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Abstract

Mitochondria serve numerous critical cellular functions, rapidly responding to extracellular stimuli
and cellular demands while dynamically communicating with other organelles. Mitochondrial
function in the gastrointestinal epithelium plays a critical role in maintaining intestinal health.
Emerging studies implicate the involvement of mitochondrial dysfunction in inflammatory bowel
disease (IBD). This review presents mitochondrial metabolism, function, and quality control

that converge in intestinal epithelial stemness, differentiation programs, barrier integrity, and
innate immunity to influence intestinal inflammation. Intestinal and disease characteristics that
set the stage for mitochondrial dysfunction being a key factor in IBD and, in turn, pathogenic
mitochondrial mechanisms influencing and potentiating the development of IBD, are discussed.
These findings establish the basis for potential mitochondrial-targeted interventions for IBD
therapy.
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1. MITOCHONDRIAL STRUCTURE AND FUNCTION

Mitochondria are dynamic organelles that can undergo rapid alteration of structure and
intracellular localization in response to cellular need. The double membrane-bound structure
of mitochondria is directly related to function (Figure 1). The outer mitochondrial membrane
is composed of a phospholipid bilayer separating the mitochondria and its contents from the
cytosol. lons and proteins smaller than 5 kDa diffuse in and out of the mitochondria freely
via porins, and therefore, the concentration of small proteins and ions in the mitochondrial
intermembrane space matches the cytosol. Proteins larger than 5 kDa possessing a 5
mitochondrial localization sequence translocate across the outer mitochondrial membrane
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via binding to translocase of the outer membrane transporters. Proteins transferred into the
mitochondria include nuclear DNA-encoded proteins such as those for the electron transport
chain and heat-shock proteins (1). The inner mitochondrial membrane phospholipid bilayer
houses the five electron transport chain complexes that function to produce adenosine
triphosphate (ATP) from acetyl-coenzyme A (CoA) through oxidative phosphorylation
(OXPHOS). Transporters called translocases of the inner membrane are required for all

ions and proteins to enter the mitochondrial matrix, thereby facilitating the formation of

the electrical-chemical gradient in the inner membranous space that drives ATP formation
via ATPase. Inward folds of the inner mitochondrial membrane are called cristae, which
increase the surface area for OXPHOS to match cellular demand and narrow the space
between mitochondrial membranes (2). Enclosed by the inner mitochondrial membrane is
the matrix that houses mitochondrial DNA, RNA, ribosomes, and ATP synthase proteins
that facilitate the catalysis from adenosine diphosphate (ADP) to ATP (1). Additionally, the
matrix contains enzymes involved in the tricarboxylic acid cycle, fatty acid oxidation (FAO),
amino acid oxidation, heme synthesis, and iron sulfur cluster formation (3). With numerous
specific enzymes, the mitochondrial matrix has a high protein density (4). Importantly,
mitochondria are major cellular producers of acetyl-CoA and S-adenosylmethionine, which
in turn mediate molecular modifications such as acetylation and methylation, respectively
(5). Thus, alterations in mitochondrial biology and metabolism have profound outcomes on
the epigenetic state of the genome and post-translational protein modifications. Additionally,
mitochondria are also important sites of intracellular calcium storage and the induction

of apoptosis during cellular stress predominantly by the release of cytochrome C into the
cytosol. Mitochondria are mobile throughout the cell via transportation along microtubules
to subcellular locations requiring a local and rapid ATP supply (6).

OXPHOS:

oxidative phosphorylation, the process of ATP generation via the electron transport chain

Tricarboxylic acid cycle:

chemical reactions occurring in the mitochondrial matrix as a part of aerobic respiration

FAO:

fatty acid oxidation, the mitochondrial process of breaking down fatty acids to acetyl-
CoA

Mitochondria are the predominant producers of reactive oxygen species (ROS) as a
byproduct of OXPHOS. Approximately 1-2% of oxygen consumed during OXPHQOS is
converted to superoxide when electrons leak from the electron transport chain and are
aberrantly transferred to molecular oxygen (7). Superoxide can be converted spontaneously
or by superoxide dismutase (SOD) to hydrogen peroxide, which has a longer half-life, can
cross the mitochondrial membranes, and readily induces damage to lipids, proteins, and
DNA (7). Hydrogen peroxide can be fully reduced to water by catalase or partially reduced
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to hydroxyl radical, an extremely strong oxidant. The production of ROS is increased

when the electron transport chain function is suboptimal, to which the mitochondrial matrix
exhibits antioxidant defense in the form of SOD2 expression. In contrast, catalase is not
found in the mitochondria of most tissues (8). Mitochondrial-derived ROS are not only
cytotoxic agents but also act as diffusible signaling molecules that modulate numerous
intracellular responses, including cell cycle regulation, apoptosis, differentiation programs
regulated by Notch, Forkhead box O (FOXO), p53, c-Myc, and peroxisome proliferator-
activated receptor-y coactivator 1-a (PGCla), longevity, and immune cell effector function
(9, 10).

Mitochondrial-derived ROS:

superoxide generated as a byproduct of OXPHOS when electrons leak from the electron
transport chain to molecular oxygen

Dynamic intraorganelle communication exists between mitochondria and the endoplasmic
reticulum (ER) and the nucleus (Figure 1). Physical interaction between the mitochondria
and ER occurs at mitochondrial-associated membranes (MAMS), which are microdomains
that facilitate calcium and lipid trafficking between the organelles important for calcium
homeostasis and lipid metabolism (11). Mitochondria-to-nuclear cross talk is predominantly
facilitated by mitochondrial retrograde signaling. This is achieved by regulation of nuclear
transcription factors by cytosolic signaling factors such as calcium, ROS, and NAD/NADH
ratio (12). This retrograde signaling influences key aspects of cell physiology such

as metabolism, stemness, and survival. The mitochondrial unfolded protein response is
activated in response to unfolded or misfolded proteins in the matrix and consists of
multiple signaling pathways (AKT, PKR, ATF5) that alter nuclear gene expression to restore
mitochondrial homeostasis (10).

MAM:

mitochondrial-associated membrane; region of contact between mitochondria and ER
involved in fundamental cellular processes and communication between the two
organelles

1.1. Mitochondrial Quality Control

The health of the mitochondrial pool is maintained by various quality control mechanisms
(Figure 2). Mitochondrial-derived vesicles are considered a first round of defense for

the organelle, constituting a local response to stress not requiring fission or autophagy.
Mitochondrial-derived vesicles are 70-150 nm in diameter and contain damaged outer
mitochondrial membrane, inner mitochondrial membrane, or matrix proteins that are
delivered to and degraded by the lysosomes (13). Mitochondrial fission and fusion not only
mediate high plasticity of structure for the organelle but also serve to compartmentalize

or pinch off damaged portions (fission) and dilute damaged components with healthy
mitochondria (fusion) (14). Mitochondrial fission is crucial for selective autophagy of
mitochondria, called mitophagy, by dividing mitochondria into fragments of small enough
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size to be engulfed by the autophagosome (1). Incorporation of damaged mitochondria

into the autophagosome is facilitated by autophagy receptors that localize to the outer
mitochondrial membrane and mark damaged mitochondria (15). Autophagy receptors can
be grouped based on dependency on Parkin; Parkin, an E3 ubiquitin ligase, is recruited

to dysfunctional mitochondria and targets outer mitochondrial membrane proteins for
ubiquitination. Polyubiquitinated chains are then recognized by autophagy receptors, thereby
incorporating the mitochondrion into the eventual autophagosome via binding to LC3lII
present in the forming phagosome. Parkin-dependent autophagy receptors that target
mitochondria include p62, OPTN, NBR1, and AMBRAL. Other autophagy receptors that
target mitochondria and act independently of Parkin include Bnip3, Nix/Bnip3L, Fundcl,
and Bcl2113 (16-18). Parkin-independent autophagy receptors contain transmembrane
domains and, upon expression, constitutively localize to the outer mitochondrial membrane
where they can directly bind to LC3lII.

Mitophagy:

autophagy of mitochondria in which damaged mitochondria are incorporated into the
autophagosome as cargo and degraded in the lysosome

2. INTESTINAL EPITHELIAL HOMEOSTASIS AND THE MITOCHONDRIA

2.1. Epithelial Function, Regeneration, and the Mitochondria

The gastrointestinal tract is uniquely equipped to tolerate the luminal microbiota and protect
the underlying tissue from potentially harmful pathogens and environmental antigens. The
intestinal epithelium, which is composed of a single layer of cells, forms a physical

barrier from luminal contents and coordinates mucosal immunity by mediating bacteria
and immune cell intercommunication. This barrier is semipermeable, allowing absorption
of nutrients and immune cell sensing while blocking harmful intruders. The intestinal
epithelium architecture is organized into finger-like protrusions called villi that greatly
increase the absorptive surface area in the small intestine (Figure 3). The base of each
villus is surrounded by numerous invaginations called crypts. The villi are absent from the
colon, forming a flat surface epithelium between crypts. At the crypt base resides the Lgr5*
crypt base columnar (CBC) intestinal stem cells (1ISCs), a population of rapidly dividing
cells expressing leucine-rich-repeat-containing G protein—coupled receptor 5 (Lgr5) that
regenerates the epithelium at a rapid pace of every three to five days (19). CBCs divide into
progenitor cells that move upward within the crypt into the transit-amplifying zone where
cells differentiate further into a specific intestinal epithelial cell type, including enterocytes,
Paneth, goblet, enteroendocrine, tuft, and microfold cells. They continue to migrate toward
the villus tip, where senescent intestinal epithelial cells slough off through anoikis, a specific
type of programmed cell death for anchorage-dependent cells, and make room for newly
formed cells to take their place. Paneth cells are the exception, as these cells migrate to

the crypt base in the small intestine and reside between CBCs where they are involved in
the innate immune response and express stem cell factors such as epidermal growth factor,
Wnt3 and Notch ligands DLL1 and DLLA4 that sustain the stem cell niche (20). The major
signaling pathways regulating CBC stemness, proliferation, and differentiation are Wnt and

Annu Rev Physiol. Author manuscript; available in PMC 2022 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ho and Theiss

Page 5

Notch (21, 22). CBCs are crucial regulators of tissue homeostasis given the high turnover
rate of the intestinal epithelium.

CBC:

Lgr5* crypt base columnar stem cell that gives rise to all intestinal epithelial cell types

Human mitochondrial DNA is a ~16.6-kb circular, multicopy genome found within the
mitochondrial matrix that encodes 13 essential subunits of the OXPHOS system together
with 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAS) to support synthesis

of mitochondrial DNA-encoded proteins within the organelle. The mitochondria have

a rudimentary DNA repair mechanism compared to the nuclear genome, which makes
mitochondrial DNA more prone to oxidative damage and secondary mutations. A unique
feature of the gut is seen in the ability of CBC ISCs to pass on or propagate their
mitochondrial DNA to new daughter cells. Greaves et al. (23) showed that the progeny

of a morphologically normal human colonic CBC ISC that contains a mitochondrial DNA
mutation can expand to occupy a whole crypt. Thus, conditions that promote mitochondrial
DNA mutations associated with a deleterious change in mitochondrial function in a CBC
ISC (e.g., during aging or chronic inflammation) can influence the overall epithelial
phenotype if born from a mutated CBC ISC. It has been shown that mitochondrial DNA
mutations increase exponentially with age and that these mutations can lead to a reduction
or complete loss of expression of OXPHOS complexes in intestinal tissue (24). Whether
mitochondrial DNA mutations affect CBC ISC function or their ability to differentiate,
particularly in IBD, has not yet been studied in detail.

2.2. Metabolism in the Intestinal Epithelium Influences Cell Fate

Each of the differentiated intestinal epithelial cells carries out unique functions. Enterocytes
(called colonocytes in the colon) are absorptive cells responsible for nutrient and water
absorption and are the most abundant intestinal epithelial cell type. Secretory cells include
goblet cells that secrete mucins that comprise the mucus barrier, enteroendocrine cells that
secrete hormones such as glucagon-like peptide 1 and peptide Y'Y, and Paneth cells that
secrete factors crucial for stem cell homeostasis and antimicrobial peptides that shape the
gut microbiota composition (20). Chemosensory and secretory tuft cells provide defense
against luminal pathosymbionts such as helminths (25). Microfold cells are crucial to the
immune surveillance due to their sampling, uptake, and presentation of luminal antigens
(26). These intestinal epithelial cells are found throughout the small intestine and colon,
with the exception of Paneth cells and microfold cells, which are located only in the

small intestine during homeostasis. Additionally, turnover time of these cells varies with
enterocytes/colonocytes and goblet cells at 3-5 days, enteroendocrine cells at 3—10 days or
longer, tufts cells at 7-14 days, and the long-lived Paneth cells at 30-60 days (20).

Bioenergetic need is dynamically matched to cellular function, life span, and stress response.
It is not surprising given the distinct functions and longevity of intestinal epithelial

cells that they also have distinct cellular metabolisms (Figure 3). Recent studies have
demonstrated the importance of mitochondria and metabolic transition in determining CBC
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stem cell fate (27, 28), which has also been shown in other stem cell systems (29). CBCs
exhibit high OXPHQOS activity, high production of mitochondrial ROS, and a relatively

high number of mitochondria compared to neighboring Paneth cells (28). This maintains
CBC self-renewal and the proliferative capacity necessary to match intestinal epithelial

cell turnover. Furthermore, optimal mitochondrial function is crucial in maintaining CBC
stemness. This was demonstrated in mouse models exhibiting intestinal epithelial cell
mitochondrial stress driven by genetic deletion of Aheat-shock protein 60 (Hsp60) (30).
HSP60 is a chaperone protein essential for protein maturation in the mitochondrial matrix
(10). Loss of Hsp60 activated the mitochondrial unfolded protein response, which comprises
distinct signaling pathways tasked to restore the mitochondrial proteome, induce mitophagy,
regulate mitochondrial respiration, and induce proliferation (reviewed in 10). Additionally,
loss of Hsp60induced mitochondrial dysfunction, caused a loss in CBC stemness and a
deficiency in CBC numbers, and inhibited intestinal epithelial cell proliferation, thereby
demonstrating the reliance of ISC homeostasis on mitochondrial health (30).

Compared to CBCs, Paneth cells exhibit a lower number of mitochondria and high
glycolytic activity, producing lactate that is secreted to adjacent CBCs to fuel their high
OXPHOS activity (28). During differentiation to Paneth cells or goblet cells, CBCs undergo
a metabolic switch driven by inhibition of FOX01/3 transcription factors to downregulate
dependency on mitochondrial activity (27). Specifically, FOX01/3 downregulation led to
inhibition of Notch signaling [a determinant of secretory lineage differentiation (31)] and
induction of mitochondrial fission necessary for differentiation into Paneth and goblet

cells (27). During differentiation to enterocytes, Foxol/3and Notchl expression remained
unchanged and mitochondrial abundance was maintained with reliance on mitochondrial
OXPHOS activity (27, 32). Accordingly, in Drosophila, 1SCs with impaired OXPHOS failed
to differentiate into enterocytes (33), and activation of OXPHOS enhanced ISC function
(34). Progression to enteroendocrine differentiation was similar, with unchanged Foxo1/3
and Notchl expression but a modest decrease in mitochondrial numbers compared to

the decrease noted in Paneth cells and goblet cells (27). Tuft cell differentiation results

in heterogeneous populations during homeostasis that, in the small intestine, can be

driven by atonal homolog 1 (ATOH1)-dependent and -independent signaling (35, 36). A
recent study revealed that progression of ATOH1-independent tuft cell differentiation was
accompanied by an increase in genes related to the tricarboxylic acid cycle and OXPHQOS,
which was driven by the metabolite succinate from the intestinal microbiome (35). These
studies demonstrate the importance of mitochondria and metabolism in determining CBC
function and differentiation routes. Further studies are needed to characterize the metabolic
phenotype of goblet cells, ATOH1-dependent tuft cells, and enteroendocrine cells.

Recent studies suggest that FAQ is an important metabolic process that fuels mitochondrial
respiration in CBCs. Mice fed a high-fat diet exhibited increased numbers of CBCs (37).
This was corroborated in vitro with palmitic acid treatment of intestinal organoids, giving
rise to more CBCs with enhanced stemness and less dependency on Paneth cells (37),
presumably due to less need for Paneth cell-derived lactate in the presence of palmitic acid
to drive OXPHOS. Deletion of Cptla, the gene encoding the rate-limiting step in FAO,
decreased CBC numbers and function (38). In addition, the transcription factor PRDM16,
which promotes FAO, was shown to be necessary for growth and differentiation of upper
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intestinal progenitor cells (39). Recently, it was demonstrated that the transcription factors
hepatocyte nuclear factor (HNF)4a and HNF4+y regulate the expression of genes required
for FAO in the intestine (40). Mice deficient in HNF4a/y exhibited decreased FAO and
loss of CBCs through an inability to self-renew. The same study showed that restoration of
acetyl-CoA with acetate (a precursor of acetyl-CoA) or dichloroacetate rescued stem cell
function and renewal capacity during deletion of Hnfda/y (40).

Mitochondrial metabolism is also crucial at the villus tip in determining epithelial cell

fate (Figure 3). PGCla is a transcriptional coactivator driving mitochondrial biogenesis

and a metabolic shift toward mitochondrial respiration. PGCla was shown to be highly
expressed in apical intestinal epithelial cells farthest from the crypt base that exhibit high
mitochondrial activity and ROS production and lacking a balanced increase in antioxidant
enzyme production (41). This accumulation of ROS fosters a proapoptotic fate, thereby
preserving tissue homeostasis by facilitating balanced intestinal epithelial cell turnover (41).

3. MITOCHONDRIAL HEALTH AND INFLAMMATORY BOWEL DISEASE

3.1. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is complex, multifactorial, chronic, and relapsing
immune-mediated inflammatory disease of the gastrointestinal tract. The two most common
forms are Crohn’s disease (CD) and ulcerative colitis (UC), which are separate entities

but share many clinical and pathological features (Table 1). CD can affect the entire
gastrointestinal tract with discontinuous, transmural inflammation, including characteristic
histological granulomas. UC presents with inflammation limited to the mucosa and
involving the rectum that can extend proximally in the colon in a continuous fashion. IBD

is considered a global health problem, with accelerating incidence in newly industrialized
countries and stabilizing incidence but increasing prevalence in countries with a westernized
lifestyle (Europe and North America) (42). The peak age of onset occurs between 15

and 30 years, with ~10% of patients diagnosed before adulthood. IBD carries lifelong
morbidity. Current therapeutics include biologics, immunomodulators, aminosalicylates, and
corticosteroids, but due to the heterogeneous nature of the diseases across patients [disease
location, disease progression, related but distinct mechanisms (43)], therapeutic outcomes
are variable and present a challenge for treatment strategies. For instance, although
antitumor necrosis factor alpha (anti-TNFa) biologics provide a major breakthrough in IBD
therapy, 30% of patients are primary nonresponders and 50% are secondary nonresponders
to anti-TNFa therapies. In fact, anti-TNFa therapy exhibits a limited efficacy of ~45%
mucosal healing, a key clinical end point, at 12 and 24 months (44).

Although the etiology of IBD is unknown, it is regarded to be a multifactorial condition
dependent on the interplay of various genetic, environmental, immunological, and microbial
factors. With the exception of over 50 genes identified to cause monogenic and rare very
early-onset IBD that develops in children <6 years of age (45), IBD is a polygenic disorder
driven by multiple common genetic polymorphisms. To date, genome-wide association
studies (GWAS) have identified 242 loci that confer IBD susceptibility (46). Several

risk loci (68%) are shared between CD and UC, whereas others are unique to each

disease, suggesting related mechanisms and distinct pathologies (recently reviewed in 47).
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Additionally, ~70% of IBD risk loci are shared with other complex immune-mediated
diseases (48). Through GWAS, multiple pathways involved in IBD have been identified
and include microbial defense, innate immune regulation, adaptive immune regulation,
autophagy, epithelial barrier function and restitution, and ER stress. However, GWAS only
explain part of IBD heritability, limited by the inability to identify rarer genetic variants.

Epidemiological studies suggest a key role of environmental factors in the pathogenesis
and natural history of IBD (42). Environmental factors include those that influence disease
risk at an individual level and those that influence the entire population of a region.

To date, the best-characterized environmental factors influencing the risk of IBD include
cigarette smoking, diet, antibiotic use, nonsteroidal anti-inflammatory drug (NSAID) use,
breastfeeding, urban living, and air pollution. Emerging studies suggest that the influence
of environmental factors on IBD risk can vary depending on geographical location. For
example, breastfeeding confers protection against IBD in all regions studied, whereas
smoking increases the risk of developing CD in Europe and North America, but this
association is lacking in Asia (42). Further studies are needed to better understand whether
certain environmental risk factors are regional and how they drive IBD in different parts of
the world. The proposed mechanisms of action for many of these environmental factors are,
at least in part, through alterations of the gut microbiome (associated with cigarette smoking,
diet, antibiotic use, and breastfeeding) or disruption of the epithelial barrier (associated
with cigarette smoking, diet, and NSAID use) (49). It is well established that patients

with IBD exhibit altered composition of the gut microbiota with the expansion of potential
pathogenic bacteria and decreased overall diversity (reviewed in 50). Whether dysbiosis

of the microbiota causes disease via immune activation or is a consequence of chronic
inflammation is unknown. Importantly, profiling gut microbiota composition in intestinal
tissue and fecal samples, coupled with genome-wide molecular phenotyping, has revealed
molecular signatures that define IBD subtypes that associate with clinical phenotypes (47).
This includes clinical phenotypes such as fibrosis, stricture, deep ulcers, penetrating disease,
treatment escalation, and anti-TNF response. This is an important step toward personalized
disease management to overcome the heterogeneous and complex nature of IBD.

3.2. Pathogenic Mechanisms of Mitochondrial Dysfunction in Inflammatory Bowel

Disease

Mitochondrial dysfunction plays an important role in a wide array of chronic inflammatory
diseases, ranging from cancer to neurodegenerative disorders (see the sidebar titled
Mitochondrial Dysfunction in the Gut-Brain Axis). Pertinent to our review, two fundamental
questions arise: First, why is mitochondrial dysfunction a key factor in IBD, and second,
how does it contribute to the specific development of IBD (Supplemental Figure 1)? The
gut contains high concentrations of bacteria with their metabolic products, immune-active
ligands, damage-associated molecular patterns (DAMPS), xenobiotics, and environmental
toxins that can damage the mitochondria. In a proteomic analysis across 14 different
mouse tissues, Pagliarini et al. (51) demonstrated that intestinal epithelial mitochondria
have distinct proteomic profiles and, notably, they have a higher expression of ATP-
binding cassette transporters, likely reflecting tissue-specific demands to adapt to the gut
environment. Furthermore, it is also prescient that the gut (unlike other tissues and organs)
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relies substantially on the gut microbiota as its main source of energy and to maintain

the overall health of the enterocytes that house the mitochondria (52). Mitochondrial
dynamics (fission/fusion) in cultured gut epithelial lines become compromised when in
contact with pathobionts such as adherent-invasive £. coli LF82 (53). Such close vicinity
and interdependence with the microbiota place a significant demand on the mechanisms
that regulate mitochondria function. Animal knockout models in genes with such epithelial
protective roles (e.g., Mdria™~, Irgm1™~, and Sod2”'~ transgenic murine models) show
an accumulation of damaged mitochondria within gut enterocytes and are more prone to
induced experimental colitis (54, 55).

Somewhat less appreciated, 5% of the IBD genetic susceptibility factors identified from
human GWAS are involved in mitochondrial homeostasis. The top three positional candidate
gene associations are SLC25A28 encoding mitoferrin 2, VARS encoding valine-tRNA
ligase, and RN/F5encoding E3 ubiquitin-protein ligase RNF5. These genes encode proteins
involved in mitochondria iron transport, tRNA transport, and ubiquitination, respectively (3,
56, 57). Notable also are IBD associations with HSPAI-A, -B, and -L genes that encode
heat-shock protein 70, which is integrally involved in the mitochondrial unfolded protein
response (58). Specific mitophagy genes such as PARK7and LRKK?Z are associated with
UC and CD, respectively (54, 59, 60), and there are notably many other autophagy genes
implicated in IBD discussed in Sections 3.7 and 3.8 below. Recently, a CD variant in
C130rf31 loci, previously encoding an unknown protein, has been shown to have major
immunometabolic function, now called the FAMIN gene (61). Thus, IBD patients may
have inherent susceptibility to mitochondrial dysfunction that can be unmasked by the gut
environment. Intriguing association with genes such as mitoferrin 2 suggest potentially very
specific pathogenic defects, which at the moment are not fully elucidated.

Certain in-built specialized intestinal epithelial cell features, for example, high rates of
enterocyte replenishment driven by I1SC fission, the maintenance of longer-lived Paneth
cells, and the requirement of metabolic fuel from the gut microbiota, are precariously
balanced on optimal mitochondrial fitness. Perturbations of such a finely tuned biological
system in the face of a very dynamic gut luminal environment can have several potential
pathogenic consequences. First, mitochondrial damage can lead to energy-deficient states
that compromise epithelial barrier function by increasing susceptibility to cell death,
reducing secreted barrier function (Paneth and goblet cells in particular), and the ability

to regenerate in response to damaging stimuli (54, 62, 63). In conplastic murine lines

with the same nuclear genome but different mitochondrial genomes, naturally occurring
mitochondrial DNA polymorphisms have been linked to the level of mitochondrial activity
(64). Those conplastic murine lines carrying mitochondrial DNA polymorphisms that were
associated with higher intestinal ATP production from more efficient OXPHOS activity
were protected from dextran sodium sulfate—induced colitis (64). Second, mitochondrial
damage can influence the immune cell phenotype and function via metabolic programming
(65). In proinflammatory cells, such as activated monocytes and activated T and B cells,
cellular energy is generated by increasing glycolysis, while in T regulatory cells and anti-
inflammatory M2 macrophages, energy is generated by increasing mitochondrial-dependent
mechanisms and FAO (66). Thus, situations of mitochondrial damage can augment and
perpetuate the proinflammatory state with the absence of anti-inflammatory immune cell
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activation. Third, mitochondrial DAMPs such as mitochondrial DNA and A-formylated
peptides can act as direct inflammatory signals and contribute to the inflammatory milieu
that sustains the abnormal innate and adaptive immune response, which in turn further
potentiates mitochondrial dysfunction in the gut (67-69).

It is noteworthy that in rare maternally transmitted mitochondrial genetic disorders, cardiac
and neurological manifestations are more common than intestinal phenotypes (70). From

a gut perspective, mitochondrial genetic disorders can result in chronic intestinal pseudo-
obstruction that presents with a significant dilatation of the small and large bowel in the
absence of mechanical cause. In this regard, a myopathic failure of the intestinal smooth
muscle resulting in the loss of gut motility is seen rather than an inflammatory phenotype
(71). Hence, a complex picture is evident even in inherited mitochondrial DNA conditions
where clinical features manifest in tissue- and organ-dependent manners depending on

the influence of local conditions and/or of the functional change driven by the specific
mitochondrial DNA mutation. Such complex outcomes driven by mitochondrial alterations
are also likely in UC and CD.

3.3. Mitochondria and Ulcerative Colitis

As early as in the 1980s, UC was postulated as a colonic energy deficient disease by
Roediger (72). Recently, in a bulk RNA-seq study involving 206 newly diagnosed pediatric
UC participants (PROTECT cohort), Haberman et al. (73) showed a striking downregulation
of both mitochondrial- and nuclear-encoded genes involved in mitochondrial function in UC
patients. Notably, all 13 mitochondrial-encoded genes regulating ATP production (complex
I, 11, 1V, and V) and nuclear PPARGCIA that encodes PGCla, integral for mitochondrial
biogenesis, were decreased in UC patients. An earlier adult IBD microarray data set

also showed that genes involved in mitochondrial function were the most differentially
expressed genes in the distal colon where UC commonly affects (74). This extends from

the observations of mitochondrial morphological abnormalities (even preceding overt gut
inflammation) (75-77) and functional electron transport chain deficits (up to 60%) of
complexes 11, 11, and IV in UC patients (78-80). In a proteomic analysis of UC gut
mucosa, a clear group of downregulated proteins that are involved in energy generation,
mitochondrial stress response, and antioxidant defense are notable, including heat-shock
protein 90 (HSPA9B), heat-shock protein 60 (HSP60), H*-transporting two-sector ATPase
(ATP5B), prohibitin 1 (PHB1), mitochondrial malate dehydrogenase 2 (MDH2), voltage-
dependent anion channel 1 (VDACL1), thioredoxin peroxidase 1 (PRDX1), and thiol-specific
antioxidant 2 (PRDX2) (76). These lines of data suggest that local gene expression changes
in the UC gut mucosa are important in mediating mitochondrial dysfunction.

The colonic epithelium derives 70% of its energy from the short-chain fatty acids (SCFAS)
butyrate, propionate, and acetate, which are products of anaerobic bacterial fermentation

of undigested fiber (81). High levels of colonic bacteria Clostridium, Eubacterium, and
Butyrivibrio ferment dietary fiber into butyrate at very high concentrations (82, 83). SCFAs
are transported into colonocytes and further into mitochondria where they drive ATP
production. In UC, ATP levels in the colon are significantly decreased and are linked to
SCFA deficiency (84). Two studies suggest an association of mitochondrial DNA mutation
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MT-ND411719 A/G polymorphism with UC (85, 86). This gene encodes for a subunit of
the complex | of the electron transport chain. Microbial shifts in UC promote metabolic
products such as nitric oxide and hydrogen sulfide that can damage the mitochondria

and inhibit cytochrome C and SCFA oxidation (87). Furthermore, Donohoe et al. (52)
demonstrated that in gut energy-deficient states, colonocytes turn to autophagy as an
alternate energy source. Together with IBD-associated autophagy defects (discussed in
Section 3.8), this is likely to foment mitochondrial dysfunction as a key component of
UC inflammation. In this context, we discuss two pertinent downstream effects in detail:
mitochondrial ROS and the release of mitochondrial DAMPs.

3.4. Mitochondrial ROS and the Inflammatory Response in Ulcerative Colitis

Mitochondrial OXPHQOS is a major cellular source of ROS (88). Data have shown that
mitochondrial ROS are an important part of host defense and immunity, particularly in
antibacterial (direct killing) and antiviral (mediating interferon) responses (89). Under
pathologic conditions, however, mitochondria can produce high levels of superoxide and
hydrogen peroxide that can combine with iron to generate free radicals that damage
macromolecules within mitochondria and oxidize mitochondrial DNA (90). Mitochondrial
DNA is vulnerable to oxidative damage by mitochondrial ROS owing to both its close
proximity to the electron transport chain, which is the source of mitochondrial ROS,

and to the lack of protective histones in mitochondrial DNA structure. In this context,
mitochondrial ROS are a driver of the inflammatory response. For example, oxidized
mitochondrial DNA is the danger signal that activates the NLRP3 inflammasome (91).
Mitochondrial ROS promote the cytosolic release of mitochondrial DNA that is necessary
for NLRP3 engagement (92). During failure of mitophagy, ROS-producing mitochondria
can accumulate to further amplify the inflammatory response (92). Mitochondrial ROS are
also important in metabolic reprograming of macrophages to a proinflammatory phenotype
(65).

The deleterious effects of mitochondrial ROS are likely to be highly relevant in UC colonic
mucosa. The balance of mitochondrial ROS has been shown to be tonically required to
maintain intestinal epithelial homeostasis (93). As discussed earlier, electron transport
chain deficits/damage are observed in UC colon that result in higher mitochondrial ROS
production (76, 78-80). Furthermore, mitochondria are exposed to significant levels of
general oxidative stress associated with active UC (94). SOD2, which is required to
detoxify mitochondrial ROS, is highly expressed in UC mucosa, underlying the importance
of this specific detoxification mechanism to protect the mitochondria in the gut (54, 95,
96). In mouse models, pharmacologic induction of mitochondrial ROS can trigger colitis,
while conversely, inhibition of mitochondrial ROS can lessen disease severity. Ho et al.
(54) showed that colonic administration of rotenone (a complex I inhibitor that increases
mitochondrial ROS levels) can accelerate the development of chronic colitis in susceptible
Modlria-deficient mice and in acute dextran sodium sulfate—induced colitis. In the same
study, the use of MitoQ (a mitochondrial antioxidant) can mitigate colitis in these two
models. MitoQ is a derivative of coenzyme Q. Owing to its structure and charge, MitoQ is
efficient at migrating specifically into the mitochondria. The primary component of MitoQ
(mitoquinol, a variant of ubiquinol) migrates inside the inner mitochondrial membrane and
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donates a hydrogen atom to combat the radical superoxide species, thereby decreasing
oxidative stress (97). Similarly in other murine models, genetic-driven knockouts of proteins
that are crucial in the regulation of mitochondrial ROS, such as SOD2 (54), uncoupling
protein 2 (UCP2) (98), and immediate early response gene X-1 (IEX-1) (99), all showed
increased susceptibility to colitis. Of relevance to the human condition, UCPZ2 genetic
variants are associated with UC and CD patients (100).

3.5. Mitochondrial DAMPs in Ulcerative Colitis

The mitochondria share several features with bacteria, including a double membrane—bound
structure, a circular genome that replicates independently of nuclear DNA, and the synthesis
of N-formylated proteins. As the innate immune system recognizes conserved bacterial
molecules, mitochondrial constituents are similarly immunogenic, acting as DAMPS when
released into the cytosol and extracellular environment (101). Mitochondrial DNA contains
a high frequency of unmethylated CpG dinucleotide repeats that can elicit an immune
response similar to that seen against bacterial DNA. Boyapati et al. (67) first showed higher
mitochondrial DNA in circulation and stools in a prospective cohort of IBD consisting
mainly of active severe UC patients. Interestingly, there was normalization of mitochondrial
DNA levels in a longitudinal analysis of a smaller subset of patients before and after
surgical removal of the colon (67). Here, it is proposed that mitochondrial DNA acts as

a circulating DAMP that is released from the active UC mucosa. Using tissue-specific
transgenic approaches in mice, Oka et al. (102) showed that local mitochondrial DNA
release was beyond simply a biomarker of tissue damage and could directly result in

organ inflammatory pathology (in this study focusing on the heart). The seminal study

by Hauser’s group (69) showed that when released extracellularly into the circulation,
mitochondrial DNA functionally contributes to the inflammatory process by triggering

IL-8 production in peripheral circulating neutrophils. In systemic lupus erythematosus,
neutrophils with impaired mitophagy have the propensity to release oxidized mitochondria
DNA in neutrophil extracellular traps that drive the disease process (103). Although there
is no direct evidence yet to link neutrophils as the main source of mitochondrial DAMP
release, UC is notable for uncontrolled neutrophil death that may also contribute to
mitochondrial DNA release during active disease (104). Taken together, both mitochondrial
ROS and DNA (together with the processes that lead to their increase) represent attractive
therapeutic targets for intervention in UC.

3.6. Mitochondrial Dysfunction and Crohn’s Disease

Much like in UC, emerging studies suggest the central involvement of mitochondrial health
in CD. Polymorphisms in genes involved in mitochondrial homeostasis are significantly
associated with CD susceptibility and/or clinical course, including SLC22A5 (encoding
OCTN2) (105), /RGM (106), and UCP2(100). The pediatric RISK stratification study using
RNA sequencing analysis on CD mucosal biopsies demonstrated that patients predicted

to be at high risk of stricturing who remained complication free through follow-up at 36
months expressed an enhanced mitochondrial function gene signature (107). In a proteome
study of pediatric CD patients, impaired mitochondrial function, specifically mitochondrial
proteins involved in HoS detoxification, were downregulated and correlated with increased
disease severity (108). Furthermore, ultrastructural studies of epithelial cell mitochondria
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demonstrated dissolved/irregular mitochondrial cristae indicative of impaired function in

CD patients prior to other early events during the progression of inflammation, such

as alterations to the tight junctions controlling barrier function (109). This suggests that
intestinal epithelial cell mitochondrial alterations may serve as early molecular events during
the progression of CD inflammation.

Animal models have provided further insight into the role of mitochondrial dysfunction

in the pathogenesis of ileitis. The TNFAARE mouse model exhibits enhanced TNFa
mRNA stability, resulting in elevated TNFa levels and the development of spontaneous
ileitis due to a genetic deletion within the adenylate/uridylate-rich elements (ARES)

of the TNF mRNA 3’ untranslated region. lleitis in this model was associated with
impaired mitochondrial function in ileal crypts, including decreased ATP levels, enhanced
mitochondrial unfolded protein response, ER stress, and degenerative mitochondria in
Paneth cells (110). Additionally, ileitis in TNFAARE mice and CD patients was associated
with a deficiency of tuft cells that could be restored by microbiota-derived succinate-
induced expression of genes that regulate the tricarboxylic acid cycle and OXPHOS,
thereby suppressing inflammation (35). This study suggests that microbial metabolites
influence intestinal epithelial cell metabolism and differentiation to modulate ileitis. Mice
with intestinal epithelial cell-specific double knockout of V/L1 (encoding villinl) and
GSN (encoding gelsolin) developed CD-like ileitis associated with intestinal epithelial cell
mitochondrial stress and overexpression of IRGM1 (111). These results were corroborated
using distal ileum specimens showing decreased expression of V/L1and GSNand increased
levels of IRGM in CD patients (111). In other spontaneous mouse models of CD-like
ileitis, including SAMP/YitFc (112), XbpIA/EC (113), or ShipI™~ (114), the status of
mitochondrial health was not reported.

3.7. Mitochondria and Paneth Cell Function in Crohn’s Disease

As implicated by the TNFAARE mouse model, additional recent evidence suggests

an important role of impaired mitochondria, specifically in the health and function

of Paneth cells associated with ileitis. A recent study utilized an inducible mouse

model of intestinal epithelial cell mitochondrial dysfunction via deletion of prohibitin

1 (Phb1®/EC) an abundant inner mitochondrial membrane protein that serves numerous
roles in mitochondrial function, including stabilizing mitochondrial DNA-encoded proteins,
regulating mitochondrial fusion, and maintaining optimal activity of the electron transport
chain (115, 116). Importantly, expression of PHBL1 is decreased in mucosal biopsies

from CD and UC patients (76, 117). Phb1"2/EC mice developed spontaneous ileitis that

is preceded by mitochondrial dysfunction in all epithelial cells, crypt cell death, and

early defects in Paneth cells (62). Phb12/EC mice administered a mitochondrial-targeted
antioxidant (SOD2 mimetic), Mito-Tempo, were protected from mitochondrial dysfunction,
Paneth cell abnormalities, and ileitis, suggesting that mitochondrial ROS contribute to
disease progression in this model of intestinal epithelial cell mitochondrial dysfunction (62).
Furthermore, Phb1 deficiency induced loss of viability of the ISC niche and Paneth cell
defects in cultured ileal enteroids that were ameliorated by Mito-Tempo. In the same study,
Paneth cell-specific deletion of PAb1 driven by Defa.6-Cre or Mistl-CreER'? was sufficient
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to drive spontaneous ileitis, suggesting a causative role of mitochondrial dysfunction in
ileitis that initiates from Paneth cell dysfunction (62).

Additional recent studies demonstrated that induction of mitochondrial stress in CBCs via
Hsp60 deletion causes the development of abnormal Paneth cells and loss of ISC niche
function in mouse models (110). lleal Paneth cells of CD patients have been reported

to exhibit mitochondrial swelling and necrotic cell death (118). Together these results
identify Paneth cells as highly susceptible to mitochondrial dysfunction as compared to other
intestinal epithelial cell types. Mitochondrial health may be especially important in Paneth
cells owing to their physiology, as these cells are terminally differentiated and long lived
(30-60 days), providing a cellular environment in which damaged mitochondria are not
diluted by cell replication (20). Additionally, Paneth cells have extensive ER to support their
secretory functions, and through intimate communication with the mitochondria via MAMs,
mitochondrial dysfunction could elicit further cellular stress through induction of ER stress.
In the same manner, ER stress could impact the mitochondrial compartment. Further studies
are necessary to elucidate the influence of organellar communication on Paneth cell health.

Several CD susceptibility genes integrate into cellular processes that converge on Paneth cell
homeostasis, including autophagy (A7G16L1 T300A, LRRKZ, IRGM), ER stress (XBPI),
and bacterial sensing (VOD2) (119). In work pioneered by Stappenbeck and colleagues, ileal
CD patients can be stratified based on Paneth cell phenotypes defined by lysozyme granule
staining characteristics (normal, disordered, diminished, diffuse, and excluded) (120-122).
They showed that 20-50% of Crohn’s disease patients have 220% abnormal Paneth cells
(called the type I phenotype). This phenotype was independent of active inflammation

and remained stable over time (up to >20 years) (120, 121). The type | phenotype was
associated with an immune activation signature, altered gut microbiota composition, and
early postoperative recurrence after resection. Interestingly, this phenotype also correlated
with the decreased expression of genes that regulate OXPHOS (121), suggesting that
patients with the type | phenotype may have altered mucosal mitochondrial function. In CD
patients, Paneth cell defects seem to be at the intersection of susceptibility genes (A7G16L1,
NOD?Z, [ RRK2) with environmental triggers such as smoking and the gut microbiome
(122-124). For instance, tobacco smoke was shown to drive Paneth cell defects in CD
subjects carrying the ATG16L1 T300A CD susceptibility allele (122). Mice with deficiency
of /rgm1 or Atg16L 1that resulted in Paneth cell defects and decreased antimicrobial peptide
production are dependent on specific environmental factors such as interaction with the gut
microbiota or infection with mouse norovirus, respectively (125, 126). Paneth cell defects
were evident before severe inflammation in TNFAARE mice and in uninflamed tissue of CD
patients that could predict early endoscopic recurrence, representing a molecular indicator of
early inflammation prior to macroscopic lesions (110). It has been proposed that Paneth cell
phenotyping is one method to stratify CD patients by disease mechanism to overcome the
heterogeneity of disease and to enhance treatment outcomes (124). As a next step, careful
characterization of Paneth cell mitochondria in type | CD patients will indicate whether
mitochondrial-targeted therapeutics may have translational utility in this particular subtype
of CD.
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3.8. Autophagy/Mitophagy Impairment and Inflammatory Bowel Disease

Numerous genes related to autophagy are strongly associated with IBD: ATG16L1, LRRK2,
and ULK1 are linked to CD, whereas /RGM and PTPNZ2are linked to both CD and UC
(127). Mouse models deficient in autophagy-related genes (Atg16L 1, Atg7, Atg5, lrgml,
Lrrk2, Atg7, Optn, VDR, or Tfeb) demonstrate the importance of autophagy in myeloid and
Paneth cells. In myeloid cells, deficient autophagy results in the exaggerated production of
inflammatory cytokines, reduced microbial killing, and increased susceptibility to colitis
(128). In Paneth cells, the role of autophagy is multifaceted and includes secreting
antimicrobial peptides (secretory autophagy), degrading invasive microbes (xenophagy), and
resolving ER stress (ERphagy). Deficiency in Atgl16L 1, Atg7, Atg5, Irgml, Tfeb, or VDR
causes Paneth cell defects (128, 129). Given the known role of autophagy in mitochondrial
quality control, it is not surprising that damaged mitochondria in Paneth cells are associated
with deficient autophagy (122, 130). A limitation of these autophagy-deficient models is
their inability to discern the specific impact of mitophagy in the resulting pathology. A
recent study overcomes this limitation by demonstrating that mice with deletion of the
mitophagy receptor Nix/Bnip3l (Vix™*") were more susceptible to dextran sodium sulfate—
induced colitis and exhibited a higher number of damaged mitochondria in the colonic
epithelium during colitis. Mito-Tempo, a mitochondrial-targeted ROS scavenger, could
ameliorate dextran sodium sulfate—induced colitis and subsequent increased NIX expression
(131). Furthermore, NIX was increased in the intestinal epithelial cells of UC patients and
during murine colitis in a manner dependent on mitochondrial ROS and hypoxia-inducible
factor 1 alpha (HIF1a) stabilization (131). These findings support an important role of
mitophagy as a protective response induced by mitochondrial-derived ROS during intestinal
inflammation.

4. THERAPEUTIC OPTIONS

Although many preclinical studies in mouse models demonstrate a beneficial effect in
targeting mitochondrial dysfunction in inflammation, direct evidence in human clinical
intervention is lacking until now. An upcoming phase 2b randomized controlled trial,
MARVEL (ClinicalTrials.gov Identifier: NCT04276740), will investigate the use of
mitochondrial antioxidant therapy, MitoQ, as a drug repurposing study in adults and children
with UC (132). Analogous to MitoQ, the related mitochondrial superoxide scavenger, Mito-
Tempo, as discussed earlier, has a protective role for Paneth cells and the development of
ileitis (62). This suggests that a human clinical trial should be similarly contemplated for
CD (62). Two phase 2 human studies were conducted with MitoQ in the mid-2000s on
hepatitis C (133) and Parkinson’s disease (134). Both conditions have prior data to implicate
mitochondrial oxidative stress, but notably, they are not archetypal inflammatory diseases
like IBD (135, 136).

It is noteworthy that these therapeutic opportunities present a very different approach to
the current treatments of IBD with potential mechanisms such as enhancing mitochondrial
biogenesis (via PGC1la) (137) and dynamics (138). PGCla is a transcriptional factor that
regulates mitochondrial biogenesis and several stress-response programs, hence integrating
mitochondrial function and cellular stress adaption. In the latter, Mancini et al. (138)

Annu Rev Physiol. Author manuscript; available in PMC 2022 April 08.


http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT04276740

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ho and Theiss

Page 16

showed that in the mouse dextran sodium sulfate—induced colitis model, there are high
levels of mitochondrial fragmentation where the mitochondrial antifission drug P110 can
improve colitis. Pharmacologic modulation of mitophagy is actively explored in conditions
such as Parkinson’s disease, which is directly relevant to IBD with its shared genetic
susceptibility with PARK7and LRRKZ2 (139-141) (see the sidebar titled Mitochondrial
Dysfunction in the Gut-Brain Axis). Our work and that by others suggest that mitochondrial
dysfunction may be dominant in certain groups of patients, for example, in those with
early-onset UC (73), with high mitochondrial DNA levels (102), or manifesting Paneth cell
defects (62). Therefore, better ways to identify and stratify patients for potential future
mitochondrial-specific therapies are needed. An ongoing study (MUSIC; mitochondrial
DAMPs as mechanistic biomarkers in IBD) is currently evaluating the role of mitochondrial
DAMPs for this purpose (ClinicalTrials.gov Identifier: NCT04760964).

5. CONCLUDING REMARKS

Our understanding of the importance of mitochondria in the gastrointestinal system is
growing, with fascinating insights into the active roles that these ancient organelles play

in this dynamic host-environment interphase. Considering the influence mitochondria play
on cell homeostasis, and in turn, tissue homeostasis, mitochondrial dysfunction provides a
potential therapeutic avenue for multiple chronic diseases, including IBD. Future clinical
trials testing new mitochondrial-targeted treatments that may emerge from this would ideally
combine clinical outcome data, genetic mutation status, and analyses of intestinal molecular
biology to better understand IBD subtypes that will best respond to this type of therapy and
to further address the heterogeneous and complex nature of IBD.
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MITOCHONDRIAL DYSFUNCTION IN THE GUT-BRAIN AXIS

Much of our understanding of mitochondrial dysfunction as an integral player in

disease originates from studies in Parkinson’s disease that began over 40 years ago
(145). This includes the discovery of PARK/N and the causative role of impaired
mitophagy in autosomal recessive Parkinson’s disease, as demonstrated by mutations

in genes such as PARKIN and PINK1 (146, 147). These seminal discoveries have shaped
research in many other chronic inflammatory diseases to investigate the involvement

of mitochondrial health. Interestingly, IBD patients are at a higher risk of developing
Parkinson’s disease later in life. Recent studies suggest involvement of the gut—brain axis
with the potential of shared disease mechanisms underlying these disorders, including
mitochondrial dysfunction (148).
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SUMMARY POINTS

Mitochondria are dynamic organelles that play a crucial role in cell
homeostasis.

The intestinal epithelium is comprised of a single layer of various cell types,
including enterocytes Paneth, goblet, enteroendocring, tuft, and microfold
cells that exhibit distinct functions and mitochondrial metabolisms.

Mitochondrial respiration and metabolic transition are important drivers of
leucine-rich-repeat-containing G protein—coupled receptor 5 (Lgr5*) crypt
base columnar stem cell fate.

Mitochondrial ROS and the release of mitochondrial damage-associated
molecular patterns contribute to ulcerative colitis (UC) inflammation.

Paneth cells are highly susceptible to mitochondrial dysfunction related to
Crohn’s disease.

The health of the mitochondrial pool is maintained by various quality control
mechanisms, of which mitophagy has been shown to protect against colitis.

Treatment of underlying mitochondrial dysfunction provides a novel
therapeutic strategy for inflammatory bowel disease (IBD).
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FUTURE ISSUES
1. Are mitochondrial alterations distinct across particular subtypes of IBD
patients?
2. Does mitochondrial dysfunction in IBD remain stable over the course of
disease, including during cycles of flare-ups/remission and increased duration
of disease?

3. What proportion of pathology in deficient autophagy models is driven by
deficient mitophagy?

4, What will be the effect of the mitochondrial antioxidant, MitoQ, in the new
phase 2b clinical trial MARVEL in adults and children with UC?
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Figure 1.
Mitochondrial structure is directly related to function. The structure of mitochondria

facilitates numerous functions based on cellular need (b/ue box) (3-5, 7, 10-12). Arguably,
the most important function performed by mitochondria is energy production in the

form of ATP through OXPHOS. In Lgr5™* crypt base columnar stem cells, FAO is

emerging as an important provider of acetyl-CoA to fuel the TCA cycle and OXPHOS
(37-39). Mitochondria also actively communicate with other organelles important for global
cell homeostasis. Mitochondria are intimately associated with the endoplasmic reticulum
through MAM s, where the exchange of lipids and calcium influences homeostasis of

each organelle (11). Retrograde signaling serves as mitochondrial-to-nuclear intraorganelle
communication, resulting in altered gene expression based on mitochondrial status

(12). Abbreviations: Acetyl-CoA, acetyl-coenzyme A; ATP, adenosine triphosphate; CPT,
carnitine palmitoyltransferase; e~, donated electron; ETC, electron transport chain; FAS,
fatty acids; FAO, fatty acid oxidation; MAM, mitochondrial-associated membrane; mtDNA,
mitochondrial DNA; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species;
TCA, tricarboxylic acid.
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Mitochondrial quality control mechanisms. Mitochondrial dysfunction can be controlled
by various mechanisms. (@) The release of MDVs containing damaged mitochondrial
proteins destined for degradation by the lysosomes is considered a first round of defense
for the organelle (13). The processes of mitochondrial fission and fusion are mediated by
GTPases of the dynamin family. (@) Mitochondrial fusion, mediated by Mfn1, Mfn2, and
Opal, facilitates the sharing of mtDNA between mitochondria, thereby providing more
support for critical functions such as oxidative phosphorylation (14). (@) Mitochondrial
fission, mediated by Drp1, Fisl, and Mff, isolates damaged from healthy components and
is crucial for mitophagy by dividing mitochondria into small enough sizes to fit into the
autophagosome. (@) Damaged mitochondria are marked for mitophagy by OMM-localized
autophagy receptors, which are either dependent on the E3 ubiquitin ligase Parkin or are
Parkin independent. Parkin is recruited to damaged mitochondria by Pink1 and forms
polyubiquitinated chains on OMM proteins (such as Mfn1, Mfn2, or VDAC1) that are

then recognized by an autophagy receptor (such as p62/sequestosome 1, optineurin, NBR1,
or AMBRAZ1). These autophagy receptors bind to LC3I1 present in the membrane of the
forming phagosome, thereby incorporating the damaged mitochondrion into the autophagy
pathway for ultimate degradation in the autolysosome. Parkin-independent autophagy
receptors contain transmembrane domains and upon expression constitutively localize to
the OMM and interact with autophagy factors such as LC3lI (via an LIR domain), ULK1,
DFCP1, and WIPIL1. Expression of Bnip3 and Nix are controlled by the transcription factors
Hifla, NF-xB, or FOXO3, suggesting that hypoxia, inflammation, and stemness pathways
are involved in mitophagy induction (142, 143). Posttranslational modification of Bnip3,
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Nix, and Fundcl by phosphorylation within the LIR domain increases their affinity for
LC3II binding, suggesting that phosphorylation regulates their pro-mitophagy activity (144).
Abbreviations: AMBRAL, autophagy and beclin 1 regulator 1; DFCP1, double FYVE-
containing protein 1; Drpl, dynamin-related protein 1; Fisl, fission 1; FOXO3, Forkhead
box O 3; GTPases, guanosine triphosphatases; Hifla, hypoxia-inducible factor 1 alpha;
LC3, microtubule-associated protein 1A/1B-light chain 3; LIR, LC3 interacting region;
MDV, mitochondrial-derived vesicle; Mff, mitochondria fission factor; Mfn, mitofusin;
mtDNA, mitochondrial DNA; mtROS, mitochondrial-derived reactive oxygen species;
NBR1, next to BRCAL gene 1; NF-xB, nuclear factor kappa B; OMM, outer mitochondrial
membrane; Opal, optic atrophy 1; P, phosphorylation; Ub, ubiquitin; ULK1, Unc-51 like
autophagy activating kinase 1; VDAC1, voltage-dependent anion channel 1; WIPI1, WD
repeat domain phosphoinositide interacting 1.
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Figure 3 :
Mitochondrial influence on intestinal epithelial cell fate. Mitochondrial health, metabolism,

and numbers play important roles in driving CBC stemness and determining the
differentiation of secretory versus absorptive epithelial lineages. CBCs exhibit high
mitochondrial respiration and numbers dependent on high expression of FOX01/3 (27,
28). During differentiation to secretory cells (Paneth cells), a metabolic switch away
from OXPHOS is driven by inhibition of FOX01/3 and enhanced mitochondrial fission
(27). During differentiation to absorptive enterocytes, dependency on OXPHOS and
expression of FOX01/3 remains unchanged. Cell death of apical IECs furthest from the
crypt base is also influenced by mitochondrial metabolism driven by PGC1la expression
(41). Grey arrows indicate that the observed effect is to a lesser extent. Abbreviations:
CBC, Lgr5* crypt base columnar stem cell; IEC, intestinal epithelial cell; FAO, fatty
acid oxidation; FOXO, Forkhead box O; mtROS, mitochondrial-derived ROS; OXPHOS,
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oxidative phosphorylation; PGC1la, peroxisome proliferator-activated receptor-y coactivator
1-a; ROS, reactive oxygen species; TCA, tricarboxylic acid.
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Table 1

Summary of clinical features of Crohn’s disease and ulcerative colitis

Page 32

Crohn’s disease

Ulcerative colitis

Sex

Higher incidence in females

Equal incidence in males and females

Clinical presentation

Chronic diarrhea, abdominal pain, fever, malnourishment,
fatigue, and weight loss

Most commonly bloody diarrhea or rectal
bleeding

Affected areas

Can affect any part of gastrointestinal tract; terminal ileum is
often involved

Affects the colon only

Pattern of inflammation

Patchy with aphthous ulcers with granuloma formation

Continuous confluent is mainly subepithelial
inflammation

Environmental factors

Cigarette smoking worsens disease

Cigarette smoking is protective

Genetics

NOD2, ATG16L 1, 1L-23

Human leukocyte antigen

Serological markers

Antibodies to microbiota, including anti- Saccharomyces
cerevisiae antibodies (ASCAS)

Anti-neutrophil cytoplasmic antibodies
(ANCAs)
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