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Abstract

When cells are subject to endoplasmic reticulum (ER) stress due to inflammation, inadequate nutrition or infec-
tion, a characteristic environment of glucose starvation, acidosis and hypoxia is created. All the conditions cited 
contribute to ER stress as well as the unfolded protein response (UPR). The UPR is active in a variety of human 
tumor types. Depending on the severity of ER stress, the UPR can exert a cytoprotective function by resolving 
the misfolded or unfolded protein, further reducing the ER protein load in mild stress, or by sending signal to 
cells to undergo cell death by apoptosis in the severe condition. Recent studies suggest that the glucose-regu-
lated protein (GRP)78, or immunoglobulin heavy chain binding protein (BiP), not only confers an advantage to 
cell survival through an anti-apoptotic function but also may improve cell proliferation and angiogenesis. Under-
standing how the UPR can induce adaptation to chronic stress instead of apoptosis in cells will be of invaluable 
significance toward finding a cure for ER stress-associated diseases. This review covers what is known about the 
adaptive responses of cells when facing ER stress and how these information may lead to discoveries of novel 
treatments for various related disorders. Studies have suggested that ER stress promotes tissue remodeling 
under a variety of conditions and through several mechanisms, including activation of apoptosis, epithelial-
mesenchymal transition, and enhanced inflammatory response. This review also focuses on the major cell com-
ponents in the gut, primarily epithelial cells and mesenchymal cells, for which a myriad of evidence suggests that 
sustained ER stress causes epithelial cell damage along with resultant mucosal barrier dysfunction, stimulates 

mesenchymal cell differentiation, and induces my-
ofibroblasts activation and their secretion of excess 
extracellular protein leading to matrix collagen-rich 
tissue formation. Several key questions are still not 
answered by the fibrosis research and are discussed 
in this review: for example, the mechanisms of ER 
stress induction and the specific signaling pathway(s) 
activated by which UPR leads to development of or-
gan fibrosis, or how to maintain ER stress at a basal 
level instead of exacerbating its physiological role 
that is otherwise necessary to maintain intracellular 
homeostasis. Ultimately, further investigations are 
needed to bridge the gap between our current un-
derstanding of ER stress mechanisms and to identify 
efficient anti-fibrotic therapeutic regimens.
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Introduction

The endoplasmic reticulum (ER) is well known as a fundamental 
cellular compartment required for synthesis, assembly, modifica-
tion and trafficking of secretary and membrane proteins.1–3 Innu-
merable environmental stimuli and pathological conditions alter 
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protein-folding reactions in the ER through multiple mechanisms, 
which include hypoxia, depletion of ER calcium, alteration in the 
redox status, energy (glucose) starvation, viral infection, gene mu-
tations, altered post-translational modification, hypoglycemia, and 
protein inclusion bodies.1–3

Accumulation of unfolded or misfolded proteins that emerge in 
the ER lead to an evolutionarily conserved series of signaling path-
ways, termed the unfolded protein response (UPR).1–3 As a con-
sequence of UPR activation, ER-associated degradation (ERAD) 
happens by removal of misfolded proteins or by enhanced folding 
and transport of nascent proteins such that they avoid misfolding 
in the ER.4 Conversely, if ER stress is severe and cannot resolve 
the protein folding defect, the UPR can induce cell death through 
the activation of apoptotic signaling pathways directed particularly 
by the ER, as well as coupling with the mitochondrial signaling 
pathways.1–3

However, this continuing activation can be accommodated 
with suppression of UPR-dependent apoptosis in mesenchymal 
cells that contribute to fibrosis. One possibility for inhibition of 
apoptosis and favoring adaptation under such circumstances is the 
stability of mRNA and protein of adaptive genes, such as the ER 
chaperones glucose-regulated protein (GRP)78 and GRP94, and 
the instability of mRNA and protein of transcription factor CAAT/
enhancer binding protein (C/EBP) homologous protein, C/EBP 
homologous protein (CHOP) and growth arrest and DNA damage 
(GADD)34.2

Here, I first review the biochemical events related to the ER 
stress and the major molecules involved in the UPR. Then, I dis-
cuss the association between ER stress and apoptosis within dif-
ferent type of cells as well as certain signaling pathways reported 
in previous studies. Finally, the future directions and potential 
solutions are addressed for the therapeutic potential of ER stress-
targeted therapy for fibrotic disease, particularly intestinal fibrosis.

ER stress concept

In eukaryotic ells, ER has a membranous labyrinth network and is an 
ultimate perinuclear organelle where cell surface and secreted pro-
teins can be synthesized and maintained with high fidelity through 
the assistance of molecular chaperones, such as GRP78, and folding 
enzymes, such as protein disulfide isomerases (PDIs).1–5 Only cor-
rectly folded proteins can be transported to the Golgi apparatus. Un-
folded or misfolded proteins are retained in the ER, further inverse 
translocated from the ER lumen to the cytosol by the machinery of 
ERAD, and usually degraded by the 26S proteasome.2,6

An imbalance between the ER and the capacity of the fold-
ing apparatus and ERAD machinery will trigger a cytoprotective 
signal transduction pathway called the UPR and set four main re-
sponses in motion:1,2,4 (1) translational attenuation, which prevents 
excessive accumulation of unfolded proteins; (2) up-regulation of 
ER chaperones and folding enzymes, which increases the pro-
tein folding capacity; (3) enhanced ERAD of misfolded proteins, 
which strengthen ERAD ability to clear unfolded proteins and 
send them to the cytoplasm for proteasome involved degradation; 
and (4) induction of apoptosis, which happens when the unfolded 
protein in the ER is protracted or overwhelming and the adaptive 
mechanisms fail to compensate by the first three means.

Signaling pathways involved in the UPR

In mammals, the UPR includes signals initiated by ER membrane-

associated proteins, such as PKR-like endoplasmic reticulum ki-
nase (PERK), inositol requirement 1 (IRE1) and activating tran-
scription factor (ATF)6. Activation of PERK, IRE1α and ATF6α 
in the ER is required for short-term protective response from acute 
stress by inhibition of translation of mRNA through eukaryotic 
translational initiation factor (eIF)2α phosphorylation, degradation 
of ER-associated mRNAs by IRE1α, and inhibition of protein im-
port through the translocon.5 In the absence of ER stress, GRP78 
prevents PERK, IRE1 and ATF6 from being activated by binding 
to the lumen part of these sensors.1–4

PERK attenuates mRNA translation through phosphorylation 
of EIF2A

As an ER-associated type I transmembrane serine/threonine pro-
tein kinase, PERK is activated through oligomerization and trans-
autophosphorylation.1–4 Activated PERK phosphorylates and 
inactivates the α-subunit of eIF2α, thus inducing translational at-
tenuation. Activation of PERK also leads to transcription of around 
1/3 of the UPR-dependent genes.1–4 PERK mediates mTOR, Akt, 
and Erk1/2 activation during ER stress.7 Importantly, PERK is 
required for the activation of anabolic pathways downstream of 
Akt in a physiological condition.7–8 Intriguingly, translation of the 
ATF4 is remarkably activated upon the phosphorylation of eIF2α 
during ER stress. The targets of ATF4 include CHOP/GADD153 
and GADD34, a regulatory subunit of protein phosphatase (PP)1 
that targets PP1 to eIF2α. CHOP and GADD34 proteins are in-
volved in amino acid biosynthesis and transport functions, anti-
oxidative stress response, and induction of apoptosis.1,4

IRE1: The conserved core of UPR

The first stress transducer was identified by a genetic screen for 
mutations that suppress activation of a UPR-inducible reporter 
in the budding yeast Saccharomyces cerevisiae.6,9 The IRE1α is 
a type I transmembrane protein of about 100 kD and possesses 
both a serine/threonine kinase domain and a site-specific endori-
bonuclease domain.6,9 IRE1α and IRE1β have been characterized 
as two mammalian homologues of yeast IRE1. The former can be 
detected in most cells and tissues, with highest expression levels 
in the pancreas and placenta. The latter is dominant only in the 
intestinal epithelia cells.6,9

These two isoforms share quite similar cleavage specificities, 
and therefore may not recognize different substrates. However, 
they demonstrate temporal and tissue-specific expression pat-
terns.10 IRE1α mediates a non-conventional splicing (cytoplasmic 
splicing) of x-box binding protein 1 (XBP1) pre-mRNA com-
pared with conventional mRNA splicing (nuclear splicing).11 In 
mammals, phosphorylated IRE1 binds the tumor necrosis factor 
receptor-associated factor (TRAF)2, an E3 ubiquitin ligase, to acti-
vate protein kinases involved in immunity, inflammation, and apo-
ptosis, particularly apoptosis signal-regulating kinase 1 (ASK1)/
MAP3K5, thus activating Jun N-terminal kinase (JNK).4

The IRE1α-ASK1-JNK signaling pathway is also associated 
with a cell death mechanism due to activation of the pro-apoptotic 
B cell leukemia (Bcl)-2 family member Bcl-2-interacting mediator 
of cell death (BIM)/Bcl2L11 and suppression of the anti-apoptotic 
Bcl-2 protein.12–14 The pro-apoptotic proteins Bcl-2-associated 
X protein (BAX) and Bcl-2 antagonist/killer (BAK) are found to 
modulate UPR signaling pathway through physical interaction 
with and activation of IRE1α.15
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ATF6 requires regulated proteolysis to mediate transcriptional 
activation

Like XBP1, the basic leucine zipper (bZiP)-containing ATF6 was 
characterized as another regulatory protein that binds to the ER 
stress response element 1 (ERSE1) in the promoters of UPR-
responsive genes.16–17 Due to an ER-targeting hydrophobic se-
quence, ATF6 is tethered to ER membranes. Upon ER stress, ATF6 
is released from GRP78/BiP and transports to the Golgi compart-
ment, where it is cleaved by site 1 protease (S1P) and site 2 pro-
tease (S2P) resulting in a cytosolic fragment that moves to the nu-
cleus to further activate transcription of UPR-responsive genes.1,16 
Although knock-out of ATF6α and ATF6β in the mouse, for either 
alone, produced no significant phenotype, combined knock-out 
causes early embryonic lethality.3

In contrast to the effects of ATF6α on the UPR-induced genes, 
ATF6β has no regulatory function on gene expression.3 ATF6α 
also cooperates with IRE1 to activate XBP1 expression: ATF6α 
induces the transcription of XBP1 mRNA, which is further pro-
cessed through cytoplasmic splicing by IRE1. ATF6α has been 
shown to contain a cytoprotective activity in a variety of cellu-
lar stress models.18 Despite the fact that the specific downstream 
genes responsible for protecting cell survival have not been com-
pletely identified, regulator of calcineurin 1 (RCAN1) has been 
recognized as a potential candidate. RCAN1 is an endogenous 
inhibitor of calcineurin (protein phosphatase B). Calcineurin is 
a calcium-activated phosphatase, the substrates of which include 
Bcl-2 antagonist of cell death (BAD). Dephosphorylation of 
BAD by calcineurin has been reported to regain its capability 
to dimerize with and inhibit Bcl-XL, which is an anti-apoptotic 
protein.19

GRP78/BiP is a master regulator in the UPR

GRP78, also well known as BiP, was the first ER molecular chap-
erone shown to bind incompletely assembled immunoglobulin in-
termediates and block their transport from the ER.1–4,20 As a major 
ER chaperone protein with antiapoptotic properties, GRP78 is a 
key pro-survival component of the UPR and belongs to the heat 
shock protein (HSP) 70 family.20 Under rest condition, GRP78 
binds to the luminal part of IRE1, PERK and ATF6.1–4 Upon ER 
stress, however, accumulation of misfolded or unfolded proteins in 
the ER lumen release GRP78 from IRE1, PERK and ATF6, acti-
vating these membrane proteins to induce the UPR or cell death.1–4 
Then, GRP78 binds to the hydrophobic section of unfolded pro-
teins through a substrate binding domain and promotes protein 
folding by conformational change induced by the hydrolysis of 
ATP through the ATPase domain.1–2

GRP78 is commonly thought to localize inside the ER lumen 
because of a presumed N-terminal ER localization signal that 
guides its localization into the ER. A highly conserved KDEL sig-
nal, common for soluble ER-localized proteins, was found at its far 
C-terminal end.21 It has been reported that GRP78 can be detected 
in the nucleus, mitochondria, cytosol, or even the cell surface, de-
pending on specific cell type and conditions.22–24 The discovery of 
GRP78 located on the surface of a different type of cells other than 
normal tissues suggests that there may be a specific mechanism 
to translocate GRP78 to the cell surface. The other possibility is 
that over-expression of GRP78 in the cells overloads the KDEL 
retrieval mechanism of ER luminal proteins, therefore inducing 
inadvertent transportation of GRP78 to the cell surface with client 
proteins.25

ER stress-induced apoptosis

If the PERK, ATF6 and IRE1 pathways cannot help reduce or sup-
press ER stress for cell survival, a number of apoptotic signaling 
pathways are activated to ensure the organism survival as the bot-
tom line of defense. Bcl-2 family proteins are well known factors 
of apoptosis machinery, and some key components participate in 
ER stress-induced apoptosis.26 Calcium from the ER lumen may 
participate in the activation of cytoplasmic proteases that promote 
cell death, but even how the ER stress causes the calcium leak is 
poorly understood.27

The CHOP pathway induced by PERK/eIF2α-dependent tran-
scription activation is the most characterized pathway.28–30 The 
IRE1-TRAF2-ASK1-JNK pathway is the second apoptotic path-
way.4,26,31 Upon ER stress, the cytoplasmic domain of IRE1 binds 
to TRAF2 then forms a complex with a mitogen-activated protein 
kinase kinase kinase (MAPKKK), also known as ASK1. This 
IRE1-TRAF2-ASK1 complex is in charge of the phosphorylation 
and activation of JNK. In addition, TRAF2 also interacts with cas-
pase-12 and regulates its activity.32 The transcriptional repressor 
ATF3 can be activated by IRE1-TRAF2 and then induce activation 
of the apoptotic pathway, which suggests that the IRE1-TRAF2-
ASK1 complex may be a major regulator of ER stress-induced 
apoptosis.33

During the course of ER stress, activated caspase-12 activates 
caspase-9, which in turn activates the downstream caspase-3, lead-
ing to apoptosis.[34] Activation of caspase-12 can be seen in many 
disease models, including those of Alzheimer’s, polyglutamine, 
ischemia, and virus infection.35–39 However, functional caspase-12 
can be detected only in a small subpopulation of humans because 
human caspase-12 has obtained a number of deleterious mutations, 
so that only the inactive form can be seen in most cases.[40] There-
fore, the involvement of caspase-12 in apoptosis of human cells 
still remains to be investigated.

CHOP is the most characterized ER stress-induced apoptosis 
pathway

The pro-apoptotic transcription factor CHOP is regarded as the 
most significant form of ER-stress induced apoptosis.28–30 Al-
though other studies suggest ATF6 and XBP1 can bind to the Chop 
promoter region, the pathway activated through the PERK/eIF2α/
ATF4 branch is essential for CHOP up-regulation during chronic 
ER stress.41 The major molecular mechanism of CHOP’s regula-
tion of apoptosis is mainly dependent on the balance between ex-
pression levels of pro-survival Bcl-2 proteins (Bcl-2, Bcl-XL) and 
pro-apoptotic BH3-only proteins (Bax, Bak, Bad, Bim, p53 up-
regulated modulator of apoptosis (PUMA) and neutrophil NADPH 
oxidase factor (NOXA)).

CHOP activates transcription of several genes that lead to apop-
tosis, including GADD34,42 death receptor 5 (DR5),43 ER oxidase 
(ERO1) and carbonic anhydrase VI.44,45 The GADD34-related 
protein phosphatase 2C enhances dephosphorylation of eIF2α and 
promotes protein biosynthesis.41 Chronic stress can lead to adapta-
tion by selective attenuation of CHOP expression through degra-
dation of Chop mRNA and CHOP protein.3,41 Accompanied by an 
increase in oxidative stress during chronic ER stress-induced apo-
ptosis, the accumulation of reactive oxygen species (ROS) in the 
ER overcomes the various anti-oxidant response that is activated 
by XBP1 and PERK-Nrf2.

Further, ROS response could activate the ER calcium release 
channel, and then exacerbate the apoptotic signaling, including 
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for FAS expression and mitochondrial calcium uptake.41 ER-mi-
tochondrial crosstalk during ER stress leads to transfer of toxic 
amounts of calcium to the mitochondria, increasing the sensitivity 
to the mitochondrial outer membrane permeabilization (MOMP), 
cytochrome c release, and final induction of apoptosis.41

ER stress, Crohn’s disease, intestinal inflammation and immu-
nity

First reported in 1932 as ileitis, Crohn’s disease has received a 
great amount of attention over the last several decades due to in-
creasing case numbers around the globe. Now, it is considered as 
an immune response-mediated, chronic remittent, and relapsing 
inflammatory bowel disease (IBD), featuring transmural inflam-
mation in the genetically susceptible patient.46,47 It has two ma-
jor types–ulcerative colitis and Crohn’s disease–with distinctive 
features in terms of clinical demonstration and pathogenesis.46,47 
Fibrotic stricture and intestinal fibrosis can occur in about 50% of 
patients with Crohn’s disease due to overgrowth of the muscularis 
propria composed of smooth muscle cell hyperplasia, hypertrophy, 
and excessive deposition of extracellular matrix.46,47

Inflammation serves to initiate the onset of wound healing pro-
cesses in the gut, but recedes and is replaced by other domiant 
mechanisms contributing to fibrotic responses and final stricture 
formation.46,47 One mechanism responsible for early versus late 
colitis involves interleukin (IL)-12 playing a pivotal role in the 
early stage, while IL-4 and IL-13 sustain chronic inflammation 
in the late disease, as shown in an IL-10-deficient colitis mouse 
model and indicating that distinct inflammatory mechanisms may 
control different stages of colonic inflammation.48

The other potential mechanism of fibrosis is that mesenchymal 
cells participate in a later stage of fibrogenesis involved in stricture 
formation.46,47 Imbalance between tissue inhibitor of matrix met-
alloproteinases (TIMPs) and matrix metalloproteinases (MMPs) 
partially contribute to the development of intestinal fibrosis in pa-
tients with Crohn’s disease as well as in animal models of liver 
fibrosis.46,47 Using a transgenic mouse over-expressing human (h)
TIMP-1 in the liver, Youshiji et al.49 showed that TIMP-1 does not 
result in liver fibrosis by itself, but strongly promotes liver fibrosis 
development. Murphy et al.50 demonstrated in experimental liver 
cirrhosis that persistent expression of TIMP-1 mRNA with persis-
tence of activated α-smooth muscle actin (SMA)-staining hepatic 
stellate cells (HSCs) in fibrosis have loss of activated HSCs, which 
is correlated with a reduction in TIMP-1 mRNA. Taken together, 
these data indicate that the MMP and TIMP system may play a role 
in the sustaining of fibrosis during ER stress but not as an initia-
tor, while TIMP-1 inhibits apoptosis of activated HSC via MMP 
inhibition.

ER stress and immunity are usually intertwined together during 
the different stages of the inflammatory process in a variety of hu-
man diseases.51,52 This complexity of interaction has been further 
evidenced using knock-out animals.53–56 In CHOP−/− mice, bleo-
mycin-induced lung fibrosis was significantly attenuated compared 
to that in wild-type mice. Administration of tauroursodeoxycholic 
acid, a chemical chaperone, inhibited bleomycin-induced inflam-
mation and fibrosis in mice.53 In Endo et al.’s report,54 lipopol-
ysaccharide-induced inflammation in lung of CHOP−/− mice was 
also attenuated, as was neutrophil infiltration and IL-1β and cas-
pase-11 expression. However, in contrast to those studies, Ayaub et 
al.55 showed that quasi-static elastance (also known as the elastic 
resistance that is the reciprocal of compliance) and extracellular 
matrix (ECM) deposition were increased with proliferation of argi-

nase-1-positive lung macrophages in CHOP−/− mice. Paradoxical-
ly, GRP78+/− haploinsufficiency mice were significantly protected 
against bleomycin-induced lung fibrosis due to a reduced number 
of lung macrophages with positivity for cleaved caspase-3.55

These data collectively suggest that GRP78- and CHOP-medi-
ated macrophage apoptosis may have opposite roles in response to 
bleomycin-induced fibrosis and also indicate the potential role of 
macrophages in this animal model of fibrosis. More interestingly, 
in a mouse model of nonalcoholic steatohepatitis, CHOP−/− mice 
demonstrated greater liver damage, inflammation, and fibrosis 
compared to CHOP wild-type (CHOP+/+), due to sustained sur-
vival of activated macrophages. Persistence of net accumulation 
of these activated macrophages in the liver potentiates liver steato-
hepatitis in CHOP−/− mice.56 Yao et al.57 reported that CHOP defi-
ciency inhibited the alternatively activated macrophage phenotype 
(M2) and reduced its filtration in the mouse lung after bleomycin 
induction. These activated M2 macrophages can produce trans-
forming growth factor (TGF)-β and platelet-derived growth factor 
to induce myofibroblast activation and trigger tissue fibrosis.

Taken together, the role of each individual mediator during the 
ER stress response including CHOP and GRP78 should be exam-
ined and interpreted with caution and according to the different 
experimental settings. Each may have opposite effects on distinct 
cell types, tissues and disease context, as well as on macrophage 
activation and proliferation.

ER stress can also be blocked with anti-inflammatory treatment. 
In primary intestinal epithelial cells of inflamed IL10−/− mice and 
IBD patients, activated ER stress response was associated with 
increased GRP78 under chronic inflammation, which can be 
completely blocked with Grp78 knock-down or by adding IL-10 
to tumor necrosis factor (TNF)-stimulated IL-10 receptor-over-
expressing epithelial cells.58 The anti-ER stress effect of IL-10 
was due to IL-10-induced p38 activation and blockage of nuclear 
translocation and recruitment of ATF6 to the Grp78 promoter.58 
The cited study suggests that dysregulation of ER stress in the ab-
sence of anti-inflammatory cytokine in epithelium may contribute 
to chronic inflammation-induced intestinal epithelial damage.

It has become clear that ER stress signaling plays an important 
role in immune response and inflammation during the pathogenesis 
of fibrosis as well as in many other autoimmune diseases.51,52 Dur-
ing chronic/adaptive ER stress, the UPR induces a series of cellular 
events to maintain a proper protein homeostasis and therefore re-
store the regular cellular function including glycosylation for pro-
tein folding, oxidative stress, calcium translocation, and autophagy. 
These same principles apply to the immune cells through cellular 
differentiation and the appropriate immune response in the mucosal 
epithelial.51,52 Activation of components of the innate and adap-
tive immune systems plays an important role in the development 
of chronic intestinal inflammation and therefore lead to overactive 
wound healing processes and activation of myofibroblasts.51,52

Early reports showed that loss of XBP1 in the intestinal epithe-
lial cells of XBP1−/− mice caused progressive Paneth cell death 
and spontaneous inflammation in the mouse ileum.59 Although 
loss of eIF2α phosphorylation did not affect the normal intestinal 
epithelial cell proliferation or differentiation in AAIEC mice (which 
expressed non-phosphorylatable Ser51Ala mutant eIF2α in the in-
testinal epithelial cells), the UPR gene expression was defective 
in these mice; these mice were also more susceptible to dextran 
sulfate sodium-induced colitis.60 A similar pattern of severe in-
flammation was also found in the knock-out mice of ATF6α and 
the protein chaperone p58IPK as well as in IL-10−/− mice.61 Taken 
together, these data showed the complex interplay between ER 
stress, inflammation and immunity.

However, there are still many unanswered questions that await 
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further investigation. For example, how these different T cells me-
diate immune response according to specific environmental ER 
stressors? How different cytokines coordinate a robust cellular 
signaling network to contribute to intestinal fibrosis? How specific 
immunological modulation in different type of immune cells af-
fects the development of intestinal fibrosis? These questions need 
to be addressed systematically in studies using cells and animals 
that are deficient in specific ER stress sensors, particularly in spe-
cific cell types, when challenged with different exogenous envi-
ronmental conditions.

Treatment targeting single cytokines without a full understand-
ing of the changes in immune response in the whole-organism con-
text are primed for failure, as shown by the failure of anti-IL-17A 
in Crohn’s disease.52 Moreover, in a study of the lung inflamma-
tory and fibrotic responses to silica of MyD88 knock-out mice, 
robust collagen accumulation was observed in knock-out mice in 
spite of attenuation of lung inflammation, neutrophil accumula-
tion and IL-1β release in response to silica.62 In that same study, 
fibrosis was associated with increased levels of pro-fibrotic regu-
latory T lymphocytes but not with T helper 17 cell influx.62 The 
data suggest that the development of lung fibrosis or even other 
fibrotic diseases appears uncoupled from inflammation and may be 
orchestrated by a regulatory T lymphocyte-associated pathway.62

Several ER modulating therapeutic interventions showed that 
treatment with chemical chaperones improves protein folding in 
disorders of misfolded proteins, such as alpha-1 antitrypsin defi-
ciency.63 Agents that ameliorate ER stress by promoting adaptive 
UPR signaling and/or preventing ER stress-mediated cell apop-
tosis offer a promising therapy target, such as CHOP inhibitor to 
reduce inflammation-induced epithelial cell damage.57,64 Concern 
should be also raised when this same agent is applied to mesenchy-
mal cells, because it may exacerbate the development of fibrosis 
through activation of myofibroblasts by TGF-β secretion from ac-
tivated macrophages.56

In our study, decreased levels of apoptosis proteins and Chop 
mRNA were found in affected ileum of patients with fibrostenotic 
Crohn’s disease, as compared to the normal margin in the same 
patient as well as other phenotypes. ER stress response with the 
feature of GRP78, XBP1s and ATF6α over-expression can be also 
activated in the normal mesenchymal cells when treated with tuni-
camycin.64,65 The increased amount of ER stress in affected ileum 
was found to be associated with increased silencing of microRNA 
(miR)-199a-5p by DNMT1-mediated promoter hypermethyla-
tion.64,65 In the at-rest condition, miR-199a-5p targets different 
ER stressors including GRP78, ATF6 and XBP1s for their degra-
dation64,65 (Fig. 1). Restoration of miR-199a-5p through a DNA 
methylation inhibitor, such as 5-azacytidine, to inhibit DNMT1 
function may suppress activated ER stress-induced myofibroblast 
activation and excess ECM production, and finally prevent intesti-
nal fibrosis (Fig. 1).64,65

ER stress, autophagy and inflammation: crosstalk

The crosstalk between ER stress, autophagy, and inflammation has 
received gradual attention for its role in inflammatory processes 
in IBD. Unresolved and deregulated ER stress is a common fea-
ture in inflamed epithelium of the gut and affects key functions of 
the epithelial barrier, which might shed light on the mechanism of 
susceptibility of mucosa to environmental stress.66 The UPR and 
autophagy are intertwined signaling pathways that can compensate 
for the loss of each other in the intestinal epithelium.67 Adolph 
et al.67 showed that Xbp1ΔIEC mice demonstrated autophagosome 

formation in hypomorphic Paneth cells, which is associated with 
ER stress via PERK, eIF2α and ATF4, indicating a compensatory 
effect from one of the three-pronged UPR pathways (the other two 
are IRE1α-XBP1 and ATF6) to promote autophagy. Moreover, in 
Atg16l1ΔIEC mice with deficient autophagy in intestinal epithelium, 
intestinal epithelial cell death, IRE1α-regulated NF-κB activation 
and TNF signaling were synergistically enhanced. ER stress, au-
tophagy and spontaneous ileitis take place upon Paneth cell-specif-
ic deletion of Xbp1. Collectively, these data suggest the complicat-
ed relationship between UPR and autophagy existing in intestinal 
epithelium is necessary to maintain intestinal homeostasis.

However, autophagy activated by ER stress inducers can alle-
viate UPR and reduce cell death in cancer cells but not in non-
transformed cells, which suggest the differential role of autophagy 
that is played according to the different status of cells.68 Lopes et 
al.69 reported that ATF6 enhanced autophagic killing of bacteria, 
thereby preventing damage of epithelial barrier function that was 
caused by dysfunctional mitochondria. Promotion of autophagy 
amid ER stress protects further intestinal damage. Whether ER 
stress is a consequence or mechanism to compensate for defective 
intracellular function, the ultimate outcome would be more worthy 
of consideration. For example, does it lead to more severe damage 
in the gut or protect it from further attack through activation of au-
tophagy? This kind of question should be addressed in a more spe-
cific cellular system. In our view, whether induction of autophagy 
by ER stress in mesenchymal cells coordinately maintains colonic 
intracellular homeostasis or inappropriately contributes to intesti-
nal fibrosis requires further elegant study.

Future directions

ER stress plays a critical role in different types of cells implicated 
in the pathogenesis of IBD and intestinal fibrosis. The outcome 
is distinctive and cell context-dependent as discussed here in in-
testinal epithelial and mesenchymal cells. Even though more than 
200 genetic loci associated with IBD have been uncovered, new 
targets and their functional roles in IBD pathophysiology still re-
main unknown. Moreover, the environment, the genome, and the 
microbiota have also been well recognized and integrated into our 
understanding of pathogenesis of IBD.70 How to integrate these 
findings into our understanding of intracellular organelle disorders 
such as ER stress lags far behind. Based on numerous studies from 
the past several decades, we realize fibrosis occurs in all forms of 
IBD and non-IBD intestinal inflammation. Fibrosis is reversible 
and curable, for it may not be the permanent status of disease. In 
addition to the traditional anti-inflammatory regimen, we need to 
consider the following options in terms of druggable treatments:70

1.	 Targeting critical ER components to reduce intracellular 
protein overload and restore intestinal homeostasis;

2.	 Targeting ECM and reducing collagen deposition to lessen 
the stricture formation;

3.	 Targeting mesenchymal cell differentiation, dedifferentia-
tion, and tissue remodeling to prevent myofibroblast pro-
liferation.

Restoration of intracellular ER homeostasis leads to several 
important mechanistic questions: Is ER stress the cause, the re-
sult, or both of intestinal inflammation? Can ER stress occur in the 
absence of inflammation? Which UPR pathway(s) is(are) critical 
in the pathogenesis of intestinal fibrosis? How do they activate or 
inactivate apoptosis in the different types of cells in the gut? What 
are the relationships between intestinal epithelia and muscular tis-
sue (smooth muscle cell) and/or any other type of cells inside the 
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colon (i.e. immune cells including macrophages, T cells, pericytes, 
Paneth cells, myofibroblasts and fibroblasts).

ER stress is also reported to be associated with epithelial-mes-
enchymal transition in alveolar epithelial cells.71 ER stress induc-
ers, thapsigargin or tunicamycin, increased expression of Grp78 
and XBP1s, decreased epithelial markers E-cadherin and zonula 
occludens-1 (ZO-1), increased α-SMA, and induced fibroblast-like 
morphology in primary epithelial cells, consistent with epithelial-
mesenchymal transition.71 Enhanced proliferation of collagen-se-
creting mesenchymal cells and defective programmed cell death of 
those cells are considered to implicate in excessive ECM deposi-
tion in the gut.64,71

Occurrence of “modern diseases” is related to Western diet, 

environmental factors, psychological issues and life style.72 In-
terestingly, changing the diet from a methionine choline-deficient 
diet to a methionine choline control diet led to resolution of he-
patic inflammatory and fibrotic reactions and hepatocyte apoptosis 
through inhibition of ER stress, as shown in methionine choline-
deficient diet-induced steatohepatitis mice.73 That study suggests 
that early intervention with healthy diet and life style may still 
have the potential to reverse fibrosis in the early stage.73

Conclusions

ER stress and UPR represent a conserved signaling network pre-

Fig. 1. The hypothesis of dual roles of ER stress and UPR in the development of intestinal fibrosis in Crohn’s disease. When intestinal epithelial cells (IECs) 
are subject to acute ER stress, ER stress sensors, such as IRE1α and PERK, can be activated by detached association with GRP78. Individual downstream 
signaling, including that of CHOP and eIF2α/ATF4, are further activated to induce apoptosis of IECs. After CHOP induces activation of macrophages (M2), 
TGF-β can be secreted from M2 to activate mesenchymal cells in the gut to induce ECM protein production. When the intestine becomes adaptive to chronic 
inflammation-induced ER stress, the IRE1α/XBP1 ER stress branch activates ERK1/2 to stimulate mesenchymal cell proliferation. The increased UPR is also as-
sociated with increased silencing of miR-199a-5p by DNMT1-mediated promoter hypermethylation. In the at-rest condition, miR-199a-5p targets different ER 
stressors including GRP78, ATF6, and XBP1s for their degradation. ATF6 and XBP1 activate ER stress-induced myofibroblast activation through up-regulation 
of TGF-β and excess ECM production. GRP78 can bind to latent associated peptide-TGF-β to activate TGF-β. All these factors can finally lead to intestinal 
fibrosis. Refer to context for details. Abbreviations: ATF, activating transcription factor; CHOP, C/EBP homologous protein; ECM, extracellular matrix; EMT, 
Epithelial-mesenchymal transition; ER, endoplasmic reticulum; eIF, eukaryotic translational initiation factor; GRP, glucose-regulated protein; IRE1, inositol re-
quirement 1; PERK, PKR-like endoplasmic reticulum kinase; TGF, transforming growth factor; UPR, unfolded protein response; XBP1, x-box binding protein 1.
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sent in various organisms, from yeast to mammals. The UPR is 
activated in both acute and chronic ER stress, with corresponding 
cellular adaption. Apoptosis is usually activated to clear the dam-
aged cells when they are not able to process the disturbance of in-
testinal homeostasis due to intracellular accumulation of misfolded 
proteins or large amount of regular proteins. Intestinal fibrosis is 
a multifactorial process, and a paradigm shift of the anti-fibrotic 
treatment relies on our fundamental understanding of the molecu-
lar mechanisms of fibrosis. ER stress plays a major role in intesti-
nal fibrosis depending on the specific cell type in the gut. The use 
of intestinal-mesenchymal cell type in a mouse model with knock-
out or knock-in of critical components of the UPR may facilitate 
the development of a novel antifibrotic regimen.

As illustrated in this review, ER stress plays a dual role in the 
development of intestinal fibrosis, as featured by its induction of 
apoptosis in intestinal epithelial cells on the one side and its pro-
moting of exaggerated adaptive, survival-associated UPR signal-
ing in mesenchymal cell cells on the other side. Thus, it is unequiv-
ocal to conjecture that the general outcome of this dysregulated 
UPR in Crohn’s disease might be dependent on manipulation of 
cell population balance between these two distinct cell types under 
adaptive ER stress. Therapeutic strategies to restore ER homeo-
stasis may be essential for the treatment of intestinal fibrosis. Yet, 
concern should be taken to evaluate the potential pitfall of whether 
systemic suppression of ER stress is beneficial for patients with 
a specific phenotype, such as inflammatory versus fibrostenotic. 
Selective inhibition of ER stress in specific cell types, such as mes-
enchymal cells, to prevent cell proliferation with excess collagen 
deposition and in epithelial cells to skip apoptosis-induced mu-
cosal damage might lead to a tailored individual therapy approach 
in the future.
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