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Abstract

Hepatocellular carcinoma (HCC) is a common malignant tumor that affecting
many people's lives globally. The common risk factors for HCC include being
overweight and obese. The liver is the center of lipid metabolism, synthesizing
most cholesterol and fatty acids. Abnormal lipid metabolism is a significant
feature of metabolic reprogramming in HCC and affects the prognosis of HCC
patients by regulating inflammatory responses and changing the immune
microenvironment. Targeted therapy and immunotherapy are being explored as
the primary treatment strategies for HCC patients with unresectable tumors.
Here, we detail the specific changes of lipid metabolism in HCC and its impact on
both these therapies for HCC. HCC treatment strategies aimed at targeting lipid
metabolism and how to integrate them with targeted therapy or immunotherapy
rationally are also presented.

Key Words: Hepatocellular carcinoma; Lipid metabolism; Targeted therapy; Immuno-
therapy; Drug resistance; Therapeutic efficacy

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This review systematically summarizes the aberrant changes of lipid
metabolism in hepatocellular carcinoma (HCC), and for the first time expounds the
impact of lipid metabolism on HCC targeted therapy and immunotherapy. It vividly
displayed the changes of lipid metabolism in HCC and the targets of some reagents by
drawing figures, and summarized the impact of lipid metabolism related reagents on
HCC targeted therapy and immunotherapy through table.
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INTRODUCTION

Liver cancer, a common malignancy, has documented an increasing incidence over the years. In 2020,
there were 910000 new cases of liver cancer worldwide and 830000 people died of liver cancer with the
global number of patients and deaths ranking sixth and third positions, respectively[1]. Hepatocellular
carcinoma (HCC), accounting for nearly 90% of total cases, is the most frequently occurring type of liver
cancer[2]. HCC has many risk factors related to its occurrence, including virus hepatitis, nonalcoholic
fatty liver disease (NAFLD), alcoholic hepatitis, and some genetic metabolic diseases like Wilson
disease, alphal-antitrypsin deficiency, and hereditary tyrosinemia type I[3,4].

HCC has a poor prognosis, and many patients have no obvious early symptoms, leading to untimely
diagnosis. To date, radical resection and liver transplantation are still the only curative treatment for
HCC patients. However, many patients are already in the advanced stage (Barcelona Clinic Liver
Cancer B-D stage) when they are initially diagnosed with HCC, making them unable to undergo radical
surgery[5]. The increasing shortage of liver donors and resources also makes liver transplantation a
treatment strategy that only a few HCC patients can receive. It is worth noting that systemic treatment,
like molecular targeted therapy and immunotherapy has brought fresh hope to HCC patients. Phase I/
II/1I clinical trial reports provide strong evidence for these above drugs in treating HCCJ[6]. Since its
approval in 2007, sorafenib has been the only targeted therapy drug for advanced HCC patients for a
long time. In recent years, the introduction of lenvatinib and immunotherapy such as the anti-
programmed cell death protein 1/programmed death ligand 1 (anti-PD-1/PD-L1), belonging to
immune checkpoint inhibitors (ICIs), has enriched the therapeutic strategy for HCC patients with
unresectable tumors. Although these treatments have documented certain achievements, they are far
from satisfactory. Current targeted therapies aim to inhibit tumor blood supply or directly inhibit tumor
growth by affecting proliferation related signal pathways However, these targets do not have a
significant and direct impact on tumor metabolism[7].

Metabolic reprogramming is an important malignancy feature that significantly impacts tumor’s
occurrence, proliferation, and invasion[8]. Compared with normal liver cells, the metabolism of HCC
cells also documents many changes. Among these alterations, abnormal lipid metabolism is a significant
aspect. On the one hand, aberrant lipid metabolism helps HCC cells obtain more energy to meet their
rapid growth, proliferation, and metastasis needs. On the other hand, such altered lipid metabolism
products and intermediates impact cell signal transmission and the formation of cell structures[9]. This
review mainly discusses the abnormal changes in lipid metabolism in HCC and their impacts on
targeted therapy and immunotherapy of HCC to explore the potential clinical application value of
targeting lipid metabolism in treating HCC.

ABNORMAL LIPID METABOLISM IN HCC

In HCC, abnormal lipid metabolism mainly manifests as changes in lipid uptake and efflux, upregu-
lation of endogenous lipid synthesis, enhanced cholesterol esterification, and changes in lipid oxidation
(Figures 1 and 2). These above changes closely correlate with tumor survival, growth, proliferation, and
metastasis.

Changes in lipid uptake and efflux

HCC cells can promote their growth and proliferation by increasing the uptake of extracellular fatty
acids (FAs). FA uptake by cancer cells is an active transport process dependent on the fatty acid
translocase (FAT, also called CD36) on the cell membrane surface[10]. CD36 is abnormally expressed in
HCC and promotes tumor metastasis and epithelial-mesenchymal transformation (EMT) by increasing
FA uptake, thereby promoting tumor progression[11]. There is a mixed opinion on the exogenous
cholesterol uptake of HCC. In many malignant tumors, cholesterol uptake is significantly increased,
related to the high expression of low-density lipoprotein receptor (LDLR)[12]. However, some studies
have found that the expression of LDLR in HCC cells is significantly lower than that in peri-tumorous
normal cells around the tumor, thus leading to a decrease in LDL uptake of HCC cells. The upregulation
of intracellular cholesterol biosynthesis may cause this phenomenon. Interestingly, the low expression
of LDLR can increase cholesterol synthesis in HCC cells by activating MEK/ERK signaling pathway
[13]. Cholesterol efflux, as opposed to extracellular uptake, is also downregulated in HCC. Further, the
low expression of ATP binding cassette subfamily A member 8, transporters responsible for cholesterol
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Figure 1 Fatty acid metabolism in hepatocellular carcinoma. A: Fatty acid metabolic pathway diagram; B: Changes of fatty acid metabolism in
hepatocellular carcinoma and related targets. ACC: Acetyl- CoA carboxylase; ACLY: ATP citrate lyase; ACOX: Acyl-CoA oxidase 1; ACS: Acyl-CoA synthetases;
CPT: Carnitine palmitoyl transfer; FASN: Fatty acid synthase; FA-CoA: Fatty Acyl-CoA; FFA: Free fatty acids; MCD: Malonyl-CoA decarboxylase; MUFA:
Monounsaturated fatty acid; PPARa: Peroxisome proliferator-activated receptor a; TAC circle: Tricarboxylic acid cycle; SCD: Stearoyl-CoA desaturase; SIRTS:
Sirtuin; SREBP1c: Sterol-regulatory element binding protein 1c.

efflux on cell membranes, in HCC is correlated with poor prognosis[14]. P53, a tumor suppressor gene,
upregulates the expression of ABCA1, inhibiting sterol regulatory element binding protein (SREBP)
maturation by affecting cholesterol transport[15].

Upregulation of endogenous lipid synthesis

The synthesis of FAs in HCC cells is abnormally higher, closely related to the aberrant expression of
some key enzymes in this process. Synthesis of FA occurs in the cytoplasm. To begin with, citric acid
generated by the tricarboxylic acid cycle forms acetyl coenzyme A (acetyl-CoA) upon the catalysis by
ATP citrate lyase (ACLY). It has been reported that ACLY is highly expressed in HCC. Inhibition of
ACLY can improve drug resistance to sorafenib[16]. Acetyl-CoA then forms malonyl coenzyme A
(malonyl-CoA) by the action of acetyl-CoA carboxylase (ACC). Upregulation of ACC expression is
significantly related to the poor prognosis of HCC. The survival of ACC-expressing rats was improved
by an ACC inhibitor alone or combined with sorafenib[17]. Malonyl-CoA and acetyl-CoA form FA upon
catalysis by fatty acid synthase (FASN). Overexpression of FASN promotes the carcinogenesis of HCC.
TVB compounds, FASN inhibitors, can potentially treat HCC[18]. Stearoyl-CoA desaturase (SCD) then
catalyzes the conversion of saturated fatty acids into monounsaturated fatty acids. HCC patients with
high expression of SCD1 often have a worse prognosis[19].

In HCC, the synthesis of cholesterol is also upregulated. High cholesterol levels in the liver give rise
to nonalcoholic steatohepatitis (NASH) and promote its further development into HCC[20]. Such
abnormal upregulation of cholesterol synthesis is linked to some key pathways and molecules. Blocking
the SREBP pathway can inhibit cholesterol synthesis and slow down the progress of HCC by inhibiting
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Figure 2 Cholesterol metabolism in hepatocellular carcinoma. A: Cholesterol metabolic pathway diagram; B: Changes of cholesterol metabolism in
hepatocellular carcinoma and related targets. ABCA: ATP binding cassette subfamily A; ACAT1: Acyl-CoA cholesterol acyltransferase 1; CEs: Cholesterol esters;
Farnesyl PP: Farnesyl diphosphate; HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS: 3-hydroxy-3-methylglutaryl-CoA synthase; HSP90: Heat shock
protein 90; LDLR: Low-density lipoprotein receptor; LXR: Liver X receptor; mSREBP2: Mature sterol regulatory element binding protein 2; PI3K: Phosphatidylinositol-
3-kinase; PTEN: Phosphatase and tensin homolog deleted on Chromosome 10; SQLE: Squalene epoxidase; XBP-u: The unspliced X-box binding protein 1.
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inflammation[21]. 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), a key enzyme in cholesterol
biosynthesis, in the ER, is subjected to precise regulation by SREBP2[22]. The unspliced X-box binding
protein 1 was shown to inhibit the degradation of SREBP2, which can activate the transcription of
HMGCR. This pathway promotes cholesterol biosynthesis in HCC cells, contributing to tumorigenesis
and progression[23]. In addition, Heat shock protein 90 can directly interact with HMGCR and inhibit
its degradation from promoting the pathway of cholesterol biosynthesis and, thereby, HCC[24]. A
report showed an overexpression of squalene epoxidase (SQLE), another rate-limiting enzyme in
cholesterol biosynthesis, which promoted tumor cell proliferation in NAFLD-HCC[25].

Enhanced cholesterol esterification

Increased cholesterol esterification is another crucial aspect of abnormal cholesterol metabolism
documented in HCC. Cholesterol esters (CEs) are a storage form of cholesterol occurring in cells and are
of especially great significance for the energy supply of tumor cells[26]. Reports show the overex-
pression of sterol-O-acyltransferase 1 (SOAT1; also called ACAT1), a key enzyme of cholesterol esteri-
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fication, as a characteristic feature that promotes tumor proliferation[27]. Interestingly, such a high
expression of ACAT1 in CDS8'T cells inhibits their cellular functions and thereby helps tumor cell
survival indirectly. The ACAT1 inhibitor, avasimibe, was found to directly inhibit HCC incidence and
its progress by interfering with energy metabolism. Furthermore, it was found to boost tumor immunity
by enhancing the function of cytotoxic lymphocytes[28]. Moreover, studies have shown that the loss of
expression of Phosphatase and tensin homolog deleted on Chromosome 10 (PTEN) increases CE
accumulation, which leads to the progress of viral hepatitis and HCC[29]. The SQLE inhibits PTEN, and
its influence on CEs is closely related to the AKT pathway[25,30].

Changes in lipid oxidation

B-oxidation of FAs (FAO), occurring in the mitochondria, is significantly downregulated in HCC. Before
B-oxidation, FAs must be converted into bioactive Fatty Acyl-CoA (FA-CoA) upon activation by acyl-
CoA synthetases (ACS). HCCs have documented a significant overexpression of ACS, especially long-
chain acyl-CoA synthetase 4 (ACSL4) and this overexpression promotes the progress of HCC[31]. The
carnitine palmitoyl transfer (CPT) system is essential for FA-CoA to enter mitochondria from the
cytoplasm. There are two kinds of CPT, CPT1, which is located in the outer mitochondrial membrane,
and CPT2, which is located in the inner mitochondrial membrane. Overexpression of CPT1 in NASH
leads to extensive activation of oncogenic signals, thereby promoting tumorigenesis and proliferation
[32]. In addition, low expression of CPT2 observed in HCC leads to its escape from lipotoxicity by
inhibiting the activation of JNK mediated by Src. The subsequent accumulation of acylcarnitine can
promote the development of HCC by activating STAT3[33]. Acyl-CoA oxidase 1 (ACOX1) is a key rate
limiting enzyme that catalyzes the oxidation of long-chain FAs. Studies have shown that loss of ACOX1
expression can promote the occurrence of HCC[34]. Medium chain acyl-CoA dehydrogenase (ACADM)
is another enzyme regulating FAO. Studies have shown the significant downregulation of ACADM in
HCC, which is related to the abnormal accumulation of SREBP1 caused by the increased expression of
caveolin-1[35]. In addition, deacetylase sirtuin 5 (SIRT5) can inhibit the activity of ACOX1 through
desuccinylation. A loss of SIRT5 expression in HCC leads to the increased activity of ACOX1 and
oxidative damage of DNA[36]. CD147 is a transmembrane glycoprotein with high expression in HCC
and reduces the expression of ACOX1 and CTP1A by inhibiting the MAPK pathway, thereby
suppressing p-oxidation. In addition, it can also promote the expression of ACC and FASN through the
AKT mTOR pathway and promote FA synthesis[37].

Besides being converted into CE for further storage, the cholesterol in cells can also be oxidized into
oxysterols. Some studies have shown that c-FOS can downregulate the nuclear Liver X receptor o (LXRa
), which regulates the expression level of genes related to cholesterol transport ABCA1 and hence
promote the accumulation of oxysterols and HCC occurrence[38,39]. Oxysterols significantly impact the
tumor microenvironment (TME), and their high level promotes immunosuppression and assists tumor
metastasis[40]. For example, the accumulation of 220HC was shown to recruit CD11b*Gr1"s"
neutrophils with immunosuppressive functions[41]. In addition, 27OHC is closely related to the
depletion of cytotoxic CD8'T cells[42]. 27OHC has also been found to have an apparent cancer-
promoting effect in HCC, and its adverse effects could be reversed by targeting glucose-regulated
protein 75[43]. 250HC was found to induce HCC cell metastasis by upregulating fatty acid binding
protein 4 (FABP4)[44].

IMPACTS OF LIPID METABOLISM ON TARGETED THERAPIES OF HCC

Effect of fatty acid metabolism on targeted therapies

The commonly employed HCC targeting drugs used for clinical treatment include sorafenib,
Lenvatinib, and cabozantinib. The peroxisome proliferator-activated receptor (PPAR) signaling pathway
is closely related to FA metabolism and controls FAO, synthesis, and desaturation, among other
processes[45-47]. The PPAR signaling pathway can raise the stemness of tumor cells to increase the drug
resistance of tumor cells to sorafenib and reduce the drug’s efficacy[48]. The drug resistance of tumor-
initiating cells (TIC) and sorafenib can be regulated by SCD1, which is overexpressed in HCC to
regulate desaturating FAs through the PPAR pathway and regulation of endoplasmic reticulum stress.
Reports show that the combined efficacy of SSI-4 (a new SCD1 inhibitor) and sorafenib was significantly
better than that of sorafenib alone[49]. Sorafenib resistance is also linked to the genes cytochrome P450
family 8 subfamily B member 1 and nuclear receptor subfamily 1 group H member 3 (NR1H3, LXRa),
which can induce the increased expression of SCD while retinoid X receptor p can induce the
transcription of NR1H3[39,48,50]. Orlistat, a FASN inhibitor, can regulate fat metabolism by inhibiting
FA synthesis, lowering the drug resistance of HCC to sorafenib, and improving drug efficacy[51]. The
expression of ACSL4 can predict the sensitivity of sorafenib treatment. A higher level of ACSL4
expression was documented in a sorafenib-sensitive sample patient set than in the non-sensitive group
[52]. Fatty acid transport protein-5 (FATP5/SLC27Ab5) is closely related to FA transport, which can
inhibit the invasion, metastasis and EMT of HCC. However, this effect is the opposite as FATP5 has a
low expression in HCC. The anticancer mechanism of FATP5 depends on inhibiting AMP-activated
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protein kinase (AMPK); targeting the FATP5-AMPK axis is promising for individualized treatment of
HCC[53]. Furthermore, some studies have shown that the combined use of sorafenib with nuclear factor
E2-related factor 2 and thioredoxin reductase 1 inhibitors (brusatol and auranofin) could significantly
improve the therapeutic effect in FATP5 deficient HCC cells[54].

In TICs, Toll-like receiver 4 induces NANOG (a unique homeobox transcription factor), which
inhibits the mitochondrial oxidative phosphorylation (OXPHS) and activates FAO. This thereby inhibits
the oxygen consumption rate and the production of reactive oxygen species, which promotes tumor
proliferation and induces chemotherapy resistance in the tumors. Specifically, NANOG has a synergistic
effect with PPAR in activating FAO. The drug resistance of HCC to sorafenib is significantly improved
when the expression of OXPHS is restored by repressing NANOG or using the FAO inhibitor, etomoxirs
[55,56]. Coiled-coil domain containing protein 25 (CCDC25) can potentially mediate liver metastasis of
extrahepatic tumors[57], The low expression of CCDC25 in HCC leads to metabolic disorders, including
FA alterations, and is significantly related to poor prognosis. However, a contradiction here is that
HCCs with low expression of CCDC25 are more sensitive to sorafenib, lapatinib, and gefitinib. The
specific mechanism here may involve the process of ferroptosis[58]. Sorafenib also influences lipid
metabolism; for example, it can increase the level of erythropoietic acid (EETs) in the blood, and these
EETs, in turn, affect the efficacy of sorafenib. According to a study, simultaneous docosahexaenoic acid
supplements were recommended for HCC patients undergoing sorafenib treatment to augment their
19,20-erythropoietic acid levels, which can improve the therapeutic effect of sorafenib[59]. Sorafenib can
induce tumor cells to upregulate glycolysis during treatment, reducing efficacy. However, the glycolysis
upregulation can be inhibited by sodium butyrate (NaBu), a salt of FAs, which regulates the expression
of hexokinase 2 and improve the therapeutic effect of sorafenib[60].

In addition to the efficacy as discussed above, lipid metabolism is also closely related to the adverse
reactions caused by sorafenib is also related to lipid metabolism. For example, sorafenib-related adverse
reactions like the hand-foot skin reaction are significantly related to the low levels of FAA and acylcar-
nitine in the plasma[61]. Further, patients with significant adverse reactions to sorafenib had higher
levels of SREBP-1 in their tumors. The reactions to sorafenib were improved by using Betulin, the
inhibitor of SREBP-1, and the curative effect of sorafenib was improved[62].

Lenvatinib significantly affects the metabolism of FAs when treating diseases. The metalloenzyme
carbonic anhydrase (CA) is involved in FA biosynthesis and other metabolic processes. It is reported
that lenvatinib has the potential to inhibit CA, which can be used to treat obesity[63]. Inhibition of
aberrant lipid metabolism may be another potential mechanism of lenvatinib treatment. The efficacy of
TVB3664, another FASN inhibitor is limited as a single drug, but it significantly improves the efficacy of
cabozantinib and sorafenib in HCC treatment[18]. Tumor necrosis factor-a- induced protein 8
(TNFAIPS) is another molecule related to the metabolism of FAs. When the level of TNFAIPS increases,
it blocks the apoptosis of HCC cells to increase the tumor survival rate and increase the drug resistance
of HCC to regorafenib and sorafenib[64].

The combination of atezolizumab and bevacizumab is a first-line clinical treatment for advanced
HCC, and its efficacy in treating the unresectable tumor is better than sorafenib[65]. Bevacizumab is a
targeted therapy drug that inhibits tumor angiogenesis by regulating vascular endothelial growth factor
(VEGEF). Studies have shown that the hypoxic environment induced by bevacizumab upregulates FA
uptake and transport-related genes such as FABP, thereby promoting the accumulation of lipid droplets
in TME, which promotes the survival of tumor cells. When lipid droplet accumulation is blocked by
inhibiting FABP, the tumor growth rate decreases significantly[66]. In addition, Pan et al[67] found that
FABP5 plays an essential role in the angiogenesis of HCC, and its mechanism is closely related to the
activation of VEGF-related pathways. Regulation of lipid metabolism may improve the efficacy of anti-
angiogenesis drugs such as bevacizumab[67].

Impacts of cholesterol metabolism on targeted therapy

Research has documented that cholesterol metabolism also impacts the targeted treatment of HCC.
Simvastatin is a commonly used drug to reduce cholesterol, which itself has the effect of inhibiting
tumor growth[68]. A report showed that simvastatin, in combination with sorafenib, significantly
increases the sensitivity of HCC to sorafenib[69]. Another study showed that HCC resistance to
sorafenib could be significantly addressed by cholesterol-modified agomiR-30a-5p (a miR-30a-5p
mimic)[70]. The role of high levels of p90 Ribosomal S6 kinase 2 (RSK2) in promoting tumor invasion
and metastasis is known. HCC is closely associated with RSK2 mutations, which activate the MAPK
pathway to enhance cholesterol biosynthesis and improve tumor sensitivity to sorafenib[71]. Steroid-
ogenic acute regulatory protein-related lipid transfer domain containing 4 (STARD4) is a key molecule
mediating cholesterol transport, which promotes tumor cell proliferation and weakens the response of
HCC to sorafenib. SREBP2 upregulates the expression level of STARD4. Knockdown of STARD4 or
SREBP2 could increase the drug sensitivity of sorafenib-resistant HCC models to sorafenib[72].

Further, maprotiline, a noradrenergic reuptake blocker, could significantly reduce the phosp-
horylation level of SREBP2 through the ERK signaling pathway and decrease cholesterol biosynthesis.
Hence, when combined, maprotiline increases the sensitivity of HCC to sorafenib[73]. Emodin, an active
component of natural herbs, documented a significant sensitization effect on HCC treatment with
sorafenib. The specific mechanism of emodin was also related to the inhibition of SREBP2 activity to
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inhibit cholesterol synthesis and carcinogenic signal transduction[74]. The SREBP-cleaning activating
protein (SCAP) can sense and regulate the intracellular cholesterol level[75]. Abnormal expression of
SCAP will cause serum hypercholesterolemia[76], which mediates the drug resistance of the tumor to
sorafenib. Hence, the therapeutic effect of sorafenib would be improved when combined with a SCAP
inhibitor, lycorine[77]. The regulation of intracellular cholesterol levels also entails the vital functioning
of Niemann Pick type C2 (NPC2), a type of secretory glycoprotein. Down-regulation of NPC2 leads to
the accumulation of intracellular free cholesterol that activates the MAPK/AKT signal pathway to then
reduce the efficacy of sorafenib on HCC. On the contrary, NPC2 overexpression would induce a
stronger cytotoxicity effect of sorafenib. Sorafenib also increases NPC2 and free cholesterol levels by
blocking the Raf signaling pathway[78]. Previous studies have reported lowering serum cholesterol
levels during the treatment of HCC with sorafenib[79]. Using agonists of the LXR, T0901317 can
improve the performance of sorafenib in HCC cells by adjusting the cholesterol efflux[80]. High-density
lipoprotein binding protein (HDLBP) is a transfer protein that can avoid the excessive accumulation of
intracellular cholesterol. Generally speaking, HDLBP is expected to improve the prognosis of HCC.
However, the results are the opposite, as HDLBP could stabilize RAF1, which activates the MAPK
signaling pathway to promote HCC progression and drug resistance to sorafenib[81].

In addition to directly impacting the efficacy of sorafenib, cholesterol can be used as a drug carrier.
For instance, a study showed that the lipopolymers formed by polyethylene and cholesterol could be
used to deliver sorafenib and other insoluble drugs[82]. Abnormal cholesterol metabolism is also linked
to drug resistance to lenvatinib. Such aberrant metabolism often changes the activity of lipid rafts on the
cell surface to influence the activity of ATP-binding cassette transporter B1 and subsequently impact
lenvatinib drug resistance by enhancing exocytosis[83]. Caspase-3 can regulate the cleavage of SREBP2
to promote the synthesis of cholesterol and subsequently activate the sonic hedgehog signaling pathway
to increase the drug resistance of HCC to lenvatinib[84]. Not only does cholesterol play a role in
activating this signaling pathway, but so does its metabolite, 25-OHC[85].

Impacts of other aspects of lipid metabolism on targeted therapy
A study showed that small lipid nanoparticles (usLNPs) composed of several phospholipids and a
highly-selective targeting peptide could efficiently deliver sorafenib to HCC in mice[86]. HCC tumori-
genesis and its drug resistance have a close correlation with Sphingolipid metabolism. Sphingomyelin
synthasel (SMS1) was reported to be significantly upregulated in HCC after sorafenib treatment. This
SMS1 upregulation reduces the cytotoxicity of sorafenib; hence, SMS1 inhibitor D609 significantly
improves the therapeutic effect of sorafenib by lowering Ras activity[87]. Sphingosine kinase 2 (SK2)
forms pro-survival sphingosine 1-phosphate (S1P). A study showed that the efficacy of sorafenib could
be augmented when used with the SK2 inhibitor ABC294640[88]. Bavituximab, which targets
phosphatidylserine, inhibits tumor growth by blocking tumor angiogenesis and activating antitumor
immunity. The therapeutic effect of a combination of bavituximab with sorafenib was found to be
significantly better than that of sorafenib alone[89]. It has been reported that the level of phosp-
hatidylcholine in tumors changes significantly with the increase in drug resistance of tumor cells to
sorafenib. This is suggestive of the potential of phosphatidylcholine to be used as a biomarker in
sorafenib-resistant HCC[90]. Mitochondria can control the apoptosis of HCC cells by regulating
cardiolipin (CL) oxidation. CL and its metabolites significantly increase when sorafenib is used for HCC
therapy. A novel study showed the potential of combining mitochondrial CL oxidation control with
targeted therapy as worth exploring for HCC treatment[91]. Sphingosine-1-phosphate receptor 1
(S1PR1) has high expression in HCC and promotes angiogenesis by down-regulating the ceramide level.
As the expression of SIPR1 was shown to be lowered when lenvatinib was used to treat patients with
advanced HCC, S1PR1 may have a close correlation with the antiangiogenic effect of lenvatinib[92].
Lipid metabolism is closely associated with targeted therapy (Table 1). On the one hand, altered lipid
profiles and metabolism significantly impact the efficacy of current targeted therapies. On the other
hand, long-term exposure to targeted therapy drugs such as sorafenib may also change the expression
level of lipid metabolism related genes. Further, many molecules associated with lipid metabolism have
the potential to become therapeutic targets.

IMPACTS OF LIPID METABOLISM ON HCC IMMUNOTHERAPY

Impacts of fatty acid metabolism on HCC immunotherapy

In TME, molecules related to FA metabolism and their metabolites change the state of tumor immune
responses. For instance, CCDC25, which regulates FA metabolism as described above, affects HCC
sensitivity to targeted therapy, the infiltration of immune cells, and the expression level of immune
checkpoints. A study showed that CCDC25 is positively correlated with the infiltration of CD8'T cells,
macrophages, and dendritic cells, while negatively correlated with regulatory T cells (Treg) infiltration
and the expression level of immune checkpoints such as PDCD1, CTLA4, and TIGIT. CCDC25 also
blocked the immune escape of tumors by upregulating tumor killer cells, downregulating immunosup-
pressive cells, and inhibiting immune checkpoints[58].
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Table 1 Impacts of lipid metabolism related reagents on the treatment of hepatocellular carcinoma

Type of lipid
metabolism

Reagents

Specific impact

Ref.

Targeted therapy Fatty acid

Cholesterol

Other lipid metabolism

Immunotherapy Fatty acid

Cholesterol

SSI-4

Orlistat

Brusatol

Auranofin

Etomoxir

DHA

Sodium butyrate (NaBu)

Betulin

TVB3664

Simvastatin

Maprotiline

Emodin

Lycorine

T0901317

Caspase-3

D609

ABC294640

Bavituximab

Perhexiline

Fenofibrate

Avasimibe

Simvastatin

Blocking SCD1, then enhancing the efficacy of
sorafenib by regulating endoplasmic reticulum
stress

Improving sorafenib resistance by inhibiting
FASN

Inhibiting NRF2, then improving the efficacy of
sorafenib by improving lipid metabolism
disorder and promoting redox homeostasis

Inhibiting TXNRD1, then improving the efficacy
of sorafenib by improving lipid metabolism
disorder and promoting redox homeostasis

Enhancing the efficacy of sorafenib by inhibiting
mitochondrial fatty acid oxidation

Enhancing the efficacy of sorafenib by improving
19,20-erythropoietic acid (19,20-EDP) level

Improving the curative effect of sorafenib by
regulating the expression of hexokinase 2

Alleviating the adverse reaction of sorafenib and
improving its efficacy by blocking SREBP-1

Enhancing the efficacy of cabozantinib and
sorafenib by inhibiting FASN

Enhancing the efficacy of sorafenib by inhibiting
cholesterol synthesis

Enhancing the efficacy of sorafenib by inhibiting
cholesterol synthesis through reducing the
phosphorylation level of SREBP2

Enhancing the efficacy of sorafenib by inhibiting
cholesterol synthesis through inhibiting SREBP2

Lowering the level of intracellular cholesterol by
inhibiting SCAP, then enhancing the efficacy of
sorafenib

Regulating cholesterol efflux by activating LXR,
then enhancing the efficacy of sorafenib

Improve the drug resistance of HCC to
lenvatinib by promoting the synthesis of
cholesterol

Inhibiting SMS1, and then enhancing sorafenib
efficacy by lowering Ras activity

Reducing the formation of S1P by inhibiting SK2,
then enhancing the efficacy of sorafenib

Enhancing the efficacy of sorafenib targeting
tumor angiogenesis and reactivating antitumor
immunity

Prolonging the survival of CD4+ T cell through
inhibiting CPT

Improving the efficacy of cancer vaccine through
activating PPARa in other tumors (worth
exploring in HCC)

Enhancing the function of CD8+T cells by
inhibiting ACAT]I, thereby improving the
therapeutic effect of PD-1 inhibitors (worth
exploring in HCC)

Its combination with PD-L1 antibody effectively
inhibits the proliferation of HCC

[49]

[51]

[54]

[54]

[55]

[59]

[60]

[62]

[18]

[68-69]

[73]

[74]

[76-77]

[80]

[84]

(871

[88]

[89]

[103]

[104]

[107]

[111]
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CPT: Carnitine palmitoyl transfer; FASN: Fatty acid synthase; LXRa: Liver X receptor a; PD-L1: Programmed death-ligand 1; PD-1: Programmed cell death
protein 1; PPARo: Peroxisome proliferator-activated receptor o; NRF2: Nuclear factor E2 related factor 2; TXNRD1: Thioredoxin reductase 1; SCAP: The
SREBP cleaning activating protein; SCD1: Stearoyl-CoA desaturase 1; SK2: Sphingosine kinase 2; SMS1: Sphingomyelin synthasel; SREBP: Sterol-

regulatory element binding protein; S1: Sphingosine 1-phosphate; HCC: Hepatocellular carcinoma; DHA: Docosahexaenoic acid.
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It was reported that the FASN inhibitor TVB3664 could improve the therapeutic effect of cabozantinib
and sorafenib; however, its combination with PD-L1 treatment could not effectively inhibit the growth
of HCC. This may be due to the specific immunosuppression of HCC[18]. As mentioned above, the
combination of atezolizumab and bevacizumab is commonly used in HCC patients, and lipid
metabolism impacts the efficacy of bevacizumab. Atezolizumab is a kind of ICIs, which reverses the
immunosuppression of T cells by targeting PD-L1 to prevent its interaction with PD-1[93]. Liu et al[94]
found that the expression of FABP5 on tumor-derived monocytes is negatively related to the prognosis
of HCC patients because it activates the expression of PD-L1 on Treg cells through the JNK-STAT3
pathway, thereby inhibiting tumor immunity[94]. Studies have shown that the use of atezolizumab plus
bevacizumab in HCC patients with hepatic steatosis has an excellent therapeutic effect, which is related
to the upregulation of PD-L1 induced by high palmitic acid levels[95]. FAO is also the primary pathway
by which Treg and M2 macrophages obtain energy, making it an aspect that can enhance the
immunosuppressive function of Treg[96,97]. Short-chain fatty acids (SCFAs) can enhance the function of
Treg and impair the functions of CD8'T cells. The CD8'T cells/ Treg ratio could predict the therapeutic
effect of PD-1 inhibitor immunotherapy. It can be inferred that SCFAs can impact the therapeutic effect
of PD-1 inhibitors, such as pembrolizumab[98,99]. High levels of FAs also alter the distribution of FAs in
tumors. Specifically, the uptake of FAs by cancer cells increases their uptake of FAs while CD8'T cells
have no increasing uptake. In addition, the expression of PD-1 on CD8'T cells was significantly reduced,
which affects the function of CD8'T cells in TME. Hence, metabolic reprogramming by blocking FA
related genes can significantly improve antitumor immunity[100]. For instance, Zhu et al[101] used the
TCGA database to assess differential expression genes related to FA metabolism. They built a risk
prediction model, which could predict not only patient prognosis, but also the therapeutic effect of anti-
PD-1 immunotherapy. When patients’ risk score was lower in this model, the efficacy of anti-PD-1
immunotherapy was found to be better[101]. Cheng et al[102] described two new HCC cell lines. On the
one hand, these two cell lines have different lipid metabolism. On the other hand, they have different
responses to the immune system. This research result provides a new practical tool for studying the
correlation between lipid metabolism and immunotherapy in HCC[102]. The upregulation of the PPARa
-mediated CPT gene could promote the apoptosis of CD4'T cells by influencing FAO. The use of the
CPT inhibitor, perhexiline, significantly prolonged the survival of CD4'T and inhibited HCC. Therefore,
targeting the CPT family may emerge as a new approach for the immunotherapy of HCC[103].
Interestingly, using fenofibrate, an agonist of PPARa, could improve the efficacy of a cancer vaccine in
treating tumors, as it increased the metabolism of FAs and reduced the use of glucose in tumors. This
accumulated glucose could provide energy for inducing the generation of CD8'T cells by the vaccine.
However, this interesting result has not yet been reported in any HCC cell line making this line of
research worthy of future exploration[104].

Impacts of cholesterol metabolism on immunotherapy

Antitumor immunity mainly depends on cell-mediated immunity that mainly involves T-cell functions.
The cellular signal transduction and functions of T cells depend on their membrane lipid structure[105].
Cholesterol is the critical component of membrane lipids with an involvement in the formation of vital
T-cell immune synapses and the functions of the T cell receptor[106]. While the cholesterol biosynthesis
or its uptake by T cells can enhance their antitumor functions, the upregulation of oxysterols in TME can
significantly inhibit the function of T cells through the LXR[22]. Further, combining immunotherapies
with cholesterol-esterification inhibitors is a prospective therapeutic strategy. Bioenergy utilization of
CD8'T cells was optimized by avasimibe, by inhibiting the cholesterol esterase of T cells from enhancing
their effector functions and promoting their proliferation. A study showed that the combination of
avasimibe and PD-1 inhibitor documented better efficacy than individual drug use[107]. Furthermore,
avasimibe, in combination with a tumor vaccine, had an excellent therapeutic effect on other tumors
[108]. Also, avasimibe can be used to optimize the adoptive cell therapies for tumors or hepatitis B virus.
For example, combining avasimibe with chimeric antigen receptor-T cell therapy showed better curative
efficacy[107,109]. These results make similar research also worth exploring for HCC. Statins have the
effect of improving metabolism and are promising anticancer agents. Therefore, combining statins and
immunotherapy, such as PD-1 inhibitors, may have surprising therapeutic effects, especially for HCC
[110]. Previous research has shown that statins play a significant role in remodeling the immune
microenvironment of HCC. For instance, simvastatin can inhibit the capillarization of liver sinusoidal
endothelial cells to degrade the matrix environment and inhibit tumor progression by recruiting natural
killer T cells. According to a recent study, simvastatin and PD-L1 antibody combination demonstrated a
considerable therapeutic effect in HCC[111].
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To summarize, the aberrant lipid metabolism of HCC provides energy for tumor growth, and
regulates different immune cells to change their functional status, thus jointly affecting the progression
of the tumor. Targeting HCC lipid metabolism to enhance tumor immunotherapy is a promising
anticancer strategy (Table 1).

CONCLUSION

HCC has a high incidence rate and poor prognosis, making it a substantial medical burden globally. The
search for efficient treatment strategies is ongoing. Researchers should focus their efforts on developing
treatments targeting HCC's metabolic pathways. This is because many studies have shown significantly
reprogrammed lipid metabolism in HCC cells compared with normal cells. Such metabolic
abnormalities are related to the aberrant activation of key enzymes or related pathways of lipid
metabolism. Drugs targeting several essential molecules involved in lipid metabolism have been widely
studied for further treatment in HCC and have demonstrated promising therapeutic impacts. Sorafenib
and lenvatinib are tyrosine kinase inhibitors widely studied and applied to clinical use. While their
combination with ICIs such as PD-1 inhibitors has shown better therapeutic effects, it has not yet
demonstrated satisfactory results[112]. Whether it is lipid metabolism, cholesterol metabolism or other
lipid metabolism types, all these influence the efficacy of targeted therapy or immunotherapy for HCC;
for example, blocking PPAR signal pathway-related molecules could improve the therapeutic effect of
sorafenib[48], improving immune cell profiles and inhibiting HCC[103]. It will hence be an effective
therapeutic approach to combine biological therapies targeting lipid metabolism with the existing
targeted therapy and immunotherapy for HCC.
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