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Study on the mechanism of kaempferol-induced apoptosis in hepatic stellate cells
via the mitochondrial apoptotic pathway
Wang Jiahui, Zheng Yang, Huang Lukui, Wang Lei, Yang Shiquan, Liu Hao, Xiao Huaye

(Faculty of Chinese Medicine Science, Guangxi University of Chinese Medicine, Nanning 530222)
Abstract Objective To investigate the molecular mechanisms by which kaempferol induces
apoptosis in hepatic stellate cells (HSC). Methods HSC were divided into five groups: blank
control, transforming growth factor-p1(TGF-p1) (10 ng/mL) group, and groups treated with
different concentrations of kaempferol (8, 16, 32 pmol/L). Cell counting kit-8(CCK-8) assay was
used to evaluate chrysin's effect on HSC proliferation. Transwell assay was used to assess
chrysin's impact on HSC migration. Flow cytometry was used to detect apoptosis, reactive oxygen
species (ROS) expression, and mitochondrial permeability transition pore (mPTP) opening across
groups. 5,5',6,6'-Tetrachloro-1,1',3,3'-tetraethylimidacarbocyanine iodide(JC-1) assay was used to
test mitochondrial membrane potential. Western blot was used to detect apoptosis-related
mitochondrial proteins and extracellular matrix protein expression. Transmission electron
microscopy was used to examine mitochondrial structural alterations. Molecular docking and
kinetic simulations was used to analyze the targeted interaction between kaempferol and
NAD-dependent deacetylase sirtuin-3 (SIRT3). Results Kaempferol significantly inhibited the
proliferation and migration of HSC while promoting their apoptosis. It markedly increased ROS
expression and opened the mPTP in these cells, concurrently reducing their mitochondrial
membrane potential. It increased the expression of Bcl-2 associated X protein (Bax),
Cleaved-Caspase3, and Cleaved-Caspase9 while decreasing the expression of B lymphocytoma-2
(Bcl2) and SIRT3. Kaempferol promoted mitochondrial fission in HSC. Molecular docking and
kinetic simulations revealed that kaempferol exhibits favorable binding affinity and stability with
SIRT3. Conclusion Kaempferol induces HSC apoptosis by targeting SIRT3 to mediate ROS
regulation of the mitochondrial apoptosis pathway, thereby reducing extracellular matrix
deposition. This demonstrates kaempferol's potential anti-fibrotic effects in liver.

Key words kaempferol; mitochondrial apoptosis; hepatic stellate cells; liver fibrosis;
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- 4E4k. Chepatic fibrosis, HF) 2184 s ) RS A0 B 22 e & F 1 D Bt BRI 2,
H A1 G FDA HEHE R RERC R 250031, i AR Chepatic stellate cell, HSC) (13 B i%
I3 U KNI/ LT Cextracellular matrix, ECM) /& HF KAEFIAZOITH, Hik, #0
)15 95 40 HSC A T2 T8Ok i B W AMIT HF B F0 I B 225k ms . JErh, DL Bel-2 ARG X &
i (Bcl-2-associated X protein, Bax) /B k4R -2 ZEA (B-cell lymphoma-2, Bcl-2)
B A F RO LR R AR TE P HSC IR MR T b A #8450 BEAE DY, LR E R
SRECERE LAY, CHEsSE Ba bl T HE WSS S 0 70 R B R ML), Rl
T I I oL 0 1) S 2 2 AR REON 5 B0 Smad2/3 SR KRNI HSC i 1k-5 36 53 & ).
SR, LR BE 518 2R R IR 12 BB 5 HSC P12 X —XBE @l 2 4 iRk e i . BT
I, PRI ELRARRT @, WA LR ES HSC BT BARIER L Tols), &
FE 5835 LR Bt HF I 25 B2 L W 2%, D@ I 1R B VA B LT 1R 0 7 B AR5 SR B0 Ak 4
1 e 575
11 FEEE

I 2501 (2 [E Eppendorf A F], B5 5702R) 5 ASFHRIK (VL1 H AR DRI
fliEAR AR, M5 TS-1) ; Bgss{C (EE Thermo Fisher Scientific A 7w, A5
MUlISKANMK3) ; it z04iff (3£ Beckman A+, %5 CytoFLEX) ; e BUZR /3BT

(3K Carestream 22 7], 5 MM1000) 5 &4 58 (H A Hitachi 24+, %5 HT7700-SS) .
1.2 41 5]

R EIRGNH (HSC-T6 ML) GRICEHFRRA mRHEAIR AR, 15 CL-0116) ;
W25 Wy, —WEK AR (bicinchoninic acid, BCA) A E &AM & B-AlahEE (B-actin) (b
HRFEEFHIAIRAR, 1%5: SK8030. PC0020. K200058M) : A iH#iAi&-8 (cell
counting kit-8 , CCK-8) . 5,5.6,6- VU & -1,1'3,3- PU £, F& - Bk Wk ik 48 & M 1L ¥

(5,5',6,6'-Tetrachloro-1,1,3,3"-tetraethylimidacarbocyanine iodide, JC-1) X7l ( E#EE &K
EVRHA TR A, #t5: C0038. C2003S) ; #4 4k EK K F-B (transforming growth factor-p,
TGF-p1) (Z[E Peprotech A %], 785: AF-100-21C-100) ; FITC Annexin V 48 -4l
Rjfl& (3£[H BD Biosciences A ], fit5: 73127125 2 77 -“E ARG ER LKA (2

7’ -dichlorodihydrofluorescein diacetate, DCFH-DA) (€[ Sigma A&, $t%5: D6883) ;
LR B MR AU AR & (R R 2R B, 1855 40756ES60) 5 UiBR{E BTy
A 2 FJEAE E 3 (NAD-dependent deacetylase sirtuin-3, SIRT3) . Bcl2 (R =& EDH:

AREBRAA, #5: 82210-1-RR. 68103-1-1g) ; F-Ht K4 3 (Caspase3) (Hk'5: A2156) .



IR ANE 9 (Caspased) (k5 A2636) T R R AR; Bax (EH Affinity A#],
fit5: AF0120) .
1.3 ik
1.3.1 4o HEESR

HSC-T6 %577 T 10%Jh4F i 1) DMEM 5723+, BT 37 °C. 5% CO. W47
R BUIRZS R 47 H) HSC-T6 41 g 4K 3 6 FLAR . 24 FLARER 96 FLak H, 2440 i 55 B 5] 70% ~
80%I, HEAT/MALAbEE . 2 (O BRAL: To R TGF-BL iGfk, A FRff FEE 7R 7% TGF-B1
M. BFRFEPINN 10 ng/mL TGF-B1 4bFE 24 h, PRI IE® (35320597 48 h; (LI By
s e 10 ng/mL TGF-BL Ab3 24 h, #5 ILZ=MIKE 8. 16, 32 pmol/L (135 F= 4k
BEREFE 48 hiEl,
1.3.2 CCKS8 Kl 4ufiE /1

¥ HSC-T6 LABESL 140° AT 96 ALEH, MR¥E 1.3.1 4b¥ /5, LB 3 ML, Hk
AT e AR TR A S E IR, 24 h JE8REFLIIN 10 b CCK-8 ¥, 37 °C. 5% CO.Jif
H 2 ho FEBFHRY 450 nm A& FL G (absorbance, A) , HFEFR= (SZIGA A 1H-2H
HAMED [ A AE-FAH AE) x100%, T HHMEAER.
1.3.3  Transwell #3040 fa 3R 500

W4z 1.3.1 B S AL 2>10* ANFLEF T Transwell BE/ha, B R R 20
ERFRIE. FE/NEMA 650 uL & 20% FBS ) DMEM 57735, B TR PEIR 24 h,
WH, ASETIl BRI, g EE/NEIRIRI, S5k 3 I, MR LR/ E.
i g 5~10 min, FEBEUKEE 3 K. RS NEEVLEDALE TR, FIA Imaged
BAF & H A BT A 2
1.3.4 WA KA I & H 40 o T

¥ HSC-T6 ity LARFFL 1108 M EeFh B 6 Lt . #R¥E 1.3.1 ib3)s, F4ik 3 AT
TRl BEFRT 37 °C. 5% CO B:FRffirh, FF&159% 24 h AIRMERFR, A S EDTA
1) 0.25%BRME S 1L JF IR AN . HX 1 mL ZHARsE, 22 1000 r/min B5.0» 10 min J5 5% L&,
TN 1 mL #iv PBS Hgdtss, HERORFEMIR. &S MEEST 200 pL 45650l

(binding buffer) , #RZIIA 10 pL JBEBEH V-RREKZOEER (annexin V fluorescein

Isothiocyanate, Annexin V-FITC) #1110 uL flifL.AHE (propidium iodide, PID , #EIEA) )G
G =R SN 15 min, 1 h IR EALINE , 671 Flow Jo 7.6 155 % H 4L H -4,
1.3.5 A AKI ZHIFEMSE (reactive oxygen species, ROS) Fik



¥ HSC-T6 4l LABEFL 5X 10°/mL F2Fh 2] 6 fLIEFRit, M 1.3.1 4bF 5, KaifeE

T NBOE, R T B Sh 2 piiiiE e 2 Ik, &L 500 pL DCFH-DA #i%t, 37 <
WEGG 30 min 5, FEGURL, TCMLESFRIIEVE 3 I, AN AU ROS &

1.3.6 WMALFARKIEH mPTP

¥ HSC-T6 4l LATEFL 3X 10%/mL £Fh 2] 6 LEEFRitr, ¥ 1.3.1 425, H 0.25%
JERBGTH AL AL PR A 4, 2 B4R YA, 1500 rimin, 5min &0, 25 EIEW, 0 PBS
Hoky TR LR AR R 57 1 e A LA D) G Ul B S EAT 4 M . BEARAE 37 °CIREEIF B 15
min, JG4% PBS H % 500 pL, a4 EHLAR I .
137 JC-1 AT EAL I oL A i B AL

H HSC-T6 4 A 1 X 10Y/ L4570 2 24 LB, £ 37 °C. 5%CO, 251 TR A, i
Al KFRE JC-1 W55, WX 500 L JC-1 TAEBIMA A FLA, EEEhric il 20 min, H
PBS V¥t 3 A£G BB N LI R IR 5 OG- -
1.3.8 Western blot Kll#H %% ARE

Y5 131 A4S, ) PBS BEEAIME, RSN RIPA 2L M, BCA LT E
FIE . N5 S B AT SDS-PAGE ¥4 5, 5%/ fig Wk =i e i 1 hy IIA—9t, T

A°C AR . 52 RIEE 3K, KIS i 37°CiFE 2h. B, BEE, BRI

155, N Imaged Bt 7B B A 2% O 8 AR .
1.3.9 ZE5t SR 4 LR 4

MRAE 1.3.1 A3 A, F 2.5% % VA BOHAT I, P BERR Eh gz vh Eh/KEAT VR VR, 12
i FCE 24 he WRJE, KAIMEEAE 2% YA K PBS th, FEEIR FCE 1 he T
K, FIBLRE R 9 CEEE R RE S K o B, R RE f BLEAE IR S IR o, U0 R BGE ED) v (60
nm) . ffE, FESERENIE (1%) FIFFIEIRES (0.1%) R F, &S s a2 4
1.3.10 7 7 XHES 773 5

i#IL Pubchem P33 /N7 Fid 1t 4> SDF 3Cf4; RCSB PDB %i# & %% SIRT3(PDB
ID: 5D7N) ] PDB 34« FIF] Discovery Studio #fF#EAT 701 Xt He8E, Kot He45 R L) PDB
#%30F Gromacs F 4 HEAT IS K 100ns 1933l 71 244
14 gttt

2 F SPSS27.0 AT ST 2240 1T, THE BRI X £ 8 2R o Bt IR IEZS 7347 L5 22
7, RHBRRERTT Z 00, #E— B PELBCR A LSD-t k. P<0.05 7R A Giit 2= L.



2 HR
2.1 IIZEWST HSC MBI W

CCK-8 tuillgh R son, &-2H IR i 4H M i 1 FIIG 5E 26 72 e 3 A Gk X (F=31.212,
34.203, 4 P<0.001) , 5= HXHEZA A (0.97+0.08) Lb#:, TGF-BL 4l A (1.89+0.17) &
KR THE (LSD-t=9.999, P<0.01) ; 5 TGF-p1 4Htb%:, 1L1ZsM 8. 16. 32 pmol/L 41 A
f [ (1514+0.09) . (1.33+0.07) . (1.09+0.13) |FKiAEZE & (LSD-t=4.094. 6.086.
8.659, 14 P<0.01) . thiZ5M) 8. 16+ 32 pmol/L ZHH8 5 K 5 TGF-p1 415 2 K% (LSD-t=4.296.

6.386. 9.086, 33 P<0.01) . ULFE 1.

B 1 ZREMME] HSC 5
Fig.1 Kaempferol inhibited the proliferation of HSC

7F: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16
pmol/L group; e: kaempferol 32 pmol/L group; #P<0.01 vs blank control group; ““P<0.01 vs
TGF-p1 group.
2.2 \L X HSC BB MR

Transwell S0 25 R 2 - 21 10] A 4R I 78 72 7 24 Ge ik 22 7 3 (F=73.904, P<0.001) ,
HaAdME, TGF-pl 41 HSC iT# % & BN (LSD-t=15.637, P<0.01) : 5 TGF-p1
HAHLE, 1LZ5m) 8. 16+ 32 pmol/L 20 HSC i #2 3 & i % T B ( (LSD-t=5.862. 8.896. 12.692,

¥ P<0.01) , WH 2.



B 2 S50 G AR LRI HSC 128 =100
Fig.2 Observation of Kaempferol-inhibited HSC migration by crystal violet staining <100
7F: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16
pmol/L group; e: kaempferol 32 pmol/L group; #P<0.01 vs blank control group; ““P<0.01 vs
TGF-p1 group.
2.3 WLEMXF HSC Y& TR
Annexin V-APC/7-AAD Al & 71 5 2H 40 B 7 T2 45 0 22 53 A G ik = 3L (F=39.758,

P<0.001) , S5x@AXt B4 e, TCF-pL AYIE TR T, HER LG ¥R X

(LSD-t=0.123) ; 5 TGF-pL AHlt#:, 114H 8. 16+ 32 pmol/L ZHANMLE T2 &1

(LSD-t=4.507. 6.869. 10.380, 3 P<0.01) , V40L& 3.



B 3 ILIRENES HSC T
Fig. 3 Kaempferol induced the apoptosis of HSC

7F: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16
pmol/L group; e: kaempferol 32 pmol/L group; “P<0.01 vs TGF-B1 group.
2.4 ILZEM* HSC ROS RIE IR

A A R A AR ROS RIBZ A7 Giih ¢ (. (F=35.444, P<0.001) , 5%
o6 R AL LS, TGF-BL 240 ROS RikiZ£ (LSD-t=2.634, P<0.05) ; 5 TGF-p1 41LL%%,
tLiZ= 1 8. 16+ 32 pmol/L 41 ROS Fik & E RN (LSD-t=2.593. 5.692. 7.816, 3% P<0.05) ,
TR ILEE 4.

B 4 ILFRBES HSC Rk ROS
Fig.4 Kaempferol inducesd ROS expression in HSC
7E: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16

pmol/L group; e: kaempferol 32 pmol/L group; *P<0.05 vs blank control group; "P<0.05,
“P<0.01 vs TGF-B1 group.

2.5 INZEBy*F HSC ZRhiikTh b AR

2 it 7 A DU S s - LA mPTP R e Gt 2% X (F=61.581, P<0.001) , 57
FXIRZL LS, TGF-pL 41 mPTP it £ (LSD-t=2.408, P<0.05) ; 5 TGF-p1 4ilb%:,
#3184 16+ 32 pmol/L 41 mPTP Fjitidt — 5 14 in (LSD-t=3.431. 7.799. 11.166, 3 P<0.01),
DL BA; JC-1 7 G ar il . 7 %% 2 2R A4k J5E Ao 22 e A G v 27 L (F=49.383, P<0.001) ,

5 AN RALLLR, TGF-B1 HLkiRIE AL In (LSD-t=4.754, P<0.01) ; 5 TGF-B1 4



Fbik, 1hZ3ly 8. 16+ 32 pmol/L H L8 RiAR B s A7 T 3% T~ % (LSD-t=7.550. 10.591. 12.619,

14 P<0.01) , W 5B,

B 5 LLZREN% HSC LR R ThREHIREM x400
Fig. 5 The effects of kaempferol on mitochondrial function of HSC x400
7F: A: Kaempferol induced mPTP opening; B: Kaempferol decreased mitochondrial membrane
potential; a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol

16 pmol/L group; e: kaempferol 32 pmol/L group; *P<0.05 vs blank control group; ““P<0.01 vs
TGF-B1 group.



2.6 ILFE AR TR R R E B REN W

B BN A 2 78 Cleaved-Caspase3. Cleaved-Caspase9. Bcl-2. SIRT3. Bax £ KA
FAHIMRIEAG it 52 X (F=70.746. 66.433. 64.257. 73.503. 59.658, 13 P<0.001) , 5
2= EAX IR EEE, TGF-B1 4 Cleaved-Caspase3. Cleaved-Caspase9. Bcl-2 & SIRT3 Kik H
HR#EHEERME (LSD-t=3.627. 2.954. 14.342. 4.825, P<0.05) , |fif Bax XitZE R L L1
B (LSD-t=0.398) ; 5 TGF-B1 41tb#, 1Lz 8. 16, 32 pmol/L 4 Cleaved-Caspase3.
Cleaved-Caspase9. Bcl-2. SIRT3. Bax #i& % A Fi it & X (LSD-t=3.869. 7.859. 11.244;
LSD-t=3.663. 7.562. 11.462; LSD-t=5.498. 9.322. 12.071; LSD-t=4.434. 7.564. 10.433;

LSD-t=4.379. 8.625. 12.739, ¥ P<0.01) . UL 6.

Bl 6 WREN HSC A TR AR E A RENIER
Fig. 6 The effects of kaempferol on expression of proteins associated with mitochondrial
apoptosis pathway in HSC
7¥: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16
pmol/L group; e: kaempferol 32 pmol/L group;*P<0.05, #P<0.01 vs blank control group;
“P<0.01 vs TGF-B1 group.

2.7 INZREYXF HSC LR ik S5 14 HIRE MR



FE BRI T, &R R B K 2 A Siih R L (F=48.547, 67.565, 3
P<0.001) , 57 ExRALEL, TGF-pl HANAR R BEWIN, kA KERD>, ZRA
it X (LSD-t=4.232, 5.785, 3] P<0.05) ; 5 TGF-B1 41Lb4%, (LhiZsH; 8. 16+ 32 pmol/L
AURARBCEHE— N, BRIt — Db, ZRASH R L (LSD-t=2.573. 6.066.

9.742; LSD-t=4.132. 6.382. 9.045, 3 P<0.05) . WK 7.

B 7 LEBES HSC &Rtk >3 000
Fig. 7 Kaempferol induced mitochondrial division in HSC >3 000

7E: a: blank control group; b: TGF-B1 group; c: kaempferol 8 pmol/L group; d: kaempferol 16
pmol/L group; e: kaempferol 32 pmol/L group; *P<0.05, #P<0.01 vs blank control group;
“P<0.05, ""P<0.01 vs TGF-B1 group.
2.8 S TREE TN FEM

fB) Discovery Studio #1258y 5 SIRT3 HEAT 2> T 014, 45 53¢ IV A be Jy st
IR SIRT3 45 & ochE, SEAEMILE: LEU322. GLU323. SER321. ASP231 JEAL
28, 5 GLY319. THR320. GLY145 & MEiE ), X417 108.89 RHIHHAH
BFRRHIETE, LB 8A; K LR XHE M HEAT I K 100 ns. 21K 0.002 ns 7150 /1 244
o FIRFH] RMSD HIZE7E 100ns Fiz 47 N (A 2B RAFHIASEME, £ 30 ns [EIT IR T-43



€ RMSF 70 #r R B8y 5 SIRT3 A ILAR IR BONRRE, Besh/, WK 8B.

& 8. ILZ=EY 5 SIRTS3 88 AR A 4M T
Fig.8 Targeting Analysis of Kaempferol and SIRT3

7E: A: Molecular docking analysis of kaempferol and SIRT3; B: Molecular dynamics simulation
of kaempferol and SIRT3.
3 Wik

HF S $i5 T 52 21 8 M i 1 A 40405 R 2 ), -5 380 HSC 0 51 A 4l B A1 ik o 2B Rl 5 B
fR SR A, AT 51 ST 5 A4 R Th BE RN (R B A o A RIS B HIF 2 T DU % frp s B
T2, DI R 1 HF T8 e B B EEAIRRE o B £ IR HF
o, WRIEAERAIEARRIL, HF J& TrHhEEr “Mom” “HEsi” “RE” K &Ers.
ZUIHAE g, Bk BEA B2 REERIRs AL AEXDRBE R A i T BB B,
FI Il R M e RO PU 25 ) T30 97 HE, T2y =07, Bbkep 24 S RS PR B R DN HF 35X
—H AR R, BA N R AR, TR G R L HF 3k il

R TR A A AR P AR TR — AR, BT SR B TS 3 A R AR AR
e HAMAERTE S HIES T, LORARSMNERBIAEEE mPTP (5 W T, W gk f4
WED, ARG R C. WLl SRTAERMA NS, M5 P R & =R H
Caspase f¥EAL, HETT 51 RCANMIE T, X/ SR A TR AR 1 R BRI, gl 38 C mT 1A
HEAMHGCR T4 G TE R BARGE ), W0E 5 — I 1T-#) 5 37> Caspase-9, Caspase-9 1
FME TR UL E B AES 77 U H RIB0E, Caspase-9 AN A& M4 st R M RE /), 18



1t Caspase 2RI S NE T TG B IR IETE 1) Casepase-3, i A N5 51 % 2 iy (1) R i EF
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BN TR ROA 3R, HERARZ B RKF ROS RIS, mPTP &5 H TR, it
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L 2% P ) AR /s SR AR B HE AL, S 5 B I AR I S s, 1l SR R BAE I Bax
Cleaved-Caspase3. Cleaved-Caspase9 [)ZRi%, [/ Bel-2 f1 SIRT3 fIR%, EHHE T,
A3y AT LA AE HSC Eobidh 3, 70 T RHEMSN AR B L 55l 5 SIRT3 BA BT Y
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Je SRR T A A S5, DAVP A L R 7 RIORT 22 4k s () e o A 2l el 8 R 1t
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