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Abstract

Objective: The intestinal epithelial barrier (IEB) restricts the passage from the lumen
through the paracellular space of potentially harmful substances and microbes, and rupture
of its integrity is associated with a variety of gastrointestinal disorders and extra-digestive
diseases. Increased IEB permeability has been linked to disruption of metabolic homeostasis
leading to obesity and type 2 diabetes. Interestingly, recent studies have uncovered
compelling evidence that the AMP-activated protein kinase (AMPK) signaling pathway plays
important role in the maintenance of epithelial cell barrier function. However, our
understanding of the function of intestinal AMPK in the regulation of IEB and glucose
homeostasis remains sparse.

Methods: We generated mice lacking the two al and a2 AMPK catalytic subunits
specifically in intestinal epithelial cells (IEC AMPK KO) and determined the physiological
consequences of intestinal-specific deletion of AMPK in response to high-fat diet (HFD)-
induced obesity. We combined histological, functional and integrative analyses to
interrogate the outcomes of gut AMPK loss on intestinal permeability in vivo and ex vivo, on
the development of obesity and metabolic dysfunction. We also determined the impact of
intestinal AMPK deletion in an inducible mouse model (i-IEC AMPK KO) by measuring IEB
function, glucose homeostasis and composition of gut microbiota by fecal 16S rRNA
sequencing.

Results: While there were no differences in in vivo intestinal permeability in WT and
IEC AMPK KO mice, ex vivo transcellular and paracellular permeability, measured in Ussing
chambers, were significantly increased in the distal colon of IEC AMPK KO mice. This was
associated with a reduction in pSer425 GIV phosphorylation, a marker of leaky gut barrier.
However, expression of tight junction proteins in intestinal epithelial cells and pro-
inflammatory cytokines in the lamina propria were not different between genotypes.
Although the HFD-fed AMPK KO mice displayed suppression of the stress polarity signaling
pathway and a concomitant increase in colon permeability, loss of intestinal AMPK did not
exacerbate body weight gain or adiposity. Deletion of AMPK was also not sufficient to alter
glucose homeostasis or the glucose lowering action of metformin in control diet (CD)- or
HFD-fed mice. Finally, CD-fed i-IEC AMPK KO mice also presented higher permeability in
distal colon under homeostatic conditions but, surprisingly, this was not detected upon HFD
feeding. Alteration in epithelial barrier function in i-IEC AMPK KO mice was associated with a
shift in the gut microbiota composition with higher levels of Clostridiales and
Desulfovibrionales.

Conclusion: Altogether our results have unraveled a significant role for

intestinal AMPK in the maintenance of IEB integrity in distal colon but not in the regulation
of glucose homeostasis. Our data also highlight the complex interaction between gut
microbiota and host AMPK.

Keywords
AMPK, intestinal epithelial barrier (IEB), permeability, microbiota, obesity, metformin



Highlights

- Deletion of intestinal AMPKal and o2 suppresses the stress-polarity signaling (SPS)

pathway.
- Loss of SPS-pathway is associated with increased paracellular permeability in distal colon.
- Intestinal AMPK is dispensable for the glucose lowering action of metformin.

- Loss of intestinal AMPK alters gut microbiota composition.
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1. Introduction

The intestinal epithelial barrier (IEB) is a single-cell layer that constitutes the largest
and the most important barrier to maintain an effective defense against intraluminal toxins,
antigens, and enteric flora. Over the past decade, there has been increasing recognition of
an association between disrupted IEB function and increased intestinal permeability or
"leaky gut" in the pathogenesis and exacerbation of many chronic diseases. Altered
intestinal permeability contributes to diseases primarily occurring within the gastrointestinal
system, such as inflammatory bowel disease (IBD) and coeliac disease [1-3], and has been
associated to clinical relapses in Crohn's disease [4]. Interestingly, the degree of intestinal
permeability is also found to be associated with many of the risk factors for metabolic
diseases [5; 6], suggesting that disrupted intestinal barrier could be an early event
contributing to extra-digestive disease pathogenesis. The ‘leaky gut’ concept has been
extended to the development of obesity and its metabolic complications associated with
systemic low-grade inflammation [7]. It has been proposed that expansion of metabolic
endotoxemia triggered by diet-induced obesity (DIO) in rodent models is a direct
consequence of the alteration of the gut barrier function and the gut microbiota
composition permitting the translocation of bacterial components such as
lipopolysaccharides (LPS) into the systemic circulation and peripheral tissues [8-11]. Similar
findings have been described in human obesity with increased circulating levels of LPS [12], a
distinct gut microbiome signature [13] and impairment of intestinal barrier function [14] in
various cohorts. Considering the contribution of increased intestinal permeability to
digestive and systemic disease pathogenesis, alleviating gut leakiness appears to be an
attractive therapeutic strategy.

AMPK is an evolutionarily-conserved fuel-sensitive protein kinase and a cellular
nutrient sensor implicated in the regulation of energy homeostasis [15]. Once activated by
energy balance deficit, AMPK initiates metabolic changes to reprogram metabolism by
inhibiting non-essential anabolic ATP-consuming processes while stimulating ATP-delivering
catabolic pathways [15]. Recent evidences have expanded the paradigm of AMPK as a
metabolic sensor and to the more global concept that AMPK has broad effects on cellular
function [16]. Pioneering studies in renal MDCK cells described the important role for AMPK
in the maintenance of epithelial cell barrier functions and demonstrated that
pharmacological activation of AMPK protected the structure and barrier function of tight
junctions [17; 18]. The contribution of AMPK activation to intestinal barrier integrity has
been recently illuminated in cultured intestinal epithelial cells under various stress
conditions, including Ca?* depletion-, ethanol-, LPS-, oxidative stress- or dextran sulfate
sodium (DSS)-induced intestinal barrier injury [19-26]. It has been reported that AMPK
phosphorylates tight junction proteins and the associated proteins cingulin and GIV/Girdin
[27-30], providing a possible regulatory mechanism of AMPK on intestinal barrier function.

The gut microbiota is well known to influence host health and to play a key role in the
development of obesity by acting through complex interactions [31-33]. Restoration of
intestinal health by microbiome-related strategies to attenuate inflammation and



strengthen the epithelial barrier function has shown promising results both in obese patients
and DIO rodent models [7; 34-38]. Interestingly, disruption of the gut microbiota has been
associated with activation of AMPK in germ-free mice as reported in skeletal muscle and
liver as well as in colonocytes to influence energy balance homeostasis [39; 40].
Furthermore, fermentation products, such as short-chain fatty acids (SCFAs), synthesized
directly by the commensal bacteria, can exert some of their actions in skeletal muscle, liver
and intestine through the activation of AMPK, thus contributing to improvement of whole
body metabolism by affecting lipid oxidation, insulin sensitivity [41; 42] and intestinal barrier
function [43-45]. Further studies have also involved AMPK in the therapeutic potential of
various pharmacological and nutritional compounds against DSS-induced colitis [46-49].
However, AMPK activation has been paradoxically linked to intestinal barrier dysfunction in
chronic intestinal inflammatory conditions by decreasing ZO-1 expression [50]. Thus, there is
evidence to suggest that, depending on context, engaging AMPK activation may exert either
a positive or negative influence on IEB integrity.

While there is promise in targeting the IEB through modulation of AMPK, a deeper
understanding of its regulatory role on epithelial homeostasis must be reached. Here, to
better understand the control exerted by AMPK on IEB function, we studied I|EB
permeability, junctional protein expression, gut inflammation susceptibility and gut
microbiota composition in animals lacking the two AMPKal and AMPKa2 catalytic subunits
in intestinal epithelial cells in response to high-fat diet (HFD)-induced obesity.

2. Material and Methods

2.1 Reagents and Antibodies

FITC- and TRITC-conjugated dextran (4 kDa) was obtained from TdB Consultancy AB. Horse
radish peroxidase (HRP), red carmine and carboxymethylcellulose (CMC) were from Sigma.
Primary antibodies directed against total AMPKa (#2532), AMPKB1 (#4178), AMPK[(2
(#4148), AMPKy2 (#2536), AMPKa phosphorylated at Thr-172 (#2531), total acetyl-CoA
carboxylase 1/2 (ACC1/2) (#3676), ACC phosphorylated at Ser-79 (#3661) and PB-actin
(#4967) were purchased from Cell Signaling Technology. AMPKy1 antibodies (#ab32508)
were obtained from Abcam. ZO-1 antibodies were obtained from Cell Signaling Technology
(#13663) and ThermoFisher Scientific (#33-9100, ThermoFisher Scientific). Anti-AMPKa1 and
anti-AMPKa2 antibodies were kindly donated by Grahame Hardie (University of Dundee,
Dundee, UK). HRP-conjugated secondary antibodies, goat anti-mouse IgG (#401215) and
goat anti-rabbit IgG (#401393) were purchased from Calbiochem (EMD Millipore).

2.2 Experimental animals

All animal procedures were carried out in accordance with the EU guidelines for the
protection of vertebra animals used for scientific purposes (2010/63/EU) and were approved
by the Institutional Animal Care and Use Committee n°034 from Université de Paris (Protocol
number CEEA34.BV.157.12 and APAFIS 14911-2017120813494332 v5). Mice were



maintained under controlled environment conditions (12-h light/dark cycle) with free access
to water and standard mouse diet. Constitutive (IEC AMPK KO) and inducible (i-IEC AMPK
KO) deletion of AMPKal and AMPKa2 in intestinal epithelial cells were obtained by crossing
AMPKa1f/a2f/f mice [51] and mice harboring the Cre recombinase or the tamoxifen-
inducible Cre recombinase (CreERT2) under the control of the villin promoter, respectively
[52]. All mice were kept on a C57/BL6J background. Routine genotyping was carried out by
PCR on tail DNA using primer pairs for AMPKa1 (forward: 5-TAT TGC TGC CAT TAG GCT AC-
3’; reverse: 5-GAC CTG ACA GAA TAG GAT ATG CCC AAC CTC-3’; to yield amplification
products of 586 bp for AMPKal** allele and 682 bp for AMPKa1™f allele; for AMPKa2
(forward: 5’-GCT TAG CAC GTT ACC CTG GAT-3’; reverse: 5’-GTC TTC ACT GAA ATA CAT AGC
A-3’ to yield amplification products of 260 bp for AMPKa2*/* allele and 310 bp for
AMPKa2®/f allele) and villin-Cre/ CreERT2 (forward: 5’- CAA GCC TGG CTC GAC GGC C-3
complementary to the villin promoter; reverse: 5-CGC GAA CAT CTT CAG GTT CT-3’
complementary to the Cre coding sequence, to yield an amplification product of 220 bp) [51-
53]. To induce AMPK deletion in intestinal epithelial cells, i-IEC AMPK KO mice were treated
either for 5 days by intraperitoneal (IP) injections of tamoxifen (1 mg/day) or by 5 days
supplementation in the diet (400 mg/kg TAM citrate, AT155T70400, ssniff, Germany) for 5
days at weaning previous to the control diet (CD) and HFD challenge, followed one month
later by 3 consecutive IP tamoxifen injections (1 mg/day). Littermates were used for all
experiments.

2.3 Diet studies

Male mice were fed a CD (E15745-047, Ssniff, Germany) containing 70 k% carbohydrate, 10
kl% fat, 20 k% protein or HFD (E15742-347, Ssniff, Germany) containing 21 kI%
carbohydrate, 60 ki% fat (primarily lard), 19 kJ% protein. Starting at 10 weeks of age, co-
housed WT and IEC AMPK KO mice received either CD or HFD for 10 weeks. At weaning, WT
and i-IEC AMPK KO mice were stratified on the basis of their genotype and were assigned to
separate cages to receive either CD or HFD for 16 weeks. To analyze whole-body
composition, unanaesthetized mice were scanned using the NMR Minispec+ LF90II (Bruker
Optics).

2.4 Measurement of intestinal permeability in vivo and ex vivo

For analysis of in vivo transcellular and paracellular intestinal permeability, mice were
gavaged with a mix solution of 4 kDa TRITC-conjugated dextran (2 g/kg) and HRP (0.1 g/kg) in
0.5% carboxymethylcellulose. Whole gut transit time was determined by using 0.6 g/kg
carmine red in the gavage solution and measuring the time of the appearance in the feces.
For permeability measurement, mice were placed in individual cages and tail tip blood
samples were collected at 4h after gavage. Plasma was analyzed for TRITC-dextran 4 kDa
concentration with an automatic fluorescence microplate reader at 544 nm excitation and
580 nm emission wavelengths to determine paracellular permeability. In order to determine



transepithelial permeability, plasma HRP activity was measured by an enzyme activity assay
with the reagent 3,3',5,5'-tetramethylbenzidine (TMB, BD Bioscience).

Ex vivo paracellular permeability of intestinal segments (jejunum, ileum, proximal colon, and
distal colon) was determined by mounting the tissues in Ussing chambers (Physiological
Instruments) as described previously [54]. Each chamber contains 2 mL of Ham (HAM/F12;
Invitrogen) nutrient mixture maintained at 37 °C and continuously gasified with 95% O, and
5% CO;. After 30 minutes of equilibration, 200 pL of apical medium are replaced by 200 pL of
a mix solution containing 4 kDa FITC-conjugated dextran (20 mg/ml) and HRP (3.75 mg/ml).
The fluorescence level of the basolateral aliquots (150 pL) was measured every 30 minutes
over a period of 180 minutes using an automatic fluorescence microplate reader (Varioskan,
Thermo Fisher Scientific) at 485 nm excitation and 520 nm emission wavelengths.

2.5 Tolerance tests

Plasma glucose was assessed at 0, 20, 40, 60, 80 and 100 min after oral glucose
administration (2g/kg) in mice fasted for 6 h. Metformin tolerance was tested with a single
oral administration of metformin (250 mg/kg) or vehicle (water) and after 30 minutes
challenged with an oral glucose bolus of 1.5 g/kg of body weight. For insulin tolerance test,
mice deprived of food for 4 h received an intraperitoneal injection of insulin (0.5 units/kg
body weight; Actrapid, Novo Nordisk) and blood glucose levels were determined 0, 15, 30,
45, 60, and 90 min after injection. Blood glucose was measured in tail tip blood samples
using a glucometer (Roche Diagnostics). The area under the curve was calculated using the
trapezoidal rule.

2.6 In Vivo GLP-1 Secretion

Mice were fasted overnight and gavaged with 10 mg/kg sitagliptin (MSD) 45 min before
gastric gavage with a bolus of 25% glucose in olive oil. Blood was sampled 15 min after
glucose/ olive oil dosing gavage by retro-orbital venipuncture with heparin-coated capillaries
in tubes containing 1% DPP IV inhibitor (Merck) and protease inhibitors (Sigma-Aldrich).
Active GLP-1 plasma concentration was measured by ELISA (K150JVC-1, Meso Scale
Diagnostics).

2.7 Plasma measurements

Blood was collected into heparin or EDTA-containing tubes, and centrifuged to separate
plasma. Plasma lipid parameters were measured on an automated Monarch device
(Instrumentation Laboratory Co). Plamsa lipid parameters were determined enzymatically
with added enzymatic reagents (Diasys) for total cholesterol and triglyceride levels and an
automated Monarch device (Instrumentation Laboratory Co) for non-esterified fatty acids
(NEFA), glycerol, and B-hydroxybutyrate levels. Analysis of circulating cytokines (IL-6, TNF-q,
and IFN-y) was performed using a Meso Scale Discovery U-Plex kit for mouse cytokine
profiling according to the manufacturer's instructions.



2.8 Indirect calorimetry

Indirect calorimetric measurements of whole energy expenditure, O, consumption, CO;
production, respiratory exchange ratio (RER, calculated as volume of CO; produced to
volume of O, consumed ratio), food intake, drink intake and locomotor activity (beam
breaks) were performed using an indirect calorimeter system (TSE PhenoMaster/LabMaster
System). Energy expenditure, CO, production and O, consumption were expressed by whole
lean tissue mass extracted from the EchoMRIanalysis. Mice were adapted for 60 hours to the
metabolic chamber, and parameters were measured during 5 consecutive days. Room
temperature was kept constant (22°C + 1°C). Mice were assessed under standard CD
nutritional conditions and HFD challenge for 10 weeks.

2.9 Fecal sample collection, DNA extraction and 16s gene-based analysis

Fresh fecal samples were collected in sterile tubes, stored at -80°C and were processed for
DNA extraction according to the ZymoBIOMICS DNA Microprep Kit (Zymo Research).
Extracted DNA (100 ng) was processed for 16S rRNA amplification of the V3-V4 region and
fecal microbiota profiling were acquired as previously described [55]. Sequence reads were
analyzed using the dada2 package (v1.5.0; [56]) in R (http://www.R-project.org). Forward
and reverse reads were first trimmed to remove low quality regions. Sequences with an

expected error threshold > 2 and > 4 for the forward and reverse reads respectively, with
ambiguous bases, and with quality score less than or equal to 2 were discarded. Denoised
forward and reverse reads were merged and searched for chimeras. Taxonomic assignment
of amplicon sequence variants (ASVs) was performed using the RDP classifier algorithm
(v2,2; [57]) trained against the Silva database 132 [58]. To avoid biases generated in
sequencing depth, the ASVs tables were rarified to an even depth of 19,991 sequences per
sample. Potentially spurious ASVs with total abundance lower than 0.05% and that appeared
less than three times in the entire dataset were removed.

2.10 Fecal lipocalin-2 quantification

Quantification of fecal lipocalin-2 (Lcn-2) levels was performed as previously described [59].
Briefly, frozen fecal samples were homogenized in sterile PBS at 100 mg/ml and then
centrifuged at 12,000 rpm for 10 min at 4 °C. Lcn-2 levels were measured in the
supernatants using Duoset murine Lcn-2 ELISA kit (R&D Systems).

2.11 Intestinal epithelial cell fractionation and lamina propria cell isolation

To isolate intestinal epithelial cells, either “whole” (scrapping the epithelial lining) or “villus
enriched” cell isolation methods were used. Briefly, intestinal fragments were isolated,
opened longitudinally and rinsed with PBS. The tissue were rotated for 30 minutes at 4°C in
PBS containing 1.5 mM EDTA and protease inhibitors cocktail (Complete Protease Inhibitor
Cocktail; Roche). Cells were recovered by centrifugation at 1500 rpm at 4°C for 5 minutes
and cell pellets were snap frozen in liquid nitrogen, and stored at -80°C. For cell
fractionation, the sequential isolation of intestinal epithelial cells along the crypt—villus axis



was performed as previously described [60; 61]. To isolate cells from the lamina propria, a
Miltenyi Lamina Propria Dissociation Kit for mouse (Miltenyi) was used according to
manufacturer’s instruction.

2.12 Quantitative real-time PCR analysis

Fragments of the different intestinal segments were lysed in RA1 buffer (Machery-Nagel)
and total RNA extraction was performed with the Nucleospin RNAII kit according to the
manufacturer's recommendations (Machery-Nagel). One pg of purified mRNA was
denatured and retro-transcribed using Superscript Ill reverse transcriptase (Invitrogen). PCR
amplifications were performed using the Absolute Blue SYBR green fluorescein kit (Roche)
and analyzed on the StepOnePlus system (Life Technologies). Relative gene expression was
calculated using the comparative Ct (222%) method, where values were normalized to a
housekeeping gene (ribosomal protein S6). The following primers (Sigma Aldrich) were used:
Tumor necrosis factor alpha (TNFo; # NM_013693.3 Forward Primer : 5’-GAA CTT CGG GGT
GAT CGG TCC-3', Reverse Primer : 5’-GCC ACT CCA GCT GCT CCT CC-3'), Interleukin 1 beta (IL-
1B; # NM_008361.4, Forward Primer : 5-GCC TCG TGC TGT CGG ACC CAT A-3', Reverse
Primer : 5’-TTG AGG CCC AAG GCC ACA GGT-3'), Interleukin 6 (IL-6; # NM_031168.2, Forward
Primer : 5’-TCC AGT TGC CTT CTT GGG AC-3', Reverse Primer : 5’-AGT CTC CTC TCC GGA CTT
GT-3'), Zona occludens-1 (ZO-1; # NM_009386.2, Forward Primer : 5'-AAG AAT ATG GTC TTC
GAT TGG-3', Reverse Primer : 5’-ATT TTC TGT CAC AGT ACC ATT TAT CTT C-3'), Occludin (#
NM _008756.2, Forward Primer : 5'-GGT TAA AAA TGT GTC TGC AGG CAC-3', Reverse Primer :
5-GAG GCT GCC TGA AGT CAT CCA C-3'), Zona occludens-2 (ZO-2; # NM _001198985.1,
Forward Primer : 5-CTAGACCCCCAGAGCCCCAGAAA-3', Reverse Primer : 5'-
TCGCAGGAGTCCACGCATACAAG-3'), -Claudin 1 (# NM 016674.4 Forward Primer : 5’-
AATTTCAGGTCTGGCGACAT-3', Reverse Primer : 5’-GGCCAAATTCATACCTGGCA-3'), Claudin 2
(# NM _016675.4, Forward Primer : 5’'-GAAAGGACGGCTCCGTTTTC-3', Reverse Primer : 5’-
TCTTCGGAGCCTGTTTGCTT-3'), Claudin 3 (# NM 009902.4, Forward Primer : 5'-
GCCCCAGGAGAGGAGCCGTTAA-3', Reverse Primer : 5-GCCGATGAAGGCCGAAACGC-3') and
Ribosomal protein S6 (RPS6; # NM_001010.2, Forward Primer : 5’-CCA AGC TTA TTC AGC
GTCTTG TTA CTC C-3', Reverse Primer : 5’-CCC TCG AGT CCT TCATTC TCT TGG C-3').

2.13 Western Blotting

Cells were lyzed in ice-cold lysis buffer (50 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 10% glycerol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM
Na3VOs, 25 mM sodium-B-glycerophosphate, 1 mM DTT, 0.5 mM PMSF and protease
inhibitors cocktail (Complete Protease Inhibitor Cocktail; Roche) and were sonicated on ice
for 15 s to shear DNA and reduce viscosity. Intestine samples isolated from duodenum,
jejunum, ileum and colon were homogenized in ice-cold lysis buffer using a ball-bearing
homogenizer (Retsch). The homogenate was centrifuged for 10 min at 10,000x g at 4 °C, and
the supernatants were removed for determination of total protein content with a BCA
protein assay kit (Thermo Fisher Scientific). Proteins (25 ug) were separated by SDS-PAGE in



precast 4-15% polyacrylamide gels (Biorad) and the resulting bands were transferred to
nitrocellulose membranes. Equal loading was checked by membrane staining with Ponceau
Red before blocking with Tris-buffered saline supplemented with 0.2% NP40 and 5% non-fat
dry milk for 30 min at room temperature. Immunoblotting was performed following
standard procedures. Total pan-AMPKo, AMPKal, a2, B1, B2, y1, y2 and B-actin and
phosphorylated AMPK and ACC were probed from separated membranes. The signals were
detected with chemiluminescence reagents (EMD Millipore) by using ImageQuant LAS 4000
(GE Healthcare) or X-ray films. Band intensities were quantified by Image J densitometry
analysis and ratio for AMPKa.1/AMPKa2 were calculated.

2.14 Flow cytometry analysis

Immune phenotyping of adipose tissue and colon biopsies was performed as followed. Mice
were anesthetized using xylazine/ketamine and perfused by intra-cardiac injection of cold
PBS before harvesting tissues. Small pieces of colon, removed from Peyer patches and
epithelium, and adipose tissue were digested in type IV collagenase (1 mg/ml) and DNase |
(10 pg/ml) for 30 min at 37°C, followed by Percoll gradient (40-80%) separation. Single cells
suspension was then stained with lived dead-e780 (Thermofisher) for 10 min in cold PBS
followed by 20 min incubation in cold PBS 3% FBS with the following mAbs: anti-CD45ca (30-
F11, BD-Bioscience), anti-CD11b (M1/70, BD-Bioscience), anti-CD11c (HL3 BD-Bioscience),
anti-lIA/E (M5/114.15.2, BD-Bioscience), anti-Ly6C (AL-21, BD-Bioscience), anti-Ly6G (1AS,
BD-Bioscience), anti-F4/80 (BMS8, Thermofisher). Cells were acquired on a Fortessa X20
cytometers (BD-Bioscience) and analyzed using FlowJo software (BD-Bioscience). Myeloid
cells populations were defined as followed: Monocyte (CD45+CD11b+Ly-6C+); Dendritic cells
(CD45+CD11c+IA/E+); Macrophage (CD45+CD11b+F4/80+); Neutrophils (CD45+Ly-6C+Ly-
6G+).

2.15 Immunohistochemistry (pSerd25 GIV)

Formalin-fixed paraffin-embedded colon sections of 4 um thickness were cut and placed on
glass slides coated with poly-L-lysine, followed by deparaffinization and hydration as
previously described [28]. Heat-induced epitope retrieval was performed using sodium
citrate buffer (pH 6) in a pressure cooker. Tissue sections were incubated with 0.3%
hydrogen peroxidase for 15 min to block endogenous peroxidase activity, followed by
incubation with primary antibodies for 30 min in a humidified chamber at room
temperature. Antibodies used for immunostaining were anti-pS245 GIV (1:50, antirabbit
antibody). Immunostaining was visualized with a labeled streptavidin—biotin using 3,3'-
diaminobenzidine as a chromogen and counterstained with hematoxylin.
Immunohistochemistry (IHC) images were randomly sampled at different 150x100 pixel
regions of interest (ROl). The ROIs were analyzed using [IHC Profiler
[https://doi.org/10.1371/journal.pone.0096801]. IHC Profiler uses a spectral deconvolution
method of DAB/hematoxylin color spectra by using optimized optical density vectors of the
color deconvolution plugin for proper separation of the DAB color spectra. The histogram of
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the DAB intensity was divided into 4 zones: high positive (0 to 60), positive (61 to 120), low
positive (121 to 180) and negative (181 to 235). High positive, positive, and low positive
percentages were combined to compute the final percentage positive for each ROI. The
range of values for the percent positive is compared among different experimental groups.

2.16 Transmission Electron Microscopy

Colon samples were fixed in 3% glutaraldehyde, 0.1 M sodium phosphate buffer (pH 7.4) for
24 h at 4 °C, postfixed with 1% osmium tetroxide, dehydrated with 100% ethanol, and
embedded in epoxy resin. For ultrastructure analysis, ultrathin slices (70-100 nm thick) were
cut from the resin blocks with a Reichert Ultracut S ultramicrotome (Reichert Technologies,
Depew, NY, USA), stained with lead citrate and uranyl acetate, and examined in a
transmission electron microscope (model 1011; JEOL, Tokyo, Japan) at the Cochin Institute
electron microscopy facility.

2.17 Statistical analyses

The R Phyloseq package (v1.26.1) was used to perform all microbiota diversity analyses.
Shannon index was calculated to assess alpha diversity. Differences in beta diversity were
visualized using principal coordinate analysis (PCoA) based on unweighted UniFrac distance
calculated from 16S rRNA gene sequencing data. Detection of differentially abundant taxa
between groups was performed with the metagenomics biomarker discovery tool linear
discriminant analysis effect size (LefSe) [62]. A logarithmic LDA score of >2.5 was used as
threshold.

Data are presented as means + SEM. Results were analyzed using Student’s t test, 2- or 3-
way ANOVA with or without repeated measurements as appropriate followed by a
Bonferroni post hoc test using the GraphPad Prism software. Values of p < 0.05 were
considered statistically significant.

3. Results

3.1 AMPK a1 and a2 catalytic subunits are expressed along the Gl tract.

To study the physiological role of AMPK in mouse Gl tract, we first examined the
distribution of AMPK isoforms in intestinal epithelial cells (IECs) isolated from the proximal
and distal segments of the duodenum, jejunum, ileum and colon. We found that the
AMPKal and AMPKaz2 catalytic subunits and the AMPKB1, AMPKB2, AMPKyl and AMPKy2
regulatory subunits are expressed at various levels along the small and large intestine
(Figure 1A). Interestingly, an increasing gradient of both AMPKal and AMPKa2 protein
expression was observed along the Gl antero-posterior axis from the duodenum to the colon
(Figure 1A). We also analyzed the pattern of AMPKal and AMPKa2 expression in the
duodenum crypt-villus axis, where spatial expression changes and sub-specialization
heterogeneity is well documented [63]. While AMPKal expression levels were not reliably
changed, AMPKa2 displayed a decreasing gradient of expression from the villus tips to the
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crypt resulting in a two-fold AMPKa1l-to-AMPKa2 expression ratio in the crypt compartment
(Suppl Fig. 1A and 1B). Next, to determine whether in response to the downregulation of
one of the AMPKa catalytic subunit up-regulation of the remaining subunit can occur in the
intestine, as previously reported in skeletal muscle, kidney or intestinal epithelial Caco-2
cells [23; 53; 64], we examined the expression of AMPKal and AMPKaz2 in IECs isolated from
global AMPKal KO and global AMPKa2 KO mice. Absence of AMPKal isoform was
associated with increased levels of the AMPKa2 isoform and vice versa, suggesting
compensatory mechanism to maintain intestinal homeostasis (Suppl Fig. 1C). Thus, to
generate mice lacking AMPK activity in intestinal epithelium (IEC AMPK KO mice), we
invalidated the two catalytic subunits of AMPK by crossing AMPKa1%/f/a2f/f! mice [51] with
mice expressing Cre-recombinase under the control of the villin promoter, which drives
expression in the epithelium of the Gl tract [52]. The development and survival of animals
were not impacted. IEC AMPK KO mice were born in Mendelian ratios and appeared normal
at birth indistinguishable from their control littermates. There was no detectable AMPKa1l
and AMPKa2 expression in IECs isolated from the small and large intestine of IEC AMPK KO
mice but not control mice (Figure 1A). AMPKal and AMPKa2 expression was not altered in
the liver and skeletal muscle, confirming the deletion is specific to IECs (Suppl Fig. 1D). The
deletion of AMPKal and AMPKa2 was associated with a substantial reduction in the
expression of the regulatory subunits AMPKB1 and AMPKy1, whereas expression of AMPK[32
and AMPKy2 was poorly altered (Figure 1A). No changes in body weight, length of the
intestine and colon, total transit time, and humidity of feces were observed in IEC AMPK KO
mice compared to WT mice (Figures 1B-F). In addition, there was no difference in the
contractile activity of the Gl tract between IEC AMPK KO and WT mice (Suppl Fig 2A and 2B).
Necropsy revealed normal structure of the GI tract with similar intestinal epithelial cell
distribution and no sign of spontaneous colitis was observed between IEC AMPK KO and WT
mice. Hematoxylin and eosin staining or electron microscopy analysis of transverse sections
of the small and large intestine showed no obvious abnormalities (Suppl Fig. 3A and 3B).

3.2 Deletion of AMPKal and AMPKa2 in IECs alters permeability in distal colon

To determine the role of AMPK in intestinal homeostasis, we assessed intestinal barrier
permeability by measuring in vivo transcellular (HRP flux) and paracellular (4 kDa dextran
flux) permeability. No difference was observed between IEC AMPK KO and WT mice using in
vivo permeability measurements (Figures 2A and 2B). As AMPK activation has been
associated with enhanced epithelial barrier function in Caco-2 intestinal epithelial cells [23;
24], we next examined more precisely the impact of AMPK deletion on gut integrity by
measuring ex vivo transcellular and paracellular permeability with different segments of the
Gl tract in Ussing chambers. Interestingly, IEC AMPK KO mice display higher permeability
exclusively in distal colon, indicating disrupted epithelial barrier function (Figures 2C and
2D). However, the mRNA expression of tight junction proteins ZO-1, Z0-2, occludin, claudin
1, claudin 2 and claudin 3 did not significantly differ in entire biopsies from distal colon
(Figure 2E) and other segments of the small and large intestine (Suppl Fig. 3C) of IEC AMPK
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KO and WT mice. The protein content of ZO-1 and occludin was also unaltered in the
different portions of the Gl tract from IEC AMPK KO compared to WT mice (Suppl Fig. 3D). As
inflammation and IEB permeabilty are linked, we next analyzed whether cytokine mRNA
expression are altered in IEC AMPK KO mice (Figure 2G and Suppl Fig. 3E). While the
expression of pro-inflammatory cytokines IL-6 and IL-13 was similar in the distal colon from
both genotypes, TNF-ao mRNA expression levels tended to be slightly increased in the
absence of gut AMPK (Figure 2F).

Furthermore, the observed leakiness in the IEC AMPK KO distal colon was associated
also with the loss of a recently described polarity signaling pathway that is orchestrated by
AMPK at the tight junctions of the epithelial lining of the gut [28; 65]. When we assessed
stress polarity signaling (SPS)-pathway using a previously validated anti-phosphoSer245
Girdin antibody [28; 66], we found that the pathway is active in the WT but not IEC AMPK KO
mice, specifically in the distal colon (Figure 2F-1). These findings are consistent with the fact
that this pathway is triggered by microbes/microbial products that are encountered in
increasing manner in the distal colon. Taken together, these findings demonstrate that the
distal colon in IEC AMPK KO mice are leakier, and that such leakiness may at least in part be
a consequence of an impaired AMPK-dependent barrier-protective pathway.

3.3 Constitutive intestinal AMPK deletion combined with HFD challenge does not
exacerbate intestinal hyperpermeability.

Obesity is associated with intestinal hyperpermeability and metabolic endotoxemia [10;
67; 68]. Therefore, we evaluated the effects of AMPK deletion on intestinal permeability in
response to a HFD challenge for 10 weeks (Figure 3A). Neither transcellular nor paracellular
permeability was changed after HFD challenge. There were no differences in the in vivo
transcellular (HRP flux) and paracellular (4 kDa dextran flux) permeability between IEC AMPK
KO and WT mice at the completion of HFD challenge (Figures 3B and Suppl Fig. 4A). Again,
an increased permeability is observed in the distal colon of HFD-fed IEC AMPK KO compared
to WT (Figure 3C). As previously observed for CD, permeability in jejunum, ileum or proximal
colon is comparable between WT and KO animals on HFD (Suppl Fig. 4B and 4C). No
differences were observed on the mRNA expression of the tight junction protein ZO-1 in the
intestinal epithelial layer (IEL) fraction of distal colon from HFD-fed IEC AMPK KO and WT
mice (Figure 3D). While mRNA expression of the pro-inflammatory cytokines TNF-a and IL-
1B was unchanged in the lamina propria layer (LPL) of distal colon from HFD-fed IEC AMPK
KO and WT mice, there was a significant increase in IL-6 mRNA levels induced by the gut
AMPK disruption (Figure 3E), suggesting alteration in the control of intestinal inflammation
in IEC AMPK KO mice fed a HFD. However, there was no difference in circulating IL-6, TNF-q,
and IFN-y levels between IEC AMPK KO and WT mice fed a CD or HFD (Figure 3F).

3.4 Constitutive intestinal AMPK deletion does not exacerbate obesity-induced metabolic
dysfunctions.
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Next, to address whether lack of intestinal AMPK may induce metabolic dysfunction and
exacerbate diet-induced obesity, we monitored changes in body weight between IEC AMPK
KO and WT mice challenged with a CD or HFD for 10 weeks (Figure 3A). During the last week
of diet exposure, there was no difference in body mass or adiposity between IEC AMPK KO
and WT mice fed a regular CD, and while the HFD increased both body mass and adiposity,
IEC AMPK KO mice gained similar amount of body weight or fat mass as the WT mice
(Figures 4A and 4B). Consistently, no difference was observed between genotypes for food
and drink intake, and spontaneous locomotor activity when animals were fed either a
regular CD or HFD (Figures 4C-E and Suppl. Fig. 5A-C). We next investigated energy
metabolism and found that IEC AMPK KO mice have a similar average energy expenditure
(EE) compared to WT mice fed a CD or HFD during both the light and dark phases (Figure 4F).
No significant changes in VCO,, VO, and RER (VCO;-to-VO; ratio) were observed during the
light and dark phases between WT and IEC AMPK KO mice fed a CD or HFD, indicating similar
oxidation capacity between genotypes (Figures 4G-l). However, a small but not significant
trend (p= 0.0608) for increased RER was observed in IEC AMPK KO mice when fed a control
diet (Figure 4l). There was no difference in post prandial triglyceride clearance from the
circulation during an oral fat tolerance test by oral gavage of olive oil, indicating unaltered
lipid absorption and maintenance of systemic lipid homeostasis between WT and IEC AMPK
KO mice (Suppl. Fig. 5D). Plasma lipid parameters were not consistently affected by
genotype in mice fed a regular CD or a HFD (Suppl. Fig. 5E). Glucose tolerance and insulin
sensitivity were also similar between IEC AMPK KO and WT mice fed a CD or a HFD (Figures
5A and 5B). In addition, plasma GLP-1 levels were comparable in IEC AMPK KO and WT mice
at basal state or after an oral challenge with a bolus of glucose in olive oil to stimulate GLP-1
secretion (Suppl. Fig. 5F). Overall these data indicate that the lack of AMPK in IECs does not
promote or exacerbate the dysregulation of glucose homeostasis.

3.5 Intestinal AMPK is dispensable for the glucose lowering action of metformin.

Recent studies have reported that the Gl tract contributes to the overall glucose lowering
effect of the antidiabetic drug metformin [69]. Since a glucoregulatory role for AMPK
activation in the duodenal mucosal layer has been demonstrated in response to infusion of
metformin into the gut [70], we evaluated the improvement of glucose tolerance after oral
dosing with metformin. Treating WT mice fed a CD or HFD with a single dose of 250 mg/kg
metformin was capable to consistently lower glucose excursions during oral glucose
tolerance test but the removal of IEC AMPK was ineffective on the glucose-lowering ability of
metformin, indicating that acute glycemic control by metformin is conferred independently
of intestinal AMPK. (Figures 5C and 5D).

3.6 Inducible intestinal AMPK deletion does not impact on obesity-induced metabolic
dysfunctions.

To investigate whether intestinal AMPK could shape the gut microbiota, we analyzed
changes in microbiota composition in response to HFD in mice lacking IEC AMPK. To
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circumvent potential effects of AMPK removal on microbiota composition prior to the HFD
challenge, we generated an inducible deletion of both AMPKal and AMPKa2 in IECs by
crossing AMPKa1%//a2f/f mice with transgenic mice expressing a tamoxifen-dependent Cre
recombinase (Cre-ERT2) under the control of the villin promoter [52]. After tamoxifen
treatment, i-IEC AMPK KO mice displayed no detectable AMPKal and AMPKa2 expression in
IECs isolated from small and large intestine segments (Suppl Fig. 6A). We next evaluated the
effects of the inducible deletion of intestinal AMPK at weaning prior to a challenge with a CD
or HFD for 16 weeks (Figure 6A). At the end of diet intervention, we checked that there were
no more detectable AMPKal and AMPKa2 expression in IECs isolated from Gl tract of i-IEC
AMPK KO and WT mice (Figure 6B). Body weight gain and adiposity were similar in both
genotypes fed either a regular CD or HFD (Figures 6C and 6D and Suppl Fig. 6B). These
findings are consistent with the absence of difference in macrophage, neutrophil, dendritic
cell and monocyte numbers in visceral adipose tissue of i-IEC AMPK KO and WT mice fed a
CD or HFD (Suppl Fig. 6C). There was also no difference in overall glucose excursion during
an oral glucose tolerance test between i-IEC AMPK KO and WT mice fed a CD or HFD (Figure
6E).

3.7 Inducible intestinal AMPK deletion modulates the composition of gut microbiota in
CD- but not HFD-fed mice.

We collected stool samples from WT and i-IEC AMPK KO mice fed a CD or HFD for 16
weeks and fecal microbiota composition was analyzed by 16S rRNA gene-based sequencing.
Principal coordinate analysis (PCoA) based on unweighted Unifrac-based distances showed a
clear separation between gut communities of CD- and HFD-fed mice (Figure 7A). Likewise,
the Shannon a-diversity of gut microbiota was slightly increased in HFD-fed mice (Figure 7B).
Results from t tests showed that the average Shannon indices were significantly different
between CD-fed WT mice and WT and i-IEC AMPK KO mice on HFD (p-value: 0.012 and
0.021, respectively) (Figure 7B). Interestingly, the gut microbiota composition was
substantially altered in CD-fed i-IEC AMPK KO mice compared to CD-fed WT mice but the
difference was lost when i-IEC AMPK KO and WT mice were fed a HFD (Figure 7C). In
accordance with PCoA results, relative abundance of bacterial orders in each group
highlighted the impact of HFD on gut microbiota and the differences between WT and i-1EC
AMPK KO mice fed a CD. We found that the percentages of Clostridiales and
Desulfovibrionales were seemed enriched in CD-fed i-IEC AMPK KO mice, whereas CD-fed
WT mice showed increased proportions of Erysipelotrichales (Figure 7C). Challenge with HFD
induced an increase in Clostridiales and Lactobacillales and a decrease in Bacteroidales and
Bifidobacteriales. However, we did not observe major differences between microbiota of WT
and i-lIEC AMPK KO mice under HFD, except a decrease of Verrucomicrobiales in i-IEC AMPK
KO mice (Figure 7C). Then, we analyzed the gut microbiota at a deeper taxonomic (genus-)
level and identified individual taxa modulated selectively in the different groups of mice
(Figure 7D). We next used linear discriminant analysis (LDA) effect size (LEfSe) to examine
statistical differences in the relative abundance of gut microbiota between genotypes. By
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selecting strong associations in the LDA (LDA scores >3), we showed that Parasutterella and
Parvibacter were more abundant in WT mice under CD whereas GCA-900066225, Dubosiella,
Roseburia, Anaerovorax, Alloprevotella, Enterorhabdus, Desulfovibrionaceae and genera
from Clostridiales order and Lachnospiraceae-NK4A136 group were more abundant in i-lIEC
AMPK KO mice (Figure 7E). Unlike CD-fed mice, bacterial composition was very similar
between WT and i-IEC AMPK KO mice fed a HFD. We could however notice an increase of
Parvibacter in WT mice and, interestingly, the abundance of Akkermansia, well known for
improving gut barrier function [71], was decreased in i-IEC AMPK KO mice (Figure 7F).

3.8 Inducible deletion of intestinal AMPK does not worsen obesity-induced
hyperpermeability.

We next aimed to determine if inducible deletion of intestinal AMPK influenced intestinal
integrity in the same manner than following constitutive deletion. The in vivo paracellular
permeability (4 kDa dextran flux) was similar between WT and i-IEC AMPK KO mice fed a
regular CD or HFD (Figure 8A). In contrast, measure of ex vivo paracellular permeability
revealed a dramatic increase in permeability in the distal colon from i-IEC AMPK KO mice fed
a regular CD but not when challenged with a HFD (Figure 8B). Of note, intestinal
permeability was not different in the jejunum from i-IEC AMPK KO and WT mice fed a CD or
HFD (Suppl Fig. 6D). Expression levels of pro-inflammatory cytokines IL-6 and TNF-a were
also similar in the distal colon from WT and i-IEC AMPK KO mice fed a CD or HFD but those of
IL-1B were slightly decreased in i-IEC AMPK KO mice fed HFD (Figure 8D). Accordingly, fecal
Lcn-2 levels, a sensitive and broadly dynamic marker of intestinal inflammation [59], were
not different between genotypes on CD or HFD (Figure 8E). There were also no differences in
the percentage of macrophage and monocyte among CD45*cells in colon from i-IEC AMPK
KO and WT mice fed a CD or HFD (Suppl Fig. 6E). Measure of circulating IL-6, TNF-a, and IFN-
vy levels revealed no difference between genotypes on CD or HFD (Figure 8F). Expression
levels of tight junction protein occludin was unchanged in the distal colon from WT and i-IEC
AMPK KO mice fed a CD or HFD but those of ZO-1 were slightly decreased in i-IEC AMPK KO
mice (Figure 8G). Taken together, these data indicate that while inducible AMPK deletion
alters gut barrier integrity in distal colon in CD-fed i-IEC AMPK KO mice, HFD challenge seems
to blur the impact of the lack of intestinal AMPK.

4. Discussion

While the Gl tract is of growing therapeutic interest, little information exists on the
expression and the distribution of AMPK in the small and large intestine. Previous studies
have reported the predominance of AMPKal catalytic isoform expression in human colon
carcinoma Caco?2 cells [23; 72]. We show that both catalytic isoforms AMPKol and AMPKa2
are expressed along the mouse Gl tract following an antero-posterior gradient. The
observation that AMPKa2 overexpression compensated for loss of AMPKal in the Gl tract of
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AMPKol KO mice, and vice versa, led us to generate a mouse model without intestinal
AMPK activity by deleting both AMPKal and AMPKa2 catalytic subunits. Although this
mouse model does not permit to analyze the catalytic isoform-specific contributions, we
cannot exclude that intestinal AMPKal- and AMPKo2-containing heterotrimers have
different phosphorylation targets and functions. Recent studies have reported that mice
harboring an intestinal-specific ablation of AMPKa1 display impairment in intestinal barrier
function, epithelial differentiation and long-chain fatty acids uptake [24; 73], indicating
absence of AMPKa2 isoform signaling redundancy in this context. Furthermore, the antero-
posterior graded distributions of the various catalytic and regulatory AMPK isoforms suggest
diverse functional roles serving different physiological means to regulate GI homeostasis.
Hence, further work is warranted to elucidate potential AMPK isoform-specific roles along
the Gl tract.

Using loss of function approaches, we report that AMPK is necessary for the control
of paracellular permeability in distal colon, based on analysis in Ussing chambers. The
correct establishment of cell-cell contact is crucial to maintain epithelial barrier function.
The integrity of apical junctional organization, including tight junctions (TJs) and adherens
junctions (AJs), plays a major role in the determination of mucosal permeability and its
disturbance leads to leaky gut [74]. It was first demonstrated that AMPK contributes to the
assembly of epithelial TJs in renal MDCK cells [17; 18]. These findings were extended in
intestinal cell lines, where AMPK activation was shown to promote TJs assembly associated
with enhanced Z0-1 and occludin redistribution and decreased paracellular permeability
[22-24; 43; 75]. Multiple AMPK effectors known to participate in apical junction formation
and assembly have been described. It was found that AMPK-modulated paracellular
permeability is associated with increased protein content for claudin 1, claudin 4, occludin,
and ZO-1 at TJs [19; 76; 77]. It has been also reported that AMPK directly phosphorylates
claudin 4 leading to enhanced interaction with occludin [77]. However, we noticed no
relevant modifications in TJ proteins expression and distribution at plasma membrane in
distal colon lacking AMPK. It has been proposed that AMPK-induced TJ assembly is mainly
regulated by effectors of AMPK that orchestrate the interaction between apical junctions
and cytoskeleton. A role for AMPK in regulating the association of TJs with cytoskeletal
microtubule network has been demonstrated with the direct phosphorylation of the scaffold
protein cingulin on multiple residues [29; 30]. Other studies suggested that AMPK activation
might facilitate TJ assembly by phosphorylating afadin and inducing its association with ZO-1
[78]. Furthermore, the phosphorylation of the multimodular polarity scaffold G-alpha
interacting vesicle associated (GIV) protein or Girdin by AMPK at Ser245 also participates in
the protection of epithelium integrity by stabilizing TJs [66]. Recently, we used a “gut-in-a
dish” model system consisting of polarized enteroid-derived monolayers (EMDs) from mouse
colon to confirm that Girdin Ser245 phosphorylation was abolished in AMPK-null compared
to WT EMDs treated with the pharmacologic AMPK activators metformin and A-769662 [28].
Additionally, we demonstrated that AMPK-null EMDs display impaired barrier integrity with
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reduced trans-epithelial electrical resistance (TEER) in association with loss of Girdin Ser245
phosphorylation [28]. In the present work, we showed that the SPS-pathway is suppressed,
as determined by decreased Girdin Ser245 phosphorylation, in the distal but not proximal
colon of IEC AMPK KO mice. Thus, these findings raise the possibility that Girdin may serve as
one of the effectors of AMPK at the TJs.

Recent studies have suggested that intestinal hyperpermeability has a pivotal role in
HFD-induced body weight gain and fat mass development [10]. However, although loss of
IEC AMPK induces alteration in distal colon permeability, here we observed absolutely no
difference in adiposity or energy expenditure after HFD challenge between genotypes. This
was consistent with absence of higher systemic inflammation and similar increased
macrophage infiltration into adipose tissue in HFD-fed mice lacking IEC AMPK. These data
suggest that alterations in distal colon permeability caused by AMPK deletion are not
sufficient to exacerbate HFD-induced obesity and metabolic endotoxemia.

It is now widely accepted that the Gl tract plays a determinant role in the regulation
of glucose homeostasis. The gut is an important endocrine organ that secretes from
specialized enteroendocrine cells, distributed along the Gl tract, an array of gastrointestinal
hormones, which regulate gastric emptying, appetite and postprandial glucose metabolism.
The beneficial effects of metabolic surgery, such as Roux-en-Y gastric bypass surgery (RYGB),
to reduce hyperglycemia and enhance insulin secretion independently of weight loss have
highlighted the potential of gut signals modulation in the amelioration of type 2 diabetes
[79; 80]. While deletion of both AMPKal and a2 from intestinal enteroendocrine L-cells has
been shown to restrict GLP-1 secretion and induce glucose intolerance [81], we report that
absence of AMPKal and a2 in the intestinal mucosal layer has no effect on GLP-1 release
and IEC AMPK KO mice display similar glucose tolerance compared to WT mice under CD or
HFD feeding. The reasons for the apparent discrepancy is the use of a mouse genetic model
with AMPK deletion in both intestinal enteroendocrine L-cells and pancreatic a-cells in
earlier studies [81]. Inactivation of AMPK in pancreatic a-cells may lead to compensatory
adaptation of enteroendocrine L-cell function as reported in the cross-talk between islet and
intestine endocrine cells to preserve glucose homeostasis during the development of obesity
[82].

Clinical evidence suggests that the anti-diabetic effects of metformin, a successful
diabetes type 2 drug, likely originate from its actions in the gut, involving gastrointestinal
hormone signaling, bile acids pool, gut microbiota and the gut-brain axis [69]. However, a
major controversy concerns the metformin's mode of action encompassing both AMPK-
dependent and -independent mechanisms. Using IEC AMPK KO mice under CD or HFD
feeding, we questioned the contribution of intestinal AMPK to the pharmacological
outcomes of metformin treatment. We show that intestinal AMPK is not necessary for the
improvement of glucose tolerance by acute metformin administration. Although a duodenal

18



AMPK-dependent pathway has been involved in metformin glucose-lowering effect [70], the
differences between the present and earlier studies may result from experimental settings
(measure of glucose tolerance vs. glucose production). Alternatively, all the pleiotropic
properties of metformin independent of AMPK signaling may mask the AMPK-dependent
metformin action in the regulation of glucose homeostasis [83].

It has been previously reported that SCFAs produced by bacterial fermentation of
non-digestible dietary fibers can activate AMPK and contribute to tight junctions assembly in
Caco-2 cells [22; 43]. Recent studies further highlighted an interesting link between gut
microbiota composition and AMPK activity [41; 84].In the present work, we studied the
impact of IEC AMPK deletion on gut microbiota composition using an inducible model to
avoid potential compensatory mechanisms caused by AMPK deletion during development. In
i-IEC AMPK KO mice fed a CD, we found a shift in the community of intestinal microbes
demonstrating the impact of host intestinal epithelial AMPK on the composition of gut
microbiota. Supporting our observations, it was recently reported that high-fiber diet
changes in the microbial diversity and composition (e.g., higher proportions of Akkermansia
and Bifidobacterium) were lost when AMPK was inhibited via supplementation of the non-
specific AMPK inhibitor, Compound C, in drinking water [85]. Of note, the higher abundance
of the Desulfovibrionaceae family in i-IEC AMPK KO mice is correlated with altered barrier
function in distal colon. In accordance with these findings, mice and human patients
suffering from ulcerative colitis, a disease associated with altered intestinal permeability,
showed a high proportion of Desulfovibrionaceae [86; 87]. It is speculated that intestinal
sulfate-reducing bacteria from the Desulfovibrionaceae family reduced mucosal thickness
and facilitate contact between bacterial antigens and the mucosal immune system [87].
Other specific species (e.g., Clostridiales, Dubosiella, Roseburia, Alloprevotella,
Enterorhabdus, and Anaerovorax) discriminating the gut microbiota composition between
WT and i-IEC AMPK KO mice were also identified but the association with the pathological
host status remains to be further investigated. In contrast, under HFD feeding no much
difference in the relative abundance of bacterial orders were observed between WT and i-
IEC AMPK KO mice. Likewise, the long-term HFD intake induced the same shift of microbiota
populations in both WT and i-IEC AMPK KO mice, indicating comparable obesity-related gut
dysbiosis between genotypes. This may explain why the difference in paracellular
permeability in distal colon observed in WT and i-IEC AMPK KO fed a CD is totally abolished
when these mice are fed a HFD for 16 weeks. In addition, although we noticed lower
abundance of Akkermansia [37; 71] in HFD-fed i-IEC AMPK KO mice, this was not
accompanied by increased body weight gain or metabolic dysfunction. Thus, the influence of
HFD on gut microbiota and metabolic dysfunctions appears to be dominant over the
alteration of distal colon permeability resulting from the exclusive loss of intestinal AMPK.

5. Conclusions
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Altogether, our data support a role of intestinal AMPK in the maintenance of gut
homeostasis under homeostatic and pathological conditions. However, we have found that
intestinal AMPK is not required for the regulation of glucose homeostasis or the metformin
glucose-lowering effect. In particular, we found that intestinal AMPK participates in the
control of intestinal integrity and permeability, specifically in distal colon by acting on the
maintenance of barrier function. Our results suggest that blunted pSer245 GIV
phosphorylation in the absence of AMPK may contribute to altered colon permeability. Our
results also highlight the interaction between gut microbiota and host intestinal AMPK but
fecal transfer experiments are warranted to confirm the relevance of the observed shift in
bacterial species. In future studies it will be interesting to examine whether targeting AMPK
signaling via pharmacological and nutritional approaches may lead to new therapeutic
avenues for leaky gut syndrome.
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Figure legends

Figure 1: AMPKal and AMPKa2 deletion in mouse Gl tract.

(A) Western blot analysis of AMPKa1, a2, B1, B2, y1 and y2 expression in intestinal epithelial cells
(IECs) isolated from the duodenum, jejunum, ileum and colon of WT and IEC AMPK KO mice. B-actin
was used as loading control. IEC-specific AMPK deletion was obtained by expressing Cre-recombinase
driven by the villin promoter. Measurement of (B) body weight, (C) intestine length, (D) colon length,
(E) total transit time, and (F) feces humidity in WT and IEC AMPK KO mice. n = 6-8 mice. All data are
expressed as means + SEM. Statistical analysis was performed by using a Student’s t test. Black bars,
WT mice (WT); White bars, IEC AMPK KO mice (KO).

Figure 2: Absence of IEC AMPK induces an hyperpermeability in distal colon

(A) In vivo paracellular intestinal epithelial permeability of WT and IEC AMPK KO mice on regular
control diet (CD) determined by measuring the amount of 4 kDa TRITC-dextran in the plasma 4 hours
after gavage. n = 3-7 mice per genotype, from three independent experiments. (B) /n vivo
transcellular intestinal epithelial permeability of WT and IEC AMPK KO mice on CD determined by
measuring the activity of HRP in the plasma 4 hours after oral gavage. n = 4-6 mice, from three
independent experiments. (C) Ex vivo paracellular permeability in jejunum, ileum, proximal colon and
distal colon WT and IEC AMPK KO mice on CD, evaluated in Ussing chambers by measuring FITC-
dextran flux through intestinal segments for 3 hours. n = 7 mice. Statistical analysis was performed
by using a Student’s t test. (D) Ex vivo transcellular permeability in jejunum, ileum, proximal colon
and distal colon from WT and IEC AMPK KO mice on CD, evaluated in Ussing chambers by measuring
the activity of HRP in the basolateral medium for 3 hours. n = 7 mice. (E) Expression of mRNA for
tight junction proteins ZO-1, ZO-2, occludin, claudin 1, claudin 2 and claudin 3 in entire distal colon
biopsies from WT and IEC AMPK KO mice. (F) Expression of mRNA for IL-6, TNF-o. and IL-1f in entire
distal colon biopsies from WT and IEC AMPK KO mice. n = 4-7 mice. All data are expressed as means +
SEM. Statistical analysis was performed by using a Student’s t test. *p < 0.05 and ***p < 0.001
indicate a significant increase relative to respective WT intestinal segment. Black bars, WT mice (WT);
White bars, IEC AMPK KO mice (KO). G) Schematic summarizing the stress polarity signaling (SPS)-
pathway showing impact of AMPK activation/deletion on Ser425 GIV phosphorylation and barrier
integrity. (H) Schematic diagram displays the workflow to assess the activation of the SPS pathway in
situ in the murine colons, as determined by assessing the abundance of epithelial pS245GIV. (l)
Representative images are presented from proximal colon (upper section) and distal colon (lower
section) of WT (WT) and IEC AMPK KO (KO) mice without metformin treatment (H,O) and after
administration of 2 mg/ml metformin in drinking water for 5 days (Met). (J) Violin plots display the %
area and intensity of pS245 GIV staining as determined by IHC profiler (each dot represents the
average of measurements in 4 ROls, which were assessed in 3-5 images taken from each sample; n =
3 in H,0 group; n =5 in Met group). Error bars represent SEM. Statistical significance was determined
by three-way Anova; **p < 0.01 and ****p < 0.0001.

Figure 3: Deletion of IEC AMPK does not exacerbate permeability and inflammation in colon after a
HFD challenge.

(A) Experimental timeline for control diet (CD) or high-fat diet (HFD) challenge for 10 weeks in male
WT and IEC AMPK KO mice. (B) In vivo paracellular intestinal epithelial permeability of WT and IEC
AMPK KO mice on HFD determined by measuring the amount of 4 kDa TRITC-dextran in the plasma 4
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hours after gavage. n = 3-7 mice, from three independent experiments. (C) Ex vivo paracellular
permeability in distal colon of WT and IEC AMPK KO mice on CD or HFD diet. Permeability was
evaluated in Ussing chambers by measuring FITC-dextran flux through intestinal segments for 3
hours. n = 7-12 mice. (D) Expression of mRNA for ZO-1 in the intestinal epithelial layer (IEL) fraction
isolated from distal colon of WT and IEC AMPK KO mice fed a CD or HFD. n = 7 mice. (E) Expression of
mRNA for IL-6, TNF-a, and IL-1f in the lamina propria layer (LPL) fraction isolated from distal colon of
WT and IEC AMPK KO mice fed a CD or HFD. n = 7 mice. (F) Circulating IL-6, TNF-a, and IFN-y levels in
WT and IEC AMPK KO mice fed a CD or HFD. n = 5-7 mice. All data are expressed as mean fold change
relative to WT. Statistical analysis was performed by two-way ANOVA with Bonferroni post hoc test.
*p < 0.05 and **p < 0.01 indicate a significant difference to respective WT intestinal segment and
diet challenge. $p < 0.05 and S$$Sp < 0.001 indicate diet effect within genotype. CD, control diet; HFD,
high-fat diet; Black bars, WT mice; White bars, IEC AMPK KO mice.

Figure 4: Deletion of IEC AMPK does not worsen HFD-induced obesity.

(A) Body weight monitoring in WT and IEC AMPK KO mice on control diet (CD) or high-fat diet (HFD)
for 10 weeks. n = 5-7 mice. (B) Body weight, body composition examination (expressed as percentage
of fat mass and lean mass relative to total body mass), body fat mass and body lean mass measured
by nuclear magnetic resonance in WT and IEC AMPK KO mice at the end of CD and HFD challenge. n =
5-7 mice. (C) Daily food intake of WT and IEC AMPK KO mice on CD or HFD. (D) Daily drink intake of
WT and IEC AMPK KO mice on CD or HFD. (E) Daily spontaneous locomotor activity of WT and IEC
AMPK KO mice. (F) Energy expenditure of WT and IEC AMPK KO mice on CD or HFD during the light
and dark phases. (G) O, consumption of WT and IEC AMPK KO mice on CD or HFD during the light and
dark phases. (H) CO; production of WT and IEC AMPK KO mice on CD or HFD during the light and dark
phases. () Respiratory exchange ratio (VCO,/VO,) of WT and IEC AMPK KO mice fed a CD or HFD
during the light and dark phases. All calorimetry data are representative of 5 days measurement; n =
6 mice. All data are expressed as means + SEM. Statistical analysis was performed by two-way
ANOVA with Bonferroni post hoc test. °°p < 0.01 and °°°p < 0.001 indicate a diet effect in WT mice. §p
< 0.05 and §p < 0.001 indicate a diet effect in IEC AMPK KO mice. $Sp < 0.05 and $55p < 0.001 indicate
a diet effect within genotype. ##p < 0.01 and ###p < 0.001 indicate a light/dark phase effect within
genotype. CD, control diet; HFD, high-fat diet; Black bars, WT mice; White bars, IEC AMPK KO mice.

Figure 5: Deletion of IEC AMPK does not worsen obesity-induced metabolic dysfunctions and does
not affect response to metformin.

(A) Blood glucose profile during glucose tolerance test in WT and IEC AMPK KO mice on control diet
(CD) or high-fat diet (HFD) . AUC, area under the curve was calculated. n = 5-7 mice. (B) Blood glucose
profile during insulin tolerance test in WT and IEC AMPK KO mice on CD or HFD. n = 5-7 mice. (C)
Blood glucose profile during metformin tolerance test in WT and IEC AMPK KO mice on CD. Mice
were given an oral gavage dose of 250 mg/kg metformin and after 30 minutes challenged with an
oral administration of glucose. n = 7-8 mice per genotype. (D) Blood glucose profile during metformin
tolerance test in WT and IEC AMPK KO mice on HFD. Mice were given an oral gavage dose of 250
mg/kg metformin and after 30 minutes challenged with an oral administration of glucose. n = 5-7
mice. All data are expressed as means + SEM. Statistical analysis was performed by two-way
repeated measures ANOVA or two-way ANOVA with Bonferroni post hoc test. Black bars, WT mice;
white bars, IEC AMPK KO mice. ##p < 0.01 and ###p < 0.001 indicate a diet or metformin effect in WT
mice. §p < 0.05, §§p < 0.01 and §§§p < 0.001 indicate a diet or metformin effect in IEC AMPK KO
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mice. Sp < 0.05, SSp < 0.01 and $55p < 0.001 indicate a diet or metformin effect within genotype. CD,
control diet; HFD, high-fat diet; Black bars, WT mice; White bars, IEC AMPK KO mice.

Figure 6: Inducible deletion of gut AMPK does not exacerbate the development of HFD-induced
obesity and metabolic dysfunctions.

(A) Experimental timeline for tamoxifen treatment and control diet (CD) or high-fat diet (HFD)
challenge for 16 weeks in male WT and i-IEC AMPK KO mice. (B) Western blot analysis of AMPKa,
phospho-AMPKa-Thrl72, ACC and phospho-ACC-Ser79 expression in intestinal epithelial cells
isolated from ileum of WT and i-IEC AMPK KO mice at the completion of CD or HFD challenge. B-actin
was used as loading control. (C) Body weight monitoring in WT and i-IEC AMPK KO mice on CD or HFD
for 16 weeks. n = 7-13 mice. (D) Body weight and body composition examination (expressed as
percentage of fat mass and lean mass relative to total body mass) in WT and i-IEC AMPK KO mice at
the end of CD or HFD challenge. n = 7-13 mice. (E) Blood glucose profile during glucose tolerance test
in WT and i-IEC AMPK KO mice on CD or HFD. AUC, area under the curve was calculated. n = 6-11
mice. All data are expressed as means * SEM. Statistical analysis was performed by two-way
repeated measures ANOVA or two-way ANOVA with Bonferroni post hoc test. ##p < 0.01 and ###p <
0.001 indicate a diet effect in WT mice. §§p < 0.01 and §§§p < 0.001 indicate a diet effect in i-IEC
AMPK KO mice. Sp < 0.05 and $$Sp < 0.001 indicate a diet effect within genotype. CD, control diet;
HFD, high-fat diet; Black bars, WT mice; Dashed bars, i-IEC AMPK KO mice.

Figure 7: Effect of inducible deletion of IEC AMPK on gut microbiota in mice on CD and HFD.

(A) Principal coordinate analysis (PCoA) based on unweighted UniFrac distance between samples
from WT and i-IEC AMPK KO mice on control diet (CD) and high-fat diet (HFD). (B) Shannon index
representing a-diversity of microbial communities of WT and i-IEC AMPK KO mice on CD and HFD.
The box-plots for each a-diversity metric and the pairwise comparisons between the groups using t
tests with pooled SD and Bonferroni correction are shown (C) Relative abundance of bacterial orders
in WT and i-IEC AMPK KO mice on CD and HFD. (D) Heatmap of bacterial genera abundance in each
subgroup. The color scale represents the logio+1 transformed abundance. ‘ f or ‘ g’ at the end of
taxon name indicate unidentified families or genera, respectively. Linear discriminant analysis (LDA)
effect size (LEfSE) score was calculated to evaluate bacterial families or genera overrepresented
between WT and i-IEC AMPK KO mice on CD (E) or high-fat (F) diet. n = 7-13 mice. CTL_WT: CD-fed
WT mice; CTL_KO: CD-fed i-IEC AMPK KO mice; HFD_WT: HFD-fed WT mice; HFD_KO: HFD-fed i-IEC
AMPK KO mice. Black bars, WT mice; Grey bars, i-IEC AMPK KO mice.

Figure 8: Inducible deletion of intestinal AMPK does not worsen obesity-induced permeability and
inflammation in colon.

(A) In vivo paracellular intestinal epithelial permeability of WT and i-IEC AMPK KO mice on control
diet (CD) or high-fat diet (HFD) determined by measuring the amount of 4 kDa TRITC-dextran in the
plasma 4 hours after gavage. n = 7-13 mice. (B) Ex vivo paracellular permeability in distal colon from
WT and i-IEC AMPK KO mice on CD or HFD, evaluated in Ussing chambers by measuring TRITC-
dextran flux through intestinal segments for 3 hours. n = 3-6 mice. (C) Expression of mRNA for IL-6,
TNF-a, and IL-1B in the distal colon of WT and i-IEC AMPK KO mice on CD or HFD. n = 6-13 mice. (D)
Lipocalin-2 (Lcn-2) levels in feces from WT and i-IEC AMPK KO mice on CD or HFD. n= 4-10 mice. (E)
Circulating IL-6, TNF-a, and IFN-y levels in WT and i-IEC AMPK KO mice on CD or HFD. n = 3-6 mice (F)
Expression of mMRNA for ZO-1 and occludin in distal colon of WT and i-IEC AMPK KO mice on CD or
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HFD. n = 6-13 mice. All data are expressed as means + SEM. Statistical analysis was performed by
two-way ANOVA with Bonferroni post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate
significant increase in dextran flux relative to respective WT intestinal segment and diet challenge.
CD, control diet; HFD, high-fat diet; Black bars, WT mice; Dashed bars, i-IEC AMPK KO mice.

Supplementary figure legends

Supplementary figure 1: AMPKal and a2 expression in the duodenum crypt-villus axis and along
the small intestine in global AMPKa1l and AMPKa.2 KO mice.

(A) Western blot analysis of AMPKal and AMPKa.2 expression in mouse intestinal epithelial samples
from duodenum fractionated from villus (F1) to crypt (F4). Expression of proliferating cell nuclear
antigen (PCNA), a marker of cell proliferation, was used to monitor the cellular fractionation where
the proliferating cells are found in the crypt (F4). B-actin was used as loading control. (B)
Quantification of AMPKal and AMPKa2 expression along the duodenum crypt-villus axis (from villus
[F1] to crypt [F4]) expressed as percent of F1. n = 4. Data are expressed as means * SEM. Statistical
analysis was performed by two-way ANOVA with Bonferroni post hoc test. *p < 0.05 and **p < 0.01
indicate significant change relative to respective F1 fraction. Black bars, AMPKal; Dashed bars,
AMPKa2. (C) Western blot analysis of AMPKal and AMPKa2 expression in the duodenum, jejunum
and ileum from WT and global AMPKal and AMPKa2 KO mice. B-actin was used as loading control.
(D) Western blot analysis of AMPKal and AMPKa.2 expression in the liver and skeletal muscle from
WT and IEC AMPK KO mice. B-actin was used as loading control.

Supplementary figure 2: Contractile activity of the Gl tract in WT and IEC AMPK KO mice.

(A) Frequency of spontaneous phasic contractions was evaluated for 2 min on jejunum and distal
colon longitudinal muscular segments from WT and IEC AMPK KO mice in basal condition and after
sequential addition of L-Name (50 uM) and atropine (1 uM). (B) Average tension of jejunum and
distal colon longitudinal muscular segments from WT and IEC AMPK KO mice was measured in basal
condition and after sequential addition of L-Name (50 uM) and atropine (1 uM). n=8, 2 samples per
mice, 4 mice/group. All data are represented as means + SEM. Statistical analysis was performed by
using two-way ANOVA with Bonferroni post hoc test. *p< 0.05 indicates significant change relative to
respective WT intestinal segment. Black bars, WT mice; White bars, IEC AMPK KO mice.

Supplementary figure 3 : Analysis of small and large intestine integrity in WT and IEC AMPK KO
mice.

(A) Representative hematoxylin and eosin staining in the small and large intestine from WT and IEC
AMPK KO mice. Scale bar, 100 um (B) Ultrastructure of colon from WT and IEC AMPK KO mice
observed by transmission electron microscopy. High magnification of intercellular spaces with
distinguishable tight junctions are shown (White arrows). Scale bar, 0.5 um. (C) Expression of mRNA
for tight junction proteins ZO-1, ZO-2, occludin, claudin 1, claudin 2 and claudin 3 in entire jejunum,
ileum and proximal colon biopsies from WT and IEC AMPK KO mice. n = 4-7 mice. (D) Western blot
analysis and quantification of ZO-1 and occludin expression in entire jejunum, ileum, proximal colon
and distal colon biopsies of WT and IEC AMPK KO mice. B-actin was used as loading control. (E)
Expression of mRNA for IL-6, TNF-o. and IL-1J in entire jejunum, ileum and proximal colon biopsies
from WT and IEC AMPK KO mice. n = 4-7 mice. All data are expressed as means + SEM. Statistical
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analysis was performed by using a Student’s t test. Black bars, WT mice (WT); White bars, IEC AMPK
KO mice (KO).

Supplementary figure 4 : Effect of HFD on intestinal epithelial permeability of small and large
intestine of WT and IEC AMPK KO mice.

(A) In vivo transcellular intestinal epithelial permeability of WT and IEC AMPK KO mice on control diet
(CD) and high-fat diet (HFD) determined by measuring the activity of HRP in the plasma 4 hours after
oral gavage. n = 6-12 mice, from three independent experiments. (B) Ex vivo transcellular
permeability in jejunum, ileum, proximal colon and distal colon of WT and IEC AMPK KO mice on CD
and HFD, evaluated in Ussing chambers by measuring the activity of HRP in the basolateral medium
for 3 hours. n = 7-12 mice. (C) Ex vivo paracellular permeability in jejunum, ileum, proximal colon
(Prox colon) and distal colon (Dist colon) of WT and IEC AMPK KO mice on CD or HFD diet.
Permeabilty was evaluated in Ussing chambers by measuring FITC-dextran flux through intestinal
segments for 3 hours. n = 7-12. All data are expressed as means + SEM. Statistical analysis was
performed by two-way ANOVA with Bonferroni post hoc test. CD, control diet; HFD, high-fat diet;
Black bars, WT mice; White bars, IEC AMPK KO mice.

Supplementary figure 5: Impact of constitutive intestinal AMPK deletion on obesity-induced
metabolic dysfunctions.

(A) Food intake, (B) drink intake and (C) spontaneous locomotor activity of WT and IEC AMPK KO
mice on control diet (CD) or high-fat diet (HFD) during the light and dark phases. n = 6 mice. (D) WT
and IEC AMPK KO mice were fasted overnight and gavaged with olive oil for an oral fat tolerance test.
Plasma triglycerides were measured at the indicated time points. n= 15-17 mice. (E) Plasma lipid
parameters in WT and IEC AMPK KO mice on CD or HFD. n= 3-10 mice per genotype. (F) Plasma GLP-1
levels in WT and IEC AMPK KO mice at basal state or 10 minutes after an oral challenge with a
glucose/ olive oil mix. n= 7-8 mice per genotype. All data are expressed as means + SEM. Statistical
analysis was performed by two-way repeated measures ANOVA or two-way ANOVA with Bonferroni
post hoc test. Sp < 0.05, $Sp < 0.01 and $SSp < 0.001 indicate a light/dark phase or diet/ bolus
challenge effect within genotype. CD, control diet; HFD, high-fat diet; Black bars, WT mice; White
bars, IEC AMPK KO mice.

Supplementary figure 6 : Impact of inducible intestinal AMPK deletion on obesity-induced
metabolic dysfunctions.

(A) Western blot analysis of AMPKa.l and AMPKa2 expression in IEC from duodenum, jejunum, ileum
and colon of WT and i-IEC AMPK KO mice. Inducible IEC-specific AMPK deletion was obtained by
expressing a tamoxifen-inducible Cre-recombinase construct driven by the villin promoter and by
administering tamoxifen during 5 consecutive days. Mice were investigated 2 weeks after tamoxifen
treatment. B-actin was used as loading control. (B) Body fat mass and body lean mass measured by
nuclear magnetic resonance in WT and i-IEC AMPK KO mice at the end of CD or HFD challenge. n = 7-
13 mice. (C) Number of macrophage, dendritic, neutrophil, monocyte cells in visceral adipose tissue
of i-IEC AMPK KO and WT mice fed a normal diet (ND) or high-fat diet (HFD). n= 3-7 per genotype. (D)
Ex vivo paracellular permeability in jejunum from WT and i-IEC AMPK KO mice on CD or HFD,
evaluated in Ussing chambers by measuring TRITC-dextran flux through intestinal segments for 3
hours. n = 3-6 mice per genotype. Data are expressed as means + SEM. (E) Percentage of
macrophage, dendritic, neutrophil, monocyte cells among CD45*cells in the colon of i-IEC AMPK KO
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and WT mice on ND or HFD. n= 3-7 mice per genotype. Data are expressed as means * SEM.
Statistical analysis was performed by two-way ANOVA with Bonferroni post hoc test. S$Sp < 0.001
indicates diet effect within genotype. CD, control diet; HFD, high-fat diet; Black bars, WT mice;
Dashed bars, i-IEC AMPK KO mice.
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