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o NIk, ARSI T A A AR R T BT A
8 TNBC AT BT RS . AR SCH e/ R T2 1Y
A REE, SRIF 7RI 4155 TNBC 4ii 24
PAICT- IR G, TR BEHA . I RES
PR AR BBk S A S TT 1], A BN TNBC 2591
K 5 ek RATFFE 4 (I A S g

1 RETHEEER

PPN AE TS (regulated cell death, RCD)
A R R A B AR, 2 R T
A RCDAFEMT: . M1, BIPHIRL . Pt
-4 o BT 40 i & 4 FE T2 (accidental cell
death) , RCD J&— 257 B ™% 6 45 0 4 MU S8 12 05
L Hidr, ZRIE TS Stockwell £ T 2008 4F K&
B, Dixon 45T 20124 A% A RCDFEM = 5
AW, M1 WL, BT AHARE U RCD A H ,
Yf R AERRAE TR, JEAR b R Lo ik
TG/, BEE RERA N, ZObiiRigm el g, 4ni
PELRFFTERE, MRS R/NER , Y E iG>
B, At b, A A B H K (glutathione,
GSH) #E¥y . &AM H Kt AL PG 4 (glutathione
peroxidase 4, GPX4) JHPERRAL . Lok s i B
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H Fr A PRy ] e Ak se T, 2
3L System X, - 22 -GPX4 i [ 41 H] GPX4 (17
P, H R R, B B R AN
MRk # Y AR RS S AR B A A
AT 240 i A= BT
1.1 System X -ft S ER-GPX4i&E B%

System X, A& — 1 2 Jfd 2 ] 2 KR S [ e i 2R,
M, W aE IR ZE % 7 B 5 11 (solute carrier
family 7 member 11, SLC7A11) H & H 5% R
ARG 3 W51 2 (solute carrier family 3 member 2,
SLC3A2) EAHEIEEA M. ©rMERZERAN
HEMR (glutamate, Glu) FIIZMEZER (cystine)
PEATACH 1, 25 GSH AR . GPX4 1] i R 4n
OARTiORu =R/ 8 IS E SR il ) iR =R 7]
(lipid hydroperoxide, LOOH) A J5 A JC 7 A4 g it
B (ZEfieya ) Vo, SR A ek st T, JF4ERRE

BROSUZ I EAZS M, GSH 1l B GPX4 f#fb it 4
.

Wt s 4L &R 2 MG 2 (nuclear factor-

erythroid 2-related factor 2, Nrf2) J&—Ffi ¥4 55

¥, EIEHEH T 5 Kelch # ECH JCHEH 1
(Kelch-like ECH-associated protein 1, Keapl) %5
A, M Keapl VEh—FiiLiddds, BEAS IR A0 M A
8 48 A I K ST 020 > 2 i 3 2 S s
Keap1 % Nrf2 (80l /E FHmiss ,  sui/e Nef2 DA ot
SR B AN MRz, OIS T U B A SR o
(antioxidant response element, ARE) 3R Rk,
A F5 2T Z N4 ¥ 1 (heme oxygenase 1, HO-1),
HO-1Z 573 L 205 W IHER R . — AL Ak
o dE IR LT R A A, HO-1 A AT LA /b
YHAEN A, R A, 3 AT i i
AL N R K RS R R T R AR P
A, p53 AT LLRE SLCTALL BYF3k, M/ 40 it
e 2 IR A B, B IR GSH K S, 2 HE Bk
FET 122

Tl e R 1E 0 GPX4 W SIS T oy, oA
A T DE R (RNA B R, i s 2
I FE W2 (isopentenyl pyrophosphate, IPP) HY
Zx b5 0l HEER (mevalonate, MVA) &8
1) G Bt il 3- 2 2 3- HH L G — Rl i A 38 R il (3-
hydroxy-3-methylglutaryl coenzyme A reductase,
HMGCR) i 1k 72 B R Wt 4l 8 A (hydroxy
methylglutaryl coenzyme A, HMG-CoA) #44k -k H
FoolmR , M AR R TPP A H R TN M A B R
(dimethylallyl pyrophosphate, DMAPP), £ 5%
QIO A=Y 7 T HIAE I =7

i T I System Xe B #E 7] p53 F i SLCTA1L
ik, FEIRGSH/KF-, it GPX4 G sk
ik, BEIRHIEERIR B AL R RE Sy Y, Bt
PO Nef2,  BH 1k Nrf2 M4 5T 54 5 2 4l i k%, ok
PR (I HO-1) WFRk, 1R AN
FERARR, Bl misFud AR R, SRk
T kA . H U, 1 MVA i 42 b
HMGCR, /D IPP AR, S2MRANG - 21K tRNA
PR, BRI GPX4 TG PE, o nT 35008 B ik
PIRRLR, ROSThim, MR PIET: "o filln,
B JE A R B 3B (glycogen synthase kinase-3p,
GSK-3B) J&—Fh 1z Rk 1Y L2 AR/ I AR I
ity , A3 o A 7 Nref2 S il VR 40 i A4 4 48 AR B A
A WF5E KR, GSK-3B 7£ TNBC 4 il & MDA-MB-
231 5 MDA-MB-468 Ik #3k , 1 Nrf2 7£ [k GSK-
3P AR FLAR R H LU = Ak . UEEK GSK-3p AT
if b GPX4 FUR U A8 A= DU R 15 IR A & T
(arachidonic acid 15-lipoxygenase, Alox15) & /b
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ROS FI7N [ (malondialdehyde, MDA) F/=4,
FHWT Erastin 75 T BERFET . GSK-3B [y &35 M| 1
5% 1 Erastin il K FUERIET, HEHN T ROS FI MDA )
PR I T AR FLRR R SRR S AR AR Y Erastin
SRR AR B PR GSK-3B/NRF2 2 [1] 14 -
& — AR BTE AR ik, JF BT AR RN iR
Erastin 755 AL IR ERPE T 80R i J 225 A5
1.2 kA5

BRACHHE B AE PR T R PR A G ER ,
SRR RRAER I . fAE . RECRAI, S 4t AN
JE BT A AL R . R 324K (transferrin
receptor, TfR) A T 45 & M AN HFH P HEA
(transferrin) -2KEGY), 14 Fe MAESME iz 2 4
MIRZ, SERAERRIEEI, THE A R IR B TS AR 7S
5 B I H2 it B 3 (six transmembrane epithelial
antigen of the prostate 3, STEAP3) WVEFH T,
Fe"if i h Fe; “MERE FitiaEAl
(divalent metal transporter 1, DMT1) J&—Ff it F
W 4 IR B s R, AT Fe WAL N RE i 2
A BT R FROE Bt Y BRE T (Ferritin)

BB E I, TS S RREAER, EEki=
FIESL T, Ferritin 0] 381 F WEIR S M, BT
BRABET . Z AN FNRINITE (polyunsaturated fatty
acids, PUFAs) AI4ERp4iffmshte 4, 88 &
fiti (lipoxygenase, LOXs) J&—FhEiifinym, fie
i PUFAs 4k, 3K & PUFAs FLE 2, Fe? U
Rl PUFAs % fLBUZ AL, M5 2 K 4t i PUFAs
Ak, HRAMR RS P

i PR B AR B, an$lm TfR. STEAP3,
DMT! S5 8k Rk, BG4 i PN R A H8 L
FUBEIC, 1R 1EZ PUFAs f%EML, ¥l S84 %
8 BET-, BN, Holo-lactoferrin (Holo-Lf) 1EK
— PRI ANFLEREE 1, BA U B TERE,
AR TR BT ERC AR 7' Holo-Lf A J 3 TNBC
2 s %2 MDA-MB-231, 7] F B E 4 (19 ROS Flfig 5t
HEAL Y MDA , B F A g R aa kg,
SEMEHN RS &N, BRI, LA,
Holo-Lf A nf 345 TNBC X 0T A fstE, (e dk4m
S5 5 DNA 8 45, X PR R D ) AR
B (B,

l HMGR
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Fig.1 Schematic diagram of the mechanism of ferroptosis
Bl #SETEENHREE
System X, : 2R -Me s R I 10 52 7 ; HMGR: 3-F8383-H 5L Z kA B A SR I (3-hydroxy-3-methylglutaryl coenzyme A reductase) ;
CoQ10: AJFAFUAHAHQ10; PUFA-OH: ZAHIAEIHFRFEILILY) (polyunsaturated fatty acid hydroperoxide); PL-PUFA-OOH: B§figZ AN FI

fig iR 1 48 fk &g (phospholipid polyunsaturated fatty acid hydroperoxides) ; PL-PUFA-OH: #ilig & A1 MAE iR #2241k (phospholipid
polyunsaturated fatty acid hydroperoxides); Holo-Lf: RIREMMFLERE I (Holo-lactoferrin) .
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A CIEEERE A HAE TNBC B R A R EREAE THLS
2.1 FESTNBCHAREZ LR THRELEY
2.1.1 MU L E

EHEEWMLGYE MR (Food and Drug
Administration, FDA) #t i () Ml & fif fe nik B
(sulfasalazine, SAS) ([&2) AALAIIRYY v & A
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Fig.2 Chemical structure of sulfasalazine

E2 HimmpeitiE i FEmX

T2 WG A IR, SAS L PR GSH /K - I 35 ik
55 TNBC 4 Jifi &2 MDA-MB-231 (1) 4k 7 Bt 7k |
FEO R AERIET, TR B B X SAS 5
FHERIET A A CEEAERA ', TNBC R R ik 8k
HEARRRE ), R SAS 55 TNBC
KAEBIET- WS —iift, IAh, SAS /b A
Jifyeg R GSH SR B ieboid AR R R R i e, ke
FEXT TNBC @i sitt, EAAR N JCH AT .
ZBF 9T OWCHE T TNBC 40 i © 2 & 1l
SLCTA11 /- S A5 KA ROS B RGOS,
TNBC BRI T ML 15T B

2.1.2  —HUIK

YERIGIRIGYT 2 BB R 1 — 26258, —HI XL
BK (metformin) ([&3) EA3 2R L2, H
U . TR AR YR — A2 B A R
ST WFgE R, OBUIRE i TE] miR-324-3p/
GPX4 %, f# miR-324-3p B35 GPX4 Y 34 B
X (3-UTR) %54, Rk GPX4 &, 4% TNBC
il Jfl % MDA-MB-231 k30T, KRIEPURIER .
AN, —H AR5 SAS Al & 5 P [E4E 1, 30l
TNBC 4iiffd (3558 7',

NH NH
~ N N NH,
| H

Fig.3 Chemical structure of metformin

B3 ZHRXAMLEEER

2.1.3  PHhiEERbIn e e
PG4 35 (Siramesine) (K 4) J&—FhiawHA
WA, CA M UE T i 2L AR 0y

N
F

Fig.4 Chemical tructure of Siramesine

E4 BEHEFLZERK

Z P A Kk AE RSB T PLNAEE e (Lapatinib)
(El'5) ——ErbB1 £ ErbB2 ) i % ik 15 il 4101 1 5]
A FHFRYT ErbB2 i 323k 19 L AR SO MR AE
WIS R, PERISEEMPnE e k& A, v LA
TNBC 41l ffl % MDA-MB-231 4 ifg &% 42 2 11 1 %
ik, YESRERMERE, R IRSRE AR, Wb
BRIGHE DT 200 P 2 B ok S, 5
RIFWRR N, A K ROS, G2 Mg it 4
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fb, BZ4955 TNBC 4HH e T
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Fig.5 Chemical structure of Lapatinib
E5 HHERHFEHEN
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2.1.4  FERATT

FARMTT (Simvastatin, SIM) (&l 6) J&—Fh
NG FRERR R, BT C A BT IE B LR ]
JiEg A e A= 4 0 SIMGE S i HMGCR i ER 3k,
T MVA &4, W0 IPP R AE B, 3 1T 52 i Al

Fig. 6 Chemical structure of Simvastatin

Eo FftiTHFERN

I 2R (RNA ) 2R GPX4 6P, e T8
ML GPX47K PRI, BRI AR, ROSTH
B, TS LR A A FE T 5 Ak SIM 2%
B PE DK BUR AL 1 PP B T R 5 ) PCBMA
Hr, YA T HIET 9K 25 (Fe,0,@PCBMA) 11
K¥EPE, X TNBC 40 i 2 MDA-MB-231 £ B H
3 TNBC 4 il % MCF-7 B £ [ 4i i d i, B
TT2525 %0l LIA SR PE TNBC, HEj, Fe,0,E #
2 [E FDA UE BH AT T IG R B . JF R
Fe,0,@PCBMA-SIM 4 K & 4t & Ifi IR L XF 36 97
TNBC HAE R &
2.1.5 DMOCPTL

DMOCPTL (dimethyl  oxalyl  chloride
parthenolide) (& 7) J&/NAZNAE (parthenolide,
PTL) WA, AT PTLIHL TNBC LR, H
HEH B KEES ORAEY R A ES,

DMOCPTL rJ )3 i3F GPX4 1972 Z4ki7% 5 TNBC 4
ML BRIET- AR A K R W& T 1 (early growth
response 1, EGR1) R4, /RN AR
W £ 3 B 5 i DMOCPTL 25 3, JFZEK T /)
SR A= FEIRF 1] 52, DMOCPTL A 45 Rij i 114 37 751
L TNBC Je b S WEAG i — 20 5%

Fig.7 Chemical structure of DMOCPTL
El7 DMOCPTL {LZ45#5X
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(+)-1Q1 ([&8) J&—FhEmy — A w.I/Nr 1

R, A SEAEIHRACE A S S R Y
~N N
N /N
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Fig. 8 Chemical structure of (+)-JQ1
E8 (+)-JQIit=EEEMK

454, i BRD4A (Y%7 *, BRD4 M & TR
LM BRI AR A S A B I B K%, 7E TNBC Hr ik
FEE PRV, (+)-JQI BEHG R A W HE gk
K-, Bl J5 8 1 Fenton [ B 34 1 ROS /K-, F:3
TNBC 4l & A RFET =,
2.1.7 Compound 4

WHRETET 25t e, &L T 2250
INGT T l—Compound 4 (J&19)., Compound 4
X NN T AR et e, A ST 4
i RN R /N RFLIR I A0 R 4T1 45246 &)
B, Compound 4 /2 IR, e8] 78 BfAE T
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i fifl (concer stem cell, CSC) "', compound 4 1]
DOl S X WisE g5, K Emm
B, 5 FEFETS, H TNBC 41 il 2 MDA-MB-
231 #4455 18] 38 0T CSC — Y X 4k 58 T 1Y B
PR HAT, B S YRR IEEIRA, LI
JE IR EHT S R AP ISR/ N £ TNBC YRR AE 53
TR

(=

N

HO

Fig. 9 Chemical structure of Compound 4
&9 Compound 44t FLEH=K

S ALA P i AN [ B0 5 M3 #1755 TNBC A
KM R ARFET, Hoh SIS SAS | Ph473E
F SRR Je AT PR E AR I R R R, R
FR oG Y05 T U A0 B e A R AT T A A A
B, (99N E K1)

22 FHESTNBCHRA £ %I T M hE 2GR ALY

M2 TR O AL TAEDI R, A2
gy ZWEMZAERINRER, HORIE Tz . ERE
/N, BRI 251 . FERG G IIE 7T
HZG A AU BB S FETR IE Y[R PR 0, B
BE TR A SR, JFH T AR R
N, S5, BA RAET B HIET R
221 18-p-HHEIRR

18-B-HH KR (18-B-glycyrrhetinic acid, GA)
(FE10), BIVHFrh i —FEHEAS Y, TEARFR
S R Ge b LIS [ HL I 48 )iz BP0 A s
R, WS . B Y AR E4 GA
J7 i TNBC 41 il 2 MDA-MB-231 ', NADPH %fk
i A1 A= A — S AL & A B (inducible nitric oxide
synthase, iINOS) HYFIAFIEME LiH, ROS/AHHEA
2% (reactive nitrogen species, RNS) [9/= 4= 441,
SLCTAIL 35 R, GSH/KFFEIE, GPX itk
Peimdl, RAFEFET KA, MRS FES
L8k (deferoxamine, DFO) FIEKFE T il 71
Fer-1 Al JHBR GA MR . 25 LTIk, GA Al i i
TG 30 Ji 8 0 P Jhe o MR 0 A PR W R (reduced
nicotinamide  adenine  dinucleotide  phosphate,
NADPH) /L F1INOS fi2 #F ROS FlI RNS 9774z,

FEAIC GSH AL GPX J& P, AT i & B o ot 84k - fink
& TNBC 4 g ik AT

Fig. 10 Chemical structure of 18—B—glycyrrhetinic acid
E10 18-B-HEXRERUFEHN

222 FPAFTIHESIR

P HF T E S (Shuganning injection, SGNI)
JEARAE 1 800 AEFI sk st R4 (Fi%Eie) Hic#k
(R 28 U7 500 1 s T R C T, P 2 B 2lifig
WA, WFERZ . RER . JE1. & A EER
AT . Wang % ) BF5E K B, SGNI A DL it
7ML AAACR B, I DL HO-1 O T =2 E 40
i N ANFaE gt (labile iron pool, LIP) YIRS
FAMUERIET T, PRV R T TNBC 41 i A 15 56 .
FR 2 SRR R, R R RN I TR

MUESSH], (0 SGNIVE 2517, EAER R L
PHIZAR, BRZ R 2R EHER .
223 EHE

Z# & (curcumin, CUR) (K 11) Jg@ £
RYII— 22285, B T X REE . RRIZE S

(0] OH
OO0
HO OH

Fig. 11 Chemical structure of curcumin

Bl =HRUFEHN

ik, . REREEE . #hZeRAT M S8 M B
A RIFPRNAITRCRAN, 8 °T ATE S e i il 20
G AS S AP T 1 Cao % ' WFFT R,
FEHEZ M IS i ROS K | G B E L& e
PIMDA FUERFANMIN Fe* 7KV, AR Brasii s i 1
515 (solute carrier family 1 member 5, SLC1AS5)
439 TNBC 4i/ifl 2 MDA-MB-453 14} TNBC 4 Jifg
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ZAMCF-7TH3ET-, Mo, 28Rk nl Lol ik

HO-1 /K Pk TNBC 4ifitl & A 4058 T 1,
224 ARSI

“ASSHE1 (dihydroisotanshinone I, DT)
([ 12) ZPShim—Faife sy, nhEdETek
BRICT SRR I D7 ARG s 1L g oo Skt
TRk AN 0 DL g iR A AR sz 2]
DT A] i i 40 GPX4 R F Bk, feidbls i &
i P ERAE TS, LS TNBC 40 /il 2 MDA-MB-
453 F14E TNBC 41lfitd 52 MCF-7 (3% ', KHADT J&
AARFUIERT PR 22—

Fig. 12 Chemical structure of dihydroisotanshinone I

E12 ZSRASEmILEERR

225 [EHZER

[ S} 2 (cryptotanshinone, CTS) ([ 13)
MRS Y, O U AT B B
JETEME . CTS XA &R JRA TNBC A A/ )N FUAY A A=
KEA RAFAIISIVER, JF B AT LU e T R
el Y OR i e i € S Sl AR I e Y 6 A
A0 ; CTS AR T TNBC 41 g & 4T1-Luc 5 AL
G-MDSC 4 fifd, . 25 42 v Jid N EVBRFT ROS 35 8,
BB SR BIAH N R T TR AR E . Zbi iR
AN R R SRR D>, JF H CTS 1)
PP 4 A8 T4 AT LA Fer-1. DFO T, 56
B CTS FEAARZI T 388 2o 9] 15 2k A2 2 2L 1t Js A4t
BRAET . EREEES M (ferritin heavy chain, FTH)
RSP S MmE T, BAREEEE,
ALK T Y Fer i AL R Fe IR R Rk A
BREE RS bR e ] By IR S Rg B Ak
PR IET . FENAK (gene ontology, GO) #I
SURRBL PR AL P 4 &8 )% (Kyoto Encyclopedia of
Genes and Genomes, KEGG) &4E/#1iE~, FTH
5 CTS RA KU G 11, CTS HIEAMA G-MDSC
F14T1-Luc 400 B FTH 8 455 5 45 28 F 5
S8 TR (chaperones) ZKf#, #Eim 240

BRAET-R R4 Y L, BRSNS ek
YET 2 3E TNBC 4HERIPET .

Fig. 13 Chemical structure of cryptotanshinone

E13 RASIAFEHN

22,6 HEPEEKII

T MR IR — R 2, CRESE
Hoxk Z R BAPUNFEME N, YR 0 25 L
gy (WA, 20T, ZHFET, 2K VI
Z M ZE VID FEFE ™ Ml DL R L g
L5 e rh s AR PR A M . AR
I (polyphyllin 1) (& 14) J& M\ F#E L 4988 {4
R B RAT, 2@ ACSLA AR R T
iAW T AR FE TS, Xt TNBC 41 Jifd & MDA-
MB-231 A HIGF A HIAE] s S B Gy A]
% 5 Kruppel ¥ A + 4 (Kruppel-like factor4,
KLF4) 451 SLCTALL {4 i, SLC7A11 2

OH

HO WOH
' HO
. o
w07 s
H
HO1 O
(0]
HO 1. [0) O
H OH

O

Fig. 14 Chemical structure of polyphyllin IIT
E14 BHERINLFEENK

BRAET B G0 5 R BRBE T 15 50 SAS b #E sk
siRNA i % KLF4 A] 3 & T 9 SLC7TA11 A i kIt
T34 58 TR B I X TNBC 3SR /R, 1
HHE SRS KLF4 A S0 SLCTALL L iEZEERIET
R BRR AR GER, XATEEA BT TNBCIR
Iy 2

PNE 2 GRE Ry A o S S e 2 B
gy, I A0 IR AL HE (H R BR T TNBC 41 il &
MDA-MB-231, Jf HHPEAmHIE (1C,) 2 W
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B . AR, kS rh B2 i A P S AR A e B it
THIIZEE, B0 CTS #ife 24250k B R ik 4T
THAE. SR, ZEUh R ALK PEA R A]
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Abstract Ferroptosis, a programmed cell death modality discovered and defined in the last decade, is primarily
induced by iron-dependent lipid peroxidation. At present, it has been found that ferroptosis is involved in various
physiological functions such as immune regulation, growth and development, aging, and tumor suppression.
Especially its role in tumor biology has attracted extensive attention and research. Breast cancer is one of the most
common female tumors, characterized by high heterogeneity and complex genetic background. Triple negative
breast cancer (TNBC) is a special type of breast cancer, which lacks conventional breast cancer treatment targets
and is prone to drug resistance to existing chemotherapy drugs and has a low cure rate after progression and
metastasis. There is an urgent need to find new targets or develop new drugs. With the increase of studies on
promoting ferroptosis in breast cancer, it has gradually attracted attention as a treatment strategy for breast cancer.
Some studies have found that certain compounds and natural products can act on TNBC, promote their
ferroptosis, inhibit cancer cells proliferation, enhance sensitivity to radiotherapy, and improve resistance to
chemotherapy drugs. To promote the study of ferroptosis in TNBC, this article summarized and reviewed the
compounds and natural products that induce ferroptosis in TNBC and their mechanisms of action. We started with
the exploration of the pathways of ferroptosis, with particular attention to the System X, -cystine-GPX4 pathway
and iron metabolism. Then, a series of compounds, including sulfasalazine (SAS), metformin, and statins, were
described in terms of how they interact with cells to deplete glutathione (GSH), thereby inhibiting the activity of
glutathione peroxidase 4 (GPX4) and preventing the production of lipid peroxidases. The disruption of the cellular
defense against oxidative stress ultimately results in the death of TNBC cells. We have also our focus to the realm
of natural products, exploring the therapeutic potential of traditional Chinese medicine extracts for TNBC. These
herbal extracts exhibit multi-target effects and good safety, and have shown promising capabilities in inducing
ferroptosis in TNBC cells. We believe that further exploration and characterization of these natural compounds
could lead to the development of a new generation of cancer therapeutics. In addition to traditional chemotherapy,
we discussed the role of drug delivery systems in enhancing the efficacy and reducing the toxicity of ferroptosis
inducers. Nanoparticles such as exosomes and metal-organic frameworks (MOFs) can improve the solubility and
bioavailability of these compounds, thereby expanding their therapeutic potential while minimizing systemic side
effects. Although preclinical data on ferroptosis inducers are relatively robust, their translation into clinical
practice remains in its early stages. We also emphasize the urgent need for more in-depth and comprehensive
research to understand the complex mechanisms of ferroptosis in TNBC. This is crucial for the rational design and
development of clinical trials, as well as for leveraging ferroptosis to improve patient outcomes. Hoping the above
summarize and review could provide references for the research and development of lead compounds for the
treatment for TNBC.

Key words ferroptosis, triple-negative breast cancer, lead compounds, traditional Chinese medicine extracts,
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