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Pancreatic ductal adenocarcinoma (PDAC) is the most lethal cancer, with a dismal 5-year
survival rate of less than 10%. It is estimated that approximately 80% of pancreatic ductal
carcinoma (PDAC) patients are diagnosed at an advanced or metastatic stage. Hence,
most patients are not appropriate candidates for surgical resection and therefore require
systemic chemotherapy. However, it has been reported that most patients develop
chemoresistance within several months, partly because of antiapoptotic mechanisms.
Hence, inducing alternative programmed cell death (PCD), including ferroptosis,
necroptosis or pyroptosis, seems to be a promising strategy to overcome
antiapoptosis-mediated chemoresistance. In this review, we shed light on the molecular
mechanisms of ferroptosis, necroptosis and pyroptosis and suggest several potential
strategies (e.g., compounds and nanoparticles [NPs]) that are capable of triggering
nonapoptotic PCD to suppress PDAC progression. In conclusion, these strategies
might serve as adjuvants in combination with clinical first-line chemotherapies to
improve patient survival rates.

Keywords: pancreatic ductal adenocarcinoma (PDAC), antiapoptotic effect, chemoresistance, ferroptosis,
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INTRODUCTION

Pancreatic neoplasm is a lethal and aggressive cancer with a
dismal 5-year survival rate of only 10% (1). Pancreatic ductal
adenocarcinoma (PDAC) is the most prevalent pancreatic
cancer, constituting 90% of all pancreatic malignancies (2).
The poor prognosis in PDAC is mainly attributed to difficulties
with early detection and insurmountable treatment resistance (3,
4). It is estimated that approximately 80% of patients with PDAC
are diagnosed at an advanced or metastatic stage. Since fewer
than 20% of patients are appropriate candidates for surgical
resection, most patients require systemic chemotherapy (5).
Gemcitabine (GEM) combined with nanoalbumin-bound
paclitaxel (nab-PTX) or FOLFRINOX (consisting of
leucovorin, 5-FU, irinotecan and oxaliplatin) is recognized as
the first-line treatment for advanced PDAC (6). Nevertheless,
most patients have been reported to be refractory to
chemotherapies, and antiapoptotic effects are among the causes
of chemoresistance (7). Importantly, it has been estimated that
90% of PDAC patients harbor KRAS mutations; mutant KRAS
exerts anti-apoptotic effects through downregulation of pro-
apoptotic proteins (e.g., BIM and Bax) and upregulation of
anti-apoptotic proteins (e.g., Bcl-2) (8–10). Furthermore,
Mikamori et al. demonstrated that prolonged GEM exposure
induces overexpression of miR-155, enhancing anti-apoptotic
effects (11). Intriguingly, the tumor microenvironment (TME)
also contributes to chemoresistance. Recent research has
elucidated that activated pancreatic stellate cells (PSCs),
constituting a cell population in stroma, drive upregulated
ATP-binding cassette transporter (ABC transporter) and Bcl-2
protein action against apoptosis in PDAC (12). Based on
this, bypassing the apoptosis signaling pathway to induce
alternative programmed cell death (PCD) seems to be a
feasible strategy. Notably, a large body of evidence has revealed
that inducing nonapoptotic PCD might alleviate and possibly
overcome drug resistance mediated by defective apoptosis (13).
In addition, nonapoptotic PCD is immunogenic, indicating its
potential to modulate TME immunity (14). In summary,
administration of agents that induce nonapoptotic PCD (e.g.,
ferroptosis, necroptosis or pyroptosis) seems to be a promising
strategy to subvert treatment resistance. Hence, in this review, we
shed light on the antitumor effect of nonapoptotic PCD
in PDAC.
Frontiers in Oncology | www.frontiersin.org 2
THE ROLE OF FERROPTOSIS IN PDAC
TREATMENT

Molecular Mechanism of Ferroptosis
Ferroptosis is a type of iron-dependent nonapoptotic PCD
characterized by excessive iron accumulation, increased
oxidative stress, and enhanced lipid peroxidation (15).
Additionally, it is also a caspase-independent and immunogenic
cell death (16, 17). Systemic Xc-, consisting of solute carrier family
3 member 2 (SLC3A2) and solute carrier family 7 member 11
(SLC7A11), serves as a cystine-glutamate antiporter. Systemic Xc-

involves glutamate export and cystine uptake, which facilitate
glutathione (GSH) synthesis to curb reactive oxidative species
(ROS) generation (18, 19). Glutathione peroxidase 4 (GPX4) is an
antioxidant enzyme capable of converting GSH into glutathione
disulfide (GSSG), which plays a central role in suppressing ROS
generation and lipid peroxidation (15). Regarding iron
homeostasis, ferritin is an intracellular iron storage protein
comprising ferritin heavy polypeptide 1 (FTH1) and ferritin
light polypeptide 1 (FTL1) (20). Although iron is an important
trace element in physiological homoeostasis, iron accumulation
induces toxicity in cells via ROS production through the Fenton
reaction (21). Previously reported evidence has indicated that
ferroptosis can be activated by autophagic degradation of ferritin
to liberate iron, a process termed ferritinophagy. In addition,
ferritinophagy is primarily mediated by nuclear receptor
coactivator 4 (NCOA4) (Table 1) (22).
Strategies to suppress PDAC Growth
via Ferroptosis
Ferroptosis is characterized by iron accumulation, oxidative
stress and lipid peroxidation. Thus, strategies targeting these
related modulators might induce ferroptotic cell death. As
mentioned above, approximately 90% of PDAC patients
harbor KRAS mutations; notably, mutant KRAS signaling
tends to promote ROS generation (8, 27) mainly through two
approaches, including mitochondrial and extramitochondrial
ROS production. Liou et al. suggested that mutant KRAS
facilitates acinar-ductal metaplasia and progression to
pancreatic intraepithelial neoplasias (PanINs), a premalignant
stage of PDAC, by inducing mitochondrial ROS (28). In
addition, oncogenic KRAS signaling enhances ROS generation
TABLE 1 | The biological features of ferroptosis, necroptosis and pyroptosis.

Immunogenic Caspase-dependent Pore formation Pore-forming executor Key regulators Reference

Ferroptosis Yes Independent Yes (Nanopores) N/A Systemic Xc-

GPX4
NCOA4

(15–17, 22)

Necroptosis Yes Independent Yes MLKL RIPK1
RIPK3
MLKL

(23, 24)

Pyroptosis Yes Dependent Yes Gasdermin Canonical:
NLRP3 inflammasome, caspase-1, GSDMD

(25, 26)

Non-canonical: caspase-4/-5/-11/-3, GSDME
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via the MAPK p38/NADPH oxidase 1 (NOX1) axis (27).
Collectively, oxidative stresses play a crucial role in PDAC
tumorigenesis as well as progression; however, excessive ROS
accumulation eventually triggers cell death instead (29). Hence,
PDAC cells might rely on ROS detoxification, to some extent, for
survival. A recent study reported that an analysis of the Gene
Expression Omnibus (GEO) dataset revealed that key ferroptosis
regulators alleviated oxidative stress; these regulators included
SLC3A2, SLC7A11 and GPX4, the expression of which were
upregulated, especially in GEM-resistant PDAC (30).
Furthermore, the finding demonstrated that higher SLC7A11
expression in PDAC is closely linked to poor overall survival
(OS) and recurrence-free survival (RFS) (31). According to
these findings, PDAC cells are more susceptible to ferroptosis,
and therefore, we elucidate several potential strategies
(Figure 1) for inducing ferroptosis as a PDAC treatment in the
following paragraphs.

Artesunate (ART) is an artemisinin derivative that is effective
as an antimalarial drug (32). In addition, a recent study suggested
that it exerts antitumor activity. Eling et al. demonstrated that
ART induces ferroptosis, especially in KRAS-mutant PDAC
cells, by increasing ROS and intracellular iron levels but does
Frontiers in Oncology | www.frontiersin.org 3
not affect nonmalignant human pancreatic ductal epithelial
(HPDE) cells (33).

Human carbonyl reductase 1 (CBR1) is an antioxidant enzyme
that protects cells from oxidative stress (34). Furthermore, its role
in inducing chemoresistance has been reported (35). ROS
accumulation drives autophagic degradation of ferritin and
subsequently induces lipid peroxidation as well as ferroptosis.
However, CBR1 circumvents ROS-mediated autophagy-
dependent ferroptosis, accounting for GEM chemoresistance.
Indeed, GEM treatment upregulates CBR1, and its expression
has been positively correlated with the clinicopathological
characteristics of PDAC. Administration of chrysin (a CBR1
inhibitor) restores ROS accumulation and enhances GEM
chemosensitivity in vitro and in vivo (35).

Cisplatin, a widely used platinum agent, has been evaluated in
combination chemotherapy in several ongoing clinical trials (36).
Nevertheless, sustained exposure to cisplatin can cause resistance.
Du and colleagues discovered that dihydroartemisinin (DHA) can
reduce the effective dose of cisplatin and synergistically promote
cisplatin-mediated cytotoxicity against PDAC. Mechanistically,
this combination induces ferroptosis by enhancing mitochondria-
derived ROS production, GPX4 degradation and NCOA4-
FIGURE 1 | The promising compounds for inhibiting PDAC progression via ferroptosis induction. Ferroptosis is primarily initiated through iron accumulation,
increased ROS production and lipid peroxidation. With regard to iron accumulation, DHA induces ferritinophagy, and chrysin promotes ROS-mediated ferritinophagy
by inhibiting CBR1 expression; in this context, both ART and ruscogenin can contribute to increased intracellular iron levels. Regarding oxidative stress, ART and
DHA have been reported to increase ROS generation. GPX4, an important negative modulator of ROS, is stabilized by HSPA5. Nevertheless, EGCG and SSZ have
been suggested to block HSPA5, subsequently subverting GPX4 stability. Furthermore, DHA, rapamycin and RSL3 can drive the autophagic degradation of GPX4.
GSH synthesized from cystine is a key antioxidant that circumvents ferroptosis, but the product of PL hydrolysis can inhibit GSH generation. SLC7A11 is a subunit of
systemic Xc- that facilitates cystine uptake for GSH synthesis, while ZZW-115 downregulates SLC7A11 expression. Zalcitabine and ZZW-115 disrupt TFAM, which is
responsible for mtDNA homoeostasis, leading to mitochondrial stress concomitant with lipid peroxidation. Taken together, the aforementioned compounds can
induce ferroptosis in PDAC mainly by modulating iron or redox homoeostasis. The promising strategies are highlighted by light blue boxes.
May 2022 | Volume 12 | Article 872883
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mediated ferritin degradation. In contrast, administration of the
iron chelator deferoxamine (DFO) reverses combination-elicited
ferroptosis (37).

As mentioned previously, GPX4 is a pivotal negative regulator
of ferroptosis (38). Heat shock 70 kDa protein 5 (HSPA5) not
only serves as an endoplasmic reticulum (ER) stress-related
chaperone to promote survival but also inhibits ferroptotic cell
death (39). Mechanistically, activating transcription factor 4
(ATF4) enhances HSPA5 expression, which promotes the
stability of GPX4 and blocks lipid peroxidation. The
administration of the HSPA5 inhibitors epigallocatechin gallate
(EGCG) or sulfasalazine (SSZ) disrupts the interaction between
HSPA5 and GPX4, resulting in ferroptosis and enhancing GEM
sensitivity (39).

Piperlongumine (PL), a natural alkaloid derived from Piper
longum L. in conjunction with cisplatin or paclitaxel has been
reported to synergistically induce apoptosis in ovarian cancer
(40) and downregulate HER family receptor expression in breast
cancer by promoting ROS generation (41). Harshbarger et al.
suggested that PL triggers the ferroptotic death of cancer cells but
does not affect normal cells, as its hydrolysis product directly
binds to GSH and inhibits the antioxidant enzyme glutathione S-
transferase Pi 1 (GSTP1), thus contributing to reduced GSH
levels with elevated intracellular ROS accumulation (42).
Additionally, several combination of agents can be
administered to enhance the effects. For example, PL in
combination with cotylenin A (CN-A) synergistically induces
ferroptosis of MiaPaCa-2 and PANC-1 cells by significantly
boosting ROS production (43). SSZ is widely used in
inflammatory diseases, such as rheumatoid arthritis and
Crohn’s disease (44). The triple combination of PL, CN-A and
SSZ significantly inhibits the viability of MiaPaCa-2 and PANC-
1 cells but not untransformed mouse embryonic fibroblasts (43).

Rapamycin, also known as sirolimus, is an inhibitor of
rapamycin kinase (mTOR) and is widely prescribed in organ
transplantation to alleviate rejection (45). A recent study
conducted by Liu indicated that rapamycin induces ferroptosis
of PDAC cells by autophagy-mediated GPX4 degradation not by
suppressing GPX4 mRNA levels. Intriguingly, RSL3, a classic
ferroptosis activator, can inhibit mTOR phosphorylation at
Ser2448, facilitating autophagy-induced GPX4 degradation. In
vivo, rapamycin suppresses tumor growth in nude mice
subcutaneously implanted with PANC-1 and MiaPaCa2
cells (46).

Ruscogenin, a traditional Chinese medicinal herb, is derived
from the root of Ophiopogon japonicus (47) and exerts significant
anti-inflammatory and antithrombotic effects (48). According to
recent research, Ruscogenin can induce ferroptosis of PDAC cells
by promoting intracellular iron accumulation concomitant with
transferrin upregulation and ferroportin downregulation (47).

Zalcitabine is an antiviral drug for human immunodeficiency
virus (HIV)-infected patients (49). Intriguingly, Li and associates
suggested that zalcitabine triggers ferroptosis of PDAC cells via
DNA sensing-mediated autophagy. Stimulator of interferon genes
(STING, also known as TMEM173), an ER-related protein, can
sense DNA derived from microbial pathogens to induce type I
Frontiers in Oncology | www.frontiersin.org 4
interferon production (50, 51). Zalcitabine promotes
mitochondrial DNA stress and ROS levels by degrading
mitochondrial transcription factor A (TFAM), which is critical
for mitochondrial DNA (mtDNA) homeostasis. This
subsequently activates STING/TMEM173 and autophagy-
mediated ferroptosis through lipid peroxidation (52).

Nuclear protein 1 (NUPR1), an intrinsically disordered
protein lacking a fixed three-dimensional structure, is involved
in chromatin remodeling (53, 54). Several studies have reported
its role in promoting PDAC tumorigenesis. Hamadi et al.
indicated that NUPR1 protects nutrient-deprived PDAC from
stress-mediated cell death. NUPR1 cooperates with KRASG12D to
bypass KRASG12D-induced senescence, which drives PanIN
progression (55). Furthermore, NUPR1 also contributes to
GEM resistance by upregulating anti-apoptotic properties (56).
In contrast, NUPR1 inactivation results in dysfunctional oxidative
phosphorylation (OXPHOS) and reduced ATP production,
predisposing pancreatic cancer cells to cell death (57). ZZW-
115 (an NUPR1 inhibitor) is reported to downregulate TFAM,
GPX4 and SLC7A11 expression and increase lipid peroxidation.
These effects subsequently trigger the ferroptosis of MiaPaCa-2
cells, including those in xenograft mice (58).
THE POTENTIAL OF NECROPTOSIS IN
PDAC TREATMENT

Molecular Mechanism of Necroptosis
Necroptosis is a form of programmed necrosis and is highly
correlated with immunostimulation. It is primarily executed by
receptor interacting protein kinase 1 (RIPK1), receptor interacting
protein kinase 3 (RIPK3) and mixed lineage kinase like (MLKL).
Necroptosis is initiated by death receptors and their corresponding
ligands, such as FAS, TNF-a, and TRAIL. After initiation, complex
IIa (containing RIPK1, FADD and caspase-8) is formed, and
RIPK3 activation is inhibited when caspase-8 remains intact,
which triggers apoptosis. Specifically, when caspase-8 activity is
inhibited, complex IIb (known as the necrosome), consisting of
RIP1, RIP3 and FADD, is formed, which leads to MLKL
phosphorylation. Subsequently, phosphorylated MLKL is
translocated to the cell membrane where it forms a pore, causing
plasma membrane permeabilization (Table 1) (23, 24).
Furthermore, Zhang et al. discovered a relationship between
mitochondrial ROS and necroptosis induction, demonstrating
that ROS facilitate the RIPK1 autophosphorylation and RIPK3
recruitment, triggering necroptosis (59). Several potential
strategies are discussed in the following paragraphs (Figure 2).

Strategies to Suppress PDAC Growth
via Necroptosis
Adiponectin (APN) is exclusively secreted by adipocytes and
involved in metabolic homoeostasis. A previous study indicated
that APN levels are inversely correlated with the development of
pancreatic cancer (60). The combination of blood level of APN
and interleukin-1 receptor antagonist (IL-1Ra) has been recently
May 2022 | Volume 12 | Article 872883

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hsu et al. Therapeutics in Pancreatic Cancer
used to distinguish PDAC-related diabetes from type II diabetes
(61). Akimoto et al. revealed that AdipoRon (an APN receptor
agonist) triggers the RIPK1-dependent necroptosis of MiaPaCa-
2 cells through mitochondrial dysfunction. In vivo, oral
administration of AdipoRon suppresses tumor growth and
reduces angiogenesis in nude mice subcutaneously injected
with MIAPaCa-2 (62).

In addition to their antimicrobial effect, silver nanoparticles
(AgNPs) can suppress breast cancer progression (63, 64).
Cancer-associated fibroblasts (CAFs), residing in the PDAC
stroma, play crucial roles in therapeutic resistance, as they
secrete extracellular matrix to form a physical barrier that
compromises drug access (65–67). Characterized by a high
surface area-to-volume ratio, AgNPs can penetrate dense
stroma and exert cytotoxicity in PDAC (68). A recent study
revealed that AgNPs decrease the viability of PANC-1 cells in a
size- and dose-dependent manner due to necroptosis induction,
and this effect was observed with concomitant increases in
RIPK1, RIPK3 and MLKL levels (68).

Aurora kinase (AURK) is a serine/threonine kinase and plays
a crucial role in mitosis. Hence, targeting AURK seems
promising, and several related inhibitors are being evaluated in
clinical trials (69). Xie et al. suggested the AURK inhibitor
CCT137690 can induce necroptosis of PANC1 PDAC cells via
the RIPK1/RIPK3/MLKL axis since AURKA is reportedly
capable of direct inhibition of necrosome formation.
Additionally, the author had established three in vivo models
to evaluate the antitumor effect of CCT137690. Reduced tumor
growth was observed in the three models, and increased CD8+ T
cell infiltration was observed in immunocompetent B6 mice
Frontiers in Oncology | www.frontiersin.org 5
implanted with PANC02 cells and mice bearing orthotopic
KPC cells. Moreover, higher AURKA mRNA expression
indicates poor survival of PDAC patients (70).

Shikonin (SK) is a naphthoquinone compound isolated from
the root of Lithospermum erythrorhizon (71). Chen and
associates reported that SK can induce necroptosis by
modulating RIPK1 as well as RIPK3 expression. In contrast,
silencing RIPK3 expression with a specific RIPK3 short
interfering RNA (siRNA) can lead to a reduction in SK-
mediated cell death. Administration of SK synergistically
enhances GEM efficacy in a PANC-1 xenograft mouse model,
reducing the required effective doses of GEM and improving
efficacy (72).

Trifluoperazine (TFP) is a widely prescribed antipsychotic drug
prescribed for patients with schizophrenia (73). Accumulating
evidence has indicated its treatment efficacy on sepsis and its
antitumor activity (e.g., in melanoma and colorectal cancer) (73–
75). Huang and associates discovered that TFP treatment induces
the necroptosis of MiaPaCa-2 cells owing to mitochondrial stress
accompanied by reduced ATP level. However, mitochondrial
stress is coupled with ER stress to activate the unfolded protein
response (UPR), which prevents cells from undergoing
programmed cell death. Hence, administration of proteasome
inhibitors (e.g., MG-132 or bortezomib) sensitizes PDAC cells to
TFP-elicited cytotoxicity (76).

Vanadium compounds have been proposed for the treatment
of diabetes mellitus and are effective in inhibiting the proliferation
of melanoma through cell cycle arrest and apoptosis mediated by
ROS accumulation (77, 78). Kowalski and associates suggested
that vanadium compounds, especially those containing organic
FIGURE 2 | Promising strategies inhibit PDAC progression via necroptosis induction. Necroptosis induction is primarily executed by RIPK1, RIPK3 and MLKL.
Mitochondrial ROS can facilitate autophosphorylation of RIPK1 and subsequent initiation of necroptosis. TFP, vanadium compound and ZZW-115 have been
reported to trigger necroptosis by enhancing mitochondrial stress accompanying increased ROS generation. Aurora kinase A (AUKRA) is a serine/threonine kinase
that directly suppresses necrosomes; CCT137690 drives necrosome formation and necroptosis through AUKRA inhibition. AdipoRon, AgNPs, SK and vanadium
compounds activate RIPK1; AgNPs, SK and vanadium compounds promote RIPK3 expression. In addition, AgNPs can also directly induce MLKL. The promising
strategies are summarized in light blue boxes.
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ligands (e.g., quinolone and phenanthroline), selectively induce
both the apoptosis and necroptosis of PANC-1 cells but not
nontumorous immortalized pancreas duct epithelial cells
(hTERT-HPNE). Mechanistically, vanadium compounds trigger
ROS increases and upregulate RIPK1 as well as RIPK3 expression
in a dose-dependent manner (79).

As mentioned previously, NUPR1 is a chromatin protein
involved in PDAC tumorigenesis. ZZW-115, a derivative of TFP,
shows a higher affinity for NUPR1 and induces less neurological
toxicity. Mechanistically, it inhibits NUPR1 by restraining nuclear
translocation by competing with importins on the nuclear
localization signal (NLS) (80). Santofimia-Castaño et al.
suggested that inactivation of NUPR1 by ZZW-115 contributes
to suboptimal ER stress and subsequent mitochondrial
dysregulation. This facilitates increased mitochondrial ROS
production concomitant with a dramatic decrease in ATP
production, driven by deficient OXPHOS and shifts to glycolysis.
Notably, tumor growth is disrupted at low doses of ZZW-115 but
reduced at high doses of ZZW-115 in Mia-PaCa-2 cell xenograft
mice (57, 81).
THE POTENTIAL OF PYROPTOSIS IN
PDAC TREATMENT

Molecular Mechanism of Pyroptosis
Pyroptosis is also an immunogenic PCD characterized by induced
cytoplasmic swelling and plasma membrane rupture caused by the
Frontiers in Oncology | www.frontiersin.org 6
oligomerization of gasdermin (GSDM) protein N-termini. The
inflammasome, consisting of pattern recognition receptors (PRRs),
apoptosis-associated speck-like protein containing a CARD (ASC)
and procaspase-1, is the key mediator of pyroptosis. Pyroptosis is
initiated by PRRs (e.g., NLRP3, which is a well-characterized PRR)
in the recognition of damage-associated molecular patterns
(DAMPs) or pathogen-associated molecular patterns (PAMPs)
(25). With regard to molecular mechanisms, pyroptosis is mainly
categorized into two pathways: the canonical and noncanonical
pathway. Canonical pyroptosis is caspase-1-dependent and
contributes to GSDMD cleavage and IL-1b and IL-18 release.
Noncanonical pyroptosis is mediated by caspase-4/-5/-11
(caspase-4/-5 in humans and caspase-11 in mice) or caspase-3.
The former induces GSDMD cleavage, while the latter facilitates
GSDME cleavage (Table 1) (Figure 3) (26, 82, 83).

Strategies to Suppress PDAC Growth
via Pyroptosis
Mammalian STE20-like kinase 1 (MST1), a core component of
the Hippo signaling pathway, is a proapoptotic cytoplasmic
kinase and is involved in several cellular events, such as
proliferation and apoptosis (84, 85). According to clinical
specimen analysis, the mRNA level of MST1 is significantly
decreased in most PDAC tissues, and its protein level is inversely
associated with TNM stage. Cui et al. indicated that MST1
contributes to cell death and suppresses the proliferation and
migration of PDAC cells through ROS-dependent pyroptosis
independent of the Hippo signaling pathway (Figure 3) (86). In
contrast, administration of either the caspase-1 inhibitor VX-765
FIGURE 3 | The molecular mechanism of pyroptosis and its role in PDAC suppression. The molecular mechanism of pyroptosis is mainly divided into canonical and
noncanonical pathways. The canonical pathway (left panel) is triggered by DAMPs or PAMPs. This process facilitates the formation of inflammasomes, including
PRRs (e.g., NLRP3), ASCs and procaspase-1. Activated caspase-1 not only cleaves GSDMD but also contributes to IL-1b and IL-18 maturation. The GSDMD N-
terminus is translocated to the plasma membrane where it oligomerizes to form a lytic pore. MST-1 is a component of the Hippo signaling pathway and has been
reported to induce caspase-1-dependent pyroptosis via ROS. The noncanonical pathway (right panel) is initiated by LPS and executed by caspase-4/-5/-11 not
caspase-1, eventually leading to GSDMD cleavage and membrane pore formation. Yellow fluorescence represents active form.
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or the ROS scavenger N-acetyl-cysteine (NAC) attenuates MST-
1-mediated suppression of PDAC progression (86).

Sonodynamic therapy (SDT) includes specific agents (also
known as sonosensitizers), low-intensity ultrasound and
molecular oxygen, which noninvasively eliminate tumors
through ROS generation (87). 5-Aminolevulinic acid
hydrochloride (ALA) is an effective sonosensitizer. Yang and
colleagues indicated that ALA-loaded lipid/poly(lactic-co-
glycolic acid) (PLGA) microbubble (MB)-mediated SDT
induces the pyroptosis of AsPC-1 and BxPC-3 cells because
the combination of MBs and ultrasound can facilitate cell
membrane permeability and cause cell swelling (88).
DISCUSSION

In the past, the molecular mechanism of apoptosis has been
extensively investigated, and it has been considered an
appropriate drug target to eliminate uncontrollable cell
proliferation, achieving considerable success (89). However, a
large body of evidence has suggested that several cancer types
(e.g., pancreatic cancer, chronic myeloid leukemia and non-
small-cell lung cancer) are refractory to chemotherapies or
tyrosine kinase inhibitors owing to dysregulated apoptosis (90,
91). Hence, inducing alternative nonapoptotic PCD to eradicate
apoptosis-resistant cancer cells has attracted considerable
attention in recent years (Figure 4) (92). Indeed, it has been
estimated that up to 90% of PDAC patients harbor KRAS
mutations; additionally, KRAS and downstream MEK/ERK
signaling can induce the degradation of proapoptotic proteins
(e.g., Bim) and slow turnover of antiapoptotic proteins (e.g., Mcl-
1) (8, 93). Hence, in our review, we elucidate and summarize
Frontiers in Oncology | www.frontiersin.org 7
several potential agents, including compounds and NPs, to
suppress PDAC progression by inducing nonapoptotic PCD.

Given that the development and approval of new drugs
require substantial investment and time, drug repurposing
has gained considerable attention in recent years (94).
For instance, Artesunate has been approved by the FDA for the
treatment of severe malaria (95); rapamycin is an FDA-approved
immunosuppressant administered to organ transplantation
patients (96); and Zalcitabine is a nucleoside reverse-
transcriptase inhibitor approved by the FDA for HIV treatment
(97). Recent studies have demonstrated their potential to induce
ferroptosis and exhibit antitumor effects. Hence, drug
repositioning seems to be a promising platform through which
to explore drugs that induce alternative nonapoptotic PCD in
PDAC to overcome antiapoptotic-mediated chemoresistance.

Mitochondria play an important role in the activation of
multiple death signaling pathways. The relationship between
apoptosis and mitochondria has been well investigated for
decades (98). As mentioned previously, ferroptosis is triggered
by ROS accumulation and subsequent lipid peroxidation (15);
additionally, mitochondria serve as the main site of iron
metabolism and cellular ROS generation (99). Mitochondrial
ROS are also reported to trigger necroptosis by facilitating RIPK1
autophosphorylation and to induce GSDMD oligomerization,
pore formation and subsequent pyroptosis (59, 100). Hence, a
nonapoptotic PCD inducer might simultaneously induce several
types of cell death, but which type of PCD is predominant needs
further study.

Although inducing nonapoptotic PCD seems promising for
PDAC treatment, there are several urgent problems that require
further investigation. First, because ferroptosis, necroptosis and
pyroptosis can lead to plasma membrane rupture and release of
FIGURE 4 | The Yin-Yang theory of inducing nonapoptotic cell death in PDAC suppression. The schematic diagram illustrates the advantages (Yang/Light side) and the
disadvantages (Yin/Dark side) of nonapoptotic cell death in PDAC treatments. Simply put, induction of nonapoptotic PCD is promising in PDAC treatment; however, it possibly
brings about unwanted clinical outcomes simultaneously. On the one hand, it is capable of eliminating chemoresistant PDAC driven by an aberrant apoptosis mechanism by
inducing alternative PCD. Furthermore, ferroptosis, necroptosis and pyroptosis are immunogenic forms of PCD characterized by the release of DAMPs, which probably trigger
antitumor immunity. On the other hand, emerging evidence suggests that immunomodulators secreted from immunogenic PCD facilitate immunosuppression. Additionally,
uncontrolled systemic inflammation might compromise adjacent normal tissues instead. Collectively, further investigation is urgently needed.
May 2022 | Volume 12 | Article 872883
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cellular contents, they are capable of triggering an immune
response within the TME (Figure 4). Recent studies have
shown that immunogenic PCD might serve as both friend and
foe in tumor progression. High mobility group box 1 (HMGB1)
is a key DAMP as well as an endogenous danger signal. The three
types of nonapoptotic PCD discussed in our review have been
suggested to involve HMGB1 release (101–103). Tang et al.
revealed that HMGB1 can induce dendritic cell maturation
with upregulation of MHC II molecules and promote CD8+ T
cell infiltration (104). In striking contrast, Das and associates
discovered that NLR family pyrin domain containing 3 (NLRP3)
inflammasome-derived IL-1b secretion establishes an
immunosuppressive TME and results in blocked CD8+ T cell
infiltration, which drives PDAC tumorigenesis (Figure 4) (105).
Moreover, recent evidence has suggested that alternatively
activated macrophage (M2) polarization can be induced during
ferroptotic cell death. Dai et al. suggested that exosomal
KRASG12D released from autophagy-dependent ferroptotic
PDAC cells can induce macrophage polarization into the M2
type (106). Another study indicated that 8-hydroxyguanine (8-
OHG) released from ferroptotic cells recruits and activates
tumor-associated macrophages (TAMs) to secrete IL-6 and
nitric oxide synthase 2 (NOS2), promoting tumorigenesis of
KRAS-driven PDAC (107). Conditioned medium obtained from
necroptotic PDAC cells contains a high level of C-X-C motif
chemokine 5 (CXCL5); in addition, C-X-C-motif chemokine
receptor-2 (CXCR2) is upregulated in PDAC. These factors
induce PDAC migration and invasion via the CXCL5/CXCR2
axis (108). Furthermore, upregulation of CXCL5 expression
parallels infiltration of immunosuppressive cells (e.g., M2
macrophages and tumor-associated neutrophils), leading to
poor prognosis (109). Possible solutions might be combination
treatment consisting of nonapoptotic PCD inducers and
inhibitors that target immunosuppressive stromal cells to
induce synergistic therapeutic effects. For instance, Ando et al.
demonstrated that necroptosis-induced migration and invasion
were suppressed by a CXCR2 inhibitor (SB225002) (108), and
the author suggested that the combination of necroptosis
induction therapy and a CXCR2 blocker might suppress its
negative impacts. Altogether, nonapoptotic PCD inducers are
critical for eliminating antiapoptotic chemoresistant PDAC cells;
specific inhibitors disrupt the crosstalk between inflammatory
mediators and infiltrated immunosuppressive cells.

As mentioned previously, several nonapoptotic PCD inducers
exhibit antitumor effects in vivo; xenograft mouse models are
Frontiers in Oncology | www.frontiersin.org 8
chosen as candidates in most studies. Nevertheless, because
immunodeficient mice are used as a xenograft models to
prevent rejection of xenografts, the role of stromal cells in
PDAC progression cannot be elucidated. Thus, the interaction
between immunogenic PCD and stromal cells requires
further investigation.

The last but not the least problem involving nonapoptotic
PCD induction is unwanted inflammatory damage to adjacent or
distal normal tissues when the drug target is not sufficiently
specific (Figure 4). Coating specific antibodies or chemokine
receptors on the surface of NPs containing nonapoptotic PCD
enhancers may be a solution to promote the trafficking of drugs
into the TME. To demonstrate this possibility, Liu and associates
modified chimeric antigen receptor-T cells (CAR-T) coated with
CXCR2, which more specifically and efficiently targets
hepatocellular carcinoma cells with highly expressed CXCR2
ligands (110). A similar strategy might be used to introduce NPs
containing nonapoptotic PCD enhancers.
AUTHOR CONTRIBUTIONS

S-KH, Y-HC and W-JS wrote the manuscript. K-CC and C-CC
conceived of the structure and revised the manuscript. H-HL,
W-TC, J-FC, C-YW and C-HY revised the manuscript. All
authors read and approved the final manuscript.
FUNDING

We thank the following institutions for providing financial
support: the Ministry of Science and Technology, Taiwan
(grant numbers MOST 109-2314-B-037-069-MY3); NSYSU-
KMU joint grants (grant number NSYSUKMU111-P25), and
the Kaohsiung Medical University Research Center, Taiwan
(grant number KMU-TC109A04); and the Kaohsiung Medical
University Hospital (KMUH) (grants KMUH109-9M36 and
KMUH110-0M40).
ACKNOWLEDGMENTS

We are thankful to the organizations that provided
financial support.
REFERENCES
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer

J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654
2. Orth M, Metzger P, Gerum S, Mayerle J, Schneider G, Belka C, et al.

Pancreatic Ductal Adenocarcinoma: Biological Hallmarks, Current Status,
and Future Perspectives of Combined Modality Treatment Approaches.
Radiat Oncol (2019) 14(1):141. doi: 10.1186/s13014-019-1345-6

3. Khomiak A, Brunner M, Kordes M, Lindblad S, Miksch RC, Ohlund D, et al.
Recent Discoveries of Diagnostic, Prognostic and Predictive Biomarkers for
Pancreatic Cancer. Cancers (Basel) (2020) 12(11):3234. doi: 10.3390/
cancers12113234
4. Kanno A, Masamune A, Hanada K, Kikuyama M, Kitano M. Advances in
Early Detection of Pancreatic Cancer. Diagn (Basel) (2019) 9(1):18.
doi: 10.3390/diagnostics9010018

5. Kleeff J, Korc M, Apte M, La Vecchia C, Johnson CD, Biankin AV, et al.
Pancreatic Cancer. Nat Rev Dis Primers (2016) 2:16022. doi: 10.1038/
nrdp.2016.22

6. Tran NH, Bekaii-Saab T. Optimizing Chemotherapy Choice in
the Treatment of Advanced Pancreatic Cancer-It Is Complicated. JAMA
Netw Open (2021) 4(11):e2134458. doi: 10.1001/jamanetworkopen.2021.
34458

7. Quinonero F, Mesas C, Doello K, Cabeza L, Perazzoli G, Jimenez-Luna C,
et al. The Challenge of Drug Resistance in Pancreatic Ductal
May 2022 | Volume 12 | Article 872883

https://doi.org/10.3322/caac.21654
https://doi.org/10.1186/s13014-019-1345-6
https://doi.org/10.3390/cancers12113234
https://doi.org/10.3390/cancers12113234
https://doi.org/10.3390/diagnostics9010018
https://doi.org/10.1038/nrdp.2016.22
https://doi.org/10.1038/nrdp.2016.22
https://doi.org/10.1001/jamanetworkopen.2021.34458
https://doi.org/10.1001/jamanetworkopen.2021.34458
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hsu et al. Therapeutics in Pancreatic Cancer
Adenocarcinoma: A Current Overview. Cancer Biol Med (2019) 16(4):688–
99. doi: 10.20892/j.issn.2095-3941.2019.0252

8. Ischenko I, D’Amico S, Rao M, Li J, Hayman MJ, Powers S, et al. KRAS
Drives Immune Evasion in a Genetic Model of Pancreatic Cancer. Nat
Commun (2021) 12(1):1482. doi: 10.1038/s41467-021-21736-w

9. Corcoran RB, Cheng KA, Hata AN, Faber AC, Ebi H, Coffee EM, et al.
Synthetic Lethal Interaction of Combined BCL-XL and MEK Inhibition
Promotes Tumor Regressions in KRAS Mutant Cancer Models. Cancer Cell
(2013) 23(1):121–8. doi: 10.1016/j.ccr.2012.11.007

10. Wang M, Lu X, Dong X, Hao F, Liu Z, Ni G, et al. Perk1/2 Silencing
Sensitizes Pancreatic Cancer BXPC-3 Cell to Gemcitabine-Induced
Apoptosis via Regulating Bax and Bcl-2 Expression. World J Surg Oncol
(2015) 13:66. doi: 10.1186/s12957-015-0451-7

11. Mikamori M, Yamada D, Eguchi H, Hasegawa S, Kishimoto T, Tomimaru Y,
et al. MicroRNA-155 Controls Exosome Synthesis and Promotes
Gemcitabine Resistance in Pancreatic Ductal Adenocarcinoma. Sci Rep
(2017) 7:42339. doi: 10.1038/srep42339

12. Adamska A, Elaskalani O, Emmanouilidi A, Kim M, Abdol Razak NB,
Metharom P, et al. Molecular and Cellular Mechanisms of Chemoresistance
in Pancreatic Cancer. Adv Biol Regul (2018) 68:77–87. doi: 10.1016/j.jbior.
2017.11.007

13. Ye J, Zhang R, Wu F, Zhai L, Wang K, Xiao M, et al. Non-Apoptotic Cell
Death in Malignant Tumor Cells and Natural Compounds. Cancer Lett
(2018) 420:210–27. doi: 10.1016/j.canlet.2018.01.061

14. Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, et al. Ferroptosis, Necroptosis,
and Pyroptosis in Anticancer Immunity. J Hematol Oncol (2020) 13(1):110.
doi: 10.1186/s13045-020-00946-7

15. Lu B, Chen XB, Ying MD, He QJ, Cao J, Yang B. The Role of Ferroptosis in
Cancer Development and Treatment Response. Front Pharmacol (2017)
8:992. doi: 10.3389/fphar.2017.00992

16. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ,
et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox
Biology, and Disease. Cell (2017) 171(2):273–85. doi: 10.1016/j.cell.2017.09.021

17. Pedrera L, Espiritu RA, Ros U, Weber J, Schmitt A, Stroh J, et al. Ferroptotic
Pores Induce Ca(2+) Fluxes and ESCRT-III Activation to Modulate Cell
Death Kinetics. Cell Death Differ (2021) 28(5):1644–57. doi: 10.1038/s41418-
020-00691-x

18. Lu B, Chen XB, Ying MD, He QJ, Cao J, Yang B. The Role of Ferroptosis in
Cancer Development and Treatment Response. Front Pharmacol (2018)
8:992. doi: 10.3389/fphar.2017.00992

19. Tang D, Chen X, Comish PB, Kang R. The Dual Role of Ferroptosis in
Pancreatic Cancer: A Narrative Review. J Pancreatol (2021) 4(2):76–81. doi:
10.1097/JP9.0000000000000067

20. Zarjou A, Black LM, McCullough KR, Hull TD, Esman SK, Boddu R,
et al. Ferritin Light Chain Confers Protection Against Sepsis-Induced
Inflammation and Organ Injury. Front Immunol (2019) 10:131.
doi: 10.3389/fimmu.2019.00131

21. Latunde-Dada GO. Ferroptosis: Role of Lipid Peroxidation, Iron and
Ferritinophagy. Biochim Biophys Acta Gen Subj (2017) 1861(8):1893–900.
doi: 10.1016/j.bbagen.2017.05.019

22. Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC. Quantitative
Proteomics Identifies NCOA4 as the Cargo Receptor Mediating
Ferritinophagy. Nature (2014) 509(7498):105–9. doi: 10.1038/nature13148

23. Hsu SK, ChangWT, Lin IL, Chen YF, Padalwar NB, Cheng KC, et al. The Role
of Necroptosis in ROS-Mediated Cancer Therapies and Its Promising
Applications. Cancers (Basel) (2020) 12(8):2185. doi: 10.3390/cancers12082185

24. Pasparakis M, Vandenabeele P. Necroptosis and its Role in Inflammation.
Nature (2015) 517(7534):311–20. doi: 10.1038/nature14191

25. Yang Y, Wang H, Kouadir M, Song H, Shi F. Recent Advances in the
Mechanisms of NLRP3 Inflammasome Activation and its Inhibitors. Cell
Death Dis (2019) 10(2):128. doi: 10.1038/s41419-019-1413-8

26. Hsu SK, Li CY, Lin IL, Syue WJ, Chen YF, Cheng KC, et al. Inflammation-
Related Pyroptosis, a Novel Programmed Cell Death Pathway, and its
Crosstalk With Immune Therapy in Cancer Treatment. Theranostics
(2021) 11(18):8813–35. doi: 10.7150/thno.62521

27. Park MT, Kim MJ, Suh Y, Kim RK, Kim H, Lim EJ, et al. Novel Signaling
Axis for ROS Generation During K-Ras-Induced Cellular Transformation.
Cell Death Differ (2014) 21(8):1185–97. doi: 10.1038/cdd.2014.34
Frontiers in Oncology | www.frontiersin.org 9
28. Liou GY, Doppler H, DelGiorno KE, Zhang L, Leitges M, Crawford HC, et al.
Mutant KRas-Induced Mitochondrial Oxidative Stress in Acinar Cells
Upregulates EGFR Signaling to Drive Formation of Pancreatic Precancerous
Lesions. Cell Rep (2016) 14(10):2325–36. doi: 10.1016/j.celrep.2016.02.029

29. Redza-Dutordoir M, Averill-Bates DA. Activation of Apoptosis Signalling
Pathways by Reactive Oxygen Species. Biochim Biophys Acta (2016) 1863
(12):2977–92. doi: 10.1016/j.bbamcr.2016.09.012

30. Tang R, Hua J, Xu J, Liang C, Meng Q, Liu J, et al. The Role of Ferroptosis
Regulators in the Prognosis, Immune Activity and Gemcitabine Resistance
of Pancreatic Cancer. Ann Transl Med (2020) 8(21):1347. doi: 10.21037/atm-
20-2554a

31. Shi ZZ, Tao H, Fan ZW, Song SJ, Bai J. Prognostic and Immunological Role
of Key Genes of Ferroptosis in Pan-Cancer. Front Cell Dev Biol (2021)
9:748925. doi: 10.3389/fcell.2021.748925

32. Kreeftmeijer-Vegter AR, van Genderen PJ, Visser LG, Bierman WF, Clerinx
J, van Veldhuizen CK, et al. Treatment Outcome of Intravenous Artesunate
in Patients With Severe Malaria in the Netherlands and Belgium. Malar J
(2012) 11:102. doi: 10.1186/1475-2875-11-102

33. Eling N, Reuter L, Hazin J, Hamacher-Brady A, Brady NR. Identification of
Artesunate as a Specific Activator of Ferroptosis in Pancreatic Cancer Cells.
Oncoscience (2015) 2(5):517–32. doi: 10.18632/oncoscience.160

34. Rashid MA, Haque M, Akbar M. Detoxification of Carbonyl Compounds by
Carbonyl Reductase in Neurodegeneration. Adv Neurobiol (2016) 12:355–
65. doi: 10.1007/978-3-319-28383-8_19

35. Zhou L, Yang C, Zhong W, Wang Q, Zhang D, Zhang J, et al. Chrysin
Induces Autophagy-Dependent Ferroptosis to Increase Chemosensitivity to
Gemcitabine by Targeting CBR1 in Pancreatic Cancer Cells. Biochem
Pharmacol (2021) 193:114813. doi: 10.1016/j.bcp.2021.114813

36. Mezencev R, Matyunina LV, Wagner GT, McDonald JF. Acquired
Resistance of Pancreatic Cancer Cells to Cisplatin is Multifactorial With
Cell Context-Dependent Involvement of Resistance Genes. Cancer Gene
Ther (2016) 23(12):446–53. doi: 10.1038/cgt.2016.71

37. Du J, Wang X, Li Y, Ren X, Zhou Y, Hu W, et al. DHA Exhibits Synergistic
Therapeutic Efficacy With Cisplatin to Induce Ferroptosis in Pancreatic
Ductal Adenocarcinoma viaModulation of Iron Metabolism. Cell Death Dis
(2021) 12(7):705. doi: 10.1038/s41419-021-03996-y

38. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R,
Viswanathan VS, et al. Regulation of Ferroptotic Cancer Cell Death by
GPX4. Cell (2014) 156(1-2):317–31. doi: 10.1016/j.cell.2013.12.010

39. Zhu S, Zhang Q, Sun X, Zeh HJ, Zeh HJ3rd, Lotze MT, et al. HSPA5
Regulates Ferroptotic Cell Death in Cancer Cells. Cancer Res (2017) 77
(8):2064–77. doi: 10.1158/0008-5472.CAN-16-1979

40. Gong LH, Chen XX, Wang H, Jiang QW, Pan SS, Qiu JG, et al.
Piperlongumine Induces Apoptosis and Synergizes With Cisplatin or
Paclitaxel in Human Ovarian Cancer Cells. Oxid Med Cell Longev (2014)
2014:906804. doi: 10.1155/2014/906804

41. Jin HO, Park JA, Kim HA, Chang YH, Hong YJ, Park IC, et al.
Piperlongumine Downregulates the Expression of HER Family in Breast
Cancer Cells. Biochem Biophys Res Commun (2017) 486(4):1083–9.
doi: 10.1016/j.bbrc.2017.03.166

42. Harshbarger W, Gondi S, Ficarro SB, Hunter J, Udayakumar D, Gurbani D,
et al. Structural and Biochemical Analyses Reveal the Mechanism of
Glutathione S-Transferase Pi 1 Inhibition by the Anti-Cancer Compound
Piperlongumine. J Biol Chem (2017) 292(1):112–20. doi: 10.1074/jbc.
M116.750299

43. Yamaguchi Y, Kasukabe T, Kumakura S. Piperlongumine Rapidly Induces
the Death of Human Pancreatic Cancer Cells Mainly Through the Induction
of Ferroptosis. Int J Oncol (2018) 52(3):1011–22. doi: 10.3892/ijo.2018.4259

44. Kim EH, Shin D, Lee J, Jung AR, Roh JL. CISD2 Inhibition Overcomes
Resistance to Sulfasalazine-Induced Ferroptotic Cell Death in Head and Neck
Cancer. Cancer Lett (2018) 432:180–90. doi: 10.1016/j.canlet.2018.06.018

45. Kim Y, Lee JS, Joo YH. Rapamycin Increases the Incidence of
Neuropsychiatric Illness in Kidney Transplant Patients Through the
Suppression of Neural Stem Cells. Transl Psychiatry (2020) 10(1):156.
doi: 10.1038/s41398-020-0838-2

46. Liu Y, Wang Y, Liu J, Kang R, Tang D. Interplay Between MTOR and GPX4
Signaling Modulates Autophagy-Dependent Ferroptotic Cancer Cell Death.
Cancer Gene Ther (2021) 28(1-2):55–63. doi: 10.1038/s41417-020-0182-y
May 2022 | Volume 12 | Article 872883

https://doi.org/10.20892/j.issn.2095-3941.2019.0252
https://doi.org/10.1038/s41467-021-21736-w
https://doi.org/10.1016/j.ccr.2012.11.007
https://doi.org/10.1186/s12957-015-0451-7
https://doi.org/10.1038/srep42339
https://doi.org/10.1016/j.jbior.2017.11.007
https://doi.org/10.1016/j.jbior.2017.11.007
https://doi.org/10.1016/j.canlet.2018.01.061
https://doi.org/10.1186/s13045-020-00946-7
https://doi.org/10.3389/fphar.2017.00992
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1038/s41418-020-00691-x
https://doi.org/10.1038/s41418-020-00691-x
https://doi.org/10.3389/fphar.2017.00992
https://doi.org/10.1097/JP9.0000000000000067
https://doi.org/10.3389/fimmu.2019.00131
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.1038/nature13148
https://doi.org/10.3390/cancers12082185
https://doi.org/10.1038/nature14191
https://doi.org/10.1038/s41419-019-1413-8
https://doi.org/10.7150/thno.62521
https://doi.org/10.1038/cdd.2014.34
https://doi.org/10.1016/j.celrep.2016.02.029
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.21037/atm-20-2554a
https://doi.org/10.21037/atm-20-2554a
https://doi.org/10.3389/fcell.2021.748925
https://doi.org/10.1186/1475-2875-11-102
https://doi.org/10.18632/oncoscience.160
https://doi.org/10.1007/978-3-319-28383-8_19
https://doi.org/10.1016/j.bcp.2021.114813
https://doi.org/10.1038/cgt.2016.71
https://doi.org/10.1038/s41419-021-03996-y
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1158/0008-5472.CAN-16-1979
https://doi.org/10.1155/2014/906804
https://doi.org/10.1016/j.bbrc.2017.03.166
https://doi.org/10.1074/jbc.M116.750299
https://doi.org/10.1074/jbc.M116.750299
https://doi.org/10.3892/ijo.2018.4259
https://doi.org/10.1016/j.canlet.2018.06.018
https://doi.org/10.1038/s41398-020-0838-2
https://doi.org/10.1038/s41417-020-0182-y
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hsu et al. Therapeutics in Pancreatic Cancer
47. Song Z, Xiang X, Li J, Deng J, Fang Z, Zhang L, et al. Ruscogenin Induces
Ferroptosis in Pancreatic Cancer Cells. Oncol Rep (2020) 43(2):516–24. doi:
10.3892/or.2019.7425

48. Huang Y-L, Kou J-P, Ma L, Song J-X, Yu B-Y. Possible Mechanism of the
Anti-Inflammatory Activity of Ruscogenin: Role of Intercellular Adhesion
Molecule-1 and Nuclear Factor-kb. J Pharmacol Sci (2008) 108(2):198–205.
doi: 10.1254/jphs.08083FP

49. Collier AC, Coombs RW, Schoenfeld DA, Bassett RL, Timpone J, Baruch A,
et al. Treatment of Human Immunodeficiency Virus Infection With
Saquinavir, Zidovudine, and Zalcitabine. AIDS Clinical Trials Group.
N Engl J Med (1996) 334(16):1011–7. doi: 10.1056/NEJM199604183341602

50. Ishikawa H, Barber GN. STING Is an Endoplasmic Reticulum Adaptor That
Facilitates Innate Immune Signalling. Nature (2008) 455(7213):674–8.
doi: 10.1038/nature07317

51. Zhang R, Kang R, Tang D. The STING1 Network Regulates Autophagy and
Cell Death. Signal Transduct Target Ther (2021) 6(1):208. doi: 10.1038/
s41392-021-00613-4

52. Li C, Zhang Y, Liu J, Kang R, Klionsky DJ, Tang D. Mitochondrial DNA
Stress Triggers Autophagy-Dependent Ferroptotic Death. Autophagy (2021)
17(4):948–60. doi: 10.1080/15548627.2020.1739447

53. Dyson HJ, Wright PE. Intrinsically Unstructured Proteins and Their
Functions. Nat Rev Mol Cell Biol (2005) 6(3):197–208. doi: 10.1038/nrm1589

54. Santofimia-Castano P, Rizzuti B, Pey AL, Soubeyran P, Vidal M, Urrutia R,
et al. Intrinsically Disordered Chromatin Protein NUPR1 Binds to the C-
Terminal Region of Polycomb RING1B. Proc Natl Acad Sci USA (2017) 114
(31):E6332–E41. doi: 10.1073/pnas.1619932114

55. Grasso D, Garcia MN, Hamidi T, Cano C, Calvo E, Lomberk G, et al. Genetic
Inactivation of the Pancreatitis-Inducible Gene Nupr1 Impairs PanIN
Formation by Modulating Kras(G12D)-Induced Senescence. Cell Death
Differ (2014) 21(10):1633–41. doi: 10.1038/cdd.2014.74

56. Giroux V, Malicet C, Barthet M, Gironella M, Archange C, Dagorn JC, et al.
P8 is a New Target of Gemcitabine in Pancreatic Cancer Cells. Clin Cancer
Res (2006) 12(1):235–41. doi: 10.1158/1078-0432.CCR-05-1700

57. Santofimia-Castano P, Lan W, Bintz J, Gayet O, Carrier A, Lomberk G, et al.
Inactivation of NUPR1 Promotes Cell Death by Coupling ER-Stress
Responses With Necrosis. Sci Rep (2018) 8(1):16999. doi: 10.1038/s41598-
018-35020-3

58. Huang C, Santofimia-Castano P, Liu X, Xia Y, Peng L, Gotorbe C, et al.
NUPR1 Inhibitor ZZW-115 Induces Ferroptosis in a Mitochondria-
Dependent Manner. Cell Death Discov (2021) 7(1):269. doi: 10.1038/
s41420-021-00662-2

59. Zhang Y, Su SS, Zhao S, Yang Z, Zhong CQ, Chen X, et al. RIP1
Autophosphorylation is Promoted by Mitochondrial ROS and Is Essential
for RIP3 Recruitment Into Necrosome. Nat Commun (2017) 8:14329.
doi: 10.1038/ncomms14329

60. Grote VA, Rohrmann S, Dossus L, Nieters A, Halkjaer J, Tjonneland A, et al.
The Association of Circulating Adiponectin Levels With Pancreatic Cancer
Risk: A Study Within the Prospective EPIC Cohort. Int J Cancer (2012) 130
(10):2428–37. doi: 10.1002/ijc.26244

61. Oldfield L, Evans A, Rao RG, Jenkinson C, Purewal T, Psarelli EE, et al.
Blood Levels of Adiponectin and IL-1Ra Distinguish Type 3c From Type 2
Diabetes: Implications for Earlier Pancreatic Cancer Detection in New-
Onset Diabetes. EBioMedicine (2022) 75:103802. doi: 10.1016/
j.ebiom.2021.103802

62. Akimoto M, Maruyama R, Kawabata Y, Tajima Y, Takenaga K. Antidiabetic
Adiponectin Receptor Agonist AdipoRon Suppresses Tumour Growth of
Pancreatic Cancer by Inducing RIPK1/ERK-Dependent Necroptosis. Cell
Death Dis (2018) 9(8):804. doi: 10.1038/s41419-018-0851-z

63. Panacek A, Kvitek L, Smekalova M, Vecerova R, Kolar M, Roderova M, et al.
Bacterial Resistance to Silver Nanoparticles and How to Overcome it. Nat
Nanotechnol (2018) 13(1):65–71. doi: 10.1038/s41565-017-0013-y

64. Hepokur C, Kariper IA, Misir S, Ay E, Tunoglu S, Ersez MS, et al. Silver
Nanoparticle/Capecitabine for Breast Cancer Cell Treatment. Toxicol In
Vitro (2019) 61:104600. doi: 10.1016/j.tiv.2019.104600

65. Gorchs L, Fernandez Moro C, Bankhead P, Kern KP, Sadeak I, Meng Q, et al.
Human Pancreatic Carcinoma-Associated Fibroblasts Promote Expression
of Co-Inhibitory Markers on CD4(+) and CD8(+) T-Cells. Front Immunol
(2019) 10:847. doi: 10.3389/fimmu.2019.00847
Frontiers in Oncology | www.frontiersin.org 10
66. Hingorani SR, Zheng L, Bullock AJ, Seery TE, Harris WP, Sigal DS, et al.
HALO 202: Randomized Phase II Study of PEGPH20 Plus Nab-Paclitaxel/
Gemcitabine Versus Nab-Paclitaxel/Gemcitabine in Patients With
Untreated, Metastatic Pancreatic Ductal Adenocarcinoma. J Clin Oncol
(2018) 36(4):359–66. doi: 10.1200/JCO.2017.74.9564

67. Sun Q, Zhang B, Hu Q, Qin Y, Xu W, Liu W, et al. The Impact of Cancer-
Associated Fibroblasts on Major Hallmarks of Pancreatic Cancer.
Theranostics (2018) 8(18):5072–87. doi: 10.7150/thno.26546

68. Zielinska E, Zauszkiewicz-Pawlak A, Wojcik M, Inkielewicz-Stepniak I.
Silver Nanoparticles of Different Sizes Induce a Mixed Type of
Programmed Cell Death in Human Pancreatic Ductal Adenocarcinoma.
Oncotarget (2018) 9(4):4675–97. doi: 10.18632/oncotarget.22563

69. Du R, Huang C, Liu K, Li X, Dong Z. Targeting AURKA in Cancer:
Molecular Mechanisms and Opportunities for Cancer Therapy. Mol
Cancer (2021) 20(1):15. doi: 10.1186/s12943-020-01305-3

70. Xie Y, Zhu S, Zhong M, Yang M, Sun X, Liu J, et al. Inhibition of Aurora
Kinase A Induces Necroptosis in Pancreatic Carcinoma. Gastroenterology
(2017) 153(5):1429–43.e5. doi: 10.1053/j.gastro.2017.07.036

71. Lu B, Gong X, Wang ZQ, Ding Y, Wang C, Luo TF, et al. Shikonin Induces
Glioma Cell Necroptosis In Vitro by ROS Overproduction and Promoting
RIP1/RIP3 Necrosome Formation. Acta Pharmacol Sin (2017) 38(11):1543–
53. doi: 10.1038/aps.2017.112

72. Chen C, Xiao W, Huang L, Yu G, Ni J, Yang L, et al. Shikonin Induces
Apoptosis and Necroptosis in Pancreatic Cancer via Regulating the
Expression of RIP1/RIP3 and Synergizes the Activity of Gemcitabine. Am
J Transl Res (2017) 9(12):5507–17.

73. Park JH, Park HJ, Lee SE, Kim YS, Jang GY, Han HD, et al. Repositioning of
the Antipsychotic Drug TFP for Sepsis Treatment. J Mol Med (Berl) (2019)
97(5):647–58. doi: 10.1007/s00109-019-01762-4

74. Xia Y, Xu F, Xiong M, Yang H, Lin W, Xie Y, et al. Repurposing of
Antipsychotic Trifluoperazine for Treating Brain Metastasis, Lung
Metastasis and Bone Metastasis of Melanoma by Disrupting Autophagy
Flux. Pharmacol Res (2021) 163:105295. doi: 10.1016/j.phrs.2020.105295

75. Xia Y, Jia C, Xue Q, Jiang J, Xie Y, Wang R, et al. Antipsychotic Drug
Trifluoperazine Suppresses Colorectal Cancer by Inducing G0/G1 Arrest and
Apoptosis. Front Pharmacol (2019) 10:1029. doi: 10.3389/fphar.2019.01029

76. Huang C, Lan W, Fraunhoffer N, Meilerman A, Iovanna J, Santofimia-
Castano P. Dissecting the Anticancer Mechanism of Trifluoperazine on
Pancreatic Ductal Adenocarcinoma. Cancers (Basel) (2019) 11(12):1869.
doi: 10.3390/cancers11121869

77. Trevino S, Diaz A, Sanchez-Lara E, Sanchez-Gaytan BL, Perez-Aguilar JM,
Gonzalez-Vergara E. Vanadium in Biological Action: Chemical,
Pharmacological Aspects, and Metabolic Implications in Diabetes Mellitus.
Biol Trace Elem Res (2019) 188(1):68–98. doi: 10.1007/s12011-018-1540-6

78. Pisano M, Arru C, Serra M, Galleri G, Sanna D, Garribba E, et al.
Antiproliferative Activity of Vanadium Compounds: Effects on the Major
Malignant Melanoma Molecular Pathways. Metallomics (2019) 11
(10):1687–99. doi: 10.1039/c9mt00174c

79. Kowalski S, Hac S, Wyrzykowski D, Zauszkiewicz-Pawlak A, Inkielewicz-
Stepniak I. Selective Cytotoxicity of Vanadium Complexes on Human
Pancreatic Ductal Adenocarcinoma Cell Line by Inducing Necroptosis,
Apoptosis and Mitotic Catastrophe Process. Oncotarget (2017) 8
(36):60324–41. doi: 10.18632/oncotarget.19454

80. Lan W, Santofimia-Castano P, Swayden M, Xia Y, Zhou Z, Audebert S, et al.
ZZW-115-Dependent Inhibition of NUPR1 Nuclear Translocation
Sensitizes Cancer Cells to Genotoxic Agents. JCI Insight (2020) 5(18):
e138117. doi: 10.1172/jci.insight.138117

81. Santofimia-Castano P, Xia Y, Lan W, Zhou Z, Huang C, Peng L, et al. Ligand-
Based Design Identifies a Potent NUPR1 Inhibitor Exerting Anticancer Activity
via Necroptosis. J Clin Invest (2019) 129(6):2500–13. doi: 10.1172/JCI127223

82. Hsu SK, Cheng KC, Mgbeahuruike MO, Lin YH, Wu CY, Wang HD, et al.
New Insight Into the Effects of Metformin on Diabetic Retinopathy, Aging
and Cancer: Nonapoptotic Cell Death, Immunosuppression, and Effects
Beyond the AMPK Pathway. Int J Mol Sci (2021) 22(17):9453. doi: 10.3390/
ijms22179453

83. Fang Y, Tian S, Pan Y, Li W, Wang Q, Tang Y, et al. Pyroptosis: A New
Frontier in Cancer. BioMed Pharmacother (2020) 121:109595. doi: 10.1016/
j.biopha.2019.109595
May 2022 | Volume 12 | Article 872883

https://doi.org/10.3892/or.2019.7425
https://doi.org/10.1254/jphs.08083FP
https://doi.org/10.1056/NEJM199604183341602
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/s41392-021-00613-4
https://doi.org/10.1038/s41392-021-00613-4
https://doi.org/10.1080/15548627.2020.1739447
https://doi.org/10.1038/nrm1589
https://doi.org/10.1073/pnas.1619932114
https://doi.org/10.1038/cdd.2014.74
https://doi.org/10.1158/1078-0432.CCR-05-1700
https://doi.org/10.1038/s41598-018-35020-3
https://doi.org/10.1038/s41598-018-35020-3
https://doi.org/10.1038/s41420-021-00662-2
https://doi.org/10.1038/s41420-021-00662-2
https://doi.org/10.1038/ncomms14329
https://doi.org/10.1002/ijc.26244
https://doi.org/10.1016/j.ebiom.2021.103802
https://doi.org/10.1016/j.ebiom.2021.103802
https://doi.org/10.1038/s41419-018-0851-z
https://doi.org/10.1038/s41565-017-0013-y
https://doi.org/10.1016/j.tiv.2019.104600
https://doi.org/10.3389/fimmu.2019.00847
https://doi.org/10.1200/JCO.2017.74.9564
https://doi.org/10.7150/thno.26546
https://doi.org/10.18632/oncotarget.22563
https://doi.org/10.1186/s12943-020-01305-3
https://doi.org/10.1053/j.gastro.2017.07.036
https://doi.org/10.1038/aps.2017.112
https://doi.org/10.1007/s00109-019-01762-4
https://doi.org/10.1016/j.phrs.2020.105295
https://doi.org/10.3389/fphar.2019.01029
https://doi.org/10.3390/cancers11121869
https://doi.org/10.1007/s12011-018-1540-6
https://doi.org/10.1039/c9mt00174c
https://doi.org/10.18632/oncotarget.19454
https://doi.org/10.1172/jci.insight.138117
https://doi.org/10.1172/JCI127223
https://doi.org/10.3390/ijms22179453
https://doi.org/10.3390/ijms22179453
https://doi.org/10.1016/j.biopha.2019.109595
https://doi.org/10.1016/j.biopha.2019.109595
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hsu et al. Therapeutics in Pancreatic Cancer
84. Servas C, Kiehlmeier S, Hach J, Gross R, Gotz C, Montenarh M. The
Mammalian STE20-Like Kinase 1 (MST1) is a Substrate for the Apoptosis
Inhibiting Protein Kinase CK2. Cell Signal (2017) 36:163–75. doi: 10.1016/
j.cellsig.2017.05.005

85. Xu CM, Liu WW, Liu CJ, Wen C, Lu HF, Wan FS. Mst1 Overexpression
Inhibited the Growth of Human Non-Small Cell Lung Cancer In Vitro and
In Vivo. Cancer Gene Ther (2013) 20(8):453–60. doi: 10.1038/cgt.2013.40

86. Cui J, Zhou Z, Yang H, Jiao F, Li N, Gao Y, et al. MST1 Suppresses
Pancreatic Cancer Progression via ROS-Induced Pyroptosis.Mol Cancer Res
(2019) 17(6):1316–25. doi: 10.1158/1541-7786.MCR-18-0910

87. Wan GY, Liu Y, Chen BW, Liu YY, Wang YS, Zhang N. Recent Advances of
Sonodynamic Therapy in Cancer Treatment. Cancer Biol Med (2016) 13
(3):325–38. doi: 10.20892/j.issn.2095-3941.2016.0068

88. Yang W, Xu H, Liu Q, Liu C, Hu J, Liu P, et al. 5-Aminolevulinic Acid
Hydrochloride Loaded Microbubbles-Mediated Sonodynamic Therapy in
Pancreatic Cancer Cells. Artif Cells Nanomed Biotechnol (2020) 48(1):1178–
88. doi: 10.1080/21691401.2020.1813743

89. Pfeffer CM, Singh ATK. Apoptosis: A Target for Anticancer Therapy. Int J
Mol Sci (2018) 19(2):448. doi: 10.3390/ijms19020448

90. Dong J, Zhao YP, Zhou L, Zhang TP, Chen G. Bcl-2 Upregulation Induced
by miR-21 via a Direct Interaction is Associated With Apoptosis and
Chemoresistance in MIA PaCa-2 Pancreatic Cancer Cells. Arch Med Res
(2011) 42(1):8–14. doi: 10.1016/j.arcmed.2011.01.006

91. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer Drug
Resistance: An Evolving Paradigm. Nat Rev Cancer (2013) 13(10):714–26.
doi: 10.1038/nrc3599

92. Su Z, Yang Z, Xie L, DeWitt JP, Chen Y. Cancer Therapy in the Necroptosis
Era. Cell Death Differ (2016) 23(5):748–56. doi: 10.1038/cdd.2016.8

93. Kawabata T, Tanimura S, Asai K, Kawasaki R, Matsumaru Y, Kohno M. Up-
Regulation of Pro-Apoptotic Protein Bim and Down-Regulation of Anti-
Apoptotic Protein Mcl-1 Cooperatively Mediate Enhanced Tumor Cell
Death Induced by the Combination of ERK Kinase (MEK) Inhibitor and
Microtubule Inhibitor. J Biol Chem (2012) 287(13):10289–300. doi: 10.1074/
jbc.M111.319426

94. Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hopper S, Wells A, et al. Drug
Repurposing: Progress, Challenges and Recommendations. Nat Rev Drug
Discov (2019) 18(1):41–58. doi: 10.1038/nrd.2018.168

95. Kitabi E, Bensman TJ, Earp JC, Chilukuri DM, Smith H, Ball L, et al. Effect of
Body Weight and Age on the Pharmacokinetics of Dihydroartemisinin:
Food and Drug Administration Basis for Dose Determination of Artesunate
for Injection in Pediatric Patients With Severe Malaria. Clin Infect Dis (2021)
73(5):903–6. doi: 10.1093/cid/ciab149

96. Lamming DW. Inhibition of the Mechanistic Target of Rapamycin (mTOR)-
Rapamycin and Beyond. Cold Spring Harb Perspect Med (2016) 6(5):
a025924. doi: 10.1101/cshperspect.a025924

97. Shin YH, Park CM, Yoon CH. An Overview of Human Immunodeficiency
Virus-1 Antiretroviral Drugs: General Principles and Current Status. Infect
Chemother (2021) 53(1):29–45. doi: 10.3947/ic.2020.0100

98. Wang C, Youle RJ. The Role of Mitochondria in Apoptosis*. Annu Rev Genet
(2009) 43:95–118. doi: 10.1146/annurev-genet-102108-134850

99. Mena NP, Urrutia PJ, Lourido F, Carrasco CM, Nunez MT. Mitochondrial
Iron Homeostasis and its Dysfunctions in Neurodegenerative Disorders.
Mitochondrion (2015) 21:92–105. doi: 10.1016/j.mito.2015.02.001

100. Evavold CL, Hafner-Bratkovic I, Devant P, D’Andrea JM, Ngwa EM, Borsic
E, et al. Control of Gasdermin D Oligomerization and Pyroptosis by the
Frontiers in Oncology | www.frontiersin.org 11
Ragulator-Rag-Mtorc1 Pathway. Cell (2021) 184(17):4495–511e19.
doi: 10.1016/j.cell.2021.06.028

101. Wen Q, Liu J, Kang R, Zhou B, Tang D. The Release and Activity of HMGB1
in Ferroptosis. Biochem Biophys Res Commun (2019) 510(2):278–83.
doi: 10.1016/j.bbrc.2019.01.090

102. Liu Y, Chen P, Xu L, Ouyang M, Wang D, Tang D, et al. Extracellular
HMGB1 Prevents Necroptosis in Acute Myeloid Leukemia Cells. BioMed
Pharmacother (2019) 112:108714. doi: 10.1016/j.biopha.2019.108714

103. Volchuk A, Ye A, Chi L, Steinberg BE, Goldenberg NM. Indirect Regulation
of HMGB1 Release by Gasdermin D. Nat Commun (2020) 11(1):4561.
doi: 10.1038/s41467-020-18443-3

104. Tang D, Kepp O, Kroemer G. Ferroptosis Becomes Immunogenic:
Implications for Anticancer Treatments. Oncoimmunology (2020) 10
(1):1862949. doi: 10.1080/2162402X.2020.1862949

105. Das S, Shapiro B, Vucic EA, Vogt S, Bar-Sagi D. Tumor Cell-Derived IL1beta
Promotes Desmoplasia and Immune Suppression in Pancreatic Cancer.
Cancer Res (2020) 80(5):1088–101. doi: 10.1158/0008-5472.CAN-19-2080

106. Dai E, Han L, Liu J, Xie Y, Kroemer G, Klionsky DJ, et al. Autophagy-
Dependent Ferroptosis Drives Tumor-Associated Macrophage Polarization
via Release and Uptake of Oncogenic KRAS Protein. Autophagy (2020) 16
(11):2069–83. doi: 10.1080/15548627.2020.1714209

107. Dai E, Han L, Liu J, Xie Y, Zeh HJ, Kang R, et al. Ferroptotic Damage
Promotes Pancreatic Tumorigenesis Through a TMEM173/STING-
Dependent DNA Sensor Pathway. Nat Commun (2020) 11(1):6339.
doi: 10.1038/s41467-020-20154-8

108. Ando Y, Ohuchida K, Otsubo Y, Kibe S, Takesue S, Abe T, et al. Necroptosis
in Pancreatic Cancer Promotes Cancer Cell Migration and Invasion by
Release of CXCL5. PloS One (2020) 15(1):e0228015. doi: 10.1371/
journal.pone.0228015

109. Zhang R, Liu Q, Peng J, Wang M, Li T, Liu J, et al. CXCL5 Overexpression
Predicts a Poor Prognosis in Pancreatic Ductal Adenocarcinoma and is
Correlated With Immune Cell Infiltration. J Cancer (2020) 11(9):2371–81.
doi: 10.7150/jca.40517

110. Liu G, Rui W, Zheng H, Huang D, Yu F, Zhang Y, et al. CXCR2-Modified
CAR-T Cells Have Enhanced Trafficking Ability That Improves Treatment
of Hepatocellular Carcinoma. Eur J Immunol (2020) 50(5):712–24.
doi: 10.1002/eji.201948457

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hsu, Chu, Syue, Lin, Chang, Chen, Wu, Yen, Cheng and Chiu. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
May 2022 | Volume 12 | Article 872883

https://doi.org/10.1016/j.cellsig.2017.05.005
https://doi.org/10.1016/j.cellsig.2017.05.005
https://doi.org/10.1038/cgt.2013.40
https://doi.org/10.1158/1541-7786.MCR-18-0910
https://doi.org/10.20892/j.issn.2095-3941.2016.0068
https://doi.org/10.1080/21691401.2020.1813743
https://doi.org/10.3390/ijms19020448
https://doi.org/10.1016/j.arcmed.2011.01.006
https://doi.org/10.1038/nrc3599
https://doi.org/10.1038/cdd.2016.8
https://doi.org/10.1074/jbc.M111.319426
https://doi.org/10.1074/jbc.M111.319426
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1093/cid/ciab149
https://doi.org/10.1101/cshperspect.a025924
https://doi.org/10.3947/ic.2020.0100
https://doi.org/10.1146/annurev-genet-102108-134850
https://doi.org/10.1016/j.mito.2015.02.001
https://doi.org/10.1016/j.cell.2021.06.028
https://doi.org/10.1016/j.bbrc.2019.01.090
https://doi.org/10.1016/j.biopha.2019.108714
https://doi.org/10.1038/s41467-020-18443-3
https://doi.org/10.1080/2162402X.2020.1862949
https://doi.org/10.1158/0008-5472.CAN-19-2080
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1038/s41467-020-20154-8
https://doi.org/10.1371/journal.pone.0228015
https://doi.org/10.1371/journal.pone.0228015
https://doi.org/10.7150/jca.40517
https://doi.org/10.1002/eji.201948457
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Role of Nonapoptotic Programmed Cell Death &boxh; Ferroptosis, Necroptosis, and Pyroptosis &boxh; in Pancreatic Ductal Adenocarcinoma Treatment
	Introduction
	The Role of Ferroptosis in PDAC Treatment
	Molecular Mechanism of Ferroptosis
	Strategies to suppress PDAC Growth via Ferroptosis

	The Potential of Necroptosis in PDAC Treatment
	Molecular Mechanism of Necroptosis
	Strategies to Suppress PDAC Growth via Necroptosis

	The Potential of Pyroptosis in PDAC Treatment
	Molecular Mechanism of Pyroptosis
	Strategies to Suppress PDAC Growth via Pyroptosis

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


