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ABSTRACT

Esophageal cancer is an upper gastrointestinal malignancy with a bleak prognosis. It is still being
explored in depth due to its complex molecular mechanisms of occurrence and development. Lipids play
a crucial role in cells by participating in energy supply, biofilm formation, and signal transduction pro-
cesses, and lipid metabolic reprogramming also constitutes a significant characteristic of malignant tu-
mors. More and more studies have found esophageal cancer has obvious lipid metabolism abnormalities
throughout its beginning, progress, and treatment resistance. The inhibition of tumor growth and the
enhancement of antitumor therapy efficacy can be achieved through the regulation of lipid metabolism.
Therefore, we reviewed and analyzed the research results and latest findings for lipid metabolism and
associated analysis techniques in esophageal cancer, and comprehensively proved the value of lipid
metabolic reprogramming in the evolution and treatment resistance of esophageal cancer, as well as its
significance in exploring potential therapeutic targets and biomarkers.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’'an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The latest statistics showed that in 2020, approximately 604,100
new cases and 544,100 deaths were reported worldwide due to
esophageal cancer [1]. One out of every eighteen cancer-related
mortalities might be caused by esophageal cancer [2], which
showed that esophageal cancer has high morbidity and mortality
and seriously threatens human health. Common histological sub-
types include esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC), which account for 85% and 14%
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of esophageal cancers, respectively [1]. As the symptoms of esoph-
ageal cancer in the early stage are not obvious, more than half of
patients are in middle and advanced stages when they are initially
diagnosed [3]. In operable locally advanced esophageal cancer, drug
and radiation therapy are usually performed before surgery to
reduce the volume of the tumor and increase the probability of
complete resection of the lesion [4]. Definitive chemoradiotherapy is
the standard treatment for patients with unresectable, locally
advanced esophageal cancer [5]. The most commonly used drugs to
treat esophageal cancer include paclitaxel, fluorouracil, platinum-
based drugs, capecitabine, S-1, immune checkpoint inhibitors
(mainly programmed cell death protein 1 and programmed cell
death ligand 1 (PD-1/PD-L1) inhibitors), etc.. Noteworthy, immune
checkpoint inhibitors combined with chemotherapy have become
the first-line treatment for advanced esophageal cancer [6,7]. In
recent years, strategies for managing esophageal cancer have shown
advancements in surgery, radiotherapy, and drug therapy. However,
further improvement in therapeutic efficacy is still needed.

The esophageal mucosa is repeatedly subjected to physical or
chemical injury, such as hot beverages, alcohol, tobacco smoke,
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stomach acid, etc., resulting in DNA damage and mutation of
epithelial cells and eventually leading to malignant changes in
normal cells. Among them, esophageal cancer-associated abnormal
pathways are enriched in cell cycle regulators, tyrosine kinase re-
ceptors, chromatin remodeling, and embryonic pathways [8]. Given
the complexity of its pathogenesis, active research on esophageal
cancer is still ongoing. Aberrant lipid metabolism and metabolic
reprogramming constitute significant biological hallmarks of ma-
lignant tumors and exhibit a strong association with the onset and
advancement of esophageal cancer by promoting cancer cells un-
controlled proliferation, survival, invasion, and resistance to anti-
neoplastic therapy [9,10]. Lipids are a class of small-molecular
metabolites with molecular weights of less than 1,500 Da, and play
important roles in the course of the life activity of the organism,
such as energy supply, biological membrane formation, and signal
transduction. Therefore, normal regulation of lipid metabolism is
essential to maintaining cellular homeostasis [11].

With an in-depth understanding of the biological functions of
lipids and the development of mass spectrometry (MS) technology,
“lipidomics” has gradually formed based on “metabolomics” [12].
Lipidomics is devoted to the study of the pathways and networks of
lipid metabolism and the variations of whole-lipidome profiling in
various biological phenomena by analyzing the composition,
structure, and quantification of lipids from single cells to whole-
organisms [13]. Compared to genes, proteins, and peptides, lipid
metabolites are structurally unstable and insoluble in water, which
poses challenges for lipidomics analysis, particularly in acquiring
high lipid throughput, coverage, and accuracy [14]. As the main tool
for lipid analysis, MS has greatly improved the coverage and ac-
curacy of lipid detection by using single MS techniques or inte-
grated MS-based multiple omics techniques. Traditional MS-based
lipid analysis requires homogenized tissues for lipid analysis, losing
the spatial location of lipid molecules in the tissues or organs.
However, this problem has been further solved by the emergence
and development of MS imaging (MSI) technology, which visualizes
the spatial distribution of lipids and promises to enable multiple
characterizations of molecular information in cancer analysis [15].
Above all, MS and MSI-based lipidomics had made considerable
progress, providing qualitative, quantitative, and spatial distribu-
tion variation of lipids to explore the complex link between lipid
metabolism and tumors [12,16—18]. Analyzing the characteristics of
lipid metabolism in esophageal cancer is helpful to reveal its ma-
lignant performance and resistance mechanisms and identify po-
tential new drug targets. Therefore, we summarized and analyzed
the relevant findings of lipid metabolic reprogramming in esoph-
ageal cancer, most of which are studies in the past five years,
hoping to comprehensively show the potential value of lipid
metabolism and explore possible therapeutic targets or bio-
markers, hoping to further cement management of esophageal
cancer and related diseases.

2. Lipid composition and metabolism
2.1. Composition

Lipids are structurally rich and diverse, and nearly 50,000
distinct lipid structures can be acquired in the LIPID MAPS Structure
Database as of March 2023 (https://www.lipidmaps.org/databases/
Imsd), which can be divided into eight main categories, including
fatty acyls, glycerolipids, glycerophospholipids (GP), sphingolipids,
sterol lipids, prenol lipids, saccharolipids, and polyketides [19,20].
Among them, fatty acids (FAs) are the main components of fatty
acyls and the basic building blocks of most lipids. FAs can be further
categorized in line with carbon chain length and the number and
position of C=C bonds, such as palmitate (16:0) and palmitoleate
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(16:1) (Fig. 1). Triglycerides are the most common glycerolipids and
the major energy-storing form in living organisms (Fig. 1). Phos-
pholipids are the main components of biological membranes,
including GP and sphingomyelin (SM) (the major sphingolipids in
mammals). GP can be further divided into phosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylglycerol (PG), phosphatidylinositol (PI), and phosphati-
dylserine (PS) according to changes in its polar head. The nonpolar
tail of GP comprises one or two long-chain FAs, often containing
unsaturated bonds, and an even carbon skeleton (Fig. 1). Under
inflammatory stimulation, cytosolic phospholipase A2 can catalyze
phospholipids in the cell membrane to release arachidonic acid.
Subsequently, arachidonic acid can be further metabolized to
bioactive lipids (such as prostaglandins, leukotrienes, hydrox-
yeicosatetraenoic acids, and epoxyeicosatrienoic acids) to partici-
pate in and promote the inflammatory response, which may be
closely related to the occurrence and development of tumors
[21,22]. Sphingomyelin, usually synthesized from PC and ceramide
(Cer), is not only an important membrane phospholipid but also a
reservoir of Cer. Cholesterol is one of the more broadly investigated
sterol lipids and, together with phospholipid, participates in biofilm
formation (Fig. 1). Because FA, triglyceride, phospholipid, and
cholesterol are lipids of greater concern in esophageal cancer, this
review mainly introduces their metabolism in detail.

2.2. Metabolism

Lipid metabolism is a complex and vital biochemical process in
disease-related biological systems. With the assistance of various
enzymes, the absorption, synthesis, and breakdown of lipids can
ensure the normal operation of cell physiology, which is of
important significance for life activities. In the organism, both
glucose and glutamine can be converted into FAs, which are de novo
synthesis of FAs (Fig. 2). De novo FA synthesis is carried out in the
cytosol using acetyl-CoA as the direct feedstock. Citrate, derived
from the tricarboxylic acid cycle (TCA cycle) or glutamine meta-
bolism in the mitochondria, enters the cytosol and produces acetyl-
CoA under ATP-citrate lyase (ACLY). Besides, acetyl-CoA can also be
synthesized by acetyl-CoA synthetase 2 (ACSS2), which catalyzes
acetate in the cytoplasm [23]. Subsequently, acetyl-CoA is irre-
versibly translated to malonyl-CoA by acetyl-CoA carboxylase
(ACC), which is a rate-limiting step [24]. Under the catalysis of FA
synthetase (FASN), acetyl-CoA continuously reacts with malonyl-
CoA until palmitate (16:0) is formed [25]. Longer-chain FAs can
be synthesized by increasing the length of the palmitate carbon
chain under the elongation of very-long-chain FAs protein enzymes
[26]. The FAs synthesized as described above can be catalyzed by
stearoyl-CoA desaturase (SCD) to produce monounsaturated FAs,
such as palmitoleate (C16:1) and oleate (C18:1) [27]. The tran-
scription factor sterol regulatory element-binding protein 1
(SREBP1) controls the activation of various lipogenic enzyme genes,
including ACC, FASN, and SCD, which is central to the regulation of
FA synthesis [28].

In addition, extracellular FAs, especially the essential poly-
unsaturated FAs, can also be directly taken up by cells via FA
translocase (including cluster of differentiation 36 (CD36)), FA
transport protein (FATP, also known as SLC27A), and FA-binding
protein (FABP) in the plasma membrane [29—31] (Fig. 2). Intracel-
lularly, FAs are transported to different organelles for storage and
utilization via FABP. Typically, storage is carried out in the form of
lipid droplets (LDs), organelles consisting of a monolayer of phos-
pholipid membranes that store neutral lipids. FAs react with glyc-
erol in the endoplasmic reticulum (ER) to produce triglycerides, and
the aggregation of triglycerides leads to the formation of LDs pro-
truding from the ER membrane. The energy provided by FAs
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Fig. 1. Representative structures of various classes of lipids. The structures of the above lipid molecules were obtained from LIPID MAPS (https://lipidmaps.org/databases/Imsd/

overview). R1 indicates the aliphatic chain of fatty acid (FA) residue.
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Fig. 2. Simplified diagram of major lipid metabolic pathways. TCA cycle: tricarboxylic acid cycle; FAO: fatty acid oxidation; CPT1: carnitine palmitoyl transferase; FA: fatty acid;
CD36: cluster of differentiation 36; FATP: fatty acid transport protein; FA: fatty acid; SCD: stearoyl-CoA desaturase; ELOVL: elongation of very-long-chain fatty acids protein; FABP:
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primarily occurs through FA oxidation (FAO) in mitochondria
(Fig. 2). After long-chain FAs are catalyzed to fatty acyl-CoA by acyl-
CoA synthetase, carnitine palmitoyl transferase 1 (CPT1), a pivotal
regulatory enzyme in FAO, mediates the uptake of fatty acyl-CoA
into mitochondria, where they participate in the oxidation reac-
tion and TCA cycle to release energy.

Phospholipids are mainly synthesized through the Kennedy
pathway, which requires CTP to activate choline, ethanolamine, and
diglycerides to eventually generate the corresponding phospho-
lipids [32]. Among them, PC is the most abundant phospholipid in
biological membranes, and lysophosphatidylcholine acyltransfer-
ase (LPCAT) can promote the transformation of newborn PC into
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mature membrane PC and participate in PC remodeling [33]. Be-
sides, through the hydrolysis of phospholipases (phospholipase C
(PLC), phospholipase D (PLD), and phospholipase A (PLA)), phos-
pholipids can be degraded into many bioactive lipid mediators such
as diacylglycerol, PA, lysophosphatidic acid (lysoPA), and arach-
idonic acid, which are important in intracellular and intercellular
signaling [34]. This process can modulate various cellular varia-
tions, including proliferation, survival, and inflammation, during
disease progression [35].

Enzymes for cholesterol synthesis are found in the cytoplasm
and smooth ER. Acetyl-CoA in the cytoplasm is utilized as a sub-
strate and catalyzed by acetyl-CoA acetyltransferase (ACAT) and 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) synthetase to
form HMG-CoA. As a key enzyme in cholesterol synthesis, HMG-
CoA reductase catalyzes HMG-CoA to mevalonate (MVA), which is
subsequently modified to produce various cholesterols with bio-
logical functions (Fig. 2).

2.3. Reprogramming

To fulfill the need for continuous proliferation and rapid growth,
tumor cells show different characteristics in lipid metabolism
compared to normal cells. This phenomenon, known as lipid
metabolic reprogramming, simultaneously enhances the multipli-
cation and invasion capacities of tumor cells, thereby increasing
their malignancy [36,37] (Fig. 3). For example, tumor cells have an
enhanced ability to synthesize FAs de novo compared to normal
cells, which is one of the metabolic characteristics of tumor cells
[27]. With the uncontrolled growth of tumor cells, the vascular
system that transports oxygen and nutrients in tumor tissues is
disordered and hypoplastic, resulting in an abnormal hypoxic tu-
mor microenvironment. In hypoxic tumor cells, de novo FA syn-
thesis is reduced, and the increased expression of hypoxia-
inducible factor 1o further induces upregulation of FABP3/7
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Fig. 3. Reprogrammed fatty acid (FA) and triglyceride, phospholipid, and cholesterol
metabolism in cancer cells. HIF-1a:: hypoxia-inducible factor-1a; FABP3/7: fatty-acid-
binding protein 3/7; LDs: lipid droplets; ROS: reactive oxygen species; CD36: cluster
of differentiation 36; FATP: fatty acid transport protein; FADS2: fatty acid desaturase 2;
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expression to promote increased FA input and intracellular LDs
accumulation, which can reduce the damage caused by reactive
oxygen species (ROS) to tumor cells and increase the survival of
hypoxia-reoxygenated cells [38]. In addition, the expression of
genes and proteins for CD36 and FATP in tumor cells also increased
significantly to facilitate the uptake of extracellular FA and maintain
tumor cell proliferation [39]. Inhibiting CD36 expression can reduce
the accumulation of cholesterol and LDs induced by adipocytes in
tumor cells and reduce the content of intracellular ROS, preventing
the development of adipocyte-induced malignant tumor pheno-
types [40]. Additionally, SREBP can also regulate FA and cholesterol
metabolism, and many proto-oncogenic signaling pathways can
regulate the expression of SREBP, motivating the reprogramming of
lipid metabolism in tumors [16].

Unsaturated FAs, as the raw materials for biofilm synthesis, are
crucial to cells, so alternative FA desaturation pathways other than
the SCD pathway exist to meet their demand for unsaturated FAs
[41]. For instance, FA desaturase 2 can convert palmitate (C16:0)
into sapienate (C16:1). When SCD is inhibited, tumor cells undergo
metabolic adjustments to continue producing unsaturated FAs
through the FASD2 pathway to meet the needs of biofilm formation
and tumor cell proliferation [42]. While FA synthesis and utilization
are increased in tumor cells, it is possible that FA catabolism may
also be altered. Compared to healthy persons, the peripheral blood
of ESCC patients has significantly lower medium- and long-chain
acylcarnitines (the main substrates for energy produced by FAO
in mitochondria), which may imply altered activity of B-oxidation
and the TCA cycle in ESCC [43].

Zang et al. [44] examined and compared the metabolic proper-
ties of an in vitro model of multicellular tumor spherical (MCTS)
esophageal cancer with clinical ESCC samples by matrix-assisted
laser desorption/ionization mass spectrometry imaging (MALDI-
MSI). Interestingly, they discovered in vitro model of esophageal
cancer MCTS and clinical ESCC tissues exhibited similar spatial and
temporal metabolic features; for example, compared with normal
esophageal tissues, the expression of FA (20:3), PI (38:3), and PI
(38:4) was significantly increased in all cell and human samples of
esophageal cancer [44]. Additionally, in esophageal cancer MCTS,
overexpressions of FA (20:3), P1(38:3), and PI (38:4) were located in
the outer region (proliferation zone), which also supported the
perspective that metabolic signatures of FA and phospholipid
accumulation may be associated with tumor cell aggressiveness
[38,45]. Moreover, the reprogramming of lipid metabolism in
esophageal cancer cells is bound up with abnormal expression of
metabolic enzymes [46]. Both esophageal cancer MCTS and clinical
ESCC tissues indeed exhibited abnormally increased expression of
FASN compared to normal tissues [44]. As a key enzyme in de novo
FA synthesis, FASN is overexpressed in most cancers, which may
represent a common phenotypic alteration in response to adverse
microenvironmental changes [25]. Besides, lysophospholipase D
(lysoPLD) is highly expressed in various tumors and catalyzes the
conversion of lysophosphatidylcholine (lysoPC) into lysoPA, which
may contribute to the occurrence, progression, and metastasis of
cancer [47]. The composition of phospholipids and the expression
of LPCAT are also altered in various tumor tissues, including
esophageal cancer, and have been proven to contribute to tumor
development [48].

Recent studies have revealed the crucial role of mevalonate
pathway enzymes in the survival of cancer cells, underscoring the
importance of MVA pathway metabolites for cancer cell survival
[49]. For example, high cholesterol levels in the tumor microenvi-
ronment can promote immune cells to express inhibitory immune
checkpoints to protect tumor cells from immunologic attack, which
implies that cancer patients with hypercholesterolemia may have a
better response to immunotherapy [50].
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However, with the occurrence, development, and treatment
resistance of tumors, lipid metabolism in tumor cells changes
dynamically at different stages. Thus, it is necessary to conduct
specific analysis at each stage to fully understand these alterations.
Fortunately, significant progress has been made in the lipidomics
analysis technique, which further meets the needs of researchers to
explore the characteristics of lipid metabolism in tumors.

3. Lipidomics analysis techniques
3.1. MS-based lipidomics

The MS platform has been widely used as a fundamental tech-
nique in lipidomics research. Fig. 4 [51,52] shows the experimental
procedures for MS-based lipidomics studies, including data anal-
ysis. MS-based lipidomics can be split into untargeted and targeted
lipidomics. The purpose of untargeted metabolomics is to conduct a
systematic and comprehensive analysis of endogenous metabolites
in a sample, obtain a large amount of data on metabolites, and best
reflect the total metabolite traits of the sample. The purpose of
targeted metabolomics is to verify whether the target metabolite
exists in the sample and to obtain the absolute content of the target
metabolite in different samples. The techniques of MS-based lip-
idomics analysis can be mainly divided into three types: shotgun
MS analysis using direct injection detection, integrated MS
methods including separation techniques (such as liquid chroma-
tography (LC) and gas chromatography (GC)), and MSI techniques
acquiring the spatial distribution of lipids from single cells to whole
organisms [53]. Among them, most analytical methods require
enrichment and extraction of lipids from samples before MS or MS]I,
which is an important prerequisite for successful lipid analysis.

The commonly used lipid extraction approaches involve liquid-
liquid extraction (LLE) and solid-phase extraction (SPE). LLE can
extract many species of lipids by using water and water-immiscible
organic solvents, which is suitable for untargeted lipidomics anal-
ysis [54]. As the earliest LLE method for lipid extraction, the Folch
method consisted of chloroform, methanol, and water (8:4:3, V/V/|
V), which can make the extraction rate of lipids greater than 90%,

Sample collection Lipid extraction

Cell LLE:

Cellular spheroid Folch method

Blood Bligh-Dyer method MSI
Urine MTBE method
Tissue BUME method

SPE

MS data acquisition

Shotgun MS
Integrated MS
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including glyceride/PC/PE/sphingolipids [55]. Based on the Folch
method, Bligh and Dyer adjusted the volume ratio of chloroform/
methanol/water to 1:2:0.8 and added acid additives to improve the
extraction efficiency of FAs and acidic phospholipids [56]. However,
the chloroform phase is located below the aqueous phase, which
may be disturbed by water-soluble substances during operation.
Due to the harmfulness of chloroform, chloroform-free methods,
such as methyl tert-butyl ether (MTBE) and butanol and methanol
(BUME), are developed for lipid extraction. The MTBE method
consists of MTBE, methanol, and water (5:1.5:1.45, V/V/V), and the
BUME method requires butanol/methanol (3:1, V/V), heptane/ethyl
acetate (3:1, V/V), and 1% acetic acid [57,58]. Their extraction effi-
ciency on lipids is comparable to or higher than that of the gold-
standard Folch method. For example, the MTBE method can
extract polar and negatively charged phospholipids more efficiently
[57]. In addition, SPE can be used alone or in combination with LLE
and requires the analyte to be adsorbed onto the stationary phase,
and then the solution with different elution capacities is used for
stepwise elution to achieve lipid separation and enrichment. In
general, SPE is often used to extract one or several classes of lipids
that need to be studied in depth, especially low-abundance lipids
from targeted lipidomics analysis [59].

Shotgun MS is a commonly used method for untargeted lip-
idomics analysis, in which MS techniques such as high-resolution
MS, tandem MS, and ion mobility MS can be utilized to improve
resolution and accuracy [60,61]. The common MS for untargeted
lipidomics includes quadruple time-of-flight MS, orbitrap MS, and
Fourier transform ion cyclotron resonance MS. For targeted lip-
idomics, triple quadrupole MS and quadrupole linear-ion trap MS
are the main modes for qualitative and quantitative analysis of
lipids. In addition, the combination of chromatography technique
and MS represents the integration of high resolution and high
sensitivity, which plays an important role in improving detection
accuracy, identifying lipid isomers, and detecting low-abundance
lipids. The most frequently used separation techniques include
GC, LG, and supercritical fluid chromatography (SFC). GC takes the
gas phase as the mobile phase and achieves the effective separation
of lipids by gasifying the sample and transferring it to the
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Fig. 4. The operating procedures in lipidomics research. Typically, lipidomics research includes five parts: sample collection, lipid extraction, mass spectrometry (MS) data
acquisition, data analysis, and biological interpretation. LLE: liquid-liquid extraction; MTBE: methyl tert-butyl ether; BUME: butanol and methanol; SPE: solid-phase extraction; MSI:

mass spectrometry imaging. Reprinted from Refs. [51,52] with permission.
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chromatographic column. GC is appropriate for the extraction of
volatile lipids, and GC-MS is the main method for FA and choles-
terol analysis and quantification [62,63]. Generally, acid derivati-
zation methods and basic derivatization methods are often utilized
to further improve the separation efficiency of GC-MS, which also
facilitates the separation of non-volatile lipids. By contrast, LC is the
most broadly used chromatographic method due to its high
sensitivity, easy integration with MS, and suitability for concen-
trating volatile, non-volatile, and heat-labile lipids. The mobile
phase of LC-MS is the liquid phase. Impurities such as small parti-
cles in the mobile phase need to be removed to avoid clogging the
chromatographic column and affecting its lifetime. Bubbles from
dissolution or mixing in the mobile phase should also be removed
to avoid affecting the detection results. SFC is a novel separation
method that can separate a variety of lipids from polar to non-polar
with high efficiency, high resolution, and high throughput [64].

Usually, lipid classification is identified by comparing and inte-
grating the information of carbon atoms and double bond numbers,
chemical formula, and monoisotopic mass matched to lipid-related
databases, which is very important because accurate identification
and quantification are the basis of research and analysis [65].
Therefore, it may be necessary to understand the characteristic
fragmentation patterns of various lipids [66]. Available online da-
tabases include LIPID MAPS (http://www.lipidmaps.org/), Lip-
idBank (https://lipidbank.jp/), and LipidBlast (https://fiehnlab.
ucdavis.edu/), etc.. The output of lipidomics data produces a com-
plex and high-throughput dataset that requires dimensionality
reduction and clustering to discover lipid characteristics between
samples. Dimensionality reduction and clustering methods include
but are not limited to principal component analysis [67], linear
discriminant analysis [68], isometric mapping [69], t-distributed
stochastic neighbor embedding [18], uniform manifold approxi-
mation and projection [70], orthogonal partial least squares-
discriminant analysis [67], partial least squares regression [71],
and k-means [72]. Post-processing of lipidomics data, such as sta-
tistical analysis and visualization, is an important step to finding
the biological significance of lipid features [73]. Therefore, with the
development of lipid detection platforms, the technology of lipid
analysis has also progressed. Currently, commonly used tools for
statistical analysis and visualization in lipidomic analysis include
lipidr [74], LipidSuite [75], MetaboAnalyst [76], etc..

When analyzing biological samples, researchers frequently
employ targeted and non-targeted lipidomics techniques in
conjunction with multivariate data analysis to investigate the lipid
profiles of samples and identify distinctions between tumor and
normal samples [65,77]. In addition, metabolic pathway matching
analysis can be performed on differential lipids obtained from the
analysis of the lipidomic profiles of various samples to further
identify potential tumor-related metabolic enzymes. Moreover,
traditional biological experimental methods such as Western blot,
immunohistochemistry, and quantitative real-time polymerase
chain reaction (PCR) can be employed to detect the expression of
these metabolic enzymes and validate them in conjunction with
the results obtained from lipid analysis.

3.2. MSI-based lipidomics

Usually, MS-based lipidomics analysis can be performed on
homogenized conditions for various biological samples, including
cells, body fluids (blood, urine, and cerebrospinal fluid), and tissues,
lacking representative spatial information to reflect the sample
heterogeneity. The development of MSI has effectively solved this
problem [15].
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Based on the integrated MS and advanced imaging technique,
MSI can obtain the spatial distribution of hundreds to thousands of
molecules at the section level with a label-free analysis. Combined
with histopathological information, MSI can accurately reflect the
metabolic heterogeneity among organelles, cells, and tissues [78].
Previously, we described in detail the different sample preparation
requirements from the cellular to tissue level in MSI-based lip-
idomics [79]. Suitable sample sections are a prerequisite for getting
the accurate location and abundance of lipids and sustaining
adequate spatial resolution and MS signals [79]. There is a high
requirement for sample integrity: all sections must not be
deformed, folded, ripped, or cracked during sample preparation,
preservation, cryosectioning, and sticking [79]. In addition, the
emergence of more optimized ion sources is also necessary to
promote the application of MSI in lipidomic analysis. The main
function of an ion source is to provide energy for sample ionization
to form ion beams with different mass-to-charge ratios and finally
transfer them to a mass analyzer for mass-to-charge ratio analysis,
which is the cornerstone of subsequent data analysis and obtaining
real lipid profiles. Therefore, reducing or avoiding ion source-
generated artifacts can further improve the sensitivity and accu-
racy of MSI and promote the development of precise lipid analysis
[80]. Depending on the ionization method, the main MSI used for
lipidomics analysis includes three technologies: secondary ion
mass spectrometry MSI (SIMS-MSI), MALDI-MSI, and desorption
electrospray ionization MSI (DESI-MSI) [15]. SIMS-MSI is the
earliest MSI method with the highest spatial resolution (up to tens
of nanometers). SIMS-MSI utilizes a primary ion beam to strafe the
sample surface, and the mass-to-charge ratio of the sputtering
secondary ions with charge is detected by a mass spectrometer. Due
to the high energy of the primary ion beam using SIMS-MS], a large
number of fragmented ions can disturb the lipid identification.
MALDI-MSI is a broadly used MSI method and has high spatial
resolution, but it requires the application of matrix on the sample
surface to promote compound ionization. Therefore, the correct
selection and application of the MALDI matrix is crucial for MALDI-
MSI, which directly affects the ionization efficiency of analytes and
the spatial resolution of imaging. DESI-IMS uses a charged solvent
spray to bind to the sample surface to desorb and ionize lipids.
Compared with the first two techniques, DESI-MSI possesses the
least destructive ionization method and allows the ionization of
molecules at atmospheric pressure without matrix spray with a
lower resolution. By introducing high-rate airflow into the ion
source of DESI-MSI, Abliz and co-workers [81] developed air flow-
assisted desorption electrospray ionization mass spectrometry
imaging (AFADESI-MSI), which improves the detection of metab-
olites and lipids, especially low-abundance molecules, with wide
coverage, high sensitivity, and fast analysis. The comparison of
MALDI-MSI, DESI-MSI, and SIMS-MSI in terms of their main prin-
ciples, benefits, and challenges is shown in Fig. 5 [82].

Compared to the analysis process of MS-based lipid data, the
analysis of MSI-based lipid data is more difficult because the latter
recovers the complex spatial information of lipids, which multiplies
the amount of research data. And MSI segmentation is one of the
key and most difficult problems in data processing. Cai and co-
workers have also explored this aspect and invented an interac-
tive strategy to improve spatial segmentation of MSI, called
iSegMSI, and an unsupervised segmentation mode based on deep
learning, namely divide-and-conquer (dc)-DeepMSI (Fig. 4) [51,52].
iSegMSI can fine-tune the segmentation results to integrate or
separate regions of interest based on the scribble-regulated prior
information to improve MSI segmentation [51]. dc-DeepMSI can
identify regions of interest and perform metabolic heterogeneity
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analysis without prior knowledge in spat-contig and spat-spor
modes [52]. Although there is software for MSI data analysis,
such as SCiLS Lab, Image Quest, MSiReader, etc., in order to deeply
mine the characteristics of the lipid metabolism of tumors and
potential targets for intervention, more effective MSI data analysis
algorithms may still need to be developed.

3.3. Other analytical techniques for lipids

In addition to MS and MS]I, there are other methods available for
lipid detection, including Raman-based technologies and
fluorescence-based technologies. These methods are commonly
used for lipid analysis in cells and subcellular compartments.
Raman-based technologies utilize the Raman scattering of laser-
illuminated samples, which is a non-elastic scattering phenome-
non of light. When combined with microscopy, Raman-based
technologies allow for the non-destructive identification and im-
aging of specific lipid molecules present in the sample by analyzing
the Raman scattering patterns [83,84]. However, Raman-based
imaging techniques face challenges in identifying molecules with
similar vibrational modes and detecting low concentrations of
lipids [85]. Compared to Raman-based techniques, fluorescence
microscopy offers higher sensitivity for measuring extremely low
concentrations of cellular lipids, although it does not possess the
same level of specificity as MS [85]. Using fluorescent probes,
fluorescence microscopy is primarily employed for imaging plasma
membranes, organelle membranes, and lipid droplets [86]. How-
ever, the labeling process of fluorescent probes may alter lipid
behavior in studies. Additionally, achieving absolute specificity in

binding to specific lipids with fluorescent probes also presents a
challenge.

4. Lipid metabolism-associated occurrence, progression, and
metastasis in esophageal cancer

Tumor development is accompanied by lipid metabolic
reprogramming in tumor cells. Abnormal lipid metabolism not only
enables tumor cells to produce more energy to adapt to the
nutrient-poor microenvironment but also generates signaling
molecules to activate tumor-related signaling pathways and pro-
mote tumor occurrence, progression, and metastasis [87].
Concomitantly, it makes scholars aware of the extraordinary sig-
nificance of lipid metabolism in tumors, which is an important part
of tumors and one of the fields that must be understood for
effective tumor control. Given the complexity of lipid metabolism
and the heterogeneity of lipidomics profiles across different tu-
mors, we enumerated the specific regulatory effects of several
important lipids and their interactions with other molecules in
esophageal cancer (Fig. 6).

4.1. FA metabolism

Because of the importance of FA to cell structure and survival,
changes in FA metabolism are involved in the initiation and pro-
gression of esophageal cancer. For example, obesity is relevant to
the increased risk of EAC [88]. Ma et al. [89] identified a tran-
scriptional feedback loop to explain the molecular mechanisms
associated with obesity, FA metabolism, and EAC. Master regulator
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transcription factors (MRTFs), including ELF3, KLF5, and GATAG6 in
EAC, can promote the transcription and overexpression of nuclear
receptor peroxisome proliferator-activated receptor gamma
(PPARG) by directly regulating the promoter and enhancer regions
of PPARG, which can promote the upregulation of downstream
genes (ACLY, ACC, FASN, and SCD), motivate de novo synthesis of FAs,
increase the abundance of intracellular LDs, and enhance the pro-
liferation ability of tumor cells [89]. In addition, high-fat diets, such
as stearic acid (C18:0), oleic acid (C18:1), and arachidonic acid
(C20:4), in turn activate PPARG, which further activates the ELF3
super-enhancer to promote ELF3 expression, and subsequently
upregulates the expression of other MRTFs in EAC cells via an
interconnected regulatory circuitry [89]. Besides, PPARG and MRTF
GATAG6 and KLF5 are also upregulated in Barrett's esophagus, sug-
gesting that MRTF/PPARG/FA synthesis may facilitate esophageal
squamous cell metaplasia and contribute to the initiation and
progression of EAC [89—91].

Abnormal FA metabolism has also been observed in the early
stages of nitrosamine-induced esophageal cancer. It has been re-
ported that nitrosamine exposure led to a decrease in specific FAs
(palmitic acid, linoleic acid, y-linoleic acid, arachidonic acid, do-
cosahexaenoic acid, and eicosapentaenoic acid) and an increase in
inflammatory mediators in the peripheral blood of mice, which
may be due to the upregulation of FA utilization, as polyunsaturated
FAs can be metabolized into proinflammatory mediators [92—94].
Besides, nitrosamine exposure also promoted the expression of
CPT1 to facilitate FAs entry into mitochondria for FAO [92]. How-
ever, Molendijk et al. [95] discovered that during the progression
from normal esophageal epithelium to EAC, the proportion of
polyunsaturated and long-chain lipids in the esophageal epithe-
lium significantly increased to promote DNA damage in tumor cells
due to bile acids. These findings may reflect the heterogeneity in
the process of esophageal carcinogenesis under different causes
and highlight the differences between various tissue types of
esophageal cancer.

The imbalance of FA-regulated enzymes and metabolic mole-
cules also plays an active role in the progression of esophageal
cancer. High expression of CD36 in tumor cells has been associated
with increased proliferation and invasion capabilities, thereby
promoting tumor progression [96]. Inhibition of CD36 leads to a
shift in energy sources from FAs to essential amino acids, resulting
in attenuated cell proliferation and invasion, suggesting the
importance of FA metabolism-derived energy in ESCC and the
critical regulatory role of CD36 [96]. Moreover, overexpression of
SREBP1 in ESCC can promote the expression of vimentin, inhibit the
expression of E-cadherin, and trigger epithelial-mesenchymal
transition (EMT) in tumors [97]. SREBP1 can also promote SCD1
expression, activate the Wnt/B-catenin signaling pathway, and
upregulate the expression of downstream proteins (CD44 and
cyclin D1), thereby enhancing the proliferation and stemness of
tumor cells and promoting tumor growth and metastasis [97].
Recently, Zhang et al. [98] demonstrated that pre-messegner RNA
(mRNA) processing factor 19 could interfere with FA metabolism
by enhancing the stability of SREBP1 mRNA, leading to increased
expression of SREBP1 and the proliferation and progression of
ESCC. In addition, epigenetic regulation is also involved in lipid
metabolic reprogramming and tumor progression [99,100]. For
instance, fat-mass and obesity-associated protein (FTO), an m°A
demethylase enzyme highly expressed in esophageal cancer, can
upregulate the expression of hydroxysteroid 17-beta dehydroge-
nase 11 of the short-chain dehydrogenase/reductase family, pro-
mote LD formation in tumor cells, and enhance the aggressiveness
and stemness of esophageal cancer cells [101].

4.2. Metabolism of phospholipid and cholesterol

Phospholipids, such as GP and SM, as well as cholesterol, are also
important components of cellular structures, and their metabolic
processes are closely associated with the proliferation and invasion
of esophageal cancer cells, involving various enzymes and



R. Jiao, W. Jiang, K. Xu et al.

metabolites in metabolic regulation. FA 2-hydroxylase (FA2H) is an
enzyme that catalyzes the formation of 2-hydroxy FA from FA, in
which 2-hydroxy FA can be further metabolized to sphingolipid
[102]. As an important raw material for sphingolipid synthesis and
the main product of catabolism, Cer is indispensable for sphingo-
lipid metabolism, and can also participate in the regulation of
mitochondrial respiration and glycolysis in cells [103]. Recently,
Zhou et al. [104] indicated that the expression of FA2H in tumor
tissues of ESCC was higher than that in adjacent normal tissues,
with the highest expression observed in advanced ESCC. The con-
tent of Cer (d18:0/24:0) and Cer (d18:0/24:1) in FA2H-silenced tu-
mor cells was significantly increased, and treatment of metastatic
ESCC cells with Cer (d18:0/24:0) or Cer (d18:0/24:1) supplemen-
tation significantly reduced the oxygen consumption rate and
extracellular acidification rate of tumor cells and decreased the
proliferation, movement, and metastatic abilities of tumor cells,
indicating that FA2H promoted tumor metastasis by reducing the
abundance of Cer (d18:0/24:0) and Cer (d18:0/24:1) in tumor cells
[104]. And tumor necrosis factor o can promote the binding of the
transcription factor forkhead box protein C2 to the FA2H gene,
thereby promoting the expression of FA2H and tumor cell metas-
tasis [104].

Besides, cholesterol metabolism in tumor cells is also altered in
order to obtain more cholesterol for cell survival. LPCAT1 is not only
associated with phospholipid metabolism but also promotes
cholesterol synthesis, thereby promoting anoikis resistance of tu-
mor cells, inhibiting tumor cell apoptosis, and promoting the pro-
gression of ESCC [105]. In ESCC, LPCAT1 promotes cholesterol
synthesis via two major pathways. On one hand, LPCAT1 can pro-
mote the phosphorylation and activation of PI 3-kinases (PI3K),
promote the transcription factors specificity protein 1 and sterol
regulatory element binding transcription factor 2 into the nucleus,
upregulate the expression of squalene epoxidase, and promote
cholesterol synthesis [105]. On the other hand, LPCAT1 can also
stimulate the phosphorylation and activation of epidermal growth
factor receptor, inhibit the expression of INSIG-1 in the ER, which is
tightly bound to SREBP1, and promote the phosphorylation of
SREBP1 and its entry into the nucleus to promote cholesterol syn-
thesis [105].

4.3. Clinical research-based lipid metabolic features and
biomarkers to indicate esophageal cancer development

With the in-depth analysis of lipidomics in precious clinical
specimens, more lipid metabolic signatures of esophageal cancer
have been revealed, which gives us a clearer and more specific
understanding of the disease. Among them, compared with healthy
people, the levels of plasma lysoPCs (lysoPC (14:0), lysoPC (16:0),
lysoPC (16:1), lysoPC (18:0), lysoPC (20:3), and lysoPC (20:5)) in
ESCC patients were significantly reduced, which may be caused by
the overexpression of lysoPLD catalyzing the conversion of lysoPC
to lysoPA to promote tumor progression [106,107]. Consistently, Li
et al. [108] also discovered that the levels of lysoPC (16:0) in tumor
lesions and peripheral blood of esophageal cancer patients were
distinctly lower than those of healthy people, and the levels of PC
(16:0/18:1) in tumor lesions and peripheral blood were observably
higher in esophageal cancer patients than those in healthy people.
By analyzing and comparing esophageal biopsy samples from
healthy people and patients with Barrett's esophagus and EAC,
Molendijk et al. [95] indicated that PC, PE, and Cer gradually
increased during the development of esophageal cancer, while
triglycerides and dihydroceramide gradually decreased, and these
lipid changes were mainly concentrated in GP and sphingolipid
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synthesis. Wang et al. [43] considered that lipid metabolism dys-
regulation related to the diagnosis and prognosis of ESCC patients
mainly focused on the linoleic acid metabolic pathway. Linoleic acid
can be oxidized by cytochromes P450 (CYP2C and CYP2]) to
generate bioactive epoxy FA and induce angiogenesis, cell prolif-
eration, and migration to accelerate tumor growth and metastasis,
suggesting that cytochrome P450 may be an underlying thera-
peutic target for ESCC [43,109].

5. Clinical application of lipid metabolism
5.1. Early diagnosis

The intricate process of tumorigenesis involves the systemic
disorder of metabolic pathways. Multiple biomarkers can provide
more accurate information for clinical practice and further promote
the early diagnosis and treatment of tumors. By comparing the
metabolomic information in the peripheral blood of ESCC patients
and healthy individuals, Xu et al. [106] found a metabolomic
biomarker panel that can significantly discern ESCC patients from
healthy individuals, and the area under the curve (AUC) for the
generated receiver operating characteristic (ROC) was 0.96, with
sensitivity of 90.2% and specificity of 96.0% at the optimal cut-off.
This panel included decanoylcarnitine, octanoylcarnitine, lysoPC
(16:0), lysoPC (16:1), lysoPC (18:0), linoleic acid, and uric acid [106].
The abundance of LPCAT1 in ESCC was significantly higher than
that in adjacent normal esophageal tissues. The level of LPCAT1 in
the peripheral blood of ESCC patients was also significantly higher
than that of healthy individuals, with an AUC value of about 0.80 for
distinguishing ESCC [105]. It was demonstrated that LPCAT1 was
considered as a potential biomarker for ESCC diagnosis [105]. Yang
et al. [110] also found significant differences in GP metabolism
between ESCC and normal esophageal tissues, among which
LPCAT1 and PS synthase 1 were highly expressed in ESCC, and the
AUCs for identifying ESCC were 0.914 and 0.980, respectively.

In addition, Abbassi-Ghadi et al. [111] further revealed the
functions of the GP profile in the early diagnosis of primary EAC by
DESI-MSI. Compared with normal esophageal epithelium, PG and
polyunsaturated acyls were significantly increased in EAC, which
also had longer acyl chains [111]. The reduction of de novo lipo-
genesis could reverse the abnormal GP acyl phenotype to normal
[111]. By analyzing the phospholipidome, EAC was objectively
identified from other non-malignant tissues, including normal
tissues and Barrett's dysplasia. Previously, this research group,
Abbassi-Ghadi et al. [112], found that primary lesions of EAC had
similar lipidomic characteristics to metastatic lymph nodes, which
differed from those of non-metastatic lymph nodes and metastatic
lymph nodes that respond to chemotherapy. Therefore, it may be
possible to determine lymph node metastasis by analyzing the
lipidomic profile during esophagectomy, which would be a more
rapid and objective method. These studies demonstrate the feasi-
bility of lipid metabolomics as a potential early diagnostic tool for
esophageal cancer. Besides, Fig. 7 [46] shows the different meta-
bolic maps between tumor tissue and normal esophageal epithe-
lium in ESCC based on MSL

5.2. Prediction of efficacy and prognosis

The metabolic characteristics of tumors may provide a more
accurate reflection of the response of esophageal cancer cells to
treatment at the molecular level. Recently, Buck et al. [113]
explored the value of metabolomics in appraising the response to
neoadjuvant therapy in EAC through MALDI Fourier-transform ion
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Reproduced from Ref. [46] with permission.

cyclotron resonance MSI. They retrospectively collected post-
operative paraffin specimens and clinicopathological characteris-
tics from 144 patients with EAC who received neoadjuvant therapy.
Then, they analyzed the metabolomics identities of neoplasms and
stromal regions in various specimens. Tumor regression grading is
the most widely used clinical system for evaluating tumor response
to neoadjuvant therapy. In this study, the accuracy of tumor
regression grading in predicting patient prognosis was 70.5%, and
the accuracy of prediction based on tumor metabolic characteristics
was 89.7%, which indicated that the latter may be more suitable as
an indicator for patient prognosis stratification [113]. Metabolic
profiling of tumors holds potential value as an evaluation criterion
for neoadjuvant therapy and a prognostic stratification criterion in
esophageal cancer. Esophageal cancer patients with different ef-
fects of chemoradiotherapy not only have different lipid meta-
bolism characteristics in tumor tissues, but also show different lipid
metabolism characteristics in peripheral blood. In ESCC patients
who achieved a complete response after chemoradiotherapy, the
levels of decanoylcarnitine, lysoPC (16:1), and octanoylcarnitine in
the peripheral blood gradually increased and returned to healthy
human levels [106]. Conversely, this alteration was not observed in
non-complete responders. These findings imply that these me-
tabolites may serve as potential predictive indicators for assessing
the efficacy of chemoradiotherapy in esophageal cancer.

Given the important of lipid metabolic reprogramming in tumor
cells, scholars have not only analyzed the role of lipid metabolism in
the prediction of efficacy in esophageal cancer but also explored the
relationship between lipid metabolism, related enzymes, and pa-
tient prognosis by integrating clinical survival information (Table 1)
[96,101,104,105,114—118]. Among them, upregulation of certain
regulatory enzymes involved in lipid metabolism, such as ACSS2,
CD36, SREBP1, SCD, FTO, FA2H, and LPCAT1, may be linked to a poor
prognosis for esophageal cancer patients. Exosomes are extracel-
lular vesicles secreted by almost all living cells that contain rich
biological information and are involved in the initiation and pro-
gression of cancer [119]. By comparing the metabolism of exosomes
in the peripheral blood of ESCC patients with and without recur-
rence, Zhu et al. [118] identified a potential metabolomic feature,
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including palmitoleic acid, palmitaldehyde, isobutyl decanoate, and
3’-UMP, for predicting ESCC recurrence with an AUC of up to 98%.
Although it has been found that these lipid metabolism-related
biomarkers have an impact on the prognosis of esophageal can-
cer, the initiation and progression of esophageal cancer involve a
complex interplay of multiple factors, which is a process with
highly sophisticated molecular mechanisms and may still need to
be comprehensively analyzed.

5.3. Treatment resistance and drug discovery

Considering the consequence of lipid metabolism in the initia-
tion and progression of esophageal cancer, scholars are exploring
the causes of clinical treatment resistance from the perspective of
lipid metabolism, looking for new therapeutic targets to interfere
with tumor lipid metabolism, and exploring new treatment
options.

Platinum-based double-agent chemotherapy is a common clin-
ical treatment for esophageal cancer, and chemoresistance is also a
difficult problem for doctors. Platinum-based drugs, such as
cisplatin, carboplatin, and oxaliplatin, can enter cells through
transmembrane transport, undergo chloro-ligand(s) replacement to
become activated, and finally couple with intra-strands or between
strands of double-stranded DNA to cause DNA damage and cancer
cell death [120]. However, due to the uncontrolled proliferation of
tumor cells and the disorder of vascular distribution, the nutritional
status in the tumor microenvironment is very poor. Under this
condition, tumor cells can promote the production of acetyl-CoA by
overexpressing ASCC2 to ensure the energy supply of the cells.
Simultaneously, ACSS2 can also stabilize the expression of prolifer-
ating cell nuclear antigen, promote the rapid repair of DNA damage
induced by cisplatin, and lead to the chemoresistance of tumor cells
[114] (Fig. 8). At present, the developed ACSS2 inhibitors include
ACSS2-IN-2, VY-3-135, and MTB-9655, but there is still no relevant
study on ACSS2 inhibitors combined with chemotherapy in the
treatment of esophageal cancer. In the future, researchers are ex-
pected to continue to explore the combination of the two, which
may be a potential way to improve the treatment effects of cancer
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Table 1
Lipid metabolism-related markers for the prognosis of esophageal cancer.
Biomarkers The associated Histologic Source of Number of Clinical prognostic significance Refs.
lipids subtypes of specimens cases
cancer
CD36 FA ESCC Tumor tissues 160 High CD36 expression was associated with [96]
shorter overall survival (P = 0.023), disease-
specific survival (P = 0.046) and recurrence-free
survival (P = 0.048)
FTO LD Esophageal Tumor tissues 106 Patients with low expression of FTO had a better [101]
cancer prognosis (P < 0.001)
FA2H Cer (d18:0/24:0) ESCC Tumor tissues 306 Patients with high FA2H expression had poor [104]
and Cer (d18:0/ disease-free survival (P = 0.0209) and overall
24:1) survival (P = 0.0125)
LPCAT1 Cholesterol ESCC Tumor tissues 154 Low mRNA (P < 0.001) and protein expression [105]
(P =0.021) of LPCAT1 was associated with a
better prognosis.
ACSS2 Acetyl-CoA ESCC Tumor tissues 28 Patients with low expression of ACSS2 achieved [114]
longer disease-free survival (P = 0.0311)
SCD Oleic aid ESCC Tumor tissues 236 Patients with high SCD expression had a shorter [115]
disease-free survival (P = 0.025)
SREBP1 FA ESCC Tumor tissues 200 Patients with low SREBP1 expression had [116]
longer overall survival (P = 0.001)
OTUB2 PS ESCC Tumor tissues 103, 95, and Patients with high expression of OTUB2 [117]
114 received longer overall survival (P = 0.0058,
P < 0.0001, and P = 0.0011)
Palmitoleic acid, palmitaldehyde, Palmitoleic acid ESCC Blood samples 71 A marker set of metabolomic signatures used to [118]

isobutyl decanoate, and 3’-UMP

predict ESCC recurrence had an AUC of 98%

CD36: cluster of differentiation 36; FA: fatty acid; ESCC: esophageal squamous cell carcinoma; FTO: fat-mass and obesity-associated protein; LD: lipid droplet; FA2H: fatty acid
2-hydroxylase; Cer: ceramide; LPCAT1: lysophosphatidylcholine acyltransferase 1; mRNA: messenger RNA; ACSS2: acetyl-CoA synthetase 2; SCD: stearoyl-CoA desaturase;
SREBP1: sterol regulatory element-binding protein 1; OTUB2: otubain 2; PS: phosphatidylserine; AUC: area under the curve.

patients. In addition, metabolic heterogeneity within and between
tumors may also lead to differences in the efficacy of drugs. Otubain
2 (OTUB2), a deubiquitinating enzyme, can promote the occurrence
and progression of lung and breast cancers [121,122]. But Chang et al.
[117] found that OTUB2 was generally lost in ESCC due to DNA
hypermethylation, while it was widely expressed in normal
esophageal tissues. In ESCC, OTUB2 can deubiquitinate signal
transducer and activator of transcription 1 (STAT1), motivate the
phosphorylation and activation of STAT1, and activate the tran-
scription and expression of calmodulin-like protein 3 to improve
intracellular calcium level and the capacity of oxidative phosphor-
ylation and PS synthesis, thereby inhibiting tumor cell growth and
enhancing the sensitivity of tumor cells to chemotherapy [117]
(Fig. 8). And oral administration of PS can restore the chemo-
sensitivity in the OTUB2-silenced ESCC xenograft mice [117].
When tumor cells have an excess of iron ions, a large amount of
ROS can be produced by reacting with hydrogen peroxide, and the
accumulated ROS can trigger extensive peroxidation of unsaturated
phospholipids in the cell membrane, resulting in membrane rupture
and cell death. This kind of cell death caused by oxygen-free radicals
produced by iron ions is called ferroptosis, which is a regulated form
of non-apoptotic cell death [123]. Because ferroptosis is closely
related to lipids, the reprogramming of lipid metabolism may affect
the occurrence of ferroptosis in tumor cells, leading to tumor cell
resistance to treatment [ 124]. As one of the indispensable means for
the treatment of esophageal cancer, radiation therapy can directly
destroy the DNA double-strand of tumor cells to induce cell death
and also induce the ionization and decomposition of intracellular
water molecules, producing ROS to cause cell damage and indirectly
lead to cell death, including ferroptosis [125]. Nevertheless, tumor
cells can undergo lipid metabolism reprogramming under such
stress conditions to resist ferroptosis, leading to radiation resistance
and tumor cell survival [126]. Luo et al. [115] observed that upre-
gulated expression of SCD1 in ESCC can promote the production of
oleic acid (C18:1), alleviate lipid peroxidation, and attenuate
radiation-induced cell ferroptosis, thereby inducing radiation

1

resistance in tumor cells. The use of SCD1 inhibitors (MF-438) can
enhance the radiosensitivity of ESCC tumor cells by increasing fer-
roptosis and immunogenic cell death (Fig. 8). As found in melanoma
cells, oleic acid can protect tumor cells from ferroptosis through
acyl-CoA synthetase long-chain family member 3 [127]. In addition,
existing drugs regulating lipid metabolism may also enhance the
anti-tumor efficacy of radiotherapy in esophageal cancer. For
instance, statins can competitively inhibit endogenous HMGCR,
resulting in decreased intracellular cholesterol synthesis [128]. Jin
et al. [129] found that simvastatin could reverse the low expression
of phosphatase and tensin homologs and the activation of the PI3K/
AKT pathway induced by radiotherapy, inhibit EMT of tumor cells,
and improve the radiosensitivity of esophageal cancer (Fig. 8).
Simvastatin can also induce cell death by increasing lipid peroxi-
dation in tumor cells [130].

Researchers can also investigate drug development for new
targets by intervening in the regulation of lipid metabolism directly
based on the metabolic characteristics of esophageal cancer tumor
cells. For example, tumor cell survival can be affected by inter-
vening in key targets of FA metabolism such as FASN, SREBP, and
ACC. TVB-3166, an oral FASN inhibitor, can effectively inhibit FASN,
leading to tumor cell death, inhibit the growth of xenograft tumors
in vivo, and have no significant effect on normal cells [131]. ACC
inhibitors, including ND-646, TOFA, and CP-640186, can induce
apoptosis in various types of tumor cells and inhibit tumor devel-
opment to a certain extent [132]. Besides, Huang et al. [133] found
that fatostatin, an inhibitor of SREBP1, reduced the percentage of
CD133 cells, decreased the expression of SREBP1 and ZEB1 (a
transcription factor that promotes EMT), and increased the sensi-
tivity of ESCC to drug therapy. According to the high expression of
LPCAT1 in ESCC, Jun et al. [134] developed nanoparticles of doxo-
rubicin combined with siLPCAT1. The results of animal experiments
revealed that the expression of LPCAT1 was strikingly reduced and
the tumor volume was notably shrunk after the nanomedicine
treatment compared with doxorubicin alone, without obvious
toxicity to the heart, lung, liver, or kidney, which demonstrated the
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Fig. 8. Lipid metabolism molecules associated with treatment tolerance in esophageal cancer. ACSS2: acetyl-CoA synthetase 2; PCNA: proliferating cell nuclear antigen; OTUB2:
otubain 2; STAT1: signal transducer and activator of transcription 1; CALML3: calmodulin-like protein 3; PS: phosphatidylserine; HMGCR: 3-hydroxy-3-methylglutaryl-coenzyme A
reductase; PTEN: phosphatase and tensin homolog; PI3K/AKT pathway: phosphatidylinositol 3-kinases/AKT pathway; EMT: epithelial-mesenchymal transition; SCD1: stearoyl-CoA

desaturase 1.

potential feasibility of targeting LPCAT1 [134]. It is hoped that more
nanomaterials targeting the regulation of lipid metabolism can be
developed and used in esophageal cancer research.

Although research on intervening in lipid metabolism for the
treatment of esophageal cancer is still in the preclinical stage, it has
shown obvious antitumor effects and potential for enhancing the
effectiveness of traditional antitumor therapy. However, due to the
complexity and universality of lipid metabolism, further research is
still needed to advance its clinical application.

6. Conclusions and perspectives

For the moment, the treatment of esophageal cancer has
entered a bottleneck period, and it is urgent to develop new ther-
apeutic targets to ameliorate the prognosis of esophageal cancer
patients. More and more studies have demonstrated significantly
abnormal lipid metabolism in esophageal cancer compared with
normal esophageal tissue, which is intimately correlated with the
initiation and development of esophageal cancer and clinical
treatment tolerance. Consequently, there is a growing interest
among researchers in targeting and regulating lipid metabolism as
a potential therapeutic approach, which will provide exciting new
therapeutic targets for the treatment of esophageal cancer, improve
the treatment status of esophageal cancer, and bring hope to
esophageal cancer patients. However, there are still several chal-
lenges to be overcome in the technology of lipid detection and
analysis. For example, the accuracy and coverage of lipid detection
by MSI-based lipidomics need to be improved to achieve more
accurate qualitative, quantitative, and spatial positioning. In addi-
tion, there is a lack of lipid databases, which are still in the stage of
continuous improvement. It is necessary to continue to build a
complete database that can be utilized by researchers using
different instrument platforms, different experimental methods,
and from different countries. Finally, multi-omics combined anal-
ysis can more systematically and comprehensively understand the
initiation and progression of tumors. Therefore, the combination of
lipidomics and genomics, transcriptomics, proteomics, radiomics,
and other omics technologies may be the direction we need to
continue exploring in the future.
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