N

N

Gut microbiota remodeling and intestinal adaptation to
lipid malabsorption after enteroendocrine cell loss in
adult mice
Florence Blot, Justine Marchix, Miriam Ejarque, Sara Jimenez, Aline
Meunier, Céline Keime, Camille Trottier, Mikaél Croyal, Céline Lapp,
Maxime Mahe, et al.

» To cite this version:

Florence Blot, Justine Marchix, Miriam Ejarque, Sara Jimenez, Aline Meunier, et al.. Gut microbiota
remodeling and intestinal adaptation to lipid malabsorption after enteroendocrine cell loss in adult
mice. Cellular and Molecular Gastroenterology and Hepatology, 2023, 10.1016/j.jcmgh.2023.02.013 .
hal-04007457

HAL Id: hal-04007457
https://hal.science/hal-04007457
Submitted on 12 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04007457
https://hal.archives-ouvertes.fr

CELLULAR AND MOLECULAR

GASTROENTEROLOGY AND HEPATOLOGY

ORIGINAL RESEARCH

Gut Microbiota Remodeling and Intestinal Adaptation to Lipid
Malabsorption After Enteroendocrine Cell Loss in Adult Mice

Florence Blot,?** Justine Marchix,®> Miriam Ejarque,*** Sara Jimenez,'#>*
Aline Meunier,%>* Céline Keime,?>* Camille Trottier,” 1,67

Mikaél Croyal,
Maxime M. Mahe,>°'° Adéle De Arcangelis,’*** and Gérard Gradwoh

Check for
Updates

8 Céline Lapp,'*>*

|1 ,2,3,4

TInstitut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), lllkirch, France; 2Institut National de la Santé et de la
Recherche Meédicale (INSERM) U1258, lllkirch, France; 3Centre National de Recherche Scientifique (CNRS) UMR7104, llikirch,
France; “Université de Strasbourg, llikirch, France; SNantes Université, CHU Nantes, Inserm, TENS, The Enteric Nervous
System in Gut and Brain Diseases, IMAD, Nantes, France; 5L Institut du Thorax, INSERM UMR_S1087, CNRS UMR_6291,
Université de Nantes, Nantes, France; 7CRNH Ouest Mass Spectrometry Core Facility, Nantes, France; 8Nantes Université,
CHU Nantes, Inserm, CNRS, SFR Santé, Inserm UMS 016, CNRS UMS 3556, Nantes, France; 9Department of Pediatric
General and Thoracic Surgery, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio; and "°Department of
Pediatrics, University of Cincinnati, Cincinnati, Ohio

l, Lipid absorption
l weight

microbiota diversity
Lachnospiraceae, Muribaculacea

Healthy EEC-deficient

regular diet

Adult mouse
V?,'-e”é"gﬁ-fgn high-fatdiet adaptative response
nin-cre
Death T lipid & carbohydrate metabolism genes

Bacteroidaceae, Lactobacillaceae

CELLULAR AND
MOLECULAR
GASTROENTEROLOGY
AND HEPATOLOGY

METHODS: We depleted intestinal EECs by tamoxifen treat-
ment of adult Neurog3ﬂ/ﬂ; Villin-CreER™ male mice. We studied
intestinal cell differentiation, food efficiency, lipid absorption,
microbiota composition, fecal metabolites, and transcriptomic
responses in the proximal and distal small intestines of mice
lacking EECs. We also determined the high-fat diet-induced
transcriptomic changes in sorted Neurog3®""*/* EECs.

SUMMARY

Enteroendocrine cell depletion in healthy adult male mice
leads to rapid gut microbiota remodeling. Intestinal lipid

absorption is impaired and spatially delayed. Transcrip-
tional changes suggest adaptation mechanisms to remedy
decreased food efficacy and adjust energy utilization.

RESULTS: Induction of EEC deficiency in adults is not life-
threatening unless fed with a high-fat diet. Under a stan-

BACKGROUND & AIMS: Enteroendocrine cells (EECs) and
their hormones are essential regulators of whole-body energy
homeostasis. EECs sense luminal nutrients and microbial me-
tabolites and subsequently secrete various hormones acting
locally or at a distance. Impaired development of EECs during
embryogenesis is life-threatening in newborn mice and humans
due to compromised nutrient absorption. However, the physi-
ological importance of the EEC system in adult mice has yet to
be directedly studied. Herein, we aimed to determine the long-
term consequences of a total loss of EECs in healthy adults on
energy metabolism, intestinal transcriptome, and microbiota.

dard chow diet, mice lose 10% of weight due to impaired
food efficiency. Blood concentrations of cholesterol, tri-
glycerides, and free fatty acids are reduced, and lipid ab-
sorption is impaired and delayed in the distal small
intestine. Genes controlling lipogenesis, carbohydrate meta-
bolism, and neoglucogenesis are upregulated. Microbiota
composition is rapidly altered after EECs depletion and is
characterized by decreased «-diversity. Bacteroides and
Lactobacillus were progressively enriched, whereas Lach-
nospiraceae declined without impacting fecal short-chain
fatty acid concentrations.
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CONCLUSIONS: EECs are dispensable for survival in adult male
mice under a standard chow diet. The absence of EECs impairs
intestinal lipid absorption, leading to transcriptomic and
metabolic adaptations and remodeling of the gut microbiota.
(Cell Mol Gastroenterol Hepatol 2023;15:1443-1461; https://
doi.org/10.1016/j.jcmgh.2023.02.013)

Keywords: Enteroendocrine Cells; Food Efficiency; Lipid Ab-
sorption; Microbiota.

See editorial on page 1535.

E nteroendocrine cells (EECs) are rare cells found
along the intestinal mucosa and represent the most
extensive endocrine system in the human body. EECs sense
nutrients in the gut lumen and, in response, secrete various
hormones that act locally or at a distance.” Enteroendocrine
cells release numerous peptides including glucagon-like
peptides 1 and 2 (GLP-1, GLP-2), peptide YY (PYY), gastric
inhibitory polypeptide (GIP), secretin (SCT), cholecystokinin
(CCK), ghrelin (GHRL), neurotensin (NTS), or somatostatin
(SST), and amines such as serotonin (5-HT). Various dietary
metabolites such as fatty acids generated by the processing
of triglycerides or short-chain fatty acids produced by the
fermentation of dietary fibers by the gut microbiota are
detected by EECs, thereby modulating their activity. Enter-
oendocrine hormones emerged as essential regulators of
energy homeostasis via their control of intestinal absorp-
tion, food intake and insulin secretion.' Importantly, GLP-
1 receptor agonists are already used in the treatment of
diabetes and obesity. Thus, a better understanding of the
differentiation and function of the EEC system could lead to
innovative strategies to manipulate them and develop novel
treatments for metabolic diseases.

Like all intestinal epithelial cells, EECs are actively
renewed throughout life. They differentiate from intestinal
stem cells located in the crypts and migrate out towards the
villi. The proendocrine transcription factor (TF) Neurog3/
Ngn3 determines endocrine destiny and is essential for EEC
differentiation in mice and humans.*® Single-cell tran-
scriptomic studies also provided evidence that EECs express
various hormones repertoires (rather than one hormone per
EEC cell type) dynamically, from the small to large intestine
and along the crypt-villus axis.” **

A constitutive lack of EECs induces lipid malabsorption. It
demonstrates the critical role of enteroendocrine hormones
in energy uptake and growth of neonate mice, which
frequently die when born without EECs."? Similarly, human
newborns with mutations in NEUROG3 lack all EECs in a
condition termed “enteric anendocrinosis” and present with
severe malabsorptive diarrhea requiring parenteral nutri-
tion."* A recent study by McCauley and colleagues shed light
on the role of EEC hormones in linking nutrient sensing and
absorption.'” Despite the role of EECs in lipid absorption, the
transcriptomic program induced by lipids in EECs is poorly
explored. Furthermore, in these studies,'** humans and
mice with mutations in NEUROG3 have impaired EEC
development since birth. Therefore, the importance of the
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EEC system in regulating energy homeostasis could not be
addressed thoroughly in healthy adult mice because most
mice with a constitutive EEC deficiency die in the first weeks
of life. Consequently, potential adaptation mechanism to
sustained malabsorption in adults could also not be identi-
fied. Growing evidence points towards the importance of the
gut microbiota in digestion and intestinal absorption. Yet, the
role of EEC-microbiota interactions in these processes and
the pathogenesis of metabolic diseases are understudied.
Herein, by blocking the formation of EECs in adult males, we
aimed to investigate the EEC system’s function in maintaining
energy homeostasis and unravel intestinal transcriptomic
response to the lack of enteroendocrine hormones and in
interaction with the gut microbiota.

Results
Weight Loss and Survival of EEC-deficient Mice
is Diet-dependent

To address the role of EECs in maintaining energy ho-
meostasis in healthy adult mice, we generated a tamoxifen-
induced EEC depletion model (Neurog3'>'°%; Villin-
CreER™ or Neurog3**¥™ or EEC-deficient thereafter).
Tamoxifen efficiently induced the deletion of the proendo-
crine transcription factor Neurog3 along the gut and conse-
quently the renewal of EECs is impaired (Figure 14). This was
evidenced by a dramatic decrease in transcripts encoding
diverse hormone genes (Figure 1B) or enteroendocrine
transcription factors. We noticed a residual expression of Sct
or Sst in Neurog3-deficient small intestines (Figure 1B), un-
likely resulting from the partial deletion of Neurog3, because
low Sct expression was also seen in Neurog3 null mice.™® Sct
and Sst transcripts could thus result from their Neurog3-
independent expression. ChromograninA, a pan-endocrine
marker, or hormone peptides could not be detected in the
intestinal epithelium supporting that enteroendocrine hor-
mones are not produced (Figure 1C-F). Apart from the
endocrine lineage, we did not observe any perturbation of
other intestinal epithelial cell lineages - including goblet cells
and Paneth cells (Figure 1G-H). We noticed shorter villi in the
proximal small intestine but no effect in the distal small in-
testine or in the colonic gland length (Figure 1/-]). Crypt-
villus organization and cell proliferation in the transit-
amplifying zone were not altered upon induction of EECs
loss (Figure 1K-L), and neither was the expression of the

Abbreviations used in this paper: ANOVA, analysis of variance; BH,
Benjamini and Hochberg; CCK, cholecystokinin; CD, chow diet; DE,
differentially expressed; EECs, enteroendocrine cells; GHRL, ghrelin;
GIP, gastric inhibitory polypeptide; GLP, glucagon-like peptide; GS-
MS, gas chromatography-mass spectrometry; HDL, high-density li-
poprotein; HFD, high-fat diet; LDL, low-density lipoprotein; MCI,
Mouse Clinical Institute; MS, mass spectrometry; NTS, neurotensin;
OTUs, operational taxonomic units; PYY, peptide YY; RT-qPCR,
reverse transcriptase-quantitative polymerase chain reaction; SCT,
secretin; SST, somatostatin; TF, transcription factor.
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Figure 1. Induction of Neurog3 deletion in the adult intestine precludes the differentiation of EECs but not of other
epithelial cells. (A-B) Analysis, by RT-gPCR, of the expression of Neurog3 (A) and transcripts encoding peptide hormones or
Tph1 (B), a marker of enterochromaffin cells, along the intestine and in the jejunum respectively, upon tamoxifen-induced
Neurog3 deletion. (C-F) Representative pictures of histo-immuno-fluorescence for Chromogranin A (ChgA) (red), somatostatin
(Sst) (green), and secretin (Sct) (red) on cryosections (jejunum); nuclei are stained with DAPI (blue). (G-H) Analysis of goblet and
Paneth cells markers by RT-gPCR for Muc2 (G), Lyz1 (H). (I-J) Morphometric analysis of villus length in the small intestine and
gland length in the colon. (K-N) Analysis of proliferation and intestinal stem cell homeostasis by RT-qPCR for mKi67 (K), Pcna
(L), Lgr5 (M), and Olfm4 (N). RT-gPCR data are normalized to control and represented as mean + SD; control males (black
squares), Neurog3*A9™ mutant males (open square); n = 8 for each genotype. Two-way ANOVA with Holm-Sidak posthoc
comparisons (A, G, H, I, K-N) or Mann-Whitney test (B, J) with P-value > .05 (ns); < .05 (*); < .01 (**); < .001 (***); < .0001 (****)
were performed for statistical analyses. Analyses were performed 18 weeks after tamoxifen administration. Tamoxifen was
administrated at the age of 13 weeks.
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stem cell marker Lgr5 (Figure 1M). In contrast, Olfin4,
another stem cell marker, was reduced (Figure 1N), which
could result from the loss of Neurog3-positive endocrine
progenitors, some of which co-express 0lfm4.”

We previously showed that a constitutive lack of EECs is
lethal for most CD1 outbreed newborn mutant mice."?
Surprisingly, we did not observe any death upon
tamoxifen-induced EEC loss in adult Neurog3*™ males
fed with a standard chow diet (CD). On the contrary, 60% of
EEC-deficient mice fed a high-fat diet (HFD) (lipids 60%
kcal) died 5 weeks after tamoxifen administration. The
remaining 40% of mice had to be sacrificed. Mice lost
weight after EEC depletion under both CD and HFD
(Figure 24). The weight loss was immediate and worsened
in Neurog3*4™ mice fed HFD. This weight loss was
accompanied by an alteration in body composition
(Figure 2B-G). Neurog3*9™™ mice under a CD presented a
decreased fat mass (—30%) and a higher lean mass (+6%)
10 weeks after the tamoxifen treatment (Figure 2B, C, E, F).
This phenotype was exacerbated in EEC-deficient mice un-
der an HFD, which showed a more significant and faster
weight loss, starting from 1 week after tamoxifen adminis-
tration (Figure 2A4). This resulted in a similar but earlier
alteration of the body composition seen in EEC-deficient
mice fed a CD: a decreased fat mass (—57%) and an
improved lean mass (+15%) as soon as 4 weeks after the
tamoxifen treatment (Figure 2B-C). Accordingly, we
observed an earlier decrease in body mass index in HFD
nutrition conditions (Figure 2H-I). In summary, EECs are
essential to sustain weight in adult males, especially under
an HFD, suggesting a crucial role of enteroendocrine hor-
mones in lipid assimilation in adults. Nevertheless, under a
standard CD, weight loss was not life-threatening, suggest-
ing that adult mice adapt following the depletion of EECs.

Lack of EECs in Adult Males Impairs Food
Efficiency and Lipid Metabolism

Next, we investigated the progressive weight loss and
energy imbalance in chow-diet fed mice following EEC
depletion. Despite similar food intake compared with con-
trol littermates (Figure 2J), EEC-deficient mice produced
more feces (Figure 2K). Measuring the residual energy
contained in the stools by bomb calorimetry revealed an
increase in excreted energy in feces of EEC-deficient mice
(Figure 2L-M), suggesting poor assimilation of nutrients
and implying a lower food efficiency (Figure 2N). The
analysis of feces composition (Figure 3A-F) by mass spec-
trometry (MS) revealed increased quantities of cholesterol
and its precursors, lathosterol and desmosterol, in EEC-
deficient mice stools as soon as 3 weeks after tamoxifen
treatment. The increased excretion of lipids was accompa-
nied by significantly lower blood concentrations of total,
high-density lipoprotein (HDL), and low-density lipoprotein
(LDL) cholesterol, triglycerides, and free fatty acids in EEC-
deficient mice, whereas glycerol levels were unchanged
(Figure 3G-1, K-M). Taken together, increased cholesterol
concentration in feces agrees with its plasmatic decrease
and supports a deficit in cholesterol assimilation in mice
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lacking EECs. Blood levels of bile acids were not affected
(Figure 3N), suggesting in-range bile acids secretion and
reabsorption. In contrast, the plasmatic concentration of
lipase was decreased in mutants (Figure 3/), in agreement
with the loss of CCK and SCT known to trigger lipase
secretion from pancreatic acinar cells. These results suggest
that decreased pancreatic lipase could alter the processing
of dietary lipids and their absorption.

We assessed lipids’ presence throughout the intestinal
mucosa to further characterize lipid malabsorption. Under
normal conditions, it has been reported that 95% of lipids
are absorbed in the proximal small intestine,'® where the
alimentary bowl mixes with bile acids and pancreatic lipase,
aiding and performing lipids digestion. Oil red O staining of
the EEC-deficient gut revealed fewer neutral lipids in the
duodenum and more in the ileum compared with controls,
suggesting less absorption in the proximal small intestine
and lipid accumulation further away along the gut
(Figure 30-Q). In addition, the presence of neutral lipids in
the intestinal lamina propria of EEC-deficient mice high-
lights that the transport of lipids in chylomicrons from the
enterocyte to the lamina propria was not abolished. EEC-
deficient animals suffer from lipid malabsorption charac-
terized by higher feces production, higher excretion of non-
assimilated energy/nutrients and, particularly, sterols in
feces, lower plasmatic lipid levels, and a spatial delay of lipid
absorption. Thus, EECs are necessary to uptake lipids in
adult mice fed a CD.

Transcriptional Adaptation of the Small Intestine
to Sustained EEC Deficiency

To gain further insights into the mechanisms underlying
lipid malabsorption and to identify compensatory mecha-
nisms for EEC loss and metabolic alterations, we explored
the transcriptome of the proximal (duodenum) and distal
(ileum) small intestine in the EEC-deficient and control mice
(CD) (Figure 4). As expected, enteroendocrine markers such
as hormone genes (Gcg, Pyy, Tphl, Cck, Sct, Nts, Sst, Tacl),
EECs’ GPCRs (Ffarl, Adgrg4/GPR112), granule components
(Chga, Chgb, Scgn), and transcription factors controlling EEC
differentiation downstream of Neurog3 (eg, Lmx1a, Neurodl,
Rfx6, Isl1, Pax6, Nkx2-2), were severely under-expressed in
the Neurog3*29'™ small intestine (Figure 44-B). In addition,
we found a decreased expression of several genes involved
in lipid metabolism that could account for the malabsorp-
tion phenotype (Figure 4A4-B). As an example, CesZa, a
carboxylesterase 2A with triglyceride hydrolytic activity'’
was downregulated in the duodenum and ileum
(Figure 4A-B). The expression of cytochrome P450,
Cyp2c29, which has been shown to protect mice against
HFD-induced obesity,18 Fabp6, which controls ileal bile
acids absorption,'? and Ces1g, which regulates chylomicrons
formation and inhibits their secretion,”’ are downregulated
exclusively in the ileum (Figure 4B). Interestingly, the
expression of the sterol efflux pump Abcal, proposed to
mobilize membrane-free cholesterol for the formation of
HDL particles that enter the lymphatic circulation, is
downregulated in the proximal and distal small intestine
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(Figure 4A-B),*" which might contribute to the lowering of
blood cholesterol concentrations in EEC-deficient mice.

Overall, transcriptional changes between controls and
EEC-deficient mice were more prominent in the ileum
compared with the duodenum, with 598 vs 328 genes
differentially expressed (DE), respectively (adjusted P value
<.05; |log2FC| > 0.5). Between 16% and 24% of transcripts
were similarly regulated in both intestinal segments. In
comparison, other gene expression changes were specific to
the duodenum or the ileum (Figure 4C-D). We used Gene
Ontology analyses focusing on upregulated genes to reveal
enriched adaptative biological processes (Figure 4E).
Ontology terms related to lipid metabolism (eg, cholesterol
biosynthesis, triglyceride metabolic process, metabolism of
lipids) were enriched in the duodenum and ileum tran-
scriptome, suggesting that lipogenic pathways were stimu-
lated in EEC-deficient small intestine. For example,
transcripts for the fatty acid transporter Sic27a1/FATP1 and
the thyroid hormone-responsive gene Thrsp regulating de
novo lipogenesis®* were increased in the duodenum and
ileum. Other genes involved in lipogenesis (Scd1) and
cholesterol metabolism (Pcsk9, Ldlr) were specifically
upregulated in the duodenum?* ** (Figure 44, D). The most
significant fold change in the ileum was observed for
Pla2g4c, which was strongly increased in EEC-deficient mice
(Log2FC = 6.4; adjusted P value = 1.36E-20). Little is
known about this phospholipase in the intestine, but it has
been suggested to enhance lipid droplet biogenesis in the
liver.”> We noticed an upregulation of Creb3I3/CREB-H, a
transcription factor regulating triglyceride metabolism and
induced by fasting,”® of the lipogenic genes Mel1?’ and fatty
acid synthetase Fasn and its upstream regulator, the tran-
scription factor Mixipl/ChREBP,*® and of Acat2, which es-
terifies sterols in enterocytes (Figure 4B, D).

In addition to genes involved in lipid metabolism, we
also noticed an upregulation in the ileum of genes control-
ling carbohydrate metabolism (Figure 4B, D), such as the
glucose (Slc2a2/GLUT2, Slc5a1/SGLT1) and fructose trans-
porters (Slc2a5/GLUTS5), the brush border enzyme sucrase-
isomaltase (Sis), which hydrolyzes the dietary carbohy-
drates, and genes involved in intestinal gluconeogenesis
(Gls, Fbp1). Importantly, many genes encoding antimicrobial
proteins (Ang4, Reg3b, Reg3g, Defa40, Defa3, Defa24,
Sprr2a3, Retnlb)**>° were upregulated mainly in the duo-
denum, and genes encoding immunoglobulin chain (eg,
Ighv7-1, Igkv8-28) increased throughout the small intestine.
A similar upregulation of antimicrobial proteins (eg, Reg2,
Reg3b, Reg3g, Defa2l, Defa22) and immunoglobulin genes
(Igkv7-33, Igv14-100) was observed in EEC-deficient mice
fed an HFD (Figure 54-B), suggesting that, in both diet
conditions, a defense mechanism against microorganisms
has been triggered, including stimulation of intestinal innate
mucosal immunity. In contrast, Slc2aZ2, Slc2a5 and Sis, were
found to be upregulated under a regular diet in mice lacking
EECs and were unchanged in HFD conditions, implying that
the uptake and processing of carbohydrates are not pro-
moted. However, increased Glutaminase (GIs) and glucose-6
phosphatase (G6pc) transcripts, in the duodenum, support
intestinal gluconeogenesis.
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We hypothesize that, when fed a CD, EEC-deficient mice
metabolism shifts towards an increased nutrient transport
(carbohydrates, lipids), chylomicrons formation, lipogenesis,
and gluconeogenesis to compensate for decreased food ef-
ficiency and lipid malabsorption. Under high-fat nutrition,
enhancement of carbohydrate metabolism is limited to
compensate for lipid malabsorption due to their low content
in the diet. Interestingly, increased expression of antimi-
crobial peptides and genes related to immunity point out
gut microbiota alterations.

HFD-induced Transcriptomic Changes in EECs
Given the vital function of EECs when mice are fed an HFD,
we evaluated the impact of an HFD on EECs gene expression
in response. Briefly, we compared the transcriptomic profiles
of EECs sorted from the jejunum of mice fed with a standard
CD or an HFD. Under a standard diet, the signature of EECs
revealed 3835 genes DE (adjusted P-value < .05; |log2FC| >
1) compared with other intestinal epithelial cells (Figure 5C).
EEC-enriched transcripts (compared with non-EEC) include
known hormone genes such as Ghrl, Tacl, Gcg, Sct or TFs
(Insm1, Arx, Pax4, Rfx6), as well as numerous uncharacterized
genes related to EECs (eg, Dgkb, C130021120Rik, Rtn2, UshaZa,
Vwabb2). Next, we evaluated transcriptional changes in EECs
induced by an HFD (Figure 5D). We identified 853 genes DE
(437 upregulated, 416 down-regulated) in EECs of mice fed
with an HFD compared with the CD. Interestingly, 345 genes
were exclusively upregulated by the HFD in EECs and not in
other jejunal epithelial cells (blue points in Figure 5D). The
transcripts for Pyy, Sct, Cck, Nts, Gip, and Vgf were increased in
HFD conditions. Although the role of some of the corre-
sponding hormones in lipid absorption has been previously
reported, such as for NTS, CCK, and SCT,>*! the function of
GIP and VGF in response to luminal lipids nutrients is mainly
unknown. Other genes involved in lipid metabolism were also
upregulated, specifically in EEC, such as Apoa5 which is
almost exclusively expressed in the liver and controls chylo-
micron formation and triglyceride metabolism.**** Notably,
the cyclooxygenase Ptgs2/Cox-2, required for the formation of
prostaglandins from arachidonic acid, is strongly upregulated
in EECs upon HFD. In agreement with the induction of pros-
taglandins, Monoglyceride lipase Mgll/Magl, the major
enzyme hydrolyzing monoglycerides to glycerol and fatty
acids, which also degrades the cannabinoid 2-arachidonoyl
glycerol (2-AG) into arachidonic acid, was upregulated as
well.** Similarly, the Hemopexin transcripts (Hpx), a gene not
expressed in EECs under the CD, but regulated in mouse ad-
ipose tissue by HFD or the transcription factor Prrx2 were
found to increase.’ In summary, analysis of EEC tran-
scriptomic response to an HFD revealed the upregulation of a
subset of hormone-encoding mRNAs as well as of genes
involved in lipid metabolism and specifically induced in EEC.

Remodeling of Intestinal Microbiota After EEC
Loss

We hypothesized that intestinal malabsorption and
antimicrobial response following EEC depletion could
reflect an altered microbiota composition. We thus
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compared the gut microbiota using 16S rRNA-sequencing of
mouse feces, before and 15 and 30 days after the induction
of EEC deletion in the adult gut (Figure 6). The analysis of
the fecal microbiota revealed a progressive decrease in «a-
diversity with a reduction of richness and Shannon indexes
over time in the feces of EEC-deficient mice (Figure 64). The
analysis of @-diversity, measured by Bray-Curtis metrics,
revealed significant differences in the microbiota of EEC-
deficient mice at 30 days compared with control
(Figure 6B) (P-value = .001; PERMANOVA using Adonis
function). Next, we identified the gut microbiota composi-
tion at different taxonomic levels (Figure 6C). Interestingly,
although the dominant taxa remained stable in controls over
time, comparing the fecal microbiota composition before
and 30 days after EEC loss in Neurog3*24™ mice revealed
alterations affecting all taxonomic levels, from phyla to
genera (Figure 6D-H). Indeed, even if Bacteroidota and
Firmicutes phyla dominate the gut microbiota in controls
and mutants, Actinobacteriota and Proteobacteria were
enriched progressively in the feces of EEC-deficient mice as
early as day 15 (Figure 6D). Nevertheless, the Firmicutes to
Bacteroidota ratio, whose modification is commonly linked
with obesity (increased ratio) or inflammation (decreased
ratio), was not significantly affected (Figure 6E).*°

At the family level, EEC loss led notably to a severe
reduction of Muribaculaceae and Lachnospiraceae and an
enrichment in Bacteroidaceae, Lactobacillaceae, Bifido-
bacteriaceae, Tannerellaceae, Atopobiaceae, and Sutter-
ellaceae (Figure 6F). In addition to the reallocation of the
dominant families, we observed a modification of the rela-
tive abundances at the genera level (Figure 6G-H). Despite
the interindividual differences (Figure 6G), the dysbiosis
observed in Neurog3*29'"* animals shares common features
(Figure 6H). Differential abundance analysis between con-
trol and EEC-deficient mice revealed that several opera-
tional taxonomic units (OTUs) are over- or under-
represented in mutant feces (Figure 6I). Among the signif-
icantly under-represented genera in mutant microbiota, we
found notably several OTUs belonging to the genera Lach-
nospiraceae and Prevotellaceae, Rikenella, Akkermansia,
Muribaculum, and Desulfovibrio. In parallel, OTUs associated
with Bacteroides, Lactobacillus, Bifidobacterium, and Olse-
nella genera, among others, were over-represented in
mutant feces. Surprisingly, even though the main producers
of short-chain fatty acids in the healthy gut, Lachnospiraceae
and Ruminococcaceae, are impoverished in the feces of EEC-
deficient mice, MS analysis did not reveal any change in the
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fecal concentration of short-chain fatty acids, including
propionate, acetate, butyrate, isobutyrate, and valerate
(Figure 74). To further investigate the metabolic alterations
associated with the taxonomic changes in the fecal micro-
biota of EEC-deficient mice, we inferred the predictive
functional pathways using PICRUSt2. Twenty-five functional
pathways were identified as significantly different between
controls and EEC-deficient mice (Figure 7B-C). Among
them, the relative abundance of 6 inferred pathways related
to bacterial motility, antimicrobial resistance, secondary
metabolites biosynthesis, and transcription machinery were
higher in controls. EEC-deficient mice displayed an
increased abundance of predicted pathways associated
mainly to carbohydrate metabolism, energy metabolism,
and xenobiotics degradation. Also, the relative abundance of
pathways related to infection was higher in mutants
compared with control mice. In summary, removing of EECs
induced a progressive and severe alteration of the gut
microbiota taxonomy and likely metabolism.

Discussion

The role of enteroendocrine hormones in energy ho-
meostasis has been investigated using knockouts of indi-
vidual hormone genes or receptors. However, the
importance of the intestinal enteroendocrine system in
healthy adult mice remains unknown. Our study describes
physiological and intestinal transcriptional adaptative re-
sponses to a long-term, global, EEC depletion. We found
impaired lipid malabsorption and food efficiency. Yet, EECs
are dispensable for survival when mice are fed with a
standard CD but are required when a lipid-enriched diet is
given. We reported a rapid remodeling of the intestinal
microbiota upon EECs removal, steady lipid malabsorption,
and adaptative metabolic and transcriptomic responses. In
addition, we provided novel insights into the role of EECs in
lipid metabolism by unveiling EEC transcriptional response
to an HFD, which revealed an increased expression of a
subset of hormones transcripts and other regulators of lipid
metabolism. All experiments have been performed in males;
we thus cannot conclude whether EEC-deficient female mice
have a similar phenotype.

After induction of EEC deficiency, we first noticed that
mice lost weight. However, when fed with an HFD, the
weight dropped severely, and experimentation needed to be
stopped. This observation agrees with the failure to thrive
and the death of most murine neonates with intestinal EEC-
deficiency when fed with high fat-containing mother’s

Figure 2. (See previous page). Progressive weight loss and decreased food efficiency in mice lacking EECs. (A) Evo-
lution of weight after tamoxifen administration in control and Neurog3**9™ males fed a CD (black symbols) or HFD (red
symbols). (B-G) Proportion of lean mass (B, E), fat mass (C, F), and free body fluids (D, G) relative to body weight, respectively,
4 or 10 weeks after the tamoxifen treatment. (H-/) Body mass index (BMI) 4 or 18, respectively, weeks after tamoxifen
administration. (J-K) Measure of food intake (J), feces production (K). (L—N) Evaluation of fecal residual energy (L), daily energy
excreted (M), and food efficiency (N) (energy ingested/energy excreted) under CD. Feces energy content was evaluated by
calorimetric bomb. Measures were taken 5 weeks after tamoxifen administration. Data are represented as mean + SD, controls

(fUll Squares), Neur0g3AAd'“‘

mutants (open squares); n = 8 under CD (black); n = 10 under HFD (red), males. Two-way ANOVA

with Holm-Sidak post-hoc comparisons (A-D, H), Mann-Whitney test (E-G, I-N) with P-value > .05 (ns), < .05 (*), < .01 (*), <
.001 (***), < .0001 (****); in (A) comparisons are performed within each diet; significant differences are represented with a black

asterisk under CD and red asterisk under HFD.
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milk. 3 Interestingly, Rfx62AdInt mice,'? which lack all EECs
except enterochromaffin cells, only transiently lost weight.
Despite lipid malabsorption, these mice caught up rapidly
with wild-types, suggesting that serotonin/5-HT prevented
weight loss, by promoting stored energy release.”” This
might explain the more pronounced phenotype in Neuro-
g32Adint compared with Rfx6*29™ mice. Bomb calorimetry
experiments revealed decreased food efficiency in EEC-
deficient mice, likely resulting from lipid malabsorption.
We found that lipid absorption was spatially delayed and
increased in the ileum 1 month after EECs removal. A
similar distal shift of lipid absorption was observed in
another mouse model of extensive EEC deficiency.*® It could
be a compensatory mechanism for the duodenal malab-
sorption resulting from EEC deficiency.

To identify the mechanisms underlying lipid malab-
sorption and adaptative responses of EEC-deficient mice fed
a CD, we profiled the transcriptome of their duodenum and
ileum and scrutinized the expression of known regulators of
the different steps of lipid absorption.”’ Although the
expression of important fatty acid and cholesterol absorp-
tion regulators were unchanged in EEC-deficient mice, we
found that transcripts of proteins involved in chylomicrons
formation (Apob/Apob-48 or Ceslg), ileal bile acids ab-
sorption (Fabp6) or cholesterol uptake (Abcal) were
decreased in EEC-deficient mice. Also, blood concentrations
of lipase, whose secretion is stimulated by CCK and SCT
enteroendocrine hormones, were decreased in EEC-
depleted mice, suggesting triglyceride hydrolyses could be
impaired. Thus, lipid malabsorption in EEC-depleted mice
might result from combined alterations of fat digestion by
lipase, fatty acid and cholesterol transport, and chylomicron
lipoprotein assembly.

We next focused on upregulated genes to identify
possible adaptation mechanisms implemented in EEC-
deficient mice to improve energy homeostasis. In the duo-
denum, increased expression of Scd1, Pcsk9, and Ldlr sug-
gested lipogenesis and cholesterol uptake to be stimulated.
Upregulated genes were numerous in the ileum. Notably,
Pla2g4c, the top gene strongly enriched in the EEC-deficient
ileum, encodes the phospholipase A2 gamma, recently
shown in a human hepatocellular carcinoma cell line to
promote lipid droplet formation.?® However, such a function
was so far not reported in enterocytes. Another gene highly
enriched is the cilia and flagella-associated protein 61,
Cfap61. Of note, cilia have been shown to drive adipogenesis
through ciliary signaling in preadipocytes.”’” Stimulation of
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enterocytic lipid resynthesis could be another compensatory
mechanism, owing to the ileal increased expression of the
acyl-CoA cholesterol acyl transferase Acat2, known to
esterify sterols in enterocytes’ endoplasmic reticulum.*’
Notably, transcriptome analysis also suggested that carbo-
hydrate metabolism and intestinal gluconeogenesis is pro-
moted in the ileum of EEC-deficient mice. Transcriptional
adaptation in the ileum might result from the upregulation
of the lipogenic and glycolytic transcription factor Mlixpl/
ChREBP, thought to integrate metabolic signals to modulate
its activity according to nutritional status.** Thus, intestinal
transcriptomic alterations in EEC-deficient mice reflect the
lack of enteroendocrine secretion and impaired lipid meta-
bolism and adaptative responses promoting lipogenesis and
carbohydrate metabolism to overcome lipid malabsorption
failures and improve energy homeostasis. Importantly, the
dramatic weight loss of EEC-deficient mice fed an HFD could
result from their limited possibility to shift to carbohydrates
as an alternative energy source. Indeed, the transcriptomic
analysis revealed that the expression of genes controlling
the uptake and processing of dietary carbohydrates are not
enhanced unlike CD nutrition conditions.

The phenotyping of mice lacking EECs and corre-
sponding hormones confirmed the role of enteroendocrine
hormones in lipid metabolism. However, we profiled their
transcriptome in wild-type mice to gain further insights
into EEC’s response to an HFD. We found that transcripts
for Pyy, Sct, Cck, Nts, Gip, and Vgf hormones were
increased, suggesting the need to overproduce them to
compensate for a high-fat intake. These findings suggest a
previously unappreciated role of GIP and VGF in EEC
response to lipids. Indeed, the function of GIP in lipid
metabolism has not been extensively studied, but recent
findings report that GIP receptor-deficient mice, fed an
HFD, have reduced adiposity.42 VGF is co-expressed with
serotonin in intestinal enterochromafin cells.'? Hypotha-
lamic VGF is important for appetite regulation and VGF-
deficient mice have reduced stored lipid in white adi-
pose tissue.”® Nevertheless, the role of intestinal VGF and
derivative peptides is unknown. Besides hormone tran-
scripts, we also found that genes involved in lipid meta-
bolism (ApoAS5, Ptgs2/Cox2, Mglll/Magl) were upregulated
specifically in EECs in HFD conditions but not in other
intestinal epithelial cells. In summary, we established the
transcriptomic signature of EECs in response to an HFD,
thereby generating novel hypothesis on their specific role
in lipid metabolism.

Figure 3. (See previous page). Impaired and spatially delayed lipid absorption in EEC-deficient mice. (A-F) Dosage of
fecal sterols by gas chromatography-mass spectrometry, 3 weeks after tamoxifen administration. (G-N) Blood concentrations
of total cholesterol (G), HDL cholesterol (H), LDL cholesterol (/), lipase (J), triglycerides (K), free fatty acids (FFA) (L), glycerol (M),
and bile acids (V) 18 weeks after tamoxifen administration in controls and Neurog329™ males under CD. (O-Q) Evaluation of
lipid absorption by Oil Red O (ORO) staining 1 month after Tamoxifen administration; O, Representative staining of intestine
cryosections with ORO in red; nuclei are counterstained with hematoxylin. Scale bars: 25 um in duodenum, jejunum, and
ileum; 50 um in proximal colon. Red arrows indicate fat droplets in the lamina propria, and black arrows point to vesicles in the
epithelium. Slide scanner Hamamatsu, Nanozoomer 2.0 HT. (P-Q) Quantification of fat droplets in the epithelium (P) and
lamina propria (Q). Data are represented as mean + SD, controls (black squares), Neurog32~9™ mutants (open squares); n =
10, 8, and 5 animals per genotype in (A-H), (~N), and (O-Q) respectively. Mann-Whitney test with P-value > .05 (ns), < .05 (%),
< .01 (™), < .001 (**), < .0001 (****) in (A-N). Two-way ANOVA with Holm-Sidak post-hoc comparisons with P-value > .05 (ns),
< .05 (%), < .01 (™) in P-Q.
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Figure 4. Transcriptional response to EEC loss in the proximal and distal small intestine in mice fed a CD. (A-B) MA plots
illustrating RNA-Seq analysis of the duodenum (A) or ileum (B) of EEC-deficient mice compared with controls (CD); a selection
of genes is highlighted. (C) Venn diagrams depicting overlapping and duodenum- or ileum-specific DE genes in EEC-deficient
mice compared with controls. (D) Genes DE in the duodenum but not in the ileum of EEC-deficient mice compared with
controls (green dots) and vice versa (blue dots). (E) Gene Ontology terms enrichment (Metascape) for up-regulated genes are
shown. In A and B, MA plots represent the estimated Log2 fold change as a function of the mean of normalized counts in A and
B; in D, Log?2 fold change are plotted for a selection of genes DE in the duodenum and ileum. Genes with an adjusted P-value
< .05 and llog2FCl > 0.5 were selected for the analysis; n = 4 mice per genotype.
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The gut microbiota is an essential regulator of nutrient
digestion, absorption, and energy harvest.***> Alterations of
gut microbiota have been shown in diverse metabolic dis-
eases.”® Various metabolites, including short chain fatty acids
and products of dietary fiber fermentation, mediate its meta-
bolic role. Short-chain fatty acids serve as an energy source but
can also signal via fatty acid receptors at the surface of EECs
modulating both their hormonal secretion”*® and tran-
scriptome.49 Whether, in turn, enteroendocrine hormones in-
fluence microbiota composition has not been studied directly.
Analysis of the microbiota in the stools of mice lacking EECs
and fed a regular chow diet revealed a severe drop in alpha-
and beta-diversity, 4 weeks after the induction of EECs deple-
tion and before weight loss. Bacteroides and Lactobacillus were
found progressively enriched, whereas several Firmicutes
genera including Lachnospiraceae and Muribaculaceae
decreased. An increase in gram negative bacteria Proteobac-
teria was also observed in EEC-deficient mice. Microbiota
remodeling in EEC-deficient mice could be either causal to lipid
malabsorption or secondary to gut dietary content changes due
to residual unabsorbed lipids, which would favor the growth of
subsets of bacteria. Indeed, the diet is essential for microbial
composition as both starvation®® and HFD>' % have been
shown to impact microbiota communities. For instance, HFD
decreased Bacteroidetes, whereas Firmicutes and Proteobac-
teria increased.”> The Firmicutes/Bacteroidetes ratio was,
however, unaltered in mice lacking EECs and fed with a CD.
Thus, despite possible increased lipids in the gut lumen,
microbiota changes differ from those reported in an HFD. Like
mice lacking all EECs, this increased Firmicutes/Bacteroidetes
ratio was also not observed in mice lacking neurotensin, which
actually attenuated HFD-induced intestinal dysbiosis. Like
EEC-deficient mice, neurotensin-deficient mice have reduced
intestinal fat absorption.”*”® Changes in gut microbiota
composition may result from changes in the host ecosystem
such as transit time, pH. Studies suggest that Firmicutes and
Proteobacteria are more tolerant to these factors.”

Interestingly, the expression of genes encoding antimi-
crobial proteins such as Reg3b, Reg3g, or their upstream
regulator Retlnb®” was increased in the small intestine of
EEC-deficient mice (both in CD and HFD). These antimi-
crobial peptides can be activated by intestinal bacteria to
promote the spatial segregation of the microbiota from the
epithelium.”® Interestingly, alteration of the microbiota
composition can induce increased expression of Reg3g,
which is required for microbiota beneficial effect on body
weight and energy balance.”® Higher levels of antimicrobial
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peptides in the duodenum could also suggest an increase in
bacterial load in the duodenum of EEC-deficient mice. Lipid
malabsorption and an increased intestinal anti-microbial
response were also reported in mice lacking Arx transcrip-
tion factor, which is necessary for the specification of Sct-,
Cck-, Glp1-, Glp2-, Pyy-, Nts-, and Gip-expressing cells.*®
Despite the severe alteration of gut microbiota diversity in
EEC-deficient mice, fecal short chain fatty acids were unal-
tered. Recent studies suggest that the small intestinal
microbiota adapts to dietary lipid variations and plays an
important role in lipid digestion and absorption.*> Whether
microbiota communities and their metabolites are modified
in the small intestine of EEC-deficient mice remains to be
explored.

We further investigated the metabolic alterations of EEC-
deficient mice using PICRUSt2 approach to predict the
functional capability of their microbiota. The loss of EEC
induced a decreased ability to maintain bacterial homeo-
stasis as indicated by a lower abundance of pathways
involved in chemotaxis, bacterial motility, and biosynthesis
of antimicrobial products (beta-lactams and ansamycins).
This suggests that the gut microbiota of EEC-deficient mice
may have a lower fitness that could predispose to later
infection.”” Among different factors, the nutritional quality
of the carbon source could participate in the alterations of
these biological processes.’’ The loss of EEC likely led the
gut microbiota of EEC-deficient mice to shift towards
increasing carbohydrate metabolism, including gluconeo-
genesis and lipoic acid metabolism, to find another source of
carbon and energy. Interestingly, a metabolic shift towards
carbohydrate metabolism was also suggested by the mouse
transcriptomic data. Metabolic adaptation of the gut
microbiota may participate in host adaptation following
tamoxifen treatment. Also, inferred xenobiotic degradation
pathways (aminobenzoate degradation, chlorocyclohexane
and chlorobenzene degradation, nitrotoluene degradation)
were over-represented in mutant mice. They may witness
an increase in toxic compounds and optimization of energy
source availability. Several predictive pathways (glutathione
metabolism, selenocompound metabolism, and lipoic acid
metabolism) increased in EEC-deficient mice were related to
redox homeostasis balance and may participate in metabolic
deregulation and oxidative stress.’ In particular, gluta-
thione has been reported to affect bacterial pathogenesis
and virulence.®” In summary, the predictive functional
analysis highlighted the alteration of several metabolic
pathways that participate in both gut microbiota and host

Figure 6. (See previous page). Microbiota changes in mice lacking EECs. (A) Alpha-diversity was estimated by the richness
(observed OTUs) and the Shannon index of bacterial communities in feces before (D0), and 15 (D15) and 30 days (D30) after
tamoxifen treatment of control and Neurog3249™ mice. Pairwise comparisons using Wilcoxon rank-sum test with P-value <
.05 () and < .01 (**). (B) Plot of metric multidimensional scaling (MDS) analysis using Bray-Curtis dissimilarity between control
and Neurog3*A9'™ mice. (C) Representation of the taxonomic levels. (D) Mean relative abundances of bacterial phyla in control
and Neurog3*9™ mice over time. (E) Firmicutes to Bacteroidetes ratio in control and Neurog3*A“™ mice at D30. Data are
represented as mean + SD. Statistical analyses were performed with the Mann-Whitney test ; P > 0.05 (ns). (F) Mean relative
abundances of bacterial families in control and Neurog3*A?"™ mice over time. (G-H) Relative abundances of bacterial genera in
control and Neurog3*A94" mice over time per individual (G) and mean relative abundances per genotype at D30 (H). () OTUs
were significantly different at the OTU level between NeurogsAAd'm and control mice according to DESeq2 analysis. Data are
represented as Log2 fold-change (FC) between Neurog32*9™ and control animals: log2FC > 0 means enriched in Neuro-
g32A9nt mice. DO, D15, and D30 mean days 0, 15, and 30. n = 8 males per genotype under a CD; aged of 13 weeks at DO.
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Figure 7. Analysis of microbial (microbiota-derived) metabolites and predictive functional pathways. (A) Concentration of
short-chain fatty acids excreted in feces quantified by GC-MS 3 weeks after tamoxifen administration. Data are represented as
mean + SD, controls (black squares), Neurog3*A9™ mutants (open squares); n = 10 males per genotype; Mann-Whitney test
with P-value > .05 (ns), < .01 (*), < .001 (***). (B) MA plot of inferred microbial pathways predicted with PICRUSt2 between
controls and Neurog329" mutants, before (DO, upper panel) and 30 days (D30, lower panel) after tamoxifen treatment. Red
dots show significantly altered pathways in controls (up) and Neurog3**'"™ mutants (down). (C) Bar plot of Kyoto Encyclopedia
of Genes and Genome (KEGG) predictive pathway abundance between controls and Neurog3*49™ mutants, 30 days after
tamoxifen treatment. Only statistically different pathways according to the ALDEX2 test were reported. CPM, Count per million

reads.

adaptation to the loss of EEC. However, it is still challenging
to discriminate the pathways that compensate for the loss of
energy source availability from pathogenic processes.
Overall, our studies show that in adult mice: (1) EECs are
not essential for survival when mice are fed with a standard
CD but are vital under high-fat nutrition, which triggers
EEC-specific transcriptional changes in wild-type mice; (2)
EECs are essential to optimize lipid absorption and food
efficacy and maintain weight under a standard diet; (3) in
the absence of EECs, intestinal lipid absorption is spatially
delayed, and transcriptional changes suggest adaptation
mechanisms to remedy lipid malabsorption and adjust en-
ergy utilization; (4) blocking EEC formation rapidly leads to

a severe drop of gut microbiota diversity and remodeling.
These studies using mouse models may contribute to
shedding light on the pathophysiology of human anendoc-
rinosis and adaptive mechanisms that could be targeted to
improve intestinal malabsorption and limit the need for
parenteral nutrition.

Material and Methods
Study Approval

All animal studies were approved by the French Ministry
of “Enseignement supérieur de la Recherche et de I'Inno-
vation” ethical committee, in compliance with the European
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legislation on care and use of laboratory animals (agree-
ment no. APAFIS#22786-2019111511478935 v3).

Animals and Animal Handling

Mice had ad libitum access to water and 2 different types
of diets from weaning: standard CD (Safe D04 diet - Safe
Diets) or a rodent HFD with 60 kcal % fat (D12492 -
Research Diets). Animals were maintained on a 12-hour
light/dark cycle.

Inducible intestine-specific
Neur0g3AAdl"t, were generated by crossing Neurog
mice'® with the Villin-CreER™ line®* (gift of Dr S. Robine).
Mice were maintained on C57BL/6 background. Genotyping
was performed as previously described.™® In all this study,
Neur0g3ﬂ°"/ flox. yillin-Cre®®™ animals were referred to as
mutants or Neurog3229"* and Neurog37°¥/f1°* Jittermates as
controls. To induce Neurog3 deletion, 8- to 13-week-old
males were treated with tamoxifen (10 mg/30 g body
weight mouse) (Sigma-Aldrich) by oral gavage once per day,
every second day for 5 days. Mutants and controls were
treated with tamoxifen concurrently. Studies were per-
formed with adult males.

Neurog3-deficient mice,
3ﬂ0x/ﬂ0x

Metabolic Studies

Metabolic studies were performed by the Mouse Clinical
Institute (MCI) metabolic platform (http://www.ics-mci.fr).
Body weights were recorded weekly all over the study. At 4
and 10 weeks after the tamoxifen treatment, body compo-
sition was determined by magnetic resonance imaging
(Minispec+ analyzer, Bruker) and normalized to the weight.
At 5 weeks after tamoxifen, food and water consumption as
well as stool and urine production were measured over 24
hours in metabolic cages (Tecniplast) after 3 days of accli-
matation. The animals were housed individually for 4 days
with ad libitum access to food and water. The energy con-
tent of stools was evaluated in a bomb calorimeter (C503
control, IKA). The energy excreted was calculated as feces
energy content (Cal/g) x feces weight (g). The energy
ingested was calculated as food intake per day (g) x diet
calorific value (3.34 kcal/g). Food efficiency is the ratio of
energy ingested/energy excreted per day.

Blood Analyses

All blood analyses were performed by the MCI metabolic
platform (http://www.ics-mci.fr). At the end of the meta-
bolic tests, a terminal intracardiac blood sample was taken.
Different blood chemistry parameters and a panel of meta-
bolic markers were measured on the plasma samples: total
cholesterol, HDL and LDL cholesterol, triglycerides, free
fatty acids, glycerol, biliary salts, and lipase.

Short-chain Fatty Acids Measurements

Short-chain fatty acids (acetate, propionate, butyrate,
isobutyrate, and valerate) contents were determined in
stool samples by gas chromatography-mass spectrometry
(GC-MS). Stool samples were weighed (20-50 mg) and dis-
solved in 200 uL of sodium hydroxide solution at 0.15M
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(Sigma-Aldrich). Short-chain fatty acids dosage was per-
formed as described in Cuffaro et al (PMID: 33803291).%°

Sterol Measurements

Sterol (cholesterol, desmosterol, lathosterol, campesterol,
lanosterol, and sitosterol) contents were determined in stool
samples by GC-MS. For quantification, standard solutions of
sterols (ranging from 0-500 pg/mL for cholesterol and 0-2
ug/mL for other sterols) were made by serial dilutions of 500
ug/mL and 2 mg/mL (for cholesterol and others sterols,
respectively) solution in cyclohexane. Stool samples were
weighed (20-50 mg) and diluted 1/10 in distilled water. Ste-
rols were extracted from stool homogenates and standard
solutions (100 uL) with 1.5 mL of a cyclohexane and 20 ul of
Internal Standards Solution (D,-cholesterol [500 ug/mL] and
Dg-campesterol [2 pg/mL]). After centrifugation (10 minutes,
4100 rpm, 15 °C), supernatants were dried under a nitrogen
stream at 60 °C. Dried samples were dissolved in 500 uL of
ethanol 90% and 250 uL of NaOH 1N and heated at 100 °C for
3.5 hours for saponification. Distilled water was added (250
uL), and sterols were extracted with 1.75 mL cyclohexane.
After centrifugation (5 minutes, 3000 rpm, 15 °C), superna-
tants were collected and dried under nitrogen at 60 °C. Dried
samples were derivatized with 40 uL of N-methyl-N-trime-
thylsilyl-trifluoroacetamide (40 minutes, 70 °C, Sigma
Aldrich). Samples were evaporated to dryness under a nitro-
gen stream (60 °C) and reconstituted with cyclohexane (250
uL). GC-MS analyses were performed using 6890 and 5975C
inert systems (Agilent Technologies). Sterols and internal
standards were eluted on a HP-1MS column (Agilent Tech-
nologies, 30 m x 0.25 mm ID x 0.25 um film) with helium used
as gas vector at 1.2 mL/min flow rate. Five microliters were
injected into the analytical systems, the injector being set at
250 °C. Separation was achieved using a temperature gradient
(70 °C/min from 150 °C to 285 °C, 20 °C/min to 300 °C, 300 °C
for 7.5 minutes), and MS ran on electron impact mode for
ionization. Single-ion monitoring mode was used at m/z ratios
of 301, 308, 343, 458, 382, 393, 349, and 396 for cholesterol,
D -cholesterol, desmosterol, lathosterol, campesterol, lano-
sterol, Dg-campesterol, and sitosterol, respectively.

Immuno-histochemistry and Histopathology

Mouse tissues were fixed in paraformaldehyde 4% at
4 °C overnight and processed as previously described.'**?
Primary antibodies used for immunostainings: goat anti-
ChromagraninA (ChrA (C20) sc-1488; Santa Cruz Biotech-
nology); goat anti-secretin ([S-21] sc-26630; Santa Cruz
Biotechnology); rat anti-somatostatin (YC7, MAB354;
Chemicon). Secondary antibodies are conjugated to Alexa
Fluor 594, DyLight 488, DyLight 549, and DyLight 649
(Jackson ImmunoResearch). Standard histology techniques
were performed in collaboration with the MCI (http://www.
ics-mci.fr).

Morphometric Analyzes

The length of villi (at least 69 units under a CD; at least
20 under an HFD) and colon glands (at least 63 units under
a CD) were measured per genotype in well oriented crypt-
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villus units using the Fiji software (n = 3-8). Evaluation of
Oil Red O staining in intestinal epithelium and lamina
propria was performed on 2 sections per segment per ani-
mal (n = 5). Blind scoring was performed according to size
and frequency as follows: absence (0), rare very small
droplets (0.25), rare small droplets (0.5), frequent small
droplets (1), and ubiquitous big droplets (2).

RNA isolation and Reverse Transcriptase-
quantitative Polymerase Chain Reaction

The intestine from adult Neurog3**9'™ and control males
was collected 18 weeks (males under CD) and 5 weeks (males
under HFD) after tamoxifen administration. Total RNA from
duodenum, jejunum, ileum, proximal colon, or distal colon was
extracted using NucleoSpin RNA Plus, Mini Kit (Macherey-
Nagel) according to the manufacturer’s instructions. Reverse
transcription was performed using Transcriptor Reverse
Transcriptase (Roche) and Random primers (Roche). Quanti-
tative polymerase chain reactions were performed in a Light
Cycler 480 (Roche) with Light Cycler 480 Probes Master Mix
(Roche) using mouse-specific TagMan primers and probes
(ThermoFisher) recognizing Neurog3 (Mm00437606_s1), Cck
(Mm00446170_m1), ChgA (Mm00514341_m1), Defal (MmO2
524428 gl1), Geg (MmO00801712_m1), Ghrl (Mm004454
50_m1), Gip (Mm00433601_m1), mKi67 (Mm01278617_m1),
Lgr5 (Mm00458299_m1), Lyzl (Mm00657323_m1), Muc2
(Mm00458299_m1), Nts (Mm00481140_m1), Olfm4 (MmO1
320260_m1), Pcna (MmO00448100_gl), Pyy (MmO00520
715_m1), Sct (Mm00441235_g1), Sst (Mm00436671_m1),
Tphl (MmO00493794_m1). Gene expression levels were
normalized to Actb (4352933E) or Rplp0 (Mm01974474_gH).
Relative changes in gene expression were determined by the
224 method.

RNA Sequencing and Bioinformatic Analysis
Neurog3YF*/* mice®® (C57BL/6N background), 8 weeks
old, were fed with standard CD (Safe D04) or HFD (D12492
Research diet) for 4 weeks. The jejunum was minced and
villi enriched by EDTA treatment. Cells were dissociated
with dispase and eYFP+ and eYFP- cells sorted (FACS Aria
I1), RNA was extracted using RNeasy Qiagen columns.
Double-stranded cDNAs were prepared from total RNA us-
ing Ovation RNA-Seq System V2 (NuGEN Part #7102-32).
Libraries were then generated using Ovation SP Ultralow
Library Systems (NuGeN, Part #8033) following manufac-
turer instructions and sequenced on an Illumina HiSeq2500
sequencer (single-end 50bp reads). Reads were mapped
onto the mm10 assembly of mouse genome using Tophat
v2.0.10%” with bowtie v2.1.0.°® Gene expression was quan-
tified using HTSeq version 0.5.4p3 and gene annotations
from Ensembl release 74. Statistical analysis was performed
with R 3.0.1 and DESeq2 1.0.19°° Bioconductor library with
Benjamini and Hochberg (BH) P-value adjustment method.
RNA sequencing was carried out on the duodenum and
ileum from adult Neurog3*9™™ and control males (n = 4/
genotype) fed with standard CD or HFD. After tamoxifen
administration, samples were collected upon 18 weeks (CD)
or 5 weeks (HFD) after. Libraries were prepared using
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TruSeq Stranded Total RNA Library Prep Gold kit (Illumina)
with either rRNA Removal Mix-Gold (Illumina) or riboPOOL
kit (siTOOLs Biotech) at the step of ribodepletion and
sequenced on an Illumina HiSeq 4000 or NextSeq 2000
(single-end 50bp reads). Reads were mapped onto the
mm39 assembly of mouse genome using STAR’® version
2.5.3a. Gene expression was quantified using htseq-count’*
version 0.6.1p1 and gene annotations from Ensembl
release 104. Statistical analysis was performed using R 3.3.2
and DESeq2 1.16.1 Bioconductor library and independent
hypothesis weighting’? P-value adjustment method. Gene
Ontology enrichment analysis was performed using META-
SCAPE. Data were deposited in GEO repository (GSE218600,
GSE224026, GSE221473).

High Throughput 16S Metagenomic Analysis

Samples and library preparations and preliminary bio-
informatic analyses were performed by the MCI (http://
www.ics-mci.fr). The feces of each mouse were sampled
before and 8, 15, 22, and 30 days after tamoxifen adminis-
tration. DNA was extracted using Nucleospin DNA stool kit
(Macherey-Nagel). The region V3-V4 of the 16S rRNA gene
was amplified by polymerase chain reaction and paired-end
sequenced (2 250bp) using MiSeq Illumina (University of
Laval, Canada). Data were deposited at https://doi.org/10.
5281 /zenodo.7703798. FROGS (galaxy-supported pipeline)
was used to filter the sets of 16S V3-V4 amplicon sequences
described in Escudié et al.”> FROGS was used to produce
abundance tables of OTUs and their taxonomic affiliation.”*
SILVA was used as reference database for taxonomy affili-
ation.”* Alpha diversity was estimated by the observed
OTUs and Shannon index metrics and visualized using R
package dplyr v1.0.7, ggplot2 v3.3.5, and ggstatsplot v0.7.2.
a-diversity was compared using the Wilcoxon rank-sum
test. Beta-diversity ordinations were calculated on the
Bray-Curtis dissimilarity matrix using Phyloseq v1.30.07°
and ggplot2 packages. Difference between groups was
tested using permutational multivariate analysis of variance
(PERMANOVA) computed with the Adonis function of the
vegan package 2.5.7 with default parameters. Differential
abundance analyses were performed at the OTUs level with
DESeq2 using Phyloseq v1.30.0 and DESeq2 v1.26.0. The
size factor estimation was set to use “poscounts” as sug-
gested for microbiota analysis. Only results displaying an
adjusted P-value < .05 after BH correction were reported
and visualized using ggplot2.

Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt2, https://github.-
com/picrust/picrust2; v2.5.1) was used to predict and
investigate the metagenome of the bacteria identified using
16S sequences. The analysis was performed using default
parameters.”® Pathway abundance predictions were
computed based on Kyoto Encyclopedia of Genes and Ge-
nomes database. ALDEX2 (https://github.com/ggloor/
ALDEx2)"”Cliquez ou appuyez ici pour entrer du texte. sta-
tistical analysis was performed to compare pathway abun-
dances of centered-log-ratio (CLR)-transformed data,
considering Welch’s t-test with BH correction. Differentially
inferred pathways were visualized in MA plot. Only pathways
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with a BH adjusted P-value < .05 were considered significant
between the 2 conditions and reported in the bar plot.

Statistics

All data are expressed as mean + standard deviation
(SD). Statistical analysis was performed on GraphPad Prism
8.0 or R software with significance set at P-value < .05.
Longitudinal data and grouped analyzes with 2 factors were
analyzed using 2-way analysis of variance (ANOVA) and
Holm-Sidak posthoc test. Single comparisons were made
with Mann-Whitney tests. The statistical tests and sample
sizes are indicated in the figure legends.
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