Journal of Hepatocellular Carcinoma Dove

REVIEW

Advances in Targeted Drug Resistance Associated
with Dysregulation of Lipid Metabolism in
Hepatocellular Carcinoma

Xiaoju Huang'™, Mengmeng Wang' ™, Dan Zhang', Chen Zhang*, Pian Liu'~

'Cancer Center, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, 430022, People’s Republic of China;
2Institute of Radiation Oncology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, 430022, People’s
Republic of China; *Hubei Key Laboratory of Precision Radiation Oncology, Wuhan, 430022, People’s Republic of China; “Liver Transplant Center,
Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, 430022, People’s Republic of China

Correspondence: Chen Zhang; Pian Liu, Email zhang_chen@hust.edu.cn; liupianamazing@126.com

Abstract: Hepatocellular carcinoma is the prevailing malignant neoplasm affecting the liver, often diagnosed at an advanced stage
and associated with an unfavorable overall prognosis. Sorafenib and Lenvatinib have emerged as first-line therapeutic drugs for
advanced hepatocellular carcinoma, improving the prognosis for these patients. Nevertheless, the issue of tyrosine kinase inhibitor
(TKI) resistance poses a substantial obstacle in the management of advanced hepatocellular carcinoma. The pathogenesis and
advancement of hepatocellular carcinoma exhibit a close association with metabolic reprogramming, yet the attention given to lipid
metabolism dysregulation in hepatocellular carcinoma development remains relatively restricted. This review summarizes the potential
significance and research progress of lipid metabolism dysfunction in Sorafenib and Lenvatinib resistance in hepatocellular carcinoma.
Targeting hepatocellular carcinoma lipid metabolism holds promising potential as an effective strategy to overcome hepatocellular
carcinoma drug resistance in the future.
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Introduction

Liver cancer ranks as the sixth most prevalent cancer globally and stands as the third principal contributor to cancer-related
mortality." The most common subtype of primary liver cancer is hepatocellular carcinoma, accounting for 75-85% of liver
cancer cases.” Owing to its subtle onset, considerable invasiveness, and absence of early manifestations, a significant
proportion of patients receive diagnoses during the intermediate to advanced stages, with approximately 70% experiencing
recurrent metastasis following surgical resection.’ Notably, tyrosine kinase inhibitors (TKIs) such as Sorafenib and Lenvatinib
have emerged as pivotal agents for first-line molecular targeted therapy in advanced hepatocellular carcinoma.*> Additionally,
Regorafenib, Cabozantinib, and Ramucirumab have been endorsed as second-line therapeutic options for hepatocellular
carcinoma.®® Furthermore, the clinical efficacy of immune checkpoint inhibitors (ICI),” anti-angiogenic agents,' and other
targeted therapies, such as EGFR inhibitors,'! has progressively manifested, thereby broadening the therapeutic possibilities
for advanced hepatocellular carcinoma.

The presence of clinical drug resistance continues to pose a significant obstacle in the management of advanced
hepatocellular carcinoma. Most hepatocellular carcinoma patients receiving Sorafenib developing resistance within 6
months.'? Despite Lenvatinib exhibiting non-inferiority to Sorafenib in relation to overall survival, the emergence of acquired
resistance remains a substantial impediment to the efficacy of Lenvatinib. In hepatocellular carcinoma, our understanding of
the resistance targets and specific mechanisms of Sorafenib and Lenvatinib remains limited. Recent studies have identified
a potential association between dysregulation of lipid metabolism homeostasis and the pathogenesis of hepatocellular
carcinoma. The interconnection between metabolic reprogramming and the development and advancement of hepatocellular
carcinoma has been acknowledged.'> "> Dysregulated lipid metabolism plays a significant role in a variety of liver diseases,
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including hepatocellular carcinoma.'® In contrast to the extensive research conducted on glucose and amino acid metabolism
in hepatocellular carcinoma, there has been relatively less emphasis on investigating the influence of dysregulated lipid
metabolism on the occurrence and progression of hepatocellular carcinoma.

The objective of this review is to provide an overview of the dysregulated lipid metabolism in hepatocellular
carcinoma, emphasizing its potential significance and impact on the resistance development to Sorafenib and
Lenvatinib. Furthermore, the potential of targeting lipid metabolism as a novel strategy to overcome resistance to
targeted therapy in hepatocellular carcinoma is discussed. In the future, targeting lipid metabolism pathways holds
promise as another emerging strategy to improve targeted therapy resistance in hepatocellular carcinoma.

The Correlation Between Dysregulation of Lipid Metabolism and the

Onset of Hepatocellular Carcinoma

The lipidomics investigations in hepatocellular carcinoma predominantly concentrate on the alterations observed in
biological markers, specifically key enzymes implicated in lipid metabolism. However, there remains a dearth of more
direct and comprehensive approaches and indicators to evaluate modifications in lipid metabolism within the context of
hepatocellular carcinoma.

De Novo Synthesis and Uptake of Fatty Acids

The augmented synthesis rate of fatty acids (FAs) in hepatocellular carcinoma cells is correlated with an unfavorable
prognosis in hepatocellular carcinoma patients.'” This association is closely tied to the heightened expression of various
pivotal enzymes involved in the lipid metabolism pathway.'® In this discourse, we primarily focus on several frequently
overexpressed enzymes in the process of fatty acid synthesis in hepatocellular carcinoma, such as fatty acid synthase
(FASN), ATP citrate lyase (ACLY), stearoyl-CoA desaturase 1 (SCD1) and fatty acid translocase CD36.

Fatty acid synthase is a crucial enzyme involved in the de novo synthesis of fatty acids, exerting a prominent
influence among other fatty acid synthases. Its catalytic function involves the conversion of acetyl-CoA and malonyl-
CoA into palmitic acid ester and other long-chain fatty acids.'” The upregulation of fatty acid synthase leads to the
augmentation of endogenous fatty acid synthesis and the formation of lipid rafts, thereby facilitating tumor cell
proliferation.” In hepatocellular carcinoma tissues, fatty acid synthase exhibits a high expression level, and the inhibition
of fatty acid synthase through knockdown techniques has been shown to impede the proliferation, invasion, and
migration of hepatocellular carcinoma cells.>' ATP citrate lyase serves as a catalyst for the production of acetyl-CoA
and oxaloacetate through the conversion of citrate and CoA. Moreover, ATP citrate lyase has been observed to be
upregulated in hepatocellular carcinoma and is closely correlated with unfavorable prognosis in patients.**

Stearoyl-CoA desaturase 1 is a crucial enzyme responsible for the transformation of saturated fatty acids (SFAs) into
monounsaturated fatty acids (MUFAs). The elevated expression of stearoyl-CoA desaturase 1 is significantly correlated with
advanced stage of hepatocellular carcinoma and reduced overall survival in comparison to hepatocellular carcinoma patients
exhibiting normal stearoyl-CoA desaturase 1 expression.”> The upregulation of stearoyl-CoA desaturase 1 expression has the
potential to modify the ratio of monounsaturated fatty acids to saturated fatty acids within tumor cells, and this ratio has
a direct impact on the fluidity of tumor cell membranes. Increased membrane fluidity is also a characteristic feature of tumor
progression.”* Consequently, the heightened expression of stearoyl-CoA desaturase 1 can facilitate the invasion of hepato-
cellular carcinoma cells by modifying lipid composition and augmenting membrane fluidity.*’

CD36, also referred to as fatty acid translocase, exhibits expression and assumes diverse functions across various
cellular populations. While CD36 participates in the absorption of fatty acids (FAs) in numerous cell types, its expression
is notably scarce in normal hepatic cells. Conversely, CD36 manifests high expression levels in hepatocellular carcinoma
tissues, thereby correlating with reduced overall survival rates among hepatocellular carcinoma patients.® This observa-
tion suggests an augmented dependence on exogenous fatty acids uptake within hepatocellular carcinoma tissues.
According to recent research, it has been established that CD36-mediated endocytosis plays a crucial role in facilitating
the transportation of fatty acids across the plasma membrane in adipocytes. Furthermore, the process of palmitoylation of
CD36 has been found to exert dynamic control over the activity of fatty acid uptake.?’
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Cholesterol Metabolism

Cholesterol serves as a crucial constituent of lipid composition, and its interaction with sphingolipids facilitates the
formation of lipid rafts, thereby regulating membrane fluidity, protein transport, and tumor progression.”®** Furthermore,
disrupted cholesterol homeostasis is implicated in the metabolic dysregulation observed in hepatocellular carcinoma.
While certain studies have demonstrated that elevated dietary cholesterol is an independent risk factor for hepatocellular

3 the influence of serum cholesterol levels on the prognosis of hepatocellular carcinoma patients remains

carcinoma,
inconclusive. The upregulation of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) in hepatocellular
carcinoma®' and the promotion of hepatocellular carcinoma growth through cholesterol synthesis in the absence of
fatty acid synthase mediated de novo lipogenesis suggest a potential synergistic relationship between de novo lipogenesis
and endogenous cholesterol synthesis in facilitating hepatocellular carcinoma growth.*?

The cellular uptake of exogenous cholesterol is facilitated by the binding of low density lipoprotein receptors to low
density lipoprotein and subsequent endocytosis. Several studies have demonstrated a significant association between
reduced expression of low density lipoprotein receptors and unfavorable prognosis in hepatocellular carcinoma. The
inhibition of low density lipoprotein receptors mediated uptake of exogenous cholesterol has been shown to activate the
MEK/ERK pathway, thereby enhancing endogenous cholesterol synthesis and facilitating the proliferation and migration
of hepatocellular carcinoma cells.*®> Additionally, ABCAS, a transmembrane transport protein, plays a crucial role in
regulating cholesterol efflux and maintaining the homeostasis of high density lipoprotein cholesterol. Decreased expres-
sion of ABCAS8 can induce oxidative stress and elevate the production of reactive oxygen species (ROS), which
subsequently activate the ERK signaling pathway, induce epithelial-mesenchymal transition (EMT), and promote the
progression of hepatocellular carcinoma.**

In conclusion, a decrease in exogenous cholesterol utilization may lead to an upregulation of endogenous cholesterol
synthesis in hepatocellular carcinoma cells, potentially promoting hepatocellular carcinoma progression. Nevertheless, an
excessive accumulation of cholesterol can induce lipotoxicity in tumor cells.*® The synthesis of cholesterol esters may act
as an adaptive regulatory mechanism to maintain cholesterol levels within a safe range in cells. However, the specific
regulatory mechanisms of cholesterol esters in hepatocellular carcinoma progression have yet to be fully elucidated. The
intricate regulatory mechanisms underlying the interplay between cholesterol metabolism in hepatocellular carcinoma

and the development of drug resistance specific to hepatocellular carcinoma remain incompletely elucidated.

Fatty Acid f-Oxidation
Furthermore, the dysregulation of lipid metabolism in hepatocellular carcinoma extends beyond lipid synthesis and
encompasses fatty acid B-oxidation. Fatty acid B-oxidation, the primary pathway for fatty acid oxidation and decom-
position, has received limited attention regarding its significance in hepatocellular carcinoma development. A crucial
enzyme in this process is carnitine palmitoyltransferase 1 (CPT1), which facilitates the conversion of acyl-coenzyme A to
acylcarnitine for mitochondrial entry. Carnitine palmitoyltransferase 1 also plays a pivotal role in regulating fatty acid
oxidation (FAO) and preserving energy homeostasis.*®

There exists research evidence that substantiates the notable downregulation of fatty acid oxidation in hepatocellular
carcinoma cells, and the diminished expression of carnitine palmitoyltransferase 2 (CPT2) in hepatocellular carcinoma
enables evasion of lipotoxicity through the inhibition of JNK activation.>” As a result, the reduction in carnitine
palmitoyltransferase 2 expression leads to the accumulation of a substantial quantity of acylcarnitine within the
mitochondria. The downregulation of carnitine palmitoyltransferase 2 facilitates the adaptation of hepatocellular carci-
noma cells to an environment abundant in lipids, and the excessive presence of acylcarnitine can serve as a mediator for
STAT3 activation, thereby promoting the progression of liver cancer.’’ ACOXI, known as acyl-CoA oxidase 1, is
a crucial enzyme involved in regulating the rate of fatty acid B-oxidation. The downregulation of acyl-CoA oxidase 1
expression has been found to contribute to the development of hepatocellular carcinoma.*® Consequently, the suppression
of crucial enzymes implicated in fatty acid B-oxidation can potentially elevate the levels of fatty acids through the

inhibition of their oxidation and utilization. This, in turn, creates a conducive lipid milieu that promotes the malignant
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phenotypic characteristics of hepatocellular carcinoma cells, including enhanced proliferation, invasion, and resistance to
therapeutic agents.

In summary, dysregulation of lipid metabolism in hepatocellular carcinoma is characterized by increased endogenous
fatty acid synthesis and uptake, upregulated cholesterol synthesis, and changes in fatty acid oxidation (Figure 1). These
alterations in lipid metabolism are closely linked to the growth, proliferation, metastasis, and development of drug

resistance in hepatocellular carcinoma.

Dysregulation of Hepatocellular Carcinoma Lipid Metabolism and Its

Association with Targeted Drug Resistance

The metabolism of lipids is a multifaceted process that is regulated by numerous pathways. The intermediates produced
during lipid metabolism have the potential to impact the development of hepatocellular carcinoma and contribute to
resistance against targeted drugs via diverse signaling pathways. In recent times, mounting evidence indicates a strong
correlation between lipid metabolism and targeted drug resistance in hepatocellular carcinoma, thereby highlighting the
potential of targeting lipid metabolism pathways as a promising and emerging strategy to overcome treatment resistance
in hepatocellular carcinoma. The purpose of this section is to discuss the impact of dysregulated lipid metabolism on the
development of resistance to Sorafenib and Lenvatinib in hepatocellular carcinoma.
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Figure | Deregulated alterations of fatty acid and cholesterol metabolism in hepatocellular carcinoma. The glycolysis pathway: GLUTSs, glucose transporters; PDH, pyruvate
dehydrogenase. Cholesterol metabolism: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzymeA; LDL, low density lipoprotein.

Abbreviations: HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; The synthesis and uptake of fatty acids: FABPs, fatty acid binding protein; CD36, fatty acid
translocase; ACLY, ATPcitrate lyase; ACC, acetyl-CoA carboxylase; FASN, fatty acid synthase; FAs, fatty acids; SCD1, Stearoyl-CoA desaturase |; MUFA, monounsaturated
fatty acid; PUFA, polyunsaturated fatty acids; TAG, triacylglycerol; DAG, diacylglycerol; ACS, Acyl-CoA Synthetase. Fatty acid B-oxidation: CPT I, carnitine palmitoyltransfer-
ase |; CPT2, carnitine palmitoyltransferase 2; ACOXI, acyl-coenzyme A oxidase |. HCC, hepatocellular carcinoma.
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Role of Lipid Metabolism Pathways and Key Molecules in Sorafenib Resistance
Sorafenib, a multi-targeted tyrosine kinase inhibitor, exerts its anti-tumor effects by inhibiting tumor proliferation
through various receptor tyrosine kinases, including c¢-Kit, FLT-2, and RET, as well as the Raf/MEK/ERK pathway.”’
Moreover, Sorafenib also exhibits indirect anti-tumor activity by targeting VEGFRs and interfering with angiogenesis,
thereby inhibiting tumor growth.*” Over the past decade, Sorafenib has consistently been recommended as the first-line
treatment with the most robust evidence for advanced hepatocellular carcinoma and has been extensively studied to
understand the mechanisms of drug resistance among tyrosine kinase inhibitors. The issue of Sorafenib resistance
remains a significant obstacle in the management of advanced hepatocellular carcinoma patients. The underlying
mechanisms of Sorafenib resistance are intricate and still uncertain, prompting current research to focus on various
hepatocellular carcinoma-related signaling pathways (such as PI3K-AKT, JAK-STAT), excessive activation of epidermal
growth factor receptors (EGFR), epithelial-mesenchymal transition (EMT), regulation of cell death pathways (including
autophagy, ferroptosis), and excessive activation of hypoxia-inducible factors.*'**

In recent studies, it has been observed that there is an abnormal elevation in the activity of lipid metabolism-related
enzymes in Sorafenib-resistant hepatocellular carcinoma cells,** providing direct evidence for the involvement of lipid
metabolism in Sorafenib resistance. Specifically, stearoyl-CoA desaturase 1, a crucial enzyme in unsaturated fatty acid
synthesis, has been identified as a contributor to Sorafenib resistance in hepatocellular carcinoma due to its high expression
levels. Moreover, the knockdown of stearoyl-CoA desaturase 1 has been shown to induce endoplasmic reticulum stress (ERS)
and enhance the sensitivity of hepatocellular carcinoma stem cells to Sorafenib.*> Another relevant gene, SLC27A5, which
encodes fatty acid transport protein 5 (FATPS), belongs to the SLC27A gene family. The role of fatty acid transport protein 5 in
fatty acid transport and bile acid metabolism is of significant importance. In hepatocellular carcinoma, the downregulation of
SLC27AS5 has been observed, which consequently facilitates the progression of hepatocellular carcinoma. Specifically, the
decrease in SLC27AS5 expression leads to elevated levels of intracellular polyunsaturated fatty acids and reactive oxygen
species (ROS), thereby activating the KEAP1/NRF2 pathway and promoting the growth of hepatocellular carcinoma cells.*®
A potential approach to augment the efficacy of Sorafenib treatment in hepatocellular carcinoma cells could involve the
combination of Sorafenib with NRF2/TXNRD1 inhibitors.

Despite the longstanding emphasis on the influence of cholesterol on the progression of hepatocellular carcinoma, the
precise mechanisms through which cholesterol metabolism impacts resistance to Sorafenib remain elusive. Niemann-Pick
C2 (NPC2), a glycoprotein involved in the regulation of intracellular free cholesterol levels, is found to be downregulated
in liver cancer tissues. This downregulation leads to the accumulation of free cholesterol, ultimately inducing resistance
to Sorafenib in hepatocellular carcinoma cells by activating the MAPK/AKT pathway.*” NPC2 and free cholesterol can
be utilized as biological markers for assessing the treatment response and prognosis evaluation of Sorafenib in
hepatocellular carcinoma. Furthermore, Sterol Regulatory Element-Binding Protein 2 (SREBP2) directly interacts with
the STARD4 promoter, leading to an elevation in mitochondrial cholesterol levels and facilitating the development of
Sorafenib resistance in hepatocellular carcinoma. These specific mechanisms may be attributed to the influence of
mitochondrial cholesterol on cell membrane permeability and the release of cytochrome C.**

The novel potential of Maprotiline, an antidepressant medication, as a therapeutic approach for hepatocellular carcinoma is
noteworthy. Maprotiline acts as a potent norepinephrine reuptake inhibitor, exhibiting robust antidepressant effects. In
hepatocellular carcinoma cells, the activation of the ERK pathway by cellular retinoic acid-binding protein 1 (CRABP1)
leads to the phosphorylation of Sterol Regulatory Element-Binding Protein 2, which in turn promotes cholesterol synthesis
and hepatocellular carcinoma cell growth.*” The direct binding of Maprotiline to cellular retinoic acid-binding protein 1
inhibits its activity, thereby suppressing the activation of the ERK pathway and the phosphorylation of Sterol Regulatory
Element-Binding Protein 2, ultimately resulting in the inhibition of cholesterol synthesis and hepatocellular carcinoma
growth.*’ Furthermore, Maprotiline has been found to be associated with resistance to Sorafenib in hepatocellular carcinoma.
In contrast to Sorafenib alone, low dose Maprotiline combined with Sorafenib inhibits hepatocellular carcinoma cell
proliferation more strongly. A strong theoretical basis for the development of lipid metabolism inhibitors has been established
by examining key molecules in lipid metabolism pathways for their complex regulatory roles in Sorafenib resistance. There is,
however, room for further exploration of lipid metabolism resistance targets.
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The Role of Lipid Metabolism Pathways and Their Key Molecules in Lenvatinib Resistance
Researchers have diligently focused on overcoming the clinical hurdle of targeted therapy resistance and creating
innovative targeted medications. Consequently, in 2018, the Food and Drug Administration (FDA) granted approval to
Lenvatinib as a first-line treatment option for advanced hepatocellular carcinoma.’ Lenvatinib, an orally administered
tyrosine kinase inhibitor (TKI), exhibits selective inhibition of VEGFR1-3, FGFR1-4, PDGFR, RET, and KIT. Notably,
Lenvatinib has been proven to be non-inferior to Sorafenib, making it the first drug to demonstrate such efficacy.’
Consequently, the approval of Lenvatinib for the treatment of advanced hepatocellular carcinoma has significantly altered
the therapeutic landscape, which was dominated by Sorafenib for over a decade.

The recently sanctioned pharmaceutical agent, Lenvatinib, encounters a substantial obstacle in the form of resistance. In
recent years, there has been a predominant focus among researchers on the investigation of Lenvatinib resistance in relation to
various factors, including the HGF/c-MET axis,™ activation of the MAPK/ERK pathway,’' upregulation of IRF2 and p-
catenin expression,”® overexpression of FGFR1 and activation of downstream AKT/mTOR pathway,” and upregulation of
VEGFR2 expression and activation of downstream Ras/MEK/ERK pathway.”* Given the clinical challenges associated with
Lenvatinib resistance, it is imperative to further explore the underlying mechanisms of resistance.

In the study conducted, genomic libraries were employed by researchers to conduct a screening for genes associated
with resistance to Lenvatinib. The findings revealed a correlation between the activation of EGFR, MEK/ERK, and PI3K/
AKT signaling pathways and the development of acquired resistance to Lenvatinib.’> Furthermore, lipid rafts, which are
lipid microdomains within the cell membrane, were observed to possess high dynamism and enrichment of sphingolipids
and cholesterol. These lipid rafts selectively recruit specific signaling proteins to regulate protein-protein interactions and
facilitate cell signaling transduction.’® ABCB1, a member of the ATP-binding cassette transporters family, is acknowl-
edged as a multidrug resistance protein 1 (MDR1) and functions as an efflux pump for numerous anticancer drugs,
thereby augmenting drug efflux and exerting a pivotal influence on diverse drug resistance phenotypes.’” Investigations
have demonstrated that hepatocellular carcinoma cells possess the ability to activate the epidermal growth factor receptor
(EGFR), which subsequently triggers the activation of ABCBI1 in a lipid raft-dependent manner. This study provides
evidence of a strong correlation between the activation of the EGFR/STAT3/ABCBI1 axis and the development of
resistance to Lenvatinib. This resistance is accompanied by changes in cholesterol metabolism and the activation of lipid
rafts. These findings suggest that Lenvatinib promotes the efflux of drugs and the activation of lipid rafts, leading to the
induction of resistance.”® However, the combination of Erlotinib and Lenvatinib can effectively inhibit the EGFR/STAT3/
ABCBI axis, thereby reducing Lenvatinib resistance mediated by drug efflux. This therapeutic approach holds promise
for improving the prognosis of hepatocellular carcinoma patients with initially high EGFR expression.””

The Sterol Regulatory Element Binding Protein serves as a pivotal transcription factor responsible for the regulation
of lipid synthesis. The activation of Sterol Regulatory Element Binding Protein 2 mediated cholesterol biosynthesis
significantly augments hepatocellular carcinoma stemness and confers resistance to therapeutic agents.® Cholesterol
deposition has been found to be elevated in hepatocellular carcinoma cells resistant to Sorafenib and Lenvatinib.
Nevertheless, the administration of simvastatin has demonstrated the potential to enhance the susceptibility of hepato-
cellular carcinoma cells to Sorafenib and Lenvatinib.®® Sterol Regulatory Element Binding Protein 2 exhibits potential as
a dependable biological indicator for evaluating the effectiveness of Sorafenib and Lenvatinib.

Hepatocellular carcinoma is a solid tumor characterized by a significant vascularization and a propensity for both
intrahepatic and distant metastasis. Sphingosine-1-phosphate (S1P) is the ultimate outcome of sphingolipid metabolism,
which constitutes an essential component of biological membranes.’ Moreover, Sphingosine-1-phosphate, a crucial
regulatory factor, plays a pivotal role in the regulation of vascular growth and maturation. In the circulatory system,
Sphingosine-1-phosphate predominantly associates with high density lipoprotein (HDL) containing apolipoprotein
M (ApoM), thereby facilitating the interaction between Sphingosine-1-phosphate and its corresponding Sphingosine-
1-phosphate receptor (SIPR).®" Sphingosine-1-phosphate receptor 1 exhibits significant expression in hepatocellular
carcinoma and contributes to angiogenesis by suppressing the synthesis of ceramide. The expression of Sphingosine-
1-phosphate receptor 1 diminishes upon administration of Lenvatinib to patients with advanced hepatocellular
carcinoma.®® Consequently, it is postulated that Lenvatinib may impede hepatocellular carcinoma angiogenesis, thereby
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potentially delaying the progression of hepatocellular carcinoma. Nevertheless, further investigation is required to furnish
corroborative evidence elucidating the comprehensive utilization of lipid metabolism resources by hepatocellular
carcinoma for metabolic remodeling and the subsequent augmentation of target resistance.

A Comparative Analysis of the Mechanisms Underlying Resistance to Sorafenib and

Lenvatinib

Comparative analysis with Sorafenib has demonstrated enhancements in objective response rate (ORR), progression-free
survival (PFS), and time to tumor progression (TTP) in hepatocellular carcinoma patients.” Nevertheless, the attainment
of long-term benefits remains elusive. Consequently, it is imperative to undertake further investigation into the resistance
mechanisms shared by Sorafenib and Lenvatinib, as well as their divergences, to facilitate the precise treatment of
patients with advanced hepatocellular carcinoma.

Sorafenib and Lenvatinib exhibit targeted therapeutic effects in hepatocellular carcinoma through the inhibition of diverse
receptor tyrosine kinases (RTKs). However, their differential selectivity for specific targets results in distinct treatment
outcomes. Notably, the Raf/MEK/ERK pathway plays a crucial role in regulating cellular proliferation and differentiation.
The pERK protein, a vital downstream element of the MEK/ERK pathway, is implicated in this process. In a clinical study, it
was determined that patients with hepatocellular carcinoma who exhibited elevated levels of baseline pERK were more
responsive to Sorafenib,®® thereby indicating the potential utility of pERK as a biomarker for assessing the effectiveness of
Sorafenib. In vitro experiments further revealed a direct association between the sensitivity of hepatocellular carcinoma cell
lines to Sorafenib and the expression level of baseline pERK. Notably, Sorafenib exhibited more pronounced inhibition in
hepatocellular carcinoma cell lines characterized by higher baseline pERK expression, as compared to those with lower pERK
levels.** Therefore, it is hypothesized that the Raf/MEK/ERK signaling pathway plays a crucial role in the inhibitory effects of
sorafenib on the proliferation of hepatocellular carcinoma cells.

In a recent study, the impact of Lenvatinib on Sorafenib-resistant hepatocellular carcinoma cells was assessed by
researchers. Initially, a comparison was made between the kinase profiles of Lenvatinib and Sorafenib, revealing that
Lenvatinib demonstrated stronger inhibition of FGFR4 and ERK pathways in comparison to Sorafenib.®> Consequently, it
is postulated that Lenvatinib may exhibit superior efficacy in hepatocellular carcinoma patients with elevated FGFR4
expression. Additionally, significantly elevated expression levels of EGFR, p-Akt, and p-ERK were observed in Sorafenib-
resistant hepatocellular carcinoma cells when compared to wild-type hepatocellular carcinoma cells.®> This phenomenon
could potentially be attributed to the upregulation of EGFR, leading to the activation of downstream AKT and ERK signaling
pathways. Suppression of the FGFR4/ERK pathway by Lenvatinib may impede the growth of Sorafenib-resistant hepatocel-
lular carcinoma cells. Consequently, the concurrent administration of Lenvatinib and ERK inhibitors may serve as a pivotal
strategy to surmount Lenvatinib resistance.

From a lipid metabolism standpoint, hepatocellular carcinoma can induce resistance to Sorafenib and Lenvatinib by
upregulating crucial molecules implicated in lipid synthesis. Despite variations in the pathways leading to resistance and lipid
synthesis between the two drugs, they primarily accomplish this through direct or indirect activation of the MERK/ERK and
PI3K/AKT pathways, which subsequently modulate lipid metabolism. The upregulation of Sterol Regulatory Element
Binding Protein 1 expression through activation of the AKT/mTOR signaling pathway plays a significant role in lipid
metabolism homeostasis. Sterol Regulatory Element Binding Protein 1, a major regulator in this process, activates key
enzymes involved in lipid synthesis, thereby promoting the growth of hepatocellular carcinoma cells.®® Additionally, the
phosphorylation of PPARy by MERK/ERK enhances its transcriptional activity, contributing to the regulation of lipid
metabolism.®’ It is evident that dysregulation of lipid metabolism holds significant implications for the emergence of
resistance to sorafenib and lenvatinib.

Through an analysis of the unique resistance mechanisms to lenvatinib and sorafenib, it is possible to enhance effective-
ness by specifically targeting their advantageous pathways. When deciding between sorafenib and lenvatinib, various factors
including clinical context, cost-effectiveness, safety, and patient preferences should be carefully considered. Despite the
favorable results observed with the integration of molecular targeted therapy and immunotherapy in hepatocellular carcinoma
management, the clinical advantages of this combination approach warrant further investigation.
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Research Progress in Targeting Lipid Metabolism Pathways to Overcome

Hepatocellular Carcinoma Targeted Drug Resistance

In the realm of practical clinical treatment, the primary approach to mitigate the development of resistance to Sorafenib
and Lenvatinib is through the implementation of combination therapy. This strategy commonly involves the utilization of
various drugs, including EGFR-TKIs, anti-angiogenic agents (such as Bevacizumab), cytotoxic chemotherapeutic drugs
(such as Gemcitabine, Cisplatin, etc.), and immune checkpoint inhibitors (ICIs).*"**%° Nevertheless, the efficacy of
combination therapy is hindered by the intricate nature of drug side effects. The dysregulation of lipid metabolism has
emerged as a prominent subject in the investigation of hepatocellular carcinoma pathogenesis. Consequently, targeting
the diverse pathways implicated in hepatocellular carcinoma lipid synthesis presents a potential avenue for effectively
counteracting resistance to Sorafenib and Lenvatinib.

Focusing on the Pathways of Fatty Acid and Cholesterol Synthesis

Although previous research has demonstrated the inhibitory effect of fatty acid synthase on the growth of hepatocellular
carcinoma cell lines in vitro,' limited investigation has been conducted on fatty acid synthase in vivo in hepatocellular
carcinoma. Notably, fatty acid synthase expression is upregulated in hepatocellular carcinoma cells resistant to Sorafenib,
while Orlistat, an orally administered fatty acid synthase inhibitor, has shown manageable safety and tolerability.”® The
targeting of lipid metabolism pathways by Orlistat has been found to induce cell apoptosis and increase the sensitivity of
hepatocellular carcinoma cells to Sorafenib, as reported in a study.”' Furthermore, TVB-2640, an orally administered
fatty acid synthase inhibitor, has been further optimized for safety and tolerability compared to Orlistat.”? Another novel
fatty acid synthase inhibitor, TVB3664, has demonstrated the ability to enhance the therapeutic efficacy of Cabozantinib
and Sorafenib by suppressing fatty acid synthase expression, as indicated in a recent study.”

Furthermore, SSI-4, a novel stearoyl-CoA desaturase 1 inhibitor, has exhibited favorable bioavailability and anti-
tumor effects in in vitro experiments involving renal clear cell carcinoma’* and Sorafenib-resistant hepatocellular
carcinoma cell lines.** Sorafenib exerts its effects on hepatocellular carcinoma cells by down regulating the expression
of stearoyl-CoA desaturase 1 via the AMPK/mTOR/SREBP1 pathway, thereby reducing the synthesis of monounsatu-
rated fatty acids mediated by stearoyl-CoA desaturase 1 and inducing cell death.”> However, the current body of research
on the in vivo clinical trials of stearoyl-CoA desaturase 1 inhibitors in hepatocellular carcinoma is limited, which
consequently hinders the clinical application of stearoyl-CoA desaturase 1 in the treatment of hepatocellular carcinoma.

The fatty acid translocase CD36 is known to have significant involvement in lipid uptake, immune recognition, and
tumor development, making it a promising target for tumor treatment. Several anti-tumor drugs that specifically target
CD36 have been subjected to clinical trials, but their clinical translation has been hindered by the occurrence of severe
adverse events. The majority of CD36 inhibitors that have been developed are categorized as small molecule inhibitors or
fatty acid analogs.”® One such analog, known as SSO, competitively binds to CD36 and effectively inhibits the uptake of
long-chain fatty acids and oxLDL by CD36.”” Currently, VT1021 stands as the sole pharmaceutical agent under
investigation in clinical trials for its CD36-targeting properties.”® Furthermore, in preclinical investigations, humanized
CD36 antibodies, which are specifically designed to impede CD36 activity,”® are frequently employed. Within the realm
of tumor therapy, our outlook remains sanguine regarding the potential of VT1021 and humanized CD36 antibodies, as
we anticipate that these therapeutic interventions targeting CD36 will offer substantial benefits in the management of
tumor patients afflicted with concurrent lipid metabolism disorders.

ATP citrate lyase serves as a pivotal enzyme that establishes a connection between glucose metabolism and lipid
metabolism, thereby significantly augmenting the potential for drug development associated with ATP citrate lyase.
Molecular inhibitors that specifically target ATP citrate lyase, such as SB-204990 and ECT-1002, have demonstrated the
ability to impede the proliferation of hepatocellular carcinoma cells.*>*' Notably, targeted inhibition of ATP citrate lyase has
shown promise in partially reversing Sorafenib resistance.** The combination of the ATP citrate lyase inhibitor BMS-303141
and Sorafenib demonstrates a synergistic impact on restraining the proliferation of mouse hepatocellular carcinoma cell
xenograft models.** Given the intricate nature of the downstream metabolic pathways associated with ATP citrate lyase, our
future endeavors will focus on the development of enhanced and specific ATP citrate lyase inhibitors.
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Simvastatin, a member of the statin drug class, is utilized for the purpose of reducing cholesterol levels. Its
mechanism of action involves the inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) activity,
leading to the suppression of cholesterol synthesis. Notably, simvastatin has demonstrated a preventive effect on the
development of hepatocellular carcinoma.®® Additionally, when combined with Sorafenib, simvastatin has been found to
enhance the efficacy of Sorafenib in hepatocellular carcinoma cells.®** Recent investigations have further revealed that
simvastatin effectively hinders the HIF-1a/PAR-y/PKM2 axis and PKM2-mediated glycolysis, thereby impeding the
proliferation of hepatocellular carcinoma cells and rendering them more susceptible to Sorafenib treatment once again.®*
Additionally, the use of organoid models derived from hepatocellular carcinoma patients has demonstrated that simvas-
tatin can effectively suppress hepatocellular carcinoma proliferation and increase the sensitivity of hepatocellular
carcinoma cells towards Sorafenib and Lenvatinib. However, a recent Phase III clinical trial has shown that the
combination of Sorafenib and pravastatin does not lead to an improvement in the survival rate of advanced hepatocellular
carcinoma patients.®> Consequently, variations in the pharmacological properties and cholesterol-lowering effects of
different statin drugs may lead to divergent outcomes in terms of their potential to enhance the prognosis of patients with
hepatocellular carcinoma.

The relationship between lipid metabolism and targeted therapy is highly interconnected. The alterations in lipid
metabolism can affect the effectiveness of current targeted treatments. In this context, we have summarized the impact of
various drugs targeting lipid metabolic pathways on the treatment of hepatocellular carcinoma (Table 1).

Proteolysis-Targeting Chimeras and Lipid Nanoparticles

The proteolysis-targeting chimera (PROTAC) technology has proposed a promising and innovative anti-tumor treatment
approach. Proteolysis-targeting chimera achieves the degradation of target proteins through the ubiquitin-proteasome system
(UPS). Proteolysis-targeting chimeras are composed of hybrid molecules, wherein one end is linked to a ligand that

Table I The Impact of Therapeutic Drugs Targeting the Lipid Metabolism Pathway on the Treatment of Hepatocellular Carcinoma

Type of Lipid Drugs The main mechanism of drugs Reference
Metabolism

Fatty acid Orlistat Improving Sorafenib resistance by inhibiting the expression of FASN [71]
TVB-2640 Enhancing the sensitivity of Sorafenib treatment by inhibiting the expression of FASN [72]
TVB3664 Enhancing the therapeutic efficacy of Cabozantinib and Sorafenib by Inhibiting the [73]

expression of FASN

SSI-4 Enhancing the therapeutic efficacy of Sorafenib by Inhibiting the expression of SCDI [45]

SSO Inhibition of the uptake of fatty acids and oxLDL mediated by CD36 through [77]
competitively binding with CD36

VTI1021 Specifically targeting CD36 to inhibit fatty acid uptake [78]
SB-204990 Suppressing the proliferation of hepatocellular carcinoma cells by Inhibiting the expression [80]
of ACLY
ECT-1002 Suppressing the proliferation of hepatocellular carcinoma cells by Inhibiting the expression [81]
of ACLY
BMS-303141 Enhancing the therapeutic efficacy of Sorafenib by Inhibiting the expression of ACLY [82]
Cholesterol Simvastatin Enhancing the efficacy of Sorafenib by inhibiting cholesterol synthesis through Inhibiting [83]

the activity of HMGCR

Maprotiline Enhancing the efficacy of Sorafenib by inhibiting cholesterol synthesis through the [49]
reduction of SREBP2 phosphorylation.

Abbreviations: FASN, fatty acid synthase; SCDI, stearoyl-CoA desaturase |; ACLY, ATPcitrate-lyase; CD36, fatty acid translocase; oxLDL, oxidized low-density
lipoprotein; SSO, Sulfo-N-succinimidyl oleate; HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; SREBP2, Sterol Regulatory Element-Binding Protein 2.
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specifically binds to the target protein, while the other end is connected to a ligand that binds to the E3 ligase. These hybrid
molecules possess the capability to establish a connection between the target protein and the E3 ligase, consequently
prompting proteasomal degradation.®® Moreover, they exhibit a specific affinity towards receptors located on the surface of
target cells, thereby facilitating the precise transportation and subsequent release of functional molecules or pharmaceutical
agents. In contrast to conventional small molecule drugs, this approach offers a significant benefit in terms of its potent
effectiveness against non-druggable protein targets. The utilization of proteolysis-targeting chimera enables the degradation of
the entire target protein, thereby potentially mitigating resistance issues in solid tumors, including hepatocellular carcinoma.®’

Nanoparticles possess the capability to augment the stability of drug effectiveness through the enhancement of
cellular uptake and intracellular drug concentration. Lipid nanoparticles (LNPs) exhibit commendable biocompatibility
and minimal toxicity, rendering them one of the delivery systems for hepatocellular carcinoma treatment that has been
acknowledged in clinical settings.®® In recent times, scholars have directed their attention towards the transportation of
lipid nanoparticles alongside reactive oxygen species (ROS) probes, employing lipid nanotechnology for the conveyance
of fluorescent probes that facilitate the detection of ROS in hepatocellular carcinoma.®® Reactive oxygen species (ROS)
has been observed to play a significant role in the progression of hepatocellular carcinoma by stimulating the growth of
hepatocellular carcinoma cells.”’ The visualization studies of ROS in hepatocellular carcinoma models have proven
valuable in facilitating early diagnosis of hepatocellular carcinoma and aiding in the development of innovative drug
delivery systems. In the context of hepatocellular carcinoma treatment, the utilization of lipid nanoparticles in conjunc-
tion with Sorafenib, Lenvatinib, and other emerging anti-tumor drugs has shown promise in achieving precise targeted
drug delivery to cancer cells. Nevertheless, there remain challenges in enhancing the efficiency and stability of drug
delivery while minimizing harm to normal cells, which necessitate further attention and resolution.

Despite some progress in research on targeting lipid metabolism pathways in hepatocellular carcinoma to overcome
drug resistance, the intricate regulatory mechanisms of lipid metabolism in hepatocellular carcinoma pathophysiology
present considerable challenges for its clinical application. Moreover, it is imperative to enhance the customization and
precision of lipid metabolism targeting in hepatocellular carcinoma treatment to optimize the survival benefits for

patients with hepatocellular carcinoma.

Palmitoylation Modification and Targeted Drug Resistance in Hepatocellular

Carcinoma

Protein lipid modification is a significant post-translational alteration of proteins. Notably, palmitoylation has emerged as
the most extensively investigated reversible protein lipid modification in recent years, exerting considerable influence on
the physiological functions of target proteins, including their stability, membrane localization, and transport.’'**
Palmitoyl acyltransferases (PATs) represent pivotal enzymes responsible for catalyzing palmitoylation reactions.”
Proteins containing a specific Asp-His-His-Cys (DHHC) motif and zinc finger-like structure, commonly referred to as
zinc finger DHHC-containing proteins (ZDHHCs), are also known as PATs.”* In mammals, a total of 23 ZDHHCs have
been identified.”® The addition of palmitic acid ester to the cysteine (Cys) residue of substrate proteins is facilitated by
PATs through the formation of a thioester bond.’® The palmitic acid required for this process is produced through fatty
acid synthesis, which is catalyzed by fatty acid synthase. S-palmitoylation represents the primary mode of palmitoylation
modification, and its reversibility is attributed to the inherent instability of thioester bonds. Nevertheless, the precise
mechanism underlying the recognition and regulatory role of substrate proteins by ZDHHCs remains elusive.

The regulation of palmitoylation, a protein lipid modification, is intricately linked to lipid metabolism. Acetyl-CoA
and malonyl-CoA, produced through the enzymatic action of fatty acid synthase, can generate palmitic acid esters that act
as substrates for the palmitoylation process. Elevated levels of palmitic acid esters can activate ZDHHCs, thereby
enhancing palmitoylation. Consequently, fatty acid synthase may indirectly govern the regulation of palmitoylation. It is
established that the internalization of membranes facilitated by CD36 is closely associated with the uptake of fatty acids.
Research findings have substantiated that ZDHHC4 and ZDHHCS play a role in facilitating the palmitoylation process of
CD36, thereby governing its positioning within the cellular membrane and influencing the uptake of fatty acids via
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distinct pathways.”” This suggests that CD36 may be one of the substrates of palmitoylation, and the palmitoylation of
CD36 may be an important mechanism underlying lipid metabolism disorders.

The recent studies have shown that Astrocyte Elevated Gene-1 (AEG-1) is overexpressed in hepatocellular carci-
noma. Additionally, ZDHHCG6 has been identified as a mediator of Astrocyte Elevated Gene-1 (AEG-1) palmitoylation,
thereby exerting a negative regulatory influence on hepatocellular carcinoma growth.”® This discovery further under-
scores the connection between protein lipid modification and the progression of hepatocellular carcinoma. Furthermore,
PCSKD, a serine protease secreted by the liver, primarily facilitates the degradation of low-density lipoprotein receptor by
binding to it.”” The expression of PCSK9 in hepatocellular carcinoma has been observed to be significantly high, while
ZDHHCI16 has been identified as the mediator of PCSK9 palmitoylation. This process, in turn, facilitates cell prolifera-
tion and confers resistance to Sorafenib in hepatocellular carcinoma by inducing AKT phosphorylation.'® These findings
underscore the significance of palmitoylation modification in the development of Sorafenib resistance in hepatocellular
carcinoma cells. Consequently, it can be concluded that the investigation of palmitoylation in hepatocellular carcinoma is
relatively limited compared to other types of tumors. Hence, it is imperative to gain deeper insights into the correlation
between palmitoylation modification in hepatocellular carcinoma and additional lipid metabolic pathways, as this will
hold immense importance in identifying novel targets for palmitoylation therapy.

Currently, there is a lack of specific inhibitors for ZDHHC that can be used for targeted intervention in palmitoylation
processes. In preclinical studies, the broad-spectrum protein palmitoylation inhibitor, 2-bromopalmitate (2-BP), has been
utilized. However, its clinical translation has been restricted due to its high toxicity and lack of specificity.'®" The
uncertainty surrounding the selection mechanism of palmitoylation substrates allows for the possibility of a single target
protein being modified by multiple ZDHHCs, and a ZDHHC can also simultaneously act on multiple target proteins.'®*
The challenge in developing targeted small molecule inhibitors of palmitoylation is further compounded. Studies have
demonstrated that a vaccine consisting of a monopalmitoyl antigen peptide can augment the immune response against
tumors in melanoma.'® However, the scarcity of antibodies specific to palmitoylation persists, primarily attributed to
challenges in antigen preparation.

Ferroptosis and Hepatocellular Carcinoma Targeted Drug Resistance
Ferroptosis, a recently identified mode of non-apoptotic cell demise, distinguishes itself from necrosis, apoptosis, and
autophagy through the excessive buildup of iron-dependent lipid reactive oxygen species within cells. This process is
accompanied by the rupture and contraction of the mitochondrial outer membrane, as well as the reduction or vanishing
of mitochondrial cristae.'®*'*® Notably, lipid metabolism exhibits a close association with the occurrence of ferroptosis,
as evidenced by relevant studies.'’® Specifically, polyunsaturated fatty acids have been identified as the primary
substrates for lipid peroxidation in ferroptosis. This process selectively oxidizes long-chain polyunsaturated fatty
acids, with the synthesis of these fatty acids being regulated by fatty acid synthase.'®”'°® In contrast, exogenous
monounsaturated fatty acids have been found to possess the ability to resist ferroptosis. This resistance is achieved
through the displacement of polyunsaturated fatty acids within the cellular membrane and the subsequent inhibition of
reactive oxygen species generation.'” Furthermore, several studies have demonstrated that Sorafenib can also induce
ferroptosis by inhibiting cystine/glutamate antiporter (xCT), leading to a decrease in glutathione peroxidase production
and an increase in reactive oxygen species levels in hepatocellular carcinoma cells.''® In recent years, a growing body of
evidence has substantiated the strong correlation between ferroptosis and the progression of hepatocellular carcinoma as
well as the emergence of resistance to targeted therapeutics. Various potential mechanisms can be succinctly outlined as
follows.

The involvement of the cystine/glutamate antiporter (xCT) and glutathione peroxidase 4 (GPX4) in the defense
against ferroptosis is well-established. The cystine/glutamate antiporter protein, which is encoded by the SLC7A11 gene,
plays a crucial role in facilitating the uptake of extracellular cysteine and converting it to cystine. This conversion is
necessary for the synthesis of glutathione (GSH), a vital component in the defense against ferroptosis.''' Glutathione
peroxidase 4, in turn, relies on glutathione as a substrate to effectively inhibit lipid peroxidation. Notably, certain drugs,
including Orlistat and Lenvatinib, have been observed to modulate the xCT/GSH/GPX4 axis, thereby impacting the
cellular response to ferroptosis. Orlistat, a fatty acid synthase inhibitor, has been shown to increase the sensitivity of
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Sorafenib-resistant hepatocellular carcinoma cell lines to Sorafenib treatment by downregulating SLC7A11.''?
Lenvatinib, on the other hand, targets FGFR4 to inhibit the expression of cystine/glutamate antiporter and glutathione
peroxidase 4, resulting in the accumulation of reactive oxygen species and the induction of ferroptosis.''* Additionally,
Sorafenib has been found to enhance the cytotoxicity against liver cancer cells by promoting ferroptosis.''*''> In
summary, the xCT/GSH/GPX4 axis plays a crucial role in defending against ferroptosis in hepatocellular carcinoma cells.

The Keap1/Nrf2 pathway is a significant regulatory mechanism implicated in the cellular response to oxidative stress,
playing a crucial role in the regulation of cellular antioxidant stress and ferroptosis. Historically, Nrf2 has been
acknowledged as a safeguarding transcription factor implicated in cellular antioxidant stress. However, recent findings
have revealed that persistent activation of Nrf2 can facilitate the proliferation, invasion, and resistance to drugs in
different tumor types, including hepatocellular carcinoma.''® In the context of hepatocellular carcinoma, Sorafenib
directly triggers the p62/Keapl/Nrf2 antioxidant stress pathway and mitigates the occurrence of Sorafenib-induced
ferroptosis. The Nrf2 inhibitor ML385 has the ability to induce ferroptosis in hepatocellular carcinoma and effectively
counteract the resistance to Sorafenib treatment. The deactivation of Keapl leads to the development of resistance in
human hepatocellular carcinoma cells against Sorafenib, Lenvatinib, and regorafenib by upregulating the expression of
downstream antioxidant stress genes and reducing levels of reactive oxygen species.'’’

Metformin, a frequently prescribed antidiabetic medication, has demonstrated specific therapeutic effects in the treatment
of hepatocellular carcinoma. These effects are potentially attributed to the activation of the AMPK pathway and phosphor-
ylation of FOXO3, as supported by various studies.''® '?° Furthermore, it has been observed that metformin exerts a specific
impact on enhancing hepatocellular carcinoma resistance to Lenvatinib, potentially influencing the progression of hepatocel-
lular carcinoma through the regulation of FOXO3 phosphorylation.'*! Recent investigations propose that the combined
administration of Lenvatinib and metformin may synergistically impede the AKT/FOXO3 signaling pathway, thereby
reversing Lenvatinib resistance.'** In summary, the activation of the p62/Keap1/Nrf2 pathway holds the potential to hinder
ferroptosis in tumor cells and presents a promising therapeutic target for resistant tumors.

It should be noted that YAP/TAZ functions as a downstream transcription factor of the Hippo pathway, exerting
a significant influence on the suppression of hepatocellular carcinoma proliferation and survival.'** It has been observed
that YAP/TAZ is subject to negative regulation in cellular ferroptosis. The recently discovered YAP inhibitor CA3
exhibits selective inhibition of YAP/TAZ and enhances the susceptibility of hepatocellular carcinoma to Sorafenib,
particularly in hepatocellular carcinoma cells characterized by elevated YAP/TAZ expression levels.'® The NRF2/
ABCCS5 pathway is known to have a significant impact on the occurrence of ferroptosis. ABCCS is a member of the ATP-
binding cassette (ABC) family. ABCCS, a drug efflux transporter protein, is closely linked to both tumor progression and
drug resistance, and it serves as a crucial regulatory factor in the process of ferroptosis.'>* Inhibition of ABCC5
expression has the potential to induce ferroptosis, which is associated with resistance to Sorafenib in hepatocellular
carcinoma, and it can also enhance the efficacy of molecular targeted drugs.'*’

Ferroptosis, being morphologically and genetically distinct from apoptosis, presents a novel therapeutic approach to
combat drug resistance in tumor cells. Erastin, an inducer of ferroptosis, effectively inhibits voltage-dependent anion channels
(VDAC2/VDACS3) in a Ras/Raf/MEK-dependent manner, thereby inducing ferroptosis.'*® RSL3 functions as a glutathione
peroxidase 4 inhibitor, leading to the deactivation of glutathione and the initiation of lipid peroxidation within cellular
systems.'®” Furthermore, the concurrent administration of artemisinin and Sorafenib demonstrates a synergistic effect in
promoting ferroptosis within hepatocellular carcinoma cells. More specifically, artemisinin exhibits the potential to sensitize
hepatocellular carcinoma cells to Sorafenib by inducing apoptosis through the inhibition of the PI3K/AKT/mTOR pathway.'?’

Considering that lipid metabolism has been recognized as a significant contributor to the occurrence of ferroptosis, the
precise regulatory mechanism underlying ferroptosis in hepatocellular carcinoma remains uncertain. Certain scholars
posit that specific pivotal molecules implicated in ferroptosis and iron metabolism may serve as prognostic markers for
the identification and management of liver cancer.'*® Despite the increasing appeal of ferroptosis as a promising anti-
tumor strategy, tumor cells can still exploit various adaptive and evasive mechanisms to counteract the effects of
ferroptosis. Finally, it is crucial to acknowledge the absence of identifiable biomarkers for monitoring hepatocellular
carcinoma ferroptosis in clinical settings. This limitation further hinders the advancement of in vivo studies on ferroptosis
in hepatocellular carcinoma and its potential clinical application.
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Summary and Outlook

Hepatocellular carcinoma is a prevalent and aggressive solid tumor that exhibits drug resistance, limited treatment
options for late-stage patients, and an overall poor prognosis. Consequently, hepatocellular carcinoma represents
a formidable challenge with substantial implications for global human health. Given the recent progress in lipidomics
analysis, it is crucial to employ a comprehensive approach to investigate changes in hepatic lipid metabolism and identify
biomarkers associated with lipid metabolism in hepatocellular carcinoma. Despite previous studies investigating the
dysregulation of lipid metabolism in hepatocellular carcinoma, our comprehension of the regulatory network of lipid
metabolism in hepatocellular carcinoma remains constrained when compared to the established “Warburg effect” theory
in tumor metabolism. Additionally, the metabolic reprogramming of tumor cells is a synchronized process, and
alterations in lipid metabolism will inevitably induce adaptive modifications in other metabolic pathways. The investiga-
tion of the contribution of these changes to the regulation of the hepatocellular carcinoma microenvironment as a holistic
system, as well as the identification of appropriate beneficiaries from these alterations, remains an open area of research.
Consequently, additional exploration is imperative to acquire a comprehensive comprehension of the network governing
lipid metabolism regulation in hepatocellular carcinoma and its interaction with other metabolic pathways. Such
endeavors will facilitate the identification of potential therapeutic targets and the formulation of personalized treatment
approaches for patients with hepatocellular carcinoma.

Despite the diligent endeavors of researchers to devise additional combination therapy strategies for surmounting
resistance to Sorafenib and Lenvatinib, the overall efficacy of hepatocellular carcinoma treatment remains unsatisfactory.
Presently, investigations have been conducted on lipid metabolism inhibitors in both in vitro and in vivo contexts for
hepatocellular carcinoma. The advancement of innovative drug delivery systems will enhance the accuracy and consistency
of targeted therapy for hepatocellular carcinoma. Additionally, it is imperative to investigate the potential synergistic effects of
combining lipid metabolism inhibitors with FDA-approved multi-kinase inhibitors (eg, Sorafenib, Lenvatinib, Regorafenib),
immune checkpoint inhibitors, and conventional drugs in the clinical management of hepatocellular carcinoma. This review
presents an initial overview of the advancements made in studying targeted resistance related to lipid metabolism in
hepatocellular carcinoma. Despite ongoing research efforts, our comprehension of lipid metabolism modifications in
hepatocellular carcinoma remains inadequate, and the practical application of targeting lipid metabolism pathways to enhance
targeted resistance in hepatocellular carcinoma remains significantly constrained. In the forthcoming years, enhanced
comprehension and characterization of pivotal molecules and associated signaling pathways implicated in hepatocellular
carcinoma lipid metabolism will expedite the advancement of novel pharmaceuticals. To summarize, the pursuit of hepato-
cellular carcinoma lipid metabolism pathways presents novel perspectives for the identification of fresh targets for hepato-
cellular carcinoma resistance and the formulation of precise treatment strategies.
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