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Abstract

related treatment in pancreatic cancer.

Pancreatic cancer is a highly malignant tumour of the digestive tract. Despite advances in treatment, its 5-year survival
rate remains low, and its prognosis is the worst among all cancers; innovative therapeutic methods are needed. Fer-
roptosis is a form of regulatory cell death driven by iron accumulation and lipid peroxidation. Recent studies have
found that ferroptosis plays an important role in the development and treatment response of tumours, particularly
pancreatic cancer. This article reviews the current understanding of the mechanism of ferroptosis and ferroptosis-
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Introduction

Pancreatic cancer is a malignant tumour with an
extremely high mortality rate. Because of its character-
istic late diagnosis, high invasiveness, and distant metas-
tasis, the 5-year survival rate of patients is less than 10%
[1, 2]. Pancreatic ductal adenocarcinoma (PDAC) will
become the second leading cause of cancer death in the
United States by 2025 [3]. Ferroptosis is a form of iron-
dependent regulatory cell death caused by excessive lipid
peroxidation and subsequent plasma membrane rupture
[4—6]. Studies have found that tumour cells require more
iron than normal cells and are more susceptible to fer-
roptosis, making ferroptosis a new target to treat drug-
resistant cancer [7-9]. Strategies regulating ferroptosis
are a current research hot spot that influences the pro-
gression and treatment of pancreatic cancer. This article
reviews the current understanding of the mechanism of
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ferroptosis and ferroptosis-related treatment in pancre-
atic cancer.

Ferroptosis and its relationship with tumours

Ferroptosis is a non-apoptotic form of cell death. The
concept of ferroptosis was first proposed by Dixon et al.
in 2012 [10]. In contrast to apoptosis, autophagy and
various forms of necrosis [10-12], ferroptosis is the
result of iron accumulation, lipid reactive oxygen species
(ROS) generation, and decreased glutathione peroxidase
4 (GPX4) activity [12]. The core of ferroptosis is cell dam-
age caused by iron accumulation and lipid peroxidation
[13, 14]. Regarding morphology, ferroptotic cells have
characteristic mitochondrial atrophy, increased mito-
chondrial membrane density and disrupted mitochon-
drial membrane integrity [10, 14]. Ferroptosis is regulated
by inducers and inhibitors. The inducers mainly include
erastin [10], P53 [15], Ras-selective lethal 3 (RSL3) [16]
and activating transcription factor 4 (ATF4) [17]. Inhibi-
tors include buthionine sulfoximine (BSO) [18], nuclear
factor, erythroid 2-like 2 (NFE2L2) [19], ferrostatin-1
(Fer-1) [10] and microRNA-137(miR-137) [20]. The
mechanism of ferroptosis regulation is shown in Fig. 1.

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-0529-7777
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-021-02166-6&domain=pdf

Dong et al. Cancer Cell Int ~ (2021) 21:480 Page 2 of 11

F* Trnseria +——— QEBIDD

Glutamine

(XXXKXKTTONN CTCCAKRRTTCRTCR i 3“[1.’” ICCAEKKRTTRTONER (1
LY Y YY) OO PR idllllum O LR Y {1
Erastin
d\ ATGS7
)
S 'S
\ )
s B rd
\'DA'CJ\E'\CV
NCOA4

.’ Storage W

Featon reaction

GSR

GSSH

Fig. 1 Mechanisms regulating ferroptosis. Specific mechanisms regulating ferroptosis, including various inducers and inhibitors. System X~
transports extracellular Cys2 into the cell and transports intracellular Glu outside the cell, and then Cys2 is used to synthesize GSH. GPX4 combines
with PUFA-OH to reduce reactive oxygen species generation and ultimately inhibit lipid peroxidation. Extracellular Fe** binds to the iron transporter
and enters the cell through TFR1 on the cell membrane. Next, Fe** is reduced to Fe?* and combined with reactive oxygen species to participate

in lipid peroxidation, and finally induce ferroptosis. © indicates inhibition, and @ indicates induction, System X.~ a glutamate/cystine antiporter;
Shmt1/2, serine hydroxymethyltransferase ¥, GSS glutathione synthase, GSH glutathione, GSSH glutathione persulfide, GPX4 glutathione peroxidase
4, GSR glutathione reductase, ALOX5 arachidonate lipoxygenase 5, NCOA4 nuclear receptor co-activator 4, SLC7AT1 solute carrier family 7 member
11, SLC3A2 solute carrier family 3 member 2, SLCTA5 solute carrier family 1 member 5, TFRT transferrin receptor 1, VDAC2/3 voltage-dependent
anion channel 2/3, ATG5/7 autophagy-related protein 5/7, Nrf2 nuclear factor E2-related factor 2, NFE2L2 nuclear factor, erythroid 2-like 2, ATF4
activating transcription factor 4, IncRNA long noncoding RNAs, miRNA microRNA, PUFA polyunsaturated fatty acid, BSO buthionine sulfoximine,
RRM2 ribonucleotide reductase M2, FBW7 F-box and WD repeat domain-containing 7, NR4AT nuclear receptor subfamily 4 group A member 1,
SCD1 stearoyl-CoA desaturase 1, RSL3 Ras-selective lethal 3, FANCD2 Fanconi anaemia complementation group D2, FINO2 1,2-dioxolane, ML162
(S)-enantiomer, DPI diphenylene iodonium, LONPT mitochondrial Lon protease 1, CoQ10 coenzyme Q10, ESCRT endosomal sorting complex
required for transport, AIFM2 apoptosis-inducing factor mitochondria-associated 2

Ferroptosis is widely involved in various physiological
activities of the human body, and plays an important role
in the occurrence and development of diseases such as
cancer, neurodegenerative diseases, and renal failure [9,
21, 22]. A summary of studies on the difference between
ferroptosis and other types of cell death is shown in
Table 1 [23-26].

Main features of ferroptosis, apoptosis, autophagy,
necroptosis, necrosis and pyroptosis, including the char-
acteristics, morphological features, biochemical features,
regulatory pathways, inducers and inhibitors.

Studies have found that tumour cells are more sensitive
to intracellular iron than normal cells [27, 28]. Ferroptosis

has been identified in several types of cancers, including
gastric cancer [29], lung cancer [30], pancreatic cancer
[31], breast cancer [32], melanoma [33] and brain cancer
[34]. Studies have confirmed that activating ferroptosis
effectively prevents tumour progression and enhances
the effects of chemotherapy, radiotherapy and immuno-
therapy [35-37]. For example, Zhang et al. promoted the
ferroptosis of gastric cancer cells by inhibiting miR-522,
upregulating the expression of arachidonate lipoxygenase
15 (ALOX15) and inhibiting gastric cancer. This strategy
also improved the therapeutic effect of paclitaxel and
cisplatin [38]. Nie et al. found that retinoblastoma (Rb),
nuclear factor erythroid 2-related factor 2 (NRF2) and
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metallothionein-1G (MT-1G) inhibit sorafenib-induced
ferroptosis of liver cancer cells and reduce sensitivity to
sorafenib [39]. To date, various drugs, such as erastin
[10], sorafenib [39], sulfasalazine [40] and glutamate [41],
have been developed to induce ferroptosis of tumour
cells. The unique molecular mechanism of ferroptosis
and its advantages in tumour therapy make it a likely tar-
get for cancer treatment.

Mechanism of ferroptosis in the progression

of pancreatic cancer

Since ferroptosis was identified as a novel form of cell
death, the role of ferroptosis in cancer has been under
extensive study. Studies have found that intervention of
the ferroptosis process affects the growth and prolifera-
tion of pancreatic cancer cells and progression of pan-
creatic cancer. [42] This section summarizes the research
progress on ferroptosis in pancreatic cancer.

Iron accumulation and pancreatic cancer

Iron is necessary to maintain cell metabolism. Iron accu-
mulation is an important source of ROS, a key player
in ferroptosis, and is closely related to the growth and
development of tumours [43, 44]. Wang et al. used erastin
and RSL3 to treat pancreatic cancer cell lines (PANC1)
and found that NEDD4-like E3 ubiquitin protein ligase
(NEDDA4L) expression is upregulated. Propidium iodide
(PI) staining, revealed that the number of dead cells is
increased using specific shRNA to knock out NEDDA4L,
and the colony formation assay confirmed that NEDD4L
knockout enhances tumour suppression induced by
erastin and RSL3. The experiment further proved that
lactotransferrin (LTF) is the target of NEDD4L, and the
decrease in LTF expression significantly inhibites the
accumulation of iron in PANC1 cells. Additionally, the
production of ROS and malondialdehyde, which is the
end product of lipid peroxidation, is reduced, and cell
mortality is also reduced. NEDD4L blocks iron accumu-
lation and cell oxidative damage by mediating LTF deg-
radation and ultimately inhibiting tumour growth [45].
As an antimalarial drug, artesunate (ART) inhibits vari-
ous tumours. Relevant studies have found that pancreatic
cancer cell death induced by ART is inhibited by deferox-
amine (DFO), while increasing the content of transferrin
(HTF) increases the degree of cell death, reflecting that
ART-induced cell death depends on the level of free iron.
Subsequent experiments proved that ferritin enters the
lysosome by binding to NCOA4 and is degraded. At this
time, the level of free iron increases, and ART activates
lysosome activity by increasing the assembly of V-ATPase
and promoting ferritin degradation. Induced ferroptosis
plays a role in suppressing cancer [46, 47]. Autophagy-
related genes play a critical role in regulating autophagy
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and are also closely related to ferroptosis. In one study,
inhibiting the expression of the autophagy-related genes
autophagy-related protein 5(AGT5) and ATG7 in vitro to
prevent the death of erastin-induced pancreatic cancer
cell lines (PANC1 and PANC2.03) significantly reduced
the ferrous iron and malondialdehyde levels in the cell.
The study further proved that nuclear receptor coacti-
vator 4(NCOA4) is a receptor of ATG5 and ATG7 that
mediates ferritin degradation and releases ferrous iron.
The ATG5-ATG7-NCOA4 autophagy pathway is a new
target to treat pancreatic cancer [48].

Oxidative stress and pancreatic cancer

The activation of oxidative stress and weakening of the
antioxidant barrier cause massive ROS production and
subsequent lipid peroxidation, which ultimately induces
ferroptosis [49, 50]. In this process, mitochondria, as the
power station of cells, play an important role in cell death
caused by oxidative stress and ferroptosis. Transcrip-
tion factor A, mitochondrial (TFAM) is a member of the
high mobility group protein family. Loss of its expres-
sion causes respiratory chain disorders, mitochondrial
dysfunction and oxidative stress. Treatment of PANCI,
Capan2 and pHsPDAC cells with the nucleoside analogue
Zacitabine led to a decrease in TFAM expression, caus-
ing mitochondrial dysfunction in these cells, manifested
by a decrease in mitochondrial DNA (mtDNA) replica-
tion number and cellular oxygen consumption, limited
ATP production and an increase in ROS content, ulti-
mately inducing cell death. Related experiments further
proved that Zalcitabine induces ferroptosis by inducing
oxidative mtDNA damage and mitochondrial function
decline, as well as TFAM degradation and activation of
the cyclic GMP-AMP synthase (CGAS)- stimulator of
interferon gene 1 (STINGI1) pathway, thereby inhibit-
ing the growth of pancreatic cancer [51]. Diaphanous
homology 3 (DIAPH3) has different functions because
of different tumour types. Related databases and clinical
tissue sample analysis have found that DIAPH3 is highly
expressed in pancreatic cancer and is positively corre-
lated with tumour progression. DIAPH3 also promotes
the proliferation and invasion of pancreatic cancer cells.
Further mechanistic studies have shown that DIPAH3
inhibition promotes the antioxidant effect mediated by
TrxR1 and GPX4, the key factors of selenium metabo-
lism, increases the levels of peroxides and ROS, and ulti-
mately inhibits the malignant phenotype of pancreatic
cancer [52]. The magnetic field (MF) is considered to
have an anti-tumour effect. Because of its low toxicity
and noninvasiveness, MF can be used as an ideal anti-
tumour treatment option. Studies have found that Wilms
tumour, lung epithelial cancer, gastric cancer and pan-
creatic cancer exposed to MF are significantly inhibited
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compared with non-malignant tumours, and the inhibi-
tion rate is higher for the third day. Subsequent experi-
ments have shown that MF promotes ROS, increases the
NADPH levels, induces cell DNA damage and oxidative
stress leading to ferroptosis, and inhibiting tumour pro-
liferation [53]. Although this mechanism has not been
verified in pancreatic cancer, it provides a new strategy
for subsequent study.

Lipid peroxidation and pancreatic cancer

Lipid peroxidation is the main characteristic of ferrop-
tosis that is primarily induced by polyunsaturated fatty
acids under the action of lipoxygenases and ROS and
eventually activates ferroptosis and inhibits tumour
development [54, 55]. Microsomal glutathione S-trans-
ferase 1 (MGST1) is a membrane-bound transferase
that inhibits oxidative stress and apoptosis. In one study,
MGST1 was upregulated in pancreatic cancer cell lines
(CFPACI1 and PANC2. 03) treated with erastin and RSL3.
Inhibiting the expression of MGST1 increased the level
of intracellular malondialdehyde, but did not affect the
intracellular iron content, indicating that MGST1 inhib-
its lipid peroxidation but not iron accumulation. Sub-
sequent studies have found that MGST1 affects lipid
peroxidation by regulating ALOX5, and in vivo experi-
ments have confirmed that MGST1 inhibits the growth
of xenotransplanted pancreatic cancer mouse tumours.
Additionally, by analysing The Cancer Genome Atlas
(TCGA) database, the overall survival rate of patients
with high MGST1 expression was significantly lower
than that of patients with low MGST1 expression, sug-
gesting that MGST1 can be used as an indicator of prog-
nosis for pancreatic cancer patients [56]. As part of the
RAS family, ADP ribosylation factor 6 (ARF6) regulates
the invasion, metastasis and proliferation of cancer cells,
and is closely related to autophagy and immunity. Stud-
ies have pointed out that ARF6 is highly expressed in the
pancreatic cancer cell lines PANC1 and MIA PaCa-2,
and its knockdown promotes RSL3-induced ferroptosis.
Further experiments have confirmed that ARF6 does not
directly affect lipid peroxidation, but shapes the cell lipid
components into a state that is easy to oxidize by regulat-
ing the level of ACSL4 protein, and finally induces lipid
peroxidation and inhibits pancreatic cancer cell growth
[57]. Hu et al. used erastin or RSL3 to treat pancreatic
cancer cell lines (PANC1 and MIAPaCa2), which induced
lipid peroxidation, pancreatic cancer cell death and low
expression of pirin (PIR). Further studies have found that
PIR inhibits lipid peroxidation by regulating the expres-
sion of acyl-CoA synthetase long-chain family member
4 (ACSL4) and ultimately affecting the tumours growth.
PIR prevents the proliferation of pancreatic cancer by
negatively regulating ferroptosis [58]. These studies
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reflect that lipid peroxidation plays an important role in
the occurrence and development of pancreatic cancer
and providing a new way to treat pancreatic cancer.

System X.~/GSH/GPX4 axis and pancreatic cancer

Previous studies have confirmed that cysteine, glu-
tathione (GSH) and GPX4 are the key foctors control-
ling ferroptosis [59], and system X~ (a glutamate/cystine
antiporter) can ingest cystine, which is ultimately used
to synthesize GSH [60]. Ferroptosis is regulated by the
system X_. /GSH/GPX4 axis. Mitochondrial Lon pepti-
dase 1 (LONP1) is a functional enzyme that regulates
mitochondrial function and cytological stability. In one
study, erastin was used to treat the pancreatic cancer
cell line PANCI, and western blot analysis showed that
the protein levels of the key ferroptosis factors GPX4 and
GSH were significantly decreased, but LONP1 expres-
sion was upregulated. Specific ShARNAs were then gen-
erated to inhibit LONP1 expression. PANC1 cells with
LONP1 interference were less sensitive to erastin than
control cells, but GPX4 expression and the GSH content
were increased; thus, LONP1 was concluded to induce
a tumour suppressor effect by downregulating GPX4
expression and reducing the GSH content. Further exper-
iments revealed that LONP1 negatively regulates the
nuclear factor E2-related factor 2/Kelch-like ECH-associ-
ated protein 1 (Nrf2/Keapl) signalling pathway to affect
tumour growth [61]. F-box and WD repeat domain-con-
taining 7 (FBW?7) is one of the most commonly mutated
genes in human cancers that is expressed at low levels
in pancreatic cancer. Ye et al. transfected FBW?7 into
pancreatic cancer cell lines (PANC1 and SW1990) and
detected a decrease in the ratio of GSH to glutathione
persulfide (GSSH). They found that intracellular ROS
and the malondialdehyde level were increased using the
DCFH-DA probe, indicating that FBW?7 promotes ROS
and lipid peroxidation in pancreatic cancer cells. They
further found that FBW7 activates ferroptosis and ulti-
mately inhibits the proliferation of pancreatic cancer cells
by regulating nuclear receptor subfamily 4 group A mem-
ber 1/stearoyl-CoA desaturase 1(NR4A1/SCD1) [62]. In
another study, inhibiting GSH synthesis using BSO did
not significantly reduce the viability of pancreatic cancer
cells. This finding proved that a change in the GSH con-
tent alone is insufficient to cause ferroptosis. To further
study the mechanism, mass spectrometry was performed,
revealing that cystine was not only used to synthesize
GSH but also converted into CoA, and the inhibitory sys-
tem X~ reduced the level of CoA and increased the con-
tent of Coenzyme Q10 (CoQ10), the key substance for
CoA synthesis. The tumour cells showed ferroptosis phe-
notypes such as various lipids, drop formation, matrix
rupture and necrosis. Thereafter, the tumour stoppeds
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growing and shrank. Ferroptosis caused by the combined
use of pantothenate kinase inhibitor pantothenic acid
inhibitors (PANKi) and BSO can be reversed by CoQ10
analogues, confirming that inhibiting GSH and CoA gen-
erates the initiation of ferroptosis in pancreatic cancer
cells [63]. These studies show that targeting the system
X, /GSH/GPX4 axis is a potential new research direc-
tion for pancreatic cancer treatment.

Ferroptosis and the early diagnosis, prognosis

and staging of pancreatic cancer

Accurately performing the early diagnosis, prognosis
and staging in pancreatic cancer will help to better treat
and prevent the disease. Pancreatic cancer cells are more
dependent on intracellular iron because of their high
proliferation and DNA synthesis requirements [45]. The
oxidation and reduction of iron promote the generation
of oxygen free radicals, which can accelerate tumour
growth. Therefore, serum ferritin and transferrin, which
reflect the iron level, can be used as potential diagnos-
tic biomarkers for pancreatic cancer detection [64, 65].
Jeong et al. found that knocking out transferrin recep-
tor 1 (TFR1) significantly inhibits the proliferation of
PDAC cells, proving that TFR1 is essential for the growth
and tumourigenic phenotype of pancreatic cancer, and
that it plays a crucial role in the early diagnosis of pan-
creatic cancer [68]. Ferroptosis can reflect the progno-
sis and tumour stage of pancreatic cancer patients, and
genes related to ferroptosis can be used as biomarkers
to predict the average survival time of pancreatic can-
cer patients. Studies have found that the solute carrier
family 7 member 11 (SLC7A11) gene is overexpressed
in pancreatic cancer cells, and the survival time of mice
with SLC7A11 gene deletion induced by CRISPR-Cas9 is
doubled compared with that of normal mice [63]. Other
studies have found that the expression of the GPX4 gene
in the pancreatic cancer group is upregulated compared
with that in the normal group using TCGA database
analysis. The overall survival analysis showed that high
GPX4 expression is related to the increased survival rate
of pancreatic cancer patients (high-expression GPX4
group: n=131; low-expression GPX4 group: n=43).
These analyses indicate that GPX4 may be a prognostic
marker for pancreatic cancer patients [69]. Addition-
ally, ferroptosis is related to the pancreatic cancer stage.
Studies have demonstrated that the expression levels of
hepcidin and ferroportin in the tissue samples of pancre-
atic cancer patients undergoing radical surgery are highly
expressed in pancreatic cancer tissues. Low expression of
hepcidin and high expression of ferroportin were associ-
ated with a poor prognosis of patients, and the hepcidin
expression level was associated with the pathological
stage and vascular invasion in pancreatic cancer [70].
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These results indicate that ferroptosis and related fac-
tors are closely related to the early diagnosis, prognosis,
and tumour-node-metastasis (TNM) stage of pancreatic
cancer, and have attracted widespread attention. Addi-
tionally, some researchers have identified 14 potentially
valuable genes related to pancreatic cancer prognosis
and ferroptosis using Gene Expression Omnibus (GEO)
and TCGA databases and have analysed the mRNA and
mRNA of these genes in pancreatic cancer tissues using
clinical samples. Expression at the protein level con-
firmed that up-regulated prostaglandin-endoperoxide
synthase 2 (PTGS2) expression and down-regulated met-
allothionein-1G (MT1G), tubulin epsilon 1 (TUBE1L) and
autophagy-related gene 4D (ATG4D) increase the risk of
pancreatic cancer and lead to a poor prognosis; however,
further experimental verification is warranted [72]. Fer-
roptosis is expected to play a crucial role in the compre-
hensive treatment of pancreatic cancer.

A summary of studies on the molecular markers of fer-
roptosis related to the diagnosis, prognosis and staging of
pancreatic cancer is shown in Table 2.

Summary of the molecular markers of ferroptosis
related to pancreatic cancer, including biomolecular
types and clinical relevance. The biomolecular types
mainly involve DNA, RNA and protein. The clinical rel-
evance mainly includes prognosis, diagnosis, and TNM
staging.

Role of ferroptosis in pancreatic cancer treatment
Ferroptosis and targeted therapy of pancreatic cancer

As the role of ferroptosis in pancreatic cancer was gradu-
ally uncovered, studies on its applications in the treat-
ment of pancreatic cancer increased. As a stress-induced
transcription factor, stress-induced nuclear protein
1 (NUPR1) can prevent ferroptosis. Liu et al. found that
the lack of NUPR1 promotes ROS formation induced
by erastin and RSL3, and inhibited the viability of pan-
creatic cancer cells. Further studies have shown that
lipocalin 2 (LCN2), as the direct target gene of NUPRI,
regulates iron levels in pancreatic cancer cells. By inhib-
iting the NUPR1-LCN2 pathway, iron accumulation
and cell oxidative damage are reduced, promoting the
growth of pancreatic cancer. Thus, targeting the NUPR1-
LCN2 pathway provides a new strategy to treat pan-
creatic cancer [73]. Kuang et al. found that a lysosomal
cysteine protease prevents the translocation of cathep-
sin B (CTSB) into the nucleus and causes DNA damage,
thereby activating STING1 and ultimately inducing fer-
roptosis, providing a new way to improve the anticancer
effect of ferroptosis [74]. GSH, which plays a key role in
ferroptosis, is considered an important target for antican-
cer therapy, and targeting regulatory factors that affect
GSH synthesis also provides a new direction for cancer
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Table 2 Summary of studies on the molecular markers of ferroptosis related to the diagnosis, prognosis and staging of pancreatic

cancer

Molecular marker Biomolecule type Clinical relevance References
Ferritin Protein Diagnosis, prognosis [65, 66]
Ferroportin Protein Diagnosis, prognosis [60, 65]
Hepcidin Protein Prognosis, TNM stage [67]
Lipocalin 2 Protein Diagnosis [57,65]
TFR1 Protein Diagnosis, prognosis, TNM stage [63, 65]
SLC7AT1 DNA Prognosis [70]
GPX4 Protein Prognosis [67]
ARF6 Protein Prognosis [57]
SLC25A37/28 DNA Prognosis [71]
PARK2 DNA Prognosis [71]
AIM2 DNA Prognosis [71]
NUPR1 DNA Prognosis [73]
LCN2 DNA Prognosis [73]
MGST1 DNA Prognosis [56]
PTGS2 DNA Prognosis [72]
MT1G DNA Prognosis [72]
TUBE1 DNA Prognosis [72]
ATG4D DNA Prognosis [72]

treatment [75, 76]. Inhibiting SLC7A11 expression are
reported to decrease the GSH content, thereby activat-
ing ferroptosis, and ultimately inhibiting the prolifera-
tion and survival of pancreatic cancer cells [77]. GPX4 is
also a key factor in regulating ferroptosis process. Some
studies have found that the autophagy inducers rapamy-
cin and RSL3 cause the degradation of human pancreatic
cancer cell GPX4 protein. Inhibiting GPX4 expression
can enhance the anticancer activity of rapamycin and
RSL3 in vivo or in vitro [78]. Presently, studies on the tar-
geted therapy of ferroptosis in pancreatic cancer remain
limited. Promoting ferroptosis in a high-glucose envi-
ronment can kill pancreatic cancer cells more effectively.
The pathway involves solute carrier family 2 member 1
(SLC2A1) promoting glucose uptake and inhibiting the
expression of pyruvate dehydrogenase kinase 4 (PDK4),
which induces lipid peroxidation and ultimately inhibits
tumour growth; however, the specific mechanism and
role of glucose and lipid metabolism in ferroptosis in
pancreatic cancer remain to be further studied [79].

Ferroptosis and immunotherapy of pancreatic cancer

The tumour microenvironment remains a hot research
topic, and immunotherapy has also become a favoured
option for cancer treatment. However, pancreatic can-
cer is not sensitive to immunotherapy [80]. Recent stud-
ies have found that immunotherapy is closely related to
ferroptosis [38]. Ferroptosis induction to improve the
sensitivity of pancreatic cancer to immunotherapy may

become a new treatment strategy for pancreatic can-
cer. High infiltration of tumour-associated macrophages
(TAMs) indicates a poor prognosis of pancreatic cancer,
and M2-type TAMs can express immunosuppressive sig-
nals to promote the proliferation and invasion of pancre-
atic cancer cells [81]. Dai et al. found that iron and GPX4
regulate macrophage infiltration in the pancreatic tumour
microenvironment, and an in vivo experiment showed
that a high-iron diet or GPX4 deletion induces trans-
membrane protein 173(TMEM173) to promote TAM
infiltration, leading to pancreatic intraepithelial neoplasia
and an increased pancreas weight in mice [69]. Presently,
studies on ferroptosis and pancreatic cancer treatment
is still limited, and most rely on big data such as GEO
and TCGA to speculate the ferroptosis regulatory fac-
tors related to pancreatic cancer immune cell infiltration,
such as the aforementioned PTGS2 [72], MTIG [72] and
keratin 6A (KRT6A) [82], collagen type V alpha 2 chain
(COL5A2) [82], However, further experimental verifica-
tion is needed, and the mechanism of action of strate-
gies employing ferroptosis and immunotherapy requires
further study. Studies on iron metabolism regulation and
immune characteristics will provide new research ideas
to treat and prevent pancreatic cancer.

Ferroptosis and chemotherapy of pancreatic cancer

Gemcitabine is a first-line adjuvant chemotherapeutic
drug for pancreatic cancer. Studies have indicated that
the combined application of chemotherapeutic drugs
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and ferroptosis inducers helps improve the efficiency of
chemotherapy [4], providing a new strategy to improve
the sensitivity of pancreatic cancer to gemcitabine and
enhance the efficacy of gemcitabine. Tang et al. analysed
the gene expression profiles of parental pancreatic can-
cer cell lines and gemcitabine-resistant pancreatic can-
cer cell lines and found that components of system X_~,
such as SLC7A11 and solute carrier family 3 member 2
(SLC3A2), are significantly upregulated in cells exposed
to gemcitabine, indicating that ferroptosis inducers tar-
geting system Xc- may be effective to treat gemcitabine-
resistant pancreatic cancer [80]. In another study, erastin
enhanced the cytotoxic effects of gemcitabine and cis-
platin in two pancreatic cancer cell lines by inhibiting
SLC7A11 expression and increasing the apoptosis rate,
improving the efficacy of chemotherapy drugs [63]. Addi-
tionally, ARF6 increases the sensitivity of pancreatic can-
cer cells to gemcitabine by inhibiting iron metabolism
and gemcitabine-related metabolic proteins including
deoxycytidine kinase (DCK)/human equilibrative nucleo-
side transporter 1 (hENT1), but the specific mechanism
requires further study [57]. Presently, few studies have
investigated the link between ferroptosis and gemcit-
abine, but their combination is a feasible strategy for the
comprehensive treatment of pancreatic cancer.

Ferroptosis and radiotherapy of pancreatic cancer

In the multimodal treatment of pancreatic cancer, par-
ticularly to treat locally advanced or recurrent pancreatic
tumours, radiotherapy remains a critical component [83].
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Using reasonable intensity rays promotes the ferroptosis
of tumour cells and reduce tumour growth, while using
ferroptosis inhibitors reduces the curative effect of radio-
therapy on tumours, indicating that ferroptosis modifiers
can be used as radiosensitizers to improve the efficacy of
radiotherapy without increasing the radiation dose and
greatly reduce the serious side effects caused by over-
dose [8, 84]. Some studies have found that erastin, which
induces ferroptosis, enhances the sensitivity of breast,
cervical and lung cancer cells to radiation and promotes
cell death [85-87]. Although current studies on ferropto-
sis combined with radiotherapy in pancreatic cancer are
limited, they suggest that using radiotherapy combined
with ferroptosis inducers provides a new method for
advanced and recurrent pancreatic cancer.

A summary of studies on the role of ferroptosis in the
treatment and drug resistance of pancreatic cancer is
shown in Table 3.

Summary and prospects

Pancreatic cancer remains one of the most difficult
malignant tumours. Its characteristics such as high inva-
siveness and drug resistance have led to its high mortality
rate; new treatment methods are needed. With the iden-
tification of ferroptosis, its unique molecular mechanism
and role in tumours have gradually emerged. The ability
of ferroptosis to improve chemotherapy, radiotherapy
and immunotherapy is expected to provide new strate-
gies for cancer treatment, particularly in pancreatic can-
cer [4]. However, studies on ferroptosis in pancreatic

Table 3 Summary of studies on the role of ferroptosis in the treatment and drug resistance of pancreatic cancer

Interventions  Mechanism of action

NUPR1-LCN2 Reduces iron accumulation and inhibits ROS generation

CTSB Activates STING1 to induce ferroptosis

CRISPR-Cas9 Inhibits the expression of SLC7A11 and reduces the
content of GSH

GPX4 Rapamycin and RSL3 enhance anticancer activity by
inducing GPX4 protein degradation

SLC2A1 SLC2A1 promotes glucose uptake and inhibits the
expression of PDK4, which induces lipid peroxidation

GPX4 depletion  Activates TMEM173 to promote TAM infiltration

or high iron diet

Erastin Inhibits SLC7A11 to improve sensitivity to gemcitabine
and cisplatin

ARF6 Inhibits iron metabolism and improves sensitivity to
gemcitabine

NEDDA4L Degrades LTF to inhibit ferroptosis

LONP1 inhibitor
lates GPX4 expression

Activates the Nrf2/Keap1 signalling pathway and upregu-

Application In vitro/in vivo Animal model References
Suppression  Both athymic nude female mice [73]
Suppression  Both NOD-SCID female mice [74]
Suppression  Both female athymic mice [771
Suppression  Both - [78]
Suppression  Both male C57BL/6 J mice [79]
Promotion Both C57BL/6 mice [69]
Suppression  Both female athymic mice [63]
Suppression  In vitro - [57]
Promotion  In vitro - [45]
Promotion In vitro - [61]

“Suppression”indicates that the intervention suppresses pancreatic cancer.“Promotion” indicates that the intervention promotes pancreatic cancer.“In vitro/in vivo”

indicates whether the study was performed in vivo, in vitro, or both
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cancer remain in their infancy. A comprehensive analy-
sis of ferroptosis-related mechanisms, such as the role of
iron accumulation and lipid peroxidation in cell energy
metabolism and autophagy, the effect of ferroptosis on
pancreatic carcinoma stem cells, and the link between
ferroptosis and tumour resistance and immune infiltra-
tion is critical. Additionally, future studies should focus
more on the applications of ferroptosis in cancer treat-
ment (particularly for pancreatic cancer), such as the
following: how ferroptosis-related mechanisms can be
targeted to treat pancreatic cancer with glucose and
lipid metabolism disorders; and how ferroptosis can be
induced or induce the recruitment of macrophages and
other immune cells to cancer to play a role in immuno-
therapy; how iron metabolism affects the sensitivity of
gemcitabine in the treatment of pancreatic cancer; the
therapeutic effect of ferroptosis regulators combined
with magnetic fields or radiation on pancreatic cancer.
However, the synergistic effects of ferroptosis-regulating
therapy with chemotherapy, immunotherapy and other
antitumour strategies are expected to encourage new
treatments for pancreatic cancer and other incurable
cancers. We believe that ferroptosis and related factors
have valuable research prospects in tumour treatment
and prognostication.
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