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Abstract: Ferroptosis is a type of cell death that relies on iron and is distinguished by the occurrence of lipid peroxidation and the buildup
of reactive oxygen species. Ferroptosis has been demonstrated to have a significant impact on the advancement and resistance to treatment of
hepatocellular carcinoma (HCC), thereby highlighting its potential as a viable therapeutic target. Ferroptosis was observed in HCC tissues in
contrast to normal liver tissue. The inhibition of ferroptosis has been found to increase the viability of HCC cells and decrease their
susceptibility to various anticancer therapies, including chemotherapy, radiotherapy, and immune checkpoint blockade. The administration
of drugs that directly modulate ferroptosis regulators or induce excessive production of lipid-reactive oxygen species has demonstrated the
potential to enhance the responsiveness of drug-resistant HCC cells to treatment. However, the precise mechanism underlying this
phenomenon remains ambiguous. This review presents a comprehensive overview of the crucial role played by ferroptosis in enhancing
the efficacy of treatment for hepatocellular carcinoma (HCC). The main aim of this study is to examine the feasibility of utilizing ferroptosis
as a therapeutic approach to improve the efficacy of HCC treatment and overcome drug resistance.
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Introduction

Hepatocellular carcinoma (HCC) is a prevalent malignant neoplasm that presents a significant risk to human well-being
and survival. In recent years, there has been an observed increase in the occurrence and fatality rates of HCC. It was
projected that the annual incidence of HCC and HCC-related mortality could rise by approximately 500,000 by 2040."
This alarming trend could only be reversed through the implementation of effective primary prevention. The therapeutic
approaches for HCC typically encompass a range of interventions such as surgical resection, ablation techniques,
embolization procedures, radiotherapy, molecular targeted therapy, immunotherapy, and chemotherapy. These strategies
have been extensively studied and documented in the literature.” Despite some advancements in the diagnosis and
treatment of HCC, the overall prognosis for patients with HCC remained unfavorable (https://www.cancer.org/). The high

resistance of HCC to different treatment modalities, such as chemotherapy, has been extensively documented.” HCC cells
could reduce their responsiveness to therapeutic interventions through a range of mechanisms, including mitophagy,”
epigenetic regulation,” and ATP binding cassette (ABC) transporters.® In addition, previous studies have shown that
various factors in the tumor microenvironment, such as hypoxia’ and immune infiltration, played a significant role in
promoting the development of drug resistance in HCC.® One of the primary challenges in the clinical management of

HCC is the effective enhancement of treatment sensitivity.
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Iron is a crucial trace element for organisms; however, an excessive amount of iron can lead to cytotoxicity through
the catalysis of reactive oxygen species (ROS) production. Ferroptosis is a type of cell death that is dependent on iron
and is characterized by the process of lipid peroxidation.” During the process of ferroptosis, the buildup of intracellular
iron ions leads to the production of highly reactive hydroxyl radicals through the Fenton reaction. This, in turn, causes
irreversible lipid peroxidation. The aforementioned process results in the degradation of the integrity and functionality of
cellular membranes, as well as the impairment of DNA and other essential molecules, ultimately leading to the demise of
the cell. The dysregulation of iron homeostasis,'"'! aberrant lipid metabolism,'? and ROS accumulation'? contributed to
the heightened vulnerability of HCC cells to ferroptosis. Direct modulation of ferroptotic regulators has been demon-
strated to restore the sensitivity of HCC cells to chemotherapy.'* Therefore, the utilization of ferroptosis as a strategy to
overcome chemoresistance in HCC has the potential to enhance the overall survival rates of HCC patients.

In this review, we aim to provide a comprehensive summary of the existing evidence derived from both preclinical
and clinical studies, focusing on the significance of ferroptosis in conferring survival advantages and therapy resistance to
HCC cells. Specifically, we will explore the impact of ferroptosis on HCC cells’ response to different treatment
modalities, such as radiotherapy and chemotherapy. This review aims to provide a comprehensive analysis of the role
of ferroptosis in drug resistance in HCC, to identify novel therapeutic targets to overcome resistance. This study aims to
elucidate the potential application and limitations of ferroptosis-based strategies in reversing drug resistance in HCC. The
findings of this research will serve as a valuable reference for future basic and clinical investigations in this field.

Causes Contributing to Diminished Treatment Efficacy in HCC
Multiple factors in liver cancer cells and tumor microenvironment, including DNA damage repair, immunosuppression,
drug transport, and metabolic reprogramming, together lead to reduced sensitivity to liver cancer therapy (Figure 1).

The DNA Mutations and Repair Capacity of HCC Cells Contribute to Their

Resistance to Treatment
The modifications in the DNA mutation and repair capacity within HCC cells contribute to their resistance to therapeutic
interventions. The DNA mutations observed in HCC cells encompass a range of forms, such as gene mutations, chromosomal
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Figure | Factors contributing to diminished treatment efficacy in hepatocellular carcinoma (HCC).

Abbreviations: METTLI, Methyltransferase Like |; BRCAI, BReast CAncer gene |; TonEBP, Tonicity-responsive Enhancer Binding Protein; XRCCI, X-Ray Repair Cross
Complementing |; HCC, Hepatocellular Carcinoma; TAM, Tumor-Associated Macrophage; Treg, Regulatory T cell; ABC, ATP-Binding Cassette; P-gp, P-glycoprotein; ALDH,
ALdehyde DeHydrogenase; UGT, UDP-GlucuronosylTransferase; CYP, CYtochrome P450; mTOR, mechanistic Target Of Rapamycin; HIFla, Hypoxia-Inducible Factor
I-alpha; SREBPI, Sterol Regulatory Element-Binding Protein |; GLUTI, Glucose Transporter |; PFKI, Phosphofructokinase |; CRLLSI, Cardiolipin Synthase |; UBQLNI,
Ubiquilin I; PGCI, Peroxisome proliferator-activated receptor Gamma Coactivator |-beta; G6PC, Glucose-6-Phosphatase Catalytic subunit.

abnormalities, DNA methylation, and nucleotide substitutions. These mutations had the potential to impact essential cellular
processes such as growth, division, apoptosis, and DNA repair.'> Key genes involved in DNA repair, such as TP53, BRCA1,
and XRCCI1, were commonly found to be mutated in HCC cells. These mutations contribute to the development of resistance
to radiotherapy and chemotherapy.'®'® In the field of radiotherapy, HCC cells were exposed to radiation energy, which
induces both single- and double-strand breaks in the DNA. As a result, these breaks led to either apoptosis or a cessation of
halted proliferation.”’ However, mutations in the DNA of HCC cells potentially hindered the effectiveness of DNA repair
mechanisms, resulting in reduced sensitivity to radiotherapy and diminished therapeutic outcomes. It has been discovered that
the aberrant functioning of the RAD21 DNA repair pathway in HCC cells contributed to a decrease in sensitivity to
radiotherapy. Overexpression of RAD21 has been shown to result in a reduction in the concentration of 8-hydroxy-
2-deoxyguanosine in the medium, as well as a decrease in the levels of YH2AX and ATM proteins. These findings suggest
that there is a mitigation of DNA damage in radiated HCC cells.”' Furthermore, the identification of an enzyme called
METTLI1 has revealed its significant involvement in the radioresistance of HCC cells. METTL1 enhanced the repair process
of DNA double-strand breaks, thereby providing HCC cells with resistance against ionizing radiation. Methyltransferase-
mediated modifications of tRNA have been shown to have a selective regulatory effect on the translation of specific essential
proteins, thereby increasing the efficiency of non-homologous end-joining repair.?* In the context of chemotherapy, HCC cells
changed their growth and proliferation status as a result of exposure to chemotherapeutic agents. However, DNA mutations in
HCC cells could lead to alterations or deficiencies in crucial genes, thereby compromising their ability to respond to
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chemotherapeutic agents and reducing the effectiveness of treatment.®> For example, mutations in the p53 gene have been
found to contribute to the development of resistance to arsenic trioxide and an increased ability of HCC cells to metastasize.
Silencing the expression of mutant p53 restored sensitivity to arsenic trioxide in resistant cells and suppressed metastatic
activities. Conversely, overexpression of mutant p53 had the opposite effects.”* In HCC, the tumor suppressor protein p53
played a crucial role in regulating ferroptosis.> This suggested that ferroptosis could serve as a significant regulatory
mechanism for cells to overcome drug resistance. Cisplatin elicited the recruitment of the ERCC1/XPF dimer to chromatin
in a manner that was dependent on nucleotide excision repair. This process ultimately led to DNA repair and the development
of resistance to cisplatin.?®

In summary, the alterations in DNA mutations and repair capabilities were major factors contributing to HCC cell resistance
to therapies. Further elucidating the relationship between aberrant DNA repair mechanisms and drug resistance in HCC cells will
facilitate the discovery of new therapeutic approaches and targeted drugs to improve HCC treatment efficacy.

The Microenvironment of HCC Created an Immunosuppressive Niche to Evade

Therapeutic Interventions

The HCC microenvironment encompassed the intricate interplay and reciprocal influences between the surrounding tissues
and cells to HCC cells. Multiple mechanisms are present in the HCC microenvironment that contribute to reduced respon-
siveness to radiotherapy and chemotherapy. These mechanisms include immune evasion, the presence of HCC stem cells, and
hypoxia.?” Spatial transcriptomic analysis has provided insights into the composition of the HCC microenvironment,
demonstrating an enrichment of immune cells and cancer-associated fibroblasts. Furthermore, this microenvironment
exhibited the expression of immune desert signatures and cancer stem cell markers, which have been associated with
chemoresistance.”® The HCC microenvironment is characterized by the presence of numerous immunosuppressive cells
and factors, such as tumor-associated macrophages (TAMs), regulatory T cells (Treg cells), and anti-inflammatory cytokines.
TAMs exhibited immunosuppressive properties, which served to inhibit the functions of activated immune cells. In the
microenvironment of HCC, TAMs often demonstrated a heightened level of immunosuppressive activity. Treg cells possessed
the ability to suppress other immune cells. In HCC, an increase in Treg cell levels led to a dampening of immune responses.
Additionally, the microenvironment of HCC was characterized by elevated levels of anti-inflammatory cytokines such as IL-
10 and TGF-B. These cytokines could suppress immune cell function and compromise the effectiveness of anti-tumor immune
responses. The existence of these immune evasion mechanisms resulted in reduced sensitivity of HCC cells to radiotherapy
and chemotherapy, thereby restricting the enhancement of therapeutic effectiveness.””*° The presence and function of HCC
stem cells were sustained by the tumor microenvironment.*' HCC stem cells represented a distinct and limited subset within
HCC tissues, demonstrating elevated levels of drug resistance and aggressiveness in comparison to conventional HCC cells.
The FZD10-B-catenin/c-Jun axis in HCC stem cells played a crucial role in the transcriptional regulation of METTL3
expression through a positive feedback loop, thereby imparting resistance to sorafenib treatment.** Furthermore, the hypoxic
microenvironment in HCC played a significant role in diminishing treatment efficacy. Under conditions of hypoxia, the
nuclear translocation of PTPN14 overexpressed downstream YAP, leading to the development of resistance to sorafenib.*?
Concurrently, the HSP90a protein interacted with the necrosome complex and facilitated chaperone-mediated autophagy
degradation, thereby inhibiting programmed necrotic cell death.** Hypoxia has been found to induce resistance to radio-
therapy in HCC cells. This resistance was mediated through the activation of the PDK1 signaling pathway, which led to
enhanced cell motility and expression of stemness markers. Additionally, hypoxia impairs DNA repair mechanisms and
reduces the radiosensitivity of HCC cells.*

Drug Metabolism Processes Influence Therapeutic Efficacy in HCC

The drug metabolism processes, encompassing absorption, distribution, metabolism, and excretion (ADME), are pivotal
in influencing the therapeutic effectiveness in HCC. Disruptions in these processes may result in decreased drug levels
within HCC cells, consequently diminishing the efficacy of therapeutic strategies in inhibiting tumor proliferation.’®
Genetic variations in ADME-related genes have been linked to differences in the effectiveness of sorafenib. A study
identified specific single nucleotide polymorphisms in genes such as ADH1A, ADH6, SULT1A2/CCDC101, CYP26A1,
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DPYD, FMO2, and SLC22A14 that were significantly associated with the response to sorafenib in patients with HCC.?’
These results indicate that individual variances in ADME processes may play a critical role in the variability observed in
sorafenib efficacy.

The physicochemical properties of sorafenib, including its limited water solubility and rapid clearance, contribute to its low
oral absorption efficiency.”®*” These attributes constrain its clinical utility and hinder the expression of its antitumor properties.
The spatial heterogeneity of HCC tissues may influence the intra-tumoral distribution of therapeutic agents. The co-
administration of bufalin and sorafenib resulted in a reduction of spatial heterogeneity within the HCC-LM3 model, indicating
a potential enhancement of therapeutic efficacy through the promotion of uniform drug distribution.** Additionally, circulating
tumor cells have been shown to establish a protective barrier through the adherence to and activation of platelets, leading to the
formation of microthrombi that impede the effective eradication of CTCs by therapeutic agents and immune cells.*!

Several studies have reported that the expression of P-gp and multidrug resistance protein 2 could modulate the genomic
effects of estrogen receptors and pregnane X receptors, thereby playing a role in the regulation of drug transport proteins and
facilitating the development of resistance to sorafenib.** The overexpression of multidrug resistance protein 2 has been found
to confer resistance to both 5-FU and cisplatin.*® Intervening in the expression of breast cancer resistance protein using RNA
interference technology has been shown to enhance the sensitivity of the Hep G2 cell line to doxorubicin.**

In terms of drug metabolism, the enzymes aldehyde dehydrogenase*® and UDP-glucuronosyltransferase*® have been
identified as key factors contributing to the development of sorafenib resistance in HCC. The downregulation of
cytochrome P450 (CYP) proteins in HCC is associated with a significant decrease in CYP activity, with a strong
correlation observed between CYP protein levels and activity. CYP1A2 and CYP2B6 enzymes play a role in the

. . . .. . . . 474
metabolism of various drugs like linivanil, banoxantrone, exemestane, voreloxin, and cyclophosphamide.*’~*°

Metabolic Reprogramming in Hepatocellular Carcinoma Led to Decreased Sensitivity

to Treatment

In the progression of HCC, neoplastic cells underwent metabolic reprogramming to accommodate their accelerated growth
and proliferation. This metabolic remodeling involved an upregulation of glycolysis and fatty acid synthesis, accompanied by
a downregulation of processes such as the tricarboxylic acid cycle and oxidative phosphorylation.® As a result of this
remodeling process, HCC cells demonstrated diminished responsiveness to specific conventional therapeutic approaches. The
application of the glycolysis inhibitor 2-deoxyglucose has been shown to reduce cell viability in sorafenib-resistant HCC cells,
impede colony formation, and induce G0/Gl1 cell cycle arrest. Consequently, this significantly augmented the cytotoxic impact
of sorafenib.’! HCC cells that are resistant to radiation therapy demonstrated a significant reliance on glucose. These cells
utilized glucose to facilitate the synthesis of phospholipids instead of the atypical glycolytic pathway that produced lactate and
pyruvate while inhibiting apoptosis. This physiological process was governed by various signaling molecules, including
mTORCI1, HIF-1a, and SREBP1.>? Upregulation of UBQLNI in sorafenib-resistant HCC cells has been shown to facilitate
the ubiquitin-independent degradation of PGC 1 protein, leading to the remodeling of mitochondrial and redox metabolism.>*
The miR-494/G6pc axis has been identified as a key factor in the metabolic plasticity of tumor cells, specifically in promoting
the metabolic shift towards a glycolytic phenotype in HCC cells. This metabolic adaptation enabled the survival of HCC cells
under cytotoxic conditions induced by sorafenib treatment.>*

Furthermore, alongside changes in glucose and lipid metabolism, HCC cells demonstrate notable disruptions in iron
metabolism when compared to healthy hepatocytes. During the progression of hepatocellular carcinoma, tumor cells undergo
reprogramming of iron homeostasis to meet the increased demand for iron in rapidly dividing cancer cells. This reprogramming
involves the upregulation of membrane iron transporters, such as transferrin receptor and divalent metal transporter 1, which
enhance the uptake of plasma iron into tumor cells.”>>® Additionally, the downregulation of hepcidin expression in hepatocytes
located within tumor tissues decreases intracellular iron transport to plasma, disrupting the body’s regulation of iron levels.”” The
modulation of proteins involved in intracellular iron storage and utilization undergoes alterations in liver cancer. Specifically, the
upregulation of Ferritin light chain in liver cancer tissues is associated with tumor grade and prognosis.”® The upregulation of
mitochondrial iron transporter facilitates iron accumulation in mitochondria, thereby ensuring an adequate supply of iron for
electron transport in the respiratory chain and DNA synthesis.>® Meanwhile, the upregulation of the iron death inhibitor (FDFT1)
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is commonly observed in liver cancer tissues, inhibiting iron-dependent cell death and sustaining elevated levels of intracellular
free iron.®” These modifications in iron metabolism collectively result in markedly increased iron levels in liver cancer tissues
when compared to adjacent non-cancerous tissues and normal liver tissues.

Targeting Ferroptosis as a Sensitization Strategy for the Treatment of HCC
Chemotherapy

Tumor cells utilized diverse mechanisms to hinder ferroptosis that is triggered by chemotherapy drugs. These mechanisms
encompassed various regulatory processes, such as miRNA-mediated regulation influenced by factors present in the tumor
microenvironment, modification of key metabolic enzymes and non-coding RNAs to alter gene expression, and the direct
inhibition of ferroptosis by proteins associated with tumors. Tumor cells could inhibit ferroptosis, which is induced by
chemotherapy drugs, through the release of small RNAs. For instance, in pancreatic cancer, fibroblasts hindered the expression
of acyl-CoA synthetase long-chain family member 4 (ACSL4). This inhibition was achieved through the release of
extracellular vesicles that contain miR-3173-5p. Consequently, the ferroptosis induced by gemcitabine is attenuated.®'
Abnormal expression and functionality of specific metabolic enzymes and non-coding RNAs had the potential to influence
ferroptosis triggered by chemotherapy drugs. For example, Acyl-CoA dehydrogenase medium chain mitigated lipid perox-
idation and ferroptosis caused by chemotherapy drugs through the enhancement of unsaturated fatty acid metabolism.®
DACTS3 antisense RNA 1, hypoxia-induced long non-coding RNA (LncRNA), also participated in the development of
resistance through SIRT1-mediated ferroptosis.®® The upregulation of LINC01134 has been found to augment the cytotoxic
efficacy of the chemotherapeutic agent oxaliplatin through the inhibition of Glutathione peroxidase 4 (GPX4).** Certain
proteins associated with tumors could directly impede ferroptosis that is triggered by chemotherapy drugs. Phosphorylated
lysyl oxidase-like 3 has been found to stabilize DHODH, thereby exerting an inhibitory effect on ferroptosis induced by
chemotherapy.®® Elevated expression of ferritin has been found to confer resistance to ferroptosis in tumor cells.®® In hepatitis
B virus-related HCC, it was important to consider the influence of the virus on pathways of cell death that are dependent on
iron. Hepatitis B virus infection decreased intracellular Fe** levels and induced the expression of GPX4 through the Serine and
arginine-rich splicing factor 2 / PCNA clamp associated factor tv1 axis. This mechanism ultimately resulted in a reduction of
ferroptosis and contributed to the development of sorafenib resistance.®” Further clarification of the molecular mechanisms
that underlie the inhibition of ferroptosis will contribute to the advancement of inhibitors that target these proteins, ultimately
improving the sensitivity of chemotherapy.

Meanwhile, chemotherapeutic agents induced ferroptosis and enhance their cytotoxicity or that of other drugs. For
instance, the administration of doxorubicin elevated ROS levels, thereby inducing ferroptosis.®® Boric acid administration
resulted in an elevation of intracellular reactive oxygen species, glutathione, and thiobarbituric acid reactive substances
levels. Consequently, it potentiated the occurrence of ferroptosis, which was induced by RAS-selective lethal 3.%
Rationally designed combination chemotherapy regimens had the potential to induce ferroptosis by leveraging synergistic
effects, thereby enhancing treatment sensitivity. The concurrent administration of gimatecan and cisplatin resulted in the
induction of lipid peroxidation, which led to the accumulation of iron and the subsequent initiation of ferroptosis in
malignant cells.”” Some drugs that are commonly used in clinical settings could induce ferroptosis either independently
or in combination, thereby offering additional possibilities for cancer chemotherapy. For example, Caragliorubicin was
discovered to induce ferroptosis through the modulation of glycolysis and glutamine metabolism, thereby increasing the
sensitivity of tumor cells to cisplatin.”' This study presented a range of clinically approved drug options that can be
utilized in combination to enhance the effectiveness of therapy.

In conclusion, the elucidation of the fundamental intracellular and extracellular molecular mechanisms that regulate
ferroptosis holds the potential to enhance the sensitivity of tumor chemotherapy (Figure 2). By targeting these specific nodes,
a deeper understanding of the comprehensive treatment of cancer can be achieved, leading to novel insights in this field.

Tyrosine Kinase Inhibitor
Sorafenib, a broad-spectrum tyrosine kinase inhibitor, was the first systemic drug to receive FDA approval for the first-
line treatment of HCC.”* Currently, sorafenib has gained significant popularity in clinical practice as a targeted therapy
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Abbreviations: GSH, Glutathione; GS-SH, Glutathione (reduced form); GPX4, Glutathione Peroxidase 4; Nrf2, Nuclear factor erythroid 2-related factor 2; PUFAs-OH,
Polyunsaturated Fatty Acids-Hydroxyl; PUFAs-OO, Polyunsaturated Fatty Acids-Peroxyl; ROS, Reactive Oxygen Species; CoQH2, Coenzyme QI0 (reduced form); CoQ,
Coenzyme Q10; DHODH, Dihydroorotate Dehydrogenase; AK2, Adenylate Kinase 2; LOXL3, Lysyl Oxidase Like 3; NCOA4, Nuclear Receptor Coactivator 4; PCLAF tvl,
PCLAF transcript variant |; SRSF2, Serine and Arginine Rich Splicing Factor 2; HBV, Hepatitis B Virus; IREB2, Iron Responsive Element Binding Protein 2; DMTI, Divalent
Metal Transporter |; STEAP3, Six Transmembrane Epithelial Antigen of Prostate 3; FTH, Ferritin Heavy chain; TFR, Transferrin Receptor.

for advanced HCC, and it plays a pivotal role in the treatment of HCC. However, the therapeutic outcomes in patients
treated with sorafenib are not very favorable. The overall survival rate of patients treated with sorafenib does not surpass
3 years. Additionally, 11% of patients experienced severe treatment-related adverse events.”® The prevalence of sorafenib
resistance in HCC is becoming increasingly common.”*

Sorafenib has been shown to induce ferroptosis through multiple pathways, including the promotion of lipid
peroxidation, inhibition of glutathione synthesis, reduction of glutathione levels, and suppression of nuclear factor

erythroid 2-related factor 2 (Nrf2) signaling.”>’>"”7 Activation of Nrf2 has been found to enhance cancer cell survival
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and proliferation, induce changes in cancer metabolism, and influence the immune response within the tumor micro-
environment, ultimately leading to the resistance to sorafenib.”® A study conducted by Sun et al also demonstrated that
the Nrf2 pathway suppresses sorafenib-induced ferroptosis by upregulating metallothionein —1G, leading to increased
antioxidant capacity in HCC and subsequently diminishing the effectiveness of sorafenib treatment.””*® HCC cells
activated other pathways to counteract the induction of ferroptosis by sorafenib. Several pathways have been identified to
play a role in inhibiting ferroptosis. For example, the signaling pathway involving the proto-oncogene tyrosine-protein
kinase Src, p53, and stearoyl-CoA desaturase 1 inhibited lipid peroxidation, which is a crucial mechanism in the
occurrence of ferroptosis.®' Additionally, Double Homeobox A Pseudogene 8 stabilized SLC7A11 expression, thereby
suppressing ferroptosis.® Oncoprotein hepatitis B X—interacting protein directly upregulated stearoyl-CoA desaturase 1
expression, leading to the inhibition of ferroptosis.*> Furthermore, Partner of NOB1 Homolog promoted glutathione
synthesis, which helps in resisting ferroptosis.®

Targeted inhibition of the key molecules involved in the aforementioned resistance pathways has the potential to augment
the ferroptotic effects of sorafenib. Targeting the SLC7A11 potentially enhanced the synergistic antitumor effects of sorafenib,
a kinase inhibitor, and iron chelators.® Inhibition of Partner of NOB1 Homolog decreased the synthesis of glutathione,
thereby promoting ferroptosis.* The enhancement of ferroptosis in HCC cells could be achieved by either suppressing
glutathione synthesis or increasing glutathione consumption. Copper disulfide depleted glutathione, thereby inducing
ferroptosis.*® Nrf2 inhibitors have been shown to enhance the cytotoxic effects of sorafenib.”” Inhibiting the transcription
factor Nrf2 or its downstream genes, such as GPX4, has emerged as a potential approach to enhance the effectiveness of
sorafenib treatment.”®®” Meanwhile, certain agents induced or enhanced ferroptosis in HCC cells, thereby increasing the
sensitivity to sorafenib. Examples of such agents included caragliorubicin,”’ light-activated sorafenib complexes,*® and
manganese silicon oxide nanoparticles.*” Copper disulfide complexes have been found to possess the ability to induce
ferroptosis and can further augment this process through the inhibition of Nrf2 signaling, as reported in a recent study.>
Activating estrogen-related receptor vy elicited ferroptosis through the facilitation of mitochondrial ROS production, thereby
augmenting the sensitivity of sorafenib treatment.”

Lenvatinib, another tyrosine kinase inhibitor utilized in the treatment of advanced HCC, has been observed to induce
ferroptosis. Lenvatinib functions by inhibiting fibroblast growth factor receptor-4, thereby suppressing the Nrf2 pathway,
increasing lipid peroxidation, and ultimately leading to ferroptosis.”’ The expression level of FGFR4 has been linked to the
effectiveness of Lenvatinib and the progression-free survival of patients with HCC. Additionally, IncRNA HAND2-AS1 can
effectively overcome resistance to Lenvatinib by acting as a competitive inhibitor of miR-219a-1-3p, consequently upregulat-
ing the expression of ferroptosis-associated genes such as toll-like receptor 4, NADPH oxidase 2, and dual oxidase 2.7

In conclusion, the investigation of the precise mechanisms underlying HCC cell resistance to sorafenib-induced ferrop-
tosis, as well as the development of targeted interventions targeting the crucial nodes within these mechanisms, offer novel
avenues and strategies for enhancing the sensitivity of sorafenib in the treatment of HCC (Figure 3).

Immunosuppressive Therapy

Numerous inhibitory immune cells, including regulatory T cells (Tregs) and bone marrow-derived suppressor cells
(MDSCs), are present in the microenvironment of liver cancer. Through the secretion of inhibitory cytokines such as IL-
10 and TGF-B, these cells can prompt tumor cells to upregulate the immune checkpoint molecule programmed death 1
(PD-1), facilitating evasion of immune surveillance.”® Notably, elevated programmed death ligand 1 (PD-L1) expression
in HCC cells is strongly correlated with poorer overall survival outcomes,”* underscoring the potential utility of PD-1/
PD-L1 immune checkpoint inhibition therapy as a promising treatment strategy.

Recent research has further revealed a notable association between ferroptosis and the responsiveness of HCC to PD-1
therapy. Inducing ferroptosis in HCC cells could directly inhibit tumor progression. Inhibiting phosphoglycerate mutase 1 had
antitumor effects by inducing ferroptosis in HCC cells and promoting the infiltration of CD8+ T cells. It could also decrease PD-
L1 expression to improve the effectiveness of anti-PD-1 treatment, offering a new approach to treating HCC.” Nanosized
contrast agents carrying drugs induced immunogenic and ferroptosis cell death in HCC cells, activated immune responses in the
tumor microenvironment, inhibited lung metastasis, and produced synergistic effects when combined with anti-PD-L1
treatment.”® High expression of mitochondrial translocator protein was linked to the progression of HCC and a negative
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Abbreviations: SCD, Stearoyl-CoA Desaturase; HBXIP, Hepatitis B X-Interacting Protein; P53, Tumor Protein P53; URI, Unconventional prefoldin RPB5 Interactor;
TRIM28, Tripartite Motif Containing 28; MDM2, Mouse Double Minute 2 homolog; PNOI, Partner of NOBI homolog; MTIG, Metallothionein |G; KEAPI, Kelch-like ECH-
Associated Protein |; FGFR4, Fibroblast Growth Factor Receptor 4.

prognosis. It activated the Nrf2 antioxidant signaling pathway to inhibit ferroptosis in HCC cells. Additionally, the upregulation
of PD-L1 expression by translocator protein can hinder immune surveillance in HCC.”” The deletion of GPX4 did not inhibit
hepatocellular carcinogenesis. Instead, it induced the expression of PD-L1 in tumor cells and promoted the infiltration of
myeloid-derived suppressor cells to suppress immune responses. The co-administration of anti-PD-1 agents with ferroptosis-
inducing drugs exhibited augmented efficacy in the treatment of HCC.”® Ferroptosis remodeled the tumor microenvironment to
enhance the efficacy of PD-1 treatment. Selectively targeting XCT in TAMs could inhibit HCC growth and metastasis of HCC by
inducing ferroptosis in TAMs. Additionally, it had the potential to enhance the upregulation of PD-L1 on TAMs, thereby resulting
in synergistic outcomes when administered in conjunction with anti-PD-L1 therapy.”” A high expression of APOC1 was linked to
M2 polarization of TAMs, while the induction of M1 polarization through the ferroptosis pathway was accomplished by
suppressing apolipoprotein C1. This remodeling of the tumor microenvironment enhanced the efficacy of anti-PD-1 therapy.'®

Hence, conducting a study on the association between ferroptosis and HCC immunotherapy has the potential to
provide valuable insights into enhancing the effectiveness of PD-1 treatment in HCC. The aforementioned objective can
be achieved by devising innovative pharmaceuticals or therapeutic approaches that can induce ferroptosis. The compre-
hensive utilization of the dual antitumor properties of ferroptosis offers a promising approach to enhance immunotherapy
in the context of HCC.

Radiotherapy

Radioresistance in hepatocellular carcinoma is a leading cause of treatment failure. Regulating ferroptosis could reverse
the radiation tolerance of HCC cells,'®" improving the effectiveness of HCC radiotherapy. Radiotherapy elicited
ferroptotic response in HCC cells through the downregulation of proteins that impede ferroptosis and the upregulation
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of proteins that facilitated it, consequently augmenting their susceptibility to radiation.'®® Radiotherapy downregulated
COMM domain containing 10 expressions, which inhibited its role in promoting hypoxia-inducible factor-lo (HIF1a)
ubiquitination and degradation. This led to increased HIFla expression and transcriptional promotion of SLC7All,
ultimately suppressing ferroptosis in HCC cells. The implantation of hydrogel scaffolds containing CuO nanoparticles,
which were released in a controlled manner, activated ferroptosis after HCC resection. This activation occurred through
Cu2+-induced depletion of glutathione and inactivation of GPX4, effectively preventing HCC recurrence after surgery.'%?
Changes in cellular copper levels also impacted the radiosensitivity of HCC cells. Radiotherapy can decrease the
expression of COMM domain containing 10, which inhibits the degradation of HIF1a through ubiquitin. This leads to
an increase in HIFla expression and the suppression of ferroptosis in HCC cells, ultimately resulting in radioresistance.
Additionally, the suppressor of cytokine signaling 2, an E3 ubiquitin ligase, can specifically induce the ubiquitination and
degradation of the SLC7A11 protein, thereby promoting radiosensitization in HCC.'** Regulating ferroptosis-related
proteins is crucial for enhancing the radiosensitivity of HCC, offering new perspectives for improving HCC radiotherapy
effectiveness.

Conclusion

Ferroptosis has been discovered to be intricately associated with the progression and development of treatment resistance
in HCC. HCC cells can resist therapeutic interventions by impeding the initiation of ferroptosis, a form of cell death
induced by chemotherapeutic agents, targeted therapies, and radiotherapy, through multiple pathways. Conversely, these
therapeutic modalities have the potential to directly or indirectly stimulate the activation of the ferroptosis pathway,
thereby augmenting their cytotoxic effects or the effects of other medications. Hence, the manipulation of ferroptosis
shows promise as a therapeutic approach to increase the susceptibility of HCC cells to different treatment methods.
Further research can explore the connections between ferroptosis and the progression of HCC, as well as its role in drug
resistance. This study may also give precedence to the exploration of novel pharmaceuticals with the ability to directly
trigger ferroptosis, or investigate the potential synergistic impacts of combining these medications with established
therapeutic approaches. By manipulating the ferroptosis process, these approaches aim to effectively address the
difficulties associated with treating HCC and ultimately enhance patient survival rates.
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