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Abstract: The pathogenesis of inflammatory bowel disease (IBD) implicates several interconnecting
factors. Immunity and external factors interact, and most aspects are still under investigation.
Autophagy and apoptosis are two critical pathways that decide the fate of the individual cells of the
intestinal mucosa. Experimental and clinical data indicate that the two are closely interconnected and
usually mutually exclusive. However, despite the abundant information on their role, very limited
translation into therapeutic application has been seen during recent years. In this review, research
on these two pathways is presented. After a general overview of autophagy and apoptosis, their
association with IBD, including the important mitophagy and ferroptosis, is discussed. The influence
of autophagy- and apoptosis-related genes is also discussed. Finally, the interplay of autophagy
and apoptosis in IBD is presented and the implications for treatment applications are examined. It
is shown that dysregulated autophagy leads to increased apoptosis of enterocytes and impairs the
tight junction proteins of the protective intestinal barrier. Dysregulated autophagy also induces the
downregulation of lysozyme and the other antimicrobial proteins” production. Mucus production by
the goblet cells is also reduced due to defective autophagy and increased apoptosis.
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1. Introduction

Inflammatory bowel disease (IBD) is an intestinal inflammatory disease that includes
Crohn’s disease (CD) and ulcerative colitis (UC). CD is a chronic granulomatous lesion
that can affect the entire gastrointestinal tract but usually involves the colon and small
intestine. UC is a chronic, non-specific inflammation that affects the colonic mucosa and
submucosa [1,2]. The small intestinal epithelium is comprised of villi and the crypts
of Lieberkiihn, while the colonic epithelium consists only of crypts. Inflammation of
the intestinal mucosa in association with villus atrophy and a reduction in crypts are
histological characteristics of IBD [3].

Globally, more than 2.5 million people of European origin have the disease [4]. How-
ever, increasing numbers of IBD cases are observed in Asia and Africa, where it was practi-
cally absent at the beginning of this century [5]. The pathogenesis of IBD is a multi-factorial
process implicating immunological, environmental, genetic and microbial factors [6]. The
intestinal mucosal barrier is the first defense against harmful invaders from the bowel lu-
men. This barrier consists of three layers, namely the surface mucus, the epithelial cell layer,
and the cells of the immune system of the submucosa [7]. The surface mucus inhibits the
direct contact of the intestinal bacteria with the epithelial cells [8]. The intestinal epithelial
cells consist of enterocytes, goblet cells, Paneth cells, tuft cells and endocrine cells. They
are the site of absorption and production of mucus and several important proteins [9]. The
immune cells of the submucosa are neutrophils, lymphocytes and macrophages fighting
the pathogens that can penetrate into the submucosa. They are involved in the handling of
antigens and the secretion of multiple cytokines [10,11].
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Recently, the role of two important cellular pathways has been studied in connection
with the pathogenesis of IBD. Autophagy and apoptosis are two mechanisms that actively
participate in the integrity of the intestinal mucosa [12].

Autophagy is a key process for cell survival and tissue homeostasis, turning dam-
aged organelles and cellular waste into useful reusable metabolites [13,14]. Starvation
and infection may initiate autophagy and increase cell viability. Autophagy has been
identified in both the small intestinal and colonic mucosa, and it may be implicated in the
pathophysiology of IBD [13,14]. On the contrary, apoptosis eliminates damaged cells [15].
The balance between autophagy and apoptosis is one of the factors that determine the fate
of intestinal cells, although other forms of cellular death, such as necroptosis or pyroptosis,
can also lead to cellular death in IBD in response to inflammatory signals [13].

The complex nature of autophagy and its interplay with apoptosis make it difficult to
delineate their exact role in IBD, although current evidence has indicated the participation
of autophagy in mucosal homeostasis [16]. Thus, autophagy is involved in the secretion
of pro-inflammatory cytokines and activation of inflammasomes, while reactive oxygen
species (ROS) are increased in autophagy-deficient macrophages, impairing submucosal
immunity [17]. Autophagy is also involved in several functions of intestinal epithelial
cells (IECs) and goblet cells, particularly during infection or ER stress [18]. An example
is the Salmonella infection, where a deficiency of autophagy in IECs leads to bacterial
dissemination and increased inflammation [18]. The intestinal epithelium may then become
vulnerable to the infiltrating microbes and their products, and its fate will depend on the
interaction of autophagy with the various forms of cellular death [19]. Autophagy is also
important for the function of Paneth cells. Paneth cells secrete antimicrobial peptides
(AMPs) and other peptides, including lysozymes, alpha-defensins and phospholipase Al,
when invaders stimulate the crypt lumen [20]. Paneth cells are critical in the maintenance
of a normal microbiota. A form of autophagy to remove pathogens named xenophagy is
operative in Paneth cells, allowing maintenance of the normal metabolic functions of the
host [21]. Dysfunction of Paneth cells leads to reduced secretion of AMPs and dysbiosis,
which is a dysregulation of the composition of intestinal microbiota. Dysbiosis may be
implicated in the pathogenesis of IBD [22].

The purpose of this review, therefore, is to present the participation of autophagy and
apoptosis in the pathophysiology of IBD. Recently discovered forms of programmed cell
death such as ferroptosis will be discussed, as ferroptosis is connected with autophagy and
apoptosis. The implications for the treatment of IBD will be also discussed.

2. An Overview of Autophagy and Apoptosis
2.1. Autophagy

Autophagy is a crucial degradative process that is vital for cellular economy and home-
ostasis. Proteins, lipids, damaged organelles and pathogens are degraded and the products
re-used for the synthesis of cellular constituents [23]. Autophagy research led to two Nobel
Prizes, one to Christian De Duve, who described the significance of lysosomes in biology,
and the second to Yoshinori Ohsumi, who clarified the mechanisms of autophagy [24].

In reality, the process of autophagy is a series of phosphorylations and de-phosphoryla-
tions. Three kinases are the main regulators of autophagy: the mammalian target of ra-
pamycin (mTOR), Unc-51-like autophagy activating kinase (ULK1) and the AMP-dependent
protein kinase (AMPK) [25]. Decreased nutrients and ATP levels and increased levels of re-
active oxygen species (ROS) and damaged DNA are the initiators of AMPK and mTOR [26].
Phosphorylation of ULK1 by mTOR reduces its activity and decreases autophagy, while
phosphorylation by AMPK at a different site activates ULK1 and autophagy. AMPK inhibits
mTOR, leading to the highest activation of ULK1 [27].

Activated ULK1 phosphorylates Beclinl and induces autophagy [28,29]. At the same
time, JNK-1 phosphorylates Bcl-2, leading to its dissociation from Beclinl. Free Bcl-2
inhibits apoptosis through binding to BAX and BAK proteins. Free Beclinl subsequently
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binds to Vps34-Vps15 to promote autophagy through the formation of the class III PI3K
complex consisting of Vps34-Vps15-Beclinl [30,31].

The next step is the autophagosome formation, which is the direct result of ULK1
phosphorylation. Here, the gatekeeper is the phosphorylation of autophagy-related pro-
tein 13 (Atg13), leading to a complex formation with Atg5-Atg12, Atgl6L1 and LC3-IL.
Additional proteins that are often studied in autophagy research and are associated with
autophagosomes include LC3 (Atg8) and protein sequestosome 1 (p62 SQSTM1) [32,33].
Finally, autophagosomes fuse with lysosomes, forming autolysosomes during the so-called
autophagic flux. When autophagosomes are produced faster than autophagic flux, or when
the flux is repressed, the levels of LC3 and p62 will increase [34]. Constituents that are
destined for lysosomal degradation are either labeled by ubiquitin or attached to cargo re-
ceptors such as SQSTMI, and calcium-binding and coiled-coil domain-containing protein 2
(CALCOCO?2). The lysosomal contents recirculate and useful elements are used again [23].

Another important regulator of autophagy is transcription factor EB (TFEB), which is a
controller of lysosomal biogenesis genes [35] in association with TFE3 (transcription factor
binding to IGHM enhancer 3) [36]. Reduced expression of TFEB leads to the exacerbation of
inflammation [37]. mTOR activation decreases TFEB activity, and the autophagic machinery
is suppressed [38].

2.2. Mitophagy

Mitophagy is a specialized form of protective autophagy that selectively degrades dam-
aged mitochondria irrespective of the cause of the damage [39,40]. Two signal pathways
initiate mitophagy, either through the PINK1 (PTEN-induced putative kinase 1)-PARKIN
(parkin RBR E3 ubiquitin protein ligase) system or through a PINK1/PARKIN-independent
pathway [41,42]. Normal mitochondria accumulate PINK1 in the inner mitochondrial mem-
brane (IMM) assisted by the TOMM (translocase of the outer mitochondrial membrane)
and TIMM?23 (translocase of inner mitochondrial membrane 23) proteins. PINKI1 is further
cleaved by PARL (presenilin-associated rhomboid like). Damaged mitochondria, on the
other hand, accumulate PINK1 in the outer mitochondrial membrane (OMM) instead of
the IMM [43,44], leading to the recruitment of ubiquitin and PARKIN from the cytoplasm
to the OMM [45]. PARKIN links phosphoubiquitin molecules to several proteins of the
mitochondrial surface, such as MFN1 (mitofusin 1) and MFN2 [42,46,47]. Cargo receptor
proteins such as SQSTM1/p62 (sequestosome 1), OPTN (optineurin) and CALCOCO2,
among others, bind to these OMM proteins to start autophagosome formation [47,48].
Mitophagy may be upregulated by phosphorylation of OPTN via the activation of TBK1
(TANK-binding kinase 1) [49,50]. Details of the mitophagy mechanisms have been recently
published [51,52].

2.3. Apoptosis

Apoptosis is a form of programmed cell death. During apoptosis, cellular elements are
not spilled into the surrounding environment and do not induce inflammation. Apoptosis,
in fact, is a downstream activation of a series of caspases. In the caspase chain, each
inactive enzyme pro-form is cleaved and activated by the previous active caspase [53].
There are two apoptotic pathways, namely the intrinsic and the extrinsic pathways [54].
The intrinsic pathway starts with the activation of the pro-apoptotic BH3 domain proteins
such as BAX and BAK, which drill pores in the OMM, leading to the reduction of ATP
and the liberation of cytochrome c and apoptosis-inducing factor (AIF). Cytosolic AIF
is translocated into the nucleus and causes DNA fragmentation. Cytochrome ¢ with
Apaf-1 (apoptotic protease-activating factor-1) induces the activation of pro-caspase 9,
leading to the activation of pro-caspases 3 and 7, which execute the cell [55]. The extrinsic
apoptosis pathway is induced by activation of death receptors such as FAS, DR4/DR5 and
TNEFR1 by their ligands in the cell surface (FAS ligand, TNF-related apoptosis-inducing
ligand (TRAIL) and TNF«, respectively). After death receptor activation, the protein
FADD associates with the receptors and causes the activation of pro-caspase 8. The death
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receptor—FADD—pro-caspase 8 complex is called the death-inducing signaling complex
(DISC). The anti-apoptotic protein FLICE-like inhibitor protein (FLIP) inhibits the activation
of caspase 8 [56]. Caspase 8 may lead to cell death in one of two ways The first is through
the activation of the pro-apoptotic BH3 domain protein BID, which inhibits anti-apoptotic
BH3 domain proteins such as BCL-2, BCL-XL and MCL1, allowing the lethal BAX and BAK
proteins to aggregate in the OMM and form pores [57] in a similar way to the activation of
the intrinsic pathway. The second way for caspase 8 is to directly activate pro-caspase 3,
omitting the mitochondrial step [57].

One of the most important inducers of apoptosis through the intrinsic pathway is
endoplasmic reticulum (ER) stress. Under normal conditions, the three main ER stress
transducers (activating transcription factor 6 (ATF6), the inositol-requiring enzyme 1 (IRE1)
and the PRKR-like endoplasmic reticulum kinase (PERK) are inactive and attached to BiP
(immunoglobulin heavy-chain binding protein, also referred to as glucose-regulated protein
GRP 78). When unfolded proteins accumulate into the ER lumen, BiP dissociates from the
ER stress transducers. IRE1 and PERK are involved in apoptosis. IRE1 activates JNK and
stimulates the phosphorylation of Jun. Active PERK phosphorylates eukaryotic initiation
factor 2« (elF2x), which results in the successive downregulation of protein translation.
elF2«x also induces preferential translation of transcription factor ATF4. Thereby, ATF4
induces expression of C/EBP-homologous protein (CHOP) and ATF3. These proteins
trigger an apoptotic program [58].

The most important inducer of apoptosis through the extrinsic pathway is tumor
necrosis factor o (TNF«x). Under normal circumstances, complex I is formed when RIPK1
(receptor-interacting protein kinase 1) leads to the activation of the pro-inflammatory and
protective pathway NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells).
In pathologic conditions, either complex Ila or complex IIb can be formed, leading to the
activation of caspase-8, which in complex Ila cleaves receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) and downstream pro-caspases 3 and 7 to initiate apoptosis. Com-
plex IIb, on the other hand, depends on the active intact RIPK1 kinase to activate caspase-8
and apoptosis [59].

2.4. Ferroptosis

Ferroptosis is a recently described regulated cell death induced by iron accumulation,
lipid peroxidation, and the production of ROS, depending on the activity of NADPH
oxidases [60].

Cells defend themselves from the lethal lipid peroxidation and ROS formation through
different anti-oxidative systems. The most important is the Xc-antiporter system consisting
of the SLC7A11 and SLC3A2 subunits, which imports cysteine turning into cysteine and
exports glutamine turning into glutamate. y-glutamylcysteine is formed, followed by the
production of glutathione (GSH) and glutathione peroxidase (GPX4) to neutralize the ROS
and lipid peroxides produced from either polyunsaturated fatty acids (PUFAs) or phospho-
lipids of the cell membrane through the action of lipoxygenases (LOXs). GSH formation
requires nicotinamide adenine dinucleotide phosphate (NADPH). Long-chain-fatty-acid-
CoA ligase 4 (ACSLA4) facilitates the formation of phosphatidylethanolamine (PE)-PUFAs,
finally turning into PE-PUFA hydroperoxides (OOH). Downregulation of GPX4 produc-
tion favors lipid peroxidation and damage to lipid membranes and mitochondria [61,62].
In addition to the enzymatic oxidation of PUFAs by LOXs, a nonenzymatic reaction, such
as a Fenton-type reaction, can also oxidize PUFAs [63,64]. P53 enhances the activity of LOX
and promotes lipid peroxidation [62].

However, p53 has a dual role in the regulation of ferroptosis. p53 may induce fer-
roptosis through inhibition of SLC7A11 or upregulation of arachidonate lipoxygenase
(ALOX). On the other hand, p53 may inhibit ferroptosis through either inhibiting dipep-
tidyl-peptidase-4, (DPP4) activity or activating the cyclin-dependent kinase inhibitor 1A
(CDKN1A)/p21 pathway [65].
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Ferrous iron (Fe?*), through the Fenton reaction, promotes the conversion of PE-PUFA
into PE-PUFA-OOH, leading to ferroptosis [66].

Besides the Xc system, there are two more antioxidant systems counteracting ferropto-
sis, namely the ferroptosis suppressor protein 1-coenzyme Q10-NADPH (FSP1-CoQ10-
NADPH) axis and the dihydroorotate dehydrogenase (DHODH)-CoQ-NADPH axis acting
in parallel to the GPX4-GSH axis [67]. The three main antioxidant systems have discrete
cellular localization: the GSH/GPX4 pathway is cytoplasmic, the FSP1-CoQ-NADPH sys-
tem is located in the cell membrane, and the DHODH-CoQ-NADPH pathway is related to
mitochondria. Mitochondria have a critical role in lipid peroxidation and ferroptosis [68,69].
Deprivation of glucose impairs the tricarboxylic acid cycle (TCA) cycle in mitochondria and
inhibits ferroptosis via AMPK kinase signaling [70]. On the other hand, free iron activates
the mitochondrial membrane protein mitoferrin 2, which in turn increases iron influx into
the mitochondria, promoting ROS production and ferroptosis.

Specific inhibitors of ferroptosis, such as deferoxamine (DFO), ferrostatin-1 (Fer-1)
and liproxstatin-1 (Lip-1), and potent inducers, such as erastin, RAS-selective lethal 3
(RSL3), FIN56, FINO2, sulfasalazine and sorafenib, have been described [71,72]. Erastin
and FIN 56 deplete GSH and allow for increased levels of lipid peroxides and ferroptosis,
while RSL3 and FINO2 directly inhibit GPX4. The ferroptosis inhibitors also antagonize
ferroptosis through various mechanisms. Thus, iron chelators reduce the labile free iron,
downregulating lipid peroxidation. Fer-1 and Lip-1 protect lipids from autoxidation.
Lipoxygenase (LOX) inhibitors, such as zileuton, baicalein and NDGA, could counteract
LOXs-induced lipid peroxidation. Thiazolidinedione, an ACSL4 (acyl-CoA synthetase
long-chain family member 4) inhibitor, represses the esterification of PUFAs, interfering in
the step before the production of PE-PUFA-OOH:s [67].

2.5. Interaction of Autophagy and Apoptosis

The interplay between apoptosis and autophagy is complex since autophagy is usually
an adaptation leading to cell survival and, in most instances, it represses apoptosis. Similar
stimuli can initiate either apoptosis or autophagy. However, under certain circumstances,
autophagy may turn into an alternative pathway to cellular death, the so-called autophagic
cell death. Usually, autophagy and apoptosis move in a mutually exclusive manner.
Autophagy and apoptosis may also move in the same direction [73].

Earlier studies demonstrated that TNFa-induced apoptosis was reduced by autoph-
agy [74]. Similar findings were reported in immortal epithelial cells, where autophagy
de-graded the death receptor associated protein FADD [75]. The first observation of an
inter-action of autophagy and apoptosis was the effect of the anti-apoptotic protein Bcl-2
on the autophagic protein Beclinl, as mentioned before. Beclinl interacts with Bcl-2 family
proteins and dissociation of the complex frees Beclinl to further promote autophagosome
formation [76].

It should be noted that two distinct cellular pools of Bcl-2 exist in each cell. The ER
pool is bound to Beclinl, where it inhibits autophagy, and the mitochondrial pool, which is
bound to BAX and BAK, where it inhibits apoptosis [77,78]. A BH3-only protein, either BIK,
BAD, or NOXA, can bind to Bcl-2, liberating Beclin1, a process augmented through the phos-
phorylation of Bcl-2 by c-Jun N-terminal kinase (JNK1) during nutrient deprivation [79-81].
Contrary to expectations that the binding of Beclinl to Bcl-2 would induce apoptosis
through neutralization of the anti-apoptotic function of Bcl-2, this is not the case and
apoptosis is not induced [82].

The caspase 8 inhibitor FLIP also inhibits autophagy by interfering with Atg3 binding
in LC3 lipidation [83]. Different regions within the FLIP protein control its anti-autophagic
and anti-apoptotic activities [83], and different pools of FLIP may provide separate regula-
tion of FLIP-mediated autophagy and apoptosis. The autophagy-associated Atg5 protein is
also implicated in the modulation of autophagy and apoptosis. During apoptosis, Atg5
is cleaved by active caspase 3 and an amino-terminal molecule is produced [84]. This
molecule induces apoptotic cell death, as it inhibits the anti-apoptotic Bcl-2 molecules,
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allowing BAX and BAK to initiate mitochondrial-induced apoptosis. At the same time, the
cleaved Atg5 is not able to promote autophagy [84].

During protracted exposure to apoptotic stimuli, cleavage of Beclinl by caspase
3 produces two molecules: an N-terminal and a C-terminal that are unable to induce
autophagy any more. Moreover, the C-terminal molecule enters the mitochondria and
in-creases the sensitivity of cells to apoptotic signals [85]. In contrast to the downregulation
of autophagy caused by the cleavage of Atg5 or the similar cleavage of Beclinl, the cleavage
of Atg4D by caspase 3 generates a molecule that increases autophagy. Moreover, autophagy
inhibits apoptosis via either lysosomal degradation of active caspase-8 or via Beclinl
inhibition of the BH3-only protein BID that activates BAX and BAK [30].

Finally, autophagy and apoptosis may cause cell death when acting in concert. The
exact mechanisms are still under investigation. One such mechanism may be the liberation
of cathepsins from autolysosomes, which may kill the cell during autophagy and, at the
same time, cleave BID, increasing apoptosis via activation of BAX and BAK [86,87]. Figure 1
shows the complicated interactions of autophagy and apoptosis in connection to ferroptosis.
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Figure 1. Intersection between apoptosis and autophagy. Autophagy and apoptosis have similar
signaling pathways and usually but not always exhibit mutual inhibition. Beclinl and Bcl-2 are
important elements in the interplay between the two. Sustained apoptotic stimuli lead to caspase
cleavage of Beclinl and the C-terminal fragment inhibits autophagy. Although apoptosis-associated
cleavage of Beclinl and Atg5 inhibits autophagy, the cleavage of Atg4D by caspase 3 generates a
fragment that increases autophagy. Moreover, autophagy inhibits apoptosis by degrading active
caspase 8 or preventing activation of Bid by Beclinl. The effect of P53 on autophagy depends on
localization. Cytoplasmic P53 inhibits autophagy, while nuclear P53 activates AMPK and increases
autophagy. PUFA and PL of the membrane are the sources of lipid peroxides in ferroptosis. p53
and PEBP1 enhance the activity of LOX to promote lipid peroxidation, resulting in ferroptosis. In
addition, LOX promotes the conversion of PE-PUFA into PE-PUFA-OOH, leading to ferroptosis,
while the free iron pool promotes lipid peroxidation and ferroptosis through the Fenton reaction.
The p62/keapl/Nrf2/HO-1 system decreases ferroptosis, along with the main antioxidant system
Xc-. Ferritinophagy is a major source of the labile iron pool. Certain pathways have been omitted
for clarity. See the text for details. ACSL4: acyl-CoA synthetase long-chain family member 4; ALOX:
arachidonate lipoxygenase; Apafl: apoptosis signal-regulating kinase; ATF4: activating transcription
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factor 4; GSH: glutathione; BAK: Bcl-2 homologous antagonist killer; BAX: Bcl-2-associated X protein;
Bcl-2: B-cell lymphoma-2; Bid: BH3-interacting-domain death agonist 2; CHOP: CCAAT-enhancer-
binding protein homologous protein; FADD: Fas-associating protein with death domain; GPX4:
glutathione peroxidase 4; LOX: lipoxygenase; LPCAT3: lysophosphatidylcholine acyltransferase 3;
mTOR: mammalian target of rapamycin; PEBP1: phosphatidylethanolamine-binding protein-1;
PL: phospholipid; PLOOH: phospholipid hydroperoxides; PE: phosphatidylethanolamine; PUFAs:
polyunsaturated fatty acids; PUFA-OOH: polyunsaturated fatty acid containing-phospholipid hy-
droperoxides; PUMA: p53 upregulated modulator of apoptosis; RIPK1: receptor interacting ser-
ine/threonine kinase 1; black arrows: activation; red arrows: inhibition; intermittent arrows: cleavage.

Most of these mechanisms and pathways are operative in IBD, as indicated by genetic,
experimental and clinical studies [36,37,61,62].

3. Genetics and Autophagy in IBD

Most studies dissecting different genetic or cellular mechanisms of IBD pathophysi-
ology were feasible due to the development of various animal models. The most widely
used are those that are chemically induced, such as the trinitrobenzene sulfonic acid
(TNBS) model and the oxazolone and dextran sulphate sodium (DSS) models. Additional
models are the gene-deficient I-kappa-B kinase gamma (Ikk-y) and interleukin (IL)-10
models of spontaneous colitis and the immune cell-induced models such as the CD4+ T-cell
transfer model [88]. Comparisons of the different models have shown that the DSS- or
TNBS-induced models correspond to human IBD and are reproducible with characteristics
indicative of acute inflammation [89]. In addition, use of knock-out models allowed for the
identification of discrete pathways in the progression of IBD. Thus, the caspase 1 KO mice
TNBS model revealed significant differences between the histopathologies of the wild-type
and the KO mouse, indicating the importance of caspase 1 in the inflammasome activation
and the pathogenesis of IBD [90]. Models of chronic colitis have also been created [91].
Although murine experiments have contributed immensely to IBD research, the translation
to human applications should be performed with caution. Mice and humans differ in their
immune responses and their genetic diversity. Moreover, therapeutic interventions are not
always consistent between murine models and human trials. Therefore, the limitations
of each model should be carefully considered before conclusions can be extrapolated in
relation to human IBD [88,92].

The first indications that autophagy is important in the pathogenesis of IBD came
when genome-wide association studies (GWAS) identified the autophagy gene ATG16L
and the immunity-related GTPase M (IRGM) gene as CD susceptibility genes [93-98]. Later,
polymorphisms in other autophagy genes were found to be IBD-associated [99,100]. More
than 200 loci have been associated with IBD so far [101,102].

Recently, the significance of other autophagy-related genes, such as optineurin (OPTN),
TFEB and leucine-rich repeat kinase (LRRK), has been studied in vivo and found to be as-
sociated with enhanced susceptibility to bowel inflammation, indicating their involvement
in colonic immunity [103-105].

Regulation of the intestinal barrier is another function where autophagy is critically
involved. A deletion of an autophagy gene may result in the impairment of proteins
of the intestinal junctions [106-108]. Initiation of autophagy downregulates epithelial
barrier permeability because claudin-2 is degraded in lysosomes [106]. An additional
factor is the fact that several autophagy proteins have multiple functions not dependent on
autophagy. Accordingly, Beclin1 is associated with the junctional protein occludin, leading
to endocytosis and modulation of gut permeability [107]. Deficiency of ATG14 leads to
intestinal atrophy with the loss of villi and increased TNFa-dependent apoptosis [109,110].

The significance of the main genes involved in the regulation of autophagy in IBD will
be presented in more detail.
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3.1. ATG16L1

This is the gene most extensively studied. ATG16L1 variations are associated with the
IBD risk in different ethnic populations [111-113]. An IEC-specific deletion of ATG16L1 led
to a reduction in Paneth cell numbers and abnormal morphology and secretory granules in a
murine model [114,115]. ATG16L1 T300A /T300A mice have impaired intestinal microbiota
compared with the wild type. Bacteria associated with IBD, such as Tyzzerella, Mucispiril-
Ium, Ruminococcaceae, and Cyanobacteria, were increased, while Akkermansia, a bacterium
associated with mucin production, was reduced. Goblet cells secreted less mucin and
autophagy was defective. Not surprisingly, experimental colitis was more severe compared
with the wild type [116]. ATG16L1 deletion led to significantly increased susceptibility
to dextran sulfate sodium (DSS)-induced colitis [117]. In humans, blood mononuclear
cells of CD patients with the ATG16L1 T300A risk variant produced higher amounts of
the pro-inflammatory cytokines IL-1 and IL-6 in response to NOD2 ligands [118] and
their macrophages overproduced IFN-{3 and IL-13 [119]. ATG16L1 T300A was also as-
sociated with the response to treatment of CD with adalimumab [120]. Interestingly, the
risk allele T300A is related to upregulated degradation of the Atgl6L1 protein due to
caspase 3 activation in both human and mice macrophages and decreased autophagy with
enhanced inflammation [121]. Atg16L1 works in tight association with the NOD2 sensor
that detects bacterial muramyl-dipeptide (MDP) and recruits Atgl6L1. Autophagy is sub-
sequently initiated, resulting in bacterial killing and the presentation of bacterial antigens
to MHC class II. Mutations in NOD2 or ATG16L1 impair the whole system [37]. Another
pathway that is under the control of ATG16L1 is the IL-22 signaling in IECs. There are
conditions where IL-22 may cause tissue damage [122] and drive intestinal inflammation
in an autophagy-dependent manner [123]. ATG16L1 regulation of autophagy is not similar
in all cell types. Its effect on macrophages was mentioned before. ATG16L1 deficiency in
myeloid cells has limited effects in the course of IBD, in contrast to ATG16L1 deficiency in
IECs, where apoptosis is increased and inflammation is exacerbated [13].

The interactions of Atgl6L with other proteins involved in autophagy or apoptosis are
still under investigation. The WD40 domain of Atgl6L interacts with the anti-inflammatory
protein A20 in IECs [124]. Atgl6L upregulates the lysosomal degradation of A20 and A20
upregulates the ubiquitin-mediated degradation of Atgl6L. Deletion of these two proteins
in a murine model led to spontaneous intestinal inflammation accompanied by high levels
of IL-1f3 and TNF and increased thickness of the jejunal wall, features resembling CD.

3.2. IRGM

This is the second most extensively studied gene. It encodes the only known func-
tional immunity-related GTPase [125]. There is no yeast ATG equivalent and its study
in autophagy is therefore difficult. IRGM promotes the initiation complex interacting
with ULK1 and BECNT1. It is also associated with the NOD2 and Atgl6L1 proteins as
a protective factor against bacteria and inflammation [125-127]. IRGM polymorphisms
(rs13361189, rs4958847, and rs11741861) are associated with both CD and UC in many
ethnic populations [128,129]. However, this was not the case in a Korean population,
where an association was confirmed for CD but not for UC [130]. IRGM1 deletion in mice
increased the susceptibility to DSS-induced colitis only when associated with changes in
the intestinal microbiota [131]. Paneth cells are also defective in IRGM1 deficiency and
mice are susceptible to acute intestinal inflammation [132], while the IRGM protein limited
the amount of the intracellular adherent-invasive Escherichia coli (AIEC) in epithelial cells
through autophagy activation and phagosomal maturation [133]. In the intestinal mucosa
of CD patients, a higher number of AIECs invade IECs and induce TNF-« production
compared to healthy controls [134]. miR-196, overexpression in the inflamed epithelium of
Crohn’s disease patients reduces an IRGM protective variant but not the risk-associated al-
lele, leading to decreased autophagy and increased replication of intracellular AIECs [135].
The expression of the autophagy-related IRGM gene variants rs4958847 and rs13361189 is
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associated with increased visceral adipose tissue and increased morbidity in CD patients
with non-alcoholic fatty liver disease [136].

However, the importance of IRGM-related autophagy in the pathogenesis of CD
is questioned, as activated autophagy in the Paneth cells of CD patients seems to be
independent of IRGM variants [137]. Similarly, appendectomy, which protects against UC,
was associated with downregulation of autophagy genes and suppression of autophagy
may be related to decreased microbial antigen presentation and attenuation of colitis [138].

3.3. LRRK2

Gene studies in leprosy identified the links between the LRRK2 gene and CD [139,140].
LRRK2 is mainly expressed in myeloid cells and B cells and is involved in the secretion of
inflammatory cytokines and antimicrobial peptides in macrophages [139,140]. LRRK2 is
implicated in autophagic flux, although the regulatory mechanisms of autophagy control
have not been clarified [141]. LRRK2 deficiency in murine models increased susceptibility
to DSS colitis by decreasing activation of the transcription factor NFAT (Nuclear factor
of activated T cells) [142]. Recently, dendritic cells from CD patients showed elevated
LRRK2 expression and caused the induction of severe colitis with NF-«B activation and
pro-inflammatory cytokine responses in a murine model [105].

3.4. ATG7 and ATG5

Deletion of ATG7 in IECs resulted in impairment of Paneth cells with a reduced size of
granules and reduced lysozyme and antimicrobial peptide levels. IECs produced more TNF
and IL-1p after lipopolysaccharide challenge compared to normal IECs [143-145]. Similar
findings in Paneth cells were also found in mice with IEC-specific ATG5 deletion [146-148].
Increased colonic inflammation was also demonstrated after ATG7-specific deletion in
myeloid cells [149]. In a murine model of IEC-specific X-box-binding protein 1 (XBP1)
deficiency with protracted ER stress, the addition of ATG?7 deletion exacerbated transmural
inflammation, simulating human CD. This finding indicates that autophagy protects against
increased apoptosis generated by protracted ER stress [114]. Reduced lysozyme staining
was also observed in the Paneth cells of generalized ATG4B-deleted mice [150]. ATG5
deletion in IECs was also associated with increased Salmonella typhimurium presence in
IECs and favored the extraintestinal dissemination of this pathogen [151]. Intestinal stem
cells (ISCs) are also influenced by the specific deletion of ATG5. The numbers of ISCs
are reduced and those that survive have high ROS levels [152]. Increased levels of ROS
associated with a reduction in the DNA repair capacity and p53-mediated apoptosis of
ISCs were also demonstrated after the loss of ATG7 [153].

Taken together, these findings indicate that autophagy is vital for the maintenance of
intestinal homeostasis.

3.5. Other Autophagy-Associated Genes

There are additional genes implicated in IBD’s pathophysiology. Beclin1F121A knock-
in mice overexpress a mutant Beclinl with decreased Bcl-2 affinity and promotion of its
ability to increase autophagic flux. These mice have a thicker mucosal layer and decreased
ER stress. On the contrary, BCL2AAA knock-in mice overexpress a mutant Bcl-2 with
increased affinity to bind Beclinl, with a reduction in autophagic flux associated with a
thinner mucosal layer in the colon [154].

The involvement of the autophagy proteins p62 and TFEB and the single nucleotide
polymorphisms (SNPs) of NDP52 and optineurin observed in individuals with IBD have
been implicated in the pathogenesis of IBD [103,104,155,156].

Accumulation of cytoplasmic p62 is a sign of impaired autophagy because upregulated
autophagic flux degrades p62 [157]. However, increased turnover of p62 was observed in
human CD and DSS colitis after hypoxia stimulation associated with reduced inflammatory
markers and markers indicating increased autophagy [158,159]. On the contrary, the
intracellular survival of AIEC LF82 bacteria was higher in cells silenced for p62 [160]. In



Gastroenterol. Insights 2023, 14

607

the inflamed ileal pouch created after colectomy for UC, defective autophagic flux with
elevated p62 was demonstrated in IBD tissues [159]. Additionally, the expression of p62
was higher in the epithelial cells of damaged mucosa compared with normal mucosa [161].

Optineurin (OPTN) is an autophagy protein involved in mitophagy and xenop-
hagy [162]. OPTN deficiency has been reported in CD patients and murine models [104,163],
leading to an accumulation of IRE1x and exacerbation of colitis during ER stress [115].
OPTN deficiency was associated with reduced production of TNFx and IL-6 and in-creased
susceptibility to bacterial colitis [163]. Taken together, these findings indicate that OPTN is
involved in macrophage-driven inflammation and bactericidal function related to increased
CD susceptibility [163].

The implication of TFEB in IBD is very limited [164]. Mice with a deletion of TFEB
in IECs have defective Paneth cell granules, low expression of lipoprotein ApoAl and
exacerbated DSS colitis [103].

The association of IBD with ER stress and the unfolded protein response (UPR) genes
such as the XBP1 have long been detected by gene studies [165]. The XBP1 gene was
sequenced in a large number of IBD patients and several rare variants of XBP1 were
associated with IBD during ER stress [165]. Deletion of XBP1 in IECs led to spontaneous
small intestinal inflammation and increased susceptibility to DSS colitis in parallel with
abnormal Paneth cells [165].

3.6. NOD2

This is the first gene to be linked to CD susceptibility back in 2001 [166—-168]. The three
most common SNPs, R702W, G908R and L1007f/s, were identified in approximately 30%
of patients with CD [169]. Homozygosity increases the risk of CD by 20- to 40-fold [169].
The L1007f/s variant cannot recognize the MDP dipeptide of bacteria and the activation
of the host NF-kB is inadequate to mount a proper defense [170]. As mentioned before,
the NOD2 protein is directly associated with the autophagy protein Atgl6L1 and induces
bacterial elimination via autophagy at the entry site [170-172]. The mutant NOD2 fails to
aggregate Atgl6L1 molecules, restricting the autophagic response due to the defective for-
mation of autophagosomes [172]. NOD2 mutations result in two more defensive problems.
NOD2-associated intact autophagy of the dendritic cells is necessary for efficient antigen
presentation to T lymphocytes and induction of a proper specific immunological reaction
against bacterial antigens [170]. Dendritic cells bearing the NOD2 mutations exhibit re-
duced bacterial killing of AIECs due to inadequate localization of AEICs to lysosomes. This
is reversed after administration of rapamycin, which activates autophagy [170].

It should be noted, however, that most IBD genetic studies revealed stronger associa-
tions of autophagy-related genes with CD in European white populations rather than in
descendants from East Asia [173]. Moreover, two genome-wide scans of African-American
CD and UC patients failed to demonstrate differences in the SNPs of autophagy genes
between controls and patients with an increased CD risk [174]. The anthropogeography of
autophagy in IBD is obviously not over.

The association between autophagy, microbial defense and inflammation in IBD has
been recently reviewed [175].

4. Autophagy and Apoptosis in IBD
4.1. Autophagy

Impaired autophagy is observed in several cells of the damaged mucosa of IBD
patients [23,161]. Emerging evidence indicates that there is an interplay among three
important cellular pathways in the pathogenesis of IBD. These include apoptosis, autophagy
and the unfolded protein response induced by endoplasmic reticulum stress [176,177].
Autophagy is the central regulator in IBD pathophysiology, as it is connected to all the
defensive mechanisms of the intestinal mucosa. Dysfunctional autophagy affects several
processes, such as intracellular microbial clearance, antimicrobial peptide production by
Paneth cells, production of mucus by goblet cells, antigen handling by dendritic cells and
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pro-inflammatory cytokine secretion by macrophages [178-181]. Some research data on
these defense parameters have been presented in the previous subsection but additional
collective details are given below.

4.2. Intestinal Functions Affected by Autophagy Dysregulation in IBD
4.2.1. Paneth Cell Autophagy

Paneth Cell Autophagy or, as it is known, crinophagy. Paneth cells produce and secrete
via crinophagy antimicrobial peptides such as lysozyme and defensin 5 and 6, which shape,
in part, the microbiota of the gut [182]. As mentioned before, CD patients carrying the risk
variants of ATG16L1 or NOD2 have abnormal Paneth cells [183], and the same happens
in mice with repressed expression of Atg5, Atg7 Atg4B or leucine-rich repeat kinase 2
(LRK?2) [184].

4.2.2. Inflammatory Cytokine Regulation

Intestinal mucosa macrophages initially respond to bacterial pathogens with antimi-
crobial peptide production [185]. This is not the case in IBD patients, where macrophages
overproduce pro-inflammatory cytokines and the bacterial clearance is not effective. In
murine models, this is associated with specific macro-phage deficiencies of autophagy-
related proteins leading to overproduction of IL1 and IL-18 [117,186]. In contrast, inflam-
matory cytokines are not secreted by IECs despite the presence of the same mutations in
autophagy genes [187].

4.2.3. Antigen Presentation by Dendritic Cells

Dysfunctional autophagy interferes with the presentation by dendritic cells of bacterial
and other unknown antigens to CD4+ T lymphocytes, as proved in animal models with
the deletion of ATG5 or ATG7 [188,189]. NOD2-associated autophagy in dendritic cells
is also necessary for the generation of MHC-II-restricted CD4+ cells. Defective antigen
presentation has been reported in human IBD. Dendritic cells from CD patients with risk
variants in NOD2 or ATG16L1 have impaired MHC II antigen presentation [170] and,
possibly, a restricted number of peptides presented to T-cells.

4.2.4. Goblet Cell Mucus Secretion

In IBD patients, the protective mucus layer is defective and microbes of the lumen are
in close contact with the epithelium [190]. Reduction in the autophagy proteins Atg5, Atg7
or LC3 results in abnormal goblet cells and decreased mucus production [147,191]. The
same findings were reported in a knock-in mice expressing the ATG16L1 T300A variant [18].

4.2.5. ER Stress Response

Increased levels of multiple proteins leading to ER stress and induction of the un-
folded protein response were demonstrated in the intestinal mucosa of IBD patients, even
in areas without inflammation, and also in the mucosa of healthy people expressing the
ATG16L1 T300A allele [192]. CD patients harboring this allele have de-creased stability
of the intestinal epithelial proteins due to increased accessibility to caspase cleavage, and
an interconnection between ER stress and autophagy leads to epithelial barrier abnormali-
ties [121]. In murine models, the absence of the proteins Atgl6L1 and Atg?7 is associated
with overexpression of ER stress markers such as DDIT3 (DNA dam-age inducible tran-
script 3) and phospho-EIF2A (eukaryotic translation initiation factor 2A) [193]. ER stress
initiates ATF6 and induces autophagy in IECs through the upregulation of death-associated
protein kinase 1 (DAPK1) and mATG9 translocation [194,195]. ATF6 is also involved in the
interaction between ERS and IECs autophagy in IBD, regulating the downstream molecules
XBP1 and Atgl6L1 [196]. Importantly, ER stress, UPR, autophagy and apoptosis are all
interconnected in the PERK-EIf2a-ATF4 pathway [197,198]. ATF4 induces the expression
of the pro-apoptotic protein CHOP and increases the expression of the autophagy gene
ATG5 [199]. ATF4 also promotes the expression of the DNA damage response 1 (REDD1)
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protein [200] that activates autophagy in the neutrophils of the intestinal mucosa inhibiting
mTOR. REDD1 expression is closely associated with the severity of UC [201]. ER stress
also stimulates the IRE1/JNK and IRE1/XBP1 pathways to release Beclinl and promote
autophagy [202,203]. IKK« kinase is also a mediator capable of repressing ER stress, promot-
ing Atgl6L1 stabilization via phosphorylation of Atg16L1 at Ser278. It improves therefore
acute intestinal inflammation [204]. ER stress affects Paneth cells as well, where autophagy
is increased to counteract the increased ER stress when UPR is not adequate [114]. In
agreement with this, the Paneth cells of CD patients expressing the ATG16L1 T300A risk
allele and impaired autophagy have increased levels of the ER stress marker pEIF2«, even
in the quiescent state [193]. However, they do not show signs of increased apoptosis. Mice
with a deletion of ATG16L1 develop ileitis, and a similar ileitis develops earlier in life when
a deletion of the unfolded protein response transcription factor XBP1 is added to this model
due to increased ER stress [114,115].

UPR attempts to counteract ER stress by inducing autophagy to degrade misfolded
proteins [205,206]. ER stress activates the ATF6, PERK, and IRE1 pathways. ATF6 activates
autophagy either by upregulating the pro-apoptotic cytokine CHOP that mediates mAtg9
translocation or by upregulating DAPK1 [194,195]. PERK activates autophagy through
the ATF4 pathway, as mentioned above [197-199,207]. IREL1 is associated with both IBD
and autophagy through XBP1, which is a vital component of the IRE1 pathway. Decreased
genetic expression of XBP1 is associated with IBD. Impairment of the IRE1 pathway in
IECs led to reduced numbers of goblet cells and impairment of the intestinal epithelial
barrier [208].

Taken together, these data indicate that autophagy and ER stress are mutually reg-
ulated [202,203]. ER stress can promote autophagy, and activated autophagy can inhibit
overactive ER stress, protecting the integrity of the mucosal barrier and IECs from apopto-
sis [209].

ER-stress-induced inflammation initiates a direct link between NOD1/2 and the IRE1
pathway facilitated by TRAF2 (TNF receptor-associated factor 2) [210]. Active IRE1 stimu-
lates the JNK pathway to trigger NF-«B signaling [211,212] and autophagy induction [213].
ER stress initiated by infection with Brucella abortus increased inflammation and IL-6 pro-
duction [210] in human and murine cells. This response was dependent on NOD1/2 and
receptor-interacting serine/threonine306 protein kinase 2 (RIPK2), but also on IRE1 kinase
activity and TRAF2-induced NF-«B signaling [210].

Interestingly, ER stress effects is also modulated by an innate immune sensor called the
stimulator of interferon genes (STING) in response to PAMPs (pathogen-associated molec-
ular patterns) present in live Gram-positive bacteria [214]. This process induces autophagy
via inhibition of mTORC1 and localization of STING to autophagosomes. Abnormalities in
the above responses in IBD have not been described so far.

4.3. Autophagy Signal Pathways Implicated in IBD
4.3.1. mTOR

Pharmacological inhibition of mTOR and administration of autophagy stimulators
improved experimental colitis and oxidative stress [215]. mTOR is activated in the intestines
of mice with acute colitis [216,217], and mTORC1-dependent STAT3 (signal transducer and
activator of transcription 3) signaling attenuates pathology [216].

4.3.2. AMPK/mTOR

Sodium hydrosulfide (NaHS), which is a donor of H 2 S, reduced the histological
injury and pro-inflammatory cytokine expression in a rat model of UC by activating
autophagy through the AMPK/mTOR pathway [218]. Sinensetin administration inhibited
apoptosis and restored intestinal barrier dysfunction in experimental colitis by activating
autophagy of IECs. AMPK knockdown reversed the effects of sinensetin [14]. Similar effects
on experimental colitis were reported for dapagliflozin and metformin [219]. Nicotine
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also attenuated DSS colitis by promoting autophagy and reducing apoptosis through the
AMPK/mTOR axis [220].

4.3.3. mTOR/NLRP3

SNPs in the NLRP3 gene confer susceptibility to CD [221]. There is a reciprocal
regulatory relationship between NLRP3 expression and autophagy, where activation of
autophagy limits NLRP3 activity, leading to a reduction in inflammation [222]. Hypoxia
attenuates the colonic inflammation by downregulating the binding of mTOR and NLRP3
and activating autophagy [158].

4.3.4. AKT/mTOR

The activation of the AKT/mTOR signaling pathway negatively regulates autophagy
and participates in the pathogenesis of IBD [223]. Thus, the heat shock transcription factor
2, the ring finger protein 8 and the Xianglian pill increase autophagy in IECs by inhibiting
the AKT/mTOR pathway and seem to be protective in UC [224-226].

4.3.5. NF-kB Pathways

The implication of NF-kB in autophagy and apoptosis is variable. Stimulation of
NF-kB can either upregulate [227] or inhibit autophagy [228]. At the same time, autophagy
upregulation may inhibit NF-kB activation by interfering with the IkB kinase (IKK), which
is an upstream regulator of NF-kB [229,230]. Moreover, the autophagy protein Atgl6L1 re-
stricts the pro-inflammatory cytokine response by downregulating NF-kB expression [231].
As a consequence, expression of the Atgl6L1T300A polymorphism in macrophages in-
creases the NF-kB-dependent cytokine production and exacerbates the risk of CD [232].
In addition, ginseng polysaccharides improved DSS colitis by inhibiting the TLR4-NF-kB
pathway and activating autophagy [233].

4.3.6. Nrf2/HO-1 Pathways

Nuclear transcription factor E2-related factor 2 (Nrf2) is fundamental t the antioxidant
response, and the Keap1/Nrf2 pathway is connected to autophagy through the autophagy
protein p62 SQSTM1 [234,235]. The activation of the Nrf2/HO-1 pathway attenuated
TNBS- and DSS-induced colitis [236,237], while impaired Nrf2 signal is implicated in the
pathogenesis of these two colitis models [237,238].

4.3.7. Additional Pathways

Wnt signaling pathway activation through the hypoxia-inducible factor-1 (HIF-1)
downregulates autophagy in the IECs of patients with IBD via the mTOR pathway [161].
Abnormal regulation of STAT3 in the intestine inhibits autophagy, while inhibition of STAT3
restores autophagy in bacteria-infected cells [239,240]. In models of neonatal necrotizing
small-bowel colitis, TNF-a may induce autophagy and regulate the apoptosis of IECs,
promoting disease progression [241]. Loss of ATGS leads to in-creased inflammatory
cytokines through activation of the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK kinase) pathway [242].

4.4. Role of Autophagy in CD

The implication of autophagy in CD is multifaceted and cell-specific [36,243]. As
mentioned before, dysfunctional autophagy in IECs increases the expression of claudin-2
due to reduced lysosomal degradation and the permeability of the intestinal barrier is
in-creased [106,244]. Dysfunctional autophagy allows for the accumulation of damaged
mitochondria and ROS production, leading to inflammasome activation and ROS-induced
cell death [245-247]. The implication of ATG16L in NOD2 and IRGM expression and
their importance in CD increased susceptibility have already been analyzed. Dysfunction
of NOD2 or LRRK2 results in the degradation of lysozyme in lysosomes and decreased
defense [248-250].
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ERN1 (endoplasmic reticulum to nucleus signaling 1) is an important cellular pro-
tein that is degraded in normal autophagy after association with optineurin. Defective
autophagy during ER stress reduces the clearance of ERN1, leading to a CD-like transmural
ileitis in mice [115]. In intestinal stem cells, defective autophagy increases ROS accumula-
tion and disrupts the regeneration of IECs [152]. In macrophages, dysregulated autophagy
impairs the degradation of pathogens. The secretion of pro-inflammatory cytokines by
macrophages is increased when autophagy is dysfunctional [119,251]. Defective autophagy
leads to impaired antigen presentation and T-cell activation [252], as mentioned before.
T-cell activation is supported by the autophagic receptor TAX1BP1 (Tax1 binding protein 1)
that binds to LC3 and induces autophagy [253]. Dysfunctional autophagy impairs T-cell
proliferation, leading to reduced numbers of CD4+ and CD8+ T cells, and Treg cell survival,
while the Th2 and Th17 responses are increased [253-260]. Bacteroides fragilis from the gut
microbiota produce molecules that are recognized by DCs and induce IL-10-producing
Treg cells, limiting thus the CD4+ cell-mediated inflammatory response. DCs harboring the
autophagy-related risk variants fail to induce IL10 production by Treg cells in response to
B. fragilis aggravating inflammation in CD experimental models [261,262].

4.5. Role of Autophagy in UC

Data from patients and experimental models indicate the association between dysreg-
ulated autophagy impairment and the occurrence of UC [263]. The transcription factor 4
(ATF4), an autophagy-related protein, was reduced in the inflamed intestinal mucosa of
patients with UC, suggesting the presence of impaired autophagy [264].

Vitamin D and its receptor (VDR) have an important role in IBD pathogenesis, as
they are implicated in the regulation of innate and adaptive immunity and the control of
inflammation [265]. VitD/VDR also modulate the intestinal microbiome in IBD. Low levels
of intestinal epithelial VDR were associated with reduced autophagy and damage to the
barrier integrity, allowing the translocation of pathogens and initiation of inflammation.
On the other hand, increased intestinal VDR expression repressed inflammation in a colitis
model [266,267].

VDR controls the autophagy and apoptosis in IECs by maintaining the expressions
of Beclinl and Atgl6L1. In fact, VDR deficiency leads to decreased AtgL1 and Beclinl,
leading to decreased autophagy and increased apoptosis [268,269].

Vitamin D/VDR attenuates the development of TNBS-induced colitis by inhibiting
the apoptosis of IECs and protects intestinal cells from apoptosis induced by radiation
injury [270,271].

On the other hand, activation of the intestinal nuclear vitamin D receptor (VDR) in-
duces autophagy and ameliorates intestinal inflammation in experimental colitis [272,273].
Low VDR expression was also observed in patients with UC [272]. Moreover, mTOR-
dependent autophagy flux deficiency was described in human IECs from active UC pa-
tients [215].

In DSS-induced UC models, the nuclear receptor binding factor 2 (NRBF2), a protein
of the Beclinl-Atg14-VPS15-VSP34 complex, was crucial for the clearance of apoptotic
cells and the repression of inflammation [274]. In addition, it was reported that specific
deletion of (meteorin-like) Metrnl, a protein highly expressed in IECs, exacerbated UC
severity through the reduction of autophagy via the AMPK-mTOR pathway [275]. Induc-
tion of AMPK-mTOR-mediated autophagy, on the other hand, alleviated the intestinal
inflammation [276].

It should be stressed, however, that excessive induction of autophagy might be detri-
mental, leading to autophagic cell death [277]. Deficiency of erbin (Erbb2-interacting
protein), a protein required for the polarity of epithelial cells, induced autophagy and
exacerbated cell death in DSS colitis [278].
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4.6. Lysosomes in IBD

The activation of the lysosomal enzyme cathepsin D is implicated in intestinal inflam-
mation, both in human IECs and a murine model of IBD. Immunohistochemistry identified
increased cathepsin D expression in the inflamed intestinal mucosa of IBD patients com-
pared to non-inflamed mucosa. Cathepsin D originates from macrophages, as the mRNA
of cathepsin D was only found in isolated macrophages from the inflamed mucosa [279].
Cathepsin D was also identified in the inflamed intestinal mucosa of acute and chronic
DSS colitis, but not in normal mucosa. In the same model, apoptosis of IECs was initiated
by dietary sphingomyelin through cathepsin D activation [280]. These findings suggest
that increased autophagy in macrophages and apoptosis of IECs are interconnected, possi-
bly through the autophagy-associated lysosomal cathepsin D. Interestingly, inhibition of
cathepsin D in mice attenuated DSS colitis. Simultaneous inhibition of both cathepsin B
and cathepsin L also ameliorated colitis [281].

4.7. Autophagy and Fibrosis in Experimental Colitis

In addition to the ability of autophagy stimulators to improve acute murine coli-
tis [282], data suggest a role of autophagy in modulating fibrosis in the intestinal wall.
The TNBS chronic colitis model is associated with intestinal fibrosis. In this model, it has
been shown that autophagy inhibition deteriorates and autophagy stimulation prevents
fibrosis [283]. Mice treated with an autophagy inhibitor showed the increased expression of
profibrogenic CD16+ -M2 macrophage infiltration, while rapamycin activated autophagy
and increased the infiltration of macrophages with a regulatory/anti-inflammatory pro-
file [284]. This was confirmed by the demonstration that the initiation of autophagy via
mTOR inhibition in Cx3crl+ mononuclear cells restricted IL-23/IL-22 axis-mediated intesti-
nal fibrosis [285]. In the same TNBS model, the CD147 protein was increased in the colon
of fibrotic animals compared to controls. Inhibition of CD147 reduced intestinal fibrosis
and collagen deposition through induction of autophagy. Interestingly, there was no effect
of the activated TGF-f31 in the fibrotic tissue [286].

Multiple review articles have provided an overview of the general role of autophagy
in intestinal function and IBD pathogenesis [37,175,287,288].

4.8. Mitophagy in IBD

Abnormalities in mitophagy are important in IBD as they are related to ROS accu-
mulation and ER stress in IECs, intestinal macrophages and Paneth cells. Mitochondrial
stress-induced mitophagy is initiated by increased intracellular ROS accumulation in IBD
patients [51,289-291]. Deletion of Parkin led to attenuation of colonic inflammation in
DSS colitis. This is possibly due to the interaction of Parkin with VDRs, which are highly
expressed in IECs [292,293]. Very recent evidence connected VDR to mitophagy. Parkin
interacted with VDR and promoted VDR lysosomal degradation. Comparison of colitis
in Parkin—/— and Parkin—/—Vdr—/— mice showed that the protective effect of Parkin
deletion against colitis was reversed by VDR deletion. Moreover, deletion of Parkin was
shown to inhibit apoptosis [294].

Diminished expression of prohibitinl, a mitochondrial chaperone, impairs mitochon-
drial homeostasis and activates mitophagy, increasing the intracellular ROS in IECs of IBD
patients. Reduction in both prohibitinl and Atgl6L1, as frequently found in IBD, exacer-
bates mitochondrial depolarization and reduces intestinal cell survival [290]. Mitophagy is
important for the viability and homeostasis of intestinal stem cells (ISCs) as well. ISCs use
oxidative phosphorylation (OXPHOS) as a vital source of ATP supply [295-297].

Other intestinal mucosal cells are also influenced by abnormalities in mitophagy.
Macrophages are influenced by dysregulated mitophagy in IBD. The CD-associated ATG16L-
1T300A variant leads to pro-inflammatory transformation of macrophages with impaired
mitophagy, ROS accumulation and enhanced IL1B production [17,18]. Moreover, andro-
grapholide administration in mice was found to ameliorate colitis through mitophagy-
mediated inhibition of NLRP3 inflammasome activation [246]. Ginsenoside Rd was also
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reported to inactivate the NLRP3 inflammasome and improve DSS colitis by inducing
mitophagy [298]. Palmatine also attenuated intestinal inflammation by inhibiting NLRP3
inflammatory vesicles through mitophagy induction [299]. Macrophages from mice colitis
or IBD patients showed reduced mitophagy due to a genetic reduction in IL10 or its receptor
and activation of the mTOR pathway resulting in increased inflammasome activation and
colonic inflammation [300]. Paneth cell abnormalities were also observed with defective
mitophagy in mice after deletion of IRGM [132], which is a mitochondrial protein that
triggers mitophagy [301].

4.9. Apoptosis

It has been shown that during inflammation in IBD patients or murine models of
colitis, different cell death pathways are operational, including apoptosis, necroptosis and
pyroptosis [302,303]. Thus, enhancement of IEC death by apoptosis is demonstrated in
histological specimens from patients with IBD [304,305]. Elevated apoptosis of IECs is
closely associated with the severity of inflammation in IBD [306].

The extrinsic pathway of apoptosis in enterocytes depends on the activation of any of
the death receptors, such as CD95, TRAIL or TNFR1, as mentioned before. The expression
of other apoptosis-associated proteins such as the Fas death receptor (CD95), Fas ligand,
BAX, and p53 is also increased at the inflamed sites [307]. CD95 in IECs is localized on the
basolateral surface [308]. The expression of the CD95 ligand (CD95L) is restricted only to
lamina propria immune cells and Paneth cells in normal individuals. Induction of CD95L
expression in IECs, however, can be identified in patients with UC [309,310]. Apoptosis
of IECs in IBD patients is mainly mediated by p53 and p53-upregulated modulator of
apoptosis (PUMA), which inhibits Bcl-2, and controls mitochondria-driven apoptosis. The
levels of p53 and PUMA were increased in the mucosa of murine DSS colitis and in patients
with UC. Apoptosis of IECs was observed in the lower mucosal crypts in colitis of both
humans and mice. Deletion of p53 and PUMA reduced apoptosis of IECs, although the
degree of inflammation did not change. Induction of PUMA in mice with p53 deletion
indicated that PUMA-mediated apoptosis was independent of p53 [311]. In IECs, the
checkpoint kinase Chkl regulates p53-dependent transcription of PUMA [312]. Thus,
increased Chk1 was expected to increase the cell death of IECs and compromise the gut
barrier. However, contrary to this expectation, Chk1 activation in mouse models was shown
to enhance the epithelial barrier via the transcriptional upregulation of claudins [313,314].

The DNA damage-regulated autophagy modulator 1 (DRAM1) encodes a protein that
is localized in the membrane of the lysosomes. It is involved in p53-mediated apoptosis
and the progression of autophagy. DRAM1 may act downstream of PUMA to regulate IEC
apoptosis by positively regulating JNK. Deletion of DRAM1 abolished the cytotoxic effect
of TNF-a on SW480 and HT29 cell viability. However, this may be not true for HT29 cells,
as demonstrated by annexin V. The DRAM1 levels were higher in the mucosa and serum of
IBD patients compared to healthy individuals. Moreover, DRAM1 expression was lower in
CD inflammatory cells compared with UC patients. Importantly, DRAM1 was correlated
with the simple endoscopic score for CD and the Mayo endoscopic score for UC [315].

4.9.1. The Role of TNF«x

Neutralization of TNF« is the main treatment for IBD, leading to reduced IEC apopto-
sis and enhanced mucosal repair [316]. In fact, in most cell types, IEC included, transient
TNEF signaling inhibits apoptosis because of IKKb-dependent NF-kB activation [317]. SNPs
in widely expressed genes encoding NF-kB-regulated molecules show a strong association
with IBD [318], and activated nuclear NF-kB is present in both IEC and lamina propria
macrophages of active disease areas [319]. The administration of the NF-«B inhibitor BAY
11-7082 inhibited IECs apoptosis in experimental colitis [320].

However, the reason for TNF-induced death of IECs is not well understood, because
TNF does not damage healthy IECs. In mice, deletion of the NF-kB-mediated survival
responses via the ablation of NEMO (NF-«kB essential modulator) induced IEC apoptosis in
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a Raf kinase inhibitor protein (RIPK1)-dependent manner. NEMO-deficient IECs cannot
regulate RIPK1 activation [321,322]. It was recently demonstrated that it is the chronic NF-
kB activation that induces intestinal crypt apoptosis and severe mucosal erosion after TNF
stimulation. This was mediated by the RIPK1 kinase, while RIPK1 inhibitors abolished the
TNF-induced apoptosis but preserved its survival properties, which are not dependent on
RIPK1 kinase [323,324]. The TNF-induced protein 3 (A20) may play a central role in patients
with IBD, as it is a negative regulator of NF-kB [325-327]. Mice overexpressing A20 in
IECs are prone to TNF-induced IEC death, which can be abolished by administering RIPK1
inhibitors. A20 is also overexpressed in the IECs of patients with IBD, indicating that A20
is the mechanism behind the IEC susceptibility to TNF-RIPK1-mediated cell death [325].
Another critical regulator of NF-«B activation and IECs apoptosis downstream of the TNFR
is the TGF-activated kinase 1 (TAK1) [328]. Inhibition of TAK1 alone is sufficient to induce
TNF-mediated apoptosis [329,330]. TAK1 favors apoptosis over necroptosis of IECs by
increasing FLIP degradation. The formation of the RIPK1-FADD-caspase 8 complex is
enhanced and apoptosis is initiated [329].

Infiltrating macrophages may also induce IEC apoptosis and further disrupt the
integrity of the intestinal barrier due to increased ER stress with the overproduction of
TNEF-o [331].

4.9.2. Other Factors Affect Apoptosis in IBD

MicroRNAs are important mediators of the pathophysiology of IBD. miR-665 was
markedly increased in samples from active colitis patients and promoted apoptosis in DSS
colitis. Administration of an miR-665 mimic aggravated DSS colitis, while injection of an
antagonist rescued cells from apoptosis [332].

Reduced protein levels of BAX were found in the intestinal mucosa of CD patients.
Reduced BAX was localized in the lamina propria, not in the IECs. High levels of Bcl-2 and
caspase 3 were seen in the mesenteric adipose tissue (MAT) of these patients, indicating
defective apoptosis in MAT [333]. These findings verify previous observations of mucosal
T lymphocyte resistance to apoptosis, mostly in steroid-resistant CD [334,335], and indicate
that the impairment of apoptosis is BAX-dependent in the lamina propria and Bcl-2-
dependent in MAT. The clinical significance of these findings is difficult to explain.

Sam68 (Src-associated substrate during mitosis of 68 KDa), is implicated in various
cellular functions, including apoptosis. Samé68 was upregulated in the IECs of patients with
UC. In DSS colitis, the overexpression of Sam68 was associated with increased levels of IEC
apoptotic markers and NF-kB activation indicators in IECs, indicating that Samé68 regulates
apoptosis of IECs via activation of NF-kB in UC [336].

NRBF?2 is a positive regulator of autophagy. A recent study demonstrated that it
is involved in the clearance of apoptotic bodies by macrophages in DSS colitis. It was
also upregulated in biopsies from patients with UC, where NRBF2-positive macrophages
engulfed apoptotic bodies. Interestingly, TUNEL-positive apoptotic cells were correlated
with UC severity quantified by the Mayo score [274].

4.10. Ferroptosis in IBD

The recently described ferroptotic cell death has been associated with the pathophys-
iology of IBD. As in other diseases, there is substantial evidence that ferroptosis is an
important pathway for cellular death in IBD. Available data refer mostly to murine colitis
or human UC. It is, however, likely that ferroptosis will be a central mechanism in CD as
well. Ferroptosis in IECs destructs the protective barrier function and bacterial antigens
enter into the submucosa and activate the immune cells aggravating IBD in humans or in
DSS colitis [62,67,337,338].

The fundamental characteristics of ferroptosis, including enhanced lipid peroxidation,
depletion of the antioxidant systems and increased iron deposition, have been re-ported in
patients with IBD and murine models [339,340]. Dysregulation of ferroptosis-associated
genes affects the severity and morbidity of murine colitis [341,342]. Similarly, ferroptosis
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genes such as ACSL4, GPX4, and glucose 6 phosphate dehydrogenase are either up- or
downregulated in specimens of patients with UC [343]. Moreover, five ferroptosis-related
hub genes were identified that can discriminate UC patients from healthy individuals [344].

Specimens from human UC and from mice with DSS colitis have shown that ferroptosis
is implicated in UC through IECs death induced by ER stress. NF-kB/p65 phosphorylation
repressed ER stress-mediated IEC ferroptosis to attenuate UC [343,345]. This is in agreement
with the reported suppression of ER stress by GSK2606414, which led to inhibition of
ferroptosis in IECs [343]. Several specific inhibitors of ferroptosis could stop the detrimental
effects of ferroptosis in models of UC [337,346,347]. Activation of GPX4 can also inhibit
ferroptosis and improve UC symptoms [346,347].

Ferroptosis regulates colitis through the Nrf2/HO-1 signaling pathway, which can
inhibit the NF-kB pathway and subsequently suppress secretion of the pro-inflammatory
cytokines [339,348]. Astragalus polysaccharide in particular prevented ferroptosis in DSS
colitis by inhibiting the Nrf2/HO-1 pathway [349,350]. The Nrf2-GPX4 pathway is inhib-
ited in UC [346]. Deletion of Nrf2 increased the severity of DSS colitis [351,352]. Heme
oxygenase-1 (HO-1) has excessive anti-inflammatory and antioxidative properties and
protects mice from colitis-associated inflammation injury [353]. Moreover, other ferroptosis
mediators, such as NADPH oxidases [354] and CD44 [355], are also associated with the
pathogenesis of IBD in patients and colitis models. The exact role of these molecules in
mediating ferroptotic regulation in colitis requires additional research [67].

Arachidonic acid, a preferential substrate of lipid peroxidation, is elevated in the phos-
pholipids of the mucosa in patients with UC [356]. This is consistent with the report that
selenium supplementation is protective in IBD patients [357], although it is still debatable
if the protective action is due to the activation of GPX4 [358]. IECs in Crohn’s disease were
also shown to have reduced GPX4 activity and increased markers of lipid peroxidation.
PUFAs and specifically arachidonic acid initiate pro-inflammatory cytokines’ production
of IECs, which is limited by GPX4, although GPX4 does not directly control arachidonate
metabolism. Most importantly, a PUFA-enriched diet administered in mice lacking one
GPX4 allele leads to a focal granuloma-like neutrophilic enteritis resembling CD [63].

Lipoxygenase isoforms that participate in the ferroptotic pathway are implicated in
the pathogenesis of IBD. Alox15 deletion shows suppression of inflammation and im-
proved intestinal barrier integrity, while Alox15 overexpression leads to severe colitis [359].
Alox5 is upregulated in the mucosa of patients with IBD [360]. Phosphatidylethanolamine-
binding protein 1 (PEBP1) is a master regulator of Alox15, inducing the production of
lipid peroxides that act as ferroptotic death signals [361]. Ferrostatin-1 (Fer-1), a ferroptosis
inhibitor, is a poor Alox15 inhibitor, suggesting that this lipoxygenase isoform has a limited
role in ferroptosis in IBD. However, Fer-1 effectively inhibits lipid peroxides produced
by the Alox15/PEBP1 complex [362]. Moreover, administration of zileuton, which is a
strong inhibitor of 5-LOX, prevents a decrease in the tight junctional impairment induced
in TNBS colitis [66]. Ferroptosis inhibitors, including Fer-1, Lip-1, and DFO, decreased
disease activity scores and attenuated colon length shortening in DSS colitis, proving the
beneficial effect of ferroptosis inhibition [363].

Other Ferroptosis Regulators in Intestinal Diseases

Despite evidence that p53 facilitates ferroptosis as it suppresses cystine uptake by
decreasing the expression of the cystine/glutamate subunit SLC7A11 [364], it is still debat-
able if this relevant in IBD. On the other hand, it seems that the reduced expression of the
aryl hydrocarbon receptor repressor (Ahrr) in IBD is important in the pathogenesis of the
disease. Deletion of Ahrr results in the loss of intestinal intraepithelial lymphocytes (IELs)
and increased susceptibility to DSS colitis. Ahrr deficiency leads to increased ferroptosis
through increased ROS production and lipid peroxidation [365]. Bioinformatics analysis
has shown the significance of the ferroptosis-associated gene ACSF2 (acyl CoA synthetase
family member 2) in the pathogenesis of UC. The expression of ACSF2 was downregulated
in UC animals and cell models, and the ferroptosis inhibitor Fer-1 reversed the reduced
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expression of ACSF2, suggesting that ACSF2 plays an important role in ulcerative colitis
through the modulation of ferroptosis [342]. A recent finding connected ferroptosis with fi-
brosis observed in CD but not in UC. Ferroptosis genes such as ACSL4 were upregulated in
fibroblasts via single-cell transcriptome analysis. CD fibroblasts also expressed ferroptosis-
resistant genes such as GPX4, indicating fibroblast heterogeneity. IECs from patients with
CD expressed reduced levels of anti-ferroptotic genes and increased pro-ferroptosis gene
levels compared to control cells [366].

4.11. Interaction of Autophagy—Apoptosis in IBD

The common denominator of intersection is ER stress and TNFx. In most cases,
autophagy and apoptosis are mutually opposite. Decreased autophagy is associated with
increased apoptosis in IBD, and substantial evidence points to the central role of TNF«x as
a regulator of both increased apoptosis and decreased autophagy. This is important as a
possible mechanism of action of anti-TNFo treatment in IBD, in addition to the commonly
accepted effect on inflammation. It should be stressed, however, that most studies of
inter-actions are referring to the pathogenesis of UC rather than to CD.

Intersection of ERS, Autophagy and Apoptosis

Autophagic proteins regulate epithelial apoptosis during intestinal injury and in-
flammation [146,247,367]. The effects of ER stress in autophagy and apoptosis have been
presented before. The UPR is the critical arm and GRP78 dissociation activates the IRE1,
PERK, and ATF6 pathways. ER stress regulates autophagy susceptibility genes and in-
duces IEC apoptosis through the CHOP signaling pathway, leading to UC [263,368]. UPR
also interferes with autophagy through the PERK-Elf2a-ATF4 pathway [197-199], where
decreased ATF4 downregulated the expression of the pro-apoptotic protein CHOP in UC
patients [207].

Autophagy protects against cell death induced by inflammation. The autophagy-
associated proteins Beclinl and Atg5 also serve as initiators of apoptosis [367]. This is
achieved when Beclinl interacts with HMGBL1 (high mobility group box 1), a nuclear
protein that also serves as an extracellular DAMP. HMGBI inhibits the enzymatic cleavage
of Beclinl and Atg5 and the balance between autophagy and apoptosis is shifted toward
autophagy, limiting apoptosis. Decreased intracellular HMGB1 and increased pro-apoptotic
Beclinl and Atg5 were found in the intestinal tissue of patients with IBD, favoring IEC
apoptosis [367]. Other autophagy-related proteins are related to the induction of apoptosis
in IBD. Mice with a deletion of ATG14 develop villus atrophy and TNF-induced apoptosis
of the IECs [109].

In addition, loss of ATG7 leads to p53-induced apoptosis of the intestinal stem
cells [153] due to high oxidative stress and impairment of DNA repair.

Dapagliflozin, a widely used anti-diabetic drug, was recently shown to attenuate
TNBS-induced rat colitis. The drug increased colonic autophagy by upregulating Beclinl
and downregulating p62 SQSTM1 expression. At the same time, dapagliflozin reduced
colonic apoptosis by reducing caspase 3 and the Bax/Bcl-2 ratio. The effect of dapagliflozin
against colitis was achieved through activation of the AMPK/mTOR and Nrf2/HO-1
pathways [369].

TNFa is also a central regulator of the interaction between autophagy and apoptosis in
IBD, as TNF-induced apoptosis of IECs has been implicated in IBD pathogenesis [370]. TNF,
which is released during intestinal damage, was reported to drive apoptosis in different
colitis models [13,146]. Lack of functional autophagy in Paneth cells increases sensitivity to
TNF apoptosis, along with increased intestinal permeability, in toxoplasma gondii-infected
mice [146]. Similarly, autophagy protects against TNF-induced apoptosis in a Helicobacter
hepaticus infection model, along with IL10 blockade [13].

Interestingly, the administration of anti-TNF«x led to the induction of macrophages
with upregulated autophagy. Induction of these macrophages was defective in healthy
subjects harboring the ATG16L1T300A variant compared with those with the wild-type
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allele [371]. The viability of anti-TNF-induced macrophages is additionally dependent on
the autophagy-related lysosomal enzyme cathepsin S [371].

It should be noted that augmentation of apoptosis in the IECs was only observed
after inflammatory cytokine stimulation or during chronic inflammation. IECs without
an inflammatory challenge can counteract the lack of autophagy and exhibit normal pro-
liferative responses [13]. Atgl6L1 in IECs is also involved in the protection of Paneth
cells in a model of virus-induced IBD [247], suggesting again that IEC autophagy can
control inflammation-induced apoptosis. Moreover, alpinetin administration enhanced
the integrity of the intestinal barrier via augmentation of autophagy and inhibition of IEC
apoptosis [372].

TNF« also regulates the interaction of autophagy and apoptosis by interfering with
claudin-2 expression. Claudin-2 is fine-tuned when autophagy is intact. TNF-a inhibits
autophagy and induces claudin-2 overexpression, initiating apoptosis and impairment of
the intestinal barrier via a leak-flux mechanism [373].

Another protein implicated in apoptosis intersects with autophagy. The X-linked
inhibitor of apoptosis (XIAP) is the better studied among the many inhibitor proteins of
apoptosis [374]. XIAP is the most potent anti-apoptotic protein characterized so far [375],
which binds and inhibits both the initiator and executioner caspases [376]. XIAP is a
physiological inhibitor of autophagy as well [377], although its significance in IBD is not
certain as only 4% of male patients with early onset CD expressed an XIAP variant [378].

5. Autophagy and Treatment of IBD

All therapy efforts so far, such as anti-TNF, are directed against the final pathogenetic
stage of inflammation. An additional way to counteract inflammation in IBD is through the
modulation of intestinal macrophages.

Experimental evidence has shown that several agents seem to be therapeutically effec-
tive in IBD through the induction of autophagy-mediated suppression of inflammasomes
in macrophages. GL-V9 is a small molecule that activates AMPK induction of macrophage
autophagy and protects against experimental colitis through the repression of the NLRP3
inflammasome [379]. Andrographolide exhibited similar protective effects on colitis, down-
regulating the PIK3CA-Aktl-mTOR pathway [246]. However, kynurenic acid, despite the
induction of autophagy degradation of NLRP3 in macrophages, exacerbated experimental
social defeat stress colitis. This was possibly due to the repression of the defensive functions
of inflammasomes [380]. On the other hand, evodiamine, extracted from Evodiae Fructus,
repressed the NLRP3 inflammasome via autophagic regulation of NF-«B in macrophages
and alleviated DSS-induced colitis [381].

It is therefore evident that the deficiency of autophagy in macrophages is an impor-
tant factor in IBD, increasing the macrophage-mediated inflammatory reaction [274,382].
AMPK-mediated induction of autophagy in intestinal macrophages alleviates DSS-induced
colitis [383]. Administration of cannabis, a cannabinoid receptor 2 (CB2R) agonist, was
reported to reduce the severity of IBD in patients by inducing autophagy and suppression
of macrophage-mediated inflammation [384]. HU308, another CB2R agonist, attenuated
the DSS-induced colitis in mice via the induction of intestinal macrophage autophagy.
The favorable effects of CB2R agonists in IBD are mediated via the AMPK-mTOR path-
way [385]. The induction of PINK1)/Parkin-dependent mitophagy also protects against
DSS-induced colitis through inhibition of the NLRP3 inflammasome in macrophages [299].
In TNBS-induced colitis, the anti-inflammatory interleukin-33 attenuated colitis by increas-
ing intestinal macrophage autophagy via regulation of the TLR4 signaling pathway [386].
In addition, induction of intestinal autophagy via rapamycin reduced macrophage-induced
inflammation and alleviated murine colitis [282].

Several macrophage receptors and receptor regulators attenuate intestinal inflamma-
tion in IBD. Optineurin, a selective autophagy receptor, is an important regulator of cytokine
secretion by macrophages [51,62,387]. It was shown that the activation of optineurin atten-
uated IBD via the induction of autophagy and repression of the macrophage-mediated in-
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flammation [388]. Furthermore, the alpha7 nicotinic acetylcholine receptor (x7nAChR) pro-
tects against inflammation triggering the cholinergic anti-inflammatory pathway [389-391].
Nicotine, an a7nAChR agonist, suppressed the secretion of inflammatory cytokines by
macrophages via the STAT system in IBD [389]. This may explain the clinical observa-
tion that smoking may protect against UC. The administration of PNU282987, another
a7nAChR agonist, protected against DSS colitis through the induction of the AMPK-mTOR-
autophagy pathway in intestinal macrophages [391]. On the contrary, the impairment
of autophagy via the microRNA-143 inhibition of ATG2B led to increased production of
macrophage-induced inflammatory cytokines and a detrimental effect on CD surgical
specimens [392].

Ferroptosis is also a promising target in the treatment of IBD. The ferroptotic cells
liberate damage-associated molecular patterns (DAMPs) and products of lipid peroxida-
tion, which may induce inflammation activating the NF-kB pathway [363]. Phagocytosis
of ferroptotic cells through oxidized phosphatidylethanolamine on the surface of ferrop-
totic cells attracts macrophages by targeting the TLR2 on macrophages [393]. Ferroptotic
cells also secrete macrophage-attracting chemokines that induce macrophage-mediated
inflammation [394]. The implication of NF-kB and STATS3 in ferroptosis of IECs is con-
troversial. Activation of NF-«B inhibits ferroptosis in ovary cells upregulating the ex-
pression of GPX4, although it induces ferroptosis in glioblastoma cells via suppression
of SLC7A11 [395,396]. Phosphorylated STAT3 either inhibits ferroptosis in acute lung
injury by increasing SLC7A11 or induces ferroptosis in hypertensive mice by inactivating
SLC7A11 [397,398]. Overactivation of NF-«B and STAT3 seems to facilitate ferroptosis in
IECs through repression of the SLC7A11 and GPX4, respectively.

Interestingly, traditional medicines may alleviate IBD through modulation of ferropto-
sis in addition to the classic ferroptosis inhibitors. Several Chinese herbal extracts, such
as astragalus polysaccharide, curculigoside, and Shaoyao decoction, suppress ferroptosis
and attenuate experimental colitis [347,349,399]. A recent study has revealed that loureirin
C extracted from dragon’s blood is also a ferroptotic inhibitor and may be protective in
experimental murine colitis [400]. TNBS colitis may be alleviated by Xue-Jie-San (XJS)
through a reduction in lipid peroxidation [401]. XJS also ameliorated clinical symptoms
and histopathological damages in a rat model of colitis. It also decreased the production of
the pro-inflammatory cytokines IL6, IL-17 and TNF-« and increased the anti-inflammatory
cytokine IL-10. Additionally, XJS administration inhibited ferroptosis by decreasing iron
overload and lipid peroxidation. XJS upregulated the SLC7A11/GSH/GPX4 antioxidant
system [402].

Despite the well-proven implication of dysregulated autophagy in IBD and data from
in vitro and in vivo experiments, the autophagy pathways have not been directly targeted
and no molecules have been approved for treatment of UC or CD [110]. Hydroxychloro-
quine, an inhibitor of lysosomal degradation, was not effective when tested earlier in a
small number of patients [403]. This was not surprising, as hydroxychloroquine further
suppresses the already defective autophagy in IBD. On the contrary, rapamycin (sirolimus),
an inhibitor of mTOR and inducer of autophagy, was tested in CD patients and was effec-
tive in certain cases [404,405], although it is unclear whether the beneficial effect is due to
the induction of autophagy [406]. Few specific inducers of autophagy have been produced.
The Tat-Beclin peptide produced from the Beclinl protein is one of the few [407]. Other
molecules, such as the BH3-mimetics targeting the Bcl-2 proteins that inhibit Beclinl, could
be tried in the treatment of IBD but they may also activate apoptosis [408]. BH3 mimetics
that either selectively target the Bcl-2-Beclinl interaction without affecting apoptosis [409]
or are cell-type selective inducers of autophagy [410] seem a promising prospect in future
trials. In that respect, it should be remembered that an old drug may act, at least in part,
through stimulation of autophagy. Azathioprine induces autophagy through modulation
of mTORC1 and stimulation of the UPR sensor PERK [411].

A schematic summary of the interconnections of autophagy and apoptosis in the
pathogenesis of IBD is presented in Figure 2.
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Figure 2. A schematic overview of the effects of autophagy and apoptosis in the various pathogenetic
mechanisms of IBD. Black arrows: activation; Red arrows: inhibition.

6. Conclusions

Autophagy is a dominant mechanism in the pathogenesis of inflammatory bowel
disease (IBD). Although several pathogenetic aspects of both Crohn’s disease and ulcera-
tive colitis have been extensively studied, a unifying link is still missing. Autophagy and
apoptosis abnormalities and their associations could serve this purpose. In this review,
we analyzed the intersections of autophagy with most other pathophysiological mech-
anisms implicated in IBD. In general, human and experimental evidence indicates that
autophagy is dysregulated in the intestinal mucosa of patients and murine models with
IBD. Autophagy impairment is strongly connected to the genetic control of several proteins
implicated in autophagy and/or apoptosis. The presence of certain variants increases the
susceptibility of humans to IBD. Dysregulated autophagy leads to increased apoptosis of
enterocytes and impairment of the tight junction proteins of the protective intestinal barrier.
This allows for the enteric pathogen microbes to have access to the immunocytes of the
lamina propria and induce the secretion of pro-inflammatory cytokines and initiation of
the ER stress and the unfolded protein response, damaging thus the epithelial cells. ER
stress and the secretion of TNF« are the two main mediators that regulate autophagy and
apoptosis in IBD. Dysregulated autophagy is the inducer of either loss of Paneth cells or
the downregulated production of lysozyme and the other antimicrobial proteins. Mucus
production by the goblet cells is also reduced due to defective autophagy and increased
apoptosis. Mitophagy, a special form of autophagy, is also involved in IBD. The role of
ferroptosis, a recently described discrete form of programmed cell death, is investigated
in IBD. Taken together, the current evidence points to the central role of autophagy and
apoptosis in the pathogenesis of IBD. Therapeutic exploitation of these new aspects will
possibly be useful in the near future.
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