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Exploration of the mechanism of ligustilide in alleviating ischemic
brain injury based on mitochondrial energy metabolism

WU Qian', TIAN Li-yu*, ZHOU Jia-ning', WAN Zhi-han’, WANG Ning>*’

(1. School of Integrated Traditional and Western Medicine, Anhui University of Chinese Medicine, Hefei 230012,
China; 2. Anhui Province Key Laboratory of Research & Development of Chinese Medicine, Anhui University of
Chinese Medicine, Hefei 230012, China,; 3. Anhui Province Key Laboratory of Traditional Chinese Medicine
Compounds, Anhui University of Chinese Medicine, Hefei 230012, China)

Abstract: As the "power factory”" of cells, mitochondria are important organelles for maintaining cellular
homeostasis. The depletion of glucose and oxygen causes mitochondrial damage when ischemic stroke occurs,
leading to energy metabolism disorders, reactive oxygen species (ROS) aggregation, which further aggravates
ischemic nerve injury. Therefore, the aim of this study is to establish a rat middle cerebral artery occlusion/

reperfusion (MCAO/R) model in vivo to investigate whether LIG can reduce ischemic nerve injury by restoring
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energy metabolism and the mechanism. The animal experiment protocol was approved by the Experimental Animal
Ethics Committee of Anhui University of Chinese Medicine before implementation (animal ethics number:
AHUCM-rats-2021030). TTC staining, neurological function score and brain index were used to evaluate nerve
injury in MCAOJR rats. The levels of ROS, mitochondrial membrane potential, ATP, lactic acid and mitochondrial
respiratory chain enzyme complex I-1V were detected. The expression of glucose transporter 4 (GLUT 4) was
detected by Western blot. Ligustilide was used for molecular docking with AMPK. Western blot was used to detect
the protein expression levels of adenosine 5'-monophosphate (AMP)-activated protein kinase [AMPK], p-AMPK,
and peroxisome proliferator-activated receptor y coactivator la (PGC-1a) in HT22 cells damaged by oxygen-glucose
deprivation/reoxygenation (OGD/R). The results showed that LIG treatment significantly reduced cerebral infarct
volume, brain index and neurobehavioral score in MCAO/R rats. It inhibited the aggregation of ROS, increased
mitochondrial membrane potential and ATP content, and reduced lactic acid production. Molecular docking showed
that LIG had a good binding ability with AMPK. In addition, LIG increased the protein expression of p-AMPK,
AMPK and PGC-1la in HT22 cells damaged by OGD/R. These results suggest that LIG alleviates ischemic brain
injury by improving mitochondrial function and restoring energy metabolism, and the mechanism may be related to
the activation of AMPK/PGC-1a signaling pathway.
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HMERF  LIG (REEE R A AR AR A
], fit*5 DSTDH000702, 4 /&% > 98%). LIG Hi — H %
TEHK (DMSO) ¥ fif it B N 2N 1600 wmol L BRI,
£ EP 5 500 uL 43 %% J5 20 °CRlEG A ¥R IR AT, 13 F Al
{6l FH A B 35 7K/ T0 L3 15 977 40 B 22 T 75 Wk B2 (DMISO
ZORFE < 0.3%). T ZRER (f1 2542 A B 6 3 250k A R
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M 1% F =¥ l% (adenosine triphosphate, ATP) 7 & iR 77
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activated protein kinase, AMPK] (Immunoway 2 &, L5
YT0215); Cyt-C Hi 1A (Abcam 2 7, #it 5 GR3429042-
6); LA R Y S I 2 A0 T~TV Piik (iS5 KK1123,
KK1124,KK1125. KK0910). $ii & p-AMPK (Thr 172,
fIb5 LL0228). P44 PPARy JL 33 [K -F-1a (peroxisome
proliferator-activated receptorycoactivator la) ( fit =
LLO0418), Zenbio A ]

= HELIES (R EBIRRAR); HiR =
SAIRREFRAE (H A Sanyo 2 7]); D-37520 K 34 29
L Hl (Thermo 2 #); ELX800uv f 45 1% (Bio-Tek 2
Fl); CK2 B3 & R ABE (H 4 Olympus A 7). i 4l
4% (3% [ Beckman 2 &], 5 Cytomics FC500); H ik
1% (3 [E Bio-Rad 2~ &, 25 Mini-Protean Tetra); i R
B £ 3h R 1% 1L (35 E General Electric A 7], 1 &
Amersham Imager 600).

MCAO/R KFRIRBVEN K475 KK MCAO
FEE TR 1] £ R FH 24 K5 () Longa 264250, % SD K RUiE
NIRRT 1R, FARHT — M fr . SRR R 2 e
ECZ 84 (30 mg-kg™) BRI, 15 56 4 BRI 5, 2009 41 6 L Al
PR 3 BB IE D) 1, 7 28 2 R U B ik L 341 3h ik
LN B RK o AEB0AH By Ik O S 45 $L T E BH LB R,
Bk e Fe AN BNk . HRBLBY 75 Ze A ab AN Bl ik e 2.
V61 5 3 B — /N 0, o Sk 86 B A 1 A 1) 5 o B
AN FIIK, FELIREL) 10~ 15 mm (F5EH B fid
TR FRACHK ), 38 B B R Bl ok ZE AL R
EBRIL . GRIN2 h)5, BRI Lie 2 HI K, RS
MR REE . Hr, BT ARAERR LR R i A SA S KA,
Hoph P IR SRR 2 — 3, AR5 FE 3 A 3R

LW KBNS NS5 A TR (Sham)
40 A X I (Model) 4H . LIG (10 mg-kg'-day™) 4H .
LIG (20 mg-kg'-day") " 41 & BH M X B T %K K
(n-butylphthalide, NBP) 41", >y T hnbRe i e i /&, 24
Y LIG AT 2K WK (20 mg-kg'-day™) 7F P38 1 INF IS Jes 0
5, AR AR AR 2 [R] I 5 S5 AR A 2 3% Tween-80
AR FRER K, B4 2T R .

WMEAITAZIES 25 Longa 5 4l PF 2155 K
HEAT PR AT 2 VR 43, FEAN RN 2 2 B A 00 R R AT 5k
e Rl PR ARAEI T 070 AT N R R AR,
TG B R AR D RRER AT 1 29 72 11 JRCAS BB 56 A A R A
e, B AR 2 T REBRAR 2 431 AT 78 IN [ e 00 2 P,
FEMGERIR, A DhRe 4 3 70 47 E W XE, 1)
P A A6 3], o T fh 22 DhBE R4 4 70 ANBE H KATAE,
A RORRERG; 570 SETS . MAAT NEW T N 1~4 0
B, N IERR BT o T Ik D B s S I HL VA A 1~
3 NNARRHE.

BERITE MCAOR KR RIES KR ALiEm
YR Y55, G LG BRI, IS 3 B LI, S R G T
P, YRR B AL AR W, 4 K i 5 8 B 5 4 o0 85, DUIR
13 430 AL 23 (R /N o 1), FH T304 ) AR 3 K
A2 0 gt o 2H A SR T 2% R B iR, B S TR AR IR Bh
DAWR 25 i L 2R3 TH 22 Rk oy, REHERREE . THE A K
RFEE (mg-g") =M ZUE E (mg) / KRAKRE (g).

TTC &M MCAO/R KR MKABILAEFR KR
SRS 2, I T b SRR, 1 E S KB ML, BE S
TR T P 5 2 2R, T I A B R K R AR e e
Y AT 4% R M iR, BT —20 °CUKAR A% 15 min {8
F U o B T 10 106 A A 9 76 R T8 D) A% 1~2 mm
JE G R, TN 2% TTC Yty v, 37 °Cl#E % &
30 min, 8] 58 2 52 9% U (U AR 0 A 55 TTC et i
ool . Yt sE Rk E, 4% 2 % F S P IE e i R
24 h, [ ESERJEIMEIC S . IE W K41 L IR 4,
Bl X 2. R EUIE B SORE M A BHE, T
Imaged B 2F T 508 AN DI 16 106 A8 28 A4 B, i A8 A8 4
F% = BT AR/ A o 2 AR B > 100% .
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4 DCFH-DA % ¢ #8 & A% I ixi 40 21 # ROS & =
DCFH-DA % Yt 851 76 ROS 17 1E I 9 S 4k, I L 4%
e, SO E5RE 5 ROS & & B IEAM . KRN
2 2R 2% 1 TR T AL S ) 4 4T B, 4 °C <1 000 r-min
250 5 min, 3 1 5 PBS E RN, EE 2K, HE
BT IEECN 1x10°, i\ DCFH-DA %% Y6 R4t 42
W, 37 °CHREGI & 15 min, W 1A] 42 4% 75 3% A 0F Y4
Y15, MBS G, PBS PRIRAIAE 2 Ik, X BR AR F
4 f i R, BE S R O X g e A e,
FlowlJo #E4T 4 7347 -
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B EAR AL o B R BRI ZH 4 I TR AR (B TV S 4k
I 2% A0 B, 5 JC-1 e iR 7 /TR 2D, 37 °CllE e
5% 5 20 min, FF L3, FSL g2 ol D A 40 i 2 Wk 25 B
KREEAMIIC-1, PBS TR LM, 7 5l iE4T 5 6 s 44
R0 3 S 3 A A ARG o 3 A A o B 40 4 0%
R LUAE, PAE PR SR R G A i B A7 %

PSR M kIR ATP S8  BUN4LZ, ik
THA A B B K PR, FRE, TN O 35 AR 1 o s X% K
BB A 10% 20 330, 7K 6 TFORCE 10 min, £ 5
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B 137 I BIGE B N ATP 77 & b 10 s SRk 77, R
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(A) . ATPIKFE (umol-g”' prot) = (4 = A yu) / (A e —
A ) < ARUE SRR E < AEAIN A€ BT AR RE A5 2 + Ar U RE
KEAHKE.

LASE®RM  Ho.1 gl gUm A 1 mL k5 &
PR — (V g ) AT SIHRBBE B0, HX 0.8 mL L3
(V 1) JEI0.15 mL 3B = (V ), B0 LTS
Wi 5%, 2 Ja 1 B g 28 BRERAE, 23 00 I B3 A
W TAEW AR 55, 37 °CHEE 15 min, {8 H B bR A AE
530 nm PRI E A G, TAFHSEAL e = Ay — A e
DA s VAR B2 g o i, DA B2 AR W D' B (44 b
#E) Jyy i, bRk d 2k, 13 2R HE TRy = kx + b,
AARNA XS 2] x (mol'mL™"). LA & (umol-g') =
XXV gy + Vi) = WXV gy = Vg ) O FEAS R
& PRI — AR BGH = iR & ) .

LIG5AMPK 5 Fxi#E  MEAREWEE (Protein
Data Bank, PDB, https://www.rcsb.org) 3k Hl AMPK &
F (PDB: TMYJ) ) =4 iR S5 (L BRBCAA K48 &
H: i), 4 PyMOL % 1 i% 58 AMPK (PDB: 7TMYJ), it
FoK AN e A A5 7 ARACAL S5 R . Bl AR Auto
dock Vina # {1 # 47 % #2 (http://www. deepmice. com),
LA Surflex-Dock X} #2 3E 47 46 8 47 43, i #5847 7 f e I
M G HBEAT 45 G0 BT, A4S & BE (kcal-mol™) VA 25
1. 244546 (affinity) < -5 keal-mol™ i, A N iE I
THE MBI LIG 7] LA 5 AMPK 4> 7 X 3%, IF 2 T &
NI ES S IR (R Sa

HYFAMR LR EMEE R4V X
N HE 55 & 52 492 (drug affinity responsive target stability,
DARTS) ¥ ilF LIG 5 AMPK & H A HAEH . # HT22
MAZLAA S, 12 000 xg (4 °C) B0 15 min, Y4 B3GR
TENEBERIY . ¥ EiEREA %7 % 6> EP &
M, #2101 000.1:800.1:600+1:400 F11:200 K7 LL I n
ANBEHEAM (1 mgmL"). AEHEARSEG, B0E
—EIAERE IR b, EIRACE R F 30 min. fJFIELE
F1 5t ERVEE 53 B 7 5 e B 2 B AR L . ELHT SRR
HH, BEASNSH, S EAN + — H AL
A % 85 5 B B + LIG (0.510 1120 pmol-L™) 41, 78
SEEMWE 1 h, AN BRI 2 0E R B, il B
15 B R HEAT 34T

WAL R A AT R 9258 (cellular
thermal shift assay, CETSA) % iiF LIG 5 AMPK #H H.{E
o HT22 40 T % A KB T 6 fLER S 7%, B2
YL EN 4x10° >, 24 h ), JH PBS Pe gk 40 i IR dioak .
B J5 R 40 B U UE AE & 2 4 H B I D R TR A
RIPA 2% PPyl vh LMl o #4402 R W) {E 4 °C F LA
12 000 r'min B0 15 min, Y& EIH . HT22 40

510 nmol-L" LIG 8, DMSO ¥ & 1 h. K % H 247
W4y BB /N 25 4 (120 pl), B34 B 11 4, @i
PCRAX 43 S AEAS [R5 5 (50453.56.59.62.65.68.71+
74,77 A1 80 °C) K M # 3 min, AR J5 £ E i T % 4
3 min. 7E4°CLL12 000 r'min” &> 15 min J&, Y8 |
B, a8 R BRI AT VP4

Western blot 3Z#&MEBRIE DU EENH L, T
NE AR, VKB % T 2J 2% 30 min. 12 000 r-min’'
B30 15 min, Wt B W, BCA SE & 3 i B R AR
— 8, HAFMSE S} ERFE MRS JE 6 10 min
AV, fF LA . Wi SDS-PAGE #E /i HL vk 4T
EASE, ZREEREOBEZPVDF . bE)5H
5% it g 24 @ &= iR A 1.5 h, IR R JG i — Pt (4 °C
1 B ), I H TBST Ve 5 50 N i =i i &
1 h, F R J5 R ECL 4k 2% R 6 iR 71 & 4, 1) e
[ 1% R G R 4L 1%, I F Tmage T 801Xt 2 7 6 B 1H
AT E BT

¥ & F| ZT/E | (oxygen-glucose deprivation/
reoxygenation, OGD/R) 8 R 7 & K ShSCLGr4H X
RS B A KW HT22 40, LARFZZTF 1x10°4
YT AR A T 15 9590, 24 h 5, B A0 53 240 9 HEAT R N
5T TR FoAdR 7 2HAn R - e HEZH i N B o 85 97 2
1 mL. HEAZH in N\ JC 4 () DMEM £% 3% 3%, 3£ & T
37 °C =SB 3748 (1% 0,, 5% CO,, 94% N,) H ki 7%
2 h, R IR H TR R T 37 °C 5% CO, 35 7 A kAT
SHE, dRERE R 12 h; 45 2540 7E OGD/R IE AT 3 h 43 5l
i\ LIG (20 umol-L™"). LIG+Cc (LIG 20 pmol-L" +
compound C 10 umol-L™).

FITFACIE  HdE ¥ GraphPad Prism #4434
IR . BT BUdE R S8 + b dE % (x +5) Bome
4 18] LE R FH . IR 2R 7 22 93 B (ANOVA) #1 Dunnett's
4. P<0.05S NEASZITFER,

FER

1 LIG % MCAO/R X 5 B fs 2R 4R 3545

1.1 LIG [#{k MCAO/R KR I & Th EEVTE 5 K i 5
¥ KR MCAO/R IE B 5 34T M 24T R EVFr K
i 8 BVPAT . W 1A BT, R T AR ALK B LB S
AT NEAR LI, & MCAO/R BB, KR ML AT
REFEVES W T A, PR IE AR S I S 2 A,
RIS Th . SR, LIGHC. Ml 4a
RIBE 1 25T 2R IR K BRI A7 D SR 3 5 2 PRI
[FRE, SRR iR, 4 LIG Mo T Bk T Fis, K B
R EFK (B 1B). AL REY, LIGX MCAO/R
KBREAWRTE
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Figure 1 Effect of ligustilide (LIG) on neural injury in middle

cerebral artery occlusion/reperfusion (MCAO/R) rats. A: Neurological
scores; B: Brain index measurement. n = 3, x + 5. “P < 0.01 vs

Sham group; “P < 0.01 vs model group (MCAO/R). NBP: n-
Butylphthalide

1.2 LIG R /N MCAO/R KRNIEFEAF TTC 4 th
RS I RE AL AR AR AR AL, 1E % X IR0, FisEIX 2 A
o, S5 5LA] 0 (1&12), MCAO/R B 41 K B A 16 [X 3, (5
EWZ, AIEESEAATR RS N, 22 LIG ) NBP T-Hilf5, 1
FEARFUHIL T A FERRERCN, ARG RENES. 4
RIR, LIG Al &2 )8/ MCAO/R K KA SEAA AR .

2 LIGHHE MCAO/R KR Z&RIAINEE TR & g8 = K15
2.1 LIGE/ MCAO/RKEROSIHERE LML

Sham Model

LIG 10 mgkg”! LIG 20 mg-kg

JiE P (acetyl L-carnitine, ALC) 7 1E T 2 kit i, B
% 2k R 2 b A 1) i U, DRI AR A 78R B ALC /E N B
P 5} 18 L% 52 LIG % MCAO/R K 5 28 i 44 T e 1) 5%
Wi o 0 ff L A B, i A 0 S 4 LR AR SR N A 2
P i B 4% 38 52 FHL, 7= 42 K i ROS, 5l 2 ROS i
FESRAE o U 2 B A A I K SRk IfL i 20 ZA ROS & &,
SESRE L, ST ARG L, ALK R ROS & &
FTF M LIG 45 245 )5 ROS & & 2 & B (K 3). 45
FEW, LIG 1 & E B MCAO/R K [ ROS [ 5R 4 .
2.2 LIGHI#H MCAO/R KRR A REBALTFE i
e 1 A6 75 A 5 If X ROS K T4, B2 5 05 26 b Ak i
JIE IR R B, 1 5 A, A 15 R A IR 3 R 1, P A
R B o JC-1 75 6 G i 45 S AT WL, 22 MCAO/R I #i
S, 00 SR 2 e A B P 7 L 3 PRI, AR . S
LA LG, LIG T il J5 AT B AIK 4 65 s Lu il (1] 4A);
A P, 9 4 PR A AR, 0 28 b 4 FE LA (161 4B), 45
AL, SR F AR A EL, MCAO/R 2H 28 7 44 i v 43 (2
R M LIGAZi)a, bR i B E R . R
LIG #1# T MCAO/R K B 2 H A J5E FELA F) R B

2.3 LIG#J#H MCAO/R KR Cyt C M & {42 i 2%
BORERL AL i A ) R AR A4S BB A A2 45, R
A7 P 3 32 VR N, S0 2 R Hh Y 4T £ 3R C RE TR
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Figure 2 Effect of LIG on cerebral infarct volume in MCAO/R rats. n = 5, x £ 5. P < 0.01 vs Sham group; P < 0.01 vs model group
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£
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Figure 3 LIG inhibited the accumulation of reactive oxygen species (ROS) in MCAO/R rats. n = 3,x +s. "P < 0.01 vs Sham group; ~P <

0.01 vs model group (MCAO/R)
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Figure 4 LIG inhibits mitochondrial membrane potential decline in MCAO/R rats. A: Immunofluorescence detection of mitochondrial

membrane potential; B: Flow cytometry for detecting mitochondrial membrane potential. 7 = 3, ¥ 5. P < 0.01 vs Sham group; ~P < 0.01

vs model group (MCAO/R)

P, ST RIS N . Western blot 72 46l 28 $i
EFIIE N Cyt CHEARIEL . SR (K5), 5
BFRAME, MCAO/R ALKk Cyt CRIEEZE
B, T B 2% Cyt C 3K bR, $ 7 i e 10/ 70 8 7 A 28 A
AR Cyt C 1A ISR #4272 . 10 LIG T Tl i 41 21
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Figure 6 LIG restored ATP content, reduced lactic acid production and elevated the expression level of GLUT4 protein in MCAO/R rats.

A: ATP content detection (n = 6); B: Lactic acid content test (n = 6); C: Glucose transporter 4 (GLUT4) protein expression (n = 3). x £ s.

P <0.01 vs Sham group; P < 0.01 vs MCAO/R
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Figure 8 The molecular docking result of LIG and AMPK. A: Outcome of the advantage matching process; B: The enlarged diagram of

the docking of LIG with VAL-96 and GLU-94

FEF RIE S o e — P 5E . FH 20 pmol L™
LIG 5 AMPK 7 & 1 h, 28 J5 7E i £ 2 T % & 3 min,
Western blot £ il Jo i £ 77 5L 41 Fl LIG 4111 p-AMPK 1]
RikZ 5. WK 9C Frow, B I Z #7H &, p-AMPK
KT AR, BLZEAR AR EE R, LIG 4 p-AMPK f2 7€
P, BEMRREFEAR, UL ES5 SRR LIG 5 AMPK B
ZiBed.
4 LIG X} OGD/R 355 HT22 #AAE p-AMPK . AMPK
K PGC-la EAFRIERIF M

MR8 53 -0 2 25 B KM SR BGAIE S 5%, RIA LIG 5
AMPK B — 45 G/ 77. AMPK 2 TT A Re &=
U A EE S L8 4> T, PGC-1a & AMPK [1) i 42
HH, 7B AMPK H B R AL, 4T R s k.
AMPK/PGC-1o {5 5 18 % By 5] 44) B 4 A e AR 19 4%
Oro PRI, BN KRR 4442 57 OGD/G #5453 1) HT22
ZH B A A 38 i i N AMPK #7141 5§ compound C, i —
W1 AMPK/PGC- 1o {7 5 i #% £E LIG % 6k i 4 o 25

HT22 41 i 2 OGD/R & 1 J5 , p-AMPK £ i& & i A7
W, T4 T LIG 4b P J5 HT22 40 2 ff) p-AMPK %3k i3 —
LR ERM, HEA S5 % 5, A AMPK 4
77 compound C J&, LIG X} p-AMPK 3 ik [ & i #f i
o [FE, A0S — DRI T LIG X p-AMPK T if
A PGC-la & H £ & W52 W, [F # 1 LIG 45 25 4
PGC-la & H R 1X & 2 i, M compound C ¥ # T
LIG X} PGC-la R IEM LA (E 10). DL ERE
B, LIG 7] LAJE AMPK/PGC-1a {5 5 18 % .

|=0A
w2

g

P ALV i 2 A DA L Y A I PR A, S SO I U
SRR, AT 51 AR A P b AN Th RE SR AT, BA A &
o BUR R R SE T AR AR A RS e HOR I
P23 W LR AU ALY O M E IR R Y
2o AREM L FERO BRBE T PIAE XS R SR AN ELE I, B
PNRR . TR, PRNBIE FE R 1 A 25 m TS 109 2 A 2

op B

oo 2K 4 i AR O B . Western blot 45 AT 0, B, T HRHT SN R L USRI 0 LI P R
A B c
o R o
1.5+ _
% Sl g DMSO
& gm— 51'0 ~ D
o Z = b
s A £ 3
] 1 Zos
i = 2 k%
5
0.0- 0.0~ =
3 S .S S O Y e a S S
CF LS S S & O S P
S o \}6\\}0\ 50 o 70 0
m Temperature/'C

Figure 9

Drug affinity responsive target stability (DARTS) assay was used to verify the interaction between LIG and adenosine

5'-monophosphate (AMP) -activated protein kinase (AMPK). A: Chain enzyme concentration screening; B: LIG enhances the anti-lyase
enzymolysis ability of AMPK; C: LIG enhances the thermal stability of AMPK. n = 3, X 5. “P < 0.05, P < 0.01 vs control group; "P <

0.01 vs pronase (Fig. 9B); "P < 0.05, “P < 0.01 vs DMSO (Fig. 9C)
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Figure 10 Effect of LIG on the protein expression of AMPK and PGC-la in HT22 cells under OGD/R. n = 3, x + 5. "P < 0.05 vs control

group; “P < 0.05 vs model group (OGD/R); ““P < 0.01 vs LIG
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