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Emerging insights into ferroptosis in cholangiocarcinoma (Review)
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Abstract. Cholangiocarcinoma (CCA) is a malignant tumor
that arises within the biliary system, which exhibits a progres-
sively increasing incidence and a poor patient prognosis. A
thorough understanding of the molecular pathogenesis that
drives the progression of CCA is essential for the develop-
ment of effective molecular target therapeutic approaches.
Ferroptosis is driven by excessive iron accumulation and
catalysis, lipid peroxidation and the failure of antioxidant
defense systems. Key molecular targets of iron metabolism,
lipid metabolism and antioxidant defense systems involve
molecules such as transferrin receptor, ACSL4 and GPX4,
respectively. Inhibitors of ferroptosis include ferrostatin-1,
liproxstatin-1, vitamin E and coenzyme Q10. By contrast,
compounds such as erastin, RSL3 and FIN56 have been identi-
fied as inducers of ferroptosis. Ferroptosis serves a notable role
in the onset and progression of CCA. CCA cells exhibit high
sensitivity to ferroptosis and aberrant iron metabolism in these
cells increases oxidative stress and iron accumulation. The
induction of ferroptosis markedly reduces the ability of CCA
cells to proliferate and migrate. Certain ferroptosis agonists,
such as RSL3 and erastin, cause lipid peroxide build up and
GPX4 inhibition to induce ferroptosis in CCA cells. Current
serological markers, such as CA-199, have low specificity and
cause difficulties in the diagnosis of CCA. However, novel
techniques, such as non-invasive liquid biopsy and assays for
oxidative stress markers and double-cortin-like kinase 1, could
improve diagnostic accuracy. CCA is primarily treated with
surgery and chemotherapy. A close association between the
progression of CCA with ferroptosis mechanisms and related
regulatory pathways has been demonstrated. Therefore, it
could be suggested that multi-targeted therapeutic approaches,
such as ferroptosis inducers, iron chelating agents and novel
modulators such as YL-939, may improve treatment efficacy.
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Iron death-related genes, such as GPX4, that are highly
expressed in CCA and are associated with a poor prognosis for
patients may represent potential prognostic markers for CCA.
The present review focused on molecular targets such as p53
and ACSL4, the process of targeted medications in combina-
tion with PDT in CCA and the pathways of lipid peroxidation,
the Xc'system and GSH-GPX4 in ferroptosis. The present
review thus offered novel perspectives to improve the current
understanding of CCA.
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1. Introduction

Cholangiocarcinoma (CCA) is a type of malignant tumor that
originates from the epithelial cells of the biliary system. CCA
ranks among the most common malignant tumors affecting
the biliary system and is the second most prevalent primary
liver tumor following hepatocellular carcinoma. In the
US, ~23,000 individuals are diagnosed annually, while the
condition is more prevalent in Asia, partly due to parasitic
infections common in that region. In Australia, ~1,300 new
cases are reported each year. The incidence rate of CCA in
the US is ~9.4 per 100,000 individuals, with a mortality rate
of ~6.6 per 100,000 (1). CCA can be categorized based on its
location as intrahepatic CCA (iCCA) or extrahepatic CCA
(eCCA; Fig. 1) (2,3). Numerous factors influence the onset
of CCA. Prolonged inflammation in the biliary tract, associ-
ated with factors such as cholecystitis and bile duct stones, is
deemed a significant risk factor for bile duct cancer. Parasitic
infections, particularly liver fluke infections prevalent in
northeastern Thailand (4), are also associated to the develop-
ment of bile duct cancer. Additionally, environmental, genetic
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and dietary factors closely intertwine with the occurrence of
bile duct cancer (5).

Ferroptosis, a novel form of programmed cell death that
is associated with intracellular iron ion accumulation and
oxidative stress, manifests key features such as intracellular
iron overload and subsequent lipid peroxidation (6). However,
recent studies have shown that ferroptosis is associated with
the development and progression of a variety of types of
cancers, such as liver, triple-negative breast and non-small cell
lung cancers (7-9). An association between ferroptosis and
CCA has been previously reported (5). Therefore, an in-depth
exploration of the role of ferroptosis in CCA is important
to improve the current understanding of the developmental
mechanisms of CCA, the development of new diagnostic and
therapeutic strategies and the assessment of patient prognosis.

2. Concepts and characteristics of ferroptosis

Ferroptosis was initially conceptualized by Dixon et al (10) in
2012 as an iron-dependent form of regulated cell death insti-
gated by an overload of lipid peroxides on cell membranes.
This definition underscores the connection between ferroptosis
and lipid peroxide overload, framing it as a regulated mode of
cell death. In ferroptosis, the buildup of intracellular iron ions
results in an escalation of intracellular oxidative stress, which
ultimately triggers cell death (11). Ferroptosis can be distin-
guished from conventional apoptosis and necrosis through its
distinct triggering mechanism and morphological features, as it
represents a novel form of cell death regulated by specific iron
metabolic pathways. Regarding morphological characteristics,
apoptosis typically features cell shrinkage, nuclear chromatin
condensation and the formation of apoptotic vesicles on the cell
membrane (12). By contrast, a distinguishing feature of ferrop-
tosis is the altered structure and function of mitochondria, as
ferroptosis leads to impaired mitochondrial function. This is
evident through observations of reduced or absent mitochon-
drial cristae, rupture of the outer mitochondrial membrane and
increased mitochondrial membrane concentration (13,14). The
main biochemical characteristics of ferroptosis are iron ion
accumulation overload and increased oxidative stress (15,16).

3. Ferroptosis and inflammation

Inflammation represents the natural defense and repair
response of an organism to various stimuli, such as infection
or injury, and typically manifests as redness, swelling, heat,
pain and dysfunction of local tissues (17). Abnormal inflam-
matory responses are closely associated with disorders in
iron metabolism and imbalances in the redox system (18).
Pro-inflammatory cytokines, including IL-6 and IL-1§, impact
iron processing by hepatocytes, which influences iron storage
and distribution throughout the body (19). The release of TNF-a
and IFN-v disrupts the redox system and increases intracellular
oxidative stress (20). This state of oxidative stress affects the
accumulation and utilization of intracellular iron ions, which
potentially results in abnormal iron accumulation and triggers
iron-related cell damage, including ferroptosis (21). NF-«xB,
a transcription factor with specific DNA-binding activity, is
involved in classical pro-inflammatory signaling pathways
[TNF-a, IL-1, IKK (the IKK complex is a key regulator in

the NF-«B signaling pathway and consists of three subunits,
IKKa, IKKp and NEMO); NF-xB essential modulator, also
known as IKKy] that regulate inflammation and the immune
system. Modulating the NF-xB signaling pathway can reduce
inflammatory responses and injury, while also regulating iron
metabolism pathways during inflammation (22). For instance,
dimethyl fumarate (DMF) serves a role in reducing neuroin-
flammation and ferroptosis by regulating the NF-«xB signaling
pathway (23). It has been reported that DMF demonstrates
efficacy in improving cognitive deficits caused by vessel occlu-
sion in a rat model of chronic cerebral hypoperfusion (24). A
previous study by Zhao et al (25) reported that artemisinin
prevents ferroptosis-induced liver injury by inhibiting reactive
oxygen species (ROS) and inflammation through the activa-
tion of the nuclear factor E2-related factor 2 (Nrf2)/heme
oxygenase-1/glutathione peroxidase 4 (GPX4) pathway and
downregulation of NF-«xB.

The MAPK family, including ERK, JNK and p38 MAPK
isoforms, serve crucial roles in intracellular signaling. When
activated by external stimuli, such as the role of cytokines,
oxidative stress and mechanical stress. These kinases trigger a
series of enzymatic reactions, which lead to the expression of
inflammation-related genes and inflammatory responses (26).
Similar to NF-«kB, the activation of the MAPK pathway is asso-
ciated with the process of ferroptosis. It has been suggested that
salvianolic acid B, a potent polyphenolic compound derived
from Salvia miltiorrhiza (Danshen) known for its strong anti-
oxidant, anti-inflammatory and cardioprotective properties,
may attenuate ferroptosis and apoptosis during myocardial
ischemia and reperfusion injury by inhibiting ROS production
or modulating ROS levels, thereby inhibititing activation of the
JINK/MAPK pathway (27). Furthermore, Toll-like receptor 4
(TLR4) is a crucial immune receptor that initiates the p38
MAPK pathway upon activation, which prompts the produc-
tion of cytokines such as IL-13, IL-6 and IL-18. This process
may impact the expression levels of solute carrier family 7
member 11 (SLC7AI11) and GPX4, both of which regulate
redox homeostasis and antioxidant stress responses (28). A
reduction in SLC7A11 and GPX4 expression levels may lead to
neuroinflammation and ferroptosis (29). The aforementioned
evidence suggests a notable association between inflammation
and ferroptosis.

4. Ferroptosis and mitochondrial metabolism

Mitochondria serve as the energy-producing hubs within cells,
generating adenosine triphosphate (ATP) through oxidative
phosphorylation to supply energy to the cell (30). Beyond
their role in energy production, mitochondria are crucial in
regulating intracellular signaling pathways (31). Moreover,
mitochondria are involved in numerous cell death pathways,
including apoptosis, necrosis and ferroptosis (32). In the context
of ferroptosis, intracellular iron ions catalyze the production
of ROS that initiate lipid peroxidation and lead to cell death.
Mitochondria act as the primary source of ROS (33). The
electron transport chain within mitochondria, a component of
oxidative phosphorylation, generates ROS, with numerous elec-
trons binding to oxygen molecules to form superoxide anions.
Moreover, diverse metabolic processes that occur within mito-
chondria, including lipid and amino acid metabolism, actively
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Figure 1. Classification of CCA. CCA can be categorized based on its intrahepatic (iCCA) or extrahepatic (eCCA) location. eCCA includes the perihilar and
distal subtypes, pCCA and dCCA. respectively. iCCA primarily develops proximal to the secondary bile ducts within the liver parenchyma. pCCA is located
between the secondary bile ducts and the junction of the cystic duct with the common bile duct, whereas dCCA is restricted to the common bile duct below the
cystic duct junction. CCA, cholangiocarcinoma; iCCA, intrahepatic CCA; eCCA extrahepatic CCA; pCCA, perihilar CCA; dCCA, distal CCA.

participate in the production of ROS (34). The mitochondrial
generation of ROS can potentially contribute to ferroptosis by
fostering lipid peroxidation (35). In situations of intracellular
ATP deficiency, the energy sensor AMP-activated protein
kinase (AMPK) is activated. AMPK activation inhibits the
activity of acetyl-coenzyme A carboxylase, which impacts the
rate of fatty acid synthesis (36). Furthermore, AMPK activity
influences the intracellular iron metabolism and ferroptosis by
decreasing the uptake of iron ions by intestinal epithelial cells,
as well as the storage and release of iron ions by the liver (37).
By contrast, in conditions of abundant ATP, AMPK activation
is less efficient, which leads to the activation of acetyl-coen-
zyme A carboxylase. This activation, in turn, promotes the
synthesis of polyunsaturated fatty acid (PUFA) phospholipids
and consequently supports the occurrence of ferroptosis (38).
Nrf2 is a crucial transcription factor with roles in antioxidant
and cytoprotective functions within cells. By regulating the
expression of antioxidant defense systems, including antioxi-
dant enzymes within mitochondria, Nrf2 serves a crucial role
in ferroptosis (39). Nrf2 also influences mitochondrial energy
metabolism and cell signaling, which impacts cell survival and
antioxidant capacity (40). Given the association of ferroptosis
with ROS, Nrf2 regulation of mitochondrial function has
far-reaching effects on ferroptosis. Specifically, Nrf2 protects
cells from damage by maintaining mitochondrial function and

reducing ROS production, thereby reducing oxidative stress
from ferritin deposition (41). In addition, exposure to exog-
enous hydrogen peroxide can activate iron response elements
involved in the regulation of iron metabolism by binding
to mRNA, which can inhibit the translation of ferritin and
reduce ferritin synthesis, thus increasing the concentration of
free iron in cells; in addition, it can promote the degradation
of mRNA and further inhibit the expression of ferritin. The
increase in free iron may lead to enhanced Fenton reaction
and generation of more ROS, thus exacerbating intracellular
oxidative stress (42).

5. Mechanisms related to ferroptosis

Iron metabolism. In healthy cells, iron is an essential trace
element involved in a number of biological processes such as
DNA synthesis, the respiratory chain and oxygen delivery (43).
The body must control the uptake, storage and excretion of
iron in order to maintain intracellular and body iron homeo-
stasis (44). The human body contains iron in the form of ferric
ions. When intracellular ferric ions are overloaded, harmful
ROS and lipid peroxides, which are catalyzed by Fe2* via the
Fenton reaction, can be produced, which potentially results
in cell death. Thus, a major factor in cellular iron toxicity is
the absorption, release, storage and transit of intracellular
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iron ions (45). Several studies have reported that the demand
for iron ions is typically higher in cancer cells compared
with healthy cells, because cancer cells need more iron to
support their rapid proliferation and metabolic activities (46).
Therefore, regulating intracellular iron storage and release
can have a direct impact on the survival and death of cancer
cells (47,48). Cellular iron uptake occurs primarily through
the transferrin (Tf) receptor (TfR)-mediated pathway. Tf
binds Fe3*, which then binds to TfR and enters the cell via
receptor-mediated endocytosis. The acidic environment within
the endocytosed vesicle dissociates Fe3* from Tf, which is
reduced to Fe?* by a metal reductase, such as hexamethylene-
tetramine reductase 1 and STEAP family member 1. Fe?* is
subsequently transported via the divalent metal transporter 1
into the cytoplasm of the cell (49,50). Dysregulation of iron
metabolism can lead to excessive accumulation of intracellular
Fe?*. Fe?* participates in the Fenton reaction, which generates
high ROS levels, including hydroxyl radicals. These high
ROS levels can trigger lipid peroxidation and damage the
cellular membranes, which ultimately leads to ferroptosis (51).
Deletion or dysfunction of the heavy chain of ferritin leads
to aberrant accumulation of iron and increased sensitivity of
cells to ferroptosis. Furthermore, the regulation of ferritin
expression is overseen by the iron-responsive element and iron
regulatory protein. These proteins govern the translation of
ferritin and transferrin receptors and thereby exert finely tuned
control over intracellular iron homeostasis (52).

ROS and lipid peroxidation. The mechanisms of ROS genera-
tion and lipid peroxidation are central features of ferroptosis.
Examples of ROS include substances such as superoxide
anion, hydrogen peroxide and hydroxyl radicals (53). These
substances are products of redox reactions and are impor-
tant cell signaling molecules. ROS can act as secondary
messengers to regulate a variety of cell signaling pathways,
including inflammation, apoptosis and cell proliferation.
Oxidative stress refers to the excessive production of highly
reactive molecules, such as ROS and reactive nitrogen species,
in the body (54). When the body is subjected to various
harmful stimuli (ultraviolet radiation, pollution, smoking,
inflammatory reactions or infections), the oxidizing capacity
exceeds the capacity of its own oxidant scavenging systems
and the oxidative and antioxidant systems are imbalanced,
thus leading to tissue pathology and damage (55). Iron ions
are involved in a number of biological processes within the
cell, but an excess of free iron ions can lead to the produc-
tion of large amounts of free radicals, thus causing oxidative
stress (56). Oxidative stress affects the metabolism and storage
of iron ions, which leads to an abnormal accumulation of iron
ions in the cells (57). Excessive intracellular ROS leads to lipid
peroxidation, a key feature of ferroptosis. Phospholipids are
a major component of cell membranes, of which phospha-
tidylethanolamines (PEs) are important. Since PE is rich in
polyunsaturated fatty acids (PUFA), these unsaturated bonds
are highly susceptible to attack by ROS, generating lipid
peroxides (e.g., PUFA-PE-OOH). Arachidonic acid (AA)
and its derivative adrenergic acid (ADA) are fatty acids that
bind to PEs to form phospholipids (58). AA and ADA are key
phospholipids in which oxidation occurs and are thought to
be important contributors to iron-related cell death (10). Acyl

coenzyme A synthase long-chain family member 4 (ACSL4)
acylates AA to fatty acyl-coenzyme A, and lysophosphatidyl-
choline acyltransferase 3 (LPCAT?3) catalyzes the acylation of
ADA to membrane phospholipids. This process increases the
oxidative sensitivity of membrane-sensitive fatty acids such as
PUFA, which leads to the development of lipid peroxidation
and further triggers ferroptosis (59). During ferroptosis, an
abnormal accumulation of iron ions may lead to the produc-
tion of lethal levels of lipid peroxides that can damage cell
membrane integrity and cause cell death (60).

GSH-GPX4. GSH, a tripeptide composed of glutamate,
cysteine and glycine, is an important antioxidant in cells. GSH
exists mainly in the reduced form which protects cells from
oxidative damage by donating electrons to neutralize ROS and
other free radicals (61). The main function of GPX4 is to cata-
lyze the glutathione GSH-dependent reduction of membrane
lipid peroxides to their corresponding alcohols, thereby
protecting cell membranes from oxidative damage (62). In
addition, GPX4 is involved in the regulation of intracellular
iron ion homeostasis, which is important for maintaining
intracellular redox homeostasis and reducing oxidative
stress (63). GPX4 utilizes GSH as a substrate to reduce lipid
peroxides and prevent the expansion of lipid peroxidation
reaction, which protects the integrity and function of the
cell membrane. The depletion or inhibition of GSH results in
inefficient lipid peroxide scavenging, leading to uncontrolled
lipid peroxidation chain reaction and ultimately triggering the
ferroptosis process (64,65). The Xc system, also known as the
cysteine-glutamate reverse transporter system, is a transmem-
brane transporter protein complex consisting of two subunits:
i) SLC7AL11, which is responsible for cysteine uptake; and ii)
SLC3A2, which aids in the function of SLC7A11. The activity
of the Xc'system has a direct effect on intracellular levels of
GSH (50). An adequate supply of cysteine by the Xc system
ensures continuous synthesis of GSH and maintenance of
intracellular antioxidant capacity, thus indirectly enhancing
the function of GPX4 and preventing the accumulation of
lipid peroxides and ferroptosis (66). The expression levels and
activity of the Xc'system are regulated by a number of factors,
including oxidative stress, intracellular glutamate levels and
multiple signaling pathways, such as the Nrf2 pathway (53).
Nrf2 can regulate the expression of antioxidant genes,
including components of the Xc'system and SLC7A11 (67).

Other access

p53. pS3 is an important tumor suppressor gene, and the
p53 protein serves a key role in a number of physiological
processes such as cell cycle regulation, DNA repair and
cell death (68). Recent studies have shown that p53 also
serves an important role in ferroptosis, mainly affecting the
ferroptosis pathway through the regulation of several factors
(SLC7A11, GPX4, FPN1) (69-72). p53 can reduce the expres-
sion levels of SLC7A11 by directly inhibiting its transcription,
which reduces cysteine uptake and GSH synthesis, thereby
impairing GPX4 activity and increasing cellular sensitivity to
ferroptosis (73,74). Arachidonate 12-lipoxygenase, 125 type
(ALOX12) is an enzyme involved in lipid metabolism, and
its full name is ‘12-lipoxygenase’. It is primarily responsible
for catalyzing the production of specific lipid metabolites
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from polyunsaturated fatty acids such as arachidonic acid.
p53 can promote lipid peroxidation by regulating ALOX12
expression. It has been shown that p53 can activate ALOX12
transcription under conditions of DNA damage or oxidative
stress and increase the production of lipid peroxides, thereby
promoting ferroptosis (75). p5S3 can enhance the sensitivity
to ferroptosis by upregulating the expression levels of SAT1
and p53-induced nuclear protein 1 (TP53INP1). TP53INP1
is a stress-responsive protein regulated by the p53 protein
and is involved in the regulation of apoptosis, proliferation,
and stress response. TP53INP1 is considered a downstream
effector of the p53 protein. When cells are stressed or injured,
TP53INP1 enhances p53 activity, further driving ferroptosis.
The upregulation of SAT1 can trigger an increase in intracel-
lular oxidative stress and the accumulation of lipid peroxides,
which further promote ferroptosis (76,77).

p62-Kelch-like ECH-associated protein 1 (Keapl)-Nrf2
pathway. p62, also known as sequestosome 1, is a multi-
functional junction protein involved in a number of cellular
processes including autophagy, signaling and protein degrada-
tion (78). Keapl is a cytoplasmic protein that, under normal
conditions, can bind to Nrf2 to inhibit its activity by promoting
Nrf2 ubiquitination and degradation, thereby regulating the
stability and activity of Nrf2 (79). p62 can bind to Keapl
through its Keapl-interacting region, which causes Nrf2 to be
released from the Keapl complex, preventing the inhibitory
effect of Keapl on Nrf2. Nrf2-activated antioxidant genes,
such as GPX4, reduce intracellular lipid accumulation of
peroxides and prevent ferroptosis (80). Nrf2 can also affect
intracellular iron distribution and storage by regulating the
expression of ferredoxin and iron transporter proteins, thus
indirectly affecting the sensitivity to ferroptosis (81).

Ferroptosis suppressor protein 1 (FSPI)-coenzyme Q10
(CoQI10)-NAD(P)H pathway. FSP1 is a ferroptosis inhibitory
protein, also known as apoptosis-inducing factor mitochondria
associated 2. FSP1 functions independently of GPX4 and
participates in ferroptosis pathways (82). CoQI10 is an anti-
oxidant that dissolves in fat and is found in almost all body
cells particularly the inner membrane of the mitochondria.
FSP1 can reduce ferroptosis by decreasing CoQ10 expression
levels and inhibiting the lipid peroxidation chain reaction (83).
NAD(P)H is the phosphorylated form of NADH that is
essential for cellular metabolism and antioxidant responses.
By providing the electrons needed for FSP1 to reduce CoQ10
and by preserving the levels of CoQ10H2, NAD(P)H main-
tains antioxidant defense. CoQ10H?2 is the reduced form of
coenzyme Q10 (CoQ10), also known as ubiquinol. CoQ10H2
is a potent fat-soluble antioxidant that protects cell membranes
from oxidative damage by directly neutralizing free radicals,
especially by trapping and neutralizing lipid peroxides (84).
The FSP1-CoQ10-NAD(P)H pathway protects the structure
and function of cell membranes, while also directly scavenging
free radicals and lipid peroxides to strengthen cellular antioxi-
dant defenses (Fig. 2) (85).

6. Ferroptosis in CCA
Numerous cancer-related signaling pathways have been

shown to control ferroptosis in cancer cells (47). In CCA
cells, iron metabolism may be abnormal, which leads to
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iron accumulation and increased oxidative stress triggering
ferroptosis (86). The abnormal iron accumulation in CCA
cells can result from various factors, including heightened
iron uptake, irregular expression of transporter proteins and
anomalies in iron storage proteins (87). Ferroportin (FPN)
is a pivotal protein responsible for regulating iron export. It
serves a crucial role in the cell membrane as it facilitates the
export of intracellular iron to maintain the balance of iron
ions both inside and outside the cell (88). It was shown that
the expression of FPN was significantly reduced in CCA (89).
Bile duct stones, bile duct stenosis, and bile duct parasitic
infections can cause biliary obstruction. Chronic bile duct
obstruction can cause cholestasis, which in turn promotes
chronic bile duct inflammation is an important factor that can
cause CCA. ROS and reactive nitrogen species can damage
biomolecules in the inflammatory milieu, such as DNA,
proteins and lipids, and cause malfunction to create a cycle of
oxidative stress imbalance that eventually promotes tumori-
genesis and progression, including cholangiocarcinoma (90).
Oxidative stress from inflammation can result in Fe** binding
and TfR oxidation, which promotes the release and buildup
of iron. Iron transporter protein function is inhibited by IL-6
activation in response to inflammatory or infectious stimuli
through FPN-dependent pathways or alternative routes (91).
Carbonylation of serum transferrin, heat shock protein 70
(HSP70) and al-antitrypsin that occurs through inflammation
may be crucial. Carbonylation alters the function of these key
proteins, leading to a worsening of the inflammatory response,
increased oxidative stress and deeper cellular damage (92).
Carbonylation of serum transferrin improves the Fenton reac-
tion, which leads to the accumulation of iron in intracellular
accumulations and extracellular release in case of cell damage
or death. When iron is released and free iron increases, the
iron generates large amounts of ROS via the Fenton reaction,
leading to oxidative stress. Carbonylation of al-antitrypsin,
a protease inhibitor, and HSP70, an antioxidant, causes their
malfunction, GPX4 degradation and ferroptosis promotion.
These factors contribute to the advancement of CCA and are
associated with a poor prognosis (93). Therefore, it is impor-
tant to understand the survival mechanism of ferroptosis in
CCA cells to develop new therapeutic strategies that prevent
the growth and spread of CCA cells (Fig. 3).

7. Diagnosis of ferroptosis in CCA

In its early stages, CCA typically presents with minimal
symptoms, which poses a challenge for early diagnosis.
A substantial proportion of patients with CCA receive a
diagnosis only in the advanced stages and miss the optimal
window for treatment (2). Although commonly utilized,
the prevailing serologic diagnostic tool, CA-199, exhibits
limitations in specificity and sensitivity (52). Notably,
doublecortin-like kinase 1 (DCLK]1) is a promising candi-
date for the diagnosis of bile duct cancers, such as CCA (94).
Given the inconspicuous nature of CCA symptoms, early
detection of CCA often relies on histological testing methods.
Immunohistochemical staining is a frequently employed
technique as it allows for the identification of characteristic
alterations in ferroptosis within patient tissue sections. This
is achieved by labeling iron-related proteins or molecules
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associated with iron metabolism using specific antibodies
(CK7, CK19, CK20, MUCS5AC) (95). In the diagnostic evalu-
ation of CCA, assessing protein expression levels related to
iron metabolism, such as transferrin, iron carrier proteins and
ferritin, is instrumental in gauging intracellular iron accumu-
lation. To complement histological testing methods, imaging
techniques offer additional avenues for diagnosis (96).
Ultrasonography facilitates the examination of tumor
morphology and hemodynamic characteristics in patients
with CCA, while CT scans provide insights into changes in
tissue density and morphological features of tumors (97). In
the context of ferroptosis, CT scans may identify distinct
features that distinguish ferroptosis from other forms of cell
death, such as areas of low tissue density or uniform enhance-
ment within the tumor (98). However, the direct detection
of ferroptosis remains a challenge through CT imaging. In
CCA, the progression of tumorigenesis correlates with the
extent of ferroptosis-induced oxidative stress (99). Therefore,
the degree of intracellular oxidative stress may be indirectly
assessed by measuring oxidative stress markers, such as ROS
levels and the activity of peroxidases, including superoxide
dismutase, GSH peroxidase and catalase (92).

While histological examination is a pivotal tool for a
definitive diagnosis of CCA, its utility is hampered by limited
access to tissue specimens, as this often necessitates invasive
procedures such as surgery or puncture. The inherent risks
associated with these invasive methods, particularly in patients
with compromised health, underscore the importance of
alternative diagnostic approaches (100). Liquid biopsy, char-
acterized by the extraction of exosomes from CCA cells, has
potential to improve diagnostic accuracy and highlights the
demand for precise non-invasive biomarkers for CCA (101).
However, this technique has yet to find application in routine
clinical practice (102). Therefore, serologic diagnostic
methods could be further explored and improved to enhance
the accurate diagnosis and treatment of CCA in the future.

8. Therapeutic strategies for ferroptosis in CCA

At present, the primary approach to treat patients with CCA
remains rooted in surgical interventions, and the prognosis for
patients ineligible for surgery is poor (103). Survival outcomes,
however, show promise with the integration of chemo-
therapeutic modalities. The combination of gemcitabine and
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cisplatin is currently suggested as the most effective first-line
treatment option for CCA to improve patient prognosis (104).
Recent studies have explored the efficacy of combining beva-
cizumab with Gemcitabine and cisplatin cytotoxic therapy,
which demonstrated improved survival rates for patients with
CCA (105,106). Based on the roles of ferroptotic mechanisms
and pathways in cancer, it has been shown that the addition
of ferroptosis-regulating drugs to the certain treatments may
increase their efficacy (99). The negative regulator of ferrop-
tosis, pS3-induced glycolysis and apoptosis regulator (TIGAR),
inhibits glycolysis by regulating the activity of phosphofructoki-
nase-2 in the glycolytic pathway, thereby reducing intracellular
ROS production (107). Studies have shown that combination
treatment of cisplatin and low expression of TIGAR signifi-
cantly induced ferroptosis (108). Several ferroptosis inducers,
such as Ras selective lethal 3 (RSL3), sulfasalazine and erastin,
have shown potential to induce ferroptosis in CCA cells in vitro
and in animal models (109). The drug reduces intracellular
antioxidant capacity by inhibiting system Xc and increases
cellular sensitivity to ferroptosis (110). In the treatment of
CCA, iron chelators may inhibit tumor growth and metastasis
by regulating the balance of intracellular iron metabolism and
reducing the toxic effects of iron ions. The use of chelators may
improve the therapeutic efficacy compared with the use of plat-
inum-based chemotherapeutic agents (111). In addition, the use
of multi-targeted drugs, including those involving iron chelators
and iron-chelator complexes, is a therapeutic direction to be
considered (112). Application of ferroptosis antioxidants may
help to attenuate tumor cell damage and death. Antioxidants
may inhibit ferroptosis by scavenging excessive intracellular
ROS and attenuating oxidative stress (113). Glutathione is an
important antioxidant molecule that can help reduce other

oxidized antioxidants and reduce cellular damage from oxida-
tive stress (66). Moreover, Yang et al (114) have identified a
novel ferroptosis inhibitor, YL-939, which is distinct from tradi-
tional iron chelators and antioxidants. YL-939, a non-classical
ferroptosis inhibitor, has been reported to target prohibitin 2
(PHB2), which suggests binding of YL-939 to PHB2 promotes
expression of the iron storage protein ferritin, which reduces
iron content and thus susceptibility to ferroptosis. Despite the
association of YL-939 with liver injury, this discovery opens
new avenues for investigating the role of YL-939 in CCA (114).
It has been shown that aberrant p53 expression levels are
typically closely associated with tumor development (115).
p53, a well-established oncogene, is a critical regulator of
apoptosis and cell cycle processes. In response to DNA
damage or stresses such as oxidative stress, anticancer drugs
and inflammatory responses, pS3 proteins are activated and
play important protective roles in cells by orchestrating
survival or death pathways (116). pS3 may indirectly increase
intracellular oxidative stress and lipid peroxidation through
the activation of SAT1 and regulation of the ALOX-15 path-
ways. These processes are implicated in regulating ferroptosis,
contributing to cholangiocarcinogenesis (76). Through in vitro
and in vivo experiments, low expression levels of FBXO31
have been demonstrated to promote ferroptosis by facilitating
the ubiquitination of GPX4 and leading to protease degrada-
tion. This process increases the sensitivity of CCA stem cells
to cisplatin, which exerts a tumor-suppressive effect (117).
Mechanistic pathways through which ferroptosis is regu-
lated can also influence CCA progression. The regulatory
network in CCA involves microRNA (miR)-3202 and GPX4, a
protein pivotal in intracellular oxidative stress and iron metab-
olism. The interplay of JUND/lincO0976 have been identified
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as a regulator of intracellular iron metabolism and modulates
the ferroptosis process through the miR-3202/GPX4 pathway.
This regulatory mechanism promotes the progression and
metastasis of CCA (118). Immunohistochemistry was used
to show that hydroxysteroid dehydrogenase-like 2 (HSDL?2)
expression levels in tissues was lower compared with those
in matched neighboring non-tumor bile duct tissues. By
decreasing malondialdehyde, ROS levels and inhibiting
ferroptosis via the p53/SLC7A11 axis, HSDL2 knockdown
was found to promote CCA progression. Therefore, HSDL2
may be a useful treatment target and prognosis indicator for
CCA (119). A previous study demonstrated the potential of
downregulating hsa_circ_0050900, identifying its role as a
sponge that inhibits SLC3A2 expression while promoting
the expression of hsa-miR-605-3p. This mechanism induces
ferroptosis in CCA cells, which results in the inhibition of cell
proliferation and migration (120). Notably, trematode infection
stands among the risk factors for CCA (121). Photodynamic
therapy (PDT) utilizes photosensitizers to generate ROS for
the targeted eradication of CCA tumor cells (122,123). Recent
research has demonstrated that by causing iron mortality in
in vitro assays and tumor models, tofacitinib in conjunction
with PDT could suppress CCA (124).

The integration of ferroptosis inducers in combination with
PDT presents a dual-enhancement strategy for tumor therapy.
Firstly, the substantial ROS production induced by PDT

complements the necessary accumulation of lipid ROS for
ferroptosis, which amplifies the therapeutic impact. Secondly,
the ferroptosis inducer further augments the cytotoxic effect
on tumor cells. By employing this combined strategy, a syner-
gistic effect may emerge, which improves the overall efficacy
against tumors (125). It has been shown that PDT inhibits
cancer progression and induces ferroptosis and apoptosis
by targeting the p53/GPX4/SLC7A11 signaling pathway in
CCA (126). Although PDT has shown positive results in the
treatment of CCA, the study is still in the early stages of clin-
ical trials in mice (127). This combined therapeutic strategy
may provide novel breakthroughs and research directions for
the application of ferroptosis in tumor therapy (Fig. 4).

9. Relationship between ferroptosis and the prognosis of
CCA

CCA, characterized by its high heterogeneity and aggressive
nature within the bile duct, poses a formidable challenge in
clinical management, marked by a lack of precise prognostic
biomarkers and poor overall prognosis. In this challenging
landscape, the emerging field of ferroptosis, a regulated cell
death mechanism linked to cancer progression, offers a novel
perspective and potential avenues for prognostic assessment
in CCA. It has been demonstrated that patients with advanced
CCA can live longer when using a combination of PDT, an
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efficient anticancer treatment, and a novel multi-kinase inhibitor
sofantinib (SUR) (128). A previous study measured the levels
of ROS, lipid peroxides, malondialdehyde and glutathione
to demonstrate that SUR combined with PDT can promote
ferroptosis to suppress CCA cell proliferation. Therefore,
it could be suggested that further research on combination
therapeutic approaches that address ferroptosis could enhance
patient prognosis (127,129). Furthermore, it was reported that
circFOXP1-231aa, a recently identified protein, controls the
stability of nuclear receptor coactivator 4; it is involved in iron
homeostasis regulation and regulates intracellular iron release
by mediating ferritin autophagy through de-ubiquitination
modification, increase in ferroptosis in ICC cells (refers to
cancer cells originating from the epithelium of the intrahepatic
bile ducts, which constitute the major cell type of iCCA) and
preventing ICC recurrence (130). Several ferroptosis-related
genes have demonstrated prognostic implications not only
in CCA but also in hepatocellular carcinoma and pancreatic
cancer (131). Sae-Fung et al (99) conducted a comprehensive
database analysis and identified several genes (FRG, FANCD2,
PTGS2, SLC2A1, SQLE, ACOI1 and GOT1) associated with
ferroptosis. Notably, FANCD2, PTGS2, SLC2A1 and SQLE
exhibit increased expression levels in CCA tumor-associated
tissues, while ACO1 and GOT1 demonstrate reduced expression
levels. These findings suggest a potential correlation with poor
prognosis in patients with CCA (132,133). Additionally, five
ferroptosis-related genes (MUC1, ACSL4, ACSL3, SLC38A1
and SLC7A11) not only hold promise for immunotherapeutic
interventions in CCA but also exhibit prognostic relevance in
the context of this malignancy (134). Among the highlighted
ferroptosis-related genes, ACSL4 stands out as a crucial regu-
lator of lipid metabolism and intracellular iron ion homeostasis.
A significant correlation between increased ACSL4 expression
levels in CCA and adverse patient prognosis has been reported,
which suggests a potential role for ACSL4 as a prognostic
marker for CCA (135). Another pivotal participant in the
ferroptosis process is GPX4, and initial studies have suggested
its candidacy as a prognostic marker for CCA, further contrib-
uting to the expanding understanding of the intricate molecular
landscape associated with CCA (136,137). Although the results
of these clinical studies provide a preliminary indication of the
relationship between ferroptosis and the prognosis of CCA,
further large-scale multicenter clinical studies are needed to
validate and explore this relationship in depth.

10. Summary and outlook

Ferroptosis, as a distinct form of cell death deviating from
traditional paradigms, has gained increasing prominence in
clinical practice, particularly with the ongoing exploration of
its mechanisms. Its pivotal role in a number of diseases, notably
cancer, has generated significant interest due to the potential
significance in the diagnosis, treatment and prognosis of CCA.
There are still many unanswered concerns regarding the
mechanism of ferroptosis and treatment approaches in CCA,
which are currently in the exploratory stage. Future studies
may concentrate on combinations of therapeutic strategies
in order to further create and optimize strategies for treating
ferroptosis. The safety, efficacy and prognosis improvement
of therapeutic options related to ferroptosis may be assessed
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by large-scale clinical trials and prospective research, thereby
offering a scientific foundation for clinical practice.
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