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Cholangiocarcinoma (CCA) is a malignant tumor that originates from the bile duct epithelium and with a poor outcome due to lack of
effective early diagnostic methods. Surgical resection is the preferred method for cure, but treatment options are limited for advanced
diseases, such as distant metastatic or locally progressive tumors. Therefore, it is urgent to explore other new treatment methods. As
modern living standards rise, the acceptance of high-fat, high-protein, and high-carbohydrate diets is growing among the public, and
the resulting metabolic abnormalities are intimately linked to the initiation and spread of tumors. Metabolic reprogramming is a key
mechanism in the process of tumor development and progression and is closely related to cancer cell proliferation, metastasis and drug
resistance. Fatty acid (FA) metabolism, an integral component of cancer cell metabolism, can provide an energy source for cancer cells
and participate in cell signaling, the regulation of the immune response and the maintenance of homeostasis of the internal

environment, which are closely linked to the development and progression of CCA. Therefore, a better understanding of FA metabolism
may provide promising strategies for early diagnosis, prognostic assessment and targeted therapy for CCA patients. In this paper, we
review the effects of FA metabolism on CCA development and progression, summarize related mechanisms and the existing clinical

applications of targeted lipid metabolism in CCA, and explore new targets for CCA metabolic therapy.
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FACTS

® Compared with normal bile duct epithelial cells, CCA cells
meet the need for tumor cell deterioration by enhancing FA
metabolism. FAs are maintained mainly through two path-
ways: exogenous intake and endogenous synthesis.

® Acetyl-CoA carboxylase and fatty acid synthase are key
enzymes that drive FA de novo synthesis. When the
expression level of fatty acid synthase is low, CCA cells
provide FAs for cancer development and progression by
increasing the expression of FA uptake-related proteins.

® In an environment of high levels of oxidative damage, bile
duct epithelial cells can undergo malignant transformation to
CCA. Fatty acid oxidation is the preferred energy source for
highly proliferating CCA cells.

® The core of ferroptosis is the lipid peroxidation of highly
expressed unsaturated fatty acids in the cell membrane in
response to ferrous ions or lipoxygenase. Ferroptosis is closely
associated with the malignant progression, drug resistance
and poor prognosis of CCA.

® -3 polyunsaturated fatty acids mainly exert anti-oncogenic
effects, while w-6 polyunsaturated fatty acids mainly have pro-

oncogenic effects, and saturated fatty acids have different
mechanisms of action on CCA according to their class. FAs can
synthesize other lipids to participate in tumor metabolic
reprogramming.

BACKGROUND

CCA is an epithelial malignancy originating in the biliary tree. It is
the second most common primary liver cancer after hepatocellular
carcinoma (HCC) and is typically classified into three subtypes
based on anatomical structure: intrahepatic CCA (iCCA), perihilar
CCA (pCCA) and distal CCA (dCCA) [1, 2]. Due to the absence of
early specific clinical manifestations and precise diagnostic
methods, most patients are diagnosed at advanced stages [3].
The incidence and mortality of CCA have increased over the last
few decades, accounting for approximately 3% of gastrointestinal
malignancies and 15% of primary liver cancers [4]. At present,
surgery is the preferred treatment option. However, more than
60% of patients experience recurrence and metastasis after
surgery, and the 5-year survival rate is only 25%-50% [5, 6].
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Moreover, although combination therapy of gemcitabine (GEM) with
cisplatin is a standard first-line therapy, the effect of adjuvant
chemotherapy in patients with regional lymph node metastasis,
positive margins and low differentiation is not significant, and the
overall survival time is < 1 year [7]. Therefore, the early diagnosis and
treatment of CCA is of great medical and social significance. With
improvements in modern living standards, people are becoming
increasingly prone to eating meals that are heavy in protein, fat and
carbohydrates. However, this can lead to metabolic disorders and a
host of other ailments, including cancers, obesity and inflammation.
In recent years, changes in cell metabolism that contribute to
tumorigenicity and cancer progression have attracted the interest of
researchers. The metabolic reprogramming of cancer cells refers to
the phenomenon of cancer cells adjusting and changing their
metabolic pathways during development, which is the eighth major
feature of cancer cells after self-activation of growth signals,
insensitivity to growth inhibition signals, escape from apoptosis,
unlimited replication ability, continuous angiogenesis, and tissue
invasion and metastasis [8]. These alterations mainly include glucose
metabolism, glutamine metabolism, and lipid metabolism. As an
important part of metabolic reprogramming, lipid metabolism is
involved in the composition of biological membranes and structural
units, energy storage, and plays a role as a signaling pathway in a
variety of cellular activities. At present, extensive evidence has
revealed that lipid metabolism reprogramming is inseparable from
tumorigenesis and development. FAs, as basic components of lipids,
are widely involved in the occurrence and development of CCA,
including its synthesis, transport and degradation. Furthermore, FAs
are closely related to CCA treatment and drug resistance. Therefore,
targeted FA metabolism therapy has gradually become an important
method for cancer treatment and drug resistance treatment. In this
review, we summarize how FA metabolic reprogramming contributes
to the development and progression of CCA and discuss therapeutic
strategies for targeting FA metabolism in CCA.

FA DE NOVO SYNTHESIS PROVIDES A SOURCE OF LIPIDS FOR
CCA GENESIS AND DEVELOPMENT

Mammalian FAs are mainly derived from two pathways: exogenous
uptake from the surrounding microenvironment and endogenous
synthesis via the use of nutrients. FA endogenous synthesis, also
known as FA de novo synthesis, is carried out in the cytoplasm
using acetyl-coenzyme A (acetyl-CoA), adenosine 5-triphosphate
(ATP), and biotin as raw materials. Under physiological conditions,
normal cells meet lipid requirements primarily through the direct
uptake of exogenous FAs, and lipogenesis is primarily restricted to
hepatocytes and adipocytes. However, cancer cells can activate
lipogenesis to meet the needs of rapid proliferation [9]. Acetyl-CoA
is a crucial component in FA de novo synthesis and is obtained by
the metabolism of glucose, glutamine and acetate. Glucose-derived
pyruvate is catalyzed by pyruvate dehydrogenase in mitochondria
to form acetyl-CoA, which is then condensed with oxaloacetate to
form citrate by citrate synthase. Citrate not only can complete the
tricarboxylic acid (TCA) cycle in mitochondria but can also be
carried to the cytoplasm by the citrate transporter SLC25A1 and
converted to acetyl-CoA by ATP-citrate lyase (ACLY). Additionally,
glutamine contributes to citrate production through reductive
carboxylation. In addition, under conditions of metabolic stress such
as hypoxia or lipid depletion, cancer cells can accelerate acetate
activation to generate acetyl-CoA by upregulating acetyl-CoA
synthetase (ACSS) expression. Eventually, acetyl-CoA is first
synthesized into palmitic acid (PA) with 16-carbon atoms by key
enzymes, such as acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FASN), and then converted to other FAs by altering the
length of the carbon chain or adding unsaturated bonds. FA de
novo synthesis is beneficial for increasing the saturation of cellular
and organelle membranes, preventing death by counteracting lipid
peroxidation (LPO) and attenuating drug uptake by changing
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transverse membrane dynamics [10]. Therefore, FA de novo
synthesis is highly important for cancer occurrence and progres-
sion. Acetyl-CoA and various enzymes mediating FA synthesis play
key roles in FA anabolism (Fig.1).

ACC is the main regulator of FA metabolism and occurs in two
isoforms: ACC1 and ACC2. ACC1 is located in the cytoplasm. It is a
rate-limiting enzyme for FA de novo synthesis and can catalyze the
carboxylation of acetyl-CoA to malonyl-CoA. However, ACC2 is
anchored to the outer mitochondrial membrane. It can regulate FA
uptake and reduce fatty acid oxidation (FAO) by producing products
that inhibit carnitine palmitoyltransferase-1 (CPT-1) [11]. Therefore,
ACC is critical for FA metabolism. Previous research has shown that
ACC1 was highly expressed in various human cancers, including HCC,
gastric cancer and lung cancer. ACC1 depletion attenuates FA de
novo synthesis and inhibits cancer development [12-14]. Saisom-
boon S et al. [15] found that ACC1 could affect the invasion and
migration ability of CCA by regulating the AMPK-NF-kB-Snail axis, and
for CCA patients, higher ACC1 expression often indicated shorter
survival. AMP-activated protein kinase (AMPK) is the regulatory
center of energy metabolism and is widely involved in the regulation
of numerous enzymes and transcription factors associated with lipid
metabolism [16]. ACC has been shown to be a target molecule of
AMPK, and AMPK phosphorylation can regulate ACC activity. Under
low-energy conditions, AMPK can increase ATP content, attenuate
ACC activity and inhibit lipid anabolism by phosphorylating specific
enzymes and sites [17]. Similarly, berberine suppresses tumor growth
by blocking ACC activity through the activation of AMPK, leading to a
reduction in intracellular FA synthesis and extracellular vesicle
production [18]. Following the downregulation of ACC1 expression
in CCA, there is a steady decrease in the synthesis of malonyl-CoA
and PA, which leads to a decrease in the amount of neutral lipids and
ATP and an increase in AMPK phosphorylation. An increase in
p-AMPK can reduce the Snail-mediated invasion and migration of
cancer cells by inhibiting the nuclear translocation of NF-kB p65,
ultimately inhibiting the occurrence and development of CCA. 5-
tetradecyloxy-2-furoic acid (TOFA) has been shown to have cytotoxic
effects as an ACC metastable inhibitor in a variety of tumors,
including lung, colon, and renal cancers. Boonnate P et al. [19]
reported that TOFA attenuated the endogenous synthetic capacity of
FAs by downregulating ACC expression and inhibited CCA cell
proliferation in a dose-dependent manner. In summary, these
findings suggest that ACC plays an important role in CCA and that
targeting ACC may improve the poor prognosis of CCA patients by
regulating de novo FA synthesis.

In addition, FASN, a key lipogenic enzyme in FA de novo
synthesis, condenses one molecule of acetyl-CoA and seven
malonyl-CoA molecules into PA, which is used for the synthesis of
more complex FAs, plasma membrane structures, and posttransla-
tional protein palmitoylation [20]. FASN has been widely studied
in a variety of cancers. Its overexpression is associated with
advanced tumor stage, lymph node metastasis, distant metastasis,
and short survival time [21, 22]. FASN contributes to the
occurrence and progression of CCA through various mechanisms.
Tomacha J et al. [23] proposed that FASN overexpression was
closely related to the proliferation, migration and invasion of CCA
cells, as well as the poor prognosis and high recurrence risk of
patients, and can be used as a biomarker to predict the
invasiveness and prognosis of CCA. In a database of 155 CCA
patients, there was a clear correlation between the advanced state
of CCA patients and the expression of FASN. In other words, CCA
patients with higher FASN expression have a worse prognosis.
Moreover, when FASN was knocked down, the growth, migration
and invasion of CCA cells were inhibited, the cell cycle was
arrested, and apoptosis was induced. Metabolomic analysis
revealed that the expression of guanine and xanthine was
significantly greater in the FASN knockdown group than in the
control group. As the most abundant metabolite in living
organisms, purine is a key component of DNA, RNA and basic
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Fig. 1 The sources of acetyl-CoA and FA de novo synthesis in cancer cells. Acetyl-CoA is a crucial component in FA de novo synthesis and is

obtained by the metabolism of glucose, glutamine, and acetate. Pyruvate is the end product of glycolysis and is transported to the
mitochondria via MPC to participate in the TCA cycle to produce citrate. Glutamine enters cancer cells via ASCT2 and is converted in the
mitochondria to glutamate by a deamination reaction. Glutamate is converted by glutamate dehydrogenase to a-ketoglutarate, which is an
intermediate product of the TCA cycle that further produces citrate. Citrate in mitochondria enters the cytoplasm with the assistance of
SLC25A1. Citrate can be catalyzed by ACLY to generate acetyl-CoA. Moreover, ACSS catalyzes the activation of acetate to yield acetyl-CoA.
Acetyl-CoA is used in lipid synthesis to generate FAs catalyzed by ACC and FASN. (GLUT, glucose transporter; MPC, mitochondrial pyruvate
carrier; PDH, pyruvate dehydrogenase; CS, citrate (Si)-synthase; OAA, oxaloacetic acid; TCA, tricarboxylic acid; GLUD, glutamate
dehydrogenase; GLS, glutaminase; ASCT2, alanine-serine-cysteine transporter 2; ACLY, ATP-citrate lyase; MDH, malate dehydrogenase; ACC,
acetyl-CoA carboxylase; FASN, fatty acid synthase; ACSS, acetyl-CoA synthetase; SLC25A1, solute carrier family 25 member 1; FAs, fatty acids).

biomolecules. To meet their needs for rapid proliferation, cancer
cells often exhibit increased purine production in comparison to
that of normal cells [24]. In CCA, the inhibition of FASN expression
hinders purine metabolism, which in turn attenuates ATP and DNA
production, leading to the inhibition of CCA cell proliferation and
the induction of apoptosis. Circular RNAs (circRNAs), whose
biogenesis is regulated by specific cis-acting elements and trans-
acting factors, are covalently closed, endogenous biomolecules in
eukaryotes with tissue-specific and cell-specific expression pat-
terns. circRNAs have been shown to be dysregulated in a variety of
cancers and have emerged as potential biomarkers and ther-
apeutic targets [25]. CircMBOAT2 is a circRNA derived from
MBOAT?2 that is closely related to lipid metabolism. Yu X et al. [26]
reported that circMBOAT2 is positively correlated with the
malignant features of iCCA. The results confirmed that cir-
CMBOAT2, the expression of which is upregulated in iCCA,
protected polypyrimidine tract-binding protein 1 (PTBP1) from
ubiquitin/proteasome-dependent degradation by binding to
PTBP1, which in turn facilitated PTBP1-mediated cytoplasmic
export of FASN mRNA, driving polyunsaturated fatty acids (PUFAs)
and oxidized lipids production. Oxidized lipids have an important
regulatory role in the initiation, development and regression of
inflammation. Oxidized lipids also have a role in regulating
intracellular redox state, in which some oxylipins promote the
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production of oxidants or are highly active oxidants themselves,
while others have the ability to inhibit the production of pro-
oxidants or promote the production of antioxidants [27]. The
researchers speculate that the PUFAs produced by circMBOAT2
are mainly catalyzed by the cytochrome P450(CYP450) pathway to
produce epoxyeicosatrienoic acid (EET), which has anti-oxidative
and antiapoptotic effects on endothelial cells and other cells.
Ultimately, PUFAs and EET inhibit lipid peroxidation and ROS level,
and promote the malignant tumor progression. This suggested
that silencing circMBOAT2 could be a novel strategy for treating
iCCA, especially for patients with active lipid metabolism. In
addition, Zhang B et al. [28] reported that KDM5C, which is
expressed at low levels in iCCA and closely related to FASN
expression, may exert oncogenic effects as a novel class of tumor
suppressors. KDM5C is reported to be a histone H3K4-specific
demethylase that is associated with tumor progression and poor
prognosis [29, 30]. In iCCA, the overexpression of KDM5C hinders
the synthesis of FAs by attenuating the modification of H3K4me3
on the promoter of the FASN gene and subsequently decreasing
the transcriptional activation of FASN mRNA, impeding the
proliferation, migration and invasion of CCA cells. KDM5C is
involved in the pathogenesis of iCCA by targeting FASN, and it
could be a potential therapeutic target for iCCA in the future.
Moreover, spindle and kinetochore-associated complex subunit 3
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Fig. 2 Impact of ACC and FASN on CCA occurrence and progression. ACC and FASN, key enzymes in FA de novo synthesis, regulate the
development and progression of CCA. Increased ACC1 expression in CCA can accelerate the accumulation of neutral lipids and ATP, which in
turn inhibit the phosphorylation of AMPK. Reduced p-AMPK accumulation can ultimately accelerate the development and progression of CCA
by enhancing the nuclear translocation of NF-kB p65. Moreover, circMBOAT2, the expression of which is upregulated in iCCA, protects PTBP1
from ubiquitin/proteasome-dependent degradation. PTBP1 accelerates the cytoplasmic export of FASN mRNA, which drives the generation of
PUFAs. PUFAs produced by circMBOAT2 are mainly catalyzed by the CYP450 pathway to produce EET, which has anti-oxidative and
antiapoptotic effects. Ultimately, PUFAs and EET inhibit lipid peroxidation and ROS level, and promote the malignant tumor progression.
(ACC1, acetyl-CoA carboxylase 1; ATP, adenosine 5'-triphosphate; AMPK, AMP-activated protein kinase; IKKa, inhibitor of kappa B kinase «;
FASN, fatty acid synthase; FAs, fatty acids; PUFAs, polyunsaturated fatty acid; PTBP1, polypyrimidine tract-binding protein 1; Ub, ubiquitin; ROS,
reactive oxygen species; CYP450, cytochrome P450; EET, epoxyeicosatrienoic acid).

(SKA3) can also be used as a potential biomarker to monitor the
prognosis of CCA patients. SKA3 is closely related to tumor
development. When SKA3 expression is reduced, cells induce mid-
mitotic arrest by activating the spindle component checkpoint and
reducing sister chromatid cohesion. Chen Y et al. [31] reported that
hypoxia-induced SKA3 promoted CCA cell proliferation and
increased GEM chemoresistance through the upregulation of FASN
expression in ex vivo experiments. Under hypoxic conditions, SKA3
can bind to HIF-1a by recruiting PARP1, which in turn enhances the
poly ADP-ribosylation of HIF-1a, induces the USP7-mediated
deubiquitination of HIF-1q, and ultimately upregulates key lipo-
genic enzymes to increase the level of lipid expression, which
provides a source of energy to drive the malignant proliferation of
tumor cells. Currently, TVB-2640, a second-generation targeted drug
for FASN, has entered the phase 2 clinical trial stage and has been
confirmed to have safe and effective cancer inhibitory effects [32].
Although there are few clinical studies on FASN inhibitors for the
treatment of CCA, FASN is closely related to CCA, and the efficacy
and safety of targeting FASN for the treatment of patients with CCA
should be investigated. In summary, the levels of ACC and FASN,
key enzymes involved in FA de novo synthesis, are closely related to
the development and progression of CCA (Fig. 2). Therefore, the
regulation of FA de novo synthesis plays a critical role in combating
CCA.

SPRINGER NATURE

CCA ENHANCES FA UPTAKE VIA MULTIPLE TRANSPORT
MEDIATORS TO ACCELERATE TUMOR MALIGNANCY

CCA is a heterogeneous group of malignancies based on its
histological and molecular features [33]. It may emerge at different
sites in the biliary tree and has different macroscopic or
morphological characteristics [34]. Therefore, not all CCAs rely
on FA de novo synthesis as a source of bioenergetics, and the
enhanced exogenous uptake of FAs can also contribute to the
progression and survival of CCAs. A related report indicated that
some oncogene-induced iCCA cells inhibited FA de novo synthesis
and exhibited strong exogenous uptake [35]. The ablation of FASN
in a mouse model and in vitro livers did not affect AKT/NCID-
induced iCCA formation, and CCA cells with low expression levels
of FASN tended to have high expression levels of FA uptake-
associated proteins and robust FA uptake capacity [36, 37]. This
indicates that iCCA cells may undergo membrane formation in the
absence of FASN by boosting the absorption of supplemental
lipids from exogenous FAs to facilitate tumor progression. It is
evident that cancer cells possess the capacity to regulate the
source of FAs and that different types of CCA cells are capable of
selecting between endogenous synthesis and exogenous uptake
of FAs to fulfill their lipid requirements, contingent on their
specific circumstances. Thus, FA de novo synthesis and exogenous
uptake complement each other and play important roles in
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Fig. 3 Process of lipid uptake. A high-fat diet accelerates the body’s lipid intake. Lipids are first digested into small molecules in the stomach
and intestines and then absorbed into the blood, where they can participate in the formation of the tumor microenvironment. The exogenous
uptake of FAs from the surrounding microenvironment is facilitated by specialized transporters, including CD36, FATP, FABP and FFAR. (CD36,
fatty acid translocase; FATP, fatty acid transport protein; FABP, fatty acid-binding protein; FFAR, free fatty acid receptor; FAs, fatty acids).

maintaining FA homeostasis in the body. In general, a high-fat diet
could accelerate the body’s lipid intake. Exogenous uptake of
lipids usually contains triglycerides, which can be directly ingested
by intestinal mucosal cells after being emulsified by bile acids, and
then hydrolyzed into FAs and glycerol under the action of
intracellular lipase, which enter the blood circulation through the
portal vein [38]. However, due to the hydrophobic nature of FAs,
exogenous FAs frequently require a transport mediator to enter
the cell and exert their effects(Fig. 3). As crucial transport
mediators, cluster of differentiation 36 (CD36), fatty acid transport
proteins (FATPs), fatty acid binding proteins (FABPs) and free fatty
acid receptors (FFARs) have been shown to be highly expressed in
CCA and participate in tumorigenesis and progression through a
multitude of mechanisms(Table 1).

CD36

CD36 is a B2 receptor of the scavenger receptor class B family and
is composed of single-chain secondary transmembrane glycopro-
teins; it is expressed in cancer cells, stromal cells and immune
cells, but its expression varies among distinct cell types and tumor
stages. CD36 widely participates in biological processes, such as
immunomodulation and metabolic regulation. In lipid metabo-
lism, CD36 mainly acts as a receptor protein for long-chain fatty
acids (LCFAs). Benton CR et al. [39] reported that, compared with
that in wild-type mice, the uptake rate of LCFAs in skeletal muscle
was significantly decreased in mice with CD36 knocked out and
that the uptake rate of LCFAs could be restored to normal when
CD36 was retransferred into defective mice. These findings
suggested that CD36 was an indispensable transporter and
mediator of LCFA uptake and absorption. According to a recent
study, CD36 may be able to control the transport of FAs by
utilizing dynamic palmitoylation-regulated endocytosis [40].

Cell Death Discovery (2025)11:72

Palmitoylation refers to the binding of PA to amino acid residues
of proteins through thioester bonds; it is a dynamic and reversible
form of posttranslational modification that occurs widely in
organisms and is important for regulating protein transport,
cellular localization and stability. The isoforms of aspartate-
histidine-histidine-cysteine (DHHC), such as DHHC4 and DHHCS5,
can dynamically palmitoylate CD36 at the Golgi and cytoplasmic
membranes to maintain the plasma membrane localization of
CD36 and enhance the cellular uptake of FAs. Blocking CD36
palmitoylation or inhibiting its secretion is important for
diminishing FA uptake by cancer cells. It is now widely accepted
that CD36 is overexpressed in a large variety of tumors and is
involved in metastasis initiation, the proliferation of metastatic
cells and tumor drug resistance [41-43]. For example, aggressive
breast cancer cells exhibit significantly lower levels of CD36 than
aggressive breast cancer cells [44]. Additionally, a study demon-
strated that tumor-associated adipocytes could enhance the
ability of breast cancer cells to take up FAs and enhance tumor
invasiveness by secreting CD36 [45]. In parallel, CD36 expression is
upregulated in lapatinib-resistant breast cancer cells, and target-
ing CD36 restores sensitivity to lapatinib [46]. With respect to the
relationships among CCA, FAs and CD36, researchers have found
that patients who experienced CCA recurrence tended to have
decreased levels of metabolites involved in mitochondrial
respiration and increased lipid uptake compared to nonrecurrent
patients [47]. This metabolic signature is closely tied to both CD36
and cancer stem cells (CSCs). CSCs and CD36 are interconnected
factors that contribute to CCA recurrence and are positively
correlated. In the case of CCA, when CD36 expression levels are
elevated, lipid uptake is subsequently increased, and the increased
lipid content in turn facilitates the survival of CSCs in the tumor
microenvironment (TME), ultimately increasing the risk of

SPRINGER NATURE
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Table. 1. The role of FA transport mediators in CCA.
Transport Type of Brochure Research Ref.
mediator CCA
CD36 CCA 91 serum from CCA patients When CD36 expression levels are elevated, lipid [47]
uptake is increased, and the increased lipid content
in turn facilitates the survival of CSCs in the TME,
ultimately increasing the risk of recurrence in
patients.
FATPs FATP1 iCCA 70 samples of iCCA and corresponding  The upregulation of FATP1 expression leads to a [36]
non-tumorous surrounding livers greater likelihood of deterioration of iCCA.
FABPs FABP1 CCA 17071 samples from 150 different The positive rate of FABP1 in CCA is only 21.6%. [53]
tumor types
HCCA 132 patients with HCCA The expression of FABP1 is elevated in HCCA. [54]

FABP4 CCA CCA cells (RBE and HCCC-9810) FABP4 mediates the adipocyte-induced invasion, [59]
migration and EMT of CCA cells.

FABP5 iCCA 16 patients with IMCC In IMCC, FABP5 expression is elevated and is [62]
positively correlated with tumor size, lymph node
metastasis, vascular infiltration and TNM stage.

BTC 74 surgical resection specimens The expression levels of FABP5 in large BTC [63]
(periportal CCA, eCCA and gallbladder cancer) are
greater than those in small BTC (iCCA and
cholangiocellular carcinoma) and that the prognosis
of patients is worse.
FFARs FFAR4  CCA 98 samples of CCA tissues and adjacent  High FFAR4 expression implies an increase in the EMT  [68]

tissues

recurrence in patients. Consequently, the lower the level of lipids
in the body is, the lower the rate of recurrence in patients with
CCA. In addition, CD36 can also induce tumor immune tolerance
and progression by driving lipid metabolic reprogramming in
tumor-associated immune cells [48]. CD36 is capable of maintain-
ing the mitochondrial function of regulatory T cells (Tregs) in the
TME through the peroxisome proliferator-activated receptor
(PPAR) signaling pathway. For instance, in lung cancer and
melanoma, increasing CD36 expression on Tregs can enhance the
survival of Tregs in a lactate-rich TME via the activation of the
PPAR-f signaling pathway and augmentation of the immunosup-
pressive properties of the TME [49]. In contrast, strong expression
of CD36 is associated with lipid oxidation accumulation and
ferroptosis in CD8" T cells. Increased CD36 attenuates the ability
of CD8" T cells to release cytotoxic factors and promote tumor
progression [50]. In conclusion, CD36 is important for the
occurrence, development and prognosis of CCA. Targeting
CD36-mediated FA endocytosis not only serves as an invaluable
method for preventing CCA recurrence but also as an effective
strategy to increase the efficacy of tumor immunotherapy.

FATPs

FATPs are members of the solute carrier 27 (SLC27) family due to
their role in the transfer of external FAs. These proteins are
localized at the plasma membrane or at the junction of the
intracellular membrane and the endoplasmic reticulum and act as
gates in regulating the transport of FAs [51]. Therefore, they are
therapeutic targets. As key factors involved in FA transport and fat
deposition, FATPs can assist in the transmembrane transport of
LCFAs and have acyl-CoA synthetase activity. Related reports have
indicated that FATPs could be involved in the progression of
various tumors, such as melanoma, breast cancer, prostate cancer,
renal cell carcinoma and HCC, through the regulation of lipid
metabolism [52]. FATP1 plays a crucial role as a FA transporter in
CCA cells. In their investigation of the relationship between FATP1
and CCA, Li L et al. [36] reported that the upregulation of FATP1
expression in iCCA cells led to an increase in the efficiency of FA
de novo synthesis, resulting in a greater likelihood of deterioration
of iCCA. Thus, high FATP1 expression can promote the progression
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capacity of CCA cells and a decrease in the disease-
free survival and overall survival of CCA patients.

and development of CCA, and targeting FABP1 may provide a new
target for the prevention and treatment of CCA. However, there
are few studies on the correlation between FATPs and CCA, and it
is challenging but necessary to further explore the relevant
mechanism to clarify this association.

FABPs

FABPs belong to the intracellular lipid-binding protein superfamily
and consists of four exons and three introns. At least nine FABP
isoforms have been identified. As lipid chaperone proteins, FABPs
participate in LCFA transport and metabolic regulation by binding
hydrophobic lipid ligands and play an instrumental role in energy
storage, signaling, and immune regulation. To address the role of
FABPs in the development and progression of CCA, existing
studies have shown that FABP1, FABP4 and FABP5 are closely
related to CCA. FABP1, also known as hepatic FABP, is most
abundantly expressed in the liver, accounting for approximately
10% of the total cytoplasmic proteins. It is of diagnostic utility for
tumors. After comprehensively determining the expression of
FABP1 in normal and tumor tissues, Dum D et al. [53] found that
FABP1 expression was highly tumor specific, with the highest
positive rates in colorectal adenomas (86%), colorectal adenocar-
cinomas (71.1%) and HCC (65.3%), followed by ovarian mucinous
carcinoma (34.6%) and various gastrointestinal adenocarcinomas
(10-23%); the positive rate of FABP1 in CCA is only 21.6%.
Moreover, compared with that in other types of CCA, the
expression of FABP1 was significantly elevated in hilar cholangio-
carcinoma (HCCA). A reduced survival rate and increased tumor
size are linked to low FABP1 expression. This finding is highly
important for the diagnosis of HCCA, and the FABP1 expression
level is also considered an independent prognostic factor for
HCCA patients after radical resection [54]. However, although
there is some correlation between FABP1 and the diagnosis and
prognosis of CCA, FABP4 and FABP5 are more closely associated
with CCA. FABP4, also known as adipose-FABP (A-FABP), is
predominantly derived from adipocytes and can enhance lipid
transport capacity and activate multiple oncogenic signaling
pathways through multiple pathways. Therefore, FABP4 is a key
driver of tumorigenesis. The upregulation of FABP4 expression in
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the TME not only promotes lipid droplet formation and attenuates
oxidative  stress and ferroptosis but also induces
epithelial-mesenchymal transition (EMT) [55, 56]. Tumors near
the greater omentum and mesentery are often surrounded by a
lipid-rich tumor microenvironment due to the presence of adipose
tissue in these areas, which is a major component of visceral fat.
Adipocytes and FABP4 work together extensively to regulate
pathological processes such as tumor stromal remodeling and
EMT [57]. FABP4 is overexpressed in ovarian metastatic carcinoma
of the greater omentum, and the inhibition of FABP4 results in
limited ovarian cancer metastasis [58]. Nie J et al. [59] was the first
to demonstrated the criticality of FABP4 in the interaction
between adipocytes and CCA cells. When CCA cells were
cocultured with adipocytes and their extracts, FABP4, MMP-2,
MMP-9 and snail expression was upregulated. EMT in tumor cells
was correspondingly attenuated after FABP4 expression was
suppressed. Therefore, the development of CCA is closely related
to FABP4. In addition, FABP5 also participates in bile duct cell
malignancy. The Japanese Hepatocellular Carcinoma Study Group
classified iCCA into mass type, periductal infiltrating type, and
intrahepatic growing type based on morphological features. The
etiology, risk factors, prognosis and treatments of the three types
are different, among which mass-type intrahepatic mass-forming
cholangiocarcinoma (IMCC) is the most common, accounting for
approximately 78% of iCCA [60, 61]. In IMCC, FABP5 expression is
significantly elevated and is positively correlated with tumor size,
lymph node metastasis, vascular infiltration and TNM stage [62]. In
addition, Nakagawa et al. [63] proposed that biliary tract cancer
(BTC) could be categorized into two types: large BTC and small
BTC. Large BTC mainly includes periportal CCA, extrahepatic CCA
(eCCA) and gallbladder cancer, while small BTC includes iCCA and
cholangiocellular carcinoma. Through immunohistochemical ana-
lysis of FABP5 and its related molecules in the surgical specimens
of 74 patients with BTC, researchers found that the expression
levels of FABP5 and PPAR-y coactivator-1 in large BTC were greater
than those in small BTC and that the prognosis of patients was
worse, suggesting that there were differences in energy metabo-
lism in CCA tissues at different anatomical locations. In summary,
FABPs are closely related to the progression of CCA, and in-depth
explorations of the connection between FABPs and CCA are
expected to reveal new targets for CCA treatment.

FFARs

FFARs are a group of G protein-coupled receptors (GPCRs) that can
be divided into four isoforms: FFART-FFAR4. Free FAs (FFAs) are
natural ligands for FFARs. The binding of FFAs and FFARs leads to
the dissociation of the a subunit and the B-y subunit in the
intracellular coupled heterotrimeric G protein, thereby influencing
intracellular signaling proteins and pathways [64]. This ultimately
triggers a cascade of processes, such as metabolic disorders,
inflammatory responses and immune responses. FFAR2 and FFAR3
are mainly activated by short-chain fatty acids (SCFAs), while
LCFAs mainly mobilize FFAR1 and FFAR4 [65]. In recent years, an
increasing number of studies have shown that FFARs participated
in the progression of a variety of tumors [66, 67]. It is now well
established that FFAR4 expression levels were correlated with
clinical stage, tissue differentiation, and lymph node metastasis in
CCA patients. Compared with that in adjacent noncancerous
tissues, FFAR4 expression is notably upregulated in CCA [68]. High
FFAR4 expression often implies an increase in the EMT capacity of
CCA cells and a decrease in the disease-free survival and overall
survival of CCA patients. Although the role of FFAR4 in the
development of CCA has not been clarified, in colorectal cancer,
FFAR4 can promote angiogenesis and EMT by increasing the
secretion of vascular endothelial growth factor (VEGF), IL-8, and
prostaglandin E2 (PGE2) [69]. Therefore, FFAR4 is expected to be a
potential target for treating and improving the prognosis of CCA
patients.

Cell Death Discovery (2025)11:72

J. Zhang et al.

In conclusion, A high-fat diet accelerates the intake of
exogenous lipids into fatty acids in the body. At the same time,
exogenous FAs are involved in the genesis and progression of CCA
through FA transporters and transport mediators, which serve as
irreversible links between tumor cells and FAs. Thus, limiting high-
fat diets and targeting transporters and transport mediators is
anticipated to be a potential treatment approach for CCA. At
present, caloric restriction (CR), which refers to the restriction of
total daily caloric intake while adequately ensuring the nutrient
content of an organism, has been shown to be beneficial for
improving health and combating disease in a variety of animal
models. Compared to ketogenic diets, CR reduces plasma lipid
levels and attenuates the uptake of exogenous FAs by tumor cells
[70]. It is of great clinical significance to rationally regulate the
intake and transport of exogenous FAs.

FA CATABOLIC DISORDERS REGULATE THE DEVELOPMENT OF
CCA

FAO

FAO is a process by which FAs are decomposed into various
metabolites, such as CO2, H20 and a large amount of adenosine
5'-triphosphate (ATP), under aerobic conditions, with B-oxidation
predominating. FAO can provide a constant source of energy for
the growth and proliferation of tumor cells and drug resistance,
and the content of ATP produced by FAO is twice as much as that
produced by the same mass of sugars [71]. Moreover, FAO also
maintains redox homeostasis and prevents lipotoxicity caused by
excessive FA accumulation, creating excellent conditions for
tumor progression [72-74]. FAO mainly occurs in mitochondria
and involves a series of reactions. FA activation, a necessary
prerequisite for FAQ, is the biological process by which FAs are
catalyzed in the cytoplasm by acyl-CoA synthetase to generate
acyl-CoA. Acyl-CoA has a high-energy thioester bond, which not
only improves the reactivity but also increases the water solubility
of FAs; thus, FA activation is important for improving FA metabolic
activity. Since acyl-CoA is unable to directly penetrate the inner
mitochondrial membrane, acyl-CoA produced in the cytoplasm is
first catalyzed by CPT-1 in the outer mitochondrial membrane to
form fatty acyl-carnitine, which is then transferred to the
mitochondria by means of carnitine acylcarnitine deficiency
(CACT) in the inner mitochondrial membrane. Afterward, CPT-2
on the matrix side of the inner membrane reconverts acylcarnitine
to acyl-CoA and carnitine. The former undergoes FAO catalyzed by
fatty acid oxidase, and the latter can be transported back to the
cytoplasm by CACT. FAO is closely related to the malignant
phenotype of tumors, and increased FAO activity promotes the
lymphatic metastasis of tumors [75]. CPT, a key enzyme of FAOQ, is
overexpressed in diverse cancer cells and can promote cancer cell
proliferation and migration. In recurrent breast cancer, FAO is
enhanced and CPT1A/CPT2 expression is elevated in patients with
a poor prognosis compared to those with a good prognosis.
Moreover, in prostate cancer, the overexpression of CPT-1A
accelerates FAO and facilitates the development and proliferation
of cancer cells. A recent study revealed that inhibiting FAO with
etomoxir, which acted as a potent inhibitor of CPT-1, effectively
suppressed low pH-induced invasion in prostate cancer [76, 77].
Furthermore, the transcription factor PROX1 can promote
lymphatic endothelial cell proliferation and lymphangiogenesis
by increasing FAO activity through the upregulation of CPT1
expression [78]. Therefore, targeting FAO and its related enzymes
is important for regulating malignant tumor progression. Several
studies have shown that the developmental progression of CCA is
closely associated with FAO. Compared with normal bile duct
epithelial cells, FAO is the preferred energy source for highly
proliferative CCA cells [37]. FAO and its associated proteome are
enriched in the CCA cell line EGI1, and the pharmacological
blockade of FAO significantly inhibits its tumorigenic capacity. The
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expression of acyl-CoA dehydrogenase medium chain (ACADM),
an FAO-related enzyme, is increased in CCA and is correlated with
the level of nuclear proliferation antigen expression. High ACADM
expression could increase the proliferative capacity of CCA cells by
promoting FAO. In summary, the dynamic regulation of FAO plays
an important role in tumorigenesis and cancer progression, and
the inhibition of FAO can be an important strategy for treating
CCA. However, since relevant research is still in its infancy,
elucidating the correlation between CCA and FAO and the specific
underlying mechanisms still need to be further explored.

LPO and cell death

LPO is the process by which lipids are oxidized to produce lipid
peroxides and consists of two types: enzymatic LPO and none-
nzymatic LPO. LPO has been shown to be involved in a variety of
cell death processes, such as apoptosis, autophagy and iron death,
and is closely associated with tumors, inflammation and
neurodegenerative diseases. Enzymatic LPO is mediated by the
lipoxygenase (LOX), cyclooxygenase (COX), and CYP450 families,
which catalyze the deoxygenation of free and esterified PUFAs to
generate various lipid hydroperoxides; nonenzymatic lipid perox-
idation, on the other hand, is usually defined as a chain reaction
driven by lipid free radicals [79]. There is a close link between LPO
and oxidative stress. Oxidative stress is a state of imbalance
between the oxidative and antioxidant systems in the body.
Compared to normal cells, cancer cells usually exhibit abnormal
redox homeostasis. Specifically, the excessive proliferation of
cancer cells is often accompanied by the abnormal production of
reactive oxygen species (ROS), and a certain level of ROS can
promote tumor progression. However, excessive ROS are cyto-
toxic. To adapt to high levels of ROS and maintain redox
homeostasis, cancer cells tend to increase the activity of
antioxidant transcription factors in the body and ultimately
maintain ROS below this threshold to avoid oxidative stress-
induced cell death [80, 81]. Hepatic schistosomiasis is a class |
carcinogen of CCA. Chronic inflammation induced by liver fluke
infection leads to cellular damage and homeostatic dysregulation
through the production of large amounts of oxidizing free radicals
capable of destroying biomolecules, leading to LPO [82]. In
addition, patients with opisthorchiasis viverrini exhibit high
urinary excretion of LPO-derived vinyl DNA adducts (edA and
edC), suggesting a high degree of DNA damage in the hepatic
biliary tract, which is closely related to inflammation-induced
oxidative stress and the accumulation of LPO-derived DNA
damage [83]. In an environment of high levels of oxidative
damage, bile duct epithelial cells can undergo malignant
transformation to CCA. Therefore, maintaining redox homeostasis
is essential for CCA. In recent years, an increasing number of
studies have shown that ferroptosis has great potential in the
treatment of drug-resistant tumors and is expected to become a
novel therapeutic modality (Fig.4). Ferroptosis refers to the
process by which Fe?"-catalyzed cell death occurs when lipid
ROS overaccumulate and is an iron-dependent nonapoptotic cell
death characterized by elevated lipid peroxide and decreased
glutathione peroxidase levels [84]. LPO-induced ferroptosis plays a
crucial role in the occurrence and development of CCA [85].
Ferroportin and transferrin levels have been reported to be lower
in CCA tissues than in adjacent normal tissues, while the
transferrin receptor level was higher, and the prognosis of CCA
patients has been shown to deteriorate with increased iron
deposition [86]. Furthermore, JUND/lincoo976 was found to inhibit
ferroptosis in CCA cells by regulating the miR-3202/GPX4 axis [87].
Conversely, the downregulation of the expression of SLC7A11,
GPX4, SOD-1 and SOD-2 in CCA cells can induce ferroptosis and
delay tumor progression [88]. Thus, LPO and ferroptosis are closely
related to the development of CCA. PUFAs, as the preferred
substrates of LPO, especially arachidonic acid (AA) and adrenic
acid, are highly likely to disrupt the lipid bilayer structure and
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affect membrane function [89]. Long-chain acyl-CoA synthetase 4
(ACSLA4) is a key enzyme in PUFA activation and is also considered
a key protein in ferroptosis. By regulating FA metabolism, ACSL4
not only participates in a wide range of biological processes, such
as energy metabolism, endoplasmic reticulum stress and TME
formation but also regulates the accumulation of LPO substrates
to influence iron death [90]. Currently, ACSL4 has become a
biomarker for the diagnosis and treatment of a variety of tumors.
Depending on the tumor type and tissue environment, ACSL4 can
exert either pro- or antitumorigenic effects. In lung adenocarci-
noma and breast cancer, ACSL4 is considered a tumor suppressor,
while in HCC and colon cancer, ACSL4 promotes tumor progres-
sion [91-94]. In response to the relationship between CCA and
ACSL4, Liu S et al. [95] reported for the first time that ACSL4 is
closely related to ferroptosis in CCA. ACSL4 is highly expressed in
CCA and correlated with poor prognosis. When ACSL4 is knocked
down in CCA cells, ROS accumulation is reduced, ferroptosis is
inhibited, and the proliferation and invasion of CCA cells are
enhanced. The addition of erastin (a ferroptosis activator) reverses
ROS accumulation, accelerates the process of iron death, and
attenuates the malignant progression of CCA. At the same time,
quercetin, a natural flavonoid, can delay the malignant progres-
sion of iCCA by inducing ferroptosis and invasion via the NF-«kB
pathway and has great potential for the prevention and treatment
of CCA [96]. Therefore, increasing the oncogenic effect of
ferroptosis for tumor prevention and treatment is highly
important, and in-depth studies of the relationship between LPO
and CCA is expected to reveal a new target for tumor therapy.

DIFFERENCES IN FA CATEGORIES AND COMPOSITION RATIO
HAVE MULTIPLE EFFECTS ON THE ONSET AND
ADVANCEMENT OF CCA

Based on the number of carbon-carbon double bonds, FAs are
classified into saturated fatty acids(SFAs), monounsaturated fatty
acids (MUFAs) containing one double bond, and PUFAs containing
at least two double bonds. PUFAs are further classified into various
categories on the basis of the number of carbons counted from
the methyl end of the first double bond, commonly known as w-3
PUFAs and w-6 PUFAs. Since changes in the type and content of
intracellular FAs affect the structure and function of cell
membranes, the ability of cells to take up glucose, and the level
of intracellular ATP, in-depth investigations of the multiple effects
of differences in FA types and composition ratios on cancer cells
are highly important for the prevention and treatment of tumors.
Compared with those of normal cells, the cell membrane of cancer
cells is characterized by an increased ratio of MUFA/SFA acyl side
chains and MUFA/PUFA acyl side chains in terms of the FA
composition ratio, which plays an essential role in decreasing
lipotoxicity and sensitivity to iron death [73]. Currently, an
increasing number of studies have confirmed that differences in
FA types and composition ratios have multiple effects on the
occurrence and development of CCA(Table 2).

SFAs

SFAs are FAs without unsaturated double bonds in the carbon
chain and are mainly derived from milk, dietary fiber, vegetable
oils and peanut oil. SFAs have a variety of beneficial biological
functions; for instance, they can exert oncostatic effects by
blocking the cell cycle, inducing apoptosis, modulating cell
growth-related signaling pathways and affecting the expression
of related genes and the phosphorylation levels of transcription
factors [97]. Butyric acid, which is produced by the fermentation of
intestinal fiber bacteria as a saturated short-chain FA, is also
known as a potential carcinogenic FA. In the CCA, butyric acid
usually exerts a tumor suppressor effect in the form of butyrate
and is closely related to cellular cilia. Cellular cilia, as “signaling
antennae” protruding from the cell surface, are responsible for
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Fig. 4 Mechanisms associated with ferroptosis in the development and progression of CCA. Ferroptosis is regulated by iron metabolism,
lipid metabolism and the system Xc/GPX4 pathway. System Xc™ regulates GSH synthesis mainly by mediating cystine uptake and glutamate
output. GPX4 is able to utilize GSH to reduce PUFA-OOH to nontoxic PUFA-OH, thereby protecting cells from ferroptosis. However, during
enzymatic I|p|d peroxidation, PUFA is anchored and elongated at the cell membrane by ACSL4 and LPCAT3, and newly produced PUFA-PL is
overoxidized via toxic lipid peroxidation catalyzed by ALOX15. Additionally, TFR1 binds to Tf and transports Fe>* into the cell via endocyt05|s
Fe*" is then oxidatively reduced to Fe** by STEAP3. Fe?" can transport to the cytoplasm mediated by DMTT, and then partmpate in the
ferritin-selective autophagy process facilitated by NCOA4. At the same time, Fe®" is involved in the formation of Fe>" in LPO via the Fenton
reaction. Ferroptosis can damage cancer cells and protect against the malignant progression of CCA. (GSH, glutathione; GSSG, glutathione
disulfide; GPX4, glutathione peroxidase 4; PUFA, polyunsaturated fatty acid; ALOX15, arachidonic acid 15-lipoxygenase; ACSL4, acyl-CoA
synthetase long-chain family 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; PUFA-PL, polyunsaturated fatty acid-containing
phospholipid; LPO, lipid peroxidation; Tf, transferrin; TfR, transferrin receptor; FPN, ferroportin; CCA, cholangiocarcinoma; STEAP3, six-

transmembrane epithelial antigen of prostate 3; DMT1, divalent metal transporter 1; NCOA4, nuclear receptor coactivator 4).

sensing and transmitting various extracellular signaling stimuli
and regulating cellular life activities. Normal bile duct epithelial
cells can deliver bile stimuli to cells via primary cilia and
participate in the regulation of secretion, cell proliferation and
apoptosis signaling pathways. Mansini AP et al. [98] found that the
primary cilia of CCA cells were dysfunctional and that the biliary
cilia of CCA cells were significantly reduced compared to those of
normal cells. The absence of cilia in the biliary epithelium can lead
to the excessive proliferation of CCA cells, changes in fluid
secretion and absorption, and ultimately a malignant phenotype.
Therefore, cilia can serve as a type of tumor suppressor organelle
that regulates tumor development and progression. Restoring
primary cilia is a potential therapeutic approach for treating CCA.
Pant K et al. [99] conducted a comprehensive study and found
that compared with control cells, CCA cells treated with butyrate
were more capable of forming cilia, had increased expression of
acetylated microtubule proteins, and showed reduced prolifera-
tion and migration ability. Histone deacetylase 6 (HDAC6) is an
enzyme that regulates epigenetic modifications and can induce
CCA development by promoting cilia loss, making it an
independent prognostic factor for CCA [100]. Butyrate can
enhance the inhibitory effects of HDAC6 inhibitors on CCA cell
proliferation and migration. Therefore, regulating the in situ cilia
and histone acetylation of CCA cells by butyrate is highly
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important for the prevention and treatment of CCA. However,
not all SFAs can inhibit tumor progression. Pascual G et al. [101]
investigated the mechanism of FA in relation to tumor metastasis
by in situ transplantation of FA-treated human oral squamous
carcinoma cells into mice and found that tumor cells treated with
PA could maintain long-term metastatic ability even after the FA
supply was interrupted, which was related to the mechanism by
which PA could promote tumor cell metastasis through Schwann
cells and could form a neural network around the tumor to
facilitate further tumor cell dissemination by altering epigenetics.
PA has a pro-oncogenic effect on CCA, and supplementation with
PA and malonyl-CoA in CCA cells with ACC1 knockdown restores
the invasive migration ability of the cells [15]. Although there has
been little research on the relationship between SFAs and CCA
thus far, the different effects of butyric acid and PA on CCA
suggest that the proportion of SFAs that regulate the procancer
and anticancer effects in CCA cells is of great importance for
cancer prevention.

UFAs

MUFAs. Unsaturated fatty acids (UFAs) are typically generated
from the desaturation of SFAs. Stearoyl-CoA desaturase-1 (SCD-1)
is the key enzyme in the synthesis of MUFAs and can convert SFAs,
particularly palmitoyl-CoA or stearoyl-CoA, into MUFAs, such as
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Table. 2. Multiple effects of FA types and composition ratios on CCA.
Type of Representative Research Ref.
FAs
SFAs Butyric acid Butyrate induces cilia formation and growth inhibition in CCA cells, and the combination of butyrate with [99]
HDACS inhibitors halts cell growth, migration, and EMT in CCA at lower doses.
Palmitic acid Palmitic acid has a pro-oncogenic effect on CCA, and supplementation with palmitic acid in CCA cells [15]
with ACC1 knockdown restores the invasive migration ability of the cells.
MUFAs Oleic acid Oleic acid activates FA uptake and FAO through the oleate-PPARy-FABP4 positive feedback loop to [106]
promote lymph node colonization by CCA cells.
®-3 Alpha-linolenic acid, ®-3 PUFAs inhibit proliferation and metastasis of CCA cells by inhibiting the expression of twist. [102]
PUFAs eicosapentaenoic
acid, docosahexaenoic
acid
®-3 PUFAs facilitate rapid dephosphorylation of GSK-3p, leading to p-catenin degradation in CCA cells, [110]
and inhibit 15-PGDH expression induced by COX-2 to delay malignant progression of CCA.
®-3 PUFAs reduced miR26a/b expression through the negative regulation of the transcription factor c- [113]
myc, targeted enhancement of 15-PGDH activity, and downregulation of PGE2 expression, ultimately
halting the progression of CCA.
®-6 Arachidonic acid Arachidonic acid is synthesized into LT by 5-LOX, and LT is further converted into LX in a process [115]
PUFAs catalyzed by 15-LOX. The prognosis of CCA patients is negatively correlated with the expression of 5-LOX
and positively correlated with the expression of 15-LOX.
Arachidonic acid generates PG under the catalysis of COX-2, and PG contributes to accelerating the [117]
progression of CCA.
Linoleic acid Linoleic acid disorders lead to the transformation of intrahepatic bile duct stones into iCCA. [124]
Linoleic acid increases the metabolic adaptation and antitumor immune effects of CD8 + T cells and [126]
increase immune efficacy as an enhancer of adoptive cell transfer therapy.
®-6/0-3 The recommended dietary ratio for Chinese residents is 4-6:1, while the ratio is much higher in the [128]
PUFAs Western diet due to a lack of foods rich in @-3 PUFAs.

A high dietary 0-6/@-3 PUFA ratio is associated with an increased risk of gallstone incidence. [133]

palmitoleic acid or oleic acid. SCD-1 has been found to be highly
expressed in various tumors, including gastric cancer, pancreatic
cancerand lung cancer [13, 102, 103]. In CCA, SCD-1 expression is
upregulated, and the highly specific SCD-1 inhibitor SSI-4 can
retard CCA growth and proliferation and has synergistic antitumor
effects with GEM and cisplatin [104]. As a typical MUFA, oleic acid
plays a significant role in promoting tumor initiation and
progression. For instance, in ovarian cancer, oleic acid not only
activates PPARa to induce cell cycle progression but also
accelerates glycolysis through the BRD4-L-MYC-GLUT axis to
promote ovarian cancer cell proliferation and survival [105]. Due
to their strong metastatic potential, CCA cells can spread to distant
sites through direct invasion, lymph node metastasis, and
hematogenous dissemination. Therefore, for CCA patients with
lymph node metastasis, postoperative complete lymph node
dissection is particularly crucial for prognosis. | t has been reported
that oleic acid could activate FA uptake and FAO through the
oleate-PPARy-FABP4 positive feedback loop to promote lymph
node colonization by CCA cells [106]. Currently, CD36 monoclonal
antibodies have been shown to significantly inhibit tumor
metastasis without side effects in oral squamous cell carcinoma
models and are expected to be useful for treating CCA [41].
Thrombospondin-1 (THBS-1) can predict GEM chemosensitivity in
iCCA patients and can be used as a chemotherapeutic sensitizer to
improve drug resistance [107]. In mechanistic terms, this effect
may be related to the influence of THBS-1 on oleic acid uptake via
CD36. Thus, regulating MUFA levels, especially oleic acid content, is
highly important to ameliorate the malignant progression of CCA.

w-3 PUFAs.  w-3 PUFAs are PUFAs with the first unsaturated bond
at the 3rd position of the methyl end of the carbon chain and
mainly include alpha-linolenic acid (ALA), eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). w-3 PUFAs are commonly
found in fatty deep-sea cold fish and flaxseed oil. Epidemiological
investigations have shown that w-3 PUFAs reduced the incidence
of malignant tumors in humans and that increasing the intake of
w-3 PUFAs in the diet could inhibit the development of a variety of
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tumors, alleviate the symptoms of cachexia in patients with
malignant tumors, reduce body weight loss or even increase body
weight [108]. Moreover, w-3 PUFAs are used as nontoxic adjuvant
therapeutic agents for the treatment of tumors. High levels of w-3
PUFAs exert a significant inhibitory effect on CCA. Lin et al. [109]
established a zebrafish model of ICC and discovered that fish oil
rich in w-3 PUFAs not only suppressed the migration and invasion
ability of CCA cells by downregulating the expression of MMP7,
MMP9, TWIST, Snail-1, and VEGFA but also disrupted the G2/M
phase of the cell cycle and suppressed the proliferation of CCA
cells. The inhibitory effect of w-3 PUFAs on CCA may be associated
with the Wnt/B-catenin and COX-2 signaling pathways. The
oncogenic effects of DHA and EPA on CCA were found to be
dependent on both dose and time. They not only facilitate rapid
dephosphorylation of GSK-3, leading to B-catenin degradation in
CCA cells but also inhibit 15-hydroxyprostaglandin dehydrogenase
(15-PGDH) expression induced by COX-2, thus delaying malignant
progression [110]. When combined with the COX-2 selective
inhibitor NS-398, DHA significantly decreases (3-catenin and COX-2
expression levels in CCA cells while markedly inhibiting cell
growth [111, 112]. Additionally, Yao L et al. [113] reported that w-3
PUFAs reduced miR26a/b expression through the negative
regulation of the transcription factor c-myc, targeted enhance-
ment of 15-PGDH activity, and downregulation of PGE2 expres-
sion, ultimately halting the progression of CCA. Resolvin D1 is an
endogenous lipid mediator synthesized from w-3 PUFAs by an
enzymatic process involving 15-LOX and 5-LOX. The resolvin D1
concentration is negatively correlated with tumor stage. Com-
pared with that in patients with benign biliary diseases, the serum
level of Resolvin D1 is significantly lower in patients with CCA
[114]. The serum Resolvin D1 concentration is helpful for the early
identification of benign biliary diseases and CCA. Therefore,
regulating w-3 PUFA metabolites as well as their signaling
pathways holds great promise for preventing CCA. Therefore,
regulating the w-3 PUFA content, metabolites and related
signaling pathways is highly important for the prevention and
control of CCA.
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w-6 PUFAs. Mainly include linoleic acid (LA) and AA, often
increase the risk of malignant tumorigenesis, in contrast to the
anti-oncogenic effects of w-3 PUFAs. Several studies have shown
that w-6 PUFAs participated in the progression of CCA through
multiple mechanisms. AA is one of the most abundant and widely
distributed PUFAs in the body. It can produce metabolites such as
PG, thromboxane (TX), lipoxin (LX) and leukotriene (LT) through
three metabolic enzyme families: COX, LOX and CYP450. AA can
be synthesized into LT by 5-LOX, and LT can be further converted
into LX in a process catalyzed by 15-LOX. LT and LX have opposite
biological functions: LT promotes inflammation and tumor
progression, whereas LX, as a lipid-resolving mediator, attenuates
inflammation and slows tumor progression; thus, it is important to
maintain their balance during disease progression. The prognosis
of CCA patients is negatively correlated with the expression of
5-LOX and positively correlated with the expression of 15-LOX,
and when both are coexpressed, patients have a favorable
prognosis [115]. Chiruton, an inhibitor of 5-LOX, reverses EMT in
CCA cells by decreasing LT accumulation and increasing LX
production. Therefore, targeting 5-LOX and 15-LOX to regulate
lipid metabolism could be a potential modality for treating CCA.
Moreover, COX-2 is highly expressed in the bile duct tissues of
CCA patients and precancerous lesions. When COX-2 is inhibited,
CCA cells exhibit decreased proliferation and increased apoptosis
[116]. AA can generate PG under the catalysis of COX-2, and PG
contributes to accelerating the progression of CCA. Wu T et al.
[117] reported that the incubation of CCA cells with hepatocyte
growth factor (HGF), IL-6 and PGE2 resulted in the rapid release of
AA and the production of PG from CCA cells, significantly
increasing the proliferation of CCA cells. Recent studies have
demonstrated that PG was involved in the progression of CCA
through multiple mechanisms. For example, PGE induces CCA
development by upregulating B-catenin, c-myc and snail expres-
sion through the EP3-4R/Src/EGFR/PI3K/AKT/GSK-3B pathway
[118]. In addition, PGE2 can facilitate the phosphorylation of
extracellular signal-regulated kinases and cAMP response
element-binding proteins through the activation of the prosta-
glandin E receptor 1 (PTGER1) signaling pathway, upregulating
MMP-2 expression and inducing EMT in CCA cells [119]. SC-51322,
a selective antagonist of PTGER1, can delay the malignant
progression of CCA cells by inhibiting PGE2. The COX-2 inhibitors
meloxicam and xanthohumol can be used as alternative
treatments for CCA, delaying the occurrence and progression of
CCA by downregulating PGE2 expression [120]. The expression of
15-PGDH, a key enzyme involved in the catabolism of PGE2, is
closely related to the malignant process of CCA. It was found that
miR-21 could enhance PGE2 accumulation by inhibiting 15-PGDH
and that increased PGE2 signaling could further stimulate miR-21
transcription, ultimately forming a vicious cycle leading to the
accumulation of PGE2 in vivo and accelerating the development
of CCA [121]. Thus, targeting the enzymes and signaling pathways
related to AA metabolic processes is highly important for the
treatment of CCA.

LA has multiple effects on different types of tumor cells
[122, 123]. Regarding the relationship between LA and CCA, it has
been shown that LA disorders could lead to the transformation of
intrahepatic bile duct stones into iCCA [124]. Bile duct stones are
one of the risk factors for iCCA. Stones located in the lower end of
the common bile duct are usually referred to as extrahepatic bile
duct stones, while stones distributed in the bile ducts within the
liver lobes are referred to as intrahepatic bile duct stones. The
level of LA in intrahepatic bile duct stones is almost twice as high
as that in iCCA. The decrease in LA might be associated with the
upregulation of peripheral blood y-glutamyl transpeptidase and
alkaline phosphatase expression, as well as with the down-
regulation of the expression of other hepatic functional proteins,
such as proalbumin, blood urea nitrogen, and creatinine. These
findings suggest that the long-term monitoring of FA metabolism
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and hepatic function protein indices in patients with intrahepatic
bile duct stones provides important guidance for predicting
cancerous changes in intrahepatic bile duct stones. It has been
reported that LA could exert cancer-suppressive effects with the
help of adoptive cell transfer therapy (ACT), which was a new type
of immune cell therapy in which the patient’s own immune cells
were collected, cultured and modified in vitro, the target killing
function was increased, and the agent was subsequently infused
into the patient’s body to eliminate tumor cells [125]. Poor
metabolic status is a major obstacle to the low efficacy of ACT, and
certain specific lipids can damage the integrity of CD8" T cell
mitochondria, leading to defective antitumor immune responses.
LA can increase the metabolic adaptation and antitumor immune
effects of CD8% T cells and increase immune efficacy as an
enhancer of ACT [126]. In addition, conjugated LA, as a mixture of
isomers of LA, has biological functions such as promoting
apoptosis and inhibiting tumor cell proliferation [127]. Most
conjugated LA can exert antitumor activity through the regulation
of PPAR. The PPAR pathway is closely related to CCA. Although
there are no relevant reports of conjugated LA in CCA, the
anticancer effects of conjugated LA are highly relevant to CCA. An
in-depth understanding of the causal relationship between w-6
PUFA metabolism disorders and the development and progres-
sion of CCA may provide important therapeutic targets for CCA.

w-6/w-3 PUFAs. The balance of w-6 and w-3 PUFA contents is
crucial for maintaining normal metabolism, as they often compete
in metabolic pathways. At present, the optimal recommended w-6/
w-3 PUFA ratio has not been standardized internationally. The
recommended dietary ratio for Chinese residents is 4-6:1.
However, the typical Western diet lacks foods rich in w-3 PUFAs,
resulting in a much higher w-6/w-3 PUFA ratio than the
recommended value [128]. An increased w-6/w-3 PUFA ratio leads
to various diseases, such as autoimmune diseases, cancers,
inflammation and psychological disorders [129-131]. Dierge E
et al. [132] reported that a diet rich in w-3 PUFAs could significantly
slow tumor growth in mice, while increased dietary PUFA intake
could promote the occurrence of LPO and ferroptosis in cancer
cells. Thus, rational regulation of the amount and type of FAs in the
diet is highly important for disease prevention and treatment.
Cholelithiasis is an important risk factor for CCA, with a global
prevalence of approximately 10%, of which the prevalence in
Europe and the United States is much greater than that in Asia (up
to more than 20%). A typical Western diet has been shown to
increase the risk of gallstone disease. Campos-Perez W et al. [133]
conducted a cross-sectional study of dietary intake in 54 women
with gallstone disease and 75 women without gallstone disease
from the state of Mexico and found that a high dietary w-6/w-3
PUFA ratio and an excessive intake of simple carbohydrates are
associated with an increased risk of gallstone incidence. Therefore,
the rational regulation of the dietary w-6/w-3 PUFA ratio may have
a positive role in reducing biliary tract disease and its deterioration.

PERSPECTIVES

The reprogramming of FA metabolism plays an important role in the
development and progression of CCA. Compared with normal bile
duct epithelial cells, CCA cells meet the need for tumor cell
deterioration by enhancing FA metabolism. FAs are maintained
mainly through two pathways: exogenous intake and endogenous
synthesis. The vast majority of normal cells preferentially use
exogenous FAs; in other words, FA de novo synthesis is often
inhibited by dietary lipids in normal cells. However, for cancer cells, FA
de novo synthesis is the main way for organisms to obtain FAs. The
expression levels of ACC and FASN, key enzymes of FA de novo
synthesis pathway, are closely related to the development and
progression of CCA, and it has been reported that a variety of drugs
could affect the FA synthesis and metabolism to exert oncogenic
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Table. 3.

Clinical treatment
TOFA

TVB-2640
Caloric restriction
Quercetin

Thrombospondin-1

NS-398
Meloxicam and xanthohumol
SC-51322

Cordycepin

Targeted FA metabolism to inhibit the occurrence and progression of CCA.

Research

inhibits the proliferation of CCA cells in a dose-dependent manner.
cancer inhibitory effects.

cells.

kB pathway.

resistance.

COX-2 expression levels in CCA cells while markedly inhibiting cell growth.

inhibiting PGE2.

Ref.
TOFA impairs the endogenous synthesis capacity of FAs by down-regulating ACC expression and [19]
TVB-2640 has entered the phase 2 clinical trial stage and has been confirmed to have safe and effective [32]
Caloric restriction reduces plasma lipid levels and attenuates the uptake of exogenous FAs by tumor [70]
Quercetin can delay the malignant progression of iCCA by inducing ferroptosis and invasion via the NF- [96]
Thrombospondin-1 which affects cellular uptake of oleic acid via CD36, can be used to predict GEM [107]
chemosensitivity in patients with iCCA and can be used as a chemotherapy sensitiser to improve drug
When combined with the COX-2 selective inhibitor NS-398, DHA significantly decreases $-catenin and [111]
The COX-2 inhibitors meloxicam and xanthohumol delay the onset and progression of CCA by down- [120]
regulating the expression of PGE2, and may be used as alternative therapies for the treatment of CCA.
SC-51322, a selective antagonist of PTGER1, can delay the malignant progression of CCA cells by [119]

[139]

Cordycepin can inhibit SREBP1-mediated FA synthesis and exert oncogenic effects by suppressing the
AKT/mTOR signaling pathway through the inhibition of ERO1A in CCA.

effects by regulating ACC and FASN. Moreover, Acetyl-CoA, an
important raw material in FA de novo synthesis, is closely related to
the expression of ACLY and ACSS. A reduction in acetyl-CoA
production is important for the inhibition of FA anabolism. ACLY,
an important bridge between glucose metabolism and lipid
metabolism, is highly expressed in a variety of tumors. ACLY is
involved in various oncogenic signaling cascade responses. A recent
study revealed that the intraperitoneal injection of the ACLY inhibitor
SB-204990 in mice attenuated tumorigenicity [134].Berberine inhibits
ACLY-induced lipid metabolism disorders and delays the malignant
process of pancreatic cancer [135]. Therefore, ACLY inhibitors are
highly important for tumor control. As the current ACLY inhibitors still
have limitations, such as poor physicochemical properties and a lack
of selectivity and cytotoxicity, they are mostly applied to dyslipidemia-
related diseases. An in-depth study of the pathogenesis of ACLY in
CCA and the design of safer and more effective inhibitors are
necessary but challenging for the prevention and treatment of CCA
[136]. In addition, sterol regulatory element binding proteins (SREBPs)
are important transcription factors involved in lipid metabolism. They
consist of three isoforms: SREBP1a, SREBP1c, and SREBP2. SREBP1 is
mainly involved in FA synthesis, while SREBP2 is responsible for
cholesterol metabolism. SREBPs are often associated with the PI3K/
AKT/mTOR signaling pathway and are involved in the development of
various tumors, and the inhibition of SREBPs and their downstream
genes can significantly delay the malignant progression of tumors
[137, 138]. Cordycepin is a nucleoside antibiotic isolated from fungi. In
CCA, cordycepin can inhibit SREBP1-mediated FA synthesis and exert
oncogenic effects by suppressing the AKT/mTOR signaling pathway
through the inhibition of ERO1A [139]. The development of new
drugs for the treatment of CCA and improvements in prognosis with
the help of transcription factors related to the regulation of FA
metabolism has a promising future in disease prevention and
treatment. However, FASN-dependent endogenous synthesis of FAs
is not a common feature of all liver tumors, the development of iCCA
is not sensitive to a lack of FASN, and tumor growth is dependent
mainly on exogenous FA uptake, suggesting that inhibition of
exogenous FA uptake may be a new therapy for iCCA. Modulating FA
acquisition pathways according to the metabolic characteristics of
CCA may provide new ideas for the diagnosis and treatment of CCA.

FAs enter cancer cells to exert various effects with the assistance
of transporter carriers. w-3 PUFAs mainly exert anti-oncogenic
effects, while w-6 PUFAs mainly have pro-oncogenic effects, and
SFAs have different mechanisms of action on CCA according to
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their class. FAs can synthesize other lipids to participate in tumor
metabolic reprogramming. Therefore, regulating FA transport and
maintaining a balanced proportion of various FAs in the body are
essential factors associated with the occurrence and development
of CCA. In addition, the rational regulation of the content and type
of FAs in the diet is a selective and complementary antitumor
approach. For patients with malignant tumors, increased intake of
foods rich in w-3 PUFAs, such as deep-sea cold fish, walnuts and
flaxseed oil, is recommended. FAs can also supply energy for CCA
cell growth through catabolic oxidation. Abnormal lipid catabolism,
such as LPO and ferroptosis, is closely associated with the
malignant progression, drug resistance and poor prognosis of
CCA. In recent years, targeting ferroptosis has gradually become a
new therapy. Ferroptosis inducers not only increase the cytotoxi-
city of chemotherapeutic agents and attenuate drug resistance but
also effectively synergize with radiotherapy to increase sensitivity
and improve patient prognosis [140, 141]. Therefore, regulating
ferroptosis is highly important for tumor prevention and treatment.

In summary, FA metabolic reprogramming is highly important
for the development and progression of CCA. Targeting FA
metabolism has gradually become an important method for
tumor treatment and improving drug resistance. At present, it has
been effective in targeting fatty acid metabolism(Table 3).
However, since therapeutic modalities targeting some metabolic
targets have not yet been effectively developed and clinically
applied, in-depth investigations of the relationship between FA
metabolic reprogramming and the development of CCA, as well as
the discovery of more therapeutically valuable potential targets,
have become urgently needed. Overall, with further research,
targeted FA metabolism therapy has broad application prospects
for suppressing the development and progression of CCA.
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