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Ferroptosis: a new hunter of hepatocellular carcinoma
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Ferroptosis is an iron ion-dependent, regulatory cell death modality driven by intracellular lipid peroxidation that plays a key role in
the development of HCC. Studies have shown that various clinical agents (e.g., sorafenib) have ferroptosis inducer-like effects and
can exert therapeutic effects by modulating different key factors in the ferroptosis pathway. This implies that targeting tumor cell
ferroptosis may be a very promising strategy for tumor therapy. In this paper, we summarize the prerequisites and defense systems
for the occurrence of ferroptosis and the regulatory targets of drug-mediated ferroptosis action in HCC, the differences and
connections between ferroptosis and other programmed cell deaths. We aim to summarize the theoretical basis, classical inducers
of ferroptosis and research progress of ferroptosis in HCC cells, clued to the treatment of HCC by regulating ferroptosis network.
Further investigation of the specific mechanisms of ferroptosis and the development of hepatocellular carcinoma and interventions
at different stages of hepatocellular carcinoma will help us to deepen our understanding of hepatocellular carcinoma, with a view
to providing new and more precise preventive as well as therapeutic measures for patients.

Cell Death Discovery (2024)10:136; https://doi.org/10.1038/s41420-024-01863-1

FACTS

® Ferroptosis plays an extremely important role in the develop-
ment of hepatocellular carcinoma, and precise targeting of
tumor cells to induce ferroptosis is a new way forward in the
treatment of cancer.

® Ferroptosis occurs as a metabolic mode of cell death
involving lipid metabolism, amino acid metabolism, iron
metabolism, glutathione metabolism, etc., and an imbalance
in any of these metabolisms affects the extent of cellular
ferroptosis.

® Natural defense mechanisms against ferroptosis exist within
the cell, consisting mainly of enzymatic and non-enzymatic
antioxidant mechanisms.

® Studies have shown that many ferroptosis-regulated genes
are widely involved in the development of hepatocellular
carcinoma, and the resistance problem of sorafenib, the first-
line drug in hepatocellular carcinoma clinics, is also inex-
tricably linked to ferroptosis.

QUESTIONS

® What is the ultimate executioner of ferroptosis?

® What is the normal physiological function of ferroptosis?

® How to accurately target ferroptosis in tumor cells and reduce
the level of ferroptosis in normal cells, and whether there are
recognition molecules on the surface of different cells with
different degrees of sensitivity to ferroptosis?

® How ferroptosis and other modes of cell death interact and
are regulated in tumor therapy, or how much ferroptosis is
involved?

INTRODUCTION

Ferroptosis was proposed in 2012 as an iron-dependent, non-
apoptotic form of cellular demise instigated by lipid peroxidation
[1]. The occurrence of ferroptosis is dependent on the accumula-
tion of iron in cells and lipid peroxidation. Multiple intracellular
molecules regulate the onset of ferroptosis by affecting intracel-
lular iron levels and lipid peroxidation status. Cells undergoing
ferroptosis exhibit morphological features that are more distinc-
tive from other programmed cell death modalities such as
apoptosis, autophagy, necroptosis, and pyroptosis. The main
features of ferroptosis and apoptosis, necroptosis, pyroptosis, and
autophagy are shown in Table 1. The most predominant
morphological changes of ferroptosis include atrophy of mito-
chondria and reduction of cristae whereas the nucleus usually
remains intact. In contrast, apoptosis usually involves fragmenta-
tion and margination of chromatin, as well as the production of
apoptotic vesicles and plasma membrane vesicles [2]. Pro-
grammed cellular necrosis has been shown to occur with cell
swelling and the production of plasma membrane fragments that
are eventually released from the plasma membrane in the form of
vesicles [3]. When cells undergo autophagy, the intracellular
lysosomes form a double membrane, While the membrane
structure and nuclear morphology are more normal [4]. Another

'Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China. 2Shanghai University of Traditional Chinese Medicine, Shanghai
201203, China. 3Key Laboratory of Liver and Kidney Diseases, Institute of Liver Diseases, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine,
Shanghai 201203, China. *University Clinic of Hamburg at the HanseMerkur Center of TCM, Hamburg, Germany. *These authors contributed equally: Yulang Jiang, Yongxin Yu.

HMemail: mysun248@hotmail.com

Received: 7 November 2023 Revised: 6 February 2024 Accepted: 12 February 2024

Published online: 13 March 2024

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01863-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01863-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01863-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-024-01863-1&domain=pdf
http://orcid.org/0000-0001-8103-7283
http://orcid.org/0000-0001-8103-7283
http://orcid.org/0000-0001-8103-7283
http://orcid.org/0000-0001-8103-7283
http://orcid.org/0000-0001-8103-7283
https://doi.org/10.1038/s41420-024-01863-1
mailto:mysun248@hotmail.com
www.nature.com/cddiscovery

Y. Jiang et al.

€dYIN
‘d1-11 ‘Q uiwispsen
‘|-9sedse)

THIW-€dIY “LdIY
‘AavyLl-LYANL 4NL

0LdSH ‘€Sd ‘IX-I>9
‘z-P9 ‘s/6/8-9sedsed

196.e) A3y

[061] uonejnwns Sd1

01 asuodsai ur QINASD eS| 01 paleAllde
aJe G pue p-asedsed :Kemyied [edissed
-UON "SIUSLUOD JO 3sesas Jusnbasgns pue
saJ1od sueiquisw Jo uoneasd ayl buneipsw
dNasD saned)d |-asedsed pajeAllde pue
‘L-9sedsed 91eAllDE pUB SUSAUOD SI|DISOA
Kio1ewweyul ‘sisdnpul Aiojewwepjul

0} asuodsai ul s3dISaA Alojewwiejjul

o1ul 3|quiasse s|j2 :Aemyied [edisse|d

[981] (susoned sejndsjow
pa1elosse-abewep) sdNYQ JO UONDIIaS
9yl ul bunnsai ‘sueiqwaw ewseld sy e
xa|dwod aiod e sajessusb pue ‘sueiquisw
ewse|d ay) o) sa1ed0|suel) ‘uonezuswobijo
s sadnpul ‘TN Jo uonejhioydsoyd

ay3 sa1e|nbas exdIY “(THT) 1

-UleWOP |B4NIDNIIS DSRUD| WiNJ1Dads-paxiw
e pue ()dIY pue L)dIY) saseuny usioid
Hunoeisui-101dadas om) Jo SIsISUOD 1|

[L8L—-8/1] so]dIsan dnoydode

Auew o1ul |90 ay1 Jo uonejuswbas

ay1 01 buipes| Ajo1eWyN ‘sasedsed jo
uoldeas apedsed e s1abbuy pue g-asedsed
S91AIIDE JaYuny Yoiym ‘xsjdwod onoydode
39U} wuoy 03 |-jedy 01 spuig I 19Ym
‘wise|do1£d ay) 01Ul BLPUOYDOLIW B4} WO
paseajal sl D swoiyd031L) *(L-jedy) JoreAnde
aseajoud dpoydode pue {(O1gVIA/2LWS)
Jojennoe asejoipAy uiloid sienedse
2u11sAd ‘(4]y) 101084 Budnpui-sisoydode
(D14D) D Sw0Iyd01£d> IpN|dul $101o8)
onoydode-oid asay] "yieap |93 Buisned
pue ‘Kemyied dnoydode |elpuoyd0liw
Jejn(@> ay1 buneanoe ‘wsejdoifd sy

Olu| Pases|al 948 SueIqUISW [BLIPUOYD0IW
9Y1 uIyum sioldey snoydode-oud

‘ss211s snousbopus 01 pa1dafgns aJe S|
usayn ‘sisoydode a1e|nbHas 3ey) sasssd0id
9yl Jo 1sow ui saredpiped pue sisoydode
Jo 21s ulew ay3 si ‘sisordode 03 Aemyzed
JeLIPUOYD0lIW By} Se umouy| os|e :Aemyied
snouabopu3 ‘sisoydode saonpul g-asedsed)
pajeAnde ‘sisAjeledoine Aq paleAnde si

pue sazuswobijo g-ssedse) ‘(DS|Q) xo|dwod
Buijeubis bupNpul-yiesp Jo UOIeWLIO)

3y 0) sped| ‘g-asedseD-0id (AAVYYL/AAVA)
uie104d uondun( “Y-4N1 Ajiwey Joydadal
SISOJD9U Jown) 3yl pue seq Joidadal

yieap ay3 Aq pa41a66143 :Aemyied snouabox3

wsiueydaw Kiojeinbay

[881] asuodsas sunwiwi ‘sasnIIA

[681]1 SOLXA 'V upuy ‘el1910eq ‘s101oe) Klolewwepu|

[S81 ‘¥8L] €-NI
T “Z-uneisoidaN
‘| -U13eIS0IOBN

[€81] @suodsas sunwiwiy ‘SasnIIA
‘el191oeq ‘s101oe) Alojewweu|

[9£1] 21° ‘abewep YNG
‘s$2J1s win|ndnaJ djwsejdopus

[££1]1 YW4-AVA-Z ‘eIxodAy ‘suixoy ‘uoneipey

si03qiyu] 101de} HburiabbLy

[£81] ssueiquiaw |2

J0 aunydnu ‘buipuedxa ‘Buljems s|[9D sisoydoihd

[¢81] uoneibaluIsIp Sueiquisw |92
‘s1sA| snajppnu ‘uoisuedxs sjjsuebio
1]]oMs d1wse|doifd ‘buipunod |[3D

sisoydosdsN

[SZ 1] pPo1epIosuod aJe 1P|PNu pue
‘PIPULIM BJe S|[9D “DdeIul A|PAne|d

3Je s3||ueblo pue ssueiquisw [|13D sisoydody
apow
sonsiadeIRYd [edibojoydioy yieap |I9d

"y1eap (|92 pawweiboid Jo sspow Juassylp usamiaq uosuedwod L 3jqel

Cell Death Discovery (2024)10:136

SPRINGER NATURE



Y. Jiang et al.

C44N
‘ZSOLd ‘P1SDV ‘LdSd
‘PXdD ‘LLVLD1S

79d ‘€D1 DIV

10b.e) A3y

'syieap |92 pawwelboid Jualayip o s19b6.e) 310> pue SwisiuBYIIW JBJNd3joW ‘SI0)IqIyul [edisse]d ‘sio3oey buliabbuy ‘suonelalje |esibojoydiopn

[coz-s61]
paisajiuew osje si ‘(wa1sAs suoiyiein|b ayl)
wa)sAs uepixonue ayl Jo uonejnbais syl ul
SWIAZUS 2102 e ‘XdD Ul 95ea1d9p e ‘uonippe

ul ‘yleap |92 Jo uondNpul Y3 ul bun|nsal
‘s1n220 uonepixosad pidi| ‘Sueiquisw |92
93 Uo spide A11ej pajesniesun Jo uolssaidxa
ybiy sy sazAjered yoiym ‘sseusbAxo

13159 JO uolJI JUSJeAIp Jo Sdudsald ay1 u|

[S6L “¥61] SUORIPUOD uoneAIE]S

Jspun uonduny Jejn(jd ulejulew o} pue
sisaluAs uiajoid 10y wsejdolfd sy 01 yoeq
pa1edojsuel] aJe ‘spioe ouiwe Apejnoinied
‘uonepeibap Aq padnpoid ssjndsjow

Jlews ‘@wososA| a3yl yum sawosobeydoine
S} JO uoisny JoYy ‘|I-gEDT INOYUM

9|qissod jou S| sueiquusw dwosobeydoine
9y} Jo uons|dwod pue uoisudx3 ‘buissedoid
€271 pue buydnod z151y-5D1Y Bulpnpul
‘skemyied Huldnod axij-uninbign omy

JO 1USWIAA|0AUI By AJinbau sswosobeydoine
JO uonewWIo) 343 pue saPISaA dnkdobeyd jo
uoISUSIXa Y] ‘sioleinbas sanisod aie yoiym
xa|dwod )N 3yl pue xa|dwod $ESIA

a1 aajoaul Abeydoine jo saseyd uonewloy
9)d1saA d1kdobeyd pue uoneniul Yy “surajoid
(pa1ejRi-ABeydoine) o]y PaAIdSUOD [eI9AS
S9A|OAUL Jey) BulpAdas pue uonepeibap

-J|9s Jo ssad0id Jejnj@deaul ue st Abeydoiny

wsiueydaw Kio0jejnbay

[L0Z-861] X0J01L D¥YN
‘04Q ‘1-unessoidr]
‘1-U13e1S0LID4

[€61 ‘T61]
auinboioly) ‘VIN-€

sio)qiyuj

Sduejequil Wisljoqelsw p
‘uonejnwndoe saads usbAxo
SAI12E3J ‘UOIIEINWINDDE UOI UOJ]|

[L61] ssans
wn[ndnai diwsejdopus ‘eixodAy
‘uoneAlelS ‘sSaI1S |eUISIXT

10)dey buriabbly

[961] paindni

9Je SdueIqWIBW [[9D pue ‘|ewlou aie

19[2NU ‘padnpai aie desud ‘pajdwnid
pue [jews aJ4e eLPUOYIOUIA sisoydouuaq

[¢7] 12€1U SI 24N1DNAAS
sueiquaw pue ‘a1ebaibbe jou saop

uijewouyd ‘pajejondea si wsejdoif) ABeydoiny
apow
sansuaeIRYd [edibojoydiopy yreap 19D

panupuod> ‘L 3jqel

SPRINGER NATURE

Cell Death Discovery (2024)10:136



Y. Jiang et al.

form of cell death is pyroptosis, which is heavily dependent on the
gasdermin D protein. Pyroptotic cells swell and expand until the
cell membrane ruptures, leading to the release of cellular contents
and the activation of a strong inflammatory response [5]. All of
these different modes of cell death are significantly different from
ferroptosis. By comparing ferroptosis with other forms of cell
death, it can help us better understand the mechanism of
ferroptosis occurrence and its unique features. In summary,
ferroptosis as a new form of programmed cell death is
characterized by iron dependence and increased lipid peroxida-
tion. Ferroptosis plays an important role in cell proliferation,
differentiation, cycling and senescence [6]. Ferroptosis can be
induced to occur by structurally distinct small molecules (e.g.,
erastin, sulfasalazine, and RSL3) or inhibited by lipophilic
antioxidants (e.g., CoQ10, vitamin E, ferrostatins, and liproxstatins).
Elevated intracellular iron ion concentrations and deficiency of the
antioxidant GSH lead to cellular lipid peroxidation, which results in
cellular ferroptosis [7, 8].

The principal regulatory mechanisms orchestrating ferroptosis
encompass lipid peroxidation, amino acid metabolism, oxidative
stress, iron ion homeostasis, and diverse organelles, all constitut-
ing prerequisites for the manifestation of ferroptosis to occur.
Naturally, the body is equipped with a ferroptosis defense system
to safeguard cells, primarily including (1) Cystine/System Xc™/
GSH/GPX4, (2) FSP1-CoQ10-NAD(P)H, (3) DHODH-CoQ10-CoQH2,
(4) GCH1/BH4/DHFR, and (5) FSP1/ ESCRT-Il [9]. The body
maintains a dynamic equilibrium of cellular state by modulating
both the promotive and resistive factors of ferroptosis. These
essential prerequisites and defense mechanisms for the occur-
rence of ferroptosis inherently convey that ferroptosis constitutes
a metabolic form of cell demise. While the physiological relevance
of ferroptosis remains a subject of debate, its inseparable
connection with hepatocellular carcinoma is undeniable.

Primary hepatic carcinoma stands as the foremost neoplastic
manifestation within the liver, ranking as the fourth principal
cause of global cancer-related mortality [10, 11]. According to the
Barcelona Clinic Liver Cancer classification, the majority of patients
present at an intermediate to advanced disease stage upon
diagnosis, foreclosing the prospect of radical surgical intervention
[12]. The current first-line drugs for HCC patients are the multi-
kinase inhibitors sorafenib and lenvatinib. However, a multicenter
randomized controlled clinical trial showed that sorafenib only
prolonged the median survival of patients with HCC by 10 months
and lenvatinib by 15 months [13]. Unfortunately, despite this,
patients still lose the effectiveness of the drug after a few months
of treatment due to drug resistance [14-16].

Certain investigations have identified a propensity for iron ion
accumulation and lipid peroxide overload in HCC. For certain
tissue sources, specific cell differentiation states, and certain types
of HCC cells, although they are resistant to other types of induced
cell death, they are extremely sensitive to ferroptosis inducers.
Sorafenib is the most widely studied of these drugs. Some studies
have found that sorafenib induces ferroptosis in some tumor cells
and that ferroptosis regulatory proteins also affect the sensitivity
of HCC to the sorafenib [17]. Secondly, in the tumor microenvir-
onment, immune cells and their factors affect the susceptibility of
tumor cells to ferroptosis [18], while ferroptosis of tumor cells
triggers the host to mount an anti-tumor immune response [19].
Therefore, targeting ferroptosis in tumor cells would be a
promising therapeutic strategy for tumor treatment and com-
bined with immunotherapy to produce coordinated antitumor
effects. The following will describe the discovery of ferroptosis
targets in HCC in recent years [20].

The regulatory frameworks governing networks of ferroptosis in
liver cancer have been discovered to possess a high degree of
richness, bordering on extraordinariness. including P53, P62-
Keap1-Nrf2-ARE, Rb, MT-1G, S1R, CER, ACSL4, CISD1, HNF4A/HIC1,
etc. The mechanisms by which these targets function in the
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ferroptosis network and how they regulate the drug sensitivity to
ferroptosis in HCC cells will be expounded upon in meticulous
detail [21].

PREREQUISITES FOR FERROPTOSIS

Lipid peroxidation

The cellular membrane is a barrier that prevents extracellular
substances from freely entering the cell, it ensures the stability of
the intracellular environment, and lipids, as the main components
of the cellular membrane, distinguish the biochemical processes
inside the cell from the external environment [22]. The composi-
tion and content of lipids in the membrane vary depending on the
cell type, organelles, and membrane leaflets [23]. Disruption of
membrane integrity is essential for the execution of all forms of
regulated cell death [24].

The operative molecules of cellular ferroptosis are specific lipid
peroxides and peroxyl radicals containing polyunsaturated lipid
chains. These lipids can form lipid peroxides by autoxidation or
enzymatic catalysis, which are subsequently converted to lipid
peroxyl radicals in the presence of divalent iron ions, thereby
affecting the fluidity, integrity and stability of the cell membrane
[25]. Disruption of cell membrane integrity is the underlying driver
of ferroptosis occurrence.

Lipid metabolomics reveals that polyunsaturated fatty acids
such as arachidonic acid (AA) or Adrenic Acid (AdA) are the most
oxidized lipids during ferroptosis and are regulated by three
synthetases [26]. Acyl-CoA synthetase long-chain familymember 4
(ACSL4) catalyzes the conversion of AA or AdA to AA-CoA and
AdA-CoA [27]. Subsequently, Lys phosphatidylcholine acyltransfer-
ase 3 (LPCAT3) esterifies it to phosphatidylethanolamines (PEs) to
form AA-PE and AdA-PE [28], and finally oxidized to PE-AA-OOH
and PE-AdA-OOH by polyunsaturated fatty acid lipoxygenase 15
(ALOX15) [29]. And Glutathione peroxidase 4 (GPX4) can convert
these lipid peroxides back to the corresponding alcohols, thereby
reducing the level of intracytoplasmic lipid peroxides. [30]. Studies
also showed that knockdown or inhibition of all three of these
synthases inhibited the development of ferroptosis [31]. The
excessive accumulation of specific lipid peroxides directly
precipitates ferroptosis, provoking disturbances such as cell
membrane disruption, cellular swelling and mitochondrial frag-
mentation, ultimately culminating in the manifestation of
ferroptosis.

Since polyunsaturated fatty acids (PUFA) promote ferroptosis
and monounsaturated fatty acids (MUFA) inhibit ferroptosis [32],
inducing the conversion of monounsaturated fatty acids to
polyunsaturated fatty acids to enhance the susceptibility to
ferroptosis in hepatocellular carcinoma may be a proven strategy.

Amino acid metabolism

Amino acid metabolism sustains human life by providing essential
elements such as proteins, energy substrates, glutathione, and
neurotransmitters for human life. It intricately governs ferroptosis
by regulating several lipid antioxidant systems. Even before the
discovery of ferroptosis, scientists observed that cystine deficiency
in the culture medium led to cell death, and that cells could only
grow at extremely high densities. Further research found that,
cysteine amino acid metabolism is most closely related to
ferroptosis, which is inhibited through metabolic pathways such
as synthesis of glutathione [33], glutathione peroxidase 4 [34],
iron-sulfur cluster [35], and hydrogen sulfide [36]. Methionine can
regulate ferroptosis through the sulfur transfer pathway and
polyamine synthesis. The mevalonate pathway is involved in the
synthesis of selenocysteine and coenzyme Q10 (CoQ10), products
that are catalytic centres for GPX4 and reducing agents for the
inhibition of lipid peroxidation, respectively [37-40]. In contrast,
glutamine catabolism also promotes ferroptosis induced by
cysteine deprivation [41].

Cell Death Discovery (2024)10:136



In conclusion, amino acid anabolism intricately participates in
the complex network governing ferroptosis regulation, where GSH
levels may be a hub for the regulation of ferroptosis sensitivity.

Oxidative stress and ferroptosis
Oxidative stress is cellular and tissue damage caused by the
production of reactive oxygen species (ROS) in the organism that
exceed their scavenging effect [42]. Essentially, ferroptosis is caused
by an imbalance in iron-mediated production and scavenging of
ROS resulting in cell death due to the accumulation of lethal lipid
peroxides [43]. This disequilibrium in the dynamic process is the
direct cause of ferroptosis [21]. ROS play a pivotal role in cellular
signal transduction and tissue homeostasis [44]. The primary ROS
components encompass the anion(O, ), peroxides (H,0,) and
LOOH, and free radicals (HO- and LO:). Mitochondria serve as the
main source of ROS [45]. Mitochondria produce a large amount of
free ROS in the normal metabolism of electron transport chain and
cell energy supply, and endogenous ROS can also be released by
microsomes, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, xanthine oxidase, peroxidase, etc. There is a
homeostatic ROS scavenging system in the body, which can
remove excessive ROS in the body. The body's clearance of ROS is
mainly dependent on the body's antioxidant system, including
Superoxide dismutase (SOD) [46], Catalase (CAT), GPX4, etc. [47].
The significance of oxidative stress in ferroptosis is further
demonstrated by the fact that oxidative stress is involved in the
whole process of ferroptosis, and the antioxidant system mitigates
ferroptosis by scavenging ROS [48, 49].

Iron ion homeostasis

Normal intracellular iron levels play an irreplaceable role in
maintaining normal cellular physiological functions. Abnormalities
in any of the various aspects of iron metabolism, involving, for
example, iron absorption, storage, conversion, utilization, distribu-
tion and excretion, can lead to an imbalance in the intracellular
iron ion content, thus affecting the overall cellular state and the
function of the organism [50-52]. As the main form of intracellular
iron presence, the relative conversion of ferrous and ferric ions, as
the primary forms of intracellular iron, directly or indirectly
influences cellular metabolism and viability [8, 51]. The liver, as the
largest iron storage organ in the body, plays an irreplaceable role
in the regulation of iron metabolism [53, 54]. Meanwhile, the
change of iron content in the liver is also closely related to the
physiological state of the liver [50, 55].

The main forms of iron present in the body include trivalent iron
and divalent iron [56]. Trivalent iron can be reduced to divalent iron
by duodenal cytochrome b and can be transported to the duodenal
epithelium by divalent metal transporter 1 (DMT1) [57]. transferrin-
bound (TF) iron uptake mediated by Transferrin Receptor 1 (TFR1),
or non-TF-bound iron uptake mediated by Solute carrier family 39
(SLC39A14) is the major intracellular iron acquisition pathway
[58, 59]. Trivalent iron ions can also be converted to divalent ferrous
ions by Six-Transmembrane Epithelial Antigen of Prostate 3
(STEAP3) [60], which excretes iron required for normal physiological
functions, and the rest is partially transported out of the membrane
by ferroportin (FPN) [61, 62], consisting of ferritin heavy chain 1
(FTH1) and ferritin light chain (FTL), and stored in tissues and
organs, such as the liver [63]. Additionally, heme degradation and
NCOA4-mediated ferritin autophagy can degrade ferritin, releasing
iron into the labile iron pool (LIP) [64, 65], subsequently sensitizing
cells to iron-induced atrophy via the Fenton response. The
intracellular iron content is also influenced by hepcidin, which at
low levels rapidly and stably transports iron into the plasma, while
at high levels, FPN is inactivated and iron entry into the plasma is
restricted [66, 67]. The amount of ferrous ions in the unstable iron
pool is a key factor in determining the sensitivity of ferrous ions to
iron atrophy. It has also been found that such as SLC39A8 can also
exercise the function of iron transport [68].
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Cellular ferroptosis, triggered by intracellular iron accumulation,
emerges as a pathogenic factor in HCC. Consequently, considering
iron chelators to impede ferroptosis may present a promising
therapeutic approach for associated diseases [8, 69-73].

Cell organelles and ferroptosis

Various organelles assume significant roles in the development of
ferroptosis. Mitochondria, as the epicenter of energy metabolism,
intricately regulate amino acid, carbohydrate, and lipid metabo-
lism, influencing ferroptosis. Simultaneously, they modulate
ferroptosis through ROS and may impact iron metabolism
[74-76]. The release of iron ions by lysosomes through the
degradation of ferritin mediated by autophagy increases intracel-
lular free iron ion content, thereby promoting ferroptosis
[6, 77, 78]. The rich lipid content of the endoplasmic reticulum is
the main substrate source of ferroptosis, and the synthesis of fatty
acids is mainly completed in the endoplasmic reticulum. Secondly,
ferroptosis inducers can activate endoplasmic reticulum stress
[79-82]. Peroxisomes regulate ferroptosis by regulating the
antioxidant system. Further studies on lipidomics have found that
peroxisomes can also regulate ferroptosis by regulating the
synthesis of PUFA-ePL, and the sensitivity of cells to ferroptosis
is also closely related to PUFA-ePL [83-85].

In summary, the regulation of ferroptosis requires the
coordinated operation of multiple organelles, so understanding
how these organelles interact has implications for the develop-
ment of clinical drugs for ferroptosis (Fig. 1).

FERROPTOSIS’S DEFENSE SYSTEM

Cystine/System Xc-/GSH/GPX4

The Xc™ system, a sodium-independent reverse transporter for
cystine and glutamate, comprises integral subunits: the light
chain, Solute Carrier Family 7 Member 11 (SLC7A11) (also known
as xCT) [86], serving as the main functional subunit, and the heavy
chain subunit Solute Carrier Family 3, Member 2 (SLC3A2), also
known as (4F2hc), acting as the molecular chaperone [87, 88]. This
system facilitates the transfer of cystine from the extracellular to
intracellular environment in a 1:1 ratio, with rapid conversion of
cystine to cysteine upon entry. In the initial step, y-GCS catalyzes
the dehydration condensation of cysteine with glutamate to
y-glutamyl cysteine. In the second step, y-glutamyl cysteine
undergoes dehydration condensation with glycine again to
glutathione catalyzed by GS. Where y-GCS is the rate-limiting
enzyme for the reaction and cysteine is the rate-limiting substrate
for the reaction [89, 90].

GPX4 is an crucial negative regulator of lipid peroxidation in
living organisms [91]. GPX4 protects cells from ferroptosis induced
by lipid peroxidation by catalyzing the conversion of harmful
intracellular lipid peroxides to harmless lipid alcohol compounds.
GPX4 uses GSH as a cofactor to reduce peroxides (e.g., R-OOH) to
the corresponding alcohols (R-OH) and also to reduce free of
hydrogen peroxide to water, reducing the accumulation of toxic
free radicals (e.g., RO-) [49, 92].

Functioning as a cell protector, GPX4 employs reduced GSH as a
substrate to act as a cell protector and resist oxidative stress. During
the reduction of peroxides (L-OOH) by GPX4, the oxidized GSSG
produced can be reduced by glutathione reductase and reduced
coenzyme ii (NADPH/H+) to regenerate reduced GSH, leading to
the recycling of GSH [93]. Although GPX4 can catalyze the reduction
of hydrogen peroxide, organic peroxides and lipid peroxides [94].
However, GPX4 prefers lipid peroxides. Thus, GPX4 is the main
defender of cellular ferroptosis in living organisms [95, 96].

FSP1-CoQ10-NAD (P)H

Ferroptosis suppressor protein 1 (FSP1), also identified as
Mitochondrial apoptosis-inducing factor 2 (AIFM2) [97], is a
flavoprotein oxidoreductase encoded by the AIFM2 gene. Initially
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ROS

Drivers of ferroptosis. The initiators of ferroptosis include lipid metabolism and iron metabolism. In lipid metabolism, adrenoic acid

and arachidonic acid in a series of enzymatic reactions culminate in the production of PUFA to promote ferroptosis. In iron metabolism, the
binding of transferrin (TF) and transferrin receptor (TFRC) on the membrane drives extracellular Fe>" into the cytosol, followed by the
reduction of Fe*" to Fe?" by STEAP3, which is transported between different organelles under the action of SLC39A14, DMT1, and TRPML1/2,
and finally sinks into the Lip. Also, various organelles are extensively involved in ferroptosis; the tricarboxylic acid cycle in mitochondria
generates enormous amounts of ROS, and metabolic activity or oxidative stress in the Golgi, endoplasmic reticulum, and lysosomes can

trigger ferroptosis.

discovered in 2002, FSP1 first considered a P53-
responsive gene.

Initially it was thought that ferroptosis was regulated only by
GPX4, which reduces hydroperoxides, and by antioxidants, which
trap free radicals. However, one study found that certain tumor
cells were still able to survive and proliferate after GPX4 deletion.
This suggests that there may be a parallel ferroptosis inhibition
axis independent of the GPX4 axis.

Two papers published back-to-back in Nature 2019 suggest that
FSP1 overexpression in cells significantly protects them from
ferroptosis-inducing factors and that this process is not dependent
on GPX4 [98, 99]. At the plasma membrane, FSP1 catalyzes the
reduction of coenzyme Q10 (also known as ubiquinone) to
panthenol-10, a process that requires the involvement of NAD(P)H,
a lipid-soluble radical-trapping antioxidant that prevents ferroptosis
caused by lipid peroxidation damage, and this biological function is
independent of the level of intracellular glutathione [99, 100].

was

DHODH- CoQ10-CoQH2
Mitochondria are organelles wrapped by dual membranes, the
inner and outer membrane, function as the main sites of aerobic

SPRINGER NATURE

respiration, where the inner membrane orchestrates electron
transfer, generating large amounts of ROS. Dihydroorotate
dehydrogenase (DHODH), located in the inner mitochondrial
membrane, is responsible for catalyzing the fourth step of the
pyrimidine nucleotide synthesis pathway, namely the oxidation of
dihydroorotate acid to orotate acid (OA), while CoQ10 in the inner
membrane receives electrons to be reduced to CoQH2 [101].

In addition to the synthesis of pyrimidine nucleotides, DHODH
was found to inhibit ferroptosis in mitochondria by producing
CoQH2 in the inner mitochondrial membrane because CoQH2 can
act as a radical trapping antioxidant to prevent lipid peroxidation
and thus inhibit ferroptosis [102].

Further studies revealed that mechanistic studies confirmed
that DHODH could only perform its ferroptosis inhibitory function
when localized in mitochondria and that this function was
dependent on its enzymatic activity. Subsequently, it was found
that co-inactivation of DHODH and mitochondrial GPX4 led to
mitochondrial lipid peroxidation and that BQR treatment sig-
nificantly increased the intracellular CoQ10/CoQH2 ratio [103],
suggesting that DHODH inhibits mitochondrial lipid peroxidation
by reducing CoQ10 to CoQH2 in concert with mitochondrial GPX4.
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Notably, the cell membrane, composed of cytosolic GPX4 and
FSP1, constitutes a distinct ferroptosis defense system [104].

GCH1/BH4/BH2

A GPX4-independent ferroptosis inhibition was identified through
a CRISPR genome-wide screen: the GTP Cyclohydrolase 1 (GCH1),
GCH1 is another important regulator of ferroptosis. It catalyzes the
conversion of dihydrobiopterin (BH2) to tetrahydrobiopterin (BH4).
BH4 is a cofactor for aromatic amino acid hydroxylase and other
enzymes, and GCH1 mediation is the rate-limiting reaction in the
BH4 biosynthesis pathway. BH4 is another radical-trapping
antioxidant that can capture free radicals from lipid peroxidation.
Its recycling requires the involvement of dihydrofolate reductase
(DHFR), and its inhibition of ferroptosis seems to be independent
of the action of its cofactor. Ferroptosis was inhibited by the
generation of BH4 as a free radical trapping antioxidant, and by
GCH1-mediated production of CoQH2 and PLs containing two
PUFA tails. However, the specific subcellular compartment in
which the GCH1-BH4 system works remains to be determined.
BH4 mechanism [105], a free radical-trapping antioxidant whose
recycling requires the involvement of the DHFR, and thus if
blocked, the DHFR could potentially collaborate with GPX4
inhibitors to induce ferroptosis [106].

FSP1/ESCRT-III

A 2020 study reported that FSP1-deficient tumor cells displayed
heightened sensitivity to cell death induced by ferroptosis
inducers, but the addition of exogenous CoQ10 did not reverse
the cell death induced by FSP1 deficiency [107, 108]. In contrast,
investigators have identified a novel mechanism of action of FSP1-
mediated inhibition of ferroptosis by the ESCRT that is indepen-
dent of CoQ10 and its downstream inhibition of lipid peroxidation
[109]. Both in vivo and in vitro experiments demonstrated that
inhibition of gene expression of the constituent proteins of the
ESCRT-IIl complex significantly enhanced the level of ferroptosis in
tumor cells [110]. However, the interaction of FSP1/ESCRT-IIl and
the specific mechanism of action of this pathway still need more
studies to support and elucidate (Fig. 2).

REGULATORS OF FERROPTOSIS IN HCC

P53

TP53 stands as the most extensively studied and frequently
mutated tumor suppressor gene in human tumors [111]. P53 acts
as a double-edged sword in ferroptosis. P53 acts as a transcription
factor regulating the levels of multiple ferroptosis-related genes to
promote or inhibit ferroptosis.

Initially, P53 is involved in the regulation of the ferroptosis process
as a transcriptional repressor of SLC7A11, inhibiting cysteine uptake
and consequently GSH production and ROS-mediated increase in
cellular ferroptosis, a molecular cascade reaction that may contribute
to the anti-cancer effects of P53 [112]. This specific induction is
mediated by a P53 mutant with an acetylation-deficient phenotype,
P53KR [113]. This mutant has a strong inhibitory effect on SLC7A11
but has little inhibitory effect on other known target genes of P53
[114]. Recent studies have also shown that SLC7A11 is highly
expressed in tumor cells and thus promotes tumor growth and
proliferation in part by suppressing the onset of ferroptosis. Non-
synonymous single nucleotide mutations in P53 codon 47, S47, do
not affect most P53 functions, but their tumor suppressive effects
are impaired, and S47 heterozygous and pure mice are significantly
more susceptible to the liver and other cancers, which may be
related to impaired negative regulation of SLC7A11 by S47,
consequently inhibiting ferroptosis [115-119].

Glutaminase 2 (GLS2) is the key enzyme in the liver that
catalyzes the conversion of glutamine to glutamate. One study
found that the use of ferroptosis inhibitors and glutaminolysis
inhibitors inhibited erastin-induced ferroptosis, resulting in an
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increase in intracellular GSH and a decrease in intracellular ROS
content, thus finding that glutamine and GLS2 are required for the
development of cellular ferroptosis. It has also been found that
upregulation of GLS2 expression contributes to ferroptosis caused
by aerobic glycolysis rather than oxidative phosphorylation [120].

Prostaglandin Endoperoxide Synthase 2 (PTGS2), a key enzyme
in the initiation step of prostaglandin (PG) synthesis in organisms,
can regulate cellular sensitivity to ferroptosis by regulating the
levels of key intracellular membrane phospholipids PE.

When ferroptosis inhibitors such as GLS2 and erastin were applied
to P53 wild-type cells, the cells exhibited upregulated PTGS2 gene
expression and underwent ferroptosis, but when P53-deficient cells
were induced with GLS2 and erastin, the PTGS2 gene expression
level was unchanged and ferroptosis did not occur. Therefore, P53 is
required for the upregulation of PTGS2 expression and is directly
associated with ferroptosis, and PTGS2 has been widely used as a
marker of ferroptosis occurrence [121, 122].

Spermidine/spermine N1-acetyltransferase 1 (SAT1) can catalyze
the acetylation reaction of spermidine and spermine using CoA.
Abnormal polyamine metabolism is closely related to tumors.
SAT1 activation can induce ferroptosis, while P53 can induce SAT1
transcriptional expression to promote lipid peroxidation and ROS-
induced ferroptosis, and silencing SAT1 diminishes ROS-induced
cellular ferroptosis in wild-type P53 cells [123, 124].

dipeptidyl-peptidase-4 (DPP4) is a membrane-bound dimeric
peptidase that is widely expressed in different cell types and
functions to degrade bioactive peptides. DPP4 can promote a
variety of tumors and its abnormal expression is highly correlated
with tumor invasion. Plasma membrane-associated DPP4-depen-
dent lipid peroxidation is increased in human hepatocellular
carcinoma cells, which brings about cellular ferroptosis. Mechan-
istically, it was found that P53 can inhibit ferroptosis in
hepatocellular carcinoma cells by promoting the entry of DPP4
into the nucleus and forming a DPP4-P53 complex. Dissolution of
this complex restores the sensitivity of hepatocellular carcinoma
cells to erastin. In the absence of P53, DPP4 can also interact with
NOX1 to form a complex that leads to increased lipid peroxidation
and ferroptosis, and inhibition of DPP4 activity can significantly
suppresses ferroptosis [125-127].

A recent study revealed that pretreatment of cells with Nutlin-3
delayed ferroptosis in various tumor cells (including hepatocellular
carcinoma cells) and that the inhibition of ferroptosis was mainly
dependent on a key target of P53-regulated transcription-CDKN1A
(which can encode P21), but the exact mechanism is unclear and
may be related to the accumulation of intracellular GSH leading to
reduced cellular ferroptosis sensitivity related [128].

In conclusion, the role of P53 in ferroptosis is colorful and more
in-depth studies are needed to explore potential therapeutic
implications [128, 129].

P62-Keap1-Nrf2-ARE
Nuclear factor erythroid 2-related factor 2 (Nrf2), is a key
transcription factor in the antioxidant response. Under non-
oxidative stress conditions, Nrf2 protein expression is low because
Nrf2 binds to Keap1, mediating ubiquitination modifications that
result in rapid proteasomal degradation of Nrf2 [130]. In contrast,
under oxidative stress conditions, Cys273 and Cys288 cysteines on
Keap1 protein are rapidly oxidized, leading to the loss of Keap1
protein-mediated ubiquitination modifications and the transloca-
tion of Nrf2 to the nucleus, where it binds to multiple AREs on DNA
and initiates the transcriptional expression of multiple antioxidant
proteins [131]. Under oxidative stress, P62 protein can regulate the
protein stability of Nrf2 and the transcriptional activity of down-
stream AREs by directly interacting with KEAP1 [132]. Numerous
studies have shown that the P62-Keap1-Nrf2 signaling pathway
exerts an inhibitory role in ferroptosis in HCC cells [133].

Upon exposure of HCC cells to specific ferroptosis inducers (e.g.,
Sorafenib, erastin, etc.), the expression of P62 increases and
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prevents the degradation of Nrf2 protein by competitively binding
to Keap1 protein, and promotes the entry of Nrf2 into the nucleus
[134], where nuclear Nrf2 can bind to transcriptional co-activators
such as Maf protein and activate a series of downstream
ferroptosis-related proteins, especially antioxidant proteins tran-
scription, including NADH Dehydrogenase, Quinone 1 (NQOT),
heme oxygenase-1 (HO-1), and FTH1 [135-138]. NQOT1 reduces
ubiquinone to ubiquinol and directly inhibits the accumulation of
ROS [139]. activation of HO-1 catalyzes the degradation of heme
to ferrous iron and increases the amount of free iron, thereby
increasing the susceptibility of cells to ferroptosis [140, 141]. FTH1
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is a subunit of the major intracellular iron storage protein. When
FTH1 is reduced, it causes intracellular iron overload, and iron
overload promotes the production of large amounts of ROS by
Fenton, consequently promoting cellular ferroptosis [142]. Expres-
sion of each of these genes prevents the aggregation of iron-
dependent lipid peroxides. Inhibition of Nrf2 expression using
shRNA resulted in reduced expression of NQO1, HO1, and FTH1
expression, promoting ferroptosis in erastin- and sorafenib-treated
HCC cells [143, 144].

A study found that GSTZ1 can also affect the sensitivity of HCC
cells to sorafenib-induced ferroptosis via the Nrf2 pathway. This
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study found that HCC cells with low GSTZ1 expression were highly
tolerant to sorafenib [145]. While overexpression treatment of GSTZ1
in HCC cells could increase the characteristic products of ferroptosis
induced by sorafenib, such as MDA and 4-HNE; while treatment with
t-BHQ, an activator of Nrf2, could significantly reduce the expression
of these products, inhibiting the extent of ferroptosis in HCC cells.

However, the role of Nrf2 in ferroptosis is complex and variable;
on the one hand, inhibition of Nrf2 can cause ferroptosis in tumor
cells, and on the other hand, activation of Nrf2 can also set off
ferroptosis in tumor cells. Tumor cells have increased iron ion
content compared to normal cells, and activation of Nrf2 can HO-1
activation, while excessive activation of HO-1 can cause cellular
iron overload, induce cellular ferroptosis and exert cytotoxicity.

All these findings suggest that the stability and transcriptional
activity of Nrf2 protein are critical in determining the effect of
ferroptosis-targeted therapy in HCC cells.

Rb

Rb proteins are essential members of the Rb protein family, which
is primarily responsible for the cell cycle and hepatocarcinogen-
esis [146]. loss of Rb function is a common molecular event in
primary HCC. At the animal level, Rb deficiency can also directly
contribute to hepatocarcinogenesis [147, 148].

Louandre’s team delved into the interrelationship between Rb
proteins and sorafenib-induced ferroptosis in HCC cells in in vivo
and in vitro experiments [149]. Their results showed that reducing
Rb protein expression using shRNA in the presence of sorafenib
treatment increased the amount of ROS in the mitochondria of
HCC cells to some extent, which increased the sensitivity of HCC
cells to sorafenib-induced ferroptosis, probably because silencing
Rb protein increased the expression of GPX4 mRNA in the cells,
suggesting that Rb protein silencing resulted in HCC cellular
susceptibility to sorafenib may be caused by an imbalance in
cellular antioxidant capacity.

Therefore, Rb protein plays a considerable role in the
progression of ferroptosis in HCC cells. However, it is not clear
how useful the detection of Rb protein levels in HCC tissues is in
predicting sorafenib treatment efficacy remains unclear.

MT-1G

Metallothionein, MT is a family of intracellular proteins widely
expressed by eukaryotic cells and divided into four subgroups
(MT1-MT4) characterized by a common structure and a high
cysteine content composition.

It has been discerned that MT1G can be used as a biomarker for
altered redox metabolism in HCC cells. MT1G was most
significantly upregulated in the presence of sorafenib, and the
overall survival rate of HCC patients treated with sorafenib was
negatively correlated with MT1 protein expression level in serum.
MT-1G can promote the resistance of HCC to sorafenib and inhibit
the expression of MT-1G in vivo or in vitro to enhance the
anticancer activity of sorafenib. This effect of MT-1G is achieved by
blocking the GSH depletion-mediated lipid peroxidation to inhibit
ferroptosis in HCC cells, independent of iron ion content.

In a parallel study similarly indicated that sorafenib upregulated
MT1G expression in HCC cells. Further studies revealed that MT1G
is an additional target gene of Nrf2, and inhibition or knockdown
of Nrf2 significantly inhibited MT1G expression and increased ROS
production in HCC cells. Consequently, this heightened cellular
sensitivity of cells to sorafenib-induced ferroptosis [150].

Thus, MT1G could be both a promising biomarker for predicting
sorafenib efficacy and a potential therapeutic target for sensitizing
sorafenib efficacy. MT-1G holds promise as a target to overcome
the acquired resistance of HCC cells to sorafenib.

S1R

The Sigma 1 receptor (S1R) is a membrane protein found in the
central nervous system, liver, lung, and other organs and tumors.
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It is commonly understood that STR modulates ROS through
Nrf2, serving as a cell protector in cells. When STR was knocked
out, Nrf2 expression was downregulated and KEAP1 expression
was increased. Nrf2 can in turn regulate S1R gene expression, and
in sorafenib-treated HCC cells, if Nrf2 is inactivated and intracellular
ROS accumulation, STR expression is upregulated to protect HCC
cells from ferroptosis [151]. In addition, ferroptosis inducers such as
erastin and Sorafenib significantly upregulated the protein
expression level of S1R but not the mRNA level, suggesting a
transcription-independent role of S1R in ferroptosis [152].

These findings imply that STR may regulate ferroptosis by
negative feedback through Nrf2-dependent and GPX4-dependent
pathways at the same time, but the trigger conditions and the
bridge connecting the two pathways remain to be discovered.

CER

CER is a glycoprotein synthesized mainly by the liver and plays a
key role in iron metabolism [153]. It has the effect of antioxidant,
and has oxidase activity, and can catalyze the oxidation of
polyphenol and polyamine substrates.

CER is able to regulate iron metabolism levels in HCC cells to
modulate iron toxicity, and when protein levels are reduced, It
leads to increased intracellular iron levels and accumulation of
lipid peroxides, Then promotes erastin and RSL3-induced iron
toxicity, which may be achieved by relying on FPN, The inhibitory
effect of CER on ferroptosis was abolished when FPN expression
was inhibited by shRNA [154]. This underlines the intricate
involvement of CER in the regulation of iron-related cellular
processes and its role in mitigating ferroptosis responses in
HCC cells.

ACSL4

Ferroptosis proceeds through a series of enzymatic reactions of
lipid peroxidation. In a screen for key lipid peroxidases in iron
toxicity, Acyl-CoA synthetase long-chain family member 4 (ACSL4)
was shown to be perhaps indispensable as a key factor in
promoting iron toxicity. It was found that ACSL4 expression in HCC
cell lines was positively correlated with sorafenib sensitivity. The
use of ACSL4 inhibitors or knockdown of ACSL4 in HCC cells
significantly enhanced the anti-HCC efficacy of sorafenib. More
importantly, the expression of ACSL4 in HCC cells does not change
with sorafenib treatment and has a certain stability, which means
that ACLS4 is a good biomarker for predicting the treatment of
HCC by sorafenib through ferroptosis pathway [155]. ACSL4 is not
only serves as a key executor but also functions as a reliable
indicator of iron deposition [27].

CIsD1

CDGSH iron-sulfur domain 1 (CISD1) is an iron-containing
mitochondrial outer membrane protein that is widely found in
mitochondria-rich tissues such as liver and heart [156]. The main
role of CISD1 is to regulate iron uptake in mitochondria and
mitochondrial respiratory function. CISD1 deficiency leads to iron
ion accumulation and subsequent mitochondrial oxidative
damage [157].

Yuan et al. found that subferric ion content in HCC cells is
augmented by erastin induction, and the expression of CISD1 is
also increased simultaneously. Knockdown of CISD1 using shRNA
increased the content of subferric ions in the mitochondria of HCC
cells, subsequently increasing the extent of lipid peroxidation in
the mitochondria and ultimately increasing the sensitivity of HCC
cells to erastin-induced ferroptosis [158].

HNF4A/HIC1

Human hepatocyte nuclear factor alpha (HNF4A) and Hyper-
methylated in cancer 1 (HIC1) are two transcription factors with
opposite functions in the regulation of HCC growth [159]. HNF4A
is upregulated in HCC and stimulates EGFR-mediated tumor
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Validated experimental
system

Clinical patients, animals,

expression levels of the ferroptosis’s promoters SAT1, GLS, PTGS2 and cells

Clinical patients, animals,

initiating transcription of downstream antioxidant components [128, 158]. cells

Clinical patients, animals,
cells

Clinical patients, animals,
cells

animals, cells
animals, cells
animals, cells

animals, cells

Table 2. Relevant genes regulating ferroptosis in HCC.

Target Function Regulatory mechanism

gene

P53 Transcription factor ~ As transcription factors can promote ferroptosis by up-regulating the
down-regulating the ferroptosis’s repressor SLC7A11 [110, 118].

P62 transcription factor Regulation of Nrf2 entry into the nucleus by binding to Keap1 thereby

Rb suppressor gene Increased ROS content in HCC cell mitochondria [121]

MT-1G transcription factor ~ Promoting ferroptosis by increasing intracellular ROS levels through oxidative
stress [144].

S1R transcription factor In part, it plays a regulatory role by affecting the Keap1/Nrf2 pathway,
and on the other hand, it promotes ferroptosis by up-regulating iron
metabolism-related genes FTH1 and TFRC1 [145].

CER glycoprotein Regulation of ferroptosis by modulating iron metabolism levels in
hepatocellular carcinoma cells [159].

ACSL4 enzymes Promoting ferroptosis by synthesizing polyunsaturated fatty acids as
substrates for ferroptosis [119, 160].

CIsD1 membrane protein Increased oxidative damage in mitochondria by modulation of ferrous iron
substituent content in mitochondria [153].

HNF4A/HICT transcription factor Positive and negative feedback modulation of ferroptosis sensitivity [155, 156].

animals, cells

Summary of core targets in the ferroptosis regulatory network of hepatocellular carcinoma and their mechanisms of liver cancer treatment.

proliferation response, thereby fostering HCC progression [160]. In
contrast, HIC1 inhibits tumor growth, migration, and invasion
[161, 162].

In studies targeting ferroptosis in HCC, HNF4A was found to
transcriptionally regulate such as STMN1, CAPG, and RRM2 under
the action of erastin, and to increase GSH production and thus
inhibit ferroptosis by promoting PSAT1. In contrast, HIC1 can
regulate such as HBA1, NNMT, PLIN4 and promote ferroptosis in
HCC by repressing PSAT1 [163]. Therefore, breaking the balance
between HNF4A and HIC1 may contribute to the treatment of
HCC. (Table 2), (Fig. 3).

CLASSICAL FERROPTOSIS INDUCERS IN HEPATOCELLULAR
CARCINOMA
Erastin
A high-throughput screening of synthetic compounds for tumor
cell killing identified a compound with RAS-selective activity:
erastin. It was found to induce a non-apoptotic cell death.
Subsequently, further studies revealed that erastin reduced GSH
levels by directly inhibiting Systems Xc~ (Fig. 4). The quinazoli-
none backbone may be the main active moiety for its lethality,
and other moieties could improve the inhibitory effect of erastin
on Systems Xc . The mitochondrial voltage-dependent anion
system is also a molecular target of erastin. In addition to its ability
to directly activate ferroptosis for hepatocellular carcinoma
treatment, erastin also enhances the chemotherapeutic effects
of certain conventional antitumor agents in hepatocellular
carcinoma cell lines. erastin could enhance the clinical efficacy
of PD1/L1 by affecting the polarization of tumor-forming
associated macrophages [164]. Aspirin induced a significant
ferroptosis response in HepG2 and Huh7 cells, which was
enhanced by the ferroptosis inducer erastin [134].

As a classical ferroptosis inducer, erastin has been used by
researchers as a standard reference for testing novel compounds
or ferroptosis inducers of existing drugs.

IKE

Although erastin has a good inhibitory effect on Systems Xc~, its
low water solubility and metabolic instability seriously affect its
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in vivo application. Imidazolidinone (IKE), a derivative based on
the improved structure of erastin, further improved the aqueous
solubility and anticancer properties of the prototype, with three
times the solubility of erastin and a 50-fold reduction in the LC50
for tumor cells [165, 166].

RSL3

In a gene-selective screening assay of more than 40,000
compounds related to cell proliferation, two small molecule
compounds, RSL3 and RSL5, were screened for high lethality in the
presence of oncogenic RAS [167]. Further experiments revealed
that RSL3 could induce ferroptosis by directly targeting the
inhibition of GPX4 [168], however, it has also been suggested that
RSL3 is not an inhibitor of GPX4 but TXNRD1 [169]. the
chloroacetamide portion of the RSL3 structure was essential for
its bioactivity. RSL3 induced ferroptosis in a wide range of
hepatocellular carcinoma cell lines, including all of them, and RSL3
could also enhance the sensitivity of tumors to ferroptosis in the
presence of IFN-y [170].

Sorafenib

Sorafenib is a multikinase inhibitor that has been widely used in
patients with clinically advanced hepatocellular carcinoma.
Sorafenib can prolong the survival of patients with hepatocellular
carcinoma. Previous studies have suggested that the action of
sorafenib in the treatment of hepatocellular carcinoma is mainly
due to its multikinase inhibitory effect, which leads to the
inhibition of cell proliferation, angiogenesis and the promotion of
apoptosis of tumor cells. It was found that the toxic effect of
sorafenib on hepatocellular carcinoma cells was partly dependent
on ferroptosis rather than apoptosis, and this toxic effect was also
not dependent on its multikinase inhibitory activity, but induced
ferroptosis by inducing iron aggregation and lipid peroxidation
stress in hepatocellular carcinoma cells, and that depletion of
stored iron in hepatocellular carcinoma cells by use of iron
chelating agents could effectively weaken the cytotoxic effect of
sorafenib. Further studies revealed that sorafenib induces
ferroptosis by inhibiting SLC7A11 transporter activity on the cell
membrane, thereby reducing cystine content in hepatocellular
carcinoma cells, which in turn leads to insufficient GSH synthesis
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Sorafenib inhibit this pathway. While RSL3 can directly target GPX4. P53 regulates ferroptosis by affecting the transcriptional level of
downstream SLC7A11, SAT1, GLS2, PTGS2, P21, DPP4, etc. Rb, CISD1 can directly regulate the intracellular ROS level. GSTZ1 and P62 are by
affecting the entry of Nrf2 into the nucleus to affect the MT1G, NQO1, HO1, and FTH1 levels to regulate ferroptosis.

and diminished GPX4 activity. Hepatocellular carcinoma patients
treated with clinical application of sorafenib tend to develop drug
resistance quickly, thus affecting the prognosis. As mentioned
above, Nrf2, Rb, MT-1G and SIR are involved in the regulation of
the sensitivity of ferroptosis induced by sorafenib through the
corresponding pathways, thus inducing the emergence of drug
resistance. From a new perspective, targeting the relevant
inhibitor pathways to induce ferroptosis can effectively improve
the drug resistance of sorafenib.

Sulfasalazine

SAS is an anti-inflammatory drug which has been approved by the
U.S. Food and Drug Administration for a long time, is a first-line
treatment for rheumatoid arthritis. SAS induces ferroptosis by
inhibiting the Xc-system in a manner similar to erastin. However,
compared to erastin, SAS is much less effective in inducing
ferroptosis [171]. SAS has been shown to induce ferroptosis in a
variety of tumor cells and may also be used in combination with
other liver cancer therapies to improve treatment efficacy.
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Iron-containing statins

Classic iron-containing statins include pravastatin sodium, lovas-
tatin, and simvastatin. Statins, chemical inhibitors of HMG-CoA
reductase, are a class of lipid-lowering drugs that are effective in
reducing the prevalence of cardiovascular disease and mortality
[172]. HMG-CoA reductase promotes mevalonate synthesis, and
statins can inhibit MVA synthesis to block CoQ10 synthesis, which
is a substrate for lipid peroxidation by the ferroptosis inhibitors
FSP1 and DHODH, and statins can also directly affect GPX4 activity
to promote ferroptosis. In addition, it has been found that
atorvastatin-treated tissues have elevated levels of ROS, MDA, and
Fe>™ along with decreased expression of GSH and GPX4,
suggesting the presence of a ferroptosis response. The suppres-
sion of the HMG-CoA reductase by statins leads to decreased
expression of glutathione peroxidase 4 (GPX4), a key regulator of
lipid peroxidation, which in turn results in lipid ROS production
and induction of ferroptosis. Experimental data suggest that
statins may act as anti-cancer drugs by enhancing tumor cells’
ferroptosis [173, 174].
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Summary and outlook

Ferroptosis, as an emerging mode of cell death, participates in the
development of HCC and may play a key role in both the
diagnosis prevention treatment and prognosis of HCC. Although
ferroptosis has opened a new horizon in the basic field in recent
years, translation into specific clinical treatments is yet to be
achieved.

It is believed that as ferroptosis-related research progresses and
these key questions are answered, targeting ferroptosis to treat
HCC, especially in combination with immunotherapy, may over-
come immunotherapy resistance and benefit more HCC patients.
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