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Abstract: Ferroptosis is a special form of regulatory cell death caused by the accumulation
of intracellular iron and lipid peroxidation. Here, we summarize the research progress on
ferroptosis in hepatocellular carcinoma (HCC), trace the development of the concept of
ferroptosis and its key regulatory factors, and discuss the application value of ferroptosis in
the treatment of HCC from different perspectives. We believe that exploring the relationship
between ferroptosis and HCC and clarifying the metabolism and expression of ferroptosis-
specific genes and molecules will accelerate the development of novel ferroptosis-related
molecules as HCC markers and therapeutic targets. We hope to provide a theoretical basis for
better diagnosis and treatment to effectively improve the prognosis of patients with HCC.
Keywords: hepatocellular carcinoma, ferroptosis, iron, regulatory cell death, lipid
peroxidation, sorafenib

Introduction
According to statistics, there were approximately 905,677 new cases of hepatocel-
lular carcinoma (HCC) and 830,180 HCC deaths in 2020." The World Health
Organization predicts that more than 1 million patients will die of HCC in 2030.”
Although surgical treatment based on radical surgery has greatly improved patient
prognosis, the five-year survival rate of HCC is only 12%.® In addition, although
clinical first-line drugs such as sorafenib have a decisive therapeutic effect on
advanced HCC, the median survival time is only 8 to 11 months.* Therefore,
therapeutic options for HCC are urgently needed to provide patients with earlier
intervention, thereby reducing the morbidity and mortality of patients with HCC.
Ferroptosis is a special form of nonapoptotic cell death caused by lipid perox-
idation and iron accumulation.’ In 2012, Dixon et al® found that RSL and erastin
mediate regulatory cell death that is different from traditional necrosis and apopto-
sis. Based on this finding, the concept of ferroptosis was proposed as an iron-
dependent nonapoptotic form of cell death. Morphologically, ferroptotic cells have
no nuclear pyknosis, nuclear fragmentation or nuclear dissolution. These cells do
not display necrosis,® shrinkage, chromatin agglutination, apoptotic body formation
or cytoskeleton disintegration during cell death.” Rather, these cells display cell
membrane rupture and blistering, mitochondrial atrophy, increased membrane den-
sity, reduced cristae, and lack of chromatin agglutination in the nucleus.”
Although the function of ferroptosis is not yet fully understood, based on its
connection with many tumors, the induction of ferroptosis may be the key to the

treatment of HCC. At present, it has been found to play a pivotal role in HCC
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progression and it appears that many drugs used to treat
HCC may exert their pharmacologic actions via ferropto-
sis. Many scholars also believe that ferroptosis can be
a key factor in the diagnosis, treatment and prognosis of
HCC. To this end, we reviewed the regulatory mechan-
isms, pathways and applications of ferroptosis in HCC to
improve patient outcomes in HCC.

Regulation Mechanism of
Ferroptosis in HCC

Recently, many studies have clearly introduced the basic
principles of ferroptosis in the treatment of HCC. We will
briefly outline the regulatory mechanisms related to fer-
roptosis from the perspective of the two major character-
istics of ferroptosis: iron and lipid peroxidation (Figure 1).

Iron in the Liver

Iron is a metal with redox activity that can participate in the
formation of radicals through the Fenton reaction and cause
the accumulation of reactive oxygen species (ROS). It also
plays a vital role in sensitizing cells to ferroptosis.”'® Under
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Figure | Regulation pathways and key molecular mechanisms of ferroptosis. The initiation and response of ferroptosis occurs because Fe
to mediate lipid peroxidation, resulting in disorder of the GSH system and suppression of its core regulatory

and promotes the high expression of PUFAs in the form of Fe3*
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normal circumstances, iron inside and outside of the cell
maintains a subtle balance through the iron transport
system.'! Tron storage is an important function of the liver
and iron overload in the liver is particularly closely related

to the occurrence of liver-related disorders, such as
HCC,'*'7  hereditary hemoglobinosis,'™!® and liver
fibrosis.'*!?

Ferroportin (FPN) is a transmembrane ferritin that
mediates the transport of iron from inside to outside the
cell. In fact, it is the only known iron export protein that
regulates iron efflux in mammals.”® Research has con-
firmed that the liver-derived hormone hepcidin can main-
tain iron homeostasis in the liver by negatively regulating
FPN.?' Moreover, hepcidin can significantly delay the
progression of liver failure and serve as a prognostic
indicator.”

At present, many studies have investigated the main-
tenance of iron homeostasis in the liver as an effective
measure to prevent HCC and have unearthed many poten-
tial key targets related to the disruption of iron home-

ostasis. (PCBPI1) is
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enzyme GPX4. The key regulator of the Xc- system SLC7AI | mediates the exchange of glutamate and cysteine at a |:1 molar ratio. Within the cell, glutamate and cysteine
ultimately synthesize GSH to assist GPX4 in maintaining intracellular redox homeostasis. HSPBI and Nrf2 pathways regulate labile iron pools and increase ROS resulting
from the Fenton reaction. ACSL4 catalyzes the biosynthesis of PUFAs, thereby mediating lipid peroxidation. PUFA polyunsaturated fatty acids, GSH glutathione, GPX4
glutathione peroxidase 4, SLC7Al | solute carrier family 7 member |1, HSPBI Heat shock protein beta-1, ROS reactive oxygen species, NRF2 Nuclear factor erythroid
2-related factor 2, ACSL4 acyl-CoA synthetase long chain family member 4 (ACSL4). Key regulator of ferroptos is (black), potential regulator of ferroptosis is (white).
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a multifunctional protein that affects the binding of iron to
receptors in mammalian cells. PCBP1 deficiency results in
iron and lipid metabolism disorders and eventually leads to
lipid peroxidation and steatosis in the liver.”* Transferrin is
a specific and high-affinity iron-binding protein synthe-
sized by the liver that plays a vital role in iron
homeostasis.>* Some scholars have found that it is closely
related to the occurrence and development of liver cirrho-
sis by mediating iron homeostasis.>> In addition, further
studies have confirmed that transferrin receptor 1 (TRF1)
affects liver iron uptake by minutely adjusting the expres-
sion of hepcidin.”® Iron homeostasis is also affected by
F-box and leucine-rich repeat protein 5 (FBXLS) and iron
regulatory protein 2 (IRP2). IRP2 is an RNA-binding
protein that controls the production of iron accumulation-
related proteins, while FBXLS5 negatively regulates IRP2.
The deficiency of FBXLS leads to disorders of iron home-
ostasis in the liver and the whole body, mediating the
occurrence of steatohepatitis.”” Muto et al*® discovered
a new tumor suppressor molecule, FBXLS5, through
a mouse model. Insufficient FBXLS5 will cause iron meta-
bolism disorders, causing a series of stress and compensa-
tory responses in the liver and tissues. In addition, the
depletion of the FBXLS gene is not only related to the
chemical carcinogen DEN but also related to the over-
expression of the hepatitis C virus (HCV) core antigen,
which participates in the progression of HCC.

Iron in HCC

Since iron can transfer energy through the conversion
between the two oxidation states of iron (Fe*") and ferrous
iron (Fe®"), it exerts considerable influence on cell energy
production and metabolism.”® Previous studies have
shown that serum iron levels are associated with the pro-
gression of hepatitis B virus (HBV)-related HCC. Serum
iron levels <15.1 umol/l in conjunction with higher AFP
levels are high-risk HBV-related HCC patients.*”
Abnormal iron homeostasis is one of the salient fea-
tures of HCC, suggesting that we can treat HCC by main-
taining iron homeostasis. Artesunate (ART) is clinically
used as an antimalarial drug, but it can induce ROS-
dependent ferroptosis by maintaining labile iron pools
(LIPs).*! Specifically, ART promotes the accumulation of
LIPs in the endoplasmic reticulum (ER) by acidifying
lysosomes to promote the lysosomal degradation of the
iron-storage protein ferritin. This can lead to the over-
production of ROS and severe compromise of the ER,
which may result in cell death.’' In addition, Shang et al*?

found that ceruloplasmin is negatively related to ferropto-
sis and participates in the regulation of ferroptosis by
compromising iron homeostasis inside the cell. Divalent
metal-ion transporter-1 (DMT1) is a transmembrane iron
transporter that has a significant role in intestinal iron
absorption.*® Previous work has shown that both transfer-
rin-bound iron and free iron are absorbed by hepatocytes
by means of DMTI. Hoki et al** revealed that DMT]1 is
associated with increased mitochondrial oxidative phos-
phorylation and glycolysis, and it may affect the mito-
chondrial respiratory chain by interfering with iron
homeostasis. O-GlcNAcylation is a reversible posttransla-
tional modification catalyzed by O-GIcNAc transferase.”
Some researchers have found that oxyglycosylation can
increase the transcription level of transferrin receptor
(TFRC) by promoting the expression of yes-associated
protein, thus elevating liver iron concentration in HCC
and increasing the vulnerability of cells to ferroptosis.>®
In addition to directly inhibiting tumor proliferation
through the RAF/MEK/ERK signaling pathway, sorafenib
can block vascular endothelial growth factor receptor and
platelet-derived growth factor receptor, thus inhibiting
angiogenesis.>” Previous works have found that iron defi-
ciency restricts cancer cell proliferation and induces angio-
genesis through the hypoxia inducible factor-1 and
vascular endothelial growth factor (VEGF) pathways.*®
Urano et al'? proved that the combined use of iron inhibi-
tors and antiangiogenic drugs can enhance the tumor kill-
ing effect of sorafenib by inducing cell cycle arrest and
apoptosis. Therefore, the combined use of sorafenib and
deferasirox may be efficacious in the treatment of HCC.

PUFAs in HCC

Previous studies have shown that polyunsaturated fatty
acids (PUFAs) can inhibit liver inflammation and reduce
the formation of tumor necrosis factor-a (TNF-a).>’ In
2009, Lim et al*® found that PUFAs inhibited the growth
of HCC by simultaneously inhibiting cyclooxygenase-2
(COX-2) and B-catenin. Specifically, PUFAs have been
shown to induce the key rate-limiting enzyme of pros-
taglandin E2 catabolism, 15-hydroxyprostaglandin dehy-
(15-PGDH). 15-PGDH
a prostaglandin-degrading enzyme to antagonize COX-

drogenase acts as

2, and it also inhibits tumor growth.40 In 2011,
Weylandt et al*'
anti-TNF-o effects and suppress the expression of COX-

found that PUFAs may exert significant

2 through its hydroxylated metabolites 18-hydroxyeico-
sapentaenoic acid and 17-hydroxydocosahexaenoic acid.
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Downstream effects include the inhibition of inflamma-
tion and tumor formation.

It has been shown that PUFAs can prevent the occur-
rence of HCC. For example, eating fish rich in saturated
fatty acids reduces the likelihood of developing HCC. It is
also effective for patients infected with HBV/HCV.*
Understanding how immunonutrient agonists are linked
to a high-fat diet, the immune system, and the microbial
balance of the gut microbiota is essential for understanding
the etiology of HCC.*® In addition to affecting the changes
between PUFAs, monounsaturated fatty acids and iron
homeostasis, nutritional agonists such as quinoa and salvia
can also mediate immune regulation against HCC through
that affects the
circulation.*® This also inspired us to improve the antitu-

innate  immunity enterohepatic
mor effect through diet.

In 2020, Leineweber et al** found that sorafenib may
mediate antitumor effects by its effect on PUFAs. In parti-
cular, sorafenib is an effective inhibitor of soluble epoxide
hydrolase (sEH). sEH is able to catalyze the conversion of
arachidonic acid (AA) and omega-3 docosahexaenoic acid
(DHA) into the corresponding glycols. AA epoxy eicosa-
pentaenoic acid (EETs) may promote tumor growth and
metastasis, while DHA 19,20-epoxydocosapentaenoic acid
(19,20-EDP) has the opposite effect. It has been speculated
that although the effect on EETs may affect the therapeutic
effect of sorafenib, supplementation with DHA in HCC
treatment with sorafenib can increase the level of 19,20-
EDP and enhance its antitumor effect. Therefore, it is
reasonable to hypothesize that although its effect on
EETs may affect the overall therapeutic response to sor-
afenib, supplementation with DHA in the treatment of
HCC with sorafenib can reverse the effect of EETs and
potentiate sorafenib’s antitumor capability.**

Ferroptosis Regulators in HCC

In recent years, the role of ferroptosis in HCC has been
confirmed, and research on ferroptosis has been con-
ducted. Here, we will review the literature on ferroptosis
including the main regulators that are involved (Figure 1).

ACSL4 in HCC

In recent years, researchers have confirmed that ferroptosis
is a peroxidation reaction activated by PUFAs catalyzed
and synthesized by long chain fatty acyl-CoA ligase 4
(ACSL4).*>® In HCC, ACSL4 can stimulate the expres-
sion of lipase through the c-Myc/sterol regulatory element
binding protein 1 (SREBP1) pathway and regulate lipid

production to participate in proliferation and metastasis.*’
In addition to fat, lactic acid (another important metabolic
mediator) is also indispensable in the process of ferropto-
sis. In recent years, several studies have confirmed that
lactic acid is a negative regulator of ferroptosis, and these
studies have investigated the effects of fat and lactic acid
in ferroptosis.*® Hydroxycarboxylic acid receptor 1 /mono-
carboxylate transporter 1 in HCC can mediate the uptake
of lactic acid. The production of ATP, inactivation of
AMP-activated protein kinase, increased expression of
SREBP1 and stream stearoyl-coenzyme A desaturase-1
follows, generating PUFAs that induce resistance to
ferroptosis.*®

Moreover, at the metabolic level, the role of ferroptosis
at the transcriptional level of HCC is also of great impor-
tance. In 2014 and 2020, Cui et al*’ and Qin et al®® found
that microRNA-205 and microRNA-211-5p target the
3'UTR of ACSL4, leading to cell fat and cholesterol
metabolism disorders and to the growth, invasion and
metastasis of HCC.

Many research teams have elaborated on the relation-
ship between sorafenib and ACSL4 and proposed that the
expression of ACSL4 can be used to predict the therapeu-
tic effect of sorafenib in HCC. Feng et al®! suggested that
the presence of ACSL4 is negatively associated with sor-
afenib and that it can be used as a predictor of the ther-
apeutic effect of sorafenib. Xia et al’” further confirmed
that silencing ACSL4 and inducing GADD45B at the same
time can increase the synergistic tumor-killing function of
aspirin and sorafenib in HCC. This evidence indicates that
ACSL4 is a promising biomarker for HCC, especially in
sorafenib-induced ferroptosis.

GPX4 in HCC

Glutathione peroxidase 4 (GPX4) cycles glutathione
(GSH) between the reduced and oxidized states and con-
verts lipid hydroperoxides to lipid alcohols. This process
prevents the formation of Fe2'-dependent toxic lipid
ROS 5354

GPX4 can be used as a prognostic and typing marker
for HCC>’ and can also eliminate peroxides in membranes
and lipoproteins. Inducing GPX4 in the treatment of
chronic hepatitis C may reduce viral infectivity and the
development of HCC.>® GPX4 has been proven to cause
lipid peroxidation-mediated ferroptosis, while vitamin E is
a fat-soluble antioxidant responsible for protecting mem-
branes against oxidative damage, which suggests that we
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can prevent GPX4-induced ferroptosis by supplementation
with vitamin E.>’

At the transcriptional level, GPX4 is also an integral
part of ferroptosis. It has been reported that circ-interleu-
kin-4 receptor can act as a molecular sponge of
microRNA-541-3p to interact with GPX4. This interaction
is accompanied by an increase in iron levels and oxidative
stress and targeted inhibition of ferroptosis.>®

GPX4 has also been studied at the metabolic level.
Cells with cysteine mutations are highly sensitive to per-
oxide-induced ferroptosis. GPX4 requires the biosynthesis
of selenocysteine for its activity. Active GPX4 provides
strong resistance to the irreversible peroxidation of cancer
cells.’® Selenium, as an important component of GPX4,
can regulate the expression of prognostic tumor markers,
such as activator protein 1, interleukin-8 and VEGF, by
coacting with lipid peroxides. Therefore, patients with low
serum selenium levels may be good candidates for supple-
mentation with selenium to prevent early HCC.®

NRF2 in HCC
Nuclear factor erythroid 2-related factor 2 (NRF2) has
antioxidant elements and is regulated by Kelch-like
ECH-associated protein 1 (Keapl). Its gene transcription
is partially under the control of ROS.%!¢2

Most of the current research on NRF2 in HCC involves
the p62-Keapl-NRF2 axis. In 2013, Ichimura et al®’
pointed out that although the Keapl-NRF2 system and
autophagy are both involved in oxidative stress, metabo-
lism, and innate immunity, the interaction between these
two pathways has not been fully elucidated. They reported
that the autophagy adaptor protein p62 is phosphorylated
in a target of rapamycin complex 1-dependent manner to
promote its binding to Keapl, which means that the
Keap1-NRF2 system and autophagy are coupled and inter-
dependent. In addition, the accumulation of phosphory-
lated p62 continues to activate NRF2, which can promote
the tumorigenesis of HCC.%® In 2016, Sun et al** eluci-
dated the role of the p62-Keapl-NRF2 axis in protecting
HCC from ferroptosis. The authors reported that when
exposed to compounds that cause ferroptosis, such as
erastin, sorafenib, and buthionine sulfoximine, p62 can
downregulate the expression of Keapl to prevent the
degradation of NRF2 and chemoattract NRF2 toward
accumulation in the nucleus. In addition, a mutual effect
between NRF2 and v-maf avian musculoaponeurotic fibro-
sarcoma oncogene homolog initiates the transcription of

165

heme oxygenase 1. Yang et al®® found that gankyrin can

be used as a feedback loop to maintain the homeostasis of
NRF2 in the cell, and it can compete with NRF2 to bind to
the Kelch domain of Keapl and inhibit NRF2 from being
degraded by proteases. Umemura et al®® also confirmed
that the p62-Keap1-NRF2 axis can enable HCC progenitor
cells to survive in ROS, causing them to undergo malig-
nant mutations when mTORC1 and c¢-Myc are activated.
Therefore, targeting the p62-Keapl-NRF2 axis may help
prevent chronic liver disease from progressing to HCC and
reduce postoperative recurrence of resectable HCC.

NRF2 is involved not only in HCC but also in liver
cancer stem cell (CSCs). In 2020, Sun et al®” found that
xanthine oxidoreductase is expressed at low levels in
human HCC tissues and CSCs and that it mediates the
formation of HCC and chemotherapy resistance by inhibit-
ing the proliferation of CSCs. Specifically, XOR and ubi-
quitin-specific peptidase 15 synergistically promote the
deubiquitination and expression of Keapl, leading to the
ubiquitination and accumulation of ROS in CSCs through
the degradation of NRF2.%’

In recent years, NRF2 activity in HCC has been inves-
tigated at the subcellular level. Tripartite motif-containing
25 (TRIM25) is the most effective gene for tumor cells to
resist ER stress. Studies have found that TRIM25 pro-
motes tumor cell survival by inducing Keapl ubiquitina-
tion and degradation, thereby activating NRF2 signaling
and reducing ROS levels during ER stress.®® Furthermore,
malic enzymes (MEs) in mitochondria have been shown to
be involved in the production of reduced NADPH. Since
NAPDH can neutralize the oxidative effect of ROS, HCC
can activate MEs through NRF2 transcription to resist cell
damage to ROS.’

The expression of Sigma-1 receptor (S1R) has been
proposed to contribute to cell protection by inhibiting
ischemia-induced ROS production.”””* Related articles
have reported that SIR can regulate ROS through NRF2.
When NRF2 is activated and causes ROS accumulation,
the level of SIR is elevated to protect HCC against sor-
afenib-induced ferroptosis.”

To clarify the role of NRF2 in HCC, in addition to
human HCC cells, many studies have started with animal
models and attempted further exploration. In 2014, Petrelli

17* used a rat model to illustrate the molecular mechan-

eta
isms involved in the HCC drug resistance process through
miRNA and gene expression profiles and provided evi-
dence that NRF2 is carcinogenic in the precancerous/pre-
NRF2 is

correlated with the progression of HCC, and microRNA-

malignant stage. In summary, positively
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200A has a negative regulatory effect on NRF2. When
NRF2 is suppressed, the precancerous lesions in the rat
model disappear.”* Moreover, the relationship between
mutations of CTNNB1 and NRF2 has also been described
The CTNNBI
the second most common gene mutation in HCC, account-

in some articles. gene mutation is
ing for approximately 26-38% of all cases.””"’® In 2015,
Zavattari et al’’ studied a drug-resistant rat hepatocyte
model and found that the CTNNBI1 mutation occurred
late and only appeared in fully advanced HCC, while the
NRF2 mutation occurred early and may mediate the trans-
formation of precancerous lesions to HCC through clonal
amplification. In 2021, Tao et al’® found that although
CTNNBI in HCC,
CTNNBI mutations alone will not lead to the occurrence

mutations are not uncommon
of HCC. They appear to have a synergistic effect with
NRF2 mutations to promote the occurrence of HCC.

SLC7AIll in HCC

Solute carrier family 7 member 11 (SLC7A11) has
a profound effect on stabilizing the level of GSH in
cells. It can indirectly inactivate GPX4 by reducing the
uptake of cysteine and the biosynthesis of GSH, thereby
limiting the synthesis of GSH, increasing the ROS of
lipids and ultimately causing ferroptosis.”®

Studies have found that the RNA-binding protein
DAZAP1 binds to the 3’ noncoding region of SLC7A1l
to regulate its stability and govern the role of SLC7A11/
GPX4 in ferroptosis, so that sorafenib-induced ferroptosis
is inhibited.*’

In 2020, Kim et al®*' proposed that SLC7A11 is regu-
lated by transforming growth factor-f1 (TGF-B1), which
can induce GSH consumption, increase the production of
ROS, and then sensitize cells to oxidative stress. They
suggested that TGF-B1 inhibits
SLC7AL1l1 by upregulating Smad3 and ultimately mediates

the expression of

lipid peroxidation to make HCC cells more susceptible to
GPX4 inhibitors.”'

As an important marker of liver cancer stem cells,
CD133 has received widespread attention. Previous stu-
dies have shown that certain stemness-associated genes
related to CSCs can cause ferroptosis by regulating the
level of ROS.**®*? In recent years, it has been found that
CD133-positive HCC cells increase resistance to ROS by
upregulating GSH levels. At the same time, the SLC7A11
inhibitor sulfasalazine can specifically regulate the reduc-
tion state of CD133-positive HCC and sensitize CD133-
positive HCC to chemotherapy.®** Another study showed

that actinomycin D can increase the accumulation of ROS
and DNA damage in HCC cells, inhibit the expression of
SLC7AI1l by suppressing the synthesis of CD133, and
control the stemness of HCC cells. Based on these studies,
we also explored SLC7A1l-mediated ferroptosis charac-
terized by elevated ROS levels as a new research
perspective.

HSPBI in HCC

Heat shock protein beta-1 (HSPB1) mainly functions as
a molecular chaperone. Its phosphorylation reduces the
uptake of iron and lipid peroxidation by cells, and inhibi-
tion of its expression and phosphorylation increases the
anticancer properties of erastin-induced ferroptosis.®

In 2009, Guo et al®*® confirmed that HSPBI1 regulates
the apoptosis of metastatic liver cancer by activating the
IkB kinase-dependent NF-kB pathway. In the same year,
Sharma et al*’ discovered that although the inhibitor of
HSPBI1, quercetin, has certain toxicity to cells, it can
enhance the proapoptotic effect of chemotherapeutics
such as 5-fluorouracil and carboplatin on HCC cells by
inhibiting the expression of HSPB1.

With the deepening of research in recent years, posttran-
slational modifications related to HSPB1 have become
a focus of research. Posttranslational modifications, such as
oxyglycosylation and phosphorylation, can regulate the way
HSPBI enters the nucleus and to a certain extent, regulate
the intracellular stress response and provide protection for
the cell.*® Moreover, the ERK signaling pathway is the main
proliferation signal of HCC. Phosphorylated HSPB1 can
activate the p38 MAPK-MAPK phosphatase-1 pathway,
which is essential for the detection of early HCC.®

Stress-activated protein kinase p38a can reduce the
accumulation of ROS in cells by reducing the expression
of HSPBI. The lack of p38a is able to increase the stem-
ness of HCC, which may lead to HCC recurrence and
accelerate liver fibrosis that develops into HCC.”® In
2010, Yang et al’' suggested that microRNA-17-5p can
activate the p38 MAPK pathway, which in turn facilitates
the phosphorylation of HSPB1 and enhances the migration
ability of HCC. In 2015, Hao et al®? found that dual
specificity phosphatase 1 (DUSPI1) repressed the phos-
phorylation of p38 MAPK, which in turn inhibited the
activation of HSPBI, resulting in increased expression of
p53 sites related to cell cycle arrest and apoptosis in HCC
cells. DUSP1 may pass through the p38 MAPK/HSPB1/
p53 positive feedback pathway to inhibit the progression
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of HCC. These studies provide a better understanding of
the role of HSPBI in the development of HCC.

Ferroptosis in HCC Treatment

Sorafenib has favorable efficacy in the treatment of
advanced HCC; however, because of the individual
responses of patients and with the emergence of tumor
resistance, the efficacy of sorafenib alone may not be
sufficient to prevent the progression of HCC. Therefore,
in recent years, many studies explored specific mechan-
isms of tumor resistance to sorafenib alone or in combina-
tion with other drugs. The strategy of using more than one
drug for treatment is based on enhancing the efficacy of
treatment while reducing the dosage of sorafenib neces-
sary for efficacy (Figure 2). Previously, researchers found
that sorafenib can induce hepatocyte death by mediating
ferroptosis.'> Specifically, after sorafenib treatment of
HCC cells, mitochondrial morphology and membrane
potential collapse and oxidative phosphorylation activity
and ATP synthesis are reduced, thereby inducing ferropto-
sis and cell death.”® In addition, GSH can rescue the

MIL-101(Fe)é

Upregulation or activation
—

Downregualtion or inhibition

ferroptosis induced by sorafenib and eliminate the accu-
mulation of mitochondrial ROS and lipid peroxides, while
cysteine depletion or cysteinase inhibition has the opposite
effect.”
Because of recent interest in ferroptosis as
a physiological phenomenon, many research teams have
begun to investigate ferroptosis as an outcome in HCC
treatment.”* Quiescin sulfhydryl oxidase 1 (QSOX1) con-
tributes to the formation of disulfide bonds of multiple
proteins and can also act as a tumor suppressor. This
characteristic manifests itself in various cancer-associated
processes, such as autophagy and extracellular matrix
regulation.”>? In 2021, Sun et al’’ found that QSOXI is
a cellular pro-oxidant. In addition to enhancing sorafenib-
induced ferroptosis by inhibiting NRF2 in vitro and
in vivo, it can also potentiate ubiquitination-mediated epi-
dermal growth factor receptor (EGFR) degradation and
accelerate the transport of EGFR in the cell, leading to

the inhibition of the activity of NRF2.

Metallothionein (MT) is a type of small molecular

intracellular protein commonly expressed in eukaryotic

" ‘ N ./‘\

1
=

Figure 2 The function and possible mechanism of ferroptosis in HCC treatment. Several studies have investigated the induction of ferroptosis as a possible HCC treatment
that may provide promising and effective therapy. Sorafenib has been shown to induce ferroptosis, and researchers have begun to explore the use of certain key factors to
optimize sorafenib treatment, such as preparing nanoparticles that make sorafenib more susceptible to target tumors and boost its effect on intracellular redox homeostasis.
Artemisinin and its derivatives are utilized in malaria treatment, but recently have been shown to be tumorigenic, apparently by interfering with iron homeostasis and the
redox microenvironment. Moreover, Artemisinin acts synergistically with sorafenib. Haloperidol and solanine are also able to promote the ROS of tumor cells by influencing
the intracellular GSH levels and systems. Ferroptosis-related drug and key regulator (black), potential regulator of ferroptosis (white).
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cells that possesses a common structure including high
cysteine content.”® In 2016, Houessinon et al®® found
that sorafenib can induce the expression of an MT isoform,
MTI1G. MT1G can be used as a marker to reflect the effect
of sorafenib on the redox metabolism of HCC cells. In the
same year, Sun et al'” further elucidated the relevant
mechanism of MTIG, identifying MT1G as a negative
regulator of ferroptosis. Sorafenib regulates the expression
of MT1G by activating NRF2, and MT1G promotes the
resistance of tumor cells to sorafenib by inhibiting
ferroptosis.

To enable sorafenib to target tumors more accurately,

Liu et al'®

prepared sorafenib-loaded iron-based metal-
organic framework nanoparticles (MIL-101(Fe)@sor),
together with a tumor-penetrating peptide iRGD that con-
tains a tumor homing motif and a tissue penetration motif.
This biomolecule conjugate was used to kill HCC cells

1'% also used ferroptosis to

through ferroptosis. Tang et a
kill HCC cells by synthesizing manganese-doped meso-
porous silica nanoparticles (MMSNSs). The nanoparticles
cause the consumption of intracellular GSH by degrading
MMSNs, which leads to the inactivation of GPX4. This in
turn results in an increase in intracellular lipid peroxida-
tion and ultimately induces ferroptosis.'®*

Glutathione S-transferase zetal (GSTZ1) is an impor-
tant member of the GST superfamily. It participates in
phenylalanine/tyrosine catabolism. Previous studies have
shown that a lack of GSTZI can lead to the accumulation
of the metabolite succinyl lactone, which activates the
NRF2 signaling pathway.'>'% Wang et al'® found that
the depletion of GSTZI potentiated the NRF2 pathway
and elevated the level of GPX4, thus inhibiting sorafe-
nib-induced ferroptosis. Louandre et al'®” found that reti-
noblastoma mediates ferroptosis and kills HCC cells by
participating in the toxic effects of sorafenib on HCC cells.
Such toxic effects include oxidative stress and mitochon-
drial ROS generation.

In addition to sorafenib, several drugs commonly used in
other diseases are also being attempted to treat HCC based on
ferroptosis. Current studies have shown that in addition to
being effective antimalarial agents, artemisinin and its deri-
vatives also have significant anticancer effects, in which Fe**
and ROS have an important role. This suggests that artemi-
sinin and its derivatives display potential anticancer activities
by interfering with iron homeostasis and the redox
microenvironment.'® """ Jiang et al®' proposed that ART
can regulate the LIPs of HCC cells and induce ROS-depen-
dent cell death. In addition to the effects of ART itself, its

combined use with sorafenib further enhances its toxic
effects on tumors.''? Li et al''® suggested that sorafenib
mainly causes GSH depletion and oxidative stress by med-
iating mitochondrial damage and SLC7A11, while ART
induces ferroptosis by facilitating a series of reactions, such
as lysosomal cathepsin B/L activation, ferritin degradation
and lipid peroxidation. Therefore, ART is believed to sensi-
tize HCC cells to the therapeutic effect of sorafenib. This
combination therapy reduces the potential harmful toxicity of
sorafenib by reducing its effective delivered dose. This
should improve the biological safety and tolerability of the
sorafenib treatment in vivo. Jing et al''* proposed that
although sorafenib can effectively inhibit the RAF/MEK/
ERK pathway, it cannot eliminate the resistance of HCC to
sorafenib that is driven by the PI3K/AKT/mTOR pathway,
while ART can significantly inhibit the phosphorylation of
AKT and mTOR. Therefore, the combined use of the two
drugs can effectively suppress the expression of these two
signaling pathways, significantly affecting the progression of
HCC. Furthermore, Yao et al''® also reported that ART
induces ROS by activating the ERK and STAT3 signaling
pathways, while sorafenib inhibits the ERK and STAT3
signaling pathways combined with ART to synergistically
limit the progression of HCC. Neurite outgrowth inhibitor
protein B receptor (NgBR) is a human apoptosis-inducing
gene that regulates cell apoptosis by promoting ER stress,
intracellular calcium disturbance and the caspase-7
pathway.''*""” He et al''® found that NgBR activates the
MEK/ERK pathway to make HCC cells resistant to sorafe-
nib, and ART increases the sensitivity of HCC cells to sor-
afenib by inhibiting NgBR.

Bai et al''” has identified haloperidol as an antipsycho-
tic medicine that significantly elevates the levels of Fe*',
GSH and lipid peroxidation in cells, and it significantly
promotes ferroptosis induced by erastin and sorafenib. Jin
et al'?® found that solanine significantly decreases the
expression of GPX4 and GSH synthase, it compromises
the GSH redox system induced by GPX4, and it ultimately
promotes ferroptosis in HCC cells.

Conclusion and Prospects

In this review, we assessed the development of ferroptosis-
related concepts and focused on the core regulatory factors
of ferroptosis and treatment methods based on ferroptosis.
By reviewing the evolution of ferroptosis in HCC and
analyzing its application in the treatment of HCC, we
can better understand ferroptosis and its regulatory factors.
In contrast to other published reviews on ferroptosis and
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liver cancer, our review enumerates the known key regu-
lators of ferroptosis and emphasizes and identifies poten-
tial recently identified regulators of ferroptosis in HCC.
This provides clinicians with numerous choices in the
treatment of HCC. Additionally, individualized treatment
for specific targets can also result in better prognosis for
patients. Nanoparticles such as MMSNs and MIL-101(Fe)
@sor prepared in the tumor microenvironment have also
been developed to act on tumor cells, capitalizing on their
ability to induce ferroptosis in tumor cells. Therefore, we
have reason to believe that ferroptosis therapy may be
effective in the treatment of advanced HCC.

Further study and research are needed to optimize HCC
treatment and improve patient prognosis. Some questions
that need to be addressed are as follows. Are there addi-
tional key regulatory factors for ferroptosis? Are there any
side effects of an effective dose of sorafenib to induce
ferroptosis? Has the exact mechanism by which lipid per-
oxidation induces ferroptosis been fully elucidated? What
role does the immune system have in the ferroptosis phe-
nomenon noted in tumor treatment; specifically, what is
the mechanism of action? Can the ferroptosis process be
reversed? How can tumor cells be targeted more accu-
rately and effectively for eradication? Can drugs that
induce ferroptosis be developed and used clinically?
What are the side effects of drugs that induce ferroptosis
and how may these side effects be minimized?
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