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Mitochondrial function in intestinal epithelium
homeostasis and modulation in diet-induced
obesity

Thomas Guerbette Gaélle Boudry ™3, Annaig Lart®*

ABSTRACT

Background:Systemic low-gradedammation observed in diet-induced obesity has been associated with dysbiosis and disturbance of ir
testinal homeostasis. This latter relies oniantedpithelial barrier and coordinated intestinal epithelial cell (IEC) renewal that are supported b
their mitochondrial function. However, IEC mitochondrial function might be impaired by high fat diet (HFD) consumption, notably throt
derived metabolite production and fatty acids, that may act as metabolic perturbators of IEC.

Scope of reviewThis review presents the current general knowledge on mitochondria, before focusing on IEC mitochondrial function at
role in the control of intestinal homeostasis, and featuring the known effects of nutrients and metabolites, originating fronathe diet or gut b
metabolism, on IEC mitochondrial function. It then summarizes the impact of HFD on mitochondrial function in IEC of both small intes
colon and discusses the possible link between mitochondrial dysfunction and altered intestinal homeostasis in diet-induced obesity.
Major conclusionsHFD consumption provokes a metabolic shift towardfadiidation in the small intestine epithelial cells and impairs
colonocyte mitochondrial function, possibly through downstream consequences of excdssixieldttty aod/or the presence of
deleterious metabolites produced by the gut microbiota. Decreased levels of ATP andbaisdainitartiftestinal lumen could explain

the alterations of intestinal epithelium dynamics, barrier disruption and dysbiosis that contribute to the loss of epithelial homeostasis
induced obesity. However, the effect of HFD on IEC mitochondrial function in the small intestine remains unknown and the precise

nisms by which HFD induces mitochondrial dysfunction in the colon have not been elucidated so far.
2022 The Authors. Published by Elsevier GmbH. This is an open access article under thet(p@ @¥alicensen(nons.org/licenses/py/4.0/

Keywords Obesity; Intestine; Mitochondria; Energy metabolism; High fat diet

1. INTRODUCTION perpetuation of systemic low-grademimation1). Intestinal
homeostasis relies on complex interactions between the microbiota,
Overweight and obesity areet as abnormal or excessive fae intestinal epithelium, and the host immune system, that allow the
accumulation that presents a risk to health owing to an ermesgiyal barrier function maintenance. This barrier is notably made
imbalance between calories consumed and calories expenddéd ranolayer of intestinal epithelial cells (IEC), associated with each
cording to recent reports from the World Health OrganizatiorttWH®y, tight junctions, and a mucus layer that protects the IEC
1.9 billion adults were overweight and 650 million obese insBf&fa6e. In physiological situations, the intestinal barrier acts as a
Four million overweight or obese people die each year fromtasgbat absorbs nutrients in the small intestine and water and
ciated complications, such as cardiovascular diseases af. cantztiolytes in the colon. Those absorption processes involve trans-
Those obesity-associated metabolic disorders are likely to oquonters ahat require high amounts of energy. In addition, the intestinal
result of systemic low-gradarnmmation?[3]. Indeed, because oépithelium constantly renews itself ev&rgalys. This renewal is
the major endocrine function of adipose tissue notably in adipsiiee by intestinal stem cells (ISC), nested at the bottom of in-
production, excessive fat accumulation in obese subjects lemtimab crypts, which undergo continuous asymmetric division
metabolic immmation of numerous tissues such as liver, musgnerating progenitor cells that differentiate as they migrate up the
brain 4,5]. However, disturbances of intestinal homeostasisypirvillus axis in the small intestine, or up the crypt in the colon,
particular an increased permeability of the intestinal tmrdenally die by anoikis. A balance between proliferation/apoptosis
concomitant with intestinal microbiota alterations of its compositidoutes to intestinal homeostasis whereas disruption of this
and/or metabolic activities, as described in animabatjded [ equilibrium and increased apoptosis is associated with defects of the
well as in humang][ also participate in the onset andiotestinal barriet]].
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Abbreviations ISC Intestinal stem cells
LGR5 Leucine-rich repeat-containing G-protein coupled recgptor 5
CAT Catalase MFN Mitofusin
CLD Cytosolic lipid droplet Miro Mitochondria Rho-GTPase
CPT1 Carnitine palmitoyltransferase 1 mt Mitochondria
DRP1 Dynamin-related protein 1 mTOR Mitochondrial target of rapamycin
ER Endoplasmic reticulum NAD Nicotinamide adenine dinucleotide
ETC Electron transport chain NRF Nuclear respiratory factor
FADH Flavin adenine dinucleotide OMM Outer mitochondrial membrane
GO_BP Gene ontology biological process OXPHOS Oxidative phosphorylation
GPX Glutathione peroxidase Parkin RBR E3 Ubiquitin Protein Ligase
GTP Guanosine triphosphate PGC1 Peroxisome proliferator activated geceptitivator-1
HDAC Histone deacetylase PINK1 Phosphatase and tensin homolog-induced kinase 1
HFD High fat diet PPAR Peroxisome proliferator-activated receptor
HK1 Hexokinase 1 PUMA p53 upregulated modulator of apoptosis
HIFa Hypoxia-inducible fac@r 1 ROS Reactive oxygen species
HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2 SCFA Shortchain fatty acids
HSP Heat shock protein SIRT Sirtuin
IEC Intestinal epithelial cells SOD Superoxide dismutase
IMM Inner mitochondrial membrane TCA Tricarboxylic acid cycle
IMS Intermembrane space

Because of the energy needed for rapid epithelial turnover, fafgesey signal, translocate across the OMM via binding to trans-
dependent transporters, and junctional cell permeability redolzdies of OMM compled. [Proteins internalized into the mito-
as well as mucus glycoproteins and antimicrobial peptides syttbasdisa include heat shock proteins (HSP) or proteins involved in th
the intestinal epithelium requires great amounts of energy. Hetrieddnthxylic acid cycle (TiEajidation and/or OXPHOS. On the other
the gastrointestinal tract represents only 5% of the total bodyhaeighthe IMM is an impermeable membrane that allows lipid traf-
but consumes 20% of the whole-body oxglg&mergy is produced cking. It houses the electron transport chain (ETC) complexes
by mitochondria, in the form of ATP via oxidative phosphonylalve in ATP production via OXPHOS. Inward folds, called crista
(OXPHOS). Mitochondrial function plays therefore a pivotal méeimdiiivMM thus increasing surface for ATP generation and facilitatin
testinal homeostasis. However, IEC mitochondrial function ispiikedyntand metabolite exchanges through IMM transkjcases [
be impaired by high fat diet (HFD) consumption notably throMifoaihendria are also mobile organelles able to move along microtu
trients, such as fatty acids, or metabolites produced by thaleguvia a mitochondrial Rho-GTPase (Miro), which anchors kines
microbiota, that may act as metabolic perturbators of IEC. Mitatbome the mitochondrial surface, forming a dynamic higtwork [
drial dysfunction is thusroedl as any mechanism that reduces ef-
ciency of OXPHOS and leads to decreased levels of cellula? ATPMitochondrial genome
The objectives of this reviewrateo resume the current knowledijitochondria possess their own genome, a circular double-strandec
on mitochondria, then focus on mitochondrial function in IEC amdDiN#e( 16.6 kb in humans) housed inside the matrix. Mitochon-
control of intestinal homeostasis and highlight the known eft@sgdnome is made of hundreds to thousands of mtDNA copies pe
metabolites, originating from the diet or gut bacterial metabolksthdepending on the tisé@k pnly transmitted maternally, although
IEC mitochondrial function. Tk objective is to summarize thi@s has been recently challeriggditrong evidences suggest that
current literature on the impact of HFD on mitochondrial functitimimi&@ber of mitochondria and mtDNA copies is function of the
and discusses the possible link between mitochondrial dysfunct@ini@ndenergy requirements since high energy demands tend to
altered intestinal homeostasis in diet-induced obesity. require an enhanced number of mitochondria and more copies of
mtDNA than low energy denizijd [
2. GENERAL DESCRIPTION OF MITOCHONDRIA
2.3. Mitochondrial dynamics: biogenssisn, fusion, and
2.1. Structure control quality
Mitochondria are € 5nMm long by 051 mm large organelles that
are delimited by two phospholipid bilayers: an inner mitochbadrialBiogenesis
membrane (IMM) and an outer mitochondrial membrane Ndt¥Wipndrial biogenesis is the process through which pre-existing
separated by an intermembrane spaceHiWS) J. The OMM mitochondria grow and divide. It contributes to maintain cellular
separates the mitochondrial content from the cytosolic spacensetdladlic homeostasis by providing a pool of healthy mitochondria an
lows the communication of mitochondria with its environment,elimtédidiying damaged mitochondria. Mitochondrial biogenesis require
through mitochondria-associated membranes (MAM) whiclpioéemi encoded by both mitochondrial and nuclear genomes. It in
functional and physical communication between mitochondriavahgthg@eroxisome proliferator-activated receptor gamga (PPAR
endoplasmic reticulum (ER). The OMM also constitutes an ecdwivgéorh (PGG), a co-transcriptional factor which drives
interface between the mitochondria and the cytosol. While proteimgearasis especially by activating nuclear respiratory factor (NRF)
ions smaller than 5 kDa diffuse through the OMM via porinsabiigeNRF1 and NRF2 are both transcriptional factors which activat
molecules, such as pre-proteins which possess a mitochtbedméiochondrial transcription factor A (TFAM), which in turn drives
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Figure 1: Mitochondrial structure and dynamidsis schematic representation of mitochondrial architecture shows inner mitochondidMnfatdedine ¢ristae,

which houses the mitochondrial electron transport chain, and surrounds the mitochondrial matrix. Outer mitocod/hk e paesdsahe (ntermembrane space from

the cytosol. Mitochondrial dynamics infusiieesand ssion Fusion of two mitochondria into a bigger one is notably mediated in the OMMNS M)itfudfinFN2

isoforms, which form homo or heterodimers, and by optic &@®Alyn1NIM which facilitates inner membrane merging. At the opposite, mitsibopdoiabes

smaller mitochondria from a bigger one and occurs where endoplasmic reticulum (ER) makes contacts with mitochssiahiappazating cbenposed of OMM protein,
such as mitochondrial dynamics proteins of 49 and 51 kDa, and GTPase Dynamin-reRRfmotsited Where ER attach. DRP1 then translocates to the OMM,
multimerizes, forming a ring structure around the organelaliytsglits both membranes. Once mitochasiials completed, the healthy mitochondrion is reintegrated
to the tubular network whereas the downregulation of fusion mediators isolates damaged mitochondria. Damaged mitochondribegreaspratztes zed bgrisin
homolog-induced kinas®INK} accumulation on the OMM and are recognized by the cytosolic RBR E3 ubiquitin protein ligase (Parkin) that phosphorylates PINK1, trigc
OMM protein ubiquitination and recruiting mitophagasomes machinery. The phagosome fuses with a lysosome and proceeds tomitadysosbiabd pgrsetses

and lipases taally eliminate damaged mitochondria by mitophagy. (For interpretation of the references goi@legeiditite reader is referred to the Web version of
this article.)

transcription and replication of mtDNA. NRF1 and NRF2 also domtraldh&rols mitochondrial morphology. In case of metabolic stress,
expression of nuclear genes encoding ETC subunits and rpitwelrendria tend to fuse in order to increase their oxidative capacity
required for mitochondrial functidhsitochondrial biogenesis céms maximizing OXPHOS and energy pratifictititoEhondrial
be inuenced by cellular factors, among which oxidative streBmatioh is thus strongly connected to mitochondria morphology as
proliferation or differentiation state [ changes in mitochondria morphology (e.g. shape, cristae integrity)
impact mitochondria bioenergetic statécancers§d4].
2.3.2. Fusion andsion
Mitochondria are submitted to processes of fusissi@mdThe 2.3.3. Mitochondrial quality control
ssion is the phenomenon by which a mitochondrion divides3.iitb. Mitochondrial unfolded protein res@meseechanism
smaller daughter mitochondria. During cell division, it therebyferirehondrial quality control is the mitochondrial unfolded protein
ates the necessary number of organelles for redistributioespmiose (MtUPR). This pathway is triggered by the accumulation of
daughter cells. Fission can also occur to facilitate the autopimésfpldéd proteins in mitochondria caused, for example, by excessive
depolarized mitochondria, characterized by a low mitochieadtie¢ oxygen species (ROS) prodiiftionnPR is thus able to
membrane potential and impaired ATP proddctfarsjon allows reduce mitochondrial proteotoxic stress and reestablish protein ho-
the cell to generate the correct number of mitochondria for gn@esigsis by increasing the mitochondrial chaperone and protease
cells on one hand while on the other hand, it is a process byadiithrough their transcription by the nuclear activation of the tran-
each mitochondrion compensates defects of eaddloffesipn scription factor C/EBP homologous protein 3g§H@)chondrial
machinery indeed allows mtDNA, protein and membrane copnodeetuxic stress also induces the expression of NRF1, involved in
exchanges between mitochondria which thus provide essentiafrstgaambdrial biogenesig. [ImtUPR also displays regulatory axis,
to ensure mitochondrial functign\Vhile a balance betwession based on the sirtuin (SIRT) 7 and NRF1 interplay, in which mito-
and fusion maintains a stable mitochondria number within actelhbsial protein folding stress, in response to nutrient deprivation,
regulating mitochondrial morphology and bioenergetic funciimhadieg, SIRT7 expression which in turn repressed NRF1 and leads to
changes in mitochondrial fusiorssion balance can occur asdiminished mitochondrial activity and biogenesis to avoid cell death
cellular response to stress. An imbalance of fusiesiaveesults [36]. This mechanism thus promotes cell quiescence and nutritional
in elongated and tubular mitochondria, constituting a mitoclstneddalesistanced].
tubular network, whereas an imbalance towainls generatesmtUPR also displays a mitochondrial stress resistance machinery that
fragmented mitochond?ig, [often associated with decreased ATWlves the mitochondrial deacetylase SIRT3 in a CHOP-independent
production and considered as patholpgitdl While alterations irmannerd7]. SIRT3 axis of mtUPR has indeed been shown to limit
mitochondrial morphology is associated with impairment obxidiébive damages in stressed mitochondria by inducing the expres-
chondrial energy productitsie 2], mitochondrial metabolism 8ion of the antioxidant enzyme superoxide dismutase (SOD) 2, through
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the activation of the nuclear transcription factor FOXO3, andpabhevdiss give rise to acetyl-CoA that enters in the TCA, also known &
ates the elimination of irreparable mitochondria by actkairsgcycle, in which each oxidative decarboxylation generates NAD
mitophagy targe]. Acetyl-CoA is thus considered as a metabolic crossroad.
mtUPR thus regulates the activation of genes involved in nigtminglicheir oxidation, NADH and, FrsiDsfer their electrons,
pathways, ROS scavenging machinery and mitochondrial dymtating, the electronx through the ETC, also known as respi-
that sustains the reestablishment of protein homeostasis asrateltyashain=(gure B This chain is made of 5 enzymatic com-
metabolism to withstand mitochondrial stress and maintaimplex&gs: NADH dehydrogenase (Complex 1), succinate dehydrogena
chondrial network integf8]. [ (Complex II), ubiquinol cytochrome c oxidoreductase (Complex Il
cytochrome ¢ oxidase (Complex 1V) and ATP synthase (Complex
2.3.3.2. Mitophaghutophagy is a catabolic pathway whitd. Electron transfer through ETC complexes is accompanied witt
removes cytoplasmic components, including damaged organetEsnbgumping, from mitochondrial matrix toward IMS that gen-
lysosomal degradation. Applied to mitochondria, this processeésatakbedlectrical and chemical gradients. Those gradients in turn
mitophagyF{gure )L and results in the elimination of damadede the transport of protons from IMS to the matrix through ATP
mitochondria, marked by depolarized IMM or excess of usyalttede and constitute a proton driving force that drives the
proteins beyond the mtUPR repair limit, to prevent excessivetatioor of ATP synthase subunits. This mechanicalnafigrgy
chondrial ROS (mtROS) generation and cell3@xikittophagy allows chemical synthesis of ATP from condensation of inorganic
seems to be also connected to mitochondrial motility. Wanghesphate and ADP.
suggested that, during mitophagy, combination of PINK1 and Parkin
activities contributes to isolate the damaged mitochondria ftbtn th&tochondrial ROS generation
kinesin network by the proteasomal degradatior6f dingdll as Mitochondria are the most abundant source of ROS. ROS include si
down-regulation of fusion mediators, decreasing probability pEritme radicals, (Pand downstream products such as hydroxyl

chondria to fuse with othéd$. [ and peroxide compounds, like hydrogen pep@x)d®OFEPHOS is
indeed not totally eient as 022% of the electrons leak out, notably
2.4. Mitochondrial bioenergetics from complexes | and Ill, and interact wiih @oduce ROS,

Mitochondria is considered as the powerhouse of the cell whagdpecially O [43 (Figure B Some mitochondrial enzymes also
vides energy in the form of ATP. This energy is produced tormighte, to a lesser extent, a source of mtROS. First, the matrix:
OXPHOS which consists in oxidation of the redox cofactordouiatgthpyruvate aadketoglutarate dehydrogenases are reduced
amide adenine dinucleotide (NADHawvndadenine dinucleotideavoproteins that constitute a sourgé ah®HG, through electron

(FADH coupled with the phosphorylation of ADP into ATP. transfer by theiavin subunitf]. Then, mitochondrial fatty beid

NADH and FAdHobtained through catabolic pathways such afadigtion is also a source of ROS whether by favoring electron leak
acidb-oxidation via the Lynen helix or carbohydrate catabolisnfrevhitte ETC via complexes | and Il and electronavapstaein
includes glycolysis, or through amino acid cat&mlissR(Those and oxidoreductagfor from enzymes involved in the mitochondrial

Glutamine metabolism
Fatty acid 7>AcyeroA

Acety-CoA Carnitine

Glucose
ATP : Acyl-carnitine
ADP
Glucose-6-phosphate

Fructose-6-phosphate

ADP >
Fructose-1,6-phosphate P— Acyl-carnitine

Acetyl COA ¢———

Acyl-CoA
Glyceraldehyde 3-phosphate S >
P e oy Oxaloacelate Citic acid FAD
' 2NAD* 9 Acyl-CoA N
. % 2 NADH NAD! y \ Acetyl CoA i) by 2 carbons FADH;
1 1,3-Bisphosphoglycerate ' Malate Isocitric acid
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' ’ ” NAD' & ot -
2818 H Tricarboxylic @ (\ :
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Figure 2: Schematic view of mitochondrial bioenergetics in intestinal epithelialEdetison transport chain (ETC) is fueled through catabolism of Acetyl-CoA in th
tricarboxylic acid cycle (TCA) that generates NADH,awthdS&Dbtidation in complexes | and Il of the ETC initiates electron transfer between complexes. Acetyl-Co
metabolic crossroad since it can be obtained through carbohydrate catabolism as welbzisiéityacithe Lynen helix, including butyrate and fatty acids from diet, that
also generates NADH and fAAR#Ech round. Amino acid catabolism also fuels TCA notably through conversion of glutamine into glutamate and theradehydrogenat
ketoglutarate.
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Figure 3: Electron transport chain (ETC) and Reactive Oxygen Species (ROS) gél&asionade of 5 enzymatic compleABd4 dehydrogenag@omplex ),

succinate dehydrogenag€omplex IQbiquinol cytochrome ¢ oxidoreducta@omplex llIytochrome c oxidaséComplex 1V) aA@P synthaséComplex V). By

respectively binding to complex | and 1l, NADH amuidvAiekl each two electrons to the ETC during their oxidation. These electrons are transferred, via several iron sulfu
clusters, to lipid soluble redox coenzymes Q (CoQ). Then, coenzyme Q reduction transfers electrons to Complex Il which aredantonnetra(Sigrc dinleytles.

Cytochromes c next provide electrons to Complex IV that catalyzes the redudliecutdf2ii@a®. In each complex, except Complex Il, energy of passing electrons is
accompanied by proton pumping from matrix to the intermembrane space (IMS). Accumulation of protons in the IMS generates acpmenéat difiereived (ele

gradients) across the inner membrane. Those gradients in turn drive the transport of protons from IMS to the matrix through complexsyhthts®e kaadn as ATP
constitutes a proton-driving force that drives the rotation of Complex V subunits. This mectalyicdlosveeopemical synthesis of ATP from condensation of inorganic
phosphate and ADP. Electron leaks from complexes I, toward mitochondrial matrix, and Ill, into the matrix and into theat\$jeinezedetsnierOxide anions. The

latter may then be converted y@pand HO by antioxidant enzymes (SOD1/2: superoxide dismutase 1/2; GPX: glutathione peroxidase; GR: glutathione reductase; GSH: re
glutathione; GSSG: oxidised glutathione; CAT: catalase) in the cytosol or within IMM or mitochondrial matrix.

b-oxidation such as thevoprotein long-chain acyl-CoA dehydrdgeMI TOCHONDRIAL FUNCTIONS IN INTESTINAL EPITHELIAL
nase 46]. To a lesser extent, ROS are also produced in otheEcketh

compartments notably through cytosolic oxidases, such as xanthine

oxidased[7], within the peroxisomes via their oxidagethfough 3.1. Epithelial renewal dynamics in small intestine and colon

ER cytochrome P448 pnd also from membrane enzymes, suchtessmall intestine epithelium is characterized by elongated domains
the family of NADPH oxidases Nox an&uox [ towards lumen, called villi, composed of differentiated IEC and inward-
To balance ROS concentration, cells possess an endogenous\agioated domains called crypts, which contain ISC. Colonic
dant enzymatic machinemyure 3 Exogenous antioxidants, sucheaithelium only displays crypts aadl @pithelial surface.

dietary vitamins and minerals, also exert a role in RO Halafldee[intestinal epithelium is in constant turn-over and self-renews every
However, an excess of ROS generation leads to cellular dandegBsjaya. Crypt-based columnar ISC are located at the bottom of the
lipid peroxidation and protein oxidation as well as DNA andcrgtitd\Antercalated between Paneth cells in the small intestine, and
damages, that ultimately triggers programmed célldeatDINA, harbor leucine-rich repeat containing G protein-coupled receptor 5
because of its structure, is more susceptible to ROS dathgg®sgyene as a specnarkerd7]. Here, they continuously undergo
resulting in single or double mtDNA breaks or DNA base al@sgtionstric division generating transit-amplifying cells. Through
such as bypasses of the thymine and formation of thymis@.glycohfinuous and rapid cycles of proliferation, these progenitor cells
Moreover, TCA enzymes are also vulnerable to ROS4ipjiriegradually move upward the crypt awadly differentiate into
making mitochondria the primary target of ROS-induced aledlafative IEC (enterocytes or colonocytes) or secretory cells (such as
damages. It is noteworthy that ROS also displaydiesi@ tissue goblet or enteroendocrine cells). Paneth cells remain within the small
homeostasis. As second messengers, they are involved in intakipial crypts where they pursue their role of antimicrobial defense
intracellular transduction pathways and control the action of naitolgst®em cell maintenance since they participate to the niche envi-
activated protein kinase$. [ ronment of Lgv5cells. An equivalent to Paneth cells in the colon is
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Regh cells which also play a role in epithelial niche f8%.ISGn[ connection with the intestinal epithelium zonation, IEC display «
Finally, at the top of the villus in the small intestine, or at the m@taiiolic gradient associated with their proliferation and phenotypit
epithelial surface, senescent cells lose their attachment to theapa#@ns during their migration along the crypt-villus axis. Paneth
ment membrane and neighboring cells, and fall into the luncetisviand to have a high glycolytic phenotype whetedSCgr5
anoikis49. display both high glycolytic and OXPHOS activities as shown by NAD
Because intestinal epithelium is exposed to pathogens andNAinaliorescence analyzes in mouse small intestine through three-
components derived from diet or microbiota, which may trigdaneetlional phasarorescence lifetime microscé@ly On the
damages and apoptosis, epithelial renewal is essential to ensam&rany, differentiated enterocytes at the top of @eoriltidlo-
testinal homeostasis through intestinal barrier iftgg¥igt,[this nocytes at the top of the cryfsyse OXPHOS tolfdheir ener-
process requires high amount of energy directly providgetichyneedsFigure Y% In line with this metabolic gradient,
mitochondria. mitochondrial biogenesis and activity are also regulated along the
crypt-villus axis. In rat small intestine IEC from villi contain at least
3.2. Intestinal epithelium zonation associated with different twice more mitochondria than IEC from crypts. Those mitochondri
metabolic activity along the crypt/villus axis also seem larger in villi than in crgptsNloreover, in intestinal
As they migrate upward the crypt-villus axis, enterocytes enmgameids, IEC differentiation has been linked to an increase in mitc
zonated cell states associated with different functions, deperuiogdsial numbér?.
the extra-cellular environment and gene expression, and thus [iiff@ilgnROS can regulate cell phenotypic shift along the crypt-villu
metabolic activities. By tracingoLtB& progenies, it appears thatis. Immunohistochemistry analysis of mouse small intestine re-
most genes are not continuously expressed along the crypt-villeslaxisat p38, a MAP kinase sensitive to redox status and involved i
suggesting that enterocytes are not terminally differentiated Etiriifferentiation, is activated at the bottom of intestinal crypts
their migration along the villi, but rather continuously transdiffesstiases it is less active in differentiated villi. In mouse small intestine
[61]. Heatmaps and zonationl@soof genes involved in the abrganoids, p38 is activated during crypt formation and differentiation it
sorption of distinct nutrient classes highlight a zonation of negpenses to ROS signalifig furthermore, impairing OXPHOS in
absorption machineries along the crypt-villus axis in mouse jejongm.small intestine organoids, by blocking ETC complexes o
Mid-villus enterocytes display amino acid and carbohydrate alismaptigrnthem with antioxidants, altered crypt fordihtidaken
and metabolism machinery, whereas villus tip cells have intvgatieel those results suggest that mitochondrial function, through
expressions of genes involved in lipid absorption and chylB®@iSrasignaling and p38 activity, drives crypt formation and IEC
secretiorg[l] (Figure Jt differentiation.

Figure 4: Intestinal epithelium zonation and metabolic activities along the crypt/villudsiigestinal epithelial cells (IEC) migrate up along the crypt/villus axis, they
display a metabolic gradient associated with different mitochondrial activities that play a major role in intestinal home tstasisd méssimadicsygm cells (ISC) that

rely on glycolysis to rapidly provide energy needed for proliferation, in association with oxidative phosphorylation (OXPhE) S)ppdreesrbglFatesiti cell-derived
lactate. Then, IEC migration upward the crypt/villus axis is accompanied with higher mitochondrialacexfgesaiuth R®Ebly induced by the mammalian target of
rapamycin (mTOR), and higher OXPHOS activities to support essential functions such as nutrient absorption. Enterocytes froelysomadlintestrglotamine
and-glutamate to fuel OXPHOS while differentiated colonocytesitizstimicrobiota-derived butyrate thus protecting ISC against its anti-proliferative effect. At villi tip:
at the top of colonic crypts, enhanced metabolic aceieenerate reactive oxygen species (ROS) accumulation in mature IEC which contributes to trigger apopt
anoikis.
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3.3. Mitochondrial function in the control of ISC homeostasiMoreover, along the crypt-villus axis, the mammalian target of rapa-
Strong evidences suggest that cell metabolism is a key regulgtoin@dmTOR) increases levels of mtDNA and the expression of genes
pluripotency and differentiation: metabolism could control sterpleeltl in OXPHOS in IEC, through nutrient signaling, such as amino
fate and even determine cellular phendiyp@dnerally, cells imacids and glucose, and growth factors, such as insulin growth factor
active proliferation state perform high glycolytic activity and s@asiwAlso, the transcriptional repressor protein Yin Yang 1 (YY1) and
OXPHOS lew&fl]] assimilable to th&/arburg effécta metabolic mTOR play critical roles in intestinal epithelium repair and ISC renewal
alteration of cancer cells characterized by important glycolysiiscdotheir deletion in mice impairs stem cell re3Z8@hl In
lowed by lactic acid fermenta@h As highly proliferative cellmuscle stem cells, mMTOR has been shown to mediate the complex
Lgr® cells exhibit high glycolytic activity. However, they also fdispltyon between P&@hd YY1 resulting in increased mitochon-
relatively high mitochondrial activity and use lactate to producalAdliogenesis and OXPHOS gene ex@gsiMrefher this also
sustained OXHPOS as observed in mouse small intestine agpliesda IEC need further investigations.
[62. Indeed, besides supporting ISC stemness by providing essential
growth factor, Paneth cells also suppdatdagtBnetabolic state by3.5. Mitochondrial function and apoptosis througtd@&a 1
providing glycolysis-derived lactate. Thus, in the small intestifE) 8ellscumulation
show different but cooperative metabolic ackigties ! Yet, The overexpression of R@@d enhanced OXPHOS in differentiated
recent works demonstrated that fatty-agidation play a major rolkeC is also accompanied by increased mtROS production. However, in
in ISC maintenance and stemn@ssl][ mediated by the tranthe intestine, contrarily to other tissues where it induces the expression
scription factors HNF4A and HNH468oth regulators of intestinaf antioxidant enzym@s,[PGCA overexpression enhances mito-
fatty acid oxidation. Furthermore, PRDM16, a transcription fachontél activity and ROS accumulation, without displaying any effect
promotes fatty adiebxidation through PPAR activation, is necessaR0OS scavengiff].[ Furthermore, accumulation of intracellular
for the survival of the stem-cell-derived progenitor cells in uppiepardsiicals decreases antioxidant mitochondrial enzyme activities
of the small intesting (SOD, GPX and CAT) iimdtromodel of pig enterocy®43.[This
Paneth cells being absent in the colon, colonic ISC perform theaisetvibee question of mitochondrial injury consequences on intestinal
the conversion of glucose into lactate through anaerobic glyarhsistasis.
even in presence aof @us harboring a Warburg-like metaboNghile PG@ldoes not display antioxidant properties in the small
[68]. Moreover, a metabolic barrier is established in mammtigime, PG 1a PGGILhomolog, localized all along the entire
colonic crypts, also cafleatyrate paradehat protect ISC from therypt-villus axis in the small intestine and crypts in the colon, triggers
anti-proliferative effect of butyrate. This short-chain fatty acidqi82R®)S but also protects the intestinal epithelium against ROS-
produced by the gut microbiota, can indeed inhibit ISC prolifedaitvem attamages by stimulating antioxidant enzymes production,
physiological concentrations through the inhibition of histonesdelaces SOD2 and GPB&lt Indeed, overexpressitged in
tylase (HDAC), and increasing FOXO3 binding on negative requiaisesresulted in higher enterocyte lifespan and increased tumor
cell cycle genes and inhibiting proliferation ©f I1S@doretically, susceptibility whifgecb knockout mice were protected against
since colonic ISC display higher rates of glycolytic activitgtebanal carcinogenesi§].[ Hence, this transcriptional factor
OXPHOS8{, butyrate would not becafntly oxidized and wouldoactivator orchestrates the balance between enhanced mitochon-
accumulate in the cytoplasm and inhibit consequently prolifiei@tiaativity and protection against ROS over-production along the
[74]. However, colonocytes at the top of the crypt preferentiallyeoticgizpithelium in the small intestine and colon. Yet, enzymes of the
butyrate thus limiting its amount at crypts basis, where ISC aredoti@mddant machinery, such as SOD2 and CAT, are poorly expressed
and favoring ISC proliferafigrfigure ¥ in villi tipsq9 compared to crypt base, while prooxidant enzymes,
Furthermore, mitochondria are able to modulate ISC stemnasshaslglutathione transferase/reductase, are highly expressed in it
proliferation via mtUPR and notably through mitochonthjial6ISEBE]. Thus ROS accumulation ultimately fosters cell apoptosis at the
assess its role in intestinal homeostasis, the mitochondrial chigpeodriee crypt-villus axig.[
HSP60, required for the folding and assembly of proteins imported into
mitochondri& §], was deleted in mouse intestinal epithelium. 3[Gis Energetic substrates of IEC
resulted in mtUPR activation and mitochondrial function impaiE@aténpolarized cells facing the intestinal lumen on one side and the
association with a loss of stemness and cell proliferation in HijgdOinteriewon the other side. While nfikeu interiec@dompo-
de cient jejunal crypt&d], suggesting a critical role for mitochaition is relatively stable in healthy individuals thanks to strong ho-
drial function and mtUPR in maintaining stemness and proliferatimtasis regulatory mechanisms, the composition of the luminal side
can change drastically depending on the diet, time of the day and gut
3.4. Inuence of intracellular signaling on mitochondrial microbiota composition and activities. Indeed, the composition of
bioenergetics zonation ingested meals as well as diet patterns directly modify the luminal
As mitochondrial biogenesis modulatog, éB@tt as a metabolicomposition of the small intestine. Moreover, and although the growth
regulator of IEC fate by increasing OXPHOS andbfattjdation of microorganisms is globally inhibited by bile acids and pancreatic
[77. PGQis predominantly expressed at the top of the villi (apecfations in the small intestifg fhe role of jejunal bacteria on
less in proliferative crypts) along withPRFARwith which it in- nutrient absorption, and especially lipid absorption, is more and more
teracts to trigger gene expression. As an epithelial nuclear recepgtize®,97. As for the colon, it constitutes an important place
primarily synthesized in differentiated colonocytes and activ@tbddbgrial fermentation. Hence, in the colon, undigested or partially
butyrate, PP@\Riggers mitochondbabxidation of fatty acids andigested dietary carbohydrates [structural polysaccharides of plant cell
oxygen consumption through OXPHOS, further contributing tevis higbligosaccharides (galactooligosaccharides or fructooligo-
OXPHOS activity at the top of @yptq.[PPARand PG@lthus saccharide93), resistant starch/]], dietary proteins and lipids or
seem to contribute to the intestinal metabolic gradient along theubstpites from endogenous sources (digestive secretions, exfoliated
villus and crypt axes. cells, and mucins) are metabolized by gut bacteria, resulting in variable
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luminal composition, depending on dietary factors and/or mionbabtandrial fractions of jejunal epithelial cells from HFD-fed mice
compositiod . [109.
This particularity of the IEC environment leads to a large pos§ibsipjtethe fact that fatty acids are sparsely used as energetic substrat
energetic substrates for those Eglisr¢ 2 In general, enterocytdsy enterocytes in physiological statemreaseb-oxidation can
mostly use-glucosei-glutamine andglutamate as substrates fdre seen as a mechanism to counteract excessive lipid storage as foun
oxidative metabolist,97], and colonocytes produce energy finrhepatocytes in a context of nonalcoholic fatty liverldi§ease [
substrates originating either from the lumen, such as SCFA, mainly
butyrate, or to a lesser extent from blood origin, sigthcase, 4.1.1.2. Role of IEC lipid metabolism in the onset of Theesity.
acetoacetate andjlutamineSf]. However, many substrates aaldility to catabolize dietary fatty acids in enterocytes seems directly
metabolites, directly originating from the diet or from gut mizssbi@hted with protection against obesity development. By comparin
transformation, are also used as energetic fuels and modulatel¥dE expression of fatty acid metabolism-related genes in respons
mitochondrial functiomlfle ). to a HFD between C57BL/6 J mice and an obesity-resistant strain (A/J
it appears that expressions were higher in HFD-fed A/J mice while CP
4. ROLE OF MITOCHONDRIAL DYSFUNCTION IN DIET-Ildctivity=displayed increased expression in A/J mice compared to the
OBESITY INTESTINAL HOMEOSTASIS DISTURBANCES HFD-fed C57BL/6 J mi€&][ Moreover, intestine-spedeletion of
HDACS3 protects mice fed a HFD from diekitd[DAC3 deletion

4.1. Impact of HFD on IEC mitochondrial function increased fatty adiebxidation in IEC from duodenum compared to
wild-type mice. After 17 weeks on HFD, mice lacking intestinal HDAC
4.1.1. In the small intestine had less triglyceride storage in their enterocytes than control mice ir

4.1.1.1. Metabolic switch towards lipid catalbepending onHFD and similar bodyweight than mice fed a standafd]diet [

the diet composition, the small intestimetabolicallexible[99. Likewise, hypothesizing that enterocyte lipid metabolism plays a majc
In response to excessive fat consumption, it increases fat absolgtioncontrolling obesity development and metabolic alterations
esterication into triacylglycerol and export into chyloritipnsHamachandran et al. developed a mutant mouse model which over
even after a short-term exposure of 3 days in hL6ihnErif expresses the mitochondrial transporter CPT1a in their enterocyte
acylglycerol that have not been exported are stored in cytos@@PHicht). iCPT1mt mice fed a HFD exhibited increasda levels of
droplets (CLD) within the enterocytes, up to 18 h in @ianks [ oxidation in IEC compared aoed mice (Cptlﬁ)t Although

and 12 h in micé (4, and can be remobilized later, notably a@&T1mt HFD mice developed obesity, with similar body weight gai
glucose ingestiohDR104. Functional analysis and network arthan control mice, their visceral fat mass was reduced, and they
tation performed on CLD fractions from obese (60% kcal from faisjglay2d improved glycemic control compared HFD [TpELmMt
weeks) and lean (10% kcal from fat) mice subjected to oil ddvesmyer, overexpression of SIRT3 in enterocytes increased metabo
revealed that lipid catabolism is the second most enrichedcteities in jejunal enterocytes after oral gavage with oleic acid in HF
ontology biological process (GO_BP) and is more presenmiie théth notably lower concentrations of palmitoyl-CoA, indicating
proximal parts of the small intestine in both obese and lean mioerafiseli-oxidatioriLg. Furthermore, SIRT3 overexpression in IEC
oral gavagé (7. Those enriched GO_BP include proteins involrgmtaves mouse glucose homeostasis and protects against insulir
mitochondrifFoxidation (Acyl-CoA Dehydrogenase Very Long &istance under HED]. Besides, SIRT3, in association with SIRT5,
Acetyl-CoA Acyltransferase 2, Hydroxyacyl-CoA DehydrogesadsoTable to enhance fatty acigidation by promoting very long
functional Multienzyme Complex Subunit Alpha and Electronchiansieyl-CoA dehydrogenase activity and its binding to cardiolipin
Flavoprotein Subunit Beta) and are overexpressed in CLD fracitiocisooidrial membranes]|

enterocytes from obese niie&109. Taken together, these data indicate that enhancing fatty acid

In response to increase dietary fat absorption, the small intestidatisn in the jejunum of HFD mice improves body glucose ho-
marked by metabolic adaptations towards fdttgxidimtiorl D  meostasis, prevents insulin resistance, and reduces fat mass gain.
117. Interestingly, three days of HFD consumption (60% kcal from fat)

is sufcient to decrease nearly by half the gene expressionZof thé&. Lipid catabolism and risks of oxidative Bespite the
glucose transporter Slc5al and of hexokinase 1 (Hk1) in jejdael that enhanced fatty deikidation improves glucose homeo-
lated enterocytéslfl], suggesting a decrease in glucose metabaiiasis and reduces adiposity, it could however induce oxidative stres
in enterocytes of HFD mice. On the other hand, protein expréss&ii gf Fatty acib-oxidation indeed constitutes a source of mtROS
HMGCS2, a mitochondrial enzyme involved in ketogenesis, as tagdsibed th5 Furthermore, HFD consumption has been linked to
increased in the jejunum of HFD-fed mice. Ketogenesis is pedduned concentrations of glutathione and antioxidant enzymes (SC
from acetyl-CoA generated via fatty-axidation to produce energnd CAT) in duodenal homogenates from rats fed a HFD (45% kcal fe
from lipids, in a context of TCA intermediate deprivation. This $ogdesteks. Additionally, increased ROS detection has been observe
a metabolic re-programming of jejunal enterocytes from glycalysidenal homogenates of mice fed a HFD (21% kcal fat) for 8 week
towards lipid metabolism, from 3 days after HFD consuirfjption[L1g and in the ileum of rats fed a high-fat/high-sucrose diet (23%
20 weeks of HFD1[]. To predict metaboliox variations inkcal from fat) for 17 weeksq. Interestingly, genetically obese rats
response to increased dietary lipid intakes, a constraint-basedbmetashow any difference in ROS detection in the intestine compare
bolic model of mitochondria from murine enterocyte was det@lop®dol mice suggesting that oxidative stress is related to high fat/
[1173. Simulations and protein transcript analysis predicted laghirsucrose consumption rather than obesity itself in the small in-
crease i-oxidation in response to increased ratio of lipid/catiestige 119.

drate in the diet. Kondo et al. besides showed that 2 weeks of HFD

consumption in C57BL/6 J mice increased carnitine paknitay. Mitochondria function from IEC of small intestine in HFD.
transferase (CPT) activity, that allows fatty acid entranceAltithigh several studies have pinpointed the metabolic switch towar
mitochondria, and the levels et{Clpalmitic acitkoxidation in fatty acid metabolism that occurs in IEC from the small intestine unde
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Table 1e Effects of dietary and gut microbial-derived metabolites on mitochondrial function of intestinal epithelial cells.

Metabolite

Luminal concentration Origin Target tissue

@ and [effiect on IEC mitochondria

Glucose

L-glutamine and
L-glutamate

Indole

HS

P-cresol

4-hydroxyphenylacetic acid
(HO-PAA)

Ammonia (§Hand NBi)

Butyrate

300 mM in intestinal chi#ng [ Diet Small intestine (from lumen)/Colon
(from bloodstream)

L-glutamate found at 0.1 mM befoi@iet Small intestine (from lumen)/Colon
meal to 2.6 mM (3 h after meal (from bloodstream)

containing 50 g of ped bovine

serum albumin)49

Upto 1 mMin human fece® [ Produced by gut microbiota from  Colon
tryptopharnp1]

In the large intestinal lume8,i$l Bacterial metabolite mainly producedColon
present at concentrations ranginghrough cysteine catabolism by gut

from 1.0 to 2.4 mN144 and bacteriall5q

human fecal sdle concentrations

can reach 3.4 mM in association

with high-meat dietdg

Around 0.4 mM in human fecesProduced frontyrosine by gut Colon
[16Q microbiotal pq
Micromolar concentratidris][ Produced frortyrosine by gut Colon

microbiotal 57

Up to 30 mM in human fedé€g][ Deamination of amino acids and ure&olon
hydrolysis by bactefi&q

From 11 mM to 25 mM per kg ohnaerobic bacterial fermentation of Colon
intestinal contenrito undigested carbohydrates obtained from
dietary bers but also of several amino
acids, derived from undigested proteins
or endogenous sourceg]

Aerobic metabolism: conversion into pyruvate in the cytosol and OXPHOS of

pyruvateltg
Anaerobic glycolysis in presence of limited amount of&%ygen [

L-glutamine:rst converted intaylutamate and ammonia via the mitochon-

drial phosphate-dependent glutamirizdetiien cytosolic transamination
intoL-glutamate.

L-glutamate: hydrolysis via peptidase to release glutamate, then transamination
with oxaloacetate to farketoglutarate andspartate, both oxidized by

TCA cycle and OXPHQS5]

At 1 mMn vitraon GLUTag cells: blocking of mitochondrial complex | activity of
entero-endocrine cells thus impairing OXBHOS [

At 2.5 mMin vitroon HT-29 Gldp: decreases mitochondrial oxygen
consumption and maximal respiration, provokes oxidativeJtress [

Detoxication through oxidation by the mitochonddal axilized unit in

HT-29 Glc /p and in human colonic biopsigg [

Under 20rM in vitroon HT-29 Glc/p cells, ATP production throygh H
oxidationlp7

At concentrations ranging from@v.5o 62.9YM in vitroon HT-29 cells,
decreases colonocytes oxygen consumption in a reversible way via reduction
of cytochrome c oxidase activity and increase in proton leak thus impairing ATP
production and promotes glycolysis [

At 0.1 mMn vitroon HT-29 and HCEC cells: limited renewal of oxidized
coenzymes, essential for ETC activity, through the decrgafd ADNAD

ratio 159

At millimolar concentrationgitroon HT-29: inhibitions-gflutamine and

butyrate mitochondrial oxidation as a consequencgSafltivet

inhibition of the cytochrome c oxidase atfidity [

At concentrations above 0.8imMtroon HT-29 Glc/p : mitochondrial
dysfunction by increasing proton leak through IMM, causing impairment of
ATP production and concomitant production of anion sapéfoxide [

At 1.6 mM on rat normal colonocytes: inhibits oxygen con$@fhption [

At 1 mM vitroon HT-29 Gldp :: decreased mitochondrial complex | activity
and colonocytes mitochondrial respiration, increased R®S levels [

At millimolar concentrations in rat colonocytes: decrease in basal oxygen
consumption§d and inhibition of SGFéxidation, possibly by blocking the

TCA enzyme malate dehydrogenase in case of low glucose Evailability [

At 60 mMin vitroon Caco-2: decreased expressions of genes encoding
mitochondrial ETC subunits, reduced cellular ATP level, mitochondrial
membrane potential and TCA intermediate contents associated with the
emergence of oxidative stress and epithelial barrier disigption [

Preferred energetic fuel of colonocytes, contributing to 70% of their Iﬁﬁbrgzm
requirements, through mitochomdoiidation and TCA cyctl [/ ] j_>| —
Inhibition of other substrates oxidation, such as acetogketatene and TJ E—n)
p-glucose in rat isolated colonocytes [ o [
I
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Regulation of IEC metabolism notably throughaPARhgiopoietin-like

protein 4 inductiamvitroon T84 and HT-29 cell lines and in mouse

colonocytes 79

Small intestine for dietary polyamines In IEC from small intestine, OXPHOS substrate through conversion into succi-

[179, colon for gut-derived polyamines nate as shown in ra7f]

Colonic putrescine and spermidin@iet and gut microbiota

Polyamines: putrescine,

found at millimolar concentrationdroduced from decarboxylation of

173

spermidine, spermine

In mouse colonocyte, increased levels of ETC proteins in mouse colonocytes

(174

ornithine, via ornithine decarboxylas€173

(ODC1) activity, to form putrescine, the

precursor of spermidine and spermine

174
Abbreviation: ETC: electron transport chain, IEC: intestinal epithelial cells, IMM: inner mitochondrial membrane, OXPH&®noRiO&tire adtospbrygen species, SCFA: ShortChain Fatty Acids, TCA: tricarboxylic acid cycle.

2 Except for the entero-endocrine cell line GLUTag, all cited cell lines are absorptive IEC.

HFD, no precise description of mitochondrial function within those
enterocytes is available so far. In CLD fractions from obese (60% kce
from fat for 12 weeks) and lean (10% kcal from fat) mice subjected to
oil gavage, the most enriched GO_BP terms include proteins involve
in mitochondrial ATP synthésig. [Consistent with the fact that
proteins involved in mitochonhixidation were mostly found in
CLD fractions from enterocytes of obese mice, the authors suggeste
that enterocytes may adapt against excessive fatty acid absorption b
associating CLD and mitochondria, thus favoring fatty acid catabolisr
to compensate their stord@e| [ As for mitochondrial dynamics, the
in silicanodel of mouse enterocyte exposed to increased ratio of lipid/
carbohydrate in the diet suggested that mitochondrial fusion and
ssion were unaltered in enterocytes in a context of HFD consumptio
[117 although nim vivonorin vitroanalysis of mitochondrial dy-
namics has been yet performed to corroborate those predictions.
Finally, 20 weeks of HFD consumption decreased bpdc#f the
gene expression of jejunal enterodytes1d. However, precise
mechanisms that could explain the dri@gc@f have not been
elucidated so far but could possibly be linked to HFD-induced oxidativ
stress, notably through enhanced lipid catabolism. Moreover, since
Pgca is the master regulator of mitochondrial biogenesis, its
decreased expression could affect mitochondrial number and/ol
enterocyte bioenergetics. However, altered mitochondrial biogenesis
response to HFD in intestine has not yet been demonstrated.

4.1.2. In the colon

While the impact of HFD on IEC mitochondrial function in the jejunum
poorly described, several recent works show that HFD consumption i
associated with alterations of mitochondrial function in colonocytes
The rst indication was the observation of swollen mitochondria and
decreased complexes Il and Il activities of freshly isolated mito-
chondria from colonic IEC of mice fed a HFD (60% kcal fat) for 1€
weeks12(. The time of HFD consumption or fat content of the diet
does not seem to be crucial in this effect since shorter HFD con-
sumption periods and lower fat content diets also resulted in signs o
colonic dysfunction. Indeed, four weeks of a 45% kcal fat HFD induce
a 50% decrease in epithelial ATP levels and lower expression of gene
encoding for ETC subunitsSari@compared to colonocytes from
control micelP1. Likewise, HFD (60% kcal fat) consumption for 13
weeks resulted in decreased ATP levels in mouse colonic IEC an
diminished expression of mMRNA mitochondrial markers encoding fc
subunits V1 and S1 of mitochondrial complex | in theis&]cells [
Furthermore, elevation of intracellular lactate levels in isolated colo
nocytes121] and decreased pyruvate dehydrogenase activity, which
catalyzes the conversion of pyruvate to AcetyliCa3, [suggest

a switch of colonocyte metabolism from OXPHOS toward glycolysis
To explain colonocyte mitochondrial dysfunction, the authors propose
mechanisms linked to dietary fatty acid metabolism. Although fatty
acidb-oxidation, especially long chain and saturated fatty acids, elicits
ROS production and mitochondrial bioenergetic impairments at th
hepatic level23124, these alterations remain unclear in the in-
testineln vitranodels of IEC treated with palmitic acid to mimic HFD
consumption all concluded on a negative effect of palmitic acid on
mitochondrial function and an increase in ROSiligwgl How-

ever, fatty acid absorption primarily or even exclusively happens at th
small intestinal level and not at the colonid BeTus, other
mechanisms than increased dietary fatty acid metabolism have to b
investigated to explain colonic mitochondrial dysfunction in HFD-fe
mice. Among possible mechanisms, deleterious microbial metabo:
lites have been proposed {séxe Y as well as bile acids. Indeed,

HFD consumption is correlated with elevated concentrations of bile
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Table 2e In vitrestudies evaluating the effects of palmitate on mitochondrial function in different intestinal cell lines.
Concentration Duration Cell line Results Reference
100MM 24 h HCT-116 Increased ROS production [134

Decreased mitochondrial membrane potential
Altered mitochondrial network
Treatment with n-acetglysteine, a known ROS inhibitor, improved those defects

500MM 24 h N@IH716 Decreased maximal respiration and spare respiratory capacity [12Q
Alterations of mitochondrial membrane potential

From 1 mM to 2.5 mM 24 h Caco-2 Decreased ATP production rate from OXPHOS [1223
Diminished expression of genes encoding subunits V1 and S1 of mitochondrial complex | (2.5 mM)

Abbreviatio®@XPHOS: oxidative phosphorylation, ROS: reactive oxygen species.

acids in stools, which can reach a fecal concentration of 0.35amMPR/ARexpressions. This enhanced PPAR-fatiyoaitidtion
humans fed a HER{. In HT-29 colon cancer cells, deoxycholicoigram was responsible of stemness enhancement whereas fatty
increases MtROS generation, possibly by inhibiting complexatidfreoridation impairment, through deletion or inhibition of CPT1,
mitochondria as reported in isolated rat liver mitochiont?id [ suppressed those effeci$. [Furthermore, in mouse proximal small
This excessive concentration of ROS generated by bile aititbstiag organoids dhsophilaeletion of the mitochondrial py-
potentiate mitochondrial damages. Furthermore, HFD consumptiv@ Earrier, impairing TCA cycle to the berfatty acid-
associated with the emergence of sulphate reducing Desxifiation, is suient to increase ISC proliferation whereas its over-
brionaceae in micE2§13( and in obese humai8]. Among expression suppresd&. Even though mitochondrial function has
DesulfovibrionaceB#gphila wadswortbiawth is mediated by th@ot been precisely evaluated in these models, the involvement of
taurine-conjugated bile adidg[ Taurine is indeed used hyitochondria is possible since fatti-acidation is strongly linked
B. wadsworthis a nal electron acceptor of the ETC for anaetohititochondrial function and ROS generation.
respiration which forms dal[L37 and then, via dissimilatorytsul
reductase, hydrogen dal (HS) [33. Obese humans are als®.2.2. Intestinal epithelial cell mitochondrial dysfunction and
characterized by the growtbesfulfovibrio pighat degrades gly-disruption of intestinal barrier function
cans from the host intestinal mucosa othirbugh sulfateChronic HFD consumption induces intestinal barrier disruption notably
reduction1B]]. Considering the deleterious effects caused byhnaglyh tight junction restructurd@d.[ The exact mechanisms
concentrations of3-Hon mitochondrial function ofTi&@<(), HFD leading to altered barrier function under HFD is still debated and could be
may potentiate mitochondrial dysfunction by favoring the gremlainéd by tight junction disruptiamimation, alterations of mucus
sulfur-reducing bacteria a8l idrmation. layer, dysbiosis and oxidative stress linked to fatty acid and bile acids
In conclusion, several lines of evidence point to mitocHadri&l role of mitochondrial dysfunction is also conceivable. Indeed,
dysfunction in colonocytes while in-depth analysis of mitoclmpditaient of mitochondrial function in T84 cells by dinitrophenol re-
function in enterocytes has not been reported so far. sults in increased superoxide detection and concomitant translocation
and internalization Eécherichia cdliat is corrected when using
4.2. Possible link between HFD-induced mitochondrial dysfiMito®EMPO, an antioxidant spkyitargeting mtRQSg. More-
and alterations of epithelial homeostasis over, in their HFD-induced obesity model marked by increased peroxide
detection in mouse colonocytes, suggesting the emergence of oxidative
4.2.1. Intestinal epithelial cell mitochondrial dysfunction andstress, Li et al. observed an incréasadointestinal permeability
alteration of IEC renewal and apoptosis [134. Moreover, expression of the tight junction protein occludin was
As described earlier, alterations of mitochondrial function in IECdaeeréased in HFD-fed mouse colonocytes and HCT-116 after palmitic
major consequences on intestinal epithelium homeostasis ahidagiatment34. Likewise, hypothesizing that HFD-derived mtROS
enhanced apoptosis or impairment of ISC metabolism and profifedtiction participates to intestinal barrier disruption, Watson et al.
This applies also to HFD-induced mitochondrial dysfunctionsupgdetiented their HFD with S3QELs, a suppressor of complex IlI-
parallel to the oxidative stress and mitochondrial alterations obgerxestin superoxide. After 16 weeks, mice fed the S3QELs-
colonocytes of mice fed a HFD for 12 weeks, an increase by 50%tppleEsented HFD were protected against inoreasedestinal
upregulated modulator of apoptosis (PUMA) expression was pbsewalility and decreased expression of genes encoding tight junction
although no other apoptotic markers have beenlstddigkidwise, proteins in colonocytes compared to non-supplement&d.mice [
HCT-116 cells treated for 24 h withmlO@almitic acid exhibited\nother feature of HFD-induced alteration of intestinal barrier function
hallmarks of apoptosis, characterized by increased protein expiestien téduction of several secreted factors involved in defense
cleaved Caspase-3 and PUMMAe(R mechanisms, such as expression of antimicrobial péptidés [
High fat diet consumption has also been shown to impact IS hetivitybunit of hypoxia-inducible factor (HIF) interactstwith the
through a mechanism potentially involving the mitochondrias@nypitsof HIF and both act,ese@sors. Those transcriptional fac-
extracted from the jejunum of mice fed a HFD (60% kcal fatpriotaBget, among others, genes involved in production of antimicro-
months generated more organoids than those extracted froiad peptides, such as hurhatefensin-11§7, intestinal trefoil
jejunum of low fat diet-fed mice (10% kcalJatpfganoids fromfactor peptides43 and mucin-31§4, as well as in creatine
HFD-fed mice jejunum also exhibited higher expression of pretsirdism, which appears to be essential in epithelial barrier function
involved in fatty atiebxidation, notably through increases id PPIXR]. Since OXPHOS requires high amount of oxygen, it participates to
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the physiological hypoxia observed in healthy colon and smallfiediesiicell27. Moreover, by stimulating the increase in mitochondria
along the crypt-villus axis, from the highmssSure in the crypts tmumber and respiratory capacity (shown by greater cytochrome c
the lowest at the top of the villi. Thus, HFD-induced alteraiiddaeé activity), P@&®iproves the aerobic energy production thus
mitochondrial function and subsequent possible changes infaypdrig epithelial hypoxia and development of obligate anaerobi
level could participate to the altered defense mechanisms obaeteeall[4d.
under HFD through altered HIF signaling.

5. CONCLUSION
4.2.3. Intestinal epithelial cell mitochondrial dysfunction and
dysbiosis Because of the high amount of energy required to ensure rapid
Dysbiosis in diet-induced obesity has been thoroughly descriggithahid turnover, nutrient transport and maintenance of epithelia
incriminated in metabolic alterations in obeshye relationshipbarrier, intestinal epithelium homeostasis largely depends on mito-
between Plevel and microbiota composition has already dieedrial activity, notably via OXPHOS. Moreover, as IEC migrate L
described using broad-spectrum antibiotics in mice. The leasd dhe crypt-villus axis, they encounter different metabolic states
epithelial hypoxia and destabilization of HIF expression proasgeciaeed with different mitochondrial activities due to metabolic
expansion of facultative anaerobic bacteria, like Enterobactedpession which ensures epithelial homeostasis. To fuel energ
such a<€e. coliconcomitantly with the inhibition of obligate anagrobection, metabolites provided from the diet or bacterial fermenta-
growth, including butyrate-produééssAfl. Recently, Yoo et akion are used by IEC as substrates. Yet, dietary changes, and mor
showed that this also applies to chronic HFD consumption. dadieedarly HFD consumption, seem to modulate mitochondrial func
HFD-induced mitochondrial bioenergetics defects lead to irn@yraasdecently described in colonocytes. However, the mechanism
oxygen bioavailability in the colonic lumen favoring the expainsioineaf in these defects have not been described yet, although sever
facultative anaerobic bacteria such as Enterobacteriaceae. Taettiorsritypothesized a role of dietary faltyoaidtior-{gure b
with 5-ASA to increase mitochondrial bioenergetics ameliveatdiion, mitochondrial function in IEC in response to lipid challeng
epithelial hypoxia and reducedriess advantagetofcolin HFD- is not clear in the small intestine. Data indicate that enhanced fatty acit

Figure 5: Proposed mechanisms of mitochondrial dysfunction of colonocytes induced by saturated fatty acids frokfighefiat diet consumption induces mito-
chondrial dysfunction in colonocytes, possibly mediated by fatty acid metabolism, although this can be debated, and charastef izét dyopehtiatshtiemics and

shape (swollen mitochondria), and decreased ATP production as a consequence of altered OXRlt@dantridiedysfunction is associated with the emergence of
oxidative stress which may generate epithelial barrier alterations through tight junction restructuring and IEC apoptosis ntdsthaldchieaieiiseDecreased
OXPHOS levels is linked kea®s into the intestinal lumen, inducilugs of epithelial hypoxia, colonic dysbiosis and decreasedrsfaity acid (SCFA) concentrations,
including butyrate, the preferred energy fuel for colonocytes, leading to decreased leValeof tAgéther, those alterations could promote bacterial translocation and
systemic low-grade ammation.
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