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Abstract.External and internal stimuli are often involved in the
pathogenesis of tumors, and the deterioration of endoplasmic
reticulum (ER) function within cells is also an important
etiological factor of tumorigenesis resulting in the impairment
of the endoplasmic reticulum, which is termed ER stress. The
ER is an organelle that serves a crucial role in the process of
protein synthesis and maturation, and also acts as a reservoir of
calcium to maintain intracellular Ca®* homeostasis. ER stress
has been revealed to serve a critical role in tumorigenesis. In
the present review, the association between ER stress-related
pathways and tumor cell apoptosis is examined. Primarily, the
role of ER stress in tumor cell apoptosis is discussed, and it is
stipulated that ER stress, induced by drugs both directly and
indirectly, promotes tumor cell apoptosis.
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1. Introduction

The endoplasmic reticulum (ER) is an organelle that receives
various emergency stimuli and conducts diastolic signals. When
the function of the ER is impaired due to various factors, ER
stress becomes manifest, as the accumulation of misfolded and
unfolded proteins within the ER chamber, as well as the distur-
bance of intracellular Ca?* balance (1). Microenvironmental
changes of neoplastic cells, such as those due to glucose-
depletion, hypoxia or anti-tumor drugs, can induce ER stress,
resulting in misfolded and unfolded protein aggregation within
the cavities of the ER and intracellular imbalance of substances,
which can then activate the unfolded protein response (UPR)
to correct misfolded proteins and relieve stress. The subsequent
elevated physiological demand for protein folding can result
in the accumulation of misfolded proteins within the lumen
of the ER's, which is termed ER stress (2). Activation of the
universal periodic review triggers two temporarily different
cellular events to mitigate protein misfolding: i) An initial
response to reduce protein synthesis and boost the degradation
of misfolded proteins; and ii) a second transcriptional upregu-
lation of hundreds of target genes involved in the homeostasis
of global proteins (3). Under normal physiological conditions,
the protein-folding machinery in the ER is capable of secretory
pathway requirements. However, whenever the accumulation of
misfolded proteins within the ER exceeds a tolerable threshold,
the local sensors in the ER trigger an UPR to transcriptionally
and translationally optimize its protein-folding capacity. Should
these corrective mechanisms prove to be insufficient, the cell
will undergo apoptosis (4).

Apoptosis is closely associated with the development of
neoplasms and is induced by two main pathways: The internal
and external pathways. The internal (endogenous) pathway is also
known as mitochondria-mediated apoptosis, which is mediated
by cytokines releasing and activating caspase-9 and caspase-3 (5).
The external (exogenous) pathway refers to death receptor
(DR)-mediated apoptosis, which activates the FAS-associated
death domain (FADD) to form the death-inducing signaling
complex (DISC), resulting in the downstream activation of
caspase-8, -7, -6 and -3 (5,6). Cancer cells proliferate because of
their ability to evade programmed cell death, or apoptosis (7).
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ER stress is an important factor associated with tumor
growth and invasion (8). Moreover, previous studies have
provided in-depth mechanistic insights into pathways via
which ER stress disrupts the homeostasis of the ER, which
triggers an unresolvable UPR activation, and impairs cellular
metabolism and energetics, causing uncontrolled cell death (8).
With the continuation or aggravation of ER stress, cancer cells
are unable to re-establish ER homeostasis via UPR, and ER
stress thereby acts as a pro-apoptotic factor (5,9,10). Certain
studies have confirmed that ER stress can also promote the
apoptosis of tumor cells (11-27). Subsequently, the present
study will summarize the effects of ER stress on tumor cells
in recent years, especially the role of ER stress in tumor apop-
tosis. ER stress activation may represent a new strategy for the
synthesis and application of future chemotherapeutic drugs.

2.UPR: A commonly defined endoplasmic reticulum stress
response

The ER is not only responsible for the synthesis and folding of
up to one third of cellular proteins (12) but is also an important
organelle for phospholipid synthesis and Ca** storage (13).
Different ER subregions support intracellular homeostasis and
survival pathways (14), especially the smooth ER. The smooth
ER, which is responsible for lipid synthesis and metabolism, as
well as calcium storage, is often modified into specific domains,
including plasma-associated ER and mitochondria-associated
membrane formation, autophagosomes and lipid droplets (15).
Under physiological or pathological stimuli, or the action of
certain drugs, the increased demand for protein folding may
result in the accumulation of misfolded proteins within the
ER, which triggers a UPR, expanding the folding capacity of
the ER and reducing its synthesis load (2,16). Three branches
have been identified based on ER membrane-related ER stress
sensors (12,17). Each branch is defined by a class of trans-
membrane ER-resident signaling components, which initiate
stress signaling pathways including: The protein kinase and
ribonuclease, inositol requiring enzyme 1 (IRE1), transcription
factor (TF), activating transcription factor 6 (ATF6), and protein
kinase RNA-like ER kinase (PERK) pathways (Fig. 1A) (18).
Glucose-regulated protein 78 (GRP78)/binding immuno-
globulin protein (BIP) is a type of peptide-binding protein,
which prevents aggregation and reduces the rate of protein
folding (1,16). GRP78/BIP has been demonstrated to be a direct
ER stress sensor leading to UPR activation (19). Changes in
the Ca?* levels of the ER, or accumulation of either misfolded
or mutant proteins, can cause GRP78 to become separated
from the sensors (IRE1, PERK and ATF6), thus allowing for
downstream signaling activation that regulates transcription and
translation in a manner that restores homeostasis in the ER (20).

IREI-XBPI.IREI is a transmembrane protein of the ER, which
consists of a serine/threonine kinase domain and an endoribo-
nuclease (RNase) domain. The mammalian genome encodes
two subtypes of IREl: IREla and IREI1f (21-26). The IRE1
signaling pathway is the most conservative of the three UPR
signaling pathways, and some studies have reported that the
IRELl signaling pathway may be heavily involved in tumor cell
proliferation, invasion and migration (22-28). Since the expres-
sion of IREla is ubiquitous, and the expression of IREIf is
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limited, most mammalian UPR research focuses on the IREla
pathway (23). Studies have revealed that the IREla signaling
pathway may serve a key role in the proliferation, invasion
and migration of tumors such as multiple myeloma (24) and
prostate (25,26), breast (27) and colorectal cancer (28). Under
normal physiological conditions, IREla expression is the
same as the other two signal sensors (PERK and ATF-6), with
luminal domains which bind chaperone protein BIP (29). Upon
the occurrence of ER stress, IREla is separated from BIP,
after which BIP is transported to the unfolded or misfolded
proteins located within the ER, and IREI is activated into
phosphorylated IREla (Fig. 1A) (30). Phosphorylation of
IREla activates the corresponding RNA molecule, primes
the mRNA encoding X box-binding protein 1 (XBP1), and
lyses it into splintered XBP1-S. After XBP1-S binds to the
UPR element (UPRE) and the ER stress-response elements I
and II (ERSE-I and ERSE-II) outside the nucleus, it is able to
cross the nuclear membrane and enter the nucleus (31,32). The
target gene initiated can alleviate ER stress by coordinating
protein folding, secretion, ER-associated protein degradation
(ERAD), lipid biosynthesis and ER expansion (32).

PERK-elF2a. PERK is a type I transmembrane, which oligo-
merizes and transautophosphorylates upon BIP dissociation
or following reduced ER membrane fluidity (33). Similar to
IREI, activated PERK is phosphorylated after separating from
BIP, secondary to the development of ER stress, inhibiting
general protein translation via phosphorylation of the eukary-
otic translation initiator factor-2 (eIF2a) at serine 51, which
reduces protein overload within the ER of a stressed cell (34).
The growth-arrest and DNA-damage-induced transcript 34
(GADD?34) bound to the serine/threonine protein phosphatase
1 (PP1) induce the dephosphorylation of elF2a, fine tuning
mRNA translation to restore general protein synthesis and
promote cellular recovery from stress (34). This event results
in the enhanced translation of cellular apoptotic inhibitors
and ATF4 (Fig. 1A) (32). Furthermore, global translational
inhibition increases the selective translation of the mRNA
sequence encoding the transcription factor ATF4, which
directly regulates the expression of the transcription factor
C/EBP-homologous protein (CHOP). These two mecha-
nisms work synergistically to induce the transcription of
multiple genes, predominantly involved in three physiological
activities: Amino acid biosynthesis, amino acid transport and
autophagy of the intracellular recycling system (35). Among
them, ATF4 upregulates the expression of autophagy-related
genes, such as MAPILC3, Atgl2 and Beclinl (36). CHOP is
a recognized transcription factor that mediates cell death by
exacerbating oxidative stress, when a large number of proteins
are misfolded in the ER. Previous studies have demonstrated
that PERK and IREI signaling pathways regulate both cellular
survival and apoptosis, depending on the severity and duration
of the ER stress (24-28,35,37).

ATF6. ATF6 is also a well-researched ER transmembrane
protein that binds BIP. When ER stress is triggered, the activa-
tion of ATF®6 is isolated from BIP, in a similar manner to the
activation of PERK and IRE1 (16,29). Nonetheless, the acti-
vated ATF6 protein is translocated from the ER to the golgi
apparatus in the form of a cleaved protein domain under the
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Figure 1. (A) UPR has three classical signaling pathways: i) the protein kinase and ribonuclease, IRE1; ii) the transcription factor ATF; and iii) protein kinase
PERK. (B) Association of ER stress with ferroptosis, autophagy, immunogenic cell death and oxidative stress in tumor cell death. UPR, unfolded protein
response; IREI, ribonuclease inositol requiring enzyme 1; ATF6, activating transcription factor 6; PERK, protein kinase RNA-like ER kinase; UPR, the

unfolded protein response.

action of regulated intramembrane proteolysis (RIP), where
it is cleaved sequentially at the transmembrane site by site-1
protease (S1P) and site-2 protease (S2P) (38). This event mobi-
lizes a 50 kDa amino-terminal cytoplasmic fragment (ATF6f)
(Fig. 1A). The ATF6f transcription factor is released into the
nucleus, before binding the aforementioned ER stress response
elements (38,39).

ATF6 is a type II transmembrane glycoprotein which
has two isoforms in mammals: ATF6a (670 amino acids)
and ATF6p (703 amino acids); the biochemical and physi-
ological characteristics of the former are significantly better
documented than those of the latter (39,40). ATF6a exhibits
crosstalk with XBP1s by forming heterodimers, which may
drive specific gene expression programs to upregulate a subset
of XBP1-dependent chaperones, oxidoreductases, as well as
the quality control and degradation machinery (41). ATF6a
may promote the survival and adaptation of carcinoma cells
by regulating a broad range of genes associated with trans-
formation, such as ATF6a-Rheb-mTOR signaling (39,42). In
addition, ATF6 protects the (3-cells of the pancreas by reducing
the pressure on the ER (43). Notwithstanding, the overlapping
functions of ATF6 are required to achieve transcriptional
regulation of CHOP, which is a transcription factor leading to
apoptosis (40).

3. ER stress and the tumor cell apoptosis

Chronic ER stress and apoptosis. Several studies on a variety
of cancers have confirmed that ER stress and UPR activation
in a stressful microenvironment are part of a survival strategy
in tumor cells (4,24-28). Nonetheless, if the adaptive response
fails to restore the protein-folding function of the ER, or if
severe and sustained ER stress occurs, the persistence of the
UPR signal results in apoptosis, this represents an alternate

signaling program known as the ‘terminal UPR’ (2,4). PERK
and IREla are the two UPR kinases which are also involved
in the occurrence of apoptosis, resulting in inevitable cell
degeneration and death when ER stress cannot be resolved
(Table I) (44). Under continuous and severe ER stress, IREla
induces cell apoptosis via two mechanisms: i) IREla recruits
tumor necrosis factor a (TNFa) receptor-associated factor 2
(TRAF2) and apoptosis signal regulating kinase 1 (ASK1),
then activates c-Jun N-terminal kinase (JNK) which induces
apoptosis (45,46); and ii) IREla splices certain microRNAs
to inhibit the expression of caspase-2, thus inducing cell apop-
tosis (47). Notably, activation of IREla-induced JNK is key to
the induction of apoptosis in human pancreatic cells (48,49).
During chronic ER stress, continuous activation of
PERK results in the phosphorylation of eIF2a and selec-
tive induction of ATF4, which can enhance the expression
of pro-apoptotic CCAAT/enhancer binding protein
(CHOP) (32,37). Additionally, CHOP can induce apoptosis
by downregulating the anti-apoptotic protein Bcl-2 and
upregulating the pro-apoptotic proteins (BIM and PUMA),
at the transcriptional level (50). These pro-apoptotic proteins
are capable of activating the transcription of a set of genes
which results in activation of caspases and eventually cell
death (51,52). As unfolded proteins accumulate, PERK, IRE1
and GRP78 are dissolved and activated via autophosphoryla-
tion; meanwhile, ATF6 is activated by proteolytic enzymes in
the golgi apparatus (53). Activated ATF6 molecules enhance
the transcriptional activity of caspase-3 by upregulating the
downstream CHOP molecules (54). ATF6a. has been demon-
strated to perform key apoptotic functions during late luteal
regression in rats via the ATF6/CHOP and caspase-12 path-
ways (55). Moreover, in tunicamycin-exposed chondrocytes,
celastrol prevented osteoarthritis by inhibiting ER-mediated
apoptosis via the ATF6/CHOP signaling pathway (53).
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Table I. ER stress-related tumor apoptosis.
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ER stress-related tumor apoptosis Unfolded protein response mediator(s) ER stress-related signaling pathways (Refs.)
Chronic ER Stress TRAF2, PERK/ATF4/CHOP and (37,53,54)
CHOP, ATF6/CHOP (37,53,54)
caspase-12
Oxidative stress induced ATF4 PERK/ATF4/CHOP (32,9091)
JNK IRE1/JNK (32,9091)
Autophagy and apoptosis Elf2a PERK/EIf2a (32)
XBP1 IRE10/XBP1 (32)
ATF6/DAPK1 (32)
ISR (32)
Ferroptosis-dependent ATF4 PERK/elF20/ATF4/CHOP (67,68)

ER, endoplasmic reticulum; IRE1, ribonuclease inositol requiring enzyme 1; ATF6, activating transcription factor 6; PERK, protein kinase
RNA-like ER kinase; TRAF2, receptor-associated factor 2; JNK, c-Jun N-terminal kinase; CHOP, C/EBP-homologous protein; XBP1, X
box-binding protein 1; elF2a, eukaryotic translation initiator factor-2; TRAF2, receptor-associated factor 2; DAPK, Death-Associated Protein
kinase; ATF4, activating transcription factor-4; ISR, integrated stress response.

Furthermore, ER stress-related proteins have been shown
to induce mitochondrial apoptosis in two principal ways.
The exogenous or death receptor pathway is characterized by
homo-oligomerization cleavage and activation of caspase-3,
followed by cleavage of caspase-8. In the mitochondrial
pathway, cytochrome c s released through the mitochondrial
outer membrane pores under the regulation of Bcl-2 family
proteins. This activates caspase-9 in the apoptotic corpuscle,
which upregulates the expression of downstream executioner
caspases, such as caspase-3 and caspase-7 (56,57).

ER Stress and oxidative stress-induced apoptosis. Oxidative
stress is a major driver of tumor cell proliferation, which may
induce tumor survival and adaptation. The production of
reactive oxygen species (ROS) can increase the mutation rate
of tumor cells (58-60). The UPR regulates the level of oxida-
tive stress by reducing global translation, while conferring
cytoprotection against cellular insults via inhibition of inflam-
matory and apoptotic signaling pathways (32). Currently, the
oxidative stress pathway is considered as a balance between
cell survival and apoptosis (59,60). Therefore, uncontrolled
severe oxidative stress also triggers a series of pro-apoptotic
signaling pathways, including ER stress and mitochondrial
dysfunction, which ultimately results in cell apoptosis (60).
The level of oxidative stress present in tumor cells is typically
higher compared with normal cells (60). Thus, tumor cells
are more likely to produce high levels of ROS, resulting in
significant changes in the cytoskeleton, cell cycle arrest, DNA
damage and apoptosis of tumor cells (61). Sustained production
of high levels of ROS can trigger ER stress by interfering with
the folding of amino acids into proteins, modifying chaperone
proteins or ERAD (62). When intracellular oxidative stress
levels become very high or adaptation is insufficient, apoptosis
is initiated by inducing UPR-related apoptotic molecules (63).

The UPR is a commonly defined pathway in cells that
regulates oxidative stress in two ways. Firstly, the UPR
regulates oxidative stress by reducing the translation of tran-
scription factors, thus inhibiting inflammatory and apoptotic

signaling pathways (64). Secondly, if the stress is severe and
prolonged, or if homeostasis cannot be restored, the sustained
UPR will be converted to a terminal UPR, which results
in cell death (65). Nude mouse tumor models were used to
demonstrate that turmeric can induce the production of ROS
by non-small cell lung cancer cells, activate JNK and the
relevant factors of the ER stress pathway (ATF4, ATF6 and
CHOP), block cell proliferation and induce cell apoptosis
(Table I) (63). A study on human truncated APC colon cancer
cells reported that truncated APC selective inhibitor-1 can
induce ER stress-dependent JNK activation accompanied by
oxidative stress, resulting in cell death (66). Besides, ROS
may induce the transcription of ER oxidative reducing factor
1 (EROla) via the ATF4/CHOP axis, leading to cell death due
to the resulting high oxidative environment in the ER (56,67).
Overactivated EROla can increase the production of
ROS (50,63). EROla can result in inositol-1,4,5-trisphosphate
receptor-mediated Ca** leakage in the ER, which activates
Ca?* sensing kinase CaMKII in the cytoplasm. This induces
oxidative stress caused by the NADPH oxidase subunit NOX2
and leads to PER-dependent CHOP induction as a positive
feedback loop in ER stress (50). Moreover, CaMKII causes
activation of pro-apoptotic pathways, including Fas and mito-
chondrial membrane permeability transformation (50).

ER stress induced autophagy and apoptosis. Activation of
the UPR is generally known to induce protective autophagy
to promote cell survival during ER stress (32). PERK/EIf2a,
IRE1a/XBP1, ATF6/DAPKI1 and the integrated stress
response (ISR) can all promote the conversion of LC3I to
LC3II and form autophagosomes either directly or indi-
rectly (Table I) (32,68). In tumor cells, autophagy is widely
regarded as a self-protective strategy, employed in hypoxic
and nutrient-deficient microenvironments (68). In vitro and
in vivo experiments confirmed that the ER stress mediated
by the Brigetinib-induced autophagy response was simultane-
ously induced by the ER-phage as a protective mechanism to
relieve excessive ER stress. Furthermore, the combination of
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Brigitinib and autophagy inhibitors was shown to significantly
enhance the anti-colorectal cancer effects of Brigitinib (69).
The researchers established a xenograft model of nude mice
using human CRC DLD-1 cells that were subcutaneously inoc-
ulated. The study confirmed that the combinatorial treatment
of Brigatinib with chloroquine resulted in a a further reduction
in xenograft tumor size, growth rate and weight compared
with that of Brigatinib treatment alone (69). Consequently,
inhibition of autophagy (69) and acute ER stress (52) in tumor
cells is currently recognized as a potential anti-tumor strategy.
At present, clinical studies have proven that inhibitors of ER
stress are helpful in the treatment of pancreatic cancer (70,71).
Nevertheless, it has been confirmed that triggering exces-
sive ER stress induces autophagy in tumor cells, which
ultimately leads to cell death (72). Accordingly, through the
establishment of animal models of prostate cancer and in vitro
experiments, anacardic acid was demonstrated to activate
DAPK via ER stress, causing an increase in the expression
of AKT and preventing its phosphorylation. This signaling
pathway can upregulate the expression of LC3, Beclin-1 and
Atg7 via mTOR, consequently inducing the expression of the
autophagy-related protein known as Beclin-1, via suppression
of mTOR phosphorylation. This results in the activation of
the pro-apoptotic protein named Bax, which causes in apop-
tosis (73,74).

ER stress-dependent immunogenic cell death in tumor cells.
In response to stressors such as hypoxia and drugs, tumor cells
become immunogenic, which can result in a specific cellular
immune response (75). The main anticancer effector cells
of the immune system are the differentiation group (CD8*
T cells), which can differentiate into cytotoxic T lymphocytes
that kill tumor cells; an event known as tumor immunogenic
death (ICD) (76,77). ICD is associated with a series of charac-
teristic molecular events, including the translocation of calcium
netting protein (CRT) from the cytoplasm to the cell membrane
surface, the release of extracellular ATP and the secretion of
the high mobility group protein 1. Immunogenic tumor cells
can induce ER stress in order to trigger apoptotic cell death;
moreover, it has long been hypothesized that apoptotic cell
death is primarily non-immune (78). However, ER stress
leads to the release of damage-associated molecular patterns
(DAMPs) from the ER lumen to the plasma membrane, which
can act as opsonins to facilitate the uptake of tumor associated
antigens by dendritic cells (DCs) (76). During cellular stress
(such as ER stress), cells can induce an immunogenic response
via expression of pro-apoptotic DAMPs, including calreticulin
(CALR) exposure to the cell surface, as well as the release
of HMBGI and ATP. During ER stress, Elf2a is phosphory-
lated by the activation of PERK to induce surface exposure
of CALR and heat-shock proteins (HSPs) (79,80). Surface
exposure to CALR is considered a critical marker of the
immunogenicity of apoptosis (76). Certain specific receptors
(CD91, the purinergic receptors P2Y2 and P2X7, and TLR4)
recognize these DAMPs, which facilitates the phagocytosis of
dying cells, attraction of DCs into the tumor bed, production
of IL-1b and tumor cell antigen presentation (79). These cyto-
kines stimulate the proliferation of CD8* T cells, allowing the
body to launch an anti-tumor immune response (81). Notably,
the binding of DAMPs to immune cell receptors activates
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the UPR in immune cells resulting in an anti-tumor immune
response (79).

The purpose of the present study was to explore the impact
of ER-related signals in the pathogenesis and survival of tumor
cells. ER stress is essential for activating intracellular signaling
pathways that regulate ICD (81). Certain chemotherapeutic
agents, such as anthracyclines and oxaliplatin have been
demonstrated to induce CRT exposure pathways, which are
activated by pre-apoptotic ER stress and phosphorylation of
elF2 kinase via PERK (Table I) (76). Subsequently, the antero-
grade transport of CRT from the ER to the golgi apparatus and
exocytosis of CRT-containing vesicles results in the transport
of CRT to the plasma membrane surface (76). Additionally,
previous studies have confirmed that ROS production induces
ICD via ER stress (81,82). In conclusion, further investigation
is imperative prior to the application of ICD induction as a
therapeutic strategy against tumors.

4. Ferroptosis and ER stress

Ferroptosis is a type of programmed cell death distinct from
apoptosis, pyroptosis and necrosis. It is caused by failure of
the antioxidant defense mechanism involving glutathione
(GSH/GSSG) (83). Cells that undergo ferroptosis are typically
characterized by mitochondrial atrophy, increased mitochon-
drial membrane density and reduced intracellular NADH
levels (84-86). It is generally believed that the accumulation
of iron produced by lipid peroxidation and the subsequent
increase in ROS levels are the key factors triggering ferrop-
tosis (84). There is a large amount of evidence indicating that
ER stress and ROS production typically interact and interfere
with each other. The PERK/elF2a signaling pathway was found
to regulate the production of ROS during ferroptosis (83,87).
After treatment with GSK414 in a mouse model of colitis,
the number of necrotic cells of colonic intestinal epithelial
cells, the malondialdehyde and iron contents, and the levels
of ferritin light chain (FTL) and ferritin heavy chain (FTH)
proteins were all reduced, suggesting that inhibition of ER
stress resulted downregulation of ferroptosis, which is consis-
tent with the findings observed from in vitro experiments (88).
This study revealed that HCoEpiC cells, that were treated with
RSL3 (a canonical inducer of ferroptosis), resulting in apparent
necrotic cell death and ROS accumulation and increased levels
of FTL, FTH, and PTGS2 in the RSL3-treated cells, which
implied that ferroptosis had occurred (88).

Ferroptosis-dependent apoptosis. ATF4 is a basic leucine
zipper transcription factor that regulates the expression levels of
several UPR TARGET genes through PERK-eIF20-ATF4 (89).
Studies have shown that inhibition of the cystine glutamate
exchange by ferroptotic agents can lead to activation of the
ER stress response. Among them, the ferroptotic agent APT
can lead to upregulation of ATF-4 dependent related genes,
such as CHOP (90,91). CHOP binds to the promoter site of
the pro-apoptotic protein PUMA (p53 upregulating apop-
totic regulator) during ER stress to induce the expression
of PUMA (44,90). Withal, this study only confirmed the
correlation between ferroptosis and ER stress; reporting that
ferroptotic agents induce ER stress and increase the expression
of the pro-apoptotic molecular protein named PUMA through
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the ER stress-mediated PERk-eIF2a-ATF4-CHOP pathway,
without inducing apoptosis (Table I) (44).

Ferroptosis-dependent no-apoptosis. In tumor cells, GSH
intake is reduced and the production of ROS is increased, thus
the sensitivity of tumor cells to ferroptosis is higher than that
of normal cells due to p53 mutation and high expression of the
RAS-RAF-MEK pathway (88,92). ER stress has been suggested
to contribute to ferroptosis via the UPR. Ferroptotic agents
cause activation of an ER stress response and upregulation of
the glutathione-specific y-glutamylcyclotransferase 1 gene via
inhibition of the cystine glutamate exchange. In glioma cells,
ER stress has been demonstrated to attenuate docosahexaenoic
acid (DHA)-induced ferroptosis by the UPR (93). DHA-induced
ER stress activates the PERK/ATF4/HSPAS pathway to resist
ferroptosis and protect the cells (93). Drug resistance of tumor
cells is related to the activation of ATF4, which participates
in the development of chemical resistance by transcriptional
regulation of membrane transporters and enzymes required for
the biosynthesis of GSH in cancer cells (93). Furthermore, the
activation of PERK-mediated ATF4 has a protective effect on
erastin-induced ferroptosis in pancreatic cancer cells (93,94).
At present, studies have confirmed that ferroptosis and ER
stress can be induced by ferroptotic agents (such as ART)
or cystine deficiency in tumor cells due to abnormal lipid
metabolism (92-94). Notwithstanding, further investigation is
necessary to determine whether an upstream or downstream
correlation exists between ER stress and ferroptosis.

5. Conclusion

Despite the fact that inhibitors targeting ER stress are being
considered for clinical adjunctive therapy against tumors,
reactivation of ER stress in tumor cells has become a new
basis for the treatment of neoplasms, owing to deepening
understanding of ER stress. ER stress with concurrent ferrop-
tosis, ER stress leading to autophagy, as well as the synergistic
effects of oxidative and ER stress can alter the homeostasis
of tumor cells, which induces apoptosis (Table I). Numerous
studies have published results supporting the hypothesis
that ER stress promotes ferroptosis and ICD in tumor cells.
Moreover, there is also evidence that ER stress is associ-
ated with other cellular death pathways caused by ICD and
ferroptosis, which may represent an attractive field for the
development of effective pharmacotherapies in the future.
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