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i E: B HTKEAEH (pedunculoside; PE) X752 (doxorubicin, DOX) 3 [0 L4545 (1 £R 474 F KL
Bk RSR A DOX I AC16 LT R ERAE TR, RN i@ ip DOX ¥ S/ OB R 8Y . 45 T PE BBk Ab T4
#il 7 ferrostatin-1 (Fer-1) TG, KA MTT ikl 40 Mg 775 VA2 Mo Akl 20 g 4 75 14 4 (reactive oxygen species, ROS)
K PR AIERMAIN ROS A UL EL A Fe2/KF; 0TI PE 5B A & SUEFKEE KRR 4 (acyl-
CoA synthetase long-chain family member 4, ACSL4). AiFIRE NidEMWE 1 2 (prostaglandin-endoperoxide synthase 2,

PTGS2). fEEk#EIZE A 1 (ferroportin1, FPN1). Bk [ E4E 1 (ferritin heavy chain 1, FTH1). 2k [ (ferritin) )45 & R
F1; WAFEAG I ZE B AT O IFHZR P T B (malonaldehyde, MDA) 7K*F*; Western blotting # Ul 41 i FT.Co I 2H 21 9 ACSLA4,

PTGS2. FPNI. ferritin. FTHI FI4:8 E %% (ferritin light chain, FTL) HIZRA/AKF; #EAOSHEUEIN R OIEDhRE, LM
FIAS I 4 af Hp b PR . AR AR AT LT A /KT 93 AR Z 4L (hematoxylin-eosin, HE). Masson Jeff il 2.0 T 41 43
JEEIAELL; qRT-PCR K. AEH 2 PTGS2. FI4AK B (natriuretic peptide B, Nppb). FA4IMIA&-1p (interleukin-1B, IL-
1B) I mRNA FiEAKTF, R SHEBALE, PE Agdf DOX %S M ACI6 4N ROS /KT gt EALf Fe2 /KT
HFtmE (P<<0.001), FEK ACL16 AUfRFI.LATLZIH MDA /K (P<<0.001). 7 FXf#4s 2R, PE 5 ACSL4. PTGS2.

FPNI. ferritin. FTH1 & A BHE ML A8/, Western blotting 455 27, PE gl DOX #5511 AC16 4RIk 2H 21
1 ACSL4. PTGS2 & HRIEK &M EPNL. FTH1. FTL. ferritin & HRIEKI ML (P<<0.05. 0.001). 4, PE AEWSREE
DOX ¥ F L NUIR AN R 0 ThEE (P<<0.01. 0.001), M| AR 4RI E 2 L. PR giindcE . aaisice ot
FIR S AHM T 4 LRI (P<<0.01. 0.001), ZEARCATALRRIEN, T8 PTGS2. Nppb. IL-18 ] mRNA FiE/KT (P<
0.001), FHILIERIER B . £  PE AE5 M5 DOX 1 AC16 4REIET:, St DOX 7 S H/NR OB A R 1EH,
FONLI T fe R 0 2k S8 TR AR Lo LA A3
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Abstract: Objective To investigate the cardioprotective effect and mechanism of pedunculoside (PE) on doxorubicin (DOX)-induced

myocardial injury. Methods An ferroptosis model was constructed by stimulating AC16 cardiomyocytes with DOX in vitro, and a
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mouse myocardial injury model was induced by ip DOX in vivo. After intervention with PE or ferrostatin-1 (Fer-1), cell viability was
detected using MTT assay; Flow cytometry was used to detect intracellular reactive oxygen species (ROS) level; Immunofluorescence
assay was used to detect the levels of ROS, lipid peroxides, and Fe?" in cells; Molecular docking was used to detect the binding ability
of PE to acyl CoA synthase long chain family member 4 (ACSL4), prostaglandin endoperoxide synthase 2 (PTGS2), ferroportin 1
(FPN1), ferritin heavy chain 1 (FTH1) and ferritin; The reagent kit was used to detect the level of malondialdehyde (MDA) in cells
and cardiac tissues; Western blotting was used to detect the expression levels of ACSL4, PTGS2, FPN1, ferritin, FTH1 and ferritin
light chain (FTL) in cells and cardiac tissues; The cardiac function of mice was detected using echocardiography; Blood routine
examination was used to detect the levels of neutrophils, lymphocytes and red blood cells in whole blood; Hematoxylin-eosin (HE)
and Masson staining were used to observe the pathological changes in cardiac tissue; qRT-PCR was used to detect the mRNA expression
levels of PTGS2, natriuretic peptide B (Nppb) and interleukin-1p (/L-1f) in cardiac tissue. Results Compared with model group, PE
could inhibit the increase of ROS, lipid peroxides and Fe?* levels induced by DOX in AC16 cells (P < 0.001), and reduce MDA
level in AC16 cells and heart tissue (P < 0.001). The molecular docking results showed that PE had a relatively stable binding ability
with ACSL4, PTGS2, FPN1, ferritin and FTH1 proteins. Western blotting results showed that PE could inhibit the increase in ACSL4
and PTGS2 protein expressions and the decrease in FPN1, FTH1, FTL and ferritin protein expressions induced by DOX in AC16 cells
and heart tissue (P < 0.05, 0.001). In addition, PE could improve the cardiac function of DOX-induced myocardial injury model mice
(P <0.01, 0.001), inhibit the increase of neutrophil percentage, neutrophil count, red blood cell count, and decrease of lymphocyte
percentage (P < 0.01, 0.001), alleviate pathological damage to cardiac tissue, down-regulate the mRNA expression levels of PTGS2,
Nppb and IL-1f (P < 0.001), and inhibit cardiac inflammatory response. Conclusion PE could improve DOX-induced ferroptosis in
ACI16 cells and has a protective effect on DOX-induced myocardial injury in mice. Its mechanism may be to alleviate myocardial
injury by inhibiting ferroptosis.
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BR8], ZRBET: (ferroptosis) A& — PR AP 1]
AE T, A R B A ) EE A
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1 PE Mk
Fig.1 Chemical structure of PE

HEaE R F 293001, PE w41 Co JULEH AR R R AR i 2T 4 41
HOFETE IR A 1 4B A/ % -1B Cinterleukin-1B, IL-
18D+ IL-6 FIMIE A BE A -0 (tumor necrosis factor-
o, TNF-a) S5 & AR [ 7= A= 25310, b4k, PE
AT 07 AR AR TR B AR TR T K B s I IfL
SERT, (HHET PE 78 DOX 755 () Co LA 5 F4gk 5E
T2 5 T I 78 M AR B . ASHIT 98 AR P A S BR R R
PE @i #HIR L T-V4 7 DOX i3-S 1 Co L4545 1) B
AL, Rl REE XS PEBR IR DOX O B M 24t
B R .
1 M8
1.1 5 4m

72 2 SPF 2ttt C57BL/6Y /N, 8 AR, 1k
iR 22~25¢, W H L4l FAESL I S AR
AT, shPYFEaliEsS SCXK & 2021-0006. %)
FFRT R 22~25 C. AHMEE 45%~55%. 12h
BRAGRHET, BHEEUOK. S
SR EAGRFICET RS (S
DW20250113-SY02).

AC16 L4 (585 STCC13101) JEH
FE ECDREAZ A AR TR A ]
1.2 ZAm5iH

PE (REDH=98%) W s H A4 4
BHAHR A ; DOX (b5 HY-15142). DCFH,-DA
e (5 HY-126793). T #I57 Z-VAD-FMK
(#5 HY-16658B) . PRFEM:E T #1177 necrostatin-
1 (Nec-1, #It'5 HY-15760) W H3:E MCE A
BRAET 477 ferrostatin-1 (Fer-1, k5 SML0583)
6 H 3 E Sigma AH]; JRAIIE (5 2364724) .
HHEBE (S 01118). DMEM #i7 (%5
8123117). 0.25%f#lF-EDTA (5 2666516) T H
[ Gibeo A F]; MDA Ml ikFl& (S A003-1-
2) W H e B R AE ) AR ST C11-BODIPY £
B (#t5 GC40165) M HEE GlpBio 2 Hl;
FerroOrange R4l (fit'5 F374) WH H AN 4t

FA-ALSERE SR BT, ACSLA Fiidk ('S DF12141).
FTHI $iifk (L5 DF6278) 4 [ Affinity /4] ; FPN1
ik (5 C1223). FTL Fitdk (35 J0621) M H
2 [H SANTA A ferritin Fifk (5 ET1610-78)
W HE A AT FAIRENS AN SR 2
(prostaglandin-endoperoxide synthase 2, PTGS2) #i
& (Jit'5 48428). HRP Fricfl) IgG 4t (b5
7074P2) W HZEE CST AF.
1.3 &5

BC-5000Vet & Mindray I FR AL RN
i AW BT WL A R & F] D) s ME204E Y
1/10000 A% RV (e -6 0 2488 BilEA TR 2
A]D; BXS53 AURELEUE i (A4S Olympus 2
] ); Cytation 5 B0 i A8 B A (3 [H Bio-Tek 2
F]); XSPVET BU/NSN I A g R 40 7 7 A (5
M BRI RHEAR AT
2 ik
2.1 {RHPEEIE
2.1.1 4RG3 AC16 4URH 10%00 4 1
1% 4% £ ) DMEM £53%3%, 7537 ‘C. 5%CO;
B el b
2.1.2  4UHRVE IR AC16 41 LA 5 X 103 4~/FL %
Pl T 96 LA, BrFRid &, IIAAS[FREE (0.25+ 0.50+
1.00. 2.00. 4.00 umol/L) f¥] DOX /EH 24 h, MTT
ERG A ME /7; NN PE (5. 104 20 pmol/L) T
I%E 6h, FINA DOX (2umol/L) %5 24h, MTT
IEREI IS /75 NN Z-VAD-FMK. (10 pmol/L)
Fer-1 (10 umol/L) A1 Nec-1 (20 umol/L) Tii¥ &
6 h, FHIA DOX (2 umol/L) %S 24 h, MTT i
o W 240 V% 7
2.1.3 MDA /KA AC16 4HELL 6 X 10* /N/4L
BeRb T+ 12 fLARH, BRI, I PE (5 pmol/L).
Fer-1 (10 pmol/L) ¥ & 6 h, FIMA DOX (2
umol/L) %5 24 h, LM, INAZER S, 3000
r/min &0 10 min, BB, #6055 & 15 B B e
MDA 7KF-.
2.1.4 P 40 B A KRS WV 4 (reactive oxygen
species, ROS) 7K°F  AC16 4 LL 6 X 10* N/FLHE
T 12 Lk, EFRER, A PE (5 pmol/L).
Fer-1 (10 umol/L) Til§¥ & 4 h, FiIA DOX (2
umol/L) S 12h, FFEK:#%E, DCFH-DA #R%Ef
(10 mmol/L) 5 DMEM £43#%£4% 1 & 1 000 (¥ A7
REWS EMAd Y, ®OLIE 0.5h, A 100
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ul FREGTEALANAE, BOR ARG 438 496 nm
A1525 nm, A AGEHAC BT ROS K-
2.1.5 I udeiEA I ROS. g SR Fe?
K ACL6 ZHALL 6 X 1044/ FLEF T 12 LR,
RegEd %, N PE (5 pmol/L) i #E 4 h, Fhn
A DOX (2 umol/L) 5 12h, FF 215773, A PBS
SR E BE4E M, 43N\ DCFH2-DA 5% (K
496 nm/525 nm). C11-BODIPY 541 (LA B K
460 nm/510 nm, &JFERFEK 565 nm/591 nm) F
FerroOrange ¥4t (%1 543 nm/588 nm), &G H
0.5h )5, ToIaRis F LI,
2.1.6 Western blotting f&ll ACSL4.PTGS2.FPNI,
FTHI. ferritin B [13R1&  AC16 ZHAELL 6 X 10* 4~/4L
FAT 12 FLb, BEFRid G, I PE (5. 10, 20
umol/L) Tii% & 4h, FHIA DOX (2 umol/L) T
12h, WM, ARG E, KA BCA
N E B R, AV AR . BEAREME T
AR R AN S N M I e B FR VK, %% % PVDF
W, S, 25 E —PuUR P, I ECL 1h2
RG], LR SARAL T AR
22 DFRE

H1 Uniprot £(4f 2 F 443 2|8 1 3D &5 304,
K PyMOL 2.3.0 FEFEXf 5 A4 AT IAE . M
PubChem %45 £ T # i /& Pedunculoside [ #]45 3D
Fy#d, ] OpenBabel 3.1.1 ) MMFF94 7717
XN FEE AT AL, 15 B RE E AR iR
T4k . i AutoDock Vina 1.5.6 F& /5147 X2,
13 B e B DL Jon e 4 e, JRiE g PyMOL
2.3.0 X 45 SR AT AT ALAL
2.3 {RHEELE
231 . EBLESY KRR R =YL
RN B K PE K. B EAE (12,5,
25.0~ 50.0mg/kg) ZHAN Fer-1 (1 mgkg) B4,
H12 Ko Ba254 ip HRZ5Y, WA REEAIA
ip ARBEERIK, 1R/, TSR] 14d. 5 8 R, BRXY
HRAH ip A= B oK AR, HAR/MR ip DOX (15 mg/kg)
7S ONIR AR, 25 14 KM
232 @EAEOSNERI GIER/NRIEE B, R
B,  FH/INBhADEE S A% 2R G 80N B o U 45 4 R
Dige, RrillZe =SS M54 (left ventricular ejection
fraction, LEVF). /&0y EFH 45 %5 %% (left ventricular
fractional shortening, LVFS). &% & (stroke
volume, SV) ZELINEEFEARIIARL .

233 MEMST GBS HRE, BUNRIRIESNE
I, 78 45 pL MR INN 5 ul B, FHie
BRIRAT, P ES AR ISR /0N BRI 9w ) w20
FiL bk E 4 AT 40 B KPR AT AR
234 /NRGOIEEAREKERIE (HW/TL)
I LN RO IE SRR, ONERRE &, R =
BB 5 20 AT 35 2E /0N BRI o7 B/ v K P ) B AR
2.3.5 DL S B 2E A 52

(1) F3ARZE-PL (hematoxylin-eosin, HE) %
s S/ NROIEHL, T 4% PR e
24h J5, H PBS Zriidve, AbE e s e i)
F, BT HE et s ik fr, i s 2 EUE o b
AL EZ 0 E L S5 BEAR AL o

(2) Masson Jetfy: HUS-2H /N SO IEZH 2R A i )
Fs HEAT Masson et )5, BiAGEIAE F, @ EE
PG o BT A 800 I 2 08 B AR AL
2.3.6 MDA /KPhaill  HCEA/NRCIEZEZE,
NZER, 213%)5, 3000 r/min 250 10 min, HL L
T, ARSI HNE MDA 7K.
2.3.7 qRT-PCR fill.0IFHZR PTGS2. ANk B
(natriuretic peptide B, Nppb). IL-1f ] mRNA FRiA
B AN BROC AE A 2R, 42 BR300 B 1 PR U
RNA Jf& % cDNA, T qRT-PCR 73#7. 51¥F
IR 1.

&1 5149575
Table 1 Primer sequences
HH 731 (5°-3)

PTGS2 F: TGCACTATGGTTACAAAAGCTGG

R: TCAGGAAGCTCCTTATTTCCCTT
Nppb F: GAGGTCACTCCTATCCTCTGG

R: GCCATTTCCTCCGACTTTTCTC
IL-15 F: GAAATGCCACCTTTTGACAGTG

R: TGGATGCTCTCATCAGGACAG
GAPDH  F: GGTTGTCTCCTGCGACTTCA

R: TGGTCCAGGGTTTCTTACTCC

2.3.8 Western blotting &l .0» JlE 41 21 ACSL4.
PTGS2. FPNI. FTHI. FTL ZH&IA  BUE4/NR
OFHZR, IMANRERSEIE R, 4% “2.1.67 UK
Ji A O EZH 4L ACSLA PTGS2. FPNI. FTH1.
FTL HE KX
24 GUtFESH

JHit GraphPad Prism 9 3R sEie i da it 1748
THa T AT AR 2 . B iR D X £ o, BT
Normality and Lognormality test K363 2 IEZS 7
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&, R TT 258 (One-way ANOVA) i
17 2 dH I T
3 #R
3.1 PE #iI# DOX iFSH) AC16 ZHAAERIE T

EE MTT &l PE X} DOX %5 S A 40 B 3% /11
stk 2-A FioR, 0.25~4.00 pmol/L DOX X
ACl6 4ifE¥y B4 (P<0.001), JEH 2
umol/L DOX %S AC16 4HIAET #E4T J5 £ 5256
Wi 2-B fias, GRIETHIHIF] Fer-1 nf DL H0H|
DOX S HIAMAET: (P<0.001), T #0HI5]

A 120 B 120
g b
R 80 i R 80 ok
g B E i
ERU = 40

0
R 0.250.50 1.00 2.00 4.00
DOX/(umol-L™)

FHHE AR Z-VAD Fer-1 Nec-1

Z-VAD-FMK FISRFEMAE T2 40157 Nec-1 % DOX i
SHMAET A RN, B DOX 53 (1) AC16 41
Mgt T KOS Wl 2-C FizR, PE (5. 10
20 pmol/L) REf% W Z M DOX 55/ AC16 4/
HETZ (P<<0.001). AHfgksb -l fev, ARFudAdl
YK RE T E, MDA &gt Ak R P A 1)
RRTZ —, HEBESYINT EIEFKBY, K
2-D fili7n, DOX 531 AC16 i) MDA /K- &
EZFE (P<0.001), %57 PE Al Fer-1 TTi)5 2%
i MDA 7K~ (P<<0.001).

C
120 s
ES
580
!:é[- ks
40
g o i
= 1

& B8 PE Fer-1 PE Fer-1
DOX (2 pmol-L™)

0
MR OB 5 10 20
PE/(umol-L™)
ferritin
r‘"ﬁvtr/"’(\r\‘. i,

F
2001

ACSLA | e 4 D . & | 74X10¢

PTGS2 | W M S B . | 7.1 10 1501

FPNT [ S s S | 5310

[
FTH1 J I ! J 2.1X10%

ferritin Q Sl T F PRy
e Ee o -;\ 37X10*

WP A5 10 20
PE/(umol-L™")

E TR A
2

W
(=]
L

GAPDH

ACSL4 PTGS2 FPNI1 FTH1 ferritin

SR B 5 10 20 %R B 5 10 20 XHEBAL S 10 20 MHRFFALS 10 20 XHEKAL S 10 20

PE/(umol-L™") PE/(umol-L™") PE/(umol-L™) PE/(umol-L™") PE/(umol-L™")

A~C-MTT VA0l AC16 41f7% /1; D-PE Al Fer-1 %I DOX #5111 AC16 41l MDA /KT {f#0i; E-4-F X4kl PE 5 ACSL4. PTGS2.
FPN1. FTHI. ferritin 84 45 A€ J1; F-Western blotting #il] ACSL4. PTGS2. FPN1. FTHI. ferritin 2 (38X SXHRALLE: P<
005 *P<0.01 *#P<0001; SEMALE: "P<0.05 "P<001 ""P<0.001, FEF.

A—C-viability of AC16 cells detected by MTT method; B-effects of PE and Fer-1 on MDA level in DOX-induced AC16 cells; E-binding ability of PE to
ACSL4, PTGS2, FPNI, FTHI1 and ferritin proteins detected by molecular docking; F-expression levels of ACSL4, PTGS2, FPNI, FTHI and ferritin
proteins detected by Western blotting; *P < 0.05 #P<0.01 ##P<0.001 vs control group; "P<0.05 *"P<0.01 "P<0.001 vs model group, same

as below figures.

2 PE 3} DOX ESH AC16 HBRIEKIE MR (X+5,n=3)
Fig. 2 Effect of PE on ferroptosis in DOX-induced AC16 cells (x5, n=3)



FED 2025F97 $56% B 178 Chinese Traditional and Herbal Drugs 2025 September Vol. 56 No. 17

* 6225 -

I > HER I PE S8R50 T AR B Ak
RRUTH I B ACSL4. PTGS2. FPN1. FTH1 Al
ferritin 255 HE77. W 2-E Fir, PE 5 ACSL4
(Lys116/Thr159/Lys231). PTGS2 (Asp347/His351/
Ser579). FPNI (Asnl44/Asnl85/Arg466). FTHI
( Glu61/Glu64/His65/Lys68/Glul34/Lys143 > Al
ferritin (Asn12) “FE A f M E/ER, 4688
Sl N-8.2. —8.9. —8.9. —-7.6. —7.6 kcal/mol (1
kcal/mol =4.182 kJ/mol), #i# PE 5 ACSL4.
PTGS2. FPNI1. FTHI Al ferritin 2% [ f25E (45 &
YEH . % Western blotting #:1] ACSL4. PTGS2.
FPN1. FTH1 il ferritin £ 131K, Xf43F X451
HATIIE . W 2-F Frzx, 104 20 pmol/L [¥) PE &
Z0#H DOX %S AC16 41N ACSL4. PTGS2
EARILK T FPNL, FTHI. ferritin 25 [R5
)R % (P<<0.001), 5 pumol/L f] PE &2 ##] DOX
S AC16 BN PTGS2 & A RIE M T Al
FPNI1. FTHI. ferritin & [43RiE M T (P<<0.001),
F M PE RefgiEd s ACSL4. PTGS2. FPNI1,

A B
/ C
N )(
F )
I I T 1 I I
100 10! 102 103 104 103
FITC-A
o 150 -
; HitH
¥ = fakolol kokk
i 100 Hitt
17{
=
<
2 504
T
s
Q
(@)
04
St A%%  PE  Fer-l1 PE  Fer-1

DOX (2 pmol-L™)

DCFH,-DA

Ferro Orange

C11-BODIPY

C11-BODIPY
oxidized form

FTH1 1 ferritin &5 [ ZRAHNHIERIET .
3.2 PE ¥t DOX i5SH) AC16 48REA ROS. BEfR
T E AT Fe2 7K FHIE MR

RS T RE R, A P e T AR A P R
FeX it B R, S EERAOmME N i 454
K FH I 4 B AR oy iR 40 e 9 ROS JIE
i E AR Fe2KF-. W& 3-A Fis, DOX i3
(1) AC16 4Hfi N ROS /K& (P<<0.001),
Y5 PE M Fer-1 T-1/5 ¥RE 2 2 1MH 41 ROS
K (P<0.001). il 3-B s, AL 5 5m e
Hhn, PE HWeimfEIRAK, R PE R W E
DOX i S ACl6 4HfeN ROS MM R, KH
FerroOrange #R 5T Rl A L N Fe?* 7K, anf&l 3-C fir
7N, RN N Fe /K P Fh s (L0t 5 g 4
B, PE A Fe* KPREAG (At EIRTS), &
i PE At & & #11H| DOX 75511 AC16 4HJfd )y Fe?*/K
Vo AN RIR TR AT GRIRA) FE N
Bk, EME (EAS) TENGEFE. W
3-D iz, RAYZHANRR N S R amEE RS n, 4T

X iR i PE

200 um

200 um

200 pm

Merge |

3 PE X DOX iESH) AC16 4014 ROS (A B). FEEUTE ML (C) 1 Fe?/KF (D) BISNT (x+s5,n=3, X20)
Fig. 3 Effect of PE on ROS (A, B), lipid peroxides (C) and Fe?* levels (D) in DOX-induced AC16 cells (x £ s, n =3, x 20)
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Fig. 4 Effect of PE on cardiac contractile function in mice with DOX-induced myocardial injury model (x £s,n=7)
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A-cardiac morphology of mice in each group; B, C-HE and Masson staining of heart tissues of mice in each group (x 40).
5 PE ¥ DOX iSO AR B R EL DAL B 200
Fig. 5 Effect of PE on myocardial injury of mice with DOX-induced myocardial injury model
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Fig. 6 Effect of PE on levels of neutrophils, lymphocytes and red blood cells in blood of mice with DOX-induced myocardial

injury model (xts,n=8)
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Fig. 7 PE alleviates DOX-induced myocardial injury in mice by inhibiting ferroptosis (x s, n =3)
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