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Abstract: The pathogenesis of inflammatory bowel disease (IBD) involves perturbation of intestinal
immune homeostasis in genetically susceptible individuals. A mutual interplay between intestinal
epithelial cells (IECs) and gut resident microbes maintains a homeostatic environment across the gut.
Anidiopathic gastrointestinal (GI) complication triggers aberrant physiological stress in the epithelium
and peripheral myeloid cells, leading to a chronic inflammatory condition. Indeed, events in the
endoplasmic reticulum (ER) and mitochondria contribute to orchestrating intracellular mechanisms
such as the unfolded protein response (UPR) and oxidative stress, respectively, to resolve aberrant
cellular stress. This review highlights the signaling cascades encrypted within ER and mitochondria
in IECs and/or myeloid cells to dissipate chronic stress in maintaining intestinal homeostasis.
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1. Introduction

Human gastrointestinal (GI) tract mucosa is a multicellular interface that separates the host
from intruding commensal/pathogenic microbes and potentially inimical contents derived from food
materials. The intestinal epithelium cells (IECs) construct the gut mucosa and form a “barrier” against
intruding microbes across the lumen. Indeed, the specific lineage of IECs, including Goblet cells,
Paneth cells, enteroendocrine cells, absorptive enterocytes, and tuft cells, assists in the maintenance of
the integrity of the mucosal barrier [1-3].

Goblet cells (GCs) are specialized secretory cells that synthesize and release mucins to protect
the mucosa from intruding proinflammatory microbes [4-6]. In line with this, altered expression
of mucin leads to the spontaneous development of chronic colitis in mice [7,8]. An earlier study
showed that goblet cells coordinate with the NLRP6 inflammasome and activate Ca?* ion-dependent
Muc2 mucin secretion to protect the colonic crypt from microbial intrusion [9]. A unique aspect of
this study is the identification of a distinct GC (termed “sentinel” GC) population that activates the
inflammasome-dependent secretion of Muc2 and, in turn, triggers an alarm to adjacent GCs for more
mucin secretion to expel bacteria. Besides mucin secretion, goblet cells also contribute, in antigen
presentation, to CX3CR1" dendritic cells in the small intestine [10] and secretion of cytokines such as
interleukin (IL)-7 for immune regulation in intestinal mucosa [11].

Paneth cells are enriched with intracellular vesicles filled with microbicidal proteins and peptides,
including lysozyme, x-defensins, C-type lectins, phospholipase A2, cryptdin, and angiogenin 4 [12-15].
Upon sensing microbial invasion, Paneth cells release the microbicidal contents into the lumen,
which provides a defensive coating against infection [16-18]. Paneth cells also acquire stem cell-like
characteristics and secrete growth factors, which help in the differentiation of IECs [19,20]. Furthermore,
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enteroendocrine cells representing a lower proportion (nearly 1%) of IECs secrete hormones and
peptides contributing to gut barrier function and other metabolic activities [8,21].

Together, the functional outcomes of IECs are dedicated to protecting the mucosal epithelial
layer. Recruitment of healthy IECs to the gut epithelium is one of the critical processes in maintaining
intestinal homeostasis. The intestinal crypt is a niche to a unique set of Lgr5" intestinal stem cells
(ISCs), which constantly differentiate into IEC subsets and monitor the distribution and localization
of newly generated cells. Interestingly, enterocytes, goblet cells, and enteroendocrine cells migrate
upward, turning over every 3—4 days, and cover the majority of the villus. However, Paneth cells
migrate to the bottom of the crypt and live for 6-8 weeks [22-24]. Accumulating evidence emphasizes
that the integrity of the intestinal epithelium is critical to human health, and an unbidden breach in the
epithelium protective barrier leads to the pathogenesis of several GI disorders, including inflammatory
bowel disease (IBD) [2,25,26].

An unexpected alteration in the functioning of IECs may cause perturbation in the mucosal
integrity that poses a risk to the GI tract. Indeed, dysregulation in IEC subsets has been shown in the
pathogenesis of IBD. Consistently, histological examination of the rectal biopsies of patients with IBD
has revealed reduced levels of mucin in goblet cells, demonstrating impaired goblet cell functioning,
independent of disease state [27]. In addition, the mucus layer was found to be thin in intestinal tissues
from patients with ulcerative colitis (UC), highlighting goblet cell perturbation in the pathogenesis of
IBD [28,29].

There are multiple causes of IBD, including polymorphism in genetic coding, leading to impaired
cellular outcomes [30-33]. Earlier studies have examined that a missense mutation in Afg16L1
(Autophagy Related 16 Like 1) leads to impaired Paneth cell function and microbial clearance and is
associated with the prevalence of Crohn’s disease (CD) [34-36]. In line with the following observations,
another CD-susceptible gene, IRGM (immunity-related GTPase family M), has impaired Paneth cell
outcomes and intestinal inflammation [37,38].

In addition to genetic susceptibility, environmental factors can also influence intestinal permeability
and the mucosal immune system, which, in turn, contributes to the etiology and/or pathogenesis of
chronic diseases, including IBD [39,40]. Along those lines, several environmental factors reportedly
modulate immune outcomes, thereby creating a susceptibility to IBD [41-43]. Environmental stresses
associated with inflammatory flares are smoking, oral contraceptives, nonsteroidal anti-inflammatory
drugs (NSAIDs), hygiene, and microbial metabolites [44,45]. Particularly, cigarette smoking may
have a different effect on UC (ulcerative colitis) than on CD, as cigarette smoking provides protection
against UC [46,47]. However, it may cause a two-fold higher risk of developing CD [48,49]. Notably,
IL-10~/~ mice treated with NSAIDs spontaneously developed colitis as compared to wild-type mice,
with characteristic infiltration of macrophages and CD4* T-cells in the lamina propria [50]. It is
well established that metabolites from intestinal microbiota also contribute as environmental factors,
which confer susceptibility to IBD [51,52]. Though environmental factors are significantly associated
with disease development, more comprehensive studies are warranted to define the mechanisms
through which these factors modulate intestinal inflammation.

Considering the importance of IEC subsets in maintaining the integrity of the epithelial barrier and
protecting the Gl tract against pathogenic intrusion, a rapid physiological transition in the Gl tract (due to
nutrient deprivation, pH imbalance, hypoxia, cellular differentiation, and cell death) imposes aberrant
stress to IECs, which, in turn, leads to the alteration of intestinal permeability [26,53]. These observations
are consistent with the fact that unresolved IEC stress and a breach in the mucosal barrier have been
implicated in various GI disorders, including IBD [25]. In this context, an elevated serum zonulin
(a tight junction regulatory protein) has been correlated with increased intestinal permeability in
patients with IBD [54,55]. Indeed, the intracellular stress response mechanisms have consequently
evolved as protective events to restore homeostasis in the intestinal epithelium [20]. Mechanistically,
in multicellular organisms, a coordinated stress-response mechanism emanating from subcellular
organelles, such as the endoplasmic reticulum (ER) and mitochondrion, contributes to restoring
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cellular homeostasis [56-58]. ER and mitochondria are vital intracellular organelles involved in various
signaling pathways, including protein synthesis and folding. Moreover, ER and mitochondria have
conserved intuitive response mechanisms to surmount cellular stress, termed as the unfolded protein
response (UPR) [53,59-63]. It is well established that the secretory goblet and Paneth cells instigate
UPR signaling for proper folding and secretion of various proteins [56]. Indeed, mitochondrial matrix
encrypts a well-organized stress response system, including protein folding chaperons, ATP machinery,
and reactive oxygen species (ROS) production [58,64], highlighting that mitochondrial UPR (mitoUPR)
serves as an additional arm to respond to cellular stress and has been implicated in the regulation
of intestinal inflammation [65]. This review highlights the mechanisms encrypted within ER and
mitochondria to resolve cellular stress in maintaining gastrointestinal homeostasis.

2. ER-Associated UPR Activation and IBD

ER-associated UPR (ER-UPR) signaling has long been proposed as an organized response
mechanism to resolve cellular stress, augmented by misfolded protein aggregation and/or pathogenic
stress [59,61]. Earlier in-vivo studies with genetic or pharmacological manipulation of the ER-UPR
genes have implicated these in intestinal inflammation and the pathogenesis of IBD [27,66,67].
The mammalian ER-UPR machinery is constituted by three transmembrane stress sensors: IRE1/Ernl
(inositol-requiring enzyme 1; « and (3 isoforms), PERK/Eif2ak3 (protein kinase related-like ER kinase),
and ATF6 (activating transcription factor 6; o and {3 isoforms). All three UPR sensors remain inactive
through interaction with ER luminal protein chaperon BiP (immunoglobulin heavy chain-binding
protein)/GRP78 (glucose-regulated protein 78) [60,68,69]. Accumulated unfolded proteins in the
ER lumen then sequester BiP, with concomitant release of UPR sensors followed by activation of
downstream signaling [70-72].

Apart from professional secretory cells (Goblet and Paneth cells), the GI tract encompasses myeloid
cells (macrophages and dendritic cells) that are also involved in the UPR-mediated maintenance of
intestinal homeostasis [73-75]. Of note is the activation of myeloid cell-specific pathogen recognition
receptors (PRRs), which are the vanguard of inflammatory priming against microbial incursion,
although some interesting studies have shown that PRR signaling intermediates coordinate with
UPR components and induce inflammatory responses against microbes (Figure 1) to restore intestinal
homeostasis [73,76]. However, limited studies have investigated ER-UPR signaling in myeloid
cells, and the in-depth underlying mechanisms still remain obscure. Furthermore, some interesting
studies have revealed that PRR stimulation translocates innate immune mediators to ER and, in turn,
activates UPR signaling for optimal cytokine secretion and microbial clearance [77,78]. Importantly,
GWAS (genome-wide association studies) have identified several single nucleotide polymorphisms
(SNPs) leading to perturbations in ER-UPR signaling that confers susceptibility to IBD [38,79].
Although signaling outcomes emanating from all three UPR branches coordinate to maintain intestinal
homeostasis, genetic alteration minimizes the effectiveness of the outcomes, leading to the pathogenesis
of IBD.

2.1. IRE1-XBP1 Signaling in IECs and Myeloid Cells

The IRE10—XBP1 (X-box binding protein 1) signaling axis is the most evolutionarily conserved branch
of ER-UPR signaling to restore ER homeostasis. Mechanistically, the aggregated unfolded proteins in the
ER lumen titrate off BiP from IRE1x, which leads to IRE1«x activation [71,72,80]. The activated IRE1x
triggers autophosphorylation and undergoes a conformational change at the C-terminal to expose its
endoribonuclease domain [81]. The endoribonuclease activity of IRE1x excises the 26-nucleotide mRNA
sequence of XBP1, followed by the release of a spliced XBP1 (XBP1s), which further transactivates UPR target
genes such as chaperones, ER translocases, glycosylases, and components of ER-associated degradation
(ERAD) pathways [82-84] (Figure 1). In contrast, the truncated unspliced XBP1 (XBP1u) is highly
unstable and rapidly degraded through the ubiquitin proteasome system [85]. Interestingly, prolonged ER
stress constitutively activates IRE1a endoribonuclease activity to degrade several ER-localized mRNAs
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and alleviate the post-translational protein folding burden in ER. This process is termed regulated
IRE1o-dependent decay (RIDD) [81,86]. Indeed, in metazoans, two isoforms of IRE1 exist, e.g., IRE1ot/Ernl
and IRE1(3/Ern2; the kinase and RNase domains of both the isoforms share 80% and 61% identity,
respectively [63,87]. The human IRE1x is ubiquitously expressed in all types of tissues, whereas the
expression of IRE1f is limited to IECs and [63,68] airway mucous cells [88]. In mice, the deletion of
IRE1( [68] and the IEC-specific deletion of IRE1x [57] demonstrated perturbed UPR signaling, leading
to IBD-like colitis. In line with the observation that IRE1« is more effective in XBP1 splicing and UPR
activation compared to IRE1 [89], some interesting studies have investigated that IRE13 negatively
regulates IRE1 o activity and the related UPR signaling [67]. A recent in-vitro study showed that IRE1(3
directly interacts with IRE1x and inhibits its endonuclease activity [90]. Moreover, compared to IRE1x
conditional knockout mice, IRE1p 7/~ mice showed exacerbated mucin secretion and enhanced ER stress
signaling in goblet cells, leading to impaired intestinal barrier function [91]. Furthermore, IEC-specific
deletion of IRE1«x results in the reduction of goblet cell count and loss of epithelial integrity, leading to
spontaneous colitis in mice [57]. The Streptomyces sp.-derived metabolite trierixin has an inhibitory effect
on XBP1 splicing, highlighting the effect of environmental factors in the regulation of XBP1 downstream
signaling [43]. Besides UPR-specific outcomes, the IRE1/XBP1 branch of UPR signaling further provides
an integrative platform for several intracellular molecules such as BAK, BAX, BI-1, and AIP-1 to orchestrate
a coordinated physiological response [70].

Myeloid lineage displays a new dimension of restoring intestinal homeostasis in coordination
with UPR signaling. Studies in murine macrophages showed that toll-like receptor (TLR) stimulation
activates the IRE1a—XBP1 axis and induces the production of proinflammatory cytokine IL-6,
independent of UPR activation [77]. In addition, murine macrophages infected with pathogenic strains
provoke UPR signaling, leading to activation of apoptosis [92,93] and innate immune responses [73,76] to
restore homeostasis. Aninteresting study showed that the activation of IRE1« coordinates with glycogen
synthase kinase 33 (GSK3p) to modulate IL1 levels, independent of XBP1 processing [94], highlighting
a differential outcome from the IRE1a/XBP1 branch in the regulation of inflammatory pathways during
ER stress. A constitutively activated XBP1 was examined in antigen-presenting dendritic cells (DCs)
required for cellular development and differentiation of DC subsets [75]. Furthermore, silencing XBP1
in murine DCs failed to induce TLR-dependent activation of IFN-§3, suggesting an important role
of XBP1 in mediating TLR-induced activation of the immune response [74]. An interesting study
showed that constitutively active XBP1 in tumor-associated DCs impedes host antitumor immunity;,
leading to the progression of metastases [95]. The assorted functions of XBP1, in a cell-specific manner,
further highlight its role in tuning various signaling pathways to maintain cellular homeostasis.
Furthermore, GWAS have identified several genetic polymorphisms that confer susceptibility to
IBD; one such polymorphism is located on human chromosome 22412, encompassing XBP1 [96,97].
In addition, deep sequencing analysis has identified hypomorphic XBP1 variants in IBD patients [31,96].
Moreover, several IBD-associated SNPs have been identified in the XBP1 region, leading to the impaired
activation of XBP1 [98]. Furthermore, a hypomorphic, ATG16L1, has been implicated in the defective
clearance of IRElx aggregates in IECs, leading to CD-like inflammation [67]. Collectively, all these
studies demonstrate that the activation of the IRE1a—XBP1 axis in epithelial and myeloid cells orchestrate
UPR downstream signaling to protect intestinal homeostasis.

2.2. PERK—-elF2a—CHOP Signaling in IECs and Myeloid Cells

PERK is a type I transmembrane protein kinase that shares relevant structural identity with
IRE1 to encrypt a common mode of activation and downstream signaling [99,100]. Similar to IRE1,
BiP disassociation from PERK causes a structural reorientation at C-terminal kinases, leading to
autophosphorylation and autoactivation [100] (Figure 1). The activated PERK directly phosphorylates
the Ser51 residue of eukaryotic translation initiation factor 2 (eIF2c-P) on the alpha subunit, leading to
global attenuation of de novo translation, thereby imposing a transient pause on ER protein folding
machinery [101,102]. An interesting study in mice showed that colonic epithelial deletion of IRE1c
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induces phosphorylation of elF2«, governing the autonomy of the PERK-eIF2« axis among the
UPR branches [57]. Furthermore, in mice, an impediment of e[F2cc phosphorylation in Paneth cells
leads to dysregulated protein machinery, which confers susceptibility to colitis [103]. This illustrates,
apart from PERK autophosphorylation, the importance of downstream elF2a phosphorylation in
intestinal homeostasis and host immune responses. Indeed, PERK-activated el[F2« phosphorylation
induces the translation of selective subsets of mRNAs, including bZIP transcription factor ATF4
(activating transcription factor 4) [104,105]. ATF4 transcription factor, downstream to the PERK-elF2x
axis, differently activates genes involved in glutathione biosynthesis, oxidative stress, and transcription
factor CCAAT/enhancer-binding protein homologous protein (CHOP) [59,61]. The transcription factor
CHOP interacts with ATF4 and transactivates downstream genes implicated in energy metabolism,
ER stress, and apoptosis [104]. Mice carrying a conditional ablation of IRE1«x in colonic epithelial cells
exhibited an increased CHOP expression, leading to aggravated ER stress and apoptosis [57,98,106].
Activated PERK—eIF20—CHOP signaling simultaneously induces apoptosis and an inflammatory
cascade [107]. Apart from transcription regulatory roles, CHOP expression also regulates mechanisms
such as infiltration of macrophages, induction of ROS, and IL1$ and apoptotic instigation in intestinal
mucosa. The genetic ablation of CHOP has been shown to reduce apoptosis in colonic mucosa and
protect mice from DSS (dextran sodium sulfate)-induced colitis [108]. Furthermore, microbial infection
to myeloid cells induces CHOP expression and promotes its binding to the interleukin 23 (IL-23)
promoter, leading to enhanced IL-23p19 expression, a cytokine associated with the pathogenesis of
IBD [30,109]. Suppressing the expression of CHOP enhances the viability of the macrophages during
immune responses [73,110].

Earlier studies have examined robust phosphorylation of el[F2x and activation of CHOP in the
intestinal epithelia of patients with IBD [111,112]. Furthermore, inflamed colonic samples from patients
with IBD demonstrated an increased level of phosphorylated elF2x [113]. In contrast, the colonic tissue
of patients with UC exhibited reduced phosphorylation of elF2«, leading to attenuated translation of
target genes in the epithelial cells [114]. A recent report demonstrated that ATF4 levels were reduced
in the inflamed intestinal mucosa of patients with IBD, and mice lacking ATF4 exhibited exasperated
intestinal inflammation by reducing the uptake of glutamine and expression of antimicrobial peptides
in IECs [115]. Notably, cigarette smoke induces the activation of the PERK—elF2o UPR branch [116,117],
phosphorylation of elF2x, and induction of CHOP and BiP [118,119]. Altogether, activation of the
PERK-elF2«x axis attenuates global translation machinery to pause the protein folding burden on ER
and activates CHOP to regulate the expression of genes required to restore cellular homeostasis.

2.3. ATF6 Signaling in IECs and Myeloid Cells

The UPR branch of ATF6 is a type II ER transmembrane glycoprotein composed of cytosolic
protruding N-terminal basic leucine zipper (bZIP) transcription activator and ER lumen facing
C-terminal [120]. Unlike PERK and IRElw, upon the aggregation of unfolded proteins in the ER
lumen, ATF6 is relieved from BiP and exposes its two Golgi-localization motifs (GLS1 and GLS2) that
facilitate in translocation to the Golgi apparatus [121-123]. Upon reaching to the Golgi apparatus,
the luminal domain of ATF6 undergoes processing by resident Site-1 (51P) and Site-2 (S2P) proteases,
and fragmented N-terminal ATF6 (ATF6 p50) is liberated in the cytoplasm [120,121]. The active
ATF6 p50 subsequently translocates to the nucleus and transactivates target genes, including BiP,
glucose-regulated protein 94 (Grp94), CHOP, and XBP1, to restore ER homeostasis [60,63,122] (Figure 1).

An interesting study examined evidence that genetically perturbed Mbtps1 (encoding S1P protease)
mice exhibit severe DSS-induced colitis and that the SIP—ATF6 axis is essential to avoid DSS-induced
colitis [124]. Furthermore, the SIP— ATF6 axis regulates bZIP transcription factor OASIS (old astrocyte
specifically induced substance), which is critical for the differentiation and maturation of goblet cells in
the large intestine [125], and OASIS™~ mice have been shown to exhibit severe DSS-induced colitis,
leading to robust ER stress and apoptosis in intestinal epithelial cells [126].
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ATF6 has two isoforms, ATF6cc and ATF6f3, both of which have partial sequence similarity.
However, ATF6f3 has reduced ability to transactivate genes and may repress ATF6x-dependent
activation during ER stress [127,128]. In line with these observations, an interesting study showed that
the individual genetic ablation of ATF6x or ATF6( has no effect on the viability of mice, but ATF6
double knockout in mice causes embryonic lethality, suggesting that both ATF6cc and ATF6[3 possess
at least an overlapping function for transcriptional induction of UPR chaperones [129]. In mice,
the conditional deletion of ATF6c exhibited impaired activation of chaperones such as BiP, Grp%4,
and P58IPK, leading to a defective inflammatory response in intestinal epithelium. Unresolved ER
stress in ATF6~/~ mice intensified the DSS-induced colitis in colonic IECs [106]. The cell-specific
response emanating from the ATF6-S1P axis is vital for the required downstream signaling to restore ER
homeostasis. Notably, liver macrophages primed with prolonged ischemia triggered the ATF6 branch
and increased secretion of proinflammatory cytokines TNF-oc and IL-6 [130]. Transient repression
of ATF6 alters macrophages expressing scavenging receptor CD36, leading to reduced uptake of
oxidized low-density lipoprotein (ox-LDL) [131]. Finally, ATF6 activation in epithelial and myeloid
cells transactivates factors to maintain ER homeostasis.

Altogether, the ER-UPR branches, IRE1, PERK, and ATF6, are the critical components of epithelial
and myeloid cells to restore ER homeostasis, thereby attenuating an aberrant inflammatory response in
the GI tract (Figure 1). Further studies with genetically engineered mice may enrich our understanding
and find potential therapeutic targets.
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Figure 1. Endoplasmic reticulum (ER)-associated unfolded protein response (UPR) signaling in
intestinal epithelial cells (IECs) and myeloid cells. The three branches of ER-UPR, IREla, PERK,
and ATF6, remain inactive and sequestered with chaperon BiP in the resting stage. Intestinal epithelium
perturbation activates all three branches of ER-UPR and leads to sequential activation of downstream
target gene-encoding chaperons and transcriptional regulators to restore ER homeostasis. Similarly,
the macrophages (right), upon encountering pathogenic intrusion, activate PRRs and coordinate with
UPR signaling to induce proinflammatory cytokines and UPR-associated transcripts to protect against
microbial intrusion. DC, dendritic cell; PRRs, pathogen recognition receptors; S1/2P, site 1/2 proteases;
UPR, unfolded protein response; XBP1u/s, XBP1 unspliced/spliced.
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3. Mitochondria-Associated UPR Activation and IBD

The mitochondrial matrix expresses a set of proteins to coordinate various mechanisms, including
ATP synthesis, oxidative imbalance, calcium transport, and apoptosis [64,132,133]. The mitochondrial
matrix also consistently responds to abnormal intracellular changes and pathogenic intrusions via a
specialized group of proteins to restore cellular homeostasis [58,134,135]. Indeed, mitochondrial DNA
(mtDNA) encodes electron transport chain (ETC) complex subunits, complex I (NADH dehydrogenase),
complex IV (cytochrome c oxidase), complex V (ATP synthase), and complex III, with its own sets
of translation machinery and chaperons capable of the proper folding of proteins in the matrix [136]
(Figure 2). Particularly, mitochondrial chaperones such as heat shock protein 60 (HSP60) and caseinolytic
mitochondrial matrix peptidase (CLPP) regulate the accumulation of unfolded proteins in the matrix to
maintain homeostasis [58,62,137]. Consistent with ER-UPR signaling, mitochondrial UPR (mitoUPR)
is critical to maintaining homeostasis in IECs [138,139]. Interestingly, the ER-UPR and mitoUPR share
some common signaling axis, such as phosphorylation of el[F2« and activation of CHOP, suggesting a
high degree of cooperation between these two organelles in regulating intestinal homeostasis [140,141].

Considering the fact that mitochondrial ETC complexes are the major source of ROS and
superoxide molecules (Figure 2), impaired ETC signaling imposes an oxidative burden to cells,
leading to various idiopathic diseases [142-144]. Earlier studies have examined a deregulated ETC
complex activity in the mucosal biopsies of patients with IBD, which was substantially restored by
anti-TNF« treatment [145,146]. Furthermore, the ultrastructure analysis of mitochondrion revealed
altered cristae in the epithelial cells of patients with CD [147]. In this context, a robust expression of
mitochondrial chaperone chaperonin 60 (CPN60) was examined in IECs from patients with IBD and in
murine colitis models [65], suggesting a direct role of mitoUPR in intestinal inflammation. Indeed,
an in-depth analysis of GWAS data sets identified ~5% of IBD-associated genes that are involved in
mitochondrial health, highlighting that IBD susceptibility genes and loci may prospectively modulate
the expression of mitochondrial-encrypted proteins and, in turn, elevate the severity of disease [148].
The underlying mechanism of mitoUPR in intestinal cell homeostasis is still enigmatic, and future
studies with IEC-specific genetic ablation will enhance our understanding.

3.1. MitoUPR Signaling in IECs and Myeloid Cells

The rapidly proliferating and differentiating ISCs need sufficient building blocks and have energy
demands, including ATP production, thereby possess an abundance of mitochondria to meet that
requirement [56]. In this context, IEC- or ISC-specific Hsp60 knockout mice exhibited loss of Lgr5*
intestinal stem cells with perturbed IEC proliferation [56], suggesting the importance of mitoUPR
signaling in maintaining intestinal homeostasis. An interesting study showed that a mutant of
mitochondrial-localized ornithine transcarbamylase (involved in urea synthesis) accumulates its own
misfolded protein in the matrix, leading to the activation of mitoUPR downstream targets such as
mitochondrial HSP60 and the matrix-localized AAA protease CLPP [58] (Figure 2). Another study in
small IEC line Mode-K cells showed that the induced expression of ornithine transcarbamylase activates
double-stranded RNA-activated protein kinase (PKR) expression and elF2oc phosphorylation, which,
in turn, induce mitoUPR signaling and lead to intestinal inflammation [65]. Conditional IEC-specific
CHOP transgenic mice have consistently showed an overexpression of CHOP-conferred DSS-induced
susceptibility to intestinal inflammation and attenuated epithelial proliferation [149]. In line with the
contribution of the PERK-CHOP axis in ER-UPR signaling, the activation of CHOP and its cofactor
C/EBPS, in turn, activates mitoUPR target genes such as HSP60, HSP10, MPPf3, and proteases like
ATP-dependent caseinolytic peptidase to restore intestinal homeostasis [58,150].
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In the colon, a high expression of multidrug-resistance-1 (MDR1; encodes an ATP-dependent efflux
transporter) protects mitochondria against aberrant stress, and loss of MDR1 expression (MDR1~/~
mice) leads to an accumulation of damaged mitochondria and exacerbates mitochondrial ROS (mtROS),
leading to colitis, as observed in IBD [148]. Importantly, the physiological oxygen concentrations
across the GI tract are critical to intestinal inflammation; reduced oxygen levels within intestinal
tissues generate hypoxia that leads to a low-grade inflammatory response from IECs, and to overcome
this hypoxic condition, IECs induce the expression of hypoxia-inducible factor (HIF)-1c to maintain
homeostasis [151,152]. The transcription factor HIF-1« in the inflamed mucosa incites an immune
response and activates antimicrobial responses to protect mucosal integrity [152].

Notably, the mitochondrial enzyme SOD2 (superoxide dismutase-2), required to turnover
superoxide into hydrogen peroxide, in turn, restores mitochondrial oxidative imbalance [153] and
is implicated as a sentinel of mitoUPR [64] (Figure 2). HIF1x coordinates with mitochondrial SOD2
and activates mitoUPR signaling to maintain intestinal homeostasis [140]. Interestingly, genetic
ablation of SOD?2 in mice confers susceptibility to colitis; in contrast, mitochondria protecting MDR1 is
negatively associated with SOD2 [148]. Prohibitin (PHB), which is predominantly expressed in the inner
mitochondrial membrane (IMM), serves as a chaperon to stabilize mitochondrial proteins and is also
required for the optimal functioning of complexes I and IV of ETC [154,155]. A recent study examined
the conditional deletion of PHB1 in mice, which exhibited dysregulated mitochondrial ETC function
and activation of mitoUPR. In addition, IEC Phb1~/~ mice spontaneously develop ileitis, and loss of
Phb1 in intestinal organoids leads to ISC abnormalities and Paneth cell dysfunction [156], suggesting
that mitochondrial chaperons, apart from maintaining protein folding machinery, simultaneously
regulate inflammatory responses.

Given the importance of mitochondrial ETC complexes in ROS production, some of the complex
protein interacts with innate immune mediators and regulates intestinal inflammation [157,158].
In myeloid cells, the mitochondrial mechanisms, including mtROS, mitochondrial membrane potential
(MMP), oxidized mtDNA, and ATP efflux, activates NLRP3 inflammasome signaling, suggesting that
inflammatory outcomes are under metabolic control [159]. NLRP3~/~ mice consistently exhibit low
production of proinflammatory cytokines, leading to reduced severity of experimental colitis [160].
An interesting study with a mouse colitis model and patients with IBD has demonstrated that
IL-10 deficiency results in impaired mitochondrial health and NLRP3 inflammasome activation in
macrophages [161]. These studies highlight the potential involvement of innate signaling components in
the regulation of mitochondrial outcomes during the pathogenesis of IBD. Furthermore, the PRR adaptor
protein TRAF6 (Tumor necrosis factor receptor-associated factor 6) interacts with ECSIT (evolutionarily
conserved signaling intermediate in Toll pathway) in mouse macrophages [162] and human monocyte
THP-1 cells to enhance the ROS response and TLR4-induced innate immune responses [163]. Notably,
mitochondrial metabolic processes, such as glutamine metabolism, activate macrophage polarization
and differentiation in response to TLR stimulation [164]. In addition, PRR NOD2 (nucleotide-binding
oligomerization domain containing 2) stimulation in human macrophages induces NFkB and MAPK
(mitogen-activated protein kinase) activation, mitochondrial succinate dehydrogenase (SDH) (located in
the IMM) activity, and mtROS for optimal cytokine secretion and microbial clearance [165] as NOD2
polymorphisms are associated with CD [166,167], suggesting that innate immune regulators also shape
mitochondrial homeostasis (Figure 2). Altogether, these studies highlight the importance of mitoUPR
signaling in epithelial and myeloid cells to regulate metabolic as well as inflammatory signaling to
restore intestinal homeostasis.
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Figure 2. Mitochondrial-associated UPR signaling in IECs and myeloid cells. Mitochondrial ETC
molecules (complex L, II, III, IV, and V) regulate ROS, superoxide, and ATP balance in IMM. The
mitochondrial chaperon Hsp60 regulates protein-folding machinery in the mitochondrial matrix
and maintains homeostasis; however, accumulation of unfolded proteins in the mitochondrial
intermembrane space (IMS) induces mitochondrial ROS (mtROS) and superoxide signaling and
coordinates with HIF1« to activate mitoUPR signaling. On the other side, the activated macrophage
(right), in response to pathogen recognition, induces SDH activity to produce robust mtROS and restrict
invading microbes and further NLRP3 inflammasome-mediated activation of proinflammatory IL-1f3 to
restrict microbial growth. CLPP, caseinolytic mitochondrial matrix peptidase; HSP60, heat shock protein
60; IMM, inner mitochondrial membrane; IMS, inner mitochondrial space; MAPK, mitogen-activated
protein kinase; OMM, outer mitochondrial membrane; PRRs, pathogen recognition receptors; ROS,
reactive oxygen species; SDH, succinate dehydrogenase; SOD2, superoxide dismutase 2.

3.2. Mitochondria in the Pathogenesis of IBD

Altered mitochondrial health and an imbalanced oxidative metabolism in the colonic epithelium
confer pathogenesis of IBD [168]. GWAS have identified several IBD risk genes and locus implicated
in mitochondrial dysfunction [32,135]. Notably, in European cohorts, mitochondrial-encrypted
polymorphisms have been identified in patients with UC [169,170]. Furthermore, genetic variants of
mitochondrial-signaling protein SLC22A5 (encodes OCTN2, carnitine transporter) were associated with
susceptibility to IBD [171,172]. In addition, genetic ablation or pharmacological inhibition of OCTN2
caused spontaneous colitis in mice [173]. The IBD-associated polymorphism in autophagy-related
proteins ATG16L1 is implicated in mitochondrial dysfunction, leading to impaired intestinal
inflammation [34,174]. Furthermore, a polymorphism associated with an additional autophagy protein,
IRGM, confers susceptibility to DSS-induced colitis, similar to the pathogenesis of CD [37,38,175].
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A polymorphism in mitochondrial E3 ubiquitin ligase SMURF1 (smad ubiquitin regulatory factor 1)
has been associated with the pathogenesis of IBD [33]. An interesting study showed that reduced
mitochondrial complex I activity in patients with UC [176] leads to loss of epithelial permeability
and microbial intrusion [177]. In addition, mitochondrial dysfunction may damage intestinal barrier
permeability in patients with UC, with active and emission stages [178,179]. A reduced expression
of mitochondrial chaperone PHBI1 in the mucosa intensifies the disease severity of patients with
IBD [154,180]. In the context of mitochondria’s role in metabolic regulation, a high turnover of lipid
peroxidation in the colonic mucosa of patients with IBD highlights a feedback mechanism to protect
the oxidative breakdown of lipids in maintaining intestinal homeostasis [181]. The hyperexpression of
transcription factor HIF1«x in the epithelium of patients with IBD further demonstrate a protective
mechanism played by hypoxia to maintain the integrity of mucosal barriers [151]. The examination of
mtDNA in the serum in patients with IBD consistently provides evidence of robust innate immune
activation, which may intensify disease severity [182].

Altogether, mitochondrial health and resident mitoUPR machinery are interconnected to maintain
homeostasis (Figure 2), and identifying signaling molecules that are associated with disease could be a
therapeutic target for IBD treatment.

4. Therapeutic Implications Targeting UPR Restoration

Given the importance of UPR signaling within ER and mitochondria in the regulation of IEC
outcomes, mitigating stress in these organelles is imperative to maintaining GI homeostasis. In recent
years, an emerging body of experimental data has proposed several molecules implicated in UPR
homeostasis, which can be prospectively used as therapeutic candidates for the treatment of IBD.

A recent study showed that azathioprine, an immunosuppressant drug used for IBD, modulates
mTORCI1 (mammalian target of rapamycin complex 1) signaling and induces the expression of PERK
and associated downstream genes ATF4, CHOP, and ER stress chaperone protein disulfide isomerase
(PDI) in THP-1-derived macrophages, suggesting that azathioprine induces a parallel mechanism of
PERK-elF2-mediated global translation inhibition with simultaneous mTORC1 inhibition, leading
to the activation of autophagy genes [183]. An earlier study demonstrated that chemical chaperones,
tauroursodeoxycholate (TUDCA) and 4-phenylbutyrate (PBA), enhance protein refolding to impede
ER stress and were shown to reduce DSS-induced colitis in mice with diminished ER stress in colonic
epithelial cells [106]. Furthermore, ursodeoxycholic acid (the unconjugated form of TUDCA) was
shown to be more effective in the inhibition of ER stress, compared to TUDAC, and it represents a
potential therapeutic drug to resolve ER stress [184].

Food supplemented with glutamine reduces TNBS (2, 4, 6-trinitrobenzenesulfonic acid)-induced
colitis in rats by alleviating ER stress in colonic epithelial cells [185]. In mice, administration of
fexofenadine significantly reduces the severity of DSS-induced colitis by activation of NF-«kB signaling
and phosphorylation of elF2« in IECs, representing a potential therapeutic agent for the treatment of
IBD [186]. Another study in mice showed that salubrinal, an inhibitor of elF2x dephosphorylation,
enhances the expression of BiP, ATF4, and HSP70 (heat-shock protein 70) in colonic IECs and protects
against DSS-induced colitis [187,188]. In the context of mitoUPR signaling, a recent study showed
that in SOD2, mimetic antioxidant Mito-Tempo ameliorated Paneth cell abnormalities and ileitis in
Prohibitin 1 (critical for ETC signaling) impaired mice, and are implicated as therapeutic options in a
subset of patients with CD [156]. In another study, treatment by a tetracycline antibiotic, methacycline
hydrochloride, induces the expression of mitochondrial chaperons in mouse 3T3 cells; however, it failed
to induce mitoUPR signaling in mice [189]. These findings suggest that restoration of UPR homeostasis
in ER and mitochondria through pharmacological intervention might be a promising therapeutic
option in patients with IBD.
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5. Conclusion and Future Perspectives

The integrity of the GI tract is critical to protect the host from a challenging environment,
and perturbation in the barrier results in gastrointestinal disorders, including IBD. Several studies have
established that IECs and myeloid cells induce several response mechanisms to maintain intestinal
homeostasis. A continuous course of action imposes stress on these cells, including the accumulation
of unfolded proteins, oxidative imbalance, and apoptosis. Notably, the intracellular organelles such as
ER and mitochondria are well-equipped with conserved sets of molecules, which help in resolving the
intracellular stress. UPR signaling is a sequential activation of an organized intracellular response
mechanism encrypted by ER (ER-UPR) and mitochondria (mitoUPR) to regain cellular homeostasis.
Many studies have shown that a coordinated response from all three branches of ER-UPR signaling
(IRE1, PERK, and ATF6) are critical to resolving cellular stress and, in turn, protecting GI integrity.
Moreover, the innate immune components in coordination with UPR signaling mediators provide
an additional arm to mitigate cellular stress. Indeed, IBD-associated polymorphism-encompassing
genes, which are vital for the cellular defense mechanism, further intensify the severity of the disease.
Therefore, in the light of this evidence, further studies for the underlying mechanisms associated with
pathophysiological alterations of UPR within the intestines may allow us to decipher the intricate
etiology and pathogenesis of IBD.
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