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Abstract

With the rising incidence of metabolic dysfunction-associated steatotic liver
disease (MASLD), it has become a significant risk factor for hepatocellular
carcinoma (HCC). This review focuses on the roles of lipid metabolism
aberrations and reprogramming in HCC development. We begin with a brief
overview of the relevant lipids to HCC, including fatty acyls, glycerolipids,
glycerophospholipids and sterol lipids, and discuss particularly how the
associated lipid metabolism and its reprogramming promotes
chemoresistance in HCC. We then explore the heterogeneity in lipid
distribution and metabolism across different stages of HCC development. This
includes intra-tissue spatial heterogeneity across histological structure and
zonated regions in the liver, and interpatient tumor heterogeneity at various
degrees of resolutions, from single cell to bulk tissue levels. Next, we describe
the plasticity in lipid metabolism in MASLD and HCC. With the advent of
immunotherapy for HCC, we also examine the relationship between lipid
metabolism and anti-tumor immunity in HCC. Finally, we address the
challenges and future perspectives of targeting lipid metabolism and tumor
immunity as a dual approach to improve HCC treatment.

Keywords: Lipid metabolism; tumor immunity; hepatocellular carcinoma;
heterogeneity; chemoresistance.
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1. Introduction

Hepatocellular carcinoma (HCC) is a prevalent malignancy worldwide, with high
incidence rates in Asia due to hepatitis virus infection [1]. Recently, the
incidence of metabolic dysfunction-associated steatotic liver disease (MASLD)
is rising globally and it has become a significant risk factor for HCC [1,2]. Lipid
metabolism has garnered increasing attention because lipids are crucial
components of cellular membranes and serve as energy storage, which is
essential for rapidly proliferating cancer cells. Lipid conjugation to proteins
enables these proteins to anchor to the cell membrane lipid bilayer [3],
influencing membrane fluidity and modulating signal transduction, thereby
regulating various cellular properties and functions [4,5].

As the liver plays a critical role in lipid metabolism, including lipid synthesis,
storage, and breakdown to maintain lipid homeostasis [6], understanding the
relationship between lipid metabolism and HCC development has become a
major research focus. Studies have shown that HCC cells reprogram fatty acid
metabolism through epigenetic and transcriptional regulation [7,8] , allowing
them to use lipids as an energy source under nutrient-deprived conditions. This
metabolic reprogramming demonstrates the plasticity of cancer cells - the
ability to acquire phenotypes of other cell types in a reversible manner [9],
including metabolic plasticity, trans-differentiation, dedifferentiation, and
epithelial-mesenchymal transition (EMT) [9].

Ongoing research aims to identify lipid metabolism-related gene markers for
prognosis and therapeutic targets in HCC [10]. With advancements in
immunotherapy in HCC, exploring how targeting lipid metabolism can be
integrated with immunotherapy presents an intriguing area for developing
future therapeutic strategies. A comprehensive understanding of lipid
metabolism reprogramming in HCC, particularly in relation to chemoresistance,
heterogeneity, plasticity and anti-tumor immunity, is essential.

In this review, we will first describe general lipid metabolism in HCC, followed
by discussions on reprogramming, chemoresistance, heterogeneity and
plasticity issues related to lipid metabolism in HCC. We will also examine how
lipids or lipid metabolism impact cellular plasticity in HCC. After a brief
introduction to tumor immunity, we will elaborate on the relationship between
lipid metabolism and anti-tumor immunity in HCC. Finally, we will address the
challenges and future perspectives of targeting lipid metabolism and tumor
immunity as a dual approach to improve HCC treatment.

2. Lipid Metabolism Reprogramming in Chemoresistance,
Heterogeneity and Plasticity in HCC

2.1 HCC-relevant lipids: biogenesis, origin and functions

Lipids are a diverse group of hydrophobic metabolites essential for various
cellular functions. According to the LIPID metabolites and pathways strategy
consortium [11], lipids can be categorized into eight groups. In this review, we
focus on the lipid categories most extensively studied and reported in the
context of HCC: fatty acyls, glycerolipids, glycerophospholipids and sterol lipids.
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2.1.1 Fatty acids

Fatty acids (FAs) in the liver are derived from either de novo lipogenesis (DNL)
or uptake of plasma non-esterified fatty acids (NEFAs) [12]. In DNL, acetyl-CoA
carboxylase (ACC) synthesizes acyl-CoA, which is then extended by fatty acid
synthase (FASN) [12] (Figure 1). This process is followed by desaturation and
elongation by stearoyl-CoA desaturases (SCDs) and very-long-chain fatty acid
elongases (ELOVLs) [13]. Plasma NEFAs are transported into hepatocytes via
CD36, SLC27, other membrane FA-binding proteins (FABPs), or simple diffusion
[12]. Once inside the mitochondria, FAs are transported through a carnitine-
dependent system involving carnitine palmitoyltransferases (CPT1 and CPT2)
and SLC25A20. There, they are activated and oxidized for ATP synthesis,
generating acetyl-CoA [12,14]. Additionally, FAs serve as building blocks for lipid
mediators like eicosanoids [11] or binds to transcription factors to drive
regulatory and inflammatory signaling [15].
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Figure 1. Summary diagram for de novo lipogenesis pathway. Fatty acids are
synthesized from acetate and citrate through a series of intermediates, with various
metabolic enzymes catalyzing each step in the lipogenesis pathway. ACSS2, acyl-CoA
synthetase short chain family member 2; ACLY, ATP citrate lyase; ACC, acetyl-CoA
carboxylase; FASN, fatty acid synthase; ELOVLs, very-long-chain fatty acid elongases;
SCDs, stearoyl-CoA desaturases. Figure was created by BioRender.com.

2.1.2 Glycerolipids

Glycerolipids, which include tri-, di-, and mono-acylglycerols (TAGs, DAGs and
MAGs), contain FAs esterified to a glycerol backbone [11]. Their synthesis
(Figure 2) involves key enzymes such as glycerol-3-phosphate acyltransferases
(GPATs), acylglycerol-3-phosphate  acyltransferases  (AGPATs), DAG-
acyltransferase (DGATs), and lipins [16,17]. MAGs regenerate TAG through the
monoacylglycerol acyltransferase (MGAT) pathway [18]. TAGs are then
packaged with cholesteryl esters into lipid droplets (LDs) for intracellular
storage and mobilization [19]. At sites of demand, TAGs can be hydrolyzed by
lipases (e.g. adipocyte triglyceride lipase (ATGL), MAG lipase (MAGL)) or
consumed via lipophagy [20]. LD surface proteins (e.g. perilipins [PLINs]) and
carboxylesterase 1 and 2 (CES1/2) further regulate LD mobilization [20] and
TAG hydrolysis [21].
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Hence, TAGs function as energy storage and homeostasis, providing a critical
source of FAs during energy deprivation. They also sequester PUFAs and toxic
saturated FAs to prevent oxidative stresses, ferroptosis and lipotoxicity [22-26].
DAGs, as the intermediates in glycerolipid metabolism, serve as precursors for
glycerophospholipids (discussed below). Lastly, DAGs and PAs are also
secondary messengers to affect multiple cellular functions [27-29].
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Figure 2. Summary diagram for glycerolipids and glycerophospholipids synthesis. Glycerol-3-phosphate (G3P) serves
as the precursor of glycerolipids and glycerophospholipids. G3P is first converted to phosphatidic acid (PA) through the
sequential addition of acyl-CoA molecules by the enzymes GPATs and AGPATs. PA then serves as a key intermediate for
the synthesis of various glycerolipids (shaded in purple) and glycerophospholipids (shaded in blue). GPAT, glycerol-3-
phosphate acyltransferase; AGPAT, acylglycerol-3-phosphate acyltransferase; MGAT, monoacylglycerol acyltransferase;
DGAT, diacylglycerol-acyltransferase; CDP, Cytidine diphosphate. Figure was created by BioRender.com.
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2.1.3 Glycerophospholipids

Glycerophospholipids (GPs), which are synthesized from DAG or CDP-DAG
(Figure 2), are essential components of cellular membranes [11,30]. The acyl
chains in GPs can be further modified by exchanging them with FAs of different
lengths and degrees of saturation through Lands’ cycle. This process results in
changes to membrane fluidity and stiffness, thereby influencing various
biological processes [31]. Additionally, phosphatidylinositol (PtdIns), plays a
role in intracellular calcium homeostasis and signaling by being hydrolyzed by
phospholipase to generate inositol-1,4,5-trisphosphate [29].

2.1.4 Sterol lipids

Sterols, including cholesterol and its derivatives, are obtained from both
exogenous (dietary) source and endogenous biogenesis [11]. Hepatocytes absorb
dietary cholesterol from chylomicron remnants [32], while de novo cholesterol
synthesis occurs in the liver from acetyl-CoA via the mevalonate pathway, with
acetyl-CoA as the precursor (Figure 3). Key rate-limiting enzymes in this pathway
include HMG-CoA reductase (HMGCR) and squalene epoxidase (SQLE) [33,34].
Cholesterol is esterified with FAs by sterol O-acyltransferases (SOATs) and stored
in LDs along with TAGs [33]. Free cholesterol is transported out of cells by ATP
binding cassette transporters (e.g. ABCA1, ABCG1) to form high- and very low-
density lipoprotein (HDL and VLDL) [33]. Cholesterol also serves as a precursor for
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steroid hormones and bile acids [11]. Additionally, the incorporation of cholesterol
into cellular membranes decreases membrane fluidity, which affects lipid raft
formation and regulates certain membrane proteins, ligands and receptors,
thereby modulating cellular communications [35,36].
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Figure 3. Summary diagram for de novo cholesterol synthesis via mevalonate
pathway. Squalene, produced from two acetyl-CoA molecules through a series of
enzymatic conversions, is used in cholesterol synthesis. P, phosphate; PP,
pyrophosphate. Red-highlighted are key rate-limiting enzymes. Figure was created by
BioRender.com.

2.2 Reprogramming of lipid metabolism in HCC

Extensive studies on lipid metabolism in HCC have been reviewed in multiple
articles [3,34,37-40]. Here, we briefly summarize the reprogramming of FAs,
cholesterol, TAGs and LD and GP metabolism (Figure 4).
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Figure 4. Summary for lipid metabolic reprogramming in HCC. Lipid metabolic
reprogramming in HCC is categorized into four main aspects based on the types of lipid
metabolites: fatty acids, cholesterol, triacylglycerols and lipid droplets, and
glycerophospholipids. Each category is elaborated in the respective sections. Figure was
created by BioRender.com.

2.2.1 Reprogramming of fatty acid metabolism in HCC

Multiomics analysis has indicated FA accumulation in HCC [39,41], which can be
attributed to changes in FA uptake, DNL and fatty acid oxidation (FAO). For
instance, CD36, which facilitates FA uptake, is upregulated in HCC and supports
tumor initiation and EMT and metastasis [39,41]. Additionally, SLC27A4
selectively absorbs monounsaturated FA (MUFAs) to resist sorafenib-induced
ferroptosis in HCC [42].

Key enzymes involved in DNL, such as ATP citrate lyase (ACLY), ACC, and FASN
are upregulated in HCC and have been shown to support tumor stemness,
growth and metastasis in vitro and in vivo [37,41]. Stearoyl-CoA desaturase 1
(SCD1), which facilitates FA desaturation, is also activated in HCC and is
enhanced by matrix stiffness during liver cirrhosis to promote metastasis by
reducing membrane fluidity [39,43]. SREBPs, the master regulators of DNL, are
influenced by c-Myc and PI3K/Akt/mTOR signaling, which are frequently
activated in HCC. Crosstalk with glutamine metabolism also supports
lipogenesis via SREBPs, promoting tumor formation and progression [44,45].

The role of FAO in HCC, however, remains controversial. For example, CPT1/2
and SLC25A20 are downregulated in HCC, inhibiting long-chain FA oxidation
[37,41]. Hypoxic condition can also inhibit FAO via HIF-1a suppression on
medium- and long-chain acyl-CoA dehydrogenase (MCAD and LCAD)
expression [37], suggesting an inhibitory role of FAO in HCC. Conversely, some
studies suggest FAO promotes tumor growth; nutrient deprivation-induced
mitochondrial translocation of CPT1A and (-catenin-enhanced expression of
PPARa, CPT2, MCAD, and LCAD promote FAO in HCC [37]. Moreover, acyl-CoA
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synthetase long chain family member 4, which oxidizes long-chain FA released
from membrane GPs and supports ferroptosis, paradoxically promotes HCC
proliferation [46]. Thus, the role of FAO in HCC is likely context dependent.

2.2.2 Cholesterol biogenesis is enhanced in HCC

Cholesterol de novo synthesis is often enhanced in HCC and is suggested to
promote tumor growth. HMGCR, a key enzyme in this pathway, is upregulated
in HCC, and statins, which inhibit HMGCR, have been shown to reduce liver
cancer risk [41]. Additionally, knockout of miR-148a, which normally inhibits
HMGCR expression, increases cholesterol synthesis and enhances
diethylnitrosamine (DEN)-induced tumorigenesis in mice, further supporting a
positive role of cholesterol in tumor promotion [47]. Upregulation of SQLE and
sterol O-acyltransferase 1 (SOAT1) is associated with worse prognosis and
functionally supports tumor growth, EMT, and metastasis in HCC [41,48].
Interestingly, exogenous cholesterol uptake may have opposite effects. Low
levels of plasma cholesterol, particularly HDL, correlate with worse survival and
more aggressive clinical features [49-51]. Cholesterol treatment has been
shown to reduce HCC proliferation and metastasis by inhibiting sterol
regulatory element-binding protein cleavage-activating protein, thereby
reducing de novo lipogenesis (DNL) [52]. This underscores the coordination
between DNL and cholesterol synthesis, further exemplified by hypoxia-
induced activation of the SREBP1-ACLY axis to promote cholesterol
accumulation in HCC [40].

2.2.3 Triacylglycerol and lipid droplet metabolism in HCC

TAG synthesis has been suggested to have tumor-suppressive effects. DGAT2,
which catalyzes the final step in TAG synthesis, is downregulated in clinical HCC
samples and has been shown to block the G1-S transition, thereby reducing
HCC proliferation [53]. Conversely, DGAT1 deficiency has been found to
enhance stem-cell properties, promote proliferation, and induce EMT in HCC
cell lines [53].

The role of TAG utilization from LDs and its regulation by LD surface proteins
remain unclear. In non-alcoholic fatty liver disease (NAFLD) (now named
MALSD)-HCC, PLIN3 promotes cancer metastasis, while PLIN5S binds to ATGL to
inhibit lipolysis, promoting steatosis and driving MASLD-HCC formation [54-56].
Supporting the hypothesis that lipid utilization is tumor-promoting during
nutrient deficiency, glucose starvation leads to phosphorylation of the
glycolytic enzyme phosphofructokinase of the liver type, repurposing it as a
protein kinase to facilitate LD mitochondrial tethering and downstream
utilization through PLIN2-CPT1A interaction [57].

In line with this, ATGL has been shown to promote tumor proliferation in HCC
by providing metabolic products such as DAGs and NEFAs [58,59], while also
reducing intracellular triglycerides and promoting resistance to lipotoxicity [60].
Moreover, MAGL, another lipase involved in the hydrolysis of glycerolipids in
LDs, exerts a tumor-promoting effect through downstream metabolites
prostaglandin E2 and lysophosphatidic acid (LPA) [61]. However, opposing
findings on ATGL suggest a context-dependent role of lipolysis in HCC.
Overexpression of ATGL has been shown to induce a metabolic switch from
glycolysis to oxidative metabolism in mitochondria, suppressing tumor
proliferation in specific HCC and hepatoma cell lines [62].
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2.2.4 Glycerophospholipid (GP) metabolism reprogramming in HCC

As GPs are major components of cell membranes, their amount and
composition can influence tumor plasma membrane properties, exerting either
tumor-promoting or tumor-suppressive effects depending on the context.
Lysophosphatidylcholine  acyltransferases  (LPCATs), which  convert
lysophosphatidylcholine (lyso-PtdCho) to phosphatidylcholine (PtdCho), are
upregulated in HCC [63]. This upregulation leads to an enrichment of PtdCho
with palmitoleic or oleic acid and a reduction of lyso-PtdCho with these fatty
acids. The accumulation of PtdCho supports tumor proliferation, migration,
and invasion [64]. However, another study using phospholipid isotope tracing
found reduced PtdCho levels in B-catenin-driven HCC [65]. LPCAT3, another
enzyme involved in GP remodeling, was found to suppress mitochondrial GP
saturation and subsequent autophagy, thereby inhibiting spontaneous and
diet-induced NASH/HCC tumor formation [66]. Therefore, the role of GP
modification in HCC progression remains unclear.

As previously mentioned, membrane phospholipids can also serve as sources
of fatty acids for the synthesis of lipid mediators. One notable example is
prostaglandin E2 (PGE2), which mediates inflammation and has been
extensively studied for its role in HCC, as reviewed by Chen et.al [67]. In brief,
cyclooxygenase-2 (COX2) is upregulated in HCC, and elevated PGE2 levels in the
bloodstream correlate with larger tumors and poorer survival outcomes for
HCC patients [67]. Mechanistically, autocrine and paracrine signaling through
prostaglandin E receptors (EPs) on HCC cells supports tumor cell survival,
growth, migration, and invasion [67].

2.3 Roles of lipid metabolism in affecting chemoresistance

Recent studies on HCC chemoresistance have identified several genes that also
regulate lipid metabolism, as summarized in Table 1. In oxaliplatin-resistant
HCC cells [39], proteins involved in lipid and energy metabolism were
upregulated, indicating active lipid metabolism in these chemo-resistant cells.
This was further supported by the increased expression of lipogenic genes (FAS,
ACC, ACLY) and decreased expression of lipolytic genes (MCAD, LCAD, CPT2),
leading to lipid accumulation in oxaliplatin-resistant HCC cells.

Chromatin immunoprecipitation (ChIP) sequencing data for the transcription
factor NANOG revealed an enrichment of lipid metabolism pathway-related
genes and the physical binding of NANOG to the ACLY promoter [68]. This
drives the expression of various genes related to fatty acid synthesis,
suggesting that NANOG may sensitize tumor growth towards the inhibitory
effects of sorafenib in HCC cells.

Recent research has explored the role of CES1 in HCC chemoresistance [69].
CES1, which facilitates TAG hydrolysis, was inhibited using WWL229, leading to
altered lipid profiles and impaired mitochondrial function in HCC cells. CES1
knockout or inhibition suppressed lipid hydrolysis, causing lipid droplet
accumulation and further impairing mitochondrial function [69]. There was a
significant positive correlation between CES1 and SCD proteins, and the
knockdown of PPARa or y abolished CES1's ability to restore SCD expression. As
SCD converts saturated fatty acids into MUFAs and PUFAs, CES1 inhibition or
knockout reduced SCD1 protein levels, altering the lipid profiles of HCC cells
[69]. CES1 inhibition also sensitized HCC cells to cisplatin, increasing apoptotic
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Table 1. Summary of genes o
metabolism in HCC.

Page 9 of 33

cell percentages compared to single drug treatments, and demonstrated a
synergistic effect in tumor growth suppression in vivo. This suggests that the
CES1-SCD axis links lipid profile alterations to HCC cell chemosensitivity.

In another study, downregulation of CPT2, a rate-limiting enzyme for FAO, was
associated with poor differentiation and venous invasion in HCC [70]. CPT2
knockdown in HepG2 cells enhanced proliferation, colony formation, migration,
and chemoresistance to cisplatin, supporting a tumor-suppressive role for CPT2
in HCC. CPT2 knockdown also promoted lipogenesis and enhanced SCD
expression, increasing levels of TAG, cholesterol, and phospholipids. This
suggests that CPT2 downregulation may promote hepatocarcinogenesis
through increased MUFA levels by SCD [71]. Further validation is needed through
rescue experiments using SCD suppression in CPT2-knockdown cells. In line with
this, another study found that SCD plays a positive role in HCC proliferation and
chemoresistance, with SCD being upregulated in HCC and associated with poorer
differentiation. Chemotherapy drugs like 5-FU and doxorubicin increased SCD
expression over time, and SCD knockdown or inhibition sensitized HCC cells to
these drugs in an SREBP1-dependent manner [72].
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Liver-specific knockout of the mRNA-binding protein tristetraprolin (TTP)
reduced tumor burden in DEN-treated mouse HCC models, suggesting an
oncogenic role for TTP in HCC [73]. Lipidomic profiling showed that TTP
knockout promoted MUFAs and abolished short-term DEN-induced PUFAs.
Overexpression of TTP sensitized HCC cells to doxorubicin and sorafenib,
highlighting the role of lipid profile changes in chemoresistance modulated by
TTP. These studies collectively suggest that reprogramming lipid metabolism
plays a significant role in the chemoresistance of HCC cells.

2.4 Heterogeneity and plasticity in lipid metabolism reprogramming in the
development of HCC

2.4.1 Heterogeneity of lipid distribution and metabolism in different stages of liver
tumor development

NAFLD or MASLD is closely linked to HCC, with a clear causal connection to HCC
of metabolic disorder etiology [74]. The progression to these types of HCC
typically involves a gradual transition from metabolic disorders and fatty liver
to severe manifestations such as cirrhosis and ultimately HCC. Various research
groups have studied the heterogeneity of lipid metabolism at different stages
of HCC development. Here, we discuss this progression from normal liver,
through NAFLD and cirrhosis, to HCC.

In normal liver, the spatial distribution of lipids has been examined using
desorption electrospray ionization-mass spectrometry imaging (DESI-MSI) at a
resolution of 50um x 50um on mouse liver tissues [75]. This study identified
statistically significant lipid distributions across liver zonation. Polyunsaturated
fatty acids (PUFAs) such as FA (18:2), FA (20:2), FA (20:3), arachidonic acid [FA
(20:4)], FA (22:4), and docosahexaenoic acid (DHA) [FA (22:6)], as well as certain
phospholipids containing these acids, were enriched in periportal hepatocytes.
Specific phosphatidylcholines (PtdCho) and phosphatidylinositols (PtdIns)
displayed distinct distributions across periportal, midzone, or pericentral
regions. While this study highlights intrahepatic lipidomic heterogeneity, its
resolution only demonstrates spatial heterogeneity across histologically
labeled structures and various zones of interest.

In contrast, another study used a DESI workflow on consecutive tissue sections
from multiple mouse and human liver tissues at single-cell resolution to
explore metabolic heterogeneity across liver zonation and functional units [76].
This study quantified the intensity of different metabolites and lipids down to
specific cell types labeled with cell type-specific markers. It found that different
cell types were enriched with distinct metabolites and lipids. The periportal
region was mainly associated with oxidative metabolism, while the pericentral
region was linked to detoxification, lipogenesis, glycolysis, fatty acid synthesis,
ketogenesis, and glycogen synthesis. Certain DAGs and FAs were specifically
zonated to pericentral zones. Additionally, there was a disparity in FA zonation
distribution between female and male liver tissues. Importantly, the study
revealed that morphological homogeneous hepatocytes could be metabolically
heterogeneous along the porto-central axis, clustering into distinct metabolic
subpopulations.

Another study by Yang et al. [77] investigated spatial metabolic and lipidomic
differentiation across different anatomical segments of the liver. Multiomic
analyses (proteomic, lipidomic, and metabolomic) on tissues from eight liver
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segments created a segmentation atlas. Proteomic data indicated that the left
lobe was primarily associated with energy metabolism, while the right lobe was
linked to small molecule metabolism, including processes for toxic substances.
Lipidomic data showed substantial differences between the left and right lobes,
with variations in lipid groups among the eight segments. Although this study
was not performed at single-cell resolution, it provided insights into the
metabolic work distribution across different liver lobes and segments,
integrating proteomic data to offer a comprehensive picture.

When metabolic disorders occur in the liver of patients who do not consume
alcohol, it can lead to NAFLD or MASLD. In this condition, the hepatic lipid
accumulation exposes hepatocytes to high concentrations of specific fatty acids,
causing lipotoxicity. A study using mass spectrometry imaging (MSI) on
manually annotated steatotic and non-steatotic regions of NAFLD tissues from
23 obese patients revealed spatial lipid distribution co-registered to histology
images, creating spatial lipid signatures [78]. The study found lipid composition
heterogeneity between steatotic and non-steatotic areas, identifying over 80
lipid species differentiating the two regions. Network enrichment analysis
pinpointed metabolic pathways: PtdIns and arachidonic acid metabolism were
linked to non-steatotic regions, while LDL and VLDL metabolism were
associated with steatotic regions. This spatial lipid profiling indicated a
metabolic transition from non-steatotic to steatotic status, highlighting the
comprehensiveness of spatial metabolomic and lipidomic analyses coupled
with protein network data to improve the understanding of NAFLD.

As NAFLD progresses, dead hepatocytes and the increasingly fibrotic hepatic
microenvironment lead to cirrhosis. The low number of viable liver cells in
cirrhotic tissues complicates metabolomics studies, explaining the limited
research on metabolic heterogeneity in cirrhosis. However, one study on acute
decompensation of cirrhosis found interpatient lipidomic heterogeneity [79].
Serum untargeted lipidomics in a cohort of 826 cirrhotic patients with acute
decompensation (646 with acute-on-chronic liver failure and 180 without), and
29 healthy controls, identified 223 annotated lipids. Sphingomyelins
distinguished decompensated and compensated cirrhosis, while cholesteryl
esters differentiated decompensated cirrhotic patients with and without acute-
on-chronic liver failure, revealing lipidomic heterogeneity in decompensated
cirrhotic patients.

Many more studies have investigated metabolic heterogeneity in HCC tissues
compared to cirrhotic tissues. For example, the Yang et al. study [77] performed
multiomic analyses on 39 HCC tissues, stratifying them into three subtypes (C1-
C3) based on their proteome. The C3 subtype had a higher abundance of lipids,
including oleic acid, palmitic acid, arachidonic acid, and linoleic acid,
demonstrating interpatient lipidomic heterogeneity potentially linked to
proteomic differences. However, this study did not explore the proteomic and
metabolomic/lipidomic relationship in depth, nor did it associate heterogeneity
with clinicopathologic features.

Another study conducted untargeted metabolomic and lipidomic analyses and
RNA-sequencing on nine pairs of HCC and corresponding non-tumorous liver
tissues, identifying 3508 annotated lipids [39]. It observed mild interpatient
heterogeneity in the lipidome and found enriched ceramide and reduced TAGs
and sphingosine in HCC compared to non-tumorous tissues. LPCAT1 was
identified as to be significantly upregulated in HCC and validated to play an
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oncogenic role via EGFR signaling activation. These studies, using various
technology platforms, have addressed lipid metabolism heterogeneity at
different stages of HCC development (Table 2).

Table 2. Summary of studies in the heterogeneity of lipid metabolism in liver and different developmental stages
of HCC of MASLD-etiology.

Stages of HCC Types of Technical Spatial .

Types of . . . Lipid annotated/
development A heterogeneity platform information? . Y Reference
R . samples studied i identified
investigated observed used (Resolution)

PUFAs, arachidonic
. Mouse liver Intrahepatic Yes (50 ym x 50 acids, phospholipids,
Normal liver ) ) DESI-MSI i R [75]
tissues heterogeneity pm pixel) phosphatidylinositol
lipids
Mouse and
Intrahepati Y ingl Il
Normal liver human liver ntrahepa Ic_ DESI es (single ce DAGs and FAs [76]
) heterogeneity level)
tissues
Human liver Intrahepatic Yes (across 8 Ceramide, cardiolipin,
Normal liver tissues hetero Zneit LC-MS/MS  different liver CoQ, DGDG, MGDG, [77]
genelty segments) PG, PS, SQDG, TG
Yes (20-50 pm
NAELD NAFLI? patient Intrahepatic. MSI pixels, steatotic . >80 lipids 78]
liver tissues heterogeneity and non-steatotic
regions)
223 lipids, includin
Serum of . P e g
cirrhotic patients Interpatient different specific
Cirrhosis P P i MSI No groups of lipids, [79]
(acute heterogeneity . )
) sphingomyelins,
decompensation)
cholesterol esters
Oleic acid, palmitic
Human HCC Interpatient
HCC ) P i LC-MS/MS  No acid, arachidonic acid, [77]
tissues heterogeneity ) L
linoleic acid, etc.
. 3508 lipids, including
Human HCC Interpatient
HCC ) P i LC-MS/MS  No ceramide, TAGs, [39]
tissues heterogeneity

sphingosine

CoQ, coenzyme Q; DAG, diacylglycerol; DESI, desorption electrospray ionization; DGDG, digalactosyl diacylglycerol; FA, fatty acid; LC-
MS/MS, liquid chromatography with tandem mass spectrometry; MGDG, monogalactosyl diacylglycerol; MSI, mass spectrometry imaging;
NAFLD, non-alcoholic fatty liver disease; PG, phosphatidylglycerol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acid; SQDG,
sulphoquinovosyl diacylglycerol; TG, triglyceride.

2.4.2 Plasticity in lipid metabolism in NAFLD/MASLD and HCC

To explore the plasticity and dynamic changes in response to metabolic
perturbation upon exposure to fatty acid in the development of NAFLD, Shih et
al. exposed HepGz2 cells to fatty acids *C16-palmitic acid and 3C16-palmitoleic
acids and performed lipidomic analyses. They found differential lipidome
between the exposures to the two fatty acids [80]. For palmitic acid-treated cells,
there was a shift in lipid metabolic pathways towards ceramide, palmitoyl
carnitine and LPA, to resolve the high concentrations of palmitic acid. For
palmitoleic acid-treated cells, there was mainly a shift of metabolic pathway for
generation of glycerolipids. This demonstrates the metabolic plasticity of the
cells when exposed to different fatty acids may lead to lipid overloading in the
heterogeneous development of NAFLD.

Beyond NAFLD, the plasticity of lipid metabolism in HCC cells has also been
studied. It was discovered that knocking down NANOG activated the expression
of multiple fatty acid synthesis genes (SCD1, FASN, and ACLY) [68]. Using gas
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chromatography/mass spectrometry (GC/MS) for lipid profiling, the ratio of
C18:1/C16:1 FAs increased upon NANOG knockdown [68]. This suggests that
NANOG inhibits fatty acid elongation or promotes fatty acid oxidation,
indicating that NANOG encourages the use of fatty acids as an alternative
energy source for cancer cell survival. Moreover, NANOG knockdown increased
the expression of cytochrome c oxidase subunit 6A (Cox6a2), an enzyme
supporting oxidative phosphorylation (OXPHOS), which facilitates the
conversion of AMP/ADP to ATP [68]. This indicates that NANOG promotes
metabolic reprogramming by enhancing fatty acid oxidation and inhibiting
OXPHOS, thereby shifting the energy source from glucose to lipids. This study
highlights how NANOG orchestrates cellular metabolic pathways to enable lipid
metabolic plasticity in HCC.

2.5 Roles of lipid metabolism in cellular plasticity

Plasticity refers to the flexibility and ability of a cell to switch between different
phenotypic states [9,81]. This includes processes such as (de)differentiation,
transitions between epithelial and mesenchymal states, and changes in
dependency on various metabolites [81]. In HCC, most studies have focused on
EMT plasticity, with less emphasis on differentiation and metabolic plasticity,
particularly in relation to lipids and lipid metabolism. In this section, we will
explore the roles of lipids in regulating these different types of cellular plasticity
in HCC.

2.5.1 Roles of lipid metabolism in EMT plasticity

Studies have demonstrated the roles of specific lipids and genes involved in
lipid metabolism in promoting EMT in HCC. For example, butyrate-containing
structured lipids (STLs) have been found to promote EMT in the rat "resistant
hepatocyte" HCC model [82]. This model involves initial genotoxic insult using
chemicals like DEN to induce pro-tumorigenic hepatocytes, followed by partial
hepatectomy as regenerative stimuli, and administration of mitochondria-
inhibitory reagents like 2-acetylaminofluorene (2-AAF) to selectively inhibit the
proliferation of non-initiated hepatocytes, favoring the growth of preneoplastic
foci and hyperplastic nodules, ultimately leading to HCC [83]. Using this model,
researchers found that butyrate-containing STL treatment suppressed the
expression of EMT markers SNAIL1 and vimentin, indicating EMT blockade [82].
This was associated with reduced expression of RACGAP1 and RAC1. Further in
vitro experiments showed that siRNA-mediated knockdown of RAC1 reduced
Snail1 and N-cadherin levels, implicating RAC1 signaling in the regulation of
EMT by butyrate-containing lipids in HCC [82].

In addition to specific lipid moieties, the overexpression of the intracellular lipid
transporter, high-density lipoprotein binding protein (HDLBP), induced by
cholesterol synthesis, promotes EMT marker expression by binding to and
stabilizing BRAF, driving HCC metastasis [84]. Another gene related to
cholesterol metabolism, SOAT1, which is overexpressed in HCC, increases lipid
droplet and cholesterol accumulation in HCC cells, promoting EMT [85].

Furthermore, serine/threonine-protein kinase 25 (STK25), which is upregulated
in HCC and positively correlated with lipid synthesis-related genes ACC1 and
ACLY, was found to promote EMT in HCC cells [86]. Knockdown of STK25
reduced lipid droplet formation, decreased lipid synthesis-related gene
expression, and altered EMT marker expression, including increased E-
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cadherin and decreased N-cadherin, vimentin, and Snail proteins, indicative of
EMT loss [86]. These findings highlight the intricate roles of lipid metabolism
and related genes in regulating EMT in HCC.

2.5.2 Roles of lipid metabolism in differentiation plasticity

In cancer, differentiated cells can exhibit plasticity by dedifferentiation to
acquire stemness and become cancer stem cells [9]. To explore differentiation
plasticity and its connection to lipid metabolism in HCC, we reviewed literature
related to cancer stemness. Several lipid metabolism-related genes have been
found to promote cancer stemness. For instance, SLC35C2, a solute carrier
protein overexpressed in HCC and associated with poorer prognosis,
upregulates various lipid metabolism-related genes, stimulating lipogenesis
and lipid reprogramming, leading to lipid accumulation and enhanced cancer
stemness [87]. Similarly, OCTN2, also overexpressed in HCC and linked to
poorer prognosis, promotes cancer stemness properties such as sphere
formation, tumorigenicity, and EpCAM expression by increasing fatty acid
oxidation and oxidative phosphorylation [88]. In another study on HCC
subclones derived from an AKT and NRAS-driven HCC mouse model, elevated
expression of genes related to lipid uptake, synthesis, and oxidation was
associated with distinct cancer stemness-related gene expression in the NHRI-
80B4 subclone, which exhibited strong sphere-forming ability, indicating
greater cancer stemness [89]. Interestingly, both endogenous and exogenous
lipids were required to maintain this sphere-forming ability, underscoring the
role of lipids in sustaining cancer stemness [89]. These findings highlight the
significant role of lipid metabolism and related genes in regulating
differentiation plasticity and maintaining cancer stemness in HCC.

2.5.3 Roles of lipid metabolism in metabolic plasticity

Metabolic plasticity refers to the ability of cells to switch between different
metabolic pathways to meet their energy demands [81]. This adaptability is
often seen in cancer cells, enabling them to survive various nutritional
deficiencies and stressful conditions, such as glucose and amino acid scarcity
and hypoxia. Unlike differentiation and EMT plasticity, few studies focus on
specific lipid moieties or lipid metabolism-related genes that regulate
metabolic plasticity in HCC. However, some research highlights the use of lipids
as alternative energy sources in HCC.

For example, a study on a tumorigenic derivative of the mouse HCC Hepa1-6
cell line demonstrated the cell line's ability to utilize fatty acids as an alternative
energy source under glucose-deficient conditions [90]. Another study identified
a specific lipid-related metabolite, sapienate fatty acid, which can serve as a
surrogate lipid for cellular membranes, allowing plasticity in fatty acid
desaturation pathways in HCC cells [91]. Typically, palmitate is desaturated into
palmitoleate by SCD for membrane construction. Interestingly, cancer cell lines
can be stratified into SCD-dependent, partially dependent, and independent
types [91]. In SCD-independent cell lines, palmitate is desaturated into
sapienate by fatty acid desaturase 2 (FADS2) and used as an alternative lipid
source for membrane formation [91]. In SCD-dependent cell lines, sapienate
supplementation or FADS2 overexpression could reverse the proliferation
suppression caused by SCD inhibition [91]. This indicates that the ability to use
sapienate for membrane biosynthesis provides plasticity in fatty acid
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desaturation, allowing cells to switch between using SCD and FADS for
palmitate desaturation into palmitoleate and sapienate, respectively.

These findings demonstrate the role of FAs and certain lipid metabolites in
enabling metabolic plasticity in HCC cells. However, further studies are needed
to understand the specific roles of particular lipid moieties and lipid
metabolism-related enzymes in modulating metabolic plasticity in HCC.

3. Immune System and Lipid Metabolism in HCC

The pathogenesis of HCC is closely linked to chronic liver inflammation [92],
often resulting from viral hepatitis [93], alcohol liver disease or MASLD [94,95].
The immune system's response to liver injury and regeneration is complex,
influencing both tumor initiation and progression [96]. Therefore,
understanding the immune landscape in HCC is essential for developing
effective therapies and improving patient outcomes.

3.1 Immune landscape, inflammation and immunotherapy in HCC

3.1.1 Immune landscape in HCC

The liver serves as a unique immunological organ, balancing immune tolerance
and activation [97]. Disruption of this balance plays a crucial role in the
development of HCC. Dysregulated immune responses can promote
tumorigenesis, with T cells, natural killer (NK) cells, macrophages, and dendritic
cells shaping HCC progression. T cell responses, particularly those involving
CD8+ cytotoxic T lymphocytes (CTLs), are integral to anti-tumor immunity [98].
However, chronic inflammation and persistent antigen exposure in the liver
often lead to T cell exhaustion, marked by the upregulation of inhibitory
receptors such as programmed cell death protein 1 (PD-1), T-cell
immunoglobulin  and mucin-domain  containing-3  (TIM-3), T cell
immunoreceptor with Ig and ITIM domains (TIGIT), lymphocyte activation gene
3 (LAG-3), and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) [99-104].
Engagement of these receptors with their ligands, such as PD-L1 and B7 family
proteins, results in the downregulation of T cell activation and effector
functions, impairing anti-tumor responses and the efficacy of immune
checkpoint inhibitor (ICI) treatments [105]. This immune dysfunction allows
HCC cells to evade immune detection and contributes to tumor growth.

Tumor-associated macrophages (TAMs) can have either pro- or anti-tumor
functions depending on their polarization. In many cases, TAMs in the HCC
microenvironment adopt a pro-tumoral M2 phenotype, promoting tumor
growth, angiogenesis, and immune evasion through the release of cytokines
and chemokines, including interleukin (IL)-8, IL-10, VEGFA, FGF2, and C-C motif
chemokine ligand (CCL)2 [106-110].

3.1.2 The role of inflammation in HCC development

Chronic inflammation caused by viral infections, particularly hepatitis B virus
(HBV) and hepatitis C virus (HCV), is a well-established risk factor for HCC. The
continuous cycle of liver damage and repair activates various inflammatory
pathways, including the nuclear factor-kappa B (NF-kB) and IL-6 signaling
pathways, which contribute to hepatocyte proliferation and genomic instability
[111-118]. Cytokines and chemokines released during chronic inflammation
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are key pro-inflammatory players in HCC. For example, tumor necrosis factor-
alpha (TNF-a) induces NF-kB pathways that promote cell survival and
proliferation, while IL-6 activates the STAT3 signaling pathway, associated with
hepatocyte proliferation and anti-apoptotic effects [112,117]. Additionally,
chemokines such as CCL2 and CCL5 facilitate the recruitment of immune cells
to the liver, exacerbating inflammation and creating a microenvironment
favorable for tumor development [110,119-122].

3.1.3 Immunotherapy in HCC treatment

Recognition of the immune system's role in HCC has led to the use of
immunotherapy as a treatment modality. Increased PD-L1 expression in some
HCC tumors is associated with aggressive disease and poorer survival [123,124].
ICIs, such as anti-PD-1 and anti-CTLA4 antibodies, aim to reinvigorate the
exhausted T cells and restore anti-tumor immunity, showing promise in various
cancers, including HCC [125,126]. Additionally, LAG-3, another co-inhibitory
receptor expressed in tumor-infiltrating lymphocytes in HCC, also plays a
significant role in modulating anti-tumor immunity. LAG-3 has been shown to
synergize with PD-1 in promoting HCC tumor progression [127]. Blocking or
deleting LAG-3 reduces tumor growth in HCC transplant models and can
enhance the effects of PD-1 inhibition [123]. Combining ICIs with other
treatments, such as transarterial chemoembolization and targeted therapy, is
an area of active research aimed at improving response rates and survival
outcomes [128].

3.2 Reprogramming of lipid metabolism in immune cells

Lipid metabolic reprogramming in immune cells has emerged as a critical
feature in various cancers, including HCC. To adapt to the nutrient-depleted
and hypoxic microenvironment, immune cells rewire lipid metabolism
pathways. This includes enhancing lipid or glucose uptake, lipid accumulation,
fatty acid oxidation (FAO), and oxidative phosphorylation (OXPHOS) in
mitochondria through the regulation of lipid-related gene expression and
translation (Figure 5).

3.2.1 Lipid metabolism in T cell signaling and function

T cells play a crucial role in the adaptive immune response by distinguishing
between 'self' and 'non-self' antigens and coordinating immune responses to
defend against cancer. Extracellular and intracellular FAs, cholesterol, and
cholesterol derivatives serve as sources of nutrients and energy for T cells,
facilitating their proliferation and activation. The reprogrammed lipid
metabolism in the tumor microenvironment (TME) reshapes the fate and
function of T cells, potentially interfering with the efficacy of ICIs in HCC [129]. It
is well-established that dietary lipids can affect lipid metabolite levels and their
metabolism in HCC, further promoting tumor progression and metastasis [130].
Furthermore, MASLD or metabolic dysfunction-associated steatohepatitis (MASH)
is a known risk factor for HCC [131]. The accumulation of excessive TAGs leads to
hepatic steatosis, inflammation, MASH, fibrosis or cirrhosis and eventually
tumorigenesis [132,133].
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Figure 5. Reprogramming lipid metabolism in immune cells. Lipid metabolism and
reprogramming play significant roles in tumorigenesis, lipid/cholesterol homeostasis,
and serve as a crucial connection between innate immunity and adaptive immune
responses. Figure was created by BioRender.com.

In preclinical MASLD-HCC models with liver-specific activation of MYC, such as
those fed with methionine-choline deficient diet (MCD), choline-deficient and
high-fat diet (CD-HFD), or induced with the DEN carcinogen, earlier HCC
development was observed compared to normal diet controls [134]. This
acceleration of tumorigenesis was accompanied by the selective loss of
conventional intrahepatic CD4+ T cells, caused by exogenous dietary free FAs
and lipid deposition. Abnormal oxidative phosphorylation, mitochondrial
dysfunction, and apoptosis of anti-tumoral CD4+ T cells increased their
intracellular reactive oxygen species (ROS) levels and promoted MASLD-HCC
development [134,135]. Certain extracellular FAs affect the effector and
memory responses of CD8+ T cells. In a CD-HFD-induced MASH-HCC mouse
model, enrichment of auto-aggressive CXCR6-expressing CD8+ T cells
exacerbated liver injuries and impeded the therapeutic effect of anti-PD-1. The
upregulation of CXCR6 in CD8+ T cells, mediated by the IL-15/FOXO1 axis, made
CD8+ T cells hypersensitive to extracellular FAs, triggering auto-aggressive
killing in an MHC-class-I-independent manner [129,136]. Besides dietary lipids,
gut microbiota-derived short-chain FAs, such as acetate, were found to
suppress IL-17A expression in hepatic type 3 innate lymphoid cells and enhance
anti-PD-1/anti-PD-L1 therapy in HCC [137].

While external lipids may impede anti-tumor immunity, intracellular lipids and
their metabolites participate in mitochondrial FAO and oxidative
phosphorylation (OXPHOS) in T cells to generate ATP [138]. FAO also produces
acetyl-CoA for other cellular functions [138,139]. However, the mechanisms and
interplay between T cells and FAO in the TME remain unclear. Under nutrient
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stress in the TME, lipid droplets (LDs) are deposited in CD8+ T cells via activation
of acetyl-CoA carboxylase (ACC), inhibiting ATP-producing FAO in tumor-
infiltrating T cells (TILs) and causing CD8+ T cell dysfunction [140]. In CTNNB1-
mutated human HCC, FAO metabolic reprogramming in T cells is induced by
peroxisome proliferator-activated receptor (PPAR) activation, promoting HCC
development, while targeting FAO suppresses CTNNB1-mutated HCC [141].
Conversely, using agonists of PGC-1a/PPAR complexes enhances FAO in
mitochondria, maintaining energy homeostasis in CD8+ T cells and allowing TIL
activation and survival in fibrosarcoma [142].

Tumor-associated regulatory T cells (Tregs) are crucial regulators of immune
evasion in the tumor microenvironment (TME). CD4+CD25+Foxp3+ Tregs have
been found to be enriched in human HCC tumors and liver metastases, and their
accumulation is associated with impaired tumor-specific T cell responses
[143,144]. Importantly, while the metabolic shift from fatty acid oxidation (FAO)
to glycolysis in T cells, which impairs cytotoxic T cell function, can be attributed
to reduced de novo lipogenesis (DNL) due to the silencing of the SREBP1 pathway
- a key transcription activator of lipogenic genes (e.g., SCD, ACC, FASN) - Tregs
can survive in nutrient-depleted conditions and exert immunosuppressive
effects on HCC [144].

Additionally, certain lipids can act as antigens presented by antigen-presenting
cellsto T cells, leading to T cell activation. Lipid antigens are organic molecules
derived from lipids and are presented by atypical MHC class I proteins of the
CD1 family (CD1a, CD1b, and CD1c) [145]. Lipid-reactive T cells are specialized
in recognizing and responding to mycobacterial lipids and self-lipids presented
by CD1, as opposed to peptide recognition by antigen receptors. These CD1-
restricted T cells can sense changes in lipid composition in the physiological
microenvironment during tumorigenesis [146]. Previous research revealed that
CD1c-restricted T cells could recognize tumor-derived lipid antigens, such as
methyl-lysophosphatidic acid (mLPA), in leukemia and exert tumor-killing
effects in preclinical mouse models. CD1b-self-phospholipid-reactive T cells
were reported to provide immune surveillance by responding to tumor-derived
phospholipids in lymphoma mouse models. In HCC, a reduction in the CD1
family, particularly CD1d, was observed in AFP-exposed human dendritic cells
(DCs), impairing the functions of natural killer T (NKT) cells. In summary, lipid
metabolism in T cells represents a key interface between innate and adaptive
immunity. Targeting lipid metabolism in T cells could be a potential therapeutic
strategy in cancer treatment.

3.2.2 Lipid metabolism in NK cell signaling and function

Natural Killer (NK) cells are cytotoxic lymphocytes that play a crucial role in the
innate immune system. They can rapidly clear infected or cancerous cells by
secreting lytic granules and enhancing immune responses without prior
antigen exposure [147]. In patients with HBV or HCV infections, NK cells activate
early and aid in viral clearance [148]. Studies have shown that the number and
proportion of peripheral blood NK cells decreased in HCC patients. Further
research indicates that lipid metabolism impacts NK cell signaling and
functions by providing energy, inducing lipotoxicity, forming lipid rafts on cell
membranes, and regulating immune checkpoints.

FAO is a vital energy source for optimal NK cell responses against viruses or
cancers. Cytokine-associated activation of NK cells promotes both glycolysis and
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oxidative phosphorylation (OXPHOS). Activated NK cells enhance the transport
of long-chain fatty acids into mitochondria for B-oxidation, maintaining their
antitumor responses via upregulation of CPT1A in melanoma [147]. However,
transcriptional reprogramming of NK cells to increase fatty acid metabolism
through PPARy upregulation suppresses interferon-y (IFN-y) production,
impairing NK cell cytotoxic function in fatty acid-rich environments [149].

In high-fat diet (HFD)-induced obesity murine models, genes associated with
lipid metabolism, including FABPs and low-density lipoprotein receptor (LDLR),
were significantly upregulated compared to lean controls. PPARa/&-driven lipid
accumulation in NK cells led to dysfunction, marked by reduced IFN-y secretion
[150]. Mechanistically, exogenous fatty acid supplementation to NK cells
impeded downstream mTORC1 activation, inhibiting their effector responses
[150,151]. Conversely, NK cell depletion (Nfil3-/-) attenuated MASH
development in MCD- and CD-HFD-fed mice by suppressing pro-inflammatory
cytokines such as IFN-y, IL-1B, CCL4/5, and granulocyte-macrophage colony-
stimulating factor [152].

Conversely, a previous study revealed that high serum cholesterol suppressed
HCC initiation and progression in LDLR knockout mice [153]. NK cells isolated
from these mice, fed with a high-cholesterol diet, showed increased expression
of stimulatory receptors NKG2D and NCR1, along with improved cell
proliferation and survival. Further investigation indicated enhanced lipid raft
formation in the plasma membrane of NK cells, which facilitated NKG2D and
NCR1 localization and promoted NK cell-mediated signaling [153]. However,
HFD-induced hyperlipidemia also impaired NK cell responses by reducing
chromatin accessibility and stabilizing H3K27 deacetylation of genes encoding
effector molecules such as IFN-y, perforin, and granzyme B, thereby limiting
anti-tumoral immunity in HCC [154].

In summary, lipid metabolism significantly influences NK cell function in HCC,
potentially affecting disease progression and outcomes. However, further
research is needed to fully understand these mechanisms and to develop
effective therapeutic strategies.

3.2.3 Lipid metabolism in macrophage signaling and function

Macrophages are vital components of the innate immune system and are
distributed throughout the body. They primarily exist in two activated
subpopulations:  pro-inflammatory M1-like macrophages and anti-
inflammatory M2-like macrophages [155]. In the context of cancer, M2-like
tumor-associated macrophages (TAMs) are the predominant population within
the HCC microenvironment, influencing HCC development and the
effectiveness of ICI therapy [156,157]. Lipid metabolism plays a crucial role in
modulating macrophage function and signaling, regulating their polarization
to either the M1 or M2 phenotype, thereby impacting immune responses and
the pathogenesis of various diseases, including cancer [158,159].

For example, DNL is enhanced in inflammatory macrophages upon activation
of toll-like receptors (TLRs). During inflammation, increased glucose uptake
promotes mitochondrial citrate production, elevating cytosolic acetyl-CoA
levels to stimulate fatty acid synthesis [160]. The upregulation of the pentose
phosphate pathway (PPP) and SREBP transcription activity further supports
fatty acid synthesis and inflammatory cytokine production in macrophages
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[161]. In contrast, IL-4, a cytokine known for inducing M2 polarization,
promotes exogenous triglyceride (TAG) uptake and lysosomal lipolysis,
facilitating fatty acid oxidation (FAQ), which is crucial for M2 activation [162].

Beyond fatty acid metabolism, dysregulated cholesterol metabolism in
macrophages is also implicated in the pathogenesis of cardiovascular diseases,
chronic liver diseases, and cancer [163,164]. Excessive cholesterol can be
converted into cholesterol esters for storage or exported to the liver or tumor
via high-density lipoprotein (HDL) through reverse cholesterol transport,
fueling tumorigenesis [164,165]. Our previous study demonstrated that
elevated cholesterol biosynthesis, driven by p90 ribosomal S6 kinase 2
mutations, sensitized the therapeutic effect of sorafenib in HBV-HCC patients
[166]. Additionally, macrophage-derived cholesterol was found to regulate the
nuclear localization of the androgen receptor, contributing to resistance to
enzalutamide in prostate cancer [167].

Liver-resident macrophages, known as Kupffer cells (KCs), play a significant role
in liver physiology, pathology, and oncology [168]. KCs can differentiate into
mature macrophages, serving as key players in the immune response by
secreting cytokines and chemokines and presenting antigens to T cells
[147,160]. KCs also absorb and store lipids from the diet and from the lipolysis
of white adipose tissue, leading to lipotoxicity and inflammation, which are
considered precursors to malignancy [156,169]. In a high-fat diet (HFD)-
induced metabolic dysfunction-associated steatotic liver disease (MASLD)
murine model, KCs underwent morphological changes with lipid droplet
accumulation, accompanied by aberrant lipid synthesis and trafficking [170].
This lipid metabolism reprogramming enhanced the secretion of pro-
inflammatory cytokines and chemokines by KCs and promoted the recruitment
of CD4+ T cells [170]. In summary, lipid metabolism and its reprogramming
disrupt the lipid homeostasis of KCs, providing a critical link between innate
and adaptive immune responses, which may contribute to tumorigenesis and
progression.

3.3 Crosstalk between lipid metabolism and immunity in TME

Alterations in lipid profiles can significantly influence immune behavior,
thereby affecting tumor surveillance, growth, and response to therapies in HCC.
Although lipid metabolic reprogramming in HCC and immune cells has been
discussed separately, their close proximity within TME enables crosstalk
between HCC lipid metabolism and immune responses.

For instance, tumor-derived lipids can modulate the functions of immune cells,
such as T cells and macrophages, potentially enhancing their ability to detect
and eliminate tumor cells [171]. Inhibiting SCD1, which suppresses fatty acid
desaturation, has been shown to inhibit tumor growth in tumor-bearing mice.
This anti-tumor effect was abolished upon CD8+ T cell depletion, implicating a
role for inflammatory pathways in SCD1-modulated tumor formation [172].
Additionally, a recent study revealed that FABP5-positive, lipid-loaded
macrophages use tumor-derived long-chain unsaturated fatty acids to
contribute to an immune-suppressive TME by activating the PPARy pathway in
HCC [173].

Lipid mediators like prostaglandins, synthesized by HCC cells, as discussed
above, can promote tumor growth and invasiveness while enhancing immune
evasion by recruiting Tregs and suppressing effector T cell function [67]. For
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instance, PGE2 has been reported to inhibit T cell proliferation through PGE2-
induced indoleamine 2,3-dioxygenase (IDO) expression in DCs at high DC:T cell
ratios, while at low DC:T ratios, PGE2 induces T-cell stimulatory functions in DCs
[174]. Furthermore, prostaglandin receptor EP2 or EP4-dependent PGE2
signaling increases Foxp3 expression, driving the development of
immunosuppressive CD4+CD25+ Treg cells in non-small cell lung carcinoma
[175]. PGE2 from mouse renal carcinoma cells inhibited antitumor cytotoxic T
lymphocytes (CTLs) by blocking IFNy-dependent upregulation of ICAM-1,
essential for the initial priming of naive CD8+ T cells [176]. Through the PGE2
pathway, GM-CSF promotes Th9 cell differentiation and inhibits the
differentiation of induced Treg cells [177]. PGE2 also promotes the expression
of immune checkpoint inhibitors PD-1 and TIM-3 in T cells, leading to
immunotherapy resistance [178]. Although prostaglandin synthesis is
downstream from membrane phospholipid catabolism, these findings
demonstrate the potential crosstalk between HCC lipid metabolism and anti-
tumor immunity in the TME.

4. Discussion

4.1 Future directions for diagnosis and therapeutics targeting HCC lipid
metabolism

Targeting lipid metabolism offers a promising strategy for HCC treatment. By
inhibiting lipogenic pathways or altering lipid profiles, it is possible to disrupt
the metabolic support that tumors need for growth, metastasis and survival.
For example, SCD1 overexpression in HCC supports tumor stemness and is
linked to sorafenib resistance, making this enzyme a potential biomarker and
therapeutic target for HCC treatment [179].

Lipid metabolites also hold potential as valuable diagnostics biomarkers in
patient serum. Identifying specific lipid profiles associated with various stages
of HCC could enhance early detection and monitoring of disease progression.
Using ultra-high-performance liquid chromatography-Q Exactive mass
spectrometry (UHPLC-Q-Exactive-MS) in the plasma of HCC and liver cirrhosis
(LC) patients, significant variations were found in FAs, bile acids, and GPs [180].
Specifically, a dramatic increase in phosphatidylethanolamine and TAG was
noted in HCC cases. These lipid metabolites showed better performance in HCC
diagnosis compared with the traditional biomarker alpha-fetoprotein (AFP).
Although further validation is needed, the identification and utilization of lipid
biomarkers in HCC could lead to more effective treatment and better patient
outcomes.

Moreover, targeting lipid metabolism through a personalized medicine
approach can optimize treatment for individual patients. For example,
CTNNB1-mutated HCC relies more on FAO for energy [181]. A recent multiomics
study classified HCC patients into three subtypes (F1-3) based on their FAO
profile: F1 subtype, with the lowest FAO activity and enriched with TP53
mutation, and the F3 subtype, with the highest FAO activity and more CTNNB1
mutations [182]. The study found that the F1 subtype responded better to
sorafenib and ICIs like anti-PD-1/PD-L1 therapy, while the F3 subtype showed
better responses to transarterial chemoembolization [182]. These findings
demonstrate that tailoring therapies based on specific lipid metabolic profiles
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can help clinicians develop more effective, patient-centered treatment plans
that enhance efficacy while minimizing adverse effects.

4.2 Challenges and opportunities: leveraging the interaction between lipid
metabolism and immune response

The significant role of lipid metabolism in modulating immune responses in
HCC presents a promising strategy to enhance therapeutic outcomes through
anti-tumor immunity. Inhibitors of lipogenic enzymes, such as FASN, have
demonstrated potential in preclinical models by enhancing anti-tumor
immunity and improving treatment efficacy [183,184].

Manipulating lipid metabolism and signaling in immune cells can also promote
anti-tumor immunity in HCC therapy. For instance, ceramides, important
signaling lipids, have shown anti-proliferative and pro-apoptotic effects on HCC
cells [185]. Exogenous C6-ceramide has been found to delay liver tumor
formation in mice by enhancing the activity of antigen-specific CD8+ T cells and
inhibiting the M2-like phenotype of tumor-associated macrophages (TAMs)
[186]. This demonstrated lipid metabolites may have dual effects on both
tumor and immune cells. Targeting cellular ceramide synthesis could be a
future therapeutic direction, offering an alternative to the current exogenous
nanoliposomal form of ceramide.

Although ICIs targeting PD-1, PD-L1 and CTLA-4 have been approved for
treating advanced HCC, the response rate remains around 30% [187].
Combining lipid metabolism modulators with ICIs may enhance
immunotherapy efficacy, potentially overcoming lipid-mediated immune
evasion resistance [184]. For example, TPST-1120, an oral inhibitor of PPARa
that regulates fatty acid metabolism, has shown promise in early clinical trials.
In a Phase I study (NCT03829436), TPST-1120 demonstrated tolerability and
efficacy, with some patients achieving stable disease or objective responses,
even including those previously resistant to anti-PD-1 therapy [188]. Another
example is avasimibe, an inhibitor of the cholesterol esterification enzyme
acetyl-CoA acetyltransferase 1 (ACAT1) that has shown enhanced anti-tumoral
efficacy when combined with anti-PD-1 in melanoma [189]. ACAT1 inhibition
increases cholesterol levels in T-cell plasma membranes, enhancing CD8+ T cell
clustering and maturation. Combination of avasimibe with chimeric antigen
receptor-T cell therapy has also shown improved outcome in HBV and other
solid tumors, supporting the potential of lipid metabolism inhibition in
conjunction with ICL.

Immune checkpoints can also affect metabolism. During CD4+ T cell activation
via PD-1 ligation, glucose intake and glycolysis are inhibited, while fatty acid
oxidation (FAO) is enhanced via CPT1A and ATGL [190,191]. However, non-
activated T cells exhibit impaired glycolysis without promoting CTLA-4-
regulated FAO [190]. FDA-approved ICIs, including ipilimumab (anti-CTLA-4),
nivolumab/pembrolizumab (anti-PD-1), and atezolizumab (anti-PD-L1), not
only can block the immune checkpoint, but also inhibit FAO [144]. Further
research is needed to understand how immune checkpoints regulate tumor
immunity and to explore the targeting of immunity-associated lipid
reprogramming for novel combination therapies.

In conclusion, the future direction of cancer therapy leveraging lipid
metabolism involves a multifaceted approach, including therapeutics,
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diagnostic biomarker development, elucidation of immune vulnerabilities,
enhancement of immune responses, and personalized treatment strategies.
While monotherapy with ICIs against HCC is suboptimal, combined treatment
with inhibitors targeting tumor or immune lipid metabolism offers a promising
strategy for improving HCC treatment. Identifying and incorporating plasma
lipid-based biomarkers for early HCC detection could complement these
interventions, holding significant potential for improving cancer management
and patient outcomes.
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