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[ Abstract] Objective To investigate the protective effect of the natural compound
sophoricoside (SOP) against hepatic ischemia-reperfusion injury (HIRI) and its underlying
molecular mechanism, providing evidence for the development of HIRI therapeutics. Methods An

in vitro hypoxia/reoxygenation (H/R) model in hepatocytes and an in vivo mouse hepatic ischemia-
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reperfusion injury (HIRI) model were established. In vitro, cell viability was assessed by CCK-8 assay, while
inflammatory cytokines and related proteins were analyzed using RT-qPCR and Western blot (WB). In mice,
serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were measured. Hepatic
pathological damage and apoptosis were evaluated by H&E staining and immunofluorescence staining. Molecular
docking predicted the interaction between SOP and AMP-activated protein kinase (AMPK), which was then
validated using the AMPK inhibitor Compound C. Results SOP significantly enhanced hepatocyte viability and
suppressed inflammatory cytokine production under H/R conditions in vitro. In mice, SOP reduced serum ALT
and AST levels, alleviated hepatic inflammation, and decreased apoptosis. Mechanistic studies indicated that,
SOP promoted AMPK phosphorylation in both in vitro and in vivo. Molecular docking indicated stable binding
of SOP to AMPK through hydrogen bonding. The protective effects of SOP were reversed by AMPK inhibition,
confirming AMPK as a critical target of SOP action. Conclusion SOP exerts a protective effect against HIRI

by targeting and activating AMPK to inhibit inflammation and apoptosis, providing a new strategy for natural

product-based drug development and targeted therapy for HIRI

[Keywords ] Hepatic ischemia-reperfusion injury; Sophoricoside; AMP-activated protein kinase;

Inflammation; Apoptosis
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TERHTRRE, BEMEEMHLYRE B 1t

https://ywlxbx.whuznhmedj.com/



HYIRITIRFSE 2025 £ 12 AE 34 5F 128

Ak, SOP i& e 2 5 Th1/Th2 Gsg V-5, 9
il TeE A S R L, DT A R0 2% il <03 15
PR FIEERE IR o (EAFE RIS, BofriF o8 & 3
SOP £ A] 5 33 #4076 AMPK/mTORC {5-53@ B, 2
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( MedChemExpress ) ; DMEM BB 38 1 (Lot
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& 4 I 3% (Lot: FBS=S010918) Wy T #r 7§ %
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p—IKKB (Lot: 1) . IKKPB (Lot: 3) . IKBa ( Lot:2) .
p—p65 (Lot: 4) . p65 (Lot: 3) . Bad (Lot: 3) .
Bel2 (Lot: 4) | Bax (Lot: 4) . p~AMPK ( Lot:2) |
AMPK (Lot: 3) . GAPDH (Lot: 4) & H —¥# ¥
T2 [E CST 47 ( Cell Signaling Technology ) ;
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REE SRR EN]
1.3 WYX
131 FHaya
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50 H, BEHLA A SH (4110 2 ) : Sham
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sulfoxide, DMSO ) , {UTHIEARSG CHIER, AN
S R AR BE; O-I/R 41, A i s v 5 45 R AR
DMSO, FfJ5 550 VR FAR; L-UR 4, KRHii1h
i s T S ) B SOP (30 mg -+ kg™ ), B St
VR FAR; M-UR @, ARHJ 1 h 85 &
SOP (60 mg - kg™ ), BfiJi5 SCHt /R FA; H-I/R 41
AR 1 h M G R R & SOP (90 mg - kg™ )
B J5 S0 VR FA . SOP 78 78 Fil 2 % Sk
i .
1.3.2  BFREI/RAEA # 5
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FHIT 30 s 5, s AFEM LI b H, SR
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BN SCHTI, IR TR ] 37 °C 18 i 1
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EeESE AR

FREEBRN 60 min 5, FHIFIEIFRLER 4 e
PRI ML . PR AT DLk i DX TR 30 s NI & H
B B, PEORTRREE . AR NSNS
KSR E, FREEE A APRES  FREE 3 h ),
KR E A (120 mg - ke ) ARFE/NRUIT
bt o REMMBEFEARZTFE 2 h 5, T 4°C,
B (1500x g) 10 min MMM, 80 °C {147
S2 4 st A A R L o o e ey A E A
T EY AT
1.3.3 Iz aesn]

BEAVHENT SERUE , s A MG REAS A ARG
A ERE UR ZH 35 AR SRR KRR RE 15 1%, BT
AR MG AR LRI, R FH A A Hr A 2 1
N AR % 5 ( alanine aminotransferase, ALT)
KA A TR ¥ & i (aspartate aminotransferase,
AST) /K-,

1.3.4 H&E# &

BUF A EUVE T 10% Hov: BBV 8
MR IENSE 72 h, ZBREEMOK . A RS K
5 um JEYI R . R H&E Y@M F A 2B A%
A% . Image Pro Plus ZRAF0#1E 5 - 4H 2R
FEX BRI AR, B H/NR AR S S TR
FEDKI L ZHERY) e SRR 23 L
135 RREREALEE

CD11b REEFOCY A FHHLD R &L "%
MU 2R ERIEE B E , H 109% 4 35 & 1 =
B 5 CD11b — 91 4 °C W it 0, WmeEh 22 oh
W ( phosphate—buffered saline, PBS ) Ve 3 WG,
fIA Alexa Flour” 568 Fric 111 2E$H1 % I¢G (H+L)
T Bt 37 °C i H 60 min. AR DAPL e (n.
Pett5g i , TR HE ECLIPSE 80i B35 T WigE

TUNEL %256 ¢ (0 # If TUNEL &l
&V AT AR A0 AR ] DAPL &2 %,
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Yett 52 iU TJE B ECLIPSE 80i S s N igg.
1.4 ZHRAsELs
1.4 R @IS B

R0 IV R SR fe 7 P 435 6~8 JRI I I
PE/NERIFEAC AL . RIS BRUS T 2 3 I
T EFKCE A BB R, (R 37 °C f8 iR
AT I FE o e IS B Fe 28, B BT T
Ok 7853V it R R IR . B e TV R i D
PITH AR R S T AL . TH AL 8 B U 2
PO Bk R RS O AN M, AR S 70 pm JE ]
WUERE, 4°C, B> (50x g) 3 min WHEFAH L.
1.42 WIS 8 LA %%

SRS VE AN, i E S A, Cul 4.
HELL0.1%DMSO FiA R 1 h, 258 TIEH 255
%A (5%C0, ) FHiFE; 0-H/R 4H: 45LL 0.1%DMSO
i kb BE 1 h, B 5 AT B4R 2 %A Chypoxia/
reoxygenation, H/R) ZbH¥; L-H/R 4. KRij1h
F 10 pumol « L™ SOP Wikb#, 2 J5 k4T H/R Ab#;
M-H/R #H: AR i 1 h JH 25 pmol - L™ SOP Hil 4b
M, Z )07 H/R Zb¥E; H-H/R 4. Ruj1hH
50 pmol « L' SOP FlkbBE, 54T H/R AbFE .,

H/R A FRELARSRAE . 40 & T I i
DMEM #5575, TEBRE R (94%N,. 19%0, Fil
5%C0,) FHiFE 6 hy ZJ5 BN 10% it 1
T 1% T8 % - % R M IER DMEM iR,
EIEH 25 (5%C0,) T, T37°CEZ%4 6h,

AMPK Sl 5256, 3 E 34, 0-H/R 4l:
PL0.1%DMSO FiAb#H 1 h, FfiJ5 2647 H/R kb3
H-H/R 41: A A 1h J 50 pmol + L™ SOP i 4k
M, ZJ5 i 17 H/R 4 #; H+CC-H/R 4: 7F
50 pmol * L7'SOP ZbH[E]IHAIA 5 pumol « L' AMPK
57 Compound C (CC) LFE, Bfij5 4T H/R
s
1.4.3  @mfaiE hxm

K H CCK=8 7 A 40 Mg g o e e gt
RAGANM (8 x 10° 4~ 7 L) #FhF 96 FLbL, A4
WS AEAL, ST 3 AN S i 25 (O IR
flo AbFREEHRE, BFLIMA CCK-8 [, 4kE:
FiF% 2~3 h, [l HIEEAR{XAE 450 nm AN E
2% (optical density, OD ) H.

1.5 RT-qPCRi&il

K F TRIzol 328 551 44 JOF 21 20 5% 41 Jf A A

RNA, #% M Transcriptor 55 —4% ¢cDNA & i &
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VBB T 0 % S ) . ffi Ff SYBR Green PCR
R IEAT 2 5 PCR A . S 0 2 3 i B
95 °C 75 5 min; 95 °C 281 10 s, 60 °C 1Bk
10s, 72 °C 441 10 s, 340 DGR, LA p-actin
KNSIEN, R 2-2 4 A H A JE mRNA
XS R IA . TS P8 3 1.
1.6 Western blota#f

U S Al BAEAS, AR Sy DLTE
RO vl (F B BRI ) SRR,
SR FH v W R 2 0 0 8 POV B B T o R
AR AR 2 B EE AR A — IR DN s Ik i v
e, HUKEFEEN B R m — L. HIE 0.1%
Tween—20 FJ = ¥ FF I 5 5k FF Joe 2% o 6 175 Tk 2%
WA 5% WRGZE B AW, EHREA 1 he
SR R B W e 97 v ER T W UE A 3 Ik (RRIR
5min) J5, 5P 4 °CHFER., FRRMEH=
FEH LA e R v iR SRS, SR
PLERWE 1 h, wEHHLFELEE RS
M5
1.7 RNANFES#ES

K H Trizol 155 MW IEZ 212 HUE RNA,
f# FH Nanodrop—1000 436G EE T E RNA RS S
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2R, I SRR A VK B iE RNA SEREE:
B IR Bk A8 B AR (260 nm/280 nm WK FE 1L
6> 1.9) HEAT RNA P . ARPEIPF 6 B AR
Fe P A P SO B 14T MGISEQ-2000 RS
-5 BEAT XU 50 bp M o
Ty RS I o 5030 10 ok e S 2 B LU A A
HISAT2 ( Hierarchical Indexing for Spliced Alignment
of Transcripts 2) X 2/NRS % LKA (mm10/
GRCm38) . FHFHI A T H SAMtools ¥4 751 L.
XF 1 B 5 A% 20 (sequence alignment/map, SAM ) 3C
PREAG S — I Ho X 7 A% X (binary alignment/
map, BAM) (. BEJS, f#H StringTie 2K {4 RN
SRS S FE K ) R T 0 B 1 T
Wit A B (fragments per kilobase of exon model per
million mapped fragments, FPKM ) =
TEE 5353871 (principal component analysis,

PCA) ", KA RiE T gmodels 3441 H 1) fast.
preomp PR, JFIE S —AERUS AT 30 1

(PC1) FIEr 2 (PC2) MR, FESEH 4
BT ( gene set enrichment analysis, GSEA )H7,
AR BE PR 22 S SRk KX SE I AT HE R, 26T
SURRBEIR 53R ZH R4 (Kyoto Encyclopedia

%1 qRT-PCRETA5I#Y
Table 1. Primers used for qRT-PCR

S i 5315
Tnf-a Mouse F CATCTTCTCAAAATTCGAGTGACAA
R TGGGAGTAGACAAGGTACAACCC
1-6 Mouse F TAGTCCTTCCTACCCCAATTTCC
R TTGGTCCTTAGCCACTCCTTC
1-8 Mouse F GGATCCTGATGCTCCATGGG
R CAGAAGCTTCATTGCCGGTG
1-1p Mouse F CCGTGGACCTTCCAGGATGA
R GGGAACGTCACACACCAGCA
Cel2 Mouse F TACAAGAGGATCACCAGCAGC
R ACCTTAGGGCAGATGCAGTT
Ccels Mouse F TGCTGCTTTGCCTACCTCTC
R TCTTCTCTGGGTTGGCACAC
Bad Mouse F CCAGAGTTTGAGCCGAGTGAGCA
R ATAGCCCCTGCGCCTCCATGAT
Bax Mouse F TGAGCGAGTGTCTCCGGCGAAT
R GCACTTTAGTGCACAGGGCCTTG
Bcl2 Mouse F TGAGCGAGTGTCTCCGGCGAAT
R GCACTTTAGTGCACAGGGCCTTG
Actin Mouse F GTGACGTTGACATCCGTAAAGA

GCCGGACTCATCGTACTCC
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of Genes and Genomes, KEGG ) %4 22 it 2[R 42
RGN 2 A5 A v 23 A TR 1 R A THAR BT
DIRGEBAR R IB Ak, R Java GSEA 3 A},
PL “Signal2Noise” A 48 5 #E 17 GSEA 43 #r, ¥
P < 0.05 H 5 % & B & (false discovery rate,
FDR) < 0.25 (RN A Geitw i 5 1.
15 KEGG 3@ i 73, AR08 KEGG %dla 7 19 1
BREER N ETIT 02, W 2ERRBIEHIHEE AN
i, T R 15T phyper PREU T 22 57
FIREL AT E 51T, ¥ P < 0.05 AY3E #§ &
NN E e, RECRARIBES pheatmap
(OEZS 8
1.8 HFXHEST

DL AMPK #4 & 454 (PDB ID: 4QFR) 1K
BT, {8 Schrodinger 3R B 14 BT il 4 1) 227
( Protein Preparation Wizard, Schrddinger LLC, #]
2y, 2021 hit ) R A BAS AT AL, /N
& PN i Ligprep ALHFEAT #4645 DXk
AP AR G R AR B Ry b . RoT S
BCAARAR T 0 7 7 ARHEFAT 3 Lo X34 5PF 53R A
FkEE (extra precision, XP) fE3{, HA S5
TR ERINIE . AT Glide PFAME M-
AR EAER 00, S e o A 5
1.9 FHiFESH

fdi 11 SPSS 29.0 B F AT s o0 b, AT 4K
WL X + 5 Ron o 2R SR R R Jr 22
SHT (One—way ANOVA) . P < 0.05 FnERA
gt L

2 R
2.1 SOP#I#IH/RFESHIFAEIR{G. %
fiE 2 N AR T

AR ST SOP & 75 % H/R 5 5 19 T 40 M 35 455
HAREER, AR5 R AR E SOP ik
4B AT H/R i, anl&l 1-A R, SOP Af
S H/R B R A 4B F1 R R, HLAm I
YERIBE SOP ¥ BT+ s o . Ak, SOP X 44
J N7 A B4 R TR S B B Ao, B 1Y
RiBESN Tnf. 116, 118 I Cel2 F-HTREEFEAR, [
A NF—xB {5558 B 0 30 (14 1-B 214 1-F ),
Mk, BEE SOP M T, H/R AbRE
ST T (Bad fl Bax ) Fik XL
JHT-5rF (Bel2) Fik NAWMHE R (K 1-C
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BE1-1) o 4 F, XEZER K SOP Al 7E 1R Sh
AR H/R 5 R M43 . 98 E SO B 4
JLgET
2.2 SOPEZE/IERHIRI

R PE— 5T SOP XHA P HIRL Y5400,
e PE CS7BL6) /N (8 JEilY, 1RTE 24~27 ¢)
95 T AN TR e B 9 SOP Tl kb B, i i S Jit JFF JEE 1/
RFAR. &5 En, FHEEE, 2 SoP PR/
SRMLYE ALT 1 AST 7K - & 21K F R Ab 32 /)N FR
(E2-A F1E 2-B) o MbAh, AL,
SOP b3 ZH /N FRU FEIRSERE R AL BRAH 4%
RBEIHIFRIE SOP e B T i 2 L Bl Dsi /s (5] 2-C) &
Zi b, Z5HUESE SOP Al /N /R 5310 I
it
2.3 SOPRAZRTREI/RIE SR RAE K M

TE HIRT L FE 1, JRAE S 7 S 5 350 40 i 45
it BB 2 0 ST SOP X HIRT ] &
JiE S I RE ), ARHF 5T A CD11b f i ¢ 6 e
7 B IF 2L 20 rp S8 E 40 i IR T I L. 25 R
~, /NERFRE VR #E#8L5, SOP 45 2520 440
CD11b BH: IR 5 0 40 i i Bl B IR TR 46 24
(K 3-A) o b, SOP 452541/ BT IE
REH (5 Tnf. LIb., 116, Ccl2 F1 Cel5) 1y
FARIK VAL 240 8 3 AR & 3-B 2= 3-F )
2R R I, SOP 452541 NF-«B {5 518 #% 11
OSBRI R IKKP F p65 By B2 koK 7
FEAR, [l IkBa 25 KT (B13-G) o &
W1 SOP mJ 4l JFIE R 550 484 ) e, H SOP
WL, I G
2.4 SOPRAZFTREI/RIFE SHIAMIAT

ARSE SOP X RFIE I/R 3 2 i 40 B 4B T 10 52
M, >R TUNEL 4% ki 45 50 Ao 455 R,
SRS ZH/NRAE I, SOP 25 25 20 P Am i Ji 1 i
F BN (E 4-A) o LA A B, SOoP
25/ U AR P8 7243 F Bad il Bax [1)
mRNA J 8K IR BT ER A ARG, it
PR T Bel2 B9 R IA A 8 2 = (14l 4-B
2E4-E) o ERGFRELR SOP A IE VR
PR H AT,
2.5 SOPi#Ed &R HIAFHIRIFA
RIESATRM

HFR G AT SOP By JH 45 M 2%, X SOP 4k B
B P U 1/R A 75 20 60 6 R 21 JHE 2 2L 4T RNA
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Figure 1. SOP inhibits H/R-induced hepatocyte injury, the inflammatory response and apoptosis
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Figure 5. RNA-Seq analysis results from mice livers administrated with or without SOP after I/R
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