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Endoplasmic reticulum stress response
in the roadway for the effects of non-steroidal
anti-inflammatory drugs
Abstract: Over the past decade, a handful of evidence
has been provided that nonsteroidal anti-inflammatory
drugs (NSAIDs) display effects on the homeostasis of
the endoplasmic reticulum (ER). Their uptake into cells
will eventually lead to activation or inhibition of key
molecules that mediate ER stress responses, raising not
only a growing interest for a pharmacological target in
ER stress responses but also important questions how
the ER-stress mediated effects induced by NSAIDs could
be therapeutically advantageous or not. We review here
the toxicity effects and therapeutic applications of NSAIDs
involving the three majors ER stress arms namely PERK,
IRE1, and ATF6. First, we provide brief introduction on
the well-established and characterized downstream
events mediated by these ER stress players, followed
by presentation of the NSAIDs compounds and mode of
action, and finally their effects on ER stress response.
NSAIDs present promising drug agents targeting the
components of ER stress in different aspects of cancer
and other diseases, but a better comprehension of the
mechanisms underlying their benefits and harms will
certainly pave the road for several diseases’ therapy.
Keywords: NSAIDs, PERK, IRE1, ATF6, CHOP, GRP78,
XBP1, cancer cells
DOI 10.1515/ersc-2015-0001
Received August 30, 2014; Revised December 10, 2014; Accepted
December 15, 2014

*Corresponding authors: Aristóbolo M. Silva: Laboratory of
Inflammatory Genes, Institute of Biological Sciences, Federal
University of Minas Gerais – Av. Antonio Carlos, 6627 – UFMG,
ICB, Rm J3-243. CEP: 31270-901 Belo Horizonte, MG, Brazil. Phone
no.+55 31 3409 2802, Fax no.+55 31 3409 2771. E-mail:aristobolo@
icb.ufmg.br
Fernanda L.B. Mügge: Laboratory of Inflammatory Genes, Institute
of Biological Sciences, Federal University of Minas Gerais, Belo
Horizonte, MG, Brazil

1 Introduction
1.1 Players in the ER stress response
Secretory and membrane protein synthesis and ultimate
folding to their secondary and tertiary structures are the
major functions of the endoplasmic reticulum (ER) in
eukaryotic cells. These are critical and essential functions
for cell survival and their proper execution is important for
the maintenance of homeostasis. Normally, chaperones
located in the ER and components from the Endoplasmic
Reticulum Associated Degradation (ERAD) are able to
deal with unfolded or misfolded proteins, by assisting in
the correct folding or by leading to protein degradation,
respectively. However, certain stressful stimuli or
environmental conditions, like viral infections, lowering
in glucose levels, hypoxia, or loss of calcium regulation
can result in an increase in unfolded proteins in the ER,
the event known as ER stress.
In such perturbation of the ER homeostasis, the
Unfolded Protein Response (UPR) is activated as a
brisk attempt to restore the ER to its normal function.
In this sense, three distinct proteins located in the ER
membrane act as the key molecules of UPR signaling,
from which downstream molecular events will take
place. Activating transcription factor 6 (ATF6), inositol
requiring enzyme 1 (IRE1), and protein kinase RNA-like ER
kinase (PERK) remain quite inactive under physiological
ER functionality, a state that is conferred by the luminal
domain binding of these molecules to a master chaperone,
GRP78/BiP, abundantly expressed in cells. BiP transiently
interacts with so many molecules, especially to newly
synthesized proteins as they are translocated into the
ER. Certainly, such a formidable, though seemingly
promiscuous affinity by other proteins, is fundamental to
maintain the ER client proteins in a state competent for
subsequent folding and oligomerization. Under stress
conditions that result in the accumulation of unfolded
polypeptides in the ER, BiP dissociates from PERK, IRE1,
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and ATF6 [1,2]. Oligomerization takes place in the case of
PERK and IRE1, whereas ATF6 – that is found in monomer,
dimer or in an oligomerized state even in unstressed ER
[3] – is proteolytically cleaved by the sequential action of
proteases.
Although dissociation of BiP from the luminal domains
of ER stress sensors seems to be a common stereotype to
sense perturbation in the ER, recent studies have provided
evidence for a complementary process. This alternate
molecular mechanism for sensing ER stress indicates that
unfolded proteins may bind directly to luminal domain of
Ire1 and favor its dimerization and downstream ER stress
signaling [4].
In addition, recent evidence has shown that
perturbation of cellular lipid composition is also a trigger
for UPR, as PERK and IRE1 have the ability to sense
perturbation of membrane aberrancy [5]. The activation
mechanism of these ER sensors is independent of their
luminal domains, but it is promoted by enhanced
dimerization via their transmembrane domain. Such
studies uncovered an important mechanistic luminalindependent component that resolved questions
regarding the enhanced UPR signaling observed in
cholesterol-loaded macrophages and insulin-producing
beta cells [6,7].
IRE1 is present in all eukaryotes, being the
most evolutionary ancient and conserved of the
three arms. Mechanistically, after oligomerization
and autophosphorylation IRE1 is activated, which
is characteristically evidenced by its kinase and
endonuclease (RNase) activities. The endonuclease
activity promotes the post-transcriptional processing
of the mRNA of X-box binding protein 1 (XBP1), where a
cleavage of a residual intron of 26 nucleotides takes place,
which will be further degraded. The remaining 5’-PO4and 3’-OH free extremities of the mRNA are reconnected
and generate a frameshift of the coding sequence in the
mRNA by continuing the protein-coding region into the
former 3’ untranslated region. Upon translation, a new
active and more stable transcription factor, spliced XBP1
(sXBP1), is generated [8]. Once bound to elements in the
promoter region of genes that are responsive to ER stress,
the transcription is then turned on.
The second arm is mediated by ATF6, a 670 amino
acids that gives rise to a 90 kDa protein. Two isoforms,
ATF6alpha and ATF6beta are constitutively expressed in
various mammalian cell types. After dissociating from
BiP, ATF6 is translocated to the Golgi apparatus and is
then cleaved by two proteases (S1P and S2P), generating
an amino terminal fragment (p50ATF6) that functions as
a transcription factor [9-11]. p50ATF6 is translocated into

the cell nucleus and activates the transcription of target
genes through binding to specific sites, such as ER stress
responsive cis-acting elements ERSE (CCAAT-N9-CCACG),
ERSE II (ATTGG-N-CCACG), and UPRE [GATGACGTG(T/G)
NNN(A/T)T] [12-15]. Studies with murine embryonic
fibroblasts (MEFs) deficient for ATF6alpha or ATF6beta
revealed that only ATF6alpha is necessary to the
transcriptional activation of ER chaperones and ERAD
components [16].
The transmembrane serine/threonine kinase PERK is
present in most mammalian cells and has a predominant
expression in pancreatic cells [17]. After activation dependent
upon oligomerization, PERK phosphorylates the alpha
subunit of mRNA translation initiation factor 2 (eIF2alpha)
that leads to the inhibition of mRNA translation in cells. The
phosphorylation of eIF2alpha coincides with a clear decline in
total cellular protein synthesis [18]. The molecular mechanism
as how phosphorylated eIF2alpha provokes protein synthesis
inhibition is well established as the reduction in the level
of eIF2.GTP.tRNAiMet ternary complexes in cells limits its
availability for the initiation of mRNA translation. In stress
conditions such as ER stress, this will adaptively favor cell
survival by giving the cell the opportunity to deal with the
accumulated misfolded proteins without increasing the
loading in the ER. The translation initiation rates for many
mRNAs are quite reduced by those events, but exquisitely it
can also enhance translation of other mRNAs. This is the case
of activating transcription factor (ATF4) in the PERK-mediated
pathway where ATF4 mRNA is selectively translated to the
extent that eIF2alpha undergoes phosphorylation over cell
stress [18]. Thus, PERK-eIF2alpha-ATF4 module contributes
to the UPR transcriptional activation, where multiple target
genes are transcriptionally activated in a PERK-dependent
manner [19-21].
As noted, each of the three aforementioned
transcription factors, products of each ER stress branch,
is transported to the nucleus and promotes the UPR
transcriptional activation. Their targets can be many genes
encoding chaperones or ERAD components, intended to
alleviate the ER stress. On the other hand, ATF4 and ATF6
might also promote transcription of pro-apoptotic factors
like C/EBP homologous protein, CHOP (GADD 153), which
is directly related to induced cell death.
The switch of the UPR from a pro-survival strategy
to a pro-apoptotic response will depend on the ability
of the cell to resolve the ER stress. When the increase in
chaperones and ERAD components synthesis is capable
of reducing the load of unfolded proteins in the ER
lumen, the cell survives. When all strategies fail to do so,
the synthesis of pro-apoptotic factors is stimulated and
apoptosis is eventually initiated.



Apoptosis induced by prolonged ER stress also
depends on the mitochondrial pathway, which is
regulated by members of the Bcl-2 family. The activation
of the pro-apoptotic proteins Bax and Bak is a key event to
caspases activation. CHOP is important in the induction
of apoptosis because of the negative regulation of antiapoptotic Bcl-2 proteins [22]. Additional mechanisms,
such as calcium release from the ER and other caspase
activation pathways have been implicated in the apoptosis
after unresolved ER stress.

2 Non-steroidal anti-inflammatory
drugs and modulation of ER stress
Non-steroidal anti-inflammatory drugs (NSAIDs) are
widely prescribed or bought as over-the-counter (OTC)
medicines and commonly used to treat fever, pain, and
inflammation. Their classical mechanism of action is the
reversible inhibition of cyclo-oxygenase (COX) enzymes,
blocking prostaglandins (PG) production from arachidonic
acid (a membrane phospholipid). Arachidonic acid is
converted to PGG2 by COX, which also catalyzes the
generation of PGH2 from PGG2. PGH2 can be converted
later to other PGs or thromboxane A2 (TXA2) by specific
enzymes. As an exception, acetyl salicylic acid is the only
NSAID that causes an irreversible inactivation of COX after
its acetylation [23].
Two different isoforms of COX can be modulated by
NSAIDs. Inhibition of COX-2 is related to the analgesic,
antipyretic, and anti-inflammatory actions, since it is
induced by the inflammatory process. Because of its
constitutive expression, inhibition of COX-1 causes, but
not exclusively, the most common NSAIDs adverse effects,
mainly related to the gastrointestinal tract. The majority
of the available drugs are non-selective COX inhibitors,
thereby acting on both enzymes [24].
The different classes of NSAIDs (shown in Table 1)
are not chemically related and even inside the same
group some molecular modifications generate drugs with
different pharmacological profiles. Also, they may differ
on toxicity profiles and COX-1/COX-2 selectivity.
The pharmaceutical industry focused for some time
on the development of specific COX-2 inhibitors (Coxibs)
as a strategy to reduce or avoid the occurrence of adverse
effects. Coxibs are a class of selective COX-2 inhibitors
displaying lower gastrointestinal toxicity with comparable
anti-inflammatory action to other classes. A few years
after their release, some coxibs were withdrawn from
the market (Rofecoxib and Valdecoxib) because of the
induction of higher cardiovascular risks and low safety
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during prolonged use. Others drugs of this class, however,
are still commercialized in many countries, including the
US (celecoxib), but are not prescribed as first choice drugs
[25].
Acetaminophen, also known as paracetamol,
lacks anti-inflammatory actions, and sometimes is not
considered to be a NSAID [23]. Its exact mechanism of
action is not yet elucidated, but many hypotheses have
been made regarding its central or peripheral actions. It
has been shown to inhibit a third COX isoform, COX-3 in
canine cerebral cortex [26], but a functional COX-3 has not
been found in rodents or humans [27]. Based on its similar
pharmacological profile to selective COX-2 inhibitors, like
lower gastrointestinal toxicity and no platelet inhibition,
more recent studies have demonstrated selective actions
on COX-2 in clinically relevant models. In one of these
studies, the investigators showed an up-regulation of
the COX-2 gene and suppression of PGE2 in inflammatory
transudate collected from sites of acute inflammation
after 1 g acetaminophen intake by patients [28]. In another
study, COX-2 was inhibited by 80% in peripheral blood
Table 1: Classes of non-steroidal anti-inflammatory drugs (NSAIDs)
Class

Members

Salicylates

Acetyl salicylic acid
Sodium salicylate
Diflunisal
Mesalazine/Mesalamine

Acetic acid derivatives

Indometacin
Sulindac
Diclofenac
Etodolac

Propionic acid derivatives

Ibuprofen
Flurbiprofen
Ketoprofen

Anthranilic acid (Fenamate)

Mefenamic acid
Niflumic acid

Enolic acids (Oxicams)

Piroxicam
Meloxicam

Sulfonanilide

Nimesulide

p-Aminofenol derivatives

Paracetamol/Acetaminophen

Diarylheterocycles (Coxibs)

Celecoxib
Parecoxib
Rofecoxib
Valdecoxib

Adapted from [23]
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monocytes after 1 g acetaminophen administration to
volunteers [29].
In spite of several proposed mechanisms of action,
there is accumulated evidence that acetaminophen exerts
remarkable effects on ER stress response, and is clearly
associated with tissue injury, especially in the liver and
kidney, provoked by this compound. Such ER stressmediated harm effects of acetaminophen will be properly
discussed in the section of NSAIDs toxicity.
Since the clinical studies reported by Edmund Stone
in 1763 on the effects of willow-bark powder used to
treat patients suffering from ague [30] and subsequent
numerous studies for purification and synthesis,
salicylates have long been used in an impressive effective
manner for several disease conditions and disorders.
Besides their common use as anti-inflammatory, antipyretic and analgesic, they have also been used for
the prevention of cardiovascular diseases and cancer
[31,32]. The prototype salicylate is acetylsalicylic acid,
the popular aspirin. The effects of salicylates on ER stress
components have revealed that these compounds affect
the activity and expression of several molecules related
to ER stress [33,34], and triggering fundamental cellular
processes, including transcriptional activation of ER
stress responsive genes [35].
Various other studies that have exploited the effects
of NSAIDs on ER stress are largely descriptive, but the
demonstration of several common targets that have their
activity affected by different classes of NSAIDs can pave
the road for further mechanistic studies on how ER stress
response is affected (Table 2). These compounds and their
effects on ER stress will now be discussed.

2.1 NSAIDs toxicity
2.1.1 Gastrointestinal toxicity
2.1.1.1 COX inhibition
As mentioned previously, NSAIDs use is commonly
associated with gastric toxicity, partially because of their
acidic characteristics and the inhibition of COX-1. This
enzyme is responsible for the production of cytoprotective
PGs by the cells, which contribute to the maintenance
of mucosal integrity through bicarbonate and mucus
production stimulation. The decrease of these protective
substances leads to higher cell permeability and promotes
direct contact of the cells with the acidic gastric secretion,
causing injuries [23].
Patients with increased sensitivity to NSAIDs or
those who make a long-term use of high doses of NSAIDs
usually show more severe lesions that can result in

ulcers, bleeding and sometimes perforations, often
aggravated by platelet inhibition due to reduced TXA2
production from PGH2 as a result of COX-1 inhibition
(reviewed in [36]).
The mechanisms of NSAID-induced enteropathy
have some similarities to those related to gastric injuries,
and a “multiple hits” effect is currently accepted. The
combination of reduced PGE2 levels by COX inhibition
and topical effects resulting in mitochondrial dysfunction
and stress responses would be the “first hit”, while the
subsequent inflammatory response would be responsible
for the second stage of NSAID-induced small intestine
injuries (reviewed in [37]).
As reported by several studies, COX-1 inhibition does
not entirely explain the occurrence of NSAID induced
gastrointestinal lesions. It has been shown that a selective
COX-1 inhibitor did not cause any gastric injury even in
high dosage, which only happened when this drug was
associated with celecoxib, a COX-2 selective inhibitor [38].
Additionally, COX-1 knockout (KO) mice have no gastric
pathology and are also more resistant to indomethacin
induced gastric lesions than wild type (WT) mice [39].

2.1.1.2 Cytotoxic mechanisms
In two studies, Tomisato et al. [40,41] have provided
evidence of the induction of necrosis and apoptosis by
NSAIDs in the gastric mucosa. They showed in the first
study that exposure of primary cultures of guinea pig
gastric mucosal cells to indomethacin can cause either
necrosis, when the cells were treated with a high dose
(2.5 mM) for a short period of time (1 hour), or apoptosis,
when cells were treated with lower doses (between 0.5
and 1 mM) for a longer period of time (16 hours). Necrosis
was evidenced by propidium iodide (PI) staining of cell
nucleus, while apoptosis was characterized by DNA/
nucleus fragmentation and also by examining the
activation of caspases 3, 8 and 9. Treatment of cells with
caspase inhibitor z-VAD-fmk did not alter cell viability
in conditions that led to necrosis, but inhibited DNA
fragmentation in lower doses and higher time of exposure
to indomethacin. Interestingly, pre-treatment of cells
with cycloheximide, a protein synthesis inhibitor, led to
increased cell viability in the conditions shown to induce
apoptosis. In the second study, the authors suggest that
induction of necrosis or apoptosis is a COX independent
mechanism, being the result of the direct cytotoxicity of
NSAIDs on gastric cells, and that gastric lesions may be
the result of both COX inhibiting activities and cytotoxicity
of NSAIDs.
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Table 2: Summary of NSAIDs actions on ER stress components
NSAID

Cell/Tissue/Organ

Effect on ER stress

References

Indomethacin

Primary gastric mucosal cells

↑CHOP
↑GRP78
ATF6 activation
↑ATF4 mRNA
↑XBP1 mRNA expression and splicing
ERSE activation

[42]

Hepatoma cell line

↑GRP78 mRNA (slight)
ATF6 activation
XBP1 splicing (partially)
eIF2α phosphorylation
↑CHOP

[54]

Renal carcinoma cells

↑CHOP
↑GRP78
↑GRP94
ATF6 activation

[74]

Primary gastric mucosal cells

↑CHOP
↑GRP78

[42,43]

Rat hepatocytes

↑CHOP

[53]

Hepatoma cell line

↑GRP78 mRNA (slight)
↓p90 ATF6
ATF6 activation
eIF2α phosphorylation
↑CHOP

[54]

Diclofenac

Acetaminophen

Ibuprofen

Liver from CD-1 mice after intraperi- ↑CHOP
toneal injection
ATF6 activation

[56]

Liver from C57BL/6J mice after oral
administration

↑ATF4
↑ATF3
↑CHOP
↑XBP1
XBP1 splicing
ATF6 activation
IRE1α phosphorylation
eIF2α phosphorylation

[58]

Tubular epithelial cells

↑CHOP expression and translocation to the nucleus

[59]

Organ of Corti cell line

↑eIF2α phosphorylation
↑CHOP expression and nuclear translocation

[60]

Primary gastric mucosal cells

↑CHOP

[42]

Neuroblastoma cell line

↑ATF4
↑ATF6
↑XBP1

[73]

Pranoprofen

Primary glial cells

↓GRP78
↓CHOP
eIF2α phosphorylation
↓XBP1 splicing

[90]

Flurbiprofen

Neuroblastoma cell line

↓XBP1 splicing
↓CHOP expression
↓HERP expression

[86]
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Table 2: Summary of NSAIDs actions on ER stress components

continued

NSAID

Cell/Tissue/Organ

Effect on ER stress

References

Celecoxib

Primary gastric mucosal cells

↑CHOP

[42]

Glioblastoma cell lines

↑CHOP
↑GRP78
eIF2α phosphorylation

[47,64,68]

Raji Burkitt’s lymphoma cells

↑CHOP

[65,68]

Breast carcinoma cells

↑CHOP

[68]

Pancreatic carcinoma cells

↑CHOP

[68]

Multiple myeloma cells

↑CHOP

[68]

Gastric carcinoma cells

↑GRP78
eIF2α phosphorylation
PERK phosphorylation
↑ATF4
↑ATF6 mRNA
ATF6 activation
↑ORP150

[48,50,72]

Colorectal cancer cells

↑GRP78

[69]

Urothelial carcinoma cells

↑GRP78

[70]

Hypopharyngeal squamous cancer
cell line

↑CHOP
↑GRP78
↑XBP1

[67]

Celecoxib + bortezomib

Glioblastoma cell line

↑CHOP
↑GRP78

[78]

Celecoxib + MG132

Urothelial carcinoma cells

↑CHOP
↑GRP78

[70]

Liver tumor cells

↑CHOP
↑ATF4
↑XBP1 splicing

[79]

Multiple tumor cells

eIF2α phosphorylation

[81]

↑CHOP
eIF2α phosphorylation

[47,64,68]

Raji Burkitt’s lymphoma cells

↑CHOP

[65,68]

Breast carcinoma cells

↑CHOP

[68]

Pancreatic carcinoma cells

↑CHOP

[68]

Multiple myeloma cells

↑CHOP

[68]

Breast cancer cells

↑CHOP
↑GRP78

[80]

↑↑CHOP
↑↑GRP78

[84]

Celecoxib + PDE5 inhibitor

2,5-dimethyl-celecoxib (DMC) Glioblastoma cell lines

DMC + nelfinavir
DMC + nelfinavir + chloroquine
or mefloquine
Parecoxib

Rat brains after ischemic injury

↑GRP78
↑ORP150
↓CHOP expression and nuclear translocation

[92]

Sulindac sulfide

Intestinal cancer cells

↑GRP78
↑CHOP
↑GADD34
↑ATF4
↑ATF3

[76]

Glioma cells

↑GRP78

[77]
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Table 2: Summary of NSAIDs actions on ER stress components

continued

NSAID

Cell/Tissue/Organ

Effect on ER stress

References

Meloxicam

Rat brains after ischemic injury

↓CHOP mRNA
↓GRP78 mRNA and protein
↓GRP94 mRNA

[91]

Cerebral cortex

↑GRP78

[91]

Oxicams
(meloxicam, sudoxicam,
piroxicam)

Rat hepatocytes

↑CHOP

[53]

Nimesulide

Rat hepatocytes

↑CHOP

[53]

Fenamic acids
(flufenamic, tolfenamic and
mefenamic acids)

Rat hepatocytes

↑CHOP

[53]

Diflunisal

Rat hepatocytes

↑CHOP

[53]

Tolfenamic acid

Colorectal cancer cells

↑ATF6 activity
↑CHOP
↑ATF4
↑XBP1 splicing

[71]

Aspirin

Immortalized mouse embryonic
fibroblast

eIF2α phosphorylation
PERK phosphorylation
no XBP1 splicing

[34]

Sodium salicylate

Immortalized mouse embryonic
fibroblast

eIF2α phosphorylation
↑CHOP
caspase-12 degradation
no XBP1 splicing

[34]

↑34 ER-stress related genes
↑ATF6
ERSE activation

[35]

↓ATF6
↓CHOP
↓GRP78

[33]

Human adipocytes

↑: increased expression; ↓: decreased expression; ↑↑: higher increased expression. ATF, activating transcription factor; CHOP, C/EBP
homologous protein; eIF2, eukaryotic translation initiation factor; ERSE, ER stress response element; GRP, glucose regulated protein; IRE1,
Inositol-requiring endonuclease; ORP150, 150-KDa oxygen regulated protein; PERK, protein kinase R (PKR)-like endoplasmic reticulum
kinase; XBP1, X-box binding protein.

2.1.1.3 ER stress in NSAIDs-induced effects of
cytotoxicity
Further investigations revealed that NSAIDs exposure
of cells could disturb the homeostasis of the ER by
modulating the ER stress response, and that could be
an upstream mechanism responsible for apoptosis and
gastrointestinal injuries elicited by these drugs. One of
the first studies in this front was carried out by Tsutsumi
and colleagues [42]. In primary cultures of guinea pig
gastric mucosal cells, indomethacin (1 mM) was shown to
induce CHOP mRNA and protein levels in greater extent
than thapsigargin, a well-known ER stress inducer agent
that disrupts calcium regulation in the ER. Diclofenac

(1 mM), ibuprofen (2 mM), and celecoxib (80 µM) also
displayed effects on those cells such as reduced cell
viability, increased DNA fragmentation, and an increase
in CHOP protein levels in a COX independent manner.
Other stress agents that cause apoptosis, such as ethanol,
hydrogen peroxide, and hydrochloric acid lack the ability
to induce an increase in CHOP mRNA levels, showing that
this event is specific for NSAID-induced apoptosis. In the
same study, levels of GRP78 were slightly increased after
indomethacin treatment [42].
In a toxicoproteomic approach, an increase in GRP78
levels induced by a NSAID was also reported by Ohyama
et al. [43] in a study carried out in mice treated with
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diclofenac indicating that the ER stress response takes
place. Such finding corroborates the notion that NSAIDinduced gastrointestinal toxicity is mediated by ER stress
components. Back to study of Tsutsumi and colleagues,
ATF6 was activated by indomethacin, since p90ATF6
levels decreased in whole cell extracts and p50ATF6
levels increased in nuclear extracts. Both ATF4 and
XBP1 mRNA expression, including the spliced sXBP1 and
JNK1/2 phosphorylation were induced by indomethacin.
Accordingly, transfection of cells with ERSE or CHOP
binding-site luciferase reporter plasmids showed
transcriptional activation and luciferase activity after
indomethacin or thapsigargin treatment, at comparable
extensions. These results indicate that ATF6, ATF4 and
XBP1 might be responsible for the expression of CHOP
induced by indomethacin, and also that downstream
events to ASK1, which results in JNK phosphorylation,
seem to be activated by indomethacin. Additionally,
experiments with a dominant-negative form of CHOP or in
macrophages derived from CHOP-deficient mice indicated
that apoptosis induced by NSAIDs involves other
components than CHOP, as suppression of apoptosis was
only partially dependent on this transcription factor [42].
In a proposed mechanism for NSAID induced
apoptosis, NSAIDs would promote cell membrane
permeabilization, due to their ability to interact with
membranes and cause alterations in hydrophobicity,
fluidity, biochemical properties, and stability (reviewed in
[44]). Higher permeability would stimulate calcium influx,
leading to increased calcium levels in the cytoplasm,
which then could culminate in ER stress. Indomethacin,
diclofenac, etodolac, ibuprofen, flurbiprofen, ketoprofen,
celecoxib, mefenamic acid, and nimesulide were shown
to increase membrane permeability and intracellular
calcium levels and to decrease cell viability in guinea
pig gastric mucosal cells. These events were partially
inhibited when a chelating agent was added before to
celecoxib treatment [45]. As described, NSAID-induced
ER stress promotes significant increase in the CHOP
mRNA and protein expression, which is an alternate
route to apoptosis. A molecular link between CHOP and
mitochondrial dysfunction after NSAID exposure was
suggested to be the pro-apoptotic modulator PUMA, as
its silencing mediated by siRNA led to reduction in the
celecoxib-induced activation and translocation of Bax
that is a critical protein that regulates mitochondrial
outer membrane permeabilization. Silencing of ATF4
but not ATF6 was shown to decrease PUMA mRNA
expression when cells were treated with celecoxib. In
similar conditions, CHOP mRNA expression was slightly
reduced by ATF6 silencing but more extensively reduced

when ATF4 was silenced [46]. From described above and
additional studies, it is clear that celecoxib preferentially
targets PERK-eIF2alpha-ATF4 module [47,48].

2.1.1.4 Exacerbation of NSAIDs-induced gastric effects
through chaperones suppression
Helicobacter pylori infection, another major cause of
gastric ulcers, can also be a predisposition factor for
NSAID-induced gastric injuries. These bacteria can
produce irritating substances or down regulate the
production of protective factors by gastric cells. Namba
et al. [49] demonstrated that H. pylori exacerbates NSAIDinduced gastric lesions by suppression of ER chaperones
expression. An increase in the expression of GRP78
and ORP150 (150-KDa oxygen regulated protein) was
previously shown to reduce CHOP triggered apoptosis
in cells after celecoxib treatment [48,50], indicating a
protective role for these chaperones against NSAIDsinduced apoptosis. Co-culture of human gastric carcinoma
cells with H. pylori decreased GRP78 and ORP150 levels in
a time-dependent manner, and strongly reduced p50ATF6
and p90ATF6 expression after 24 or 48 hours, respectively.
Levels of ATF4 remained unaltered and XBP1 splicing did
not take place. Yet, silencing of ATF6 with siRNA resulted
in decreased expression of GRP78 and ORP150, but not
CHOP. Expression of ATF6 mRNA was not regulated by
H. pylori, but a pulse-chase experiment indicated that
degradation of ATF6 is accelerated in the presence of H.
pylori, suggesting a post-translational mechanism for
the regulation of ATF6, probably by proteasome and/or
lysosome degradation. In mice pre-inoculated with H.
pylori, the indomethacin-induced gastric lesions were
aggravated, accompanied by an increase in TUNELpositive cells compared to indomethacin treatment alone.
Furthermore, ORP150-/+ heterozygous mice showed more
apparent gastric mucosal cell death, providing genetic
evidence for the protective role of ER chaperones in
indomethacin-induced gastric lesions [49]. This suggests
that molecules capable of inducing ER chaperones may
offer therapeutic advantage against NSAIDs-induced
gastric lesions.

2.1.2 NSAIDs-induced ER stress to hepatotoxicity
Another concern for individuals who make use of NSAIDs
is the hepatotoxicity effects caused by some of these
drugs. Although seeming to be a rare complication, some
severe reactions were the cause for the withdrawal of
some NSAIDs. Aspirin, celecoxib, diclofenac, ibuprofen,



indomethacin, naproxen, nimesulide, piroxicam, and
sulindac have been reported to cause hepatotoxicity
with different characteristics, varying from elevation of
transaminases, cholestasis and hepatitis, to acute liver
failure in some cases (reviewed in [51]). Bromfenac, only
four months after its availability to patients, was reported
to cause acute liver failure requiring transplantation and
even leading to death, which resulted in its withdrawal less
than one year after its approval. Lumiracoxib, a selective
COX-2 inhibitor chemically related to diclofenac, was
never approved by the FDA in the US and was withdrawn
from the market because of its association with severe
drug induced liver injury [52].
In a toxicity assessment of various NSAIDs, rat
hepatocytes were used as one of the models to evaluate
the hepatotoxicity of different chemical classes: three
fenamic acids (flufenamic, tolfenamic, and mefenamic
acid), three oxicams (meloxicam, sudoxicam, piroxicam),
two salicylates (aspirin and diflunisal), two acetic
acid derivatives (diclofenac and sulindac), and the
sulfonanilide, nimesulide. Except for acetyl salicylic acid
and sulindac, all of the other aforementioned NSAIDs
induced CHOP expression in these cells [53].
In a hepatoma cell line, diclofenac and indomethacin
were shown to trigger the activation of the different
branches of the UPR. Semi quantitative RT-PCR indicated
a slight induction of GRP78 mRNA, after 8 hours of
treatment, but less pronounced than that observed for
thapsigargin. Full-length p90ATF6 and cleaved p50ATF6
were present in cells treated with indomethacin in a
similar profile in response to thapsigargin. Regarding
diclofenac, however, the expression of p90ATF6 was
decreased and even lower than in control untreated cells,
while p50ATF6 was present in cell extracts but in a lower
intensity than indomethacin or thapsigargin treatments.
Only indomethacin was shown to partially promote XBP1
splicing after 45-60 minutes of treatment, as evidenced by
the RT-PCR analysis of sXBP1 amplicons in agarose gels.
On the other hand, diclofenac, but not indomethacin
or thapsigargin, induced JNK phosphorylation after 16
h, indicating different actions of these drugs on IRE1.
Phosphorylation of eIF2alpha was also evidenced in cells
treated with indomethacin or diclofenac, likely indicating
PERK activation. Moreover, CHOP expression was induced
by both drugs, but with higher intensity for indomethacin
than for diclofenac or thapsigargin after 8 hours of
treatment. Finally, flow cytometry analysis revealed that
diclofenac and indomethacin induce cell death as similar
as thapsigargin [54].
Acetaminophen, which is widely used to treat fever
and pain, is a major cause of acute liver failure. Its exact
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mechanism of hepatotoxicity is not known, but it clearly
involves necrosis and evidence suggest that apoptosis
is also involved. Caspase-dependent Bid cleavage and
caspase-independent Bax translocation to mitochondria
and cytochrome c release were reported after 6 h of
acetaminophen administration to BALB/c mice, but
caspases 3 and 7 were not activated. Caspase inhibitors,
however, protected mice from acetaminophen-induced
liver injury, suggesting that apoptosis would be the initial
cell death response to acetaminophen treatment, but later
it would turn to degeneration and necrosis [55].
The ER is the primary site of acetaminophen
metabolism that is dependent on its oxidative
biotransformation to NAPQI, which leads to glutathione
(GSH) depletion, an event supposed to be related to its
toxicity. Perturbations of the redox homeostasis can
impair the oxidative folding of proteins in the ER, which
may result in ER stress. Nagy et al. [56] demonstrated
CHOP induction and ATF6 activation after intraperitoneal
administration of acetaminophen (450 mg/Kg) to male
CD-1 mice. On the other hand, Hur et al. [57] did not
observe PERK or ATF6 activation in the liver of mice that
received intraperitoneal administration of acetaminophen
(500 mg/Kg). In this same study, genetic ablation of XBP1
was found to protect mice from acetaminophen-induced
liver injury through IRE-1alpha activation via a feedback
mechanism not related to UPR activation [57]. Divergent
observations by these studies may reflect the use of
different mice backgrounds or gene targeting strategies.
Because intraperitoneal injection of acetaminophen
does not reproduce the actual route of administration in
patients, a third study evaluated the induction of UPR
after oral administration (gavage) of acetaminophen
500 mg/Kg to mice. Gene expression analysis revealed
induction of ATF4 and its targets, ATF3 and CHOP, and of
XBP1 and its targets, ERdj4 and p58ipk, in animals treated
with acetaminophen. XBP1 mRNA splicing, p90ATF6
cleavage, IRE1alpha, eIF2alpha phosphorylation, and
CHOP protein expression were only observed at 12 hours
after acetaminophen administration. Additionally, CHOP
KO mice were shown to be more resistant to necrosis
progression after acetaminophen gavage, having ten-fold
lower necrosis areas than wild-type mice after 24 hours
of drug administration. CHOP-deficient mice had also
improved survival, manifested with 100% survival with a
dose of 1 g/Kg acetaminophen, which led to death within
24 hours of all wild-type animals administered with the
same dose. Levels of GSH and JNK phosphorylation,
which occurs downstream of GSH depletion, were
similar in both groups, indicating that the protection
observed in CHOP deficient mice was not a result from
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the reduced acetaminophen metabolism. Furthermore, it
was demonstrated that CHOP deficiency was beneficial
for recovery from ER stress, since knock-out animals
presented lower levels of ER stress markers than controls,
and displayed increased capacity of regeneration at the
sites of damage [58].

2.1.3 NSAIDs-induced ER stress to nephrotoxicity
Besides hepatotoxicity, acute acetaminophen overdose can
cause nephrotoxicity through molecular mechanisms still
to be fully elucidated. In culture mouse tubular epithelial
cells, acetaminophen was shown to induce apoptosis,
which was dose and time dependent. Despite increase
on Fas receptor expression on cell surface, this pathway
did not seem to be activated, as blocking of the receptor
caused no alterations in the rate of apoptosis induction.
Also, there was neither cytochrome c nor Smac/DIABLO
release from mitochondria nor loss of mitochondria
membrane potential. However, acetaminophen induced
the activation of caspase 3, 9 and 12, and CHOP expression
and its consequent translocation to the nucleus. The
authors suggest that the mechanism of acetaminopheninduced nephrotoxicity is caspase dependent. In addition,
caspase 12 that is highly expressed in the kidneys and
present in the ER membrane could be a link between ER
stress and apoptosis caused by acetaminophen in tubular
cells [59].

2.1.4 NSAIDs-induced ER stress to ototoxicity
Authors of a recent study refer to the ototoxicity
of acetaminophen and its metabolite N-acetyl-pbenzoquinoneimine (NAPQI) as a relevant side effect
of these drugs. They suggest that ototoxicity is masked
by the hepatotoxicity because the latter leads to death
before any hearing loss can be perceived. Using a cell line
derived from the organ of Corti (HEI-OC1), these authors
demonstrated that the ototoxic effect involves oxidative
and ER stress pathways, through overproduction of ROS,
alterations in ER morphology and modulation of the eIF2α
pathway. CHOP expression and nuclear translocation were
demonstrated through immunofluorescence microscopy.
Acetaminophen treatment of cells led to an increase in
eIF2α phosphorylation while NAPQI led to decreased
phosphorylation. Silencing of ATF4 with shRNA, or
through pharmacological inhibition of ATF6 activation
in the Golgi (using 4-(2-aminoethyl) benzenesulfonyl
fluoride) caused no alterations in cell viability after

acetaminophen or NAPQI treatment. XBP1 splicing was
not induced by treatment with these drugs [60].

2.2 Therapeutic applications
2.2.1 Cancer treatment
Epidemiological studies have indicated a role for NSAIDs
in the prevention of cancer, while selective COX-2 inhibitors
have been shown to inhibit tumor growth and metastasis
in different animal models of solid tumors. Indeed, COX-2
is overexpressed in some tumors and the final products
of the conversion of arachidonic acid to prostaglandins,
namely PGE2, PGI2, PGD2, PGF2alpha and TXA2, promote
cell proliferation, metastasis and angiogenesis, and
inhibit apoptosis. Therefore, inhibition of COX-2 could
have beneficial effects in the prevention and treatment of
cancer (reviewed in [61,62]).
It is now known that, in a similar way to adverse
effects described for NSAIDs, both COX-dependent and
COX-independent pathways play roles in the induction
of apoptosis in cancer cells. The underlying mechanisms
are not completely understood, but increasing evidence
suggest modulation of different intracellular components
related to cell cycle, apoptosis, inflammation and also ER
stress [61,63].
2,5-dimethyl-celecoxib (DMC), a celecoxib analog that
possesses no COX inhibitory activity, has been shown
to have more potent tumor suppression properties than
celecoxib, while unmethylated celecoxib (UMC), which
has slightly higher COX-2 inhibitory activity, possesses
lower antitumor effect in glioblastoma cell lines [64] and
in Raji Burkitt’s lymphoma cells [65]. DMC concentrations
starting at 50 µM decreased cell viability in a proportion
that was only observed at 70 µM celecoxib and that was
not achieved by UMC. CHOP expression and caspase
activation after celecoxib or DMC correlates with reduced
cell survival in both cell types and is not induced by UMC
treatment [64,65].
An increase in cellular protein synthesis can be
associated with an increase in cell proliferation, thus
making translational machinery a potential target for
tumor therapy. In this sense, anti-proliferative effects
of NSAIDs via ER stress components could have PERKeIF2alpha module as target. Celecoxib was found to
transiently inhibit protein synthesis in glioblastoma
cells in a dose-dependent manner. In this study carried
out by Pyrko et al. (2008), celecoxib at roughly 80 µM
concentration inhibited protein synthesis from 2 to 8
hours of treatment, a time when protein synthesis began
to recover, being reestablished after 24 hours treatment.



Phosphorylation of eIF2alpha was observed in the same
doses and treatment periods demonstrated to induce
translation inhibition. In mouse embryonic fibroblasts
(MEFs) that express a mutant eIF2alpha, which cannot
be phosphorylated (serine 51 is exchanged for alanine),
protein synthesis inhibition by celecoxib was reduced
in relation to control cells. Interestingly, other NSAIDs
(rofecoxib, valdecoxib, indomethacin, and flurbiprofen)
in 100 µM doses were unable to inhibit protein synthesis,
cell growth survival, or induce eIF2alpha phosphorylation.
DMC, on the other hand, induced more pronounced
eIF2alpha phosphorylation than celecoxib. These latter
results indicate that inhibition of mRNA translation by
celecoxib is another COX-independent mechanism of this
drug and provide a strong evidence of the involvement
of PERK in the celecoxib-induced cell effects [47].
Moreover, increased GRP78 expression was evidenced
by immunoprecipitation study from extract of cells that
were treated with 75 µM celecoxib for 12 hours, indicating
another ER stress related event induced by celecoxib.
Aspirin and sodium salicylate have also been shown
to inhibit protein synthesis in a mechanism dependent on
PERK activation and eIF2alpha phosphorylation, which
was demonstrated using mouse embryonic fibroblasts
(MEFs) lacking PERK. In addition, aspirin and sodium
salicylate induced significant CHOP protein expression,
which was attenuated in PERK-/- cells. These two drugs
also induced caspase-12 degradation but had no effect on
XBP1 splicing [34]. Hence, it is likely that PERK is a critical
ER stress component in cell responses to salicylates.
In PC-3 cells, a prostate cancer cell line, celecoxib
induces an increase in calcium intracellular levels in a
dose-dependent manner. Although not shown in their
paper, the authors mentioned that the same increase
in intracellular calcium levels was observed in another
prostate cancer cell line (LNCaP), in smooth muscle cells
(A7r5), in NIH-3T3 fibroblasts, MCF-7 breast cancer cells,
Jurkat T cells, and HepG2 hepatoma cells. According to
them, this could be a possible link between celecoxib
anti-cancer activities and increased cardiovascular risks
[66]. A recent report has also supported the notion of ER
stress-mediated antiproliferative effects of celecoxib. In
that work, the authors demonstrate that by knockingdown CHOP hinders the inhibition of cell proliferation by
celecoxib in a well established human hypopharyngeal
squamous cancer cell line [67].
In different cancer cell types, such as glioblastoma,
breast carcinoma, pancreatic carcinoma, Burkitt’s
lymphoma, and multiple myeloma, celecoxib and DMC
were shown to induce CHOP protein expression, with
a clear effect that was dependent on the cell type. In
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glioblastoma cells, the induction of CHOP was determined
to be specific to these two drugs, since it was not
evidenced after valdecoxib or rofecoxib treatments. Also,
in glioblastoma cells that had been implanted into nude
mice, CHOP expression as well as the number of TUNEL
positive cells were increased by celecoxib and DMC, but
not by rofecoxib. Since both celecoxib and DMC led to
an increase in calcium intracellular levels and inhibition
of DMC-induced CHOP expression in the presence of
chelating agents, calcium was again suggested to be an
important trigger to the induction of ER stress by these two
drugs [68]. However, other NSAIDs including valdecoxib,
rofecoxib, indomethacin, flurbiprofen, and sulindac did
not induce any increase in calcium intracellular levels.
Discrepancy effects seen for some NSAIDs [45] may be due
to the cell types used [45].
In the previous study by Pyrko et al. [68] and in studies
by Tsutsumi et al. [48], Du et al. [69], and Huang et al. [70],
where glioblastoma, gastric carcinoma, colorectal cancer,
and urothelial carcinoma cells were used, respectively,
GRP78 was implicated as a protective molecule against
celecoxib induced apoptosis. In all three studies celecoxib
was shown to increase GRP78 expression, but its knockdown with siRNA led to enhancement of glioblastoma cell
killing [68] and increased caspase 3, 7, 8 and 9 cleavage in
urothelial carcinoma cells [70] after celecoxib treatment.
In the colorectal cancer cells, overexpression of GRP78
significantly reduced the rate of apoptosis induced by
celecoxib [69]. Interestingly, tolfenamic acid also exerts
remarkable effects in colorectal cancer cell growth both
in vitro and in vivo by repressing cyclin D1 expression in a
PERK-eIF2alpha-ATF4-dependent manner. In these cells,
tolfenamic acid was also shown to induce higher ATF6
activity, XBP1 splicing and higher expression of CHOP and
ATF4 [71]. At least in the gastric carcinoma cells, celecoxib
induces eIF2alpha and PERK phosphorylation, which
results in ATF4 expression. Because ATF4 silencing using
siRNA partially reversed the overexpression of GRP78
induced by celecoxib, this seems to be one of the UPR
arms responsible for GRP78 up regulation after celecoxib
treatment [48].
Together with ATF4, ATF6 was also linked to the
celecoxib-induced up regulation of another ER chaperone,
ORP150, in gastric carcinoma cells. Silencing of both
transcription factors using siRNA inhibited ORP150
overexpression by celecoxib [72]. ATF6 expression and
activation was shown to be induced with 80 µM or 100 µM
celecoxib in these cells, as demonstrated by the increase
in ATF6 mRNA relative expression [50,72] and by p90ATF6
decrease, but accompanied by accumulation of p50ATF6
in nuclear extracts [48,72]. The increase in intracellular
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levels of calcium induced upon celecoxib treatment is
most likely a trigger to ATF4 and ATF6 expression and
GRP78 and ORP150 upregulation, since the addition of a
chelating agent at least partially inhibited these celecoxibinduced events [48,72].
Besides celecoxib, other NSAIDs are able to modulate
ER stress elements in cancer cells. S(+)-ibuprofen, the
active stereoisomer of ibuprofen, was shown to up
regulate various UPR related genes (like ATF4, ATF6
and XBP1) in a neuroblastoma cell line [73]. In 786-O
renal carcinoma cells, indomethacin (200 µM) induced
GRP78, GRP94, and CHOP protein expression and also
ATF6 activation [74]. Niflumic acid (100 µM) was shown to
induce eIF2alpha and PERK phosphorylation and CHOP
expression in non-small cell lung cancer cell lines A549
and H460, effects that were intensified when this NSAID
was combined with ciglitazone, a peroxisome proliferatoractivated receptor gamma (PPARγ) ligand that has antitumor activity [75]. Intestinal cancer cells HCT-116 treated
with 25 µM sulindac sulfide, the active metabolite of
sulindac, presented increases in GRP78, CHOP, GADD34,
ATF4 and ATF3 mRNA expression [76]. In C6 and glioma
cells, 100 µM sulindac sulfide induced an increase in
intracellular calcium concentration related to the release
of calcium from intracellular stores, in a similar way to
that observed for 100 µM celecoxib. Induction of GRP78
protein expression was observed in other glioma cell line,
U87-MG, treated with sulindac sulfide or celecoxib, but
CHOP protein expression was not induced by sulindac
sulfide in these cells. The authors indicated with other
experiments that the difference in CHOP expression can be
related to the effect of each drug on different intracellular
calcium stores: sulindac sulfide would only act on the ER,
while celecoxib would induce calcium release from the
ER and from mitochondria. Mitochondrial perturbation
together with ER stress would then be necessary to induce
CHOP expression in these cells [77].

2.2.1.1 Combined effects of NSAIDs and other
compounds
Combination of celecoxib with other anti-cancer drugs
might lead to ER stress aggravation, which can result in
enhanced cell death because of the inability of cells to deal
with the misfolded or unfolded proteins. Simultaneous
treatment of glioblastoma cells with the proteasome
inhibitor bortezomib and celecoxib, or bortezomib and
DMC, resulted in increased cell death, in higher protein
levels of CHOP and GRP78 than with each drug alone,
and in the activation of JNK1/2 and caspases 3, 4, 7 and 9.
Additionally, in vivo experiments with tumor-bearing mice

showed that the combination of bortezomib and DMC
resulted not only in higher CHOP expression, evidenced
by immunohistochemistry studies, but also in increased
apoptosis, demonstrated by a higher number of TUNEL
positive cells [78].
MG132, another proteasome inhibitor, in combination
with celecoxib led to decreased viability of urothelial
carcinoma cells NTUB1 and T24 [70] and human liver
tumor cells HepG2 and HA22T/VGH [79]. Moreover, in
the urothelial carcinoma cells the combination of drugs
induced higher caspases 3, 7, 8 and 9 activation, PARP
cleavage, and increased expression of CHOP and GRP78
[70]. In the liver tumor cells, PARP cleavage was also
present and higher expression of CHOP (in both cell lines)
and ATF4 (only in HepG2 cells) mRNA and XBP1 mRNA
processing were also induced by simultaneous treatment
with MG132 and celecoxib [79].
In human breast carcinoma cell lines, in a combined
therapy of a NSAID with nelfinavir (15-30 µM), an HIV
protease inhibitor that acts as an ER stress aggravator
through proteasome proteases inhibition, it was shown
a reduction in cell survival and an increase in apoptosis.
Interestingly, this was achieved by the combination with
either celecoxib (40-50 µM) or DMC (30-40 µM), even in
cells that are resistant to doxorubicin or taxol, or to other
anti-cancer drugs that display different mechanisms of
action. Combined treatment with DMC and nelfinavir also
induced higher GRP78 and CHOP expression, caspase
7 activation and PARP cleavage and reduced colony
formation. Silencing either of GRP78 or CHOP resulted in
significantly altered chemosensitivity of tumor cells to the
combined use of the compounds, as the blockage of GRP78
was associated with increased chemosensitization to the
extent to that CHOP knock-down resulted in increased
survival, thus establishing ER stress as a determinant
event in this process [80].
Various critical intracellular signaling pathways were
investigated in a study where a combination of celecoxib
with phosphodiesterase 5 (PDE5) inhibitors was tested
for the ability to kill multiple tumor cells [81]. The drug
combination elicited ER stress response where eIF2α,
ATF4 and CHOP seemed to be critical components to
mediate tumor killing. However, IRE1 and XBP1 seemed
to play a resistance role in the killing effects induced by
the combination, as their knock down led to enhanced
tumor killing. This data demonstrates that combination of
celecoxib and specific PDE5 inhibitors such as sildenafil,
at clinical relevant concentrations, have the potential to
be a new therapeutic approach for cancer.
Autophagy is a cellular response that can be activated
to generate ATP during starvation but that also functions



as a quality control mechanism for proteins and organelles
in order to keep cell homeostasis. Autophagy has been
implicated as a survival mechanism for cancer cells and
new autophagy inhibitors are currently being studied
[82,83]. Because of the protein quality control property,
inhibition of autophagy can result in ER stress aggravation
in a similar way to proteasome inhibitors. Indeed, in
triple negative breast cancer cells the combination of
chloroquine (20 µM) or mefloquine (10 µM) with DMC (20
µM) and nelfinavir (25 µM) induced higher GRP78 and
CHOP expression, apoptosis, and lower colony formation
than as reported for DMC and nelfinavir combination
discussed above [84].

2.2.2 Metabolic diseases
An important study by Ozcan et al. suggested a link
between obesity and ER stress, which could then lead to
insulin resistance. This is especially important because in
adipose tissue, and also in the liver from mice fed a highfat diet, PERK and IRE1 are significantly phosphorylated
[85]. Therefore, investigating the effects of NSAIDs
as compounds with the ability to reduce ER stress in
metabolic diseases can provide potential alternative
therapy.
Flurbiprofen, but not aspirin, meloxicam, or
ibuprofen, was shown to have strong chaperone activity,
which resulted in lowering of protein aggregation in vitro.
Further investigations demonstrated that flurbiprofen
possesses the ability to attenuate the activation of all
three ER stress branches, through lowering of XBP1
processing and CHOP and HERP expression induced by
tunicamycin in a neuroblastoma cell line. Also, in a model
of obese mice, the authors demonstrated that flurbiprofen
attenuated leptin resistance and reduced body weight
gain and visceral fat, effects that were not observed in
aspirin, meloxicam or ibuprofen treated mice [86].
In an in vitro study, sodium salicylate, the metabolite
of aspirin, has been shown to alleviate the ER stress by
decreasing the expression of ER stress markers such
as ATF6, CHOP, and GRP78 in cultured primary human
adipocytes treated with lipopolysaccharide (LPS), high
glucose concentration, saturated fatty acids, or the ER
stress inducer tunicamycin [33]. Taken together, these
studies indicate that some NSAIDs can display beneficial
effects in metabolic diseases by relieving ER stress
response.
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2.2.3 Neuroprotection
Neurodegenerative protein misfolding disorders (PMDs),
such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and prion related diseases involve
the accumulation of misfolded proteins, but each of
them has different clinical manifestations. In animal
models of PMDs and in brain tissue from patients with
PMD the accumulation of abnormal proteins has been
linked to alterations in ER stress markers (reviewed in
[87]). Increasing evidence suggests that the UPR could
play a role in normal neuronal function as well as in the
development of neurodegenerative diseases. Therefore,
depending on the context specific for each disease, the
same ER stress component could even have opposite roles
(recently reviewed in [88]).
Yamazaki et al. [89] demonstrated that various
NSAIDs (diclofenac, indomethacin, ibuprofen, aspirin,
and ketoprofen) inhibit ER stress-induced cell death of
human neuroblastoma SH-SY5Y cells. Cells were pretreated with each drug for 2 hours and then thapsigargin
or tunicamycin was added to the culture medium for 24
hours. Except for aspirin, that only inhibited tunicamycininduced cell death, all other drugs inhibited cell death in
different proportions, and diclofenac was the one with
higher inhibition for both stressors.
In primary culture of glial cells, pranoprofen reduced
GRP78 and CHOP mRNA and more slightly protein
expression, when cells were pre-treated for 1 hour with this
drug and later challenged with tunicamycin. Pranoprofen
pre-treatment also induced eIF2alpha phosphorylation
and inhibited XBP1 splicing, but did not affect IRE1
phosphorylation induced by tunicamycin [90].
In the context of cerebral ischemia, subcutaneous
meloxicam (0,5 mg/Kg) reduced mRNA levels of CHOP,
GRP78 and GRP94, which were highly increased after the
induction of ischemic injury (carotid occlusion) followed
by 48 hours reperfusion in various rat brain areas.
Meloxicam also induced higher GRP78 protein expression
in the cerebral cortex of control animals, but reduced
GRP78 protein expression in two hippocampal regions
of injured animals. In the other areas no differences in
expression were observed [91]. Intraperitoneal parecoxib
(10 mg/Kg or 30 mg/Kg) induced GRP78 and ORP150
protein expression in ischemic areas of rat brains in
relation to vehicle treated animals. On the other hand,
CHOP protein expression and nuclear translocation were
suppressed by parecoxib [92].

14

F.L.B. Mügge, A.M. Silva

3 Concluding remarks

References

From the evidence provided in the published articles,
NSAIDs perturb ER homeostasis by eliciting hallmark
events including mostly the expression of GRP78 and
CHOP, and the activation of PERK and ATF6. Although
XBP1 was demonstrated in many articles to have the
expression induced by NSAIDs, only a few demonstrated
NSAIDs to cause the activation of IRE-1. These observations
implicate that two ER stress branches largely mediate the
ER stress-mediated effects of NSAIDs in cells.
It is noteworthy that a handful of evidence is
provided regarding either the activation or inhibition of
ER stress components upon in vitro exposure of cells or
in vivo administration of NSAIDs. Certainly, the effects
of NSAIDs on the activity, expression or repression of
ER stress components may present broad effects beyond
cytotoxic and therapeutic ones, as we have addressed in
this review. Therefore, the interpretation of these data
must take into account that various cell types and tissues,
mice background, drugs’ biodistribution, and a range of
distinct class of NSAIDs and concentrations have been
used. Nonetheless, despite what we currently know
about the ER stress components that are affected by nonsteroidal anti-inflammatory drugs (NSAIDs) and how these
drugs modulate the activity of those components, more
detailed mechanistic studies are in need to provide solid
knowledge on how such effects are initially triggered upon
exposure of cells to these drugs, being one of the major
challenges in this field. While is unclear whether NSAIDs
cause unfolded protein accumulation in ER, it is known
that these compounds can cause membrane aberrancy,
therefore opening up important questions whether the
mechanisms underlying the effects of NSAIDs on UPR
signaling involves lipid perturbation. Finally, prevention
and effective therapy for diseases such as cancer where
NSAIDs can be a choice will likely require the combined
use of anti-proliferative agents, and much likely yet, the
modulation of more than one ER stress target molecule.
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