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Abstract
Pancreatic cancer is a highly lethal malignancy with low resection and survival 
rates and is not sensitive to radiotherapy and chemotherapy. Ferroptosis is a 
novel form of nonapoptotic regulated cell death characterized by the accumu-
lation of lipid peroxides and reactive oxygen species involved in iron metabolism. 
Ferroptosis has a significant role in the occurrence and development of various 
tumors. Previous studies have shown that regulating ferroptosis-induced cell 
death inhibited tumor growth in pancreatic cancer and was synergistic with other 
antitumor drugs to improve treatment sensitivity. Herein, we discuss the mecha-
nism, inducers, and developments of ferroptosis in pancreatic cancer to provide 
new strategies for the treatment of the malignancy.

Key Words: Pancreatic cancer; Ferroptosis; Reactive oxygen species; Iron metabolism; 
Lipid peroxides

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Many studies have confirmed that ferroptosis is closely related to the occur-
rence and development of pancreatic cancer, but there are few systematic reviews on 
the mechanism and treatment of ferroptosis in pancreatic cancer. This review focuses 
on the research progress of the mechanism of ferroptosis in pancreatic cancer, and 
summarizes feasible treatment from the perspective of the processes leading to the 
occurrence of ferroptosis.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) accounts for approximately 90% of all 
pancreatic malignancies and is commonly known as pancreatic cancer. PDAC is a 
highly lethal malignancy, wherein the number of deaths in 2018 was almost the same 
as the number of new cases (432,242 and 458,918, respectively; GLOBOCAN database)
[1]. The clinical features of PDAC include a short course, rapid progression, and high 
probability of malignancy. Surgery is the only option to cure PDAC; however, most 
patients are diagnosed at advanced stages because of the absence of distinctive clinical 
symptoms, they lose the opportunity for radical surgery. The postoperative 5-year 
survival rate of patients with PDAC is 12%-27%[2]. Currently, adjuvant gemcitabine 
chemotherapy is commonly performed after surgical resection; however, the 5-year 
survival rate is only 22.5%-26.0%[3-5]. Moreover, the high resistance of PDAC cells to 
gemcitabine limits its efficacy. Novel adjuvant chemotherapy drugs, such as modified 
FOLFIRINOX and a 5-fluorouracil derivative (S-1), have been approved in recent years 
for patients who have undergone resection of PDAC. A study reported that the 3-year 
survival rate of patients was 63.4% in the modified FOLFIRINOX group; however, the 
outcome was associated with an increased risk of toxic effects[6]. The 3-year survival 
rate of the patients in the S-1 group was 59.0%. However, the data were limited by the 
fact that all the patients were East-Asian residents of Japan[7]. The global incidence of 
PDAC has increased over the past few decades, significantly affecting the health of the 
patients and causing a heavy social burden. Therefore, the need of the hour is to 
explore new, targeted therapies for PDAC.

Ferroptosis is a novel form of nonapoptotic regulated cell death (RCD)[8] charac-
terized by the accumulation of lipid peroxides and reactive oxygen species (ROS) 
involved in iron metabolism[9]. ROS react with polyunsaturated fatty acids (PUFAs) in 
the lipid membrane to generate excessive amounts of lipid peroxides, resulting in cell 
membrane damage and eventually ferroptosis. Studies have shown that ferroptosis is 
involved in the occurrence and development of various diseases, such as neuropathy
[10], ischemia-reperfusion injury[11], acute renal failure[12], and cancer. A study 
reported that ferroptosis might be a common and dynamic form of RCD in the 
treatment of cancer[13].

More than 90% of PDAC patients have mutations in the KRAS gene that promotes 
proliferation, alters cellular metabolism, and affects invasion and autophagy[14]. 
Mutations in KRAS lead to a significant increase in intracellular ROS[15]. To avoid cell 
death, cancer cells must promptly remove intracellular ROS during rapid division. A 
study reported that PDAC cells transport a large amount of cystine/cysteine to 
synthesize glutathione (GSH) as a compensatory mechanism, thereby eliminating 
excess intracellular ROS[16]. Ferroptosis is closely related to the production of cys-
tine/cysteine and ROS and thus can be considered a critical form of RCD in PDAC and 
might be selectively targeted as an anticancer therapy. In this review, we briefly 
describe the mechanism of ferroptosis, its research status, and prospects for use in 
treating PDAC.

PROFILE AND RESEARCH PERSPECTIVE OF FERROPTOSIS
Origin
In 2003, Dolma et al[17] discovered an antitumor drug named erastin that induced cell 
death without causing changes in nuclear morphology, DNA fragmentation, and 
caspase 3 activation. Moreover, caspase inhibitors did not reverse the process. 
Subsequently, the group identified RAS-selective lethal small molecule 3 (RSL3), 
which induced cell death similar to that caused by erastin[18]. In 2012, Dixon et al[8] 
found that erastin inhibited the cystine/glutamate antiporter (system XC-), causing 
excessive accumulation of lipid ROS, ultimately leading to an iron-dependent oxida-
tive death known as ferroptosis.

Characteristics
Compared with other RCDs such as necrosis, apoptosis, and autophagy[19] (Table 1), 

http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
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Table 1 Features of ferroptosis and other forms of regulated cell death

Ferroptosis Necrosis Apoptosis Autophagy

Morphological 
features

Condensed mitochondrial 
membrane densities, reduction or 
vanishing of mitochondria crista, 
and outer mitochondrial 
membrane rupture

Organelle swelling, plasma 
membrane damage, cell 
disruption

Cell membrane foaming, cell 
shrinkage and the formation of 
apoptotic bodies

Cytoplasm vacuolization, 
formation of autophagosomes 
and removal of substances 
through lysosomes

Biochemical 
features

Iron accumulation; lipid 
peroxidation; glutaminolysis

Activation of RIPK1, RIPK3, 
and MLKL; activation of 
inflammasome and release of 
pro-inflammatory cytokines

DNA fragmentation; Caspases 
cascade activation; Ca2+/mg2+ 
-dependent endogenous 
nuclease and calpain activation

MAP1LC3B-I to MAP1LC3B-II 
conversion; increased 
autophagic flux and lysosomal

ferroptosis is characterized by the maintenance of an intact nucleus, nonaggregation of 
chromatin, nonrupture and foaming of the protoplast membrane, condensed mi-
tochondrial membrane densities, reduction or loss of mitochondrial crista, and outer 
mitochondrial membrane rupture[9]. The biochemical characteristics of ferroptosis are 
increased concentration of lipid hydrogen peroxide (H2O2) and ferrous iron (Fe2+). 
Intracellular lipid oxides are abnormally metabolized by the catalysis of iron ions, and 
the increased lipids production affects the original redox balance. Thus, the biological 
macromolecules are attacked, leading to cell death manifested by the inactivation of 
glutathione peroxidase 4 (GPX4) and deposition of lipid peroxide[20].

Main metabolic process of ferroptosis
Currently, the metabolic mechanism of ferroptosis is known to include three processes. 
(1) Iron metabolism includes participation of iron ions in the formation of ROS 
through enzymatic or non-enzymatic reactions to mediate ferroptosis; (2) Amino acid 
metabolism includes GSH, which is a substrate of GPX4. GSH is the most important 
intracellular antilipid oxidation molecule. Cysteine is the raw material required for its 
synthesis, and an abundance of intracellular cysteine determines the synthesis of GSH 
and the process of cellular resistance to lipid oxidation, ultimately affecting ferroptosis
[21,22]; and (3) Lipid metabolism is involved. The accumulation of lipid peroxides, 
especially phospholipid peroxides, is considered a landmark of ferroptosis[23]. A 
recent study reported that ferroptosis suppressor protein 1 exists as an independent 
parallel system that cooperates with GPX4 and GSH to suppress phospholipid 
peroxidation and ferroptosis[24]. Furthermore, induction of ferroptosis occurs by 
regulating the tumor microenvironment (Figure 1).

CURRENT STATUS OF FERROPTOSIS IN PDAC
In recent years, systemic treatment of PDAC has mainly relied on 5-fluorouracil and 
gemcitabine-based therapy. However, because of rapid and widespread development 
of chemical resistance, the prognosis remains poor. Recent studies have demonstrated 
that ferroptosis is associated with PDAC (Figure 2). Therefore, inducing ferroptosis is a 
new strategy to combat PDAC.

Ferroptosis regulated by iron metabolism in PDAC
Extracellular ferric ions (Fe3+) form a conjugate with transferrin and are transported via 
the transferrin receptor 1 on the surface of the cell membrane. First, the conjugate 
enters the cell by endocytosis. Subsequently, Fe3+ are reduced by the six-transmem-
brane epithelial antigen of prostate 3 to Fe2+ and enter the cytoplasm from the en-
dosome via the divalent metal ion transporter 1[25]. Fe2+ can be stored as ferritin or in 
the free form. Meanwhile, ferritin, as a downstream regulatory gene of nuclear factor 
erythroid 2-related factor 2 (NRF2), is regulated by the p62-KEAP1-NRF2 signaling 
pathway[26] (Figure 2).

Excess intracellular Fe2+ catalyzes the Fenton reaction, in which Fe2+ reacts with H2O2 

to produce Fe3+ and hydroxyl radicals. The hydroxyl radical is a type of ROS that can 
damage proteins, lipids, and DNA, affect the function of cell membranes, and lead to 
cell death[26]. From the perspective of chemical reactions of intracellular Fe2+, the 
Fenton reaction may be considered one of the important processes involved in 
ferroptosis. The reaction between H2O2 and Fe2+ generates Fe3+ along with OH− and 
hydroxyl radicals (Formula 1). The hydroxyl radical is one of the most active ROS. In 
addition, the Fenton reaction can generate peroxy free radicals[27] (Formulas 2 and 3). 
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Figure 1 Metabolic mechanisms of ferroptosis in pancreatic ductal adenocarcinoma. A: Lipid metabolism; B: Iron metabolism[25]; C: Autophagy[26-
28]; D: Amino acid metabolism[29-31]. ACSL4: Long-chain acyl-CoA synthetase 4; ALOXs: Arachidonate lipoxygenases; ATG5: Autophagy-related 5; ATG7: 
Autophagy-related 7; CoQ10: Coenzyme Q10; CoQ10H2: Ubiquinol-10; DIAPH3: Diaphanous homolog 3; FSP1: Ferroptosis suppressor protein 1; GPX4: Glutathione 
peroxidase 4; GSH/GSSG: Glutathione; KEAP1: Kelch-like ECH-associated protein 1; LPCAT3: Lysophosphatidylcholine acyltransferase 3; LTF: Lactotransferrin; 
NAD(P)H: Nicotinamide adenine dinucleotide phosphate; NCOA4: Nuclear receptor coactivator 4; NEDD4L: Neural precursor cell-expressed developmentally 
downregulated 4-like; NRF2: Nuclear factor erythroid 2-related factor 2; P62/SQSTM1: Sequestosome 1; PIR: Pirin; PUFA: Polyunsaturated fatty acids; ROS: 
Reactive oxygen species; SLC3A2: Solute carrier family 3 member 2; SLC7A11: Solute carrier family 7 member 11; STEAP3: Six-transmembrane epithelial antigen of 
prostate 3; TF: Transferrin; TrxR1: Thioredoxin reductase 1.

Figure 2 Iron transport. DMT1: Divalent metal transporter 1; LCN2: Lipocalin-2; LTF: Lactotransferrin; NEDD4L: Neural precursor cell-expressed developmentally 
downregulated 4-like. SD: Siderophore; STEAP3: Six-transmembrane epithelial antigen of the prostate 3; TFR1: Transferrin receptor 1; TFR2: Transferrin receptor 2.

The series of reactions suggest that iron ions act as a catalyst to promote the pro-
duction of ROS in cells, especially in tumor cells[28]. Therefore, the Fenton reaction not 
only provides Fe2+ but also continuously catalyzes the production of ROS, both of 
which are essential conditions for ferroptosis. Formulas: (1) Fe2+ + H2O2→Fe3+ + (OH-) + 
OH (Formula 1); (2) O2

- + Fe3+→O2 + Fe2+ (Formula 2); and (3) O2 + Fe2+→ Fe3+ + O2
- 

(Formula 3).
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Ferritin is composed of two subunits, namely ferritin heavy chain (FHC) and ferritin 
light chain (FLC). A study reported that iron-responsive element-binding protein 2 
increased the expression of FHC and FLC to inhibit ferroptosis[29]. Lactotransferrin 
(LTF) is a member of the transferrin family that is associated with increased in-
tracellular iron during inflammatory injury and is by neural precursor cell-expressed 
developmentally downregulated 4-like (NEDD4L). Wang et al[30] reported that 
NEDD4L-mediated LTF protein degradation inhibited intracellular iron accumulation 
and subsequent oxidative damage-mediated ferroptosis in PDAC. Lipocalin-2 (LCN2) 
interacts with siderophores (iron-binding proteins) and acts as an iron carrier to 
intracellular and extracellular iron levels. Another study reported that LCN2 inhibited 
invasion and angiogenesis in PDAC[31].

Autophagy-dependent ferroptosis in PDAC
The autophagic degradation of ferritin to release Fe2+ is known as ferritinophagy, 
which is mediated by nuclear receptor coactivator 4 (NCOA4)[32]. Ferritinophagy is 
closely associated with the physiological and pathological processes of cell growth, 
proliferation, differentiation, apoptosis, and carcinogenesis. Under physiological 
conditions, ferritinophagy is tightly regulated by the iron-dependent protein network 
to maintain the balance of iron in cells and perform its functions. However, excessive 
activation of ferritinophagy leads to intracellular iron overload and accumulation of a 
large amount of ROS in a short period, resulting in ferroptosis. Therefore, it has been 
proposed that ferroptosis is a type of autophagy-dependent cell death[33].

Overexpression of NCOA4 enhances the degradation of ferritin, increases intra-
cellular free iron levels, and promotes ferroptosis. Knockout or knockdown of 
autophagy-related 5 (ATG5) and ATG7-limited erastin-induced ferroptosis are asso-
ciated with decreased intracellular Fe2+ levels and lipid peroxidation. Hou et al[32] 
further found that activating the ATG5/7-NCOA4 axis inhibited the expression of 
FHC and degraded ferritin, leading to an increase in intracellular Fe2+ and lipid ROS, 
thereby promoting ferroptosis in PDAC. Zhu et al[34] reported that heat shock protein 
5 (HSPA5) is closely related to the prognosis of PDAC patients treated with gem-
citabine. Activation of the HSPA5-GPX4 pathway led to the resistance of PDAC cells to 
gemcitabine. Inhibition of HSPA5 or GPX4 gene expression reversed the resistance and 
ferroptosis played an important role in the process. NRF2 is a transcription factor that 
regulates heme and iron metabolism. Pirin (PIR), an iron-binding nuclear protein, is a 
nuclear redox sensor and regulator. Overexpression of PIR limits oxidative damage to 
DNA, subsequent cytoplasmic transport, and extracellular release of high mobility 
group box protein 1, which is released by ferroptotic cells and subsequently triggers an 
inflammatory response in peripheral macrophages. NRF2 mediates the upregulation 
of PIR leading to autophagy-dependent ferroptosis[35,36]. In addition, the ferroptosis 
inducers erastin, sorafenib[37], and sulfasalazine[38], (Table 2) have been shown to 
activate the adenosine monophosphate-activated protein kinase/sterol regulatory 
element-binding protein 2 signaling pathway through iron-dependent ferritinophagy
[39]. Furthermore, a phase I study revealed that the combination of sorafenib and 
gemcitabine demonstrated promising antitumor activity in patients with advanced 
PDAC[40]. However, the combination therapy did not improve recurrence-free and 
overall survival of patients with PDAC with postsurgical R1 residual status. However, 
a subgroup analysis revealed significantly improved disease-free and overall survival 
of patients who underwent more than six cycles of chemotherapy. Twelve cycles of 
additive chemotherapy with gemcitabine may be considered for patients in poor 
general health[41]. Therefore, research on the relationship between autophagy and 
ferroptosis may provide new ideas for the treatment of PDAC.

Ferroptosis is regulated by amino acid and GSH metabolism in PDAC
Cellular entry and exit of cysteine and glutamic acid require a specific transporter, 
system XC-, which is a heterodimer formed by the glycosylated heavy chain CD98hc, 
which is also called solute carrier family 3 member 2 (SLC3A2), and nonglycosylated 
xCT (SLC7A11) joined by disulfide bonds[42]. Cystine is reduced to cysteine to 
synthesize GSH and regulate downstream lipid peroxidation. As an electron donor, 
GSH converts toxic phospholipid peroxides into nontoxic phospholipid alcohols and 
oxidized glutathione under the action of GPX4[43]. In addition to system XC-, cysteine 
can be transported directly into the cell by the alanine-serine-cysteine system, which is 
also known to inhibit ferroptosis[44]. Furthermore, cystine can be synthesized from 
methionine via the transsulfuration pathway.

Many cells rely on system XC- for cystine uptake, which is the rate-limiting step for 
cysteine synthesis. Blocking or inhibiting this step leads to a decrease in intracellular 
cysteine, inhibits the lipid repair function of GPX4, and ultimately induces ferroptosis. 



Yang Y et al. Ferroptosis in pancreatic cancer

WJGO https://www.wjgnet.com 1673 November 15, 2021 Volume 13 Issue 11

Table 2 Ferroptosis inducers in pancreatic ductal adenocarcinoma

Inducers Target Inhibited by Ref.

Erastin System XC-/GPX4 CPX Yang et al[18]

Sulfasalazine System XC- β-ME, CHX, DFO, Fer-1, NAC, or Trolox Kim et al[38,68]

Sorafenib System XC- DFO, Fer-1, Trolox, or VE Lachaier et al[37]

Artesunate System XC- DFO or Fer-1 Xie et al[9]

RSL3 GPX4 CPX, DFO, Ebs, Fer-1, Lip-1, Trolox, or 
U0126

Yang et al[18]

Rapamycin GPX4 Lip-1 Liu et al[60]

FIN56 GPX4 DFO, BSO and α-Toc Liang et al[68]

FINO2 GPX4/Iron β-ME or Fer-1 Liang et al[68]

Piperlongumine GPX4 Fer-1, lip-1, CPX and DFO Yamaguchi et al[63]

Ruscogenin Iron DFO, FAC Song et al[59]

Irisin Iron, ROS, and glutathione depletion Not mentioned Yang et al[64]

α-Toc: α-tocopherol; β-ME: β-mercaptoethanol; BSO: Buthionine sulfoximine; CHX: Cycloheximide; CPX: Ciclopirox olamine; DFO: Iron chelator 
deferoxamine; Ebs: Ebselen; FAC: Ferric ammonium citrate. Fer-1: Ferrostatin-1; Lip-1: Liproxstatin-1; NAC: N-acetylcysteine; VE: Vitamin E.

It has been reported that erastin and its analogs (e.g., sulfasalazine and sorafenib) can 
block the transport function of system XC- and induce ferroptosis. Wang et al[39] 
studied the effect of system XC- on ferroptosis and found that branched-chain amino 
acid transaminase 2 (BCAT2) was the key enzyme mediating the metabolism of sulfur 
amino acids. BCAT2 was found to regulate intracellular glutamate concentration and 
its activation by ectopic expression specifically antagonized the inhibition of system 
XC- and protected PDAC cells from ferroptosis in vitro and in vivo. Furthermore, 
BCAT2 participates in the synergistic mechanisms of sulfasalazine and sorafenib to 
induce ferroptosis. Therefore, BCAT2 may be considered a suppressor of ferroptosis, 
and inhibiting intracellular glutamate synthesis might be effective in inducing ferrop-
tosis.

Another small molecule, RSL3 directly inhibits GPX4, leading to the accumulation 
of lipid ROS and ferroptosis. Selenium increases the antiferroptotic activity of GPX4 
through a selenocysteine residue at 46. In addition, selenium is incorporated during 
the synthesis of selenoproteins such as thioredoxin reductase 1 (TrxR1; direct re-
duction of hydroperoxides). Rong et al[45] reported that diaphanous homolog 3 
(DIAPH3) was highly expressed in the tissues of patients with PDAC, wherein it 
promoted an increase of selenium content and interacted with the selenoprotein, 
ribosomal protein L6. DIAPH3 downregulated cellular ROS levels by upregulating the 
expression of TrxR1.

Ferroptosis regulated by lipid metabolism in PDAC
Fatty acids are substrates of lipid peroxidation reactions, and are esterified to form 
membrane phospholipids. PUFAs are more prone to oxidation than either saturated or 
monounsaturated fatty acids (MUFAs). Membrane phospholipids react with oxygen 
and adjacent lipids to generate phospholipid hydroperoxide (PL-OOH). The reaction 
product of Fe2+ and PL-OOH continues to react with lipids to generate phospholipid 
radicals for a new round of lipid peroxidation[46]. The degradation products of PL-
OOH damage the cell membrane. Extensive lipid peroxidation affects the fluidity and 
structure of the cell membrane, increases its permeability, and leads to cell death. 
Lipid peroxidation is catalyzed by long-chain acyl-CoA synthetase 4 (ACSL4), lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3), and arachidonate lipoxygenase 
(ALOX). ACSL4 catalyzes lipid reactions and tends to esterify the acyl group of 
arachidonic acid, while LPCAT3 aids in the insertion of PUFA into membrane 
phospholipids. Subsequently, free PUFAs are catalyzed by ALOXs to produce various 
lipid hydrogen peroxides[47,48].

Lipid peroxides cause cellular damage through several mechanisms. The first is by 
the decomposition of lipid peroxides into ROS, which further amplifies the lipid 
peroxidation process. Second, lipid peroxides alter the physical structure of the 
membrane, with changes in thickness, the degree of curvature, and pore formation 
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that results in the release of harmful substances and disrupting intracellular me-
tabolism. The third is via by-products such as malondialdehyde and 4-hydroxy-2-
nonenal produced by lipid peroxidation, which can damage the cells[48]. ADP 
ribosylation factor 6 (ARF6) is a member of the RAS superfamily and regulates 
vesicular trafficking, remodeling of membrane lipids, and signaling pathways. A 
study reported that ARF6 regulated the sensitivity to RSL3-induced ferroptosis and 
enhanced RSL3-induced lipid peroxidation by affecting the level of ACSL4 protein
[49]. ALOX5 is the functional subtype of the ALOX family. It catalyzes the peroxi-
dation of PUFAs such as arachidonic acid and is a key mediator of lipid peroxidation
[50]. Kuang et al[51] observed that NRF2 mediated the upregulation of microsomal 
glutathione transferase 1, which by binding to ALOX5, limited lipid peroxidation 
during ferroptosis in PDAC. p53 protein is a transcription factor that has an important 
role in preventing the development of PDAC. In addition to being regulated by a 
variety of cellular stressors and as a master regulator, p53 is involved in the arrest of 
cell growth, apoptosis, and senescence. Recently, p53 has been found to regulate a 
variety of cellular metabolic functions and the stress response to ROS[52]. Ou et al[53] 
discovered that p53 stimulated ferroptosis by directly activating expression of its 
target gene spermidine/spermine N1-acetyltransferase 1, which triggers ferroptosis 
upon stress from ROS. The activity of PUFAs in ferroptosis is competitively affected by 
MUFAs, indicating that exogenous MUFAs cause resistance to ferroptosis. The 
resistance depends on ACSL3 or stearoyl-CoA desaturase (SCD/SCD1), an enzyme 
involved in fatty acid biosynthesis, primarily the synthesis of oleic acid[35]. Ye et al[54] 
found that F-box and WD repeat domain-containing 7 promoted both ferroptosis and 
apoptosis in PDAC by downregulating SCD1 and inhibited the transcription of SCD1 
by reducing the binding of NR4A1 to the SCD1 promoter.

Ferroptosis is regulated by the tumor microenvironment in PDAC
The tumor microenvironment, including the tumor cells, vascular system, extracellular 
matrix, and immune cells, is an important factor affecting the outcomes of therapy. It 
has been reported that nano-inducers of ferroptosis attract iron from the extracellular 
environment to increase the intracellular content. It has also been shown that 
simultaneous upregulation of FHC and downregulation of GSH that increased the 
levels of intracellular ROS led to ferroptosis in tumor cells[55]. Another inducer is a 
near-infrared photosensitizer, IR780, which can be loaded into perfluorocarbon 
nanodroplets. The function of the inducer functions depends on differences of the 
microenvironments of normal and tumor tissue such as oxygen level, pH, and the 
immune system, among other factors. Photodynamic therapy activated oxygen en-
riched with perfluorocarbon generated ROS in the tumor tissue to kill the tumor cells
[56]. Traditionally, CD8+ T cells in the tumor microenvironment induce cell death 
through perforin, granzyme, and Fas/Fas ligand pathways. However, a recent study 
demonstrated that immunotherapy-activated CD8+ T cells enhanced ferroptosis-
specific lipid peroxidation in tumor cells. Interferon-gamma released from CD8+ T cells 
was found to downregulate the expression of SLC3A2 and SLC7A11, restrain cystine 
uptake in tumor cells, and promote lipid peroxidation and ferroptosis[57]. In addition, 
various macrophage subsets have different sensitivities to ferroptosis. Resting ma-
crophages can be polarized to form antitumor M1 and procarcinogenic M2 subtypes. 
Dai et al[58] reported that KRASG12D caused macrophages to switch to an M2-like pro-
tumor phenotype via signal transducer and activator of transcription 3-dependent fatty 
acid oxidation, which can be considered a key mediator of cancer cell-macrophage 
communication in PDAC. Furthermore, oxidative stress induced the release of 
KRASG12D protein from cancer cells undergoing ferroptosis. Targeting the tumor 
microenvironment to promote ferroptosis of PDAC cells could be a new strategy for 
cancer therapy (Figure 3).

INDUCING FERROPTOSIS TO TREAT PDAC
Ferroptosis has an important role in tumor cell death and inhibition of tumor growth; 
therefore, inducing ferroptosis in PDAC is expected to become a new therapeutic 
strategy. Inducers of ferroptosis can be divided into several categories based on the 
regulatory mechanism.

Iron metabolism
Song et al[59] reported that ruscogenin induced ferroptosis by regulating the levels of 
transferrin and ferroportin. Ruscogenin increased the concentration of intracellular 
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Figure 3 Regulatory molecules of ferroptosis in pancreatic ductal adenocarcinoma. ARF6: ADP ribosylation factor 6; ATG5/7: Autophagy-related 
5/7; BCAT2: Branched-chain amino acid transaminase 2; cGAS: Cyclic GMP-AMP synthase; FBW7: F-box and WD repeat domain-containing 7;IREB2: Iron-
responsive element-binding protein 2; HSPA5: Heat shock 70-kDa protein 5; LTF: Lactotransferrin; MGST: Microsomal glutathione transferase 1; NCOA4: Nuclear 
receptor coactivator 4; NEDD4L: Neural precursor cell-expressed developmentally downregulated 4-like; NR4A1: Nuclear receptor subfamily 4 group A member 1; 
PIR: Pirin; RSL3: RAS-selective lethal small molecule 3; SAT1: Spermidine/spermine N1-acetyltransferase 1; SCD1: Stearoyl-CoA desaturase-1. STING1: Stimulator 
of interferon genes; TFAM: Transcription factor A, mitochondrial.

Fe2+ and the production of ROS, which was inhibited by deferoxamine.

Ferritinophagy
Liu et al[60] observed that rapamycin caused autophagy-dependent ferroptosis by 
inducing the degradation of GPX4 protein but did not inhibit GPX4 gene transcription. 
In animal studies, the researchers observed that GPX4 depletion in PDAC cells 
enhanced the anticancer activity of rapamycin in vivo. Li et al[61] proposed a new 
model of cell death, wherein mitochondrial DNA stress triggered autophagy-
dependent ferroptosis. Degradation of zalcitabine-induced transcription factor A, 
mitochondrial triggered oxidative DNA damage, the release of mitochondrial DNA 
into the cytosol, and subsequent activation of the cyclic GMP-AMP synthase-
stimulator of interferon genes pathway. Zalcitabine suppressed pancreatic tumor 
growth via the autophagy-dependent ferroptosis.

Lipid metabolism
Several key enzymes (ACSL4, LPCAT3, and ALOXs) are involved in lipid oxidation 
and can be regulated to induce ferroptosis. Studies have reported that erastin and 
RSL3 induced ferroptosis in PDAC[62], and ALOXs enhanced the sensitivity of RAS-
mutated tumor cells to erastin and RSL3[50].

Amino acid metabolism
Piperlongumine (PL) is a natural product with cytotoxic properties restricted to cancer 
cells. PL acts by significantly increasing ROS levels in an iron-dependent manner. 
Yamaguchi et al[63] found that PL rapidly induced the death of human PDAC cells 
chiefly through the inhibition of GPX4, and sulfasalazine enhanced cell death. 
Moreover, sulfasalazine enhanced the cancer cell-killing ability of the combination of 
PL and cotylenin A, which is a plant growth regulator with potent antitumor activity.

Comprehensive regulation
Bao et al[64] investigated the effects of irisin on the expression of the ROS-related 
protein NRF2 and the autophagy-related protein, microtubule-associated protein 
1A/1B-light chain 3 during ferroptosis. They observed that irisin promoted the up-
regulation of erastin-induced free iron, lipid ROS, and GSH depletion and positively 
regulated ferroptosis in PDAC. Eling et al[65] reported that artesunate (ART) was a 
specific activator of ferroptosis in PDAC cells and that erastin and ART activated 
ferroptosis in PDAC cell lines in an iron- and ROS-dependent manner. ART-induced 
ferroptosis was most effective in mutationally-active KRAS expressing PDAC cell 
lines. Subsequently, Wang et al[66] showed that inhibition of 78-kDa glucose-regulated 
protein 78 reversed the resistance of PDAC cells to ferroptosis and increased tumor 
sensitivity to ART.
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CONCLUSION
Ferroptosis is a new model of cell death induced by small molecules such as erastin 
and RSL3, which are regulated at multiple levels. In this review, we briefly described 
the mechanism of ferroptosis, which includes iron, amino acid, and lipid metabolism, 
and summarized the regulatory pathways of ferroptosis in PDAC. The occurrence and 
development of ferroptosis are accompanied by the accumulation of ROS, resulting in 
lipid peroxidation of the cell membrane. Inducing ferroptosis can cause the death of 
PDAC cells, and can have a synergistic role with anticancer drugs to improve the 
sensitivity of PDAC to the existing treatment modalities. In addition, the level of 
ferroptosis inducer is associated with the prognosis of the disease. Therefore, in-
duction of ferroptosis may have potential as a treatment of PDAC. However, ferrop-
tosis has not been studied extensively in PDAC. A study reported that knockout of the 
GPX4 gene in B1 and marginal zone B cells triggered ferroptosis by inducing lipid 
peroxidation, thus affecting the immune response of B cells[67]. However, there are no 
studies of B cells and ferroptosis in PDAC. Therefore, clarification of the molecular 
mechanism of ferroptosis and exploration of its role in the development and treatment 
of PDAC will help explain not only the mechanism of cell death and escape of PDAC 
cells, but also to develop novel effective therapeutic targets.
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