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[Abstract] Objective: To investigate the mechanism of berberine inhibiting ferroptosis in heart failure mice based on the
FOXO1/GPX4 pathway. Methods: HIC2 cells were cultured in vitro and divided into the Control group, the Model group, and
the low, medium, and high-dose berberine (BBR-L. .BBR-M .BBR-H) groups. A hypoxic cell model of H9C2 was induced using
a hypoxic incubator. Cellular apoptosis, reactive oxygen species (ROS) , superoxide dismutase (SOD) , and malondialdehyde
(MDA) content were measured. The expression of FOXO1, GPX4, and SCL7A 11 mRNA was detected by PCR. For in vivo ex-
periments, a mouse model of heart failure after myocardial infarction was established by coronary ligation and divided into the

sham surgery (Sham) group, the Model group, and the berberine (BBR) group (100 mg-kg'-d") , with 6 mice in each group.
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Echocardiography and pathological staining such as hematoxylin and eosin (H&-E) staining were performed after 4 weeks of treat-

ment. The protein levels of FOXO1 and GPX4 were detected by Western blot. Results: In vitro results showed that berberine in-

hibited apoptosis in hypoxic HIC2 cells, reduced ROS production, alleviated lipid peroxidation damage, inhibited FOXO 1 expres-

sion, and increased the expression of GPX4 and SCL7A 11 mRNA. In vivo experiments indicated that berberine improved cardiac

function in heart failure mice, reduced myocardial cell damage, inhibited myocardial fibrosis, suppressed FOXO1 protein expres-

sion, and promoted the expression of the anti-ferroptotic GPX4 protein. Conclusion: Berberine can improve cardiac function in

mice with heart failure after myocardial infarction and reduce cell damage caused by hypoxia, potentially through regulating the

FOXO1/GPX4 pathway to exert anti-ferroptotic and cardioprotective effects.

[Key words | Berberine; Heart failure; Ferroptosis; Glutathione peroxidase 4; Forkhead Box Protein O1

TR -3 SR /NS - B RN [ A I RA S
Difig iR , A Re W 2 21> R G0 WA S0 AL R DA
Wi {12 L= 7 7K A5 R IR A RRAE 2 22 i I A8 A
RIEBLORWI R, G IRE A O
N5 75 a0 3G 0, 0 2 09 SR AW g . P
BIT BT R IR TR IS B B, 0 A
ok TR A B AR FRAR ) Y IR YT B
1 7 AR AT, H 20008 R 8 3R A R AR T 1S
O3 FBE IR RCR I AR R B e KAk .

VT AR BRAE T A S — ok 2 4 R 1 1k 4 i A
T 5 2, 7O I8 0 T A TH 8 32 31 60T . 4k
HE T 4 7 AIE S Bk M 1) i T o e Ak A B 22 R A b
H K & b ) 8 4 (glutathione peroxidase 4, GPX4)
TG PR 10 A R 2 S SO L 5 R P R RT 2 i A
T2 R R, BRI T 76 O U AL J O WLAR M At T
A 0 8 R S AR AR il P
1405 4 5 200 1 4 (reactive oxygen species, ROS)
Koae Az B, [ B R A 25 8L, 2 — 26 el i 5T ot 4R
AL AN A0 405, T A AR FE T2 1 K A= . b, R
FETIb 5.0 WU 4 A 98 0E SRy 10 JUE ¥ 4 %% DA
O, X s g R AL R e Bl 7O A O R R R

/N BEGK (Berberine ) J& — Fl B A 2 i A4 9 306 P
1R ARALE Y, © BIE W A0 18 5 v B R
PRI SR, /0N B el e 75 3 o 1 P8 R pE T ik 4% & 15
X0 S5 0 3 B AR B VR W AN 2 . FOXO1 &
— B SR, 2 5 R AR AR A VRN 4 L O
T, [ B A #F 58 26 B FOXOL AJ 3 2o I #2 GPX4
TR MEIE T LR W, AT B ER D
BER{ 2 5 3 12 FOXO1/GPXA4 {5 5 i [ 1) 1 4% 58
T, DATIT 93 8O0 B I o0 s 1) LR R L 5 4 s /)
BERRAE BRE T b AR HIBLR , AS BiF 58 A AU O M S
O I IR T S TR A BRI AR | e A )N BE AR Y I
PRI FFRE T 580 09 5 1) o
1 MRtEAE
1.1 4 bk

KEHIC2, 1l { i WA YR A R A A .

1.2 LR EhY

e SPF 9% C57BL/6 /MR 18 H, BUI% 6 A, 1k
Jif 18~25 g, M [ At s 0 DUAR 28 A sh i A = v/F ]
HE5 : SCXK(51)2024-0001, 4 % T |- g o £ 25 K
2 B 3 [ I B SE I TP L SPF R shW b, R 21~
25 °C, M XTR B 55%, A IRk, ALEL4 -
T R R 24 KA B T 3 B I B A S B 4 L (/R
#t5 : DWEC-A-202305001) .
1.3 FZH 5

/N BE G (BBR, L i B R T A WL AR S
B414323,4lt5 : C2408205) ; Hoechst J 1,24 7] & (4it
50 A20230211) F1 ROS A 9 3 71 & (k55 : S0033)
W H R R R A SR AW B AL (superox-
ide dismutase, SOD) M % & 7] & (41t 5 : 20200622)
A 1 (malondialdehyde, MDA ) 52 i 7 & (41t
5 :20200622) 1 H FE 5 E LA F 5 30 R SRR &
(It 5 : AM62082A) Fil TB Green ifk 7] & (#t 5 .
RR420A) W [ H 74 Takara 23 @ ; H.E 4 {43 7] 2
(it :20211207) B A g 34050 & (415 : G1340) |
KRR 63X 7 & (5 . G1472) W {1 b 5 K 3K
%A HE . Xk & O1 (forkhead box O1, FOXO1) |
GPX4 Hifk (45 . 2880.59735) g [ 3 [H Cell Sig-
naling Technology /> 7l . Collagen [ . Collagen Il
ik (5 . A1352 . A3795) g [ 8 I 2 1 %2 v
Al o 2R (o E R A A A RS
CX50) 5 2 98 )6 5 i PCR & 48 ( Thermo Fisher 24
F P, S . A28569) ;5 HL M HL Tk AL (€ [
Bio-Rad A &) 7= i, Bl 5 . PowerPac HC) ; Ji =X |, #%
8 (26 [ Bio-Rad 24 &) iy, 8945 :1703930) ; A1 5 1
Jdn (T8 Leika 28 7 77 i, B : RM2235) 5 {5 & 2%
I 8% ( B AR Olmypus 2 8 72, B 45 : CKX41/
U-RFLT50),
1.4 HHESE5
141 BFERAHTH HIC2 41 F§ DMEM +
10% B4R M8 K 97 3, B F 37 °C 5% CO, iR K =
FEEE R o O BUE KW HIC2 HE A7 52 56, X Jif



512 WHER K24 Vol. 32 No. 7 Apr. 2026

(Control) 4 1F % £5 ## , B AY (Model) 41 % FH JC #
IMLYE 15 97 HE O BRAEURE FR 46 VR T 6 h, S50 46 23 5l
A 10,20,40 pmol/mL /N EE Gl /E 4 i (BBR-L) .
(BBR-M) . & 7  (BBR-H ) £H i &b B 24 h 5 , T 4%
TC TG I 3 Ky 75 L 51 A B R SE FR AR AE D 6 he )
SR BV W B A R AT AR SCHR AR A T

1.4.2 Hoechst J Ay R M 4 AL 4 = M4l “1.4.17
ST A G A, BT 37 (C Y M Bk 5 A
H 10 min, £ YL W , PBS ¥4 3 W BI Al 7585 B
T T AR

1.4.3 R # &K W MDA, SOD By & & R ¥
VAT T FG , B4 4140 M b 75 0, ™ A% 5 18
T 7 & U W A R AT 4R AR R 8 AR AR I MDA |
SOD %

144 KK &K ROS & & MWIE14170HT
TG AT FE R B e e ik, 5 37 °C
A0 M %5 F A6 IR TS 20 min.  FH G I3 40 B 5 3% Tk
VA L 3 U RV AT AE SO0 B T W .

1.45 qRT-PCR M FOXO1 8k 58 1 3¢ # 3 [
By kK MRIE<1.4.17 04 T W5, Trizol 2 #2
A M RNA o Fac BR33 2 S3 3500 60 000 B 43 K RNA 33
#: 5% h cDNA, R I TB Green 12 5 & i B 45 3 47
qRT-PCR & I o 2 W 45 F: 95 °C 305,95 °C 5 s,
60 °C 305,95 °C 155,60 °C 1 min, 95°C 15 s, & &
40 . UL GAPDH NS #8273 &
FOXO1.GPX4 .SLC7A11 mRNA iy #ik .

1.5 Zhiysiss

1.5.1 BEAVHYEE Ry 0T 10 R H e ok 45 4L 2
N9 =0 INS = N W R N 1 N 0 i R T B N
(Sham, n="6) 41 . % (Model, n=6) £ 1 /] 5E i
(BBR, n=6)41. Model £ 3% JH 7 bk 2% $L ¥4 2 .0 48
Je O B RY, Sham 41 H 2828 A 454", BBR 41 %6 ik
55 4 7 /N BEBE (100 mg-kg'-d )™, Sham 41 Al
Model 0 45 7 & A K . 3SA/NRE RIEE 1
W LG A

152 DAEZE SR f A 30-MHz #2714
AR VEAG BRI T /N BUAY O I T B8 (1.5%0 5 98Uk ) .
0 SRR A 3l B S O I 2> B (LVEF %) (28 0
A R (FSY%) Pk R A0 ZE AR (LY
Vol; d) Fle s K220 ZAZFL(LV Vol s) .

1.5.3 DAEAZURE AR A BUNROIEA S, &
V4 1) T 1R 35 2% vh 57K (PBS) wh k5 Bl B fE 4% £
RWPEE, WK B WM R G, %R
HEE  Efs FL R 2 207 & vl B Bk AT e o, 9F
FHEE T MWEE

154 Gty OIEHLNT 4% ZRHFR T
[ 5, 2K B S HEA T A D) . SR
T 52, A 1T 2o 401k 4 1t BEL T %5 W08 & 20 min,
BiJS A — P4 " CHEF LK. RH P FE 45
min, 2R J5 5 i F ALY Bl WA 37 "CIE R 20 min.
DAB 4, 73 AN E Y4 5 min, WG T WL,
1.5.5 TUNEL 30 R4 0500 v B AT s KAk
WiE G5 TUNEL VIR E |, BAE 7™ 4 44 vd B 5 F
1o TERGEE T RAPLIERE 30037 , K62 0 T 4t it 1)
Bk, DA T 400 7 A O L T S TR
1.5.6 8 R ELGE AT FOXO1 K ARSE T X fl
F 2 IA K BUN RO WAL 2L, ff ] RIPA $2 B
A F, BCA LN @ & vk BE o BORE S ifE A7
vk VR B S, i A FOXO1 — 4t (1:1 000) |
GPX4 —#i(1:1000) .GAPDH — %t (1: 10 000)
Faib oo WHEE,IMA P PR E T B g
St o ff ] Imagel #PF X 547 EAT K S0 #r
1.6 Giil=#ab B

i ] GraphPad Prism 7.0 #F 17 48 1 2 40 #r , i1
TR LL T 4 s TR, 4L TR LE R SNK-¢ £
5, Z AR Bk B &= 2253 1. P<<0.05 0
ZRAARGIFE L.
2 B
2.1 /INBERR T A e R A O vk

i 1 CCK-8 Kl /)N BE i X) HOC 2 41 Jifd 176 71 1 5%
Mg DL 1o 24 /INBERE I B AN 3 40 pmol /L, /)N BE i
XFHOC2 1 240 M 3% P v A I S A 4, 243531 80
pmol/L B HIC2 i) 20 Jf 36 PE AT BEATE . BRItk AR
P CCK-8 4 5, 7642 RO 1 4 i 52 56 v, 3 591l 16 HH
10.20.,40 pmol/LAE A /NEEGR IR e 7 £
2.2 /NEERE AT AR SR A HOC 2 40 i 1 o 1=

5 Control 40 #H Lt , Model 20 HOC2 4 it 4 T B
T SR A HOC2 4 i 98 T BRI . 3R W1/ BE ik

150
@ - -T-
<100
z
E
<
=
3 50

0= T T T T
0 1 2 &t 10 20 40 80
BBR(pmol/L)

Bl1 CCK-8MEARREIRE/NEERIT HOC2 4 A& 71 89 % 0i
Fig 1 Effects of berberine on the viability of HIC2 cells
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Fig 2 Effect of Berberine on apoptosis in hypoxic H9C2 cells using Hoechst staining (X100)
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Tab 1 Effects of Berberine on the contents of MDA and

SOD in the supernatant of hypoxic H9C2 cells(#»=3,7 + s)

2050 MDA (nmol/mL) SOD(U/mL)
Control 4.1441.83 6.5940.22
Model 15.1743.60" 4.4440.23"
BBR-L 10.00+1.247 5.0440.69
BBR-M 8.51+2.227 5.344+0.66
BBR-H 4.9041.007 6.0940.447

1 . 5 Control 40 M [, "P<C0.05, "P<C0.01; 5 Model 41 # I ,
“P<C0.05,77P<0.01,
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Control Model BBR-L

BBR-M BBR-H

B3 ROSZ& M E/NEER X EL R HOC2 40 B4t 4K BE 1 B9 S0 (< 200)
Fig 3 Effect of Berberine on antioxidant capacity in hypoxic H9C2 cells through ROS staining (X200)
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Tab 2 Effect of Berberine on the expression of FOXO1 and [T —— S S
RS RO D LA dEfe . WLIEL 5.

key genes related to ferroptosis(7=6,z =+ s)

2.8 /B L 4 4 i 4L A 45 R

215 FOXO01 GPX4 SCL7A11
Control 1004016  1.00+021  1.00-0.13 e AL e A 45 K R , 5 Sham 41 HL 3, Mod-
Model 21140157 0.4940.06  0.234+0.03" < o o e b
el COL1.COL3 K 7K S B & = e
BBR-L 1.694-0.34  0.59+0.15  0.2840.08 Il o E SRS ﬁ‘ﬂ ™ gl
BBR-M 1514011 0.65+0.10  0.77+0.13% B2 R DU, & /NEBERA YT R, X R Eak
BBR-H 1.494+0.2377 0.9240.167 0.8340.107 7J(qz Eﬁﬁ l@ ﬂfE L L Léﬁiﬁ*ﬁi’% Eﬂil , /J\%ﬁ@’iﬂ LI

F:5C 14 , "P<<0.05,"P<<0.01; 5 Model 4 s NN N L v ~ N 3
e MGy o e b 0 SR A T A LRI 6.

Sham Model BBR
B4 3@EMROBRIREES

Fig4 Representative echocardiographic images of three groups of mice

#3 NEFEMOEROREENROCEEESHEHZMW(2=6,7 £ )
Tab 3 Effect of Berberine on echocardiographic parameters in a mouse model of post-myocardial infarction heart failure (7=6,

TEs)

Group LVEF(%) FS(%) LV Vol; s(pl) LV Vol; d(pL)
Sham 68.37+£2.24 36.9611.60 11.9843.17 37.58£8.27

Model 31.90+3.27" 14.75+1.63" 41.87+11.39" 61.344+16.28
BBR 44 .82+5.7177 21.37+3.337 18.81+7.187 34.26+13.837

.5 Sham A L, "P<<0.05, " P<C0.01; 5 Model ZHAH I, " P<C0.01.
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A:HEES (A ;B i Yefa ; C KM LL Y5
B 5 /IEEEIT/NROEALFENRMIE(70X)

Fig 5 Effect of Berberine on histopathological changes in mouse heart tissue (70X)

A:COL1 #3411k ;B : COL3 Sz 4l fk
6 3EMROHEAREEALEBEER(70X)

Fig 6 Immunohistochemical staining results of heart tissue in three groups of mice (70X)
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Xt 2% 1K 7K F B 8 R B (P<<0.05) 5 55 Model 414 [t ,
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Sham
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TUNEL positive cells (%)
»

T T T
Sham Model BBR

Model BBR

55 Sham ZHAH 1, P<C0.01; 15 Model 414 H , "P<C0.05
B7 3EMROHEALTUNELRELER(70X)
Fig 7 TUNEL staining results of heart tissue in three groups of mice (70X)

BBR 2 FOXO1 2 [ A XF 3 35 K B i T B (P<
0.01) , GPX4 & A M X F B AKEH 8 & F (P<
0.05), LK 8.3 4,

x4 SAMROALALFOXO1F GPX4EARIA LB (=3,
T +s)
Tab 4 Comparison of FOXO1 and GPX4 protein expression

in myocardial tissue of three groups of mice (»=3,7 =+ s)

21 51 FOXO1 GPX4

Sham 1.00+0.10 1.00£0.17
Model 1.33£0.18 0.62+0.12
BBR 0.14+0.06™ 1.02+0.127

.5 Sham 41 A1 e, "P<C0.05; 5 Model 41 #1 ., "P<<0.05,
“P<20.05-

3 it
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B R PTHER 0  EE E P E ALK
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TSR A T B A /N A5 D R L L FE YR T 5 T
G E R, PAREALS, TR E

FOXOl1 78~82 kDa

oy
GPX4 - ' - 22 kDa

CENp - o 55kDa

Tubulin

Sham Model BBR

B8 3AMROAMALFOXOLH GPX4E B REZEN T
Fig 8 Waestern blot analysis of FOXO1 and GPX4 protein
expression in myocardial tissue of three groups of

mice
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