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Abstract: Hepatocellular carcinoma (HCC) is the most prevalent malignant tumor, characterized by a poor prognosis. In recent 
decades, both the incidence and mortality rates of HCC have risen sharply. Sorafenib has emerged as the first conventional drug 
approved by the US Food and Drug Administration for first-line treatment in advanced HCC patients due to its favorable safety profile. 
However, its effectiveness is severely hindered by acquired drug resistance, which leads to only approximately 30% of HCC patients 
benefited from sorafenib therapy. Sorafenib resistance involves various mechanisms that inhibit cellular uptake of iron and reactive 
oxygen species (ROS). Consequently, ferroptosis a novel form of cell death contingent upon the accumulation of intracellular iron and 
ROS plays a critical role in mediating sorafenib resistance through the Hippo YAP pathway or Keap1-Nrf2 system. This review aimed 
to comprehensively elucidate the mechanisms underlying sorafenib resistance in HCC, particularly focusing on ferroptosis and its 
pathways, to provide valuable insights into targeting ferroptosis or its pathways for sorafenib-resistant HCC treatment. 
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Introduction
Hepatocellular carcinoma (HCC) is the second leading cause of global cancer-related deaths, often occurring in patients 
with chronic liver inflammation associated with viral infections, alcohol abuse, or metabolic syndrome.1,2 Significant 
progress has been made in the prevention, diagnosis, and treatment of HCC. However, over 50% of HCC patients are 
diagnosed at an advanced stage (Barcelona Clinic Liver Cancer B stage or higher), with 70% experiencing recurrence 
within the first five years of initial treatment. Early-stage HCC is typically resectable, whereas late-stage HCC often 
requires systemic treatment with sorafenib in addition to local therapies such as ablation, transarterial chemoemboliza
tion, or external irradiation.3,4

In a groundbreaking study, sorafenib, a multi-targeted tyrosine kinase inhibitor, demonstrated anti-angiogenic and 
anti-proliferative effects, prolonging the overall median survival of advanced HCC patients. Sorafenib inhibits tumor cell 
proliferation by targeting Raf-1, B-Raf, and kinase activity in the Ras/Raf/MEK/ERK signaling pathway.5 Moreover, 
sorafenib targets platelet-derived growth factor receptor (PDGFR-β), vascular endothelial growth factor receptor 2 
(VEGFR2), hepatocyte cytokine receptor (c-KIT), and other proteins to inhibit tumor angiogenesis.6 In the Asia- 
Pacific and Sorafenib HCC Assessment Randomized Protocol (SHARP) trials, sorafenib significantly improved the 
prognosis of advanced HCC patients, initiating a robust period of clinical research.7,8

However, only about 30% of HCC patients benefited from sorafenib, and this group typically developed resistance 
within six months. Adverse events observed in patients taking sorafenib primarily included gastrointestinal, systemic, and 
dermatologic conditions. In severe cases, sorafenib could cause hypertension and abdominal pain, leading to treatment 
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cessation.9 Therefore, the search for sorafenib alternatives is emerging. Since 2017, a large Phase III trial has shown that 
lenvatinib is non-inferior to sorafenib for first-line treatment. Additionally, regorafenib, cabozantinib, and ramucirumab 
have been approved as second-line treatment options following sorafenib.10–13 Results from the IMbrave150 study 
(NCT03434379) indicate that the combination of atezolizumab and bevacizumab may broaden treatment options for first- 
line therapy in HCC.14–16

Though sorafenib and its alternatives remains the cornerstone of HCC treatment, their effectiveness is severely 
hindered by acquired drug resistance. Therefore, elucidating the resistance mechanisms of sorafenib in HCC is crucial. 
Ferroptosis refers to a form of non-apoptotic regulated cell death involving abnormal metabolism of lipid oxidation 
products catalyzed by iron ions or iron enzymes. Increasingly, studies indicate a complex relationship between ferroptosis 
and sorafenib resistance, suggesting ferroptosis as a potential novel treatment for sorafenib-resistant HCC.

Resistance Mechanisms of Sorafenib in HCC
Research has demonstrated that multiple factors significantly contribute to the initiation and progression of sorafenib 
resistance in HCC. These include epigenetic modifications (such as non-coding RNAs and DNA methylation), transport 
mechanisms (including ABC transporters and exosomes), the tumor microenvironment (characterized by hypoxic 
conditions, alterations in the immune landscape, and viral reactivation), and regulated forms of cell death (notably 
autophagy and ferroptosis).

Epigenetics
Epigenetic modifications play a pivotal role in modulating gene expression without altering the underlying DNA 
sequence. Non-coding RNAs can regulate critical signaling pathways involved in cell survival, proliferation, and 
apoptosis, thereby influencing cancer cell responses to therapeutic agents such as sorafenib. Similarly, patterns of 
DNA methylation can silence tumor suppressor genes or activate oncogenes, complicating treatment outcomes.

Increasing evidence indicates that non-coding RNAs, including long noncoding RNAs (lncRNAs) and microRNAs 
(miRNAs), are critical for the development of sorafenib resistance in HCC.17 Small nucleolar RNA host gene 3 (SNHG3) 
and SNHG16 can regulate sorafenib resistance in various HCC cell lines through over-expression or inhibition of miR- 
128/CD151,18 miR-140-5p,19 miR-591,20 and miR-622.21 Hsa_circ_0088036 promoted sorafenib resistance of HCC by 
activating the PI3K/Akt and Notch pathways through regulating miR-140-3p/KIF2A signaling.22 The absence of miR- 
936 could increase the expression of Pim-3 to enhance sorafenib resistance of HCC by inhibiting cell ferroptosis.23 

Current research primarily examines the role of lncRNAs as miRNA sponges in sorafenib resistance associated with 
HCC; however, their additional mechanisms and the urgent need for clinical trials to investigate ncRNA-based 
therapeutic strategies require further exploration.17

Moreover, DNA methylation profoundly impacts gene expression modifications associated with sorafenib resistance 
in HCC. This encompasses the differential methylation patterns of the MORC2-NF2/KIBRA axis,24 alterations in the 
methylation profiles of oncogenes and tumor suppressor genes,25 as well as the prospective targeting of lncRNA H19 to 
alleviate this resistance.17,26 Ten-eleven translocation protein 1 (TET1) and Yes-associated protein 1 (YAP1) synergis
tically regulate the promoter methylation and gene expression of DNA repair-related genes in sorafenib-resistant HCC 
cells.27 HDAC11 overexpression, resulted from its promoter hypomethylation and miR-145-5p downregulation, is found 
to enhance sorafenib resistance of HCC cells.28

All these studies indicate significant effects of epigenetics in HCC cells to elucidate the molecular mechanisms of 
sorafenib resistance, which will provide diagnostic markers and develop new tumor-specific inhibitors for HCC.

Transport Processes
Transport mechanisms are equally significant; ABC transporters facilitate the efflux of chemotherapeutic agents from 
cancer cells, diminishing their intracellular concentrations and efficacy. Exosomes serve as vehicles for intercellular 
communication within the tumor microenvironment, carrying proteins or RNA molecules that promote drug resistance by 
modifying the behavior of neighboring cells.
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Sorafenib resistance is mediated by ATP-binding cassette (ABC) transporters, which reduce the efficacy of che
motherapy by extruding the drug from cancer cells, adversely affecting the outcomes of anti-cancer therapies. Research 
has identified a subfamily derived from human HCC cells that exhibits increased multidrug resistance (MDR) associated 
with the upregulation of multidrug resistance proteins 1 (MRP1) and 2 (MRP2), resulting from ABC transporter 
inhibition.29

Exosomes are essential for cellular communication and serve as therapeutic targets by modulating lncRNA-VLDLR 
upregulation in drug-resistant tumors, thereby affecting the efficacy of chemotherapeutic agents like sorafenib.30 

Additionally, miR-122-transfected adipose tissue-derived mesenchymal stem cells (AMSCs) encapsulate miR-122 in 
secreted exosomes, potentially facilitating interactions with HCC cells and altering the expression of miR-122 target 
genes to enhance their sensitivity to sorafenib.31

Tumor Microenvironment
The tumor microenvironment is a dynamic entity that profoundly influences cancer progression. Hypoxic conditions 
often induce metabolic adaptations in tumors, enhancing their survival under low oxygen levels while promoting 
angiogenesis through factors such as HIF-1α. The immune landscape within tumors may also be altered due to 
immunosuppressive signals emanating from both cancer cells and stromal components, which can impede effective anti- 
tumor immunity.

HCC promotes angiogenesis via a vascular endothelial growth factor (VEGF)-dependent mechanism and HIF-1α 
activation. Prolonged sorafenib treatment inhibits anti-angiogenic activity in the tumor microenvironment, leading to 
hypoxia that selects for drug-resistant cell clones adapted to low oxygen and nutrient levels. These resistant cells are 
activated by HIF-1α and NF-κB, compromising sorafenib efficacy.32 Additionally, it has been documented that sorafenib 
facilitates viral reactivation by markedly diminishing the population of natural killer (NK) cells and compromising their 
responsiveness to HCC cells.33

Ferroptosis
In recent years, research on ferroptosis in cancer has rapidly expanded, underscoring its potential role in anticancer 
therapies. Ferroptosis is characterized by iron-dependent lipid peroxidation and is recognized as a distinct form of 
regulated cell death, differentiating it from apoptosis and necrosis. This unique mechanism offers new avenues for 
therapeutic intervention, particularly in challenging malignancies such as HCC.

Research has revealed that ferroptosis is primarily regulated by the cysteine glutamate reverse transporter (System 
Xc-) and glutathione peroxidase 4 (GPX4).34,35 System Xc- is a membrane-bound, Na+-dependent cysteine-glutamate 
exchange transporter composed of a light chain subunit (xCT, SLC7A11) and a heavy chain subunit (CD98hc, SLC3A2), 
linked by disulfide bridges. It exchanges intracellular glutamate for extracellular cysteine, converting it into cysteine to 
synthesize the antioxidant glutathione (GSH). The common inducer of ferroptosis, erastin and subsequent discussed stem 
from sorafenib’s inhibition of System Xc-, which results in the accumulation of intracellular ROS, thereby initiating 
ferroptosis. GPX4 is recognized as a protein enzyme that suppresses lipid peroxidation. It degrades hydrogen peroxide 
and other common small molecule peroxides, as well as complex lipid peroxides, with GSH serving as an essential 
cofactor in its activation. Typically, GPX4 prevents ferroptosis by inhibiting the accumulation of intracellular lipid 
peroxides; when GPX4 is inhibited, it can lead to the accumulation of intracellular ROS, thus initiating ferroptosis 
(Figure 1). Therefore, two key molecules in the ferroptosis pathway are xCT and GPX4.36,37 Inhibiting the xCT system 
and GPX4 may help eliminate cancer cells resistant to conventional chemotherapy or radiotherapy.38

Changes in mitochondrial metabolism, including mitochondrial stress responses, metabolic reprogramming, and 
mitochondrial protease abnormalities, are highly associated with HCC occurrence and metastasis.39 The primary role 
of mitochondria is to supply energy to cells through oxidative phosphorylation (OXPHOS).40 Mitochondrial defects can 
lead to OXPHOS damage, mitochondrial dysfunction, and increased ROS production. Given that a significant cytological 
hallmark of ferroptosis is changes in mitochondrial morphology,41 and ROS are major byproducts of ferroptosis,42 it is 
speculated that ferroptosis also significantly impacts the progression of HCC and its drug resistance. Sorafenib induces 
ferroptosis, and ferroptosis promotes sorafenib resistance, complicating the understanding of sorafenib’s antitumor 
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mechanisms in HCC. Recent research suggests that the depletion of intracellular iron reserves, achieved through the iron 
chelating agent deferoxamine (DFX), significantly protects HCC cells from the cytotoxic effects of sorafenib. Depletion 
of cellular iron reserves prevents sorafenib from inducing oxidative stress in HCC cells (Figure 1).43

Furthermore, Lachaier et al reported sorafenib-induced ferroptosis in various cancer cell lines.44 Compared to other 
kinase inhibitors, sorafenib is the only drug demonstrating efficacy in inducing ferroptosis. From a mechanistic perspective, 
Sun et al found that metallothionein-1G (MT-1G) acts as a key modulator of human HCC sorafenib resistance and 
a promising therapeutic target.45 The activation of the transcription factor nuclear factor erythroid 2-related factor 2 
(Nrf2), rather than p53 and HIF-1α, is crucial for sorafenib-induced MT-1G expression post-treatment. The molecular 
mechanism of MT-1G in sorafenib resistance involves the inhibition of ferroptosis. RNA interference or knocking down MT- 
1G increases glutathione consumption and lipid peroxidation, resulting in sorafenib-induced ferroptosis. According to 
another study, primary human hepatic stellate cells (HSCs) in collected human liver tissues exhibited upregulation of ELAV- 
like RNA binding protein 1 (ELAVL1), activation of ferritin autophagy, and induction of ferroptosis.46 In conclusion, 
sorafenib-induced ferroptosis may be an effective mechanism for inducing cell death in HCC.

The mechanism by which sorafenib induces ferroptosis in HCC also depends on the retinoblastoma (Rb) gene status. 
By silencing the Rb gene in HCC using short hairpin RNA, the ferroptosis and tumor-suppressive effects of sorafenib can 
be significantly enhanced. Further research has confirmed that these effects are associated with the exposure of 
mitochondrial respiratory chains to sorafenib, leading to the production of significant amounts of ROS.47

Ferroptosis Pathways Associated with HCC Sorafenib Resistance
Hippo YAP Pathway
The Hippo pathway has been identified as a critical regulator of tissue growth, responsible for controlling transcription 
processes and managing cell proliferation, differentiation, and migration within developing organs.48 Disruption of the 
Hippo pathway can lead to abnormal cell growth and tumor formation.49

Figure 1 Fundamental mechanisms of ferroptosis. 
Abbreviations: GSH, glutathione; GPX4, glutathione peroxidase 4; DFX, deferoxamine; ROS, reactive oxygen species.
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YAP/TAZ, as transcriptional co-activators of the Hippo signaling pathway, not only promote tissue growth and 
regulate cell dynamics, but also participate in various pathophysiological processes by modulating the activity of TEAD 
and SMAD.50 In most solid tumors, YAP/TAZ is crucial for tumor occurrence and growth. The activation of YAP/TAZ 
can induce the production, proliferation, drug resistance, and metastasis of cancer stem cells.51

Recent studies have indicated that YAP/TAZ serves as a novel regulatory factor for the expression of the solute carrier 
family 7 member 11 (SLC7A11). In sorafenib-sensitive HCC cells, YAP/TAZ and ATF4 are not activated and are not 
localized in the nucleus, thereby failing to initiate the expression of SLC7A11 or elevate intracellular glutathione levels. 
However, in sorafenib-resistant liver cancer cells, YAP/TAZ and ATF4 are activated in the nucleus, where YAP or TAZ 
bind to the SLC7A11 promoter DNA segment containing a TEAD binding motif, inducing the expression of SLC7A11, 
increasing intracellular GSH levels, and reducing ROS levels. This process inhibits ferroptosis in HCC cells and implies 
their resistance to sorafenib treatment. Recent histological studies exploring the expression and localization of YAP using 
immunohistochemistry have shown that total YAP and nuclear YAP staining are more prevalent in HCC tissues than in 
non-tumor areas.52 Additionally, YAP/TAZ maintains the stability, nuclear localization, and transcriptional activity of the 
ATF4 protein, aiding in the cooperative induction of SLC7A11 protein expression (Figure 2).53

LIFR-NF-κB-LCN2 Pathway
Leukemia inhibitory factor (LIF) is the most pleiotropic member of the IL-6 cytokine family, exhibiting broad activity.54 

The LIF receptor (LIFR) is present in various organs and tissues, and is expressed in both fetal and adult hepatic cells.55 

Figure 2 Mechanisms of sorafenib resistance across Hippo YAP pathway, LIFR-NF-κB-LCN2 pathway, and GSTZ1-GPX4 pathway. 
Abbreviations: YAP, yes-associated protein; LIFR, leukemia inhibitory factor receptor; LCN2, lipocalin 2; GSTZ1, glutathione S-transferase zeta 1; GPX4, glutathione 
peroxidase 4; SLC7A11, solute carrier family 7 member 11; Keap1, kelch-like ECH-associated protein 1; NRF2, nuclear factor erythroid 2-related factor 2; GSH, glutathione; 
ROS, reactive oxygen species.
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Lipocalin 2 (LCN2) is an innate immune protein,56 that has been observed to be highly expressed in various diseases, 
including nasopharyngeal carcinoma, neurodegenerative diseases, glioblastoma, and liver diseases.57–60 LCN2 does not 
directly bind to iron but interacts with it as a helper factor by forming a ternary complex with iron transport proteins, 
playing an important role in iron homeostasis and inflammation.60

LIFR serves as a negative regulator of the hepatic LCN2-NF-κB signaling pathway.61 According to studies, decreased 
LIFR expression in HCC cell lines may be associated with DNA methylation. LIFR deficiency activates the NF-κB 
signaling pathway via src homology 2 (SH2) domain-containing phosphatase 1 (SHP1), resulting in increased LCN2 
expression, reduced intracellular iron entry, and decreased sensitivity to iron-induced cell death, thereby promoting liver 
tumor formation. Tumors may exhibit increased sensitivity to radiation and immunotherapy when neutralizing LCN2 
antibodies are applied. High LIFR expression levels and low LCN2 expression levels can be used to estimate the efficacy 
of sorafenib, while low LIFR expression levels and high LCN2 expression levels can help identify HCC patients who 
may benefit from sorafenib monotherapy or combination therapy.

In conclusion, these studies provide a new direction for targeting ferroptosis optimization in HCC cancer treatment 
strategies (Figure 2).

Keap1-Nrf2 System
Throughout evolution, mammals have developed sophisticated cryoprotective mechanisms to safeguard cells against 
oxidative stress and exogenous substances. The kelch-like ECH-associated protein 1 (Keap1)-Nrf2 pathway is one of the 
most crucial mechanisms in this regard. Nrf2 acts as a potent transcriptional activator, regulating the expression of 
detoxifying enzymes and genes encoding antioxidant proteins by binding to antioxidant response elements (ARE) and 
electrophile response elements (EpRE). Keap1 is a component of the cullin 3 (CUL3)-based E3 ubiquitin ligase complex, 
responsible for maintaining Nrf2 stability and promoting its accumulation.

Previous studies have elucidated the complex molecular mechanisms underlying Nrf2 activation in response to stress 
and its connection to numerous human diseases (Figure 2). Activation of Nrf2 via the cystathionase pathway is essential 
for sorafenib-induced MT-1G expression in HCC cells. Genetic and pharmacological inhibition of MT-1G expression 
enhances the antitumor sensitivity of sorafenib in thses cells.44 Nrf2-regulated genes such as oxidoreductase-1 (NQO1), 
heme oxygenase-1 (HO-1), and ferritin heavy chain 1 (FTH1) can confer ferroptosis resistance by modifying iron 
metabolism and lipid peroxidation. Recent research have highlighted that the p62-Keap1-Nrf2 axis is a central pathway 
in inhibiting ferroptosis. Upregulation of MT-1G, quinone, NQO1, HO-1, and FTH1, ABCC5, and other downstream 
Nrf2 target genes can induce resistance to sorafenib by impeding the development of intracellular ferroptosis.62 

Suppression of Nrf2 expression leads to increased sorafenib-induced depletion of glutathione (GSH) in HCC cells, 
rendering the cancer more sensitive to sorafenib through the induction of GSH depletion and ferroptosis in vivo.63

Ferroptosis
Viral reactivation particularly in cases involving hepatitis viruses can exacerbate liver inflammation while altering 
cellular signaling pathways associated with drug metabolism or response. Regulated forms of cell death such as 
autophagy enable cancer cells to survive under stress conditions by recycling cellular components for energy production. 
Conversely, ferroptosis refers to a form of non-apoptotic regulated cell death involving abnormal metabolism of lipid 
oxidation products catalyzed by iron ions or iron enzymes. Various inducers disrupt cellular redox balance, generating 
large amounts of lipid peroxidation products, thereby triggering cell death. Increasingly, studies indicate a complex 
relationship between ferroptosis and cancer, suggesting ferroptosis as a potential novel cancer treatment method.64

Nrf2-MT-1G
Metallothioneins (MT) are a class of low molecular weight proteins characterized by high cysteine levels (15–30%), 
provides them with optimal metal coordination capabilities.65,66 They play a crucial role in heavy metal detoxification 
and antioxidant activities. Mammalian MT consists of four main members: MT-1, MT-2, MT-3, and MT-4, with MT-1 
and MT-2 being the most widely expressed. While MT-2, MT-3, and MT-4 are encoded by a single gene, MT-1 comprises 
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various subtypes encoded by 13 genes, including active genes such as MT-1A, MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, 
MT-1M, and MT-1X.67

In the presence of sorafenib, the expression of MT-1G is significantly upregulated in HCC cells, whereas other MT 
types remain unaffected. This upregulation of MT-1G is mediated by the transcription factor Nrf2, rather than p53 or 
HIF-1α. Nrf2 is a critical regulator of cellular antioxidant responses, directing the expression of genes involved in 
antioxidant defense and electrophile stress, thereby neutralizing ROS and restoring cellular redox balance.68 Nrf2 plays 
a crucial role in protecting HCC cells from ferroptosis. The upregulation of MT-1G can induce resistance to sorafenib in 
these cells by inhibiting lipid peroxidation without altering intracellular iron levels. Conversely, blocking MT-1G 
expression can enhance the antitumor activity of sorafenib by inducing ferroptosis both in vitro and in vivo. Sorafenib- 
induced ferroptosis is inhibited not only by the suppression of MT-1G but also by the upregulation of other Nrf2 target 
genes such as NQO1, HO-1, and FTH1.44

Nrf2-ABCC5
ABC transporters are a class of membrane proteins that facilitate various ATP-controlled transport processes, playing 
a crucial role in the transmembrane transportation of substances.69 Based on the arrangement of molecular structural 
elements, including the nucleotide-binding domain and transmembrane domain topology, human ABC proteins can be 
classified into seven subfamilies (A-G). The C subfamily contains 13 members, among which the ABCC5 gene is 
frequently upregulated in various cancers, including breast, esophageal, head and neck, renal, liver, and lung cancers, and 
has been implicated in cancer progression.70

A 2015 study suggested that ABCC5 may influence the metabolism of endogenous metabolites, toxins, and drugs.71 

Research using Huh-7, HepG2, and SK-Hep-1 cell lines indicates that prolonged exposure to sorafenib activates the 
PI3K/AKT/Nrf2 pathway in HCC, which is essential for the sorafenib-induced expression of ABCC5. High ABCC5 
expression downregulates ferroptosis by stabilizing the SLC7A11 protein, reducing GPX4 consumption, inhibiting lipid 
peroxidation, and increasing mitochondrial membrane potential (MMP). These mechanisms collectively contribute to the 
development of sorafenib resistance in HCC cells. Conversely, blocking ABCC5 expression significantly enhances the 
in vivo anti-tumor activity of sorafenib by inducing ferroptosis both in vitro and in vivo. Therefore, modulating ABCC5 
expression and inducing ferroptosis present a promising therapeutic strategy to overcome acquired sorafenib resistance in 
HCC cells (Figure 3).

GSTZ1-GPX4 Pathway
Glutathione S-transferase zeta 1 (GSTZ1), also known as maleylacetoacetate isomerase (MAAI), is part of the 
glutathione S-transferase (GST) superfamily.72 GSTZ1 deficiency leads to oxidative stress, which activates the Keap1/ 
Nrf2/GPX4 signaling pathway, promoting the progression of HCC.73

Recent studies have shown that downregulation of GSTZ1 expression in sorafenib-resistant liver cancer cells can 
inhibit sorafenib-induced cell death by activating the Nrf2 pathway. This results in increased expression levels of genes 
associated with ferroptosis, such as GPX4, SLC7A11, and FTL, thereby preventing iron accumulation, lipid peroxidation, 
and reducing ROS levels. Furthermore, the re-expression of GSTZ1 enhances the sensitivity of HCC cells to sorafenib 
treatment, indicating that GSTZ1 negatively regulates sorafenib resistance.74 Consequently, targeting the Nrf2/GPX4 
pathway and enhancing the anticancer effects of sorafenib through the induction of ferroptosis may serve as a promising 
therapeutic strategy for HCC (Figure 2).

ETS1-miR-23a-3p-ACSL4 Pathway
In addition to the previously discussed pathways, certain miRNAs play a significant role in the development of sorafenib 
resistance in HCC cells. Notably, miR-23a-3p acts as a negative regulator of ferroptosis by targeting the downstream 3’- 
UTR of acyl-CoA synthetase long-chain family member 4 (ACSL4), thus reducing ROS production and decreasing cell 
ferroptosis. ETS oncogene 1 (ETS1) is a key transcription factor that directly stimulates the transcription of miR-23a-3p 
in response to sorafenib treatment.75 The ETS1-miR-23a-3p-ACSL4 pathway contributes to the resistance of HCC cells 
to sorafenib through the regulation of ferroptosis (Figure 3).
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Conclusion
Sorafenib primarily acts as a multi-kinase inhibitor targeting pathways involved in HCC growth and angiogenesis; 
however, its effectiveness to HCC can be compromised by various factors including drug resistance. Further investiga
tions indicate that enhancing intracellular ferroptosis can significantly improve the therapeutic efficacy of sorafenib. This 
enhancement is particularly relevant in cases where HCC cells have developed resistance to this chemotherapy agent, 
often due to adaptive responses that enable cancer cells to survive despite pharmacological pressure. Consequently, 
inducing ferroptosis within HCC cells has emerged as a promising strategy for overcoming sorafenib resistance.

The mechanism of sorafenib resistance in the ferroptosis pathway mainly resides in its influences on intracellular iron 
level and ROS level. The pathway that affects iron level encompasses the LIFR-NF-κB-LCN2 pathway, which can 
diminish intracellular iron uptake to reduce the sensitivity to iron-induced cell death. The main pathway influencing ROS 
level is the Hippo YAP pathway, within which YAP/TAZ and ATF4 are activated in the resistant HCC cells and induce 
the expression of SLC7A11 to increase intracellular glutathione level and decrease ROS level. Nrf2-ABCC5, Nrf2-MT 
-1G, and GSTZ1-GPX4 pathways decrease GPX4 consumption and inhibit lipid peroxidation. And ETS1-miR-23a-3p- 
ACSL4 pathway reduces ROS production and cellular ferroptosis (Figure 4).

Figure 3 Mechanisms of sorafenib resistance across Keap1-Nrf2 system and ETS1-miR-23a-3p-ACSL4 pathway. 
Abbreviations: Keap1, kelch-like ECH-associated protein 1; NRF2, nuclear factor erythroid 2-related factor 2; ETS1, ETS oncogene 1; ACSL4, acyl-CoA synthetase long- 
chain family member 4; ABCC5, ATP-binding cassette transporter C5; MT-1G1, metallothionein 1G; GPX4, glutathione peroxidase 4; GSH, glutathione; ROS, reactive 
oxygen species.
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Research efforts continue to explore potential combinatory strategies for HCC involving ferroptosis inducers along
side sorafenib treatment. These strategies aim not only to sensitize sorafenib-resistant HCC but also to exploit 
vulnerabilities specific to HCC metabolism related to iron homeostasis and lipid peroxidation processes. As our under
standing deepens regarding the interplay between ferroptosis induction and existing therapeutic modalities, it may pave 
the way for novel interventions specifically designed for patients suffering from advanced stages of HCC, who currently 
face limited options due to treatment resistance.
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