK-3B X Nrf2 i 4% [+
FERAEER L, AHFEH GSK-3B it R Nrf2 )
Neh6 253821 Nrf2 &5 E3 12 RGN B-TrC &5, &

B, (LA R RT R R AMRIE P Rtk 4,
Nrf2 B IE 2 5. W, Z3ETs. &kiftk
DA S P A B R, TR SR [ B R X R BE A ) AR
o BB R AR MHEAR . BRI 4 R
Gepe E ST 2200, 83 Nrf2 S8 730 A0S Nrf2 @ i ]
DR B A2 0, TRET BRIG T FE ISR B B 29,
AKT/GSK-3pB #2115 Nrf2 il % [ B 2L 73, AKT 1] LABS R 1L
W75 GSK-3B [iG %, 21t GSK-3B HUBERZAL, [FIINf GSK-3B
AT Nef2 (MR, BRI AKT/GSK-3B i1 Nrf2 i % B
A P,

FEM & AR BT, T RBKAE 9 — Rl 72 IR IT
GnIRE T R, Rk ER M, T REKRA
B PR DRAPE T, 0 G R AE G2 AR 01 <6 AR AH 5K 1
ST RN T RAF AT B0, MR SEI RS AR
T T RERAE M & AR IR 9T TR R AENLE, T Se ) I 2
GHE AT, AT ARBK S M AR A DR ) 52 AL
R RS, FRRIER T AW - R - BRI T BRI 2,
45 R0 7R GSK-3B 7E T ZRBR 11 ML o] BeAC G o
KEGG Il GO ‘B &4 7R, T RBRA A% 08 i 32 22
EHETBIEHILEE 3- B /AKT (5 58, 258408
WY RE . AVFFCIESE, BEIRBLILEE 3- WS /AKT 15
5 T R 5 WA e AR I ROR AL G, FE A B AR R
HHCE I 2 B RE A 2 T AT S AR AL p-AKT ZK-F4%
i %%, GSK-3B J& AKT EELEY), 5% AKT i35, & 54
SR RS LSRR, A SRUGIE B 7 R I 5 5 0 AR
3 AL TR P 5 A 28 0 540 RN 32 B D RE R AS 5 AKT/GSK-3B
FR AHWIRY, BOE AKT Al GSK-3B K A B IR
IR BE R S K7 Nrf2 A%, X — 1 75 5 S804 B
AR P AR O B, Nrf2 S SR AR R B R ) S B IR
REBOE PUA M )2 IE, A 0T Fida HuE Nrf2 BR800
ARG, SIHERRE MR E R K& B,

S XA R BN T REK S GSK-3B 1 45 & e A
-18.3 ki/mol, £ THKELE GSK-3p B —EM4i &G he /1.
NT PR SE T R ERTT BE R AKT/GSK-3B/Nrf2 {5 5 id
S8 T Y 46 AR AR 2R R HE AR FH RS AR, LR SR
o AP PCL2 4 i i3F AT S 58, Western blot il % B,
S, T ARELE 3 T T p-AKT, p-GSK-3B. T-Nrf2
ME AR, R T 2RBNAT DUEE AKT F1 GSK-3B (1) R
b, HETEOE AKT/GSK-3B/Nrf2 {5 538 %% . CCK-8 #i1 ELISA
Tl B, T ORERER s N- FF O —4- SRR IE UL )15 5

Chinese Journal of Tissue Engineering Research | Vol 29 | No.30 | October 2025 | 6471



@7 TPEEATEHRR

www.CITER.com Chinese Journal of Tissue Engineering Research

MREZE

PC12 41 () A B Vs 1, B SRk LR S TR 1 7K
I3 m PR B IR JE T B H KK, (B4 A Nrf2
F 77 ML385 JE i i TS a gE L, BT R ER T DLd i
AKT/GSK-3B/Nrf2 {5 ‘5 i K 4E P AL B RE /1. B3 PC12
HHEIE . 3@ Western blot A&t — B4R 7 T R EL %
AKT/GSK-3B/Nrf2 {55 5 18 4% ) M 4 AR B A 1 52 i), S48
SRR, SHEMAML, T RENAIT RS EIIE Nu-Nrf2
[PI2RIA, AT Nrf2 #6155 ML385 JGii i | ix —25 3,
PN T R FTRETE A T Nrf2 3 2% I {2 2F Nrf2 [ 4%
A, dmed A RE. & EFTR, T ORERT
e o IR T N- H I —4- R e ik ) 5 5 1 PC12 4]
M AKT 1 GSK-3B [P IR 1L, #ETFH 1 Nrf2 fREfg, (it
Nrf2 [RIAZ 56 r, B 28 3E 0 Ji B0 23 FOk T IR & e S Ak i 1)
Kik, PR RA SR, s 2 s 7).

BEAEWT R, £WE. WER. AR HEELH
KLY LLIREE Nrf2 (55 8 BRI M &0, TP M4
FPPERR B AR T KB N — R 2 LA
W, Bt A 5 R R LRE 3 S8R /AKT. Kelch £ 3R S &
PIREAE G EE F 1/Nrf2 (5 S BB R EM AR ERH . H
HRIGRY, T AREON N- FE2E —4- ZRBLIE g illfk ) 15 5
ft) PC12 AU A R R, B LA S 71 FIAL A A B
By ¥, CHEN 25 "0 3@ 5 /) BRI A2 1 e SR A 2R F 9 R B
TR BRSO R AR B LEE 3 S JAKT {55 R T 2 0
/N R L E A NI AE SN A AR T T R A
Wik, LU R TRBL, T SRR AT DUE IS Nrf2
55 18 Rl D Sk IR /)N SRS RS ) S A R BORN E R
HUEM R —8, R RGRE—PRE, TREKD
PR ORI FH 2 8T YR % AKT/GSK-3B/Nrf2 {5 5 38 % 3 1
W R A0 B B AL RLBUT) RE

SR FEAIHT PR HBERT T T 2R Bkod i 4% AKT/GSK-3B/
Nrf2 {5 5 00 B S AL M B OGS gl i vs M L], N
A 4= %95 TR IT F 25 WD 0F R 3 A 1 b2 ARk 3 . (A A
A — LR PR YE: OO0 TR H & 461 PC12 4 Mg gk AT 52
5o, XPhANMBI R AR AR B 2 T e, (HE
FRMM A R RMIAIE — € Z 7. KRN AH
PG S Z PR A u A MR, 0 BR AR 40
NZ B ZREM A uE il T 2 A T4n iy,  DUE kA b
ST RBRAE R TT A R . @Bz BAR S SR B
¥, MTCIR AT SRR T A AR 5 A A A b kR
Mlile BRIk, RRAIHE T ZAE AL ot — D50
FRZ T ORBRAE AR N AR AL . O T ZRERAE 441
SIS A RN R AR SR E R, A XA
Ry AN Tt — 0 V-G . TER 0 TR T RER IR
TERNLEI A2 2R fa, RRBIWE A 75 3T IR R AT 72,
PLPPAL AR IR R b BT AT PRIV AR 97 R

6472 | PEBLTIEHR | 8529% | 53087 | 20255108

{EB TR : REA TR FIRIT. RBEEXELELFTRE, TR
R R A SR, REEMLES AT BEI TSR, R
TR FIRARIR T, M R TR E R BT, RIS T A X
RALEFAF &,

MRS LFahbd A9, ERMMALALFRETRZT R
HEAZF R,

FEHURENASBE: X R — B AR, ARIE (i 45T 1)
“FH - WAL - AR 5 XEF 407 R, ESEIIRGEALT,
AFAAE R et B 9K T RN Z . Ay &, R AFE
TR P R, TR HN. AR, 478, k. BBIEZIHK, A
Z T RG], AR QR ASIER L TR E.

BRARSELE: X B AR AT A E 5 A F T MRS L.

HERHSE: ZXERBEFTEREFZNALHHEER L (EAME
T EREREFHATSHEL L RGBAIL) . LFdmaTegid+
R B 5 X kAN RT3 REE. LFLDRTIF ERRGIF,
FUTIFBUAD L FH S HTILAATE.

4 ZE Lk References
[1]  DORSEY ER, BLOEM BR. The Parkinson Pandemic—A Call to Action.

JAMA Neurol. 2018;75(1):9.

[2]  INGELSSON M. Alpha-Synuclein Oligomers-Neurotoxic Molecules in
Parkinson’s Disease and Other Lewy Body Disorders. Front Neurosci.
2016;10:408.

[3]  SCHAPIRA AH. Mitochondria in the aetiology and pathogenesis of
Parkinson’s disease. Lancet Neurol. 2008;7(1):97-109.

[4] ZHANG L, GUO Z, WANG Y, et al. The protective effect of kaempferol on
heart via the regulation of Nrf2, NF-kB, and PI3K/Akt/GSK-3B signaling
pathways in isoproterenol-induced heart failure in diabetic rats. Drug
Dev Res. 2019;80(3):294-309.

[5]  CHENN, HU M, JIANG T, et al. Insights into the molecular mechanisms,
structure-activity relationships and application prospects of
polysaccharides by regulating Nrf2-mediated antioxidant response.
Carbohydr Polym. 2024;333:122003.

[6]  SHAN HUANG S, ZHOU B, XIAN ZENG G, et al. Neuroprotective effect
and mechanism of butylphthalide after cerebral ischemia-reperfusion
injury in rats. Folia Neuropathol. 2021;59(2):131-142.

[71  ZHAOF, LUQ Y. Potential Protective Effect of DI-3-n-butylphthalide on
Chronic Cerebral Ischemia Brain Injury. CNS Neurol Disord Drug Targets.
2022;21(9):734-737.

[8] HUANG Y, PAN L, WU T. Improvement of cerebral ischemia-reperfusion
injury by L-3-n-butylphthalide through promoting angiogenesis. Exp
Brain Res. 2021;239(1):341-350.

[9] LI F, MA Q, ZHAO H, et al. L-3-n-Butylphthalide reduces ischemic stroke
injury and increases M2 microglial polarization. Metab Brain Dis. 2018;
33(6):1995-2003.

[10] NIU XL, JIANG X, XU GD, et al. DL-3-n-butylphthalide alleviates

vascular cognitive impairment by regulating endoplasmic reticulum

stress and the Shh/Ptch1 signaling-pathway in rats. J Cell Physiol.
2019;234(8):12604-12614.

BAI' M, PAN CL, JIANG GX, et al. Effects of butylphthalide on oxidative

stress and inflammatory response in rats with myocardial infarction

[11]

through Akt/Nrf2 signaling pathway. Eur Rev Med Pharmacol Sci.
2019;23(21):9642-9650.
[12] WANG BN, WU CB, CHEN ZM, et al. DL-3-n-butylphthalide ameliorates
diabetes-associated cognitive decline by enhancing PI3K/Akt signaling

and suppressing oxidative stress. Acta Pharmacol Sin. 2021;42(3):347-360.



WREZ PEEfTEAR @2
Chinese Journal of Tissue Engineering Research  www.CITER.com

[13] LIUT, WANG P, YIN H, et al. Rapamycin reverses ferroptosis by [28] MANNING BD, TOKER A. AKT/PKB Signaling: Navigating the Network.
increasing autophagy in MPTP/MPP+-induced models of Parkinson’s Cell. 2017;169(3):381-405.
disease. Neural Regen Res. 2023;18(11):2514-2519. [29] AR, B, ¥E, & TORBNRIT & AR SRR D). R4S

[14] FANGY, ZHENG Y, GAO Q, et al. Activation of the Nrf2/Keap1 signaling #% ,2023,42(2):203-207.
pathway mediates the neuroprotective effect of Perillyl alcohol against ~ [30] 35, FMPEAE , #MGT*, &5 . T RIS B8 2 M B0E 77 XA
cerebral hypoxic-ischemic damage in neonatal rats. Redox Rep. 2024; SRR RN T AR AN L 20 S H 5 ()] A ST R R
29(1):2394714. JpiZ& ik 2024,27(5):573-577.

[15] CHEN N, ZHOU Z, LI J, et al. 3-n-butylphthalide exerts neuroprotective [31] MALAGELADA C, JIN ZH, GREENE LA. RTP801 is induced in Parkinson’s
effects by enhancing anti-oxidation and attenuating mitochondrial disease and mediates neuron death by inhibiting Akt phosphorylation/
dysfunction in an in vitro model of ischemic stroke. Drug Des Dev Ther. activation. J Neurosci. 2008;28(53):14363-14371.
2021;42(3):347-360. [32] FAHMY MI, KHALAF SS, ELRAYESS RA. The neuroprotective effects of

[16] BLERE, ki, 5kT%, & . I T K2 S T SRR ARIR T alpha lipoic acid in rotenone-induced Parkinson’s disease in mice via
HE B Em R iEIT R HIE R D). fE R38R ,2024,30(6): activating PI3K/AKT pathway and antagonizing related inflammatory
593-598. cascades. Eur J Pharmacol. 2024;980:176878.

[17] EEEERE, TLINTE , 218, 4 . 3T UPLC-Q-TOF-MS -4 W 45 24 T 27 [33] ARAB HH, SAFAR MM, SHAHIN NN. Targeting ROS-Dependent AKT/GSK-
Ty T AR AR BT 25 S 32 0 7 1697 367N 20 i il (X098 £ 4B F AL 3B/NF-kB and DJ-1/Nrf2 Pathways by Dapagliflozin Attenuates Neuronal
i1 [J]. FHrh g ,2024,56(20):156-168. Injury and Motor Dysfunction in Rotenone-Induced Parkinson’s Disease

[18] MURAKAMI S, KUSANO Y, OKAZAKI K, et al. NRF2 signalling in Rat Model. ACS Chem Neurosci. 2021;12(4): 689-703.
cytoprotection and metabolism. Br J Pharmacol. 2023. doi: 10.1111/ [34] ROJO Al, SAGARRA MR, CUADRADO A. GSK-3beta down-regulates the
bph.16246. transcription factor Nrf2 after oxidant damage: relevance to exposure

[19] BRACKHAN M, ARRIBAS-BLAZQUEZ M, LASTRES-BECKER I. Aging, NRF2, of neuronal cells to oxidative stress. ) Neurochem. 2008;105(1):
and TAU: A Perfect Match for Neurodegeneration? Antioxidants (Basel). 192-202.
2023;12(8):1564. [35] YEZ LIC, LIUS, et al. DI-3-n-butylphthalide activates Nrf2, inhibits

[20] WANG J, CAOY, LU Y, et al. Recent progress and applications of small ferritinophagy, and protects MES23.5 dopaminergic neurons from
molecule inhibitors of Keap1—-Nrf2 axis for neurodegenerative diseases. ferroptosis. Chem Biol Interact. 2023;382:110604.

Eur J Med Chem. 2024;264:115998. [36] LIU HB, LI QY, ZHANG XD, et al. The neuroprotective effects of

[21] ANANDHAN A, CHEN W, NGUYEN N, et al. a-Syn overexpression, Galectin-1 on Parkinson’s Disease via regulation of Nrf2 expression. Eur
NRF2 suppression, and enhanced ferroptosis create a vicious cycle Rev Med Pharmacol Sci. 2022;26(2):623-636.
of neuronal loss in Parkinson’s disease. Free Radic Biol Med. 2022; [37] NIUY, ZHANG J, DONG M. Nrf2 as a potential target for Parkinson’s
192:130-140. disease therapy. J Mol Med (Berl). 2021;99(7):917-931.

[22] AMOROSO R, MACCALLINI C, BELLEZZA I. Activators of Nrf2 to [38] GHAFOURI-FARD S, SHOOREI H, BAHROUDI Z, et al. Nrf2-Related
Counteract Neurodegenerative Diseases. Antioxidants. 2023;12(3):778. Therapeutic Effects of Curcumin in Different Disorders. Biomolecules.

[23] YANR, LIN B, JIN' W, et al. NRF2, a Superstar of Ferroptosis. Antioxidants. 2022;12(1):82.

2023;12(9): 1739. [39] MORATILLA-RIVERA |, SANCHEZ M, VALDES-GONZALEZ J A, et al. Natural

[24]  MAVYER C, RIERA-PONSATI L, KAUPPINEN S, et al. Targeting the NRF2 Products as Modulators of Nrf2 Signaling Pathway in Neuroprotection.
pathway for disease modification in neurodegenerative diseases: Int J Mol Sci. 2023;24(4):3748.
mechanisms and therapeutic implications. Front Pharmacol. 2024;15: [40] CHENY, WU T, LI H, et al. DI-3-n-Butylphthalide Exerts Dopaminergic
1437939. Neuroprotection Through Inhibition of Neuroinflammation. Front Aging

[25] SAHA'S, BUTTARI B, PROFUMO E, et al. A Perspective on Nrf2 Neurosci. 2019;11:44.

Signaling Pathway for Neuroinflammation: A Potential Therapeutic [41] LUO R,ZHU L,ZENG Z, et al. DI-butylphthalide inhibits rotenone-induced
Target in Alzheimer’s and Parkinson’s Diseases. Front Cell Neurosci. oxidative stress in microglia via regulation of the Keap1/Nrf2/HO-1
2021;15:787258. signaling pathway. Exp Ther Med. 2021;21(6):597.

[26]  WANG L, ZHANG X, XIONG X, et al. Nrf2 Regulates Oxidative Stress and [42] LIUY, GONG Z, ZHAI D, et al. Unveiling the therapeutic potential of DI-
Its Role in Cerebral Ischemic Stroke. Antioxidants. 2022;11(12):2377. 3-n-butylphthalide in NTG-induced migraine mouse: activating the

[27]  LEKSHMI VS, ASHA K, SANICAS M, et al. PI3K/Akt/Nrf2 mediated cellular Nrf2 pathway to alleviate oxidative stress and neuroinflammation. J

signaling and virus-host interactions: latest updates on the potential
therapeutic management of SARS-CoV-2 infection. Front Mol Biosci.
2023;10:1158133.

Headache Pain. 2024;25(1):50.

( FATm%E: ZU, GW, ZN, QY)

Chinese Journal of Tissue Engineering Research | Vol 29 | No.30 | October 2025 | 6473



