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Diet is among the most important factors contributing to intestinal
homeostasis, and basic functions performed by the small intestine
need to be tightly preserved to maintain health. Little is known
about the direct impact of high-fat (HF) diet on small-intestinal
mucosal defenses and spatial distribution of the microbiota during
the early phase of its administration. We observed that only 30 d
after HF diet initiation, the intervillous zone of the ileum—which
is usually described as free of bacteria—became occupied by a
dense microbiota. In addition to affecting its spatial distribution,
HF diet also drastically affected microbiota composition with a
profile characterized by the expansion of Firmicutes (appearance
of Erysipelotrichi), Proteobacteria (Desulfovibrionales) and Verru-
comicrobia, and decrease of Bacteroidetes (family S24-7) and Can-
didatus arthromitus. A decrease in antimicrobial peptide expression
was predominantly observed in the ileum where bacterial density
appeared highest. In addition, HF diet increased intestinal perme-
ability and decreased cystic fibrosis transmembrane conductance
regulator (Cftr) and the Na-K-2Cl cotransporter 1 (Nkcc1) gene and
protein expressions, leading to a decrease in ileal secretion of chlo-
ride, likely responsible for massive alteration in mucus phenotype.
This complex phenotype triggered by HF diet at the interface
between the microbiota and the mucosal surface was reversed
when the diet was switched back to standard composition or
when mice were treated for 1 wk with rosiglitazone, a specific
agonist of peroxisome proliferator-activated receptor-γ (PPAR-γ).
Moreover, weaker expression of antimicrobial peptide-encoding
genes and intervillous bacterial colonization were observed in
Ppar-γ–deficient mice, highlighting the major role of lipids in mod-
ulation of mucosal immune defenses.
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Humans coexist with a large number of microorganisms called
microbiota. The intestine is populated by more than 100

trillion microbial cells, and the rules of this coexistence need
deciphering. These numbers are essentially accounted for by the
colon (1). In the small intestine (SI), a gradient of microbial
density and community exists from the duodenum, which is rel-
atively poorly populated, to the distal ileum/cecum, which tends
to resemble the colon (2, 3). This holobiont has been established
by the strong mutual selective pressure of coevolution and its
homeostasis is essential to health (4, 5). Changes in diet com-
position are among the most influential conditions altering this
balance, possibly with pathological consequences whose mecha-
nisms can be experimentally addressed in the mouse, which has
developed a similar condition of mutualistic symbiosis.
Intestinal epithelial cells (IECs) are on the front line of this

confrontation. The SI epithelium is extensively folded into crypts
and villi, which increase the surface available for food digestion

and nutrient absorption (6). IECs develop an array of strategies
to keep these complex and dynamic microbial communities
at bay. IECs act as sentinels by expressing a wide range of effi-
cient pattern recognition receptors that control innate defense
mechanisms regulating the proximity and composition of the
microbiota (7, 8). Other elements of epithelial barrier capacity
comprise tight junctions (9, 10) and production/secretion of an-
timicrobial peptides (AMP) (11, 12). The antibacterial lectin
Reg3γ promotes the spatial segregation of microbiota and host
in the intestine (13), the secretion and organization of the mucus
layer that provides physico-chemical protection and a matrix
for secreted antimicrobial molecules (14, 15), and the control
of electrolyte balance (16, 17) contribute to this defense. The
microbiota itself participates in strengthening mucosal defenses
by stimulating epithelial renewal (18–20), production of AMP
(21), cytoprotection against xenobiotics (22, 23), immune mat-
uration, increase of intestinal impermeability (24), and modu-
lation of mucus quality and penetrability (25). Hence, the direct
engagement of the intestinal epithelium by the microbiota re-
mains rare and limited because most of the commensal bacteria
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are kept at respectable distance. Highly efficient strategies of
bacterial sequestration are deployed in the SI (26, 27), likely to
preserve its key nutritional functions, whereas the colon can al-
low closer bacterial colonization. Indeed, bacteria could be de-
tected in murine colonic crypts, whereas in healthy conditions
they could not be detected in SI crypts (28).
High dietary fat intake is often associated with modification of

the intestinal microbiota (dysbiosis), characterized by low di-
versity and a shift in community composition with higher pro-
portion of Firmicutes (29). Indeed, dietary fat accounts for food
imbalance, leading to obesity, and various mouse models point to
gut dysbiosis as a contributing factor to obesity (30–32) and type
2 diabetes (33, 34). More recently, metagenomic analysis has
shown that a dysbiotic human fecal microbiota was associated
with obesity, diabetes, and metabolic syndrome (35). Fat excess
is likely to account in part for the dysbiotic state, although a
direct role for high dietary fat intake in driving the composition
of the gut microbiota and the mechanisms leading to metabolic
alterations are still debated (35). High-fat (HF) diet is believed
to directly influence the assembly of an alternative microbiota
with increased energy-harvesting capacity (36, 37). Furthermore,
insulin resistance, which is associated with obesity, is considered
the result of chronic low-grade inflammation of the tissues caused
by transepithelial translocation of enteric bacteria or bacterial
products through a failing epithelial barrier (38, 39). Taken to-
gether, these findings suggest that a fat-enriched diet is central to
the loss of epithelial barrier integrity, which in turn directly or
indirectly affects the microbiota, causing a dysbiosis that further
alters epithelial homeostasis. Several studies have addressed the
long-term effects of HF diet in such pathologies (40–42). In-
terestingly, most studies have characterized the fecal or cecal
luminal microbiota; however, very few have attempted to char-
acterize the mucosa-associated microbiota in the upper digestive
segments, even though basic functions performed by the SI need
to be tightly preserved to maintain health. As a consequence, the
direct impact of HF diet initiation on SI mucosal defenses, or
on the spatial distribution of the SI microbiota, remain poorly
characterized and very few studies have attempted to describe the
simultaneous impacts of a HF diet on IECs and on microbiota
before the development of metabolic diseases (43, 44).
Hence, the present study addressed these effects on the mouse

SI of short-term administration (30 d; i.e., before diabetes or
obesity development) of a HF diet. To this purpose we aim to
characterize the physiological changes occurring at the interface
of the microbiota and the mucosal surface and to decipher the
molecular signals accounting for these deleterious effects. We
proposed an integrated process, shedding new light on the re-
lationship between HF diet, the microbiota, and the physiologi-
cal defense processes by analyzing the microbiota composition of
the intervillous and luminal section of the ileum using laser-
capture microdissection (LCM) coupled to 16S rRNA gene se-
quencing, as well as the spatial distribution of the microbiota
using FISH. We correlated the expression of host mucosal de-
fense genes [AMP, cystic fibrosis transmembrane conductance
regulator (Cftr) and the Na-K-2Cl cotransporter 1 (Nkcc1) genes]
and the peroxisome proliferator-activated receptor (Ppar)-γ, a
nuclear receptor that plays a major role in regulating lipid me-
tabolism (45), assessed by quantitative RT-PCR (RT-qPCR) to
the microbiota changes upon HF diet administration. Electro-
genic activities reflecting the secretion of Cl− and HCO3

− on the
luminal side of the ileal mucosal and the intestinal permeability
were functionally validated in Ussing chambers. Our results
showed that 30 d after feeding a HF diet, the SI microbiota col-
onized the intervillous zone usually considered germ-free. This
massive spatial redistribution was accompanied by a drastic
change in composition of the microbiota. A decrease in AMP gene
expression was concurrently observed. The impact of HF diet was
predominant in the ileum, where it led to increased permeability

and decreased expression of Cftr and Nkcc1 genes, leading to a
decrease in ileal secretion of electrolytes. These defects were as-
sociated with major alterations in mucus layer phenotype. More-
over, we showed that stimulation of PPAR-γ led to restoration of
Cftr, AMP gene-expression levels, and the spatial distribution of
the microbiota, whereas in Ppar-γ–deficient mice bacteria colo-
nized the ileal intervillous space and decreased AMP expression.
Taken together, these results indicate that PPAR-γ is a key reg-
ulator of the observed early effects of HF diet.

Results
One Month of HF Diet Consumption Did Not Induce Metabolic Changes
in Mice. Following 30 d of HF diet, we analyzed global weight,
epididymal fat pads as marker of obesity, daily caloric intake, and
glucose uptake. Body weight, epididymal fat pads, and daily ca-
loric intake were not significantly higher in HF-fed mice, com-
pared with mice fed a standard diet (SD-fed mice) (Fig. S1 A–C).
As shown in Fig. S1D, HF feeding did not induce glucose in-
tolerance after 4 wk. Blood glucose concentration in HF-fed mice
was only significantly higher than that of SD-fed mice at time 0,
whereas during glucose challenge blood glucose concentrations
were not significantly different.

HF Diet Rapidly Alters the Spatial Distribution and Composition of the
Microbiota. Following 30 d of HF diet, we analyzed the spatial
distribution of the microbiota in the duodenum, jejunum, and il-
eum of mice by the FISH technique, using universal probes tar-
geting the 16S rRNA gene. We observed a higher bacterial density
in the lumen of the duodenum, jejunum, and ileum segments in
HF-fed mice compared with SD-fed mice (Fig. 1A and Fig. S2).
Moreover, the spatial distribution was drastically changed and
characterized by bacterial colonization of the intervillous space in
HF-fed mice, predominantly in the ileum (Fig. 1A and Fig. S2).
FISH quantification revealed an increase by 42.5% of fluores-
cence intensity in HF-fed mice, compared with SD-fed mice in the
lumen and in the intervilli zone. Interestingly, segmented fila-
mentous bacteria (SFB) could be visualized at the top of the villi
in the ileum of SD-fed mice but not in HF-fed mice (Fig. 1A).

Fig. 1. HF diet shapes the spatial segregation and the composition of in-
testinal microbiota. (A) Representative photographs of FISH analyses with
the pan-bacterial probe Eub338 (red) and the SFB-1008 probe (green) in il-
eum sections of SD- and HF-fed mice. Nuclei stained with DAPI (blue). (Scale
bar, 50 μm.) (B) PCoA plot showing microbiota communities cluster with diet
determined by unweighted UniFrac analysis. SD cecum (blue), SD feces
(green), HF cecum (black), HF feces (red). (C) Average relative abundance at
phylum level in cecal and fecal contents, and in microdissected ileum content
of SD- and HF-fed mice.
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To analyze if these changes in spatial distribution of bacteria
were associated with a change in microbiota composition, we
performed 16S rRNA gene sequencing of the fecal and cecal
contents, and of laser-microdissected intervilli and luminal sec-
tions of the ileum. Sequence analysis of the V3-V4 hypervariable
regions of the 16S rRNA gene showed that in addition to
changes in spatial distribution, the microbiota composition was
considerably altered after 30 d of HF diet, compared with SD, as
shown by principal coordinates analysis (PCoA) clustering of the
different fecal and cecal microbial communities (Fig. 1B). No
significant difference in composition was observed between fecal
and cecal microbiota of mice fed with a similar diet (Fig. 1B and
Fig. S3). At the phylum and family levels, the relative abundance
of Bacteroidetes (mainly S24-7 family) was statistically signifi-
cantly lower in HF-fed mice (i.e., 39.68% ± 4.06% and 44.88% ±
5.62%, respectively, in the cecal and fecal microbiota), compared
with SD-fed mice (i.e., 54.76% ± 2.85% and 61.86% ± 3.51%,
respectively, in the cecal and fecal microbiota), with a Kruskall–
Wallis test, P < 0.05 (Fig. 1C and Figs. S3–S5). Conversely, the
relative abundance of Proteobacteria was significantly higher in
HF-fed mice (17.58% ± 1.98% and 9.74% ± 1.71%, respectively,
in the cecal and fecal microbiota) compared with SD-fed mice
(3.54% ± 1.30% and 2.96% ± 1.06%, respectively, in the cecal
and fecal microbiota), with a Kruskall–Wallis, P < 0.05 (Fig. 1C
and Figs. S3–S5). In Proteobacteria, we observed a major increase
in Deltaproteobacteria (Desulfovibrionales order/Desulfovibrionaceae
family) (Fig. S3). Concomitantly, members of the Verrucomicro-
bia (mostly Akkermansia genus) were observed in cecal and fecal
contents of HF-fed mice (i.e., 10.16% ± 3.27% and 7.72% ±
2.98%, respectively, in cecal and fecal microbiota, with a Kruskall–
Wallis test, P < 0.05), whereas they remained undetectable in
SD-fed mice (Fig. 1C and Fig. S3). Among the Firmicutes, we
observed a lower relative abundance in Clostridia and the
presence of Erysipelotrichi in both cecal and fecal contents of
HF-fed mice (Fig. S3) (Kruskall–Wallis test P < 0.05). In micro-
dissected samples of the ileum, the microbiota contained a lower
relative abundance of Bacteroidetes (S24-7 family) in HF-fed
mice (i.e., 21.22% ± 13.62% and 5.14 ± 4.45%, respectively, in
SD-fed mice and in HF-fed mice, with a Kruskall–Wallis test,
P < 0.05) (Fig. 1C). This lower relative abundance was ac-
companied with a lower abundance in Clostridia and a higher
abundance in Erysipelotrichi (Allobaculum) in HF-fed mice,
similar to the findings obtained with fecal and cecal microbiota
(Fig. S4). Moreover the absence of SFB (Candidatus arthro-
mitus) in the ileum of HF-fed mice (4.98% ± 3.50% in SD-fed
mice vs. undetectable in HF-fed mice) confirmed FISH analysis
(Fig. 1A and Fig. S4).

HF Diet Differentially Alters AMP Gene Expression in the Duodenum,
Jejunum, and Ileum. AMP gene expression was analyzed by RT-
qPCR following 30 d of HF diet consumption (Dataset S1). In-
terestingly, in HF-fed mice, AMP gene expression was signifi-
cantly different in the duodenum and jejunum, compared with
the ileum (Fig. 2A). Whereas Reg3γ was down-regulated by 2.8-
and 5.2-fold, respectively, in the duodenum and jejunum in HF-
fed mice compared with SD-fed mice, its expression remained
unchanged in the ileum (Fig. 2A). Moreover quantification of
the immunofluorescence staining intensity of Reg3γ showed a
significant decrease by 43% and 34% in the duodenum and je-
junum, respectively, whereas it remained unchanged in the ileum
(Fig. 2B). Interestingly, Mmp-7, the gene encoding the matrix
metalloproteinase-7 and responsible for the maturation of AMP,
was down-regulated 2.84-fold in the ileum of HF-fed mice
compared with SD-fed mice (Fig. 2A). Moreover, the down-
regulation range of Mmp-7 corresponded to the ranges of down-
regulation of all AMP genes tested in the ileum, namely angio-
genin-4, lysozyme, α-defensin-3, -5, and -20, and phospholipase
A2 (Fig. 2A). These results show that the upper and the lower

segments of the SI differentially modulate AMP expression in
response to HF diet, but in both cases it indicates a global de-
crease in mucosal defenses.

HF Diet Alters the Functional Integrity of the ileum via CFTR Dysfunction.
The intestine functions as a secretory and absorptive organ
maintaining the homeostatic control of electrolytes and fluid
balance that impact on mucosal defenses and the characteristics
of the intestinal microbiota (16, 17). Intestinal secretion mainly
results from the active transport of Cl− and HCO3

− (46). The
CFTR, a cAMP-activated epithelial Cl− and HCO3

− channel
(47), plays a pivotal role in the regulation of epithelial secretion
in the SI (48) and its dysfunction allows abnormal bacterial col-
onization (49, 50). Forskolin, an activator of adenylate cyclase,
activates CFTR, and deletion of the Cftr gene abolishes its effect
on epithelial Cl− and HCO3

− (51, 52). We examined electrogenic
activities reflecting the secretion of Cl− and HCO3

− on the lu-
minal side of the ileal mucosa in HF-fed mice and in SD-fed mice
using Ussing chambers (53). Forskolin-induced Cl− and HCO3

−

secretion (Isc ratio) was 37% lower in the distal ileum of HF-fed
mice than in SD-fed mice (Fig. 3A). Accordingly, Cftr was tran-
scriptionally down-regulated by 2.0-fold and found at a 53%
lower level by immunofluorescence staining in the ileum of HF-
fed mice (P < 0.05) (Fig. 3 B and C). Gene expression of other
major ionic transporters [i.e., solute carrier family 26, member 3
and member 6 (Slc26A3, Slc26A6), anoctamin-1 (Ano1), and so-
dium–hydrogen exchanger 3 (Nhe3)] was not significantly modified
in HF-fed mice, compared with SD-fed mice (Fig. 3B). Intestinal
capacity to secrete Cl− is also dependent on NKCC1, which
mediates Cl− uptake from the basolateral pole of IECs, thereby
providing Cl− for apical secretion via CFTR (48). Interestingly,
Nkcc1 was concomitantly transcriptionally down-regulated by 2.0-
fold and at a 30% lower level by immunofluorescence staining in
HF-fed mice (P < 0.05) (Fig. 3 B and C). No significant change in
forskolin-induced Cl− and HCO3

− secretion was observed in the
duodenum and jejunum, as indicated by ΔIsc measurement (Fig.
S5A). We thus concluded that HF diet rapidly affected the Cl−

secretagogue pathway in the ileum via its down-regulation of
NKCC1 and CFTR functions, both by a decrease in gene and
protein expressions. In addition, under high-fat/high-sugar (HF/HS)

Fig. 2. HF diet alters differently AMP gene expression in duodenum, jeju-
num, and ileum. (A) Gene expression relative to AMP genes from HF-fed
mice compared with SD-fed mice in duodenum, jejunum, and ileum (n = 10–
12 per group). Results were normalized to those for the Gapdh gene ex-
pression. All values are means ± SEM. Means with asterisks are significantly
different from values of SD-fed mice (**P < 0.01, ***P < 0.001). NS, not
significant. (B) Representative photographs of immunofluorescence staining
of Reg3γ protein (green) in unwashed duodenum, jejunum, and ileum sec-
tions of SD- and HF-fed mice. Nuclei stained with DAPI (blue). (Scale bars,
50 μm.)
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diet, a 2.42-fold lower level in Cftr gene expression was obtained,
whereas it was not changed in HS diet alone (Fig. S5B), indicating
that HF alone accounted for the down-regulatory effect.

HF Diet Alters the Physical Integrity of the Ileal Barrier. To know if
the above functional modifications observed in response to HF-
diet resulted in rupture of the physical integrity of the epithelial
barrier, we examined the ionic conductance of SI segments in
HF- and SD-fed mice. Indeed, in the intestine, the paracellular
pathway accounts for at least 90% of the total transepithelial
ionic conductance as measured in Ussing chambers (53). In the
duodenum and jejunum, the measured ionic conductance remained
unchanged between HF-fed and SD-fed mice (Fig. S5C). In
contrast, a 30% increase in transepithelial conductance was
measured in the distal ileum of HF-fed mice (Fig. 3D), indicating
that the paracellular pathway was impaired. Because tight junc-
tion proteins play a major role in gating the paracellular path-
way, we analyzed the level and localization of claudin-7 as a
proxy for epithelial permeability; it was found in lower amount
along the ileal villi in HF-fed mice, compared with SD-fed mice
(Fig. S5D), confirming a significant alteration of ileal perme-
ability, both at the functional and molecular levels.

HF Diet Alters the Mucus Layer in the Ileum. We quantified ileal
gene expression of Klf4, Muc2, Muc3, and Retnlß by RT-qPCR.
No significant differences were observed between HF-fed mice
and SD-fed mice (Fig. S6A). Mucin (MUC) secretion, folding,
and assembly require an optimal biochemical milieu (54–56).

In the duodenum and jejunum segments, where electrogenic
activities were not altered, we did not observe any difference in
MUC2 staining between HF-fed mice and SD-fed mice (Fig.
S6B). However, we observed the retention of MUC2 proteins in
goblet cells, forming ball-shaped cells with fluorescence intensity
45% higher in the ileum of HF-fed mice (Fig. 4A). Consistent
with these findings, Meprin-β, a metalloendopeptidase involved
in the detachment and release of mucus from goblet cells (57),
was transcriptionally down-regulated and present at lower
amount in ileal tissues of HF-fed mice (Fig. 4 B and C).

Shift to SD After 30 d of HF Diet Reverses the Observed Phenotypes.
After 30 d on HF diet, mice were returned to SD for 30 d (HF-
rev mice) and re-evaluated in comparison with littermates kept
for 2 mo under an HF-diet. We observed a restoration of the
spatial distribution of the microbiota in the ileum of HF-rev mice
as observed in SD-fed mice (Fig. 5A). The ileal gene-expression
pattern of HF-rev mice showed that the shift to SD allowed gene
expression of Cftr and Ppar-γ to return to the values previously
observed in SD-fed mice (Fig. 5B). Moreover, analysis of the
microbiota composition of HF-rev mice showed that the bacte-
rial relative abundance returned to levels similar to those ob-
served in SD-fed mice, as shown by the PCoA clustering (Fig. 5C
and Dataset S1). At the phylum and family levels, the relative
abundance of Bacteroidetes (S24-7 family), Verrucomicrobia,
and Desulfovibrionales was similar to those of SD-fed mice
(Dataset S1).

Dysregulation of the PPAR-γ Pathway by HF Diet Accounts for
Alteration of Cftr and AMP Gene Expression. PPAR-γ acts as a
main lipid sensor in the SI. It has previously been shown to be a
major regulator of mucosal defenses (58, 59). We observed that
HF diet down-regulated Ppar-γ gene expression by 1.84-fold
(Fig. 6A). To evaluate the involvement of PPAR-γ in the ob-
served phenotypes, SD- and HF-fed mice were treated for 1 wk
with rosiglitazone (SD-rosi and HF-rosi), a specific PPAR-γ
agonist. This treatment stimulated the expression of Ppar-γ in
SD- and HF-fed mice (Fig. 6A). Interestingly, rosiglitazone
corrected Cftr (Fig. 6B), Mmp-7, and concomitantly some of the

Fig. 3. HF diet alters ileal permeability and affects the Cftr chloride secre-
tion pathway. (A) Measurement in Ussing chamber of the increase in short-
circuit current (ΔIsc, μA/cm2) induced after serosal challenging of ileum
tissue with 10 μmol/L forskolin. Values are expressed as a ratio of HF-fed
mice values compared with SD-fed mice (Forskolin-induced Isc ratio).
(B) Gene expression relative of electrolyte transporters genes from HF-fed
mice compared with SD-fed mice in ileum (n = 8–11). Results were normal-
ized to those for the Gapdh gene expression. All values are means ± SEM.
(C) Representative photographs of immunofluorescence staining of CFTR
(green) and NKCC1 (red) proteins in unwashed ileum sections of HF- and SD-
fed mice. Nuclei stained with DAPI (blue). (Scale bars, 50 μm.) (D) Tissue
conductance measurements in duodenum, jejunum and ileum (n = 7–11 per
group). Conductance was studied in Ussing chamber after 30 min (HF/TD
ratio). Values are expressed as a ratio of HF-fed mice values compared with
SD-fed mice. Means with asterisks are significantly different from values of
SD-fed mice (*P < 0.05, **P < 0.01). NS, not significant.

Fig. 4. HF diet alters the mucus secretion pathway in ileum. (A) Represen-
tative photographs of immunofluorescence staining of MUC2 protein in
unwashed and Carnoy fixed ileum sections. The red arrows indicate accu-
mulation of MUC2 at the surface of the goblet cells. (Scale bars, 50 μm.) (B)
Gene expression relative to Meprin-β from HF-fed mice compared with SD-
fed mice in ileum (n = 8–11). Results were normalized to those for the Gapdh
gene expression. All values are means ± SEM. (**P < 0.01) (C) Representative
photographs of immunofluorescence staining of Meprin-β in unwashed and
Carnoy fixed ileum sections of SD- and HF-fed mice. (Scale bars, 50 μm.)
Means with asterisks are significantly different from values of SD-fed mice.
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AMP gene-expression levels (i.e., lysozyme, α-defensin-3, -5, and
angiogenin-4) in HF-fed mice, reaching the values observed in
SD-fed mice (Fig. 6C), thus indicating a crucial role for PPAR-γ
in HF-diet–induced homeostatic disruption in the ileum.
We then analyzed the spatial distribution of the microbiota in

the ileum of SD-rosi and HF-rosi mice by the FISH technique,
using universal probes targeting the 16S rRNA gene. We ob-
served a higher bacterial density in the lumen of the ileum in SD-
rosi mice compared with HF-rosi mice (Fig. 7A). The spatial
distribution was drastically changed in HF-rosi mice, compared
with HF-fed mice (Figs. 1A and 7A) and characterized by lower
bacterial colonization of the intervillous space in HF-rosi mice
(Fig. 7A). Moreover, we analyzed MUC2 staining in SD-rosi and
HF-rosi mice and observed an intermediate phenotype in the
ileum of HF-rosi mice characterized by a loss of retention of
MUC2 proteins in goblet cells that formed ball-shaped cells with
a sticky mucus layer that seemed to accumulate at the surface of
the epithelium, as confirmed by a 48% increase in fluorescence
intensity (Fig. 7B). If the staining of Meprin-β in HF-rosi mice
did not reach the level of SD-rosi mice (Fig. 7C), it appeared
stronger than that of HF-fed mice (Fig. 4C). Concerning the
microbiota composition, treatment with rosiglitazone did not
restore the microbiota composition of HF-fed mice to that of
SD-fed mice, as the relative abundance of the main bacterial
families in HF-fed mice and HF-rosi mice remained very similar.
For example, the relative abundance of the S24-7 family, which
was 36.54% ± 3.59% in the feces of SD-fed mice and 6.74% ±
1.33% in HF-fed mice, reached 11.21% ± 5.32% in HF-rosi mice
(Dataset S1).
To validate the involvement of PPAR-γ in both spatial dis-

tribution of bacteria and AMP gene expression, experiments
were performed with PPAR-γVillinCre+ mice and their litter-
mate controls, PPAR-γ VillinCre− mice, both fed with SD. As
observed in HF-fed mice, bacteria could colonize the intervillous
space of the ileum of PPAR-γ VillinCre+, whereas this space

remained bacteria-free in the PPAR-γ VillinCre− mice (Fig. 7D).
Moreover, in comparison with control PPAR-γ VillinCre− mice,
expression of the genes encoding angiogenin-4, lysozyme,
α-defensin-3, -5, and -20, and phospholipase A2 was down-reg-
ulated in the ileum of PPAR-γ VillinCre+ mice (Fig. 7E). Taken
together these data confirm the key role of PPAR-γ in the
control of AMP expression and on the spatial distribution of
bacteria in the ileum.

Discussion
Most studies on the effect of HF diet have considered the impact
of long-term exposure on the microbiota–epithelial interface.
They have shown that HF diet deregulates mucosal inflammation
and causes metabolic disorders, leading to obesity and type 2
diabetes. In contrast, this study aimed to identify the simulta-
neous consequences of short-term administration of HF diet on
SI microbiota and intestinal physiology, and thus to decipher the
molecular cross-talk programming the later-observed phenotypes.
We identified the dysregulation of PPAR-γ, CFTR, and AMP

after 4 wk of HF diet. Expression of the Ppar-γ, Cftr, and several
AMP genes was down-regulated in the SI of HF-fed mice and
their expression returned to a standard level when mice were
treated with rosiglitazone, a specific agonist of PPAR-γ, indicating
a key role of PPAR-γ. To our knowledge, a link between HF diet
and these three components had not been described before in the
intestinal epithelium. Here, treatment with rosiglitazone, which
stimulates PPAR-γ functions, leads to an improved phenotype in
HF-fed mice, indicating that in the SI, HF diet impairs PPAR-γ
and as a consequence impairs metabolic adaptation, even if the
mouse SI can adapt its lipid absorption capacity to fat content of
the diet (44). Moreover, the impact of fat was also demonstrated
when the diet was switched from HF to SD, reverting AMP, Cftr,
and Ppar-γ gene expression to the levels observed in SD-fed mice,
as well as the spatial segregation of the microbiota.
Furthermore, we have shown that HF diet or HF combined

with HS, but not HS diet alone, was capable to down-regulate
Cftr expression, supporting a direct role of fat in the connection
between PPAR-γ and CFTR. Previous studies have showed that
in mouse models of cystic fibrosis, the lack of CFTR functionality
is correlated to Ppar-γ down-regulation and its decreased activity,
leading to steatorrhea (59–61). Interestingly, in Cftr−/− mice,
Ppar-γ is down-regulated and when mice are treated with rosi-
glitazone, effects of the CFTR defect (i.e., mucus accumulation)
disappeared in Cftr−/− Ppar-γIEC+/+ mice but not in Cftr−/−

Ppar-γIEC−/− mice, demonstrating a PPAR-γ–dependent path-
way for mucus formation in this model (59). In HF-fed mice, we
observed that MUC2 accumulated at the apical side of goblet
cells, leading to a ball-shaped and “sticky” aspect of the mucus
in the ileum, reflecting considerable reduction in the expansion
capacity of the mucins, thus strongly altering the phenotype of
the mucus layer. Meprin-β, a metalloendopeptidase involved in
the detachment and release of mucus from goblet cells, as well
as in the modulation of mucus properties (57), was poorly
expressed in HF-fed mice compared with SD-fed mice. There-
fore, a combination of down-regulation of Meprin-β expression
reducing the apical release of mucin vesicles and dysfunction of
the CFTR/NKCC1 complex altering the balance of electrolytes in
the luminal fluid (62), all associated with an impairment of the
PPAR-γ pathway (59), are likely to account for the collapse of the
mucus barrier (55, 57). Moreover, when we treated the mice with
rosiglitazone, the Meprin-β staining was stronger in HF-rosi mice
compared with HF-fed mice. This result can also explain our
observations about the partial reestablishment of the mucus layer
in HF-rosi mice and consequently the restoration of the spatial
distribution of the microbiota in HF-rosi mice as well. Taken
together, these data indicate an association between PPAR-γ and
the mucus formation in the ileum.

Fig. 5. Reversing from the HF diet to the SD corrects the bacterial spatial
segregation and recovers the expression of the AMP Cftr and Ppar-γ genes.
(A) Representative photographs of FISH analyses with the pan-bacterial
probe Eub338 (red) in ileum sections of mice switched from HF diet to SD for
30 d. Nuclei stained with DAPI (blue). (Scale bar, 50 μm.) (B) Graphs showed
the gene expression relative to AMP and electrolytes transporters of HF-fed
mice vs. HF-fed mice for 2 mo and HF-rev mice vs. HF-fed mice for 2 mo
compared with SD-fed mice in the ileum (n = 4). Results were normalized to
those for the Gapdh gene expression. All values are means ± SEM. Means
with stars are significantly different from values of SD-fed mice (*P < 0.05,
***P < 0.001). NS, not significant. (C) PCoA plot showing microbiota com-
munities cluster in feces of mice determined by unweighted UniFrac analysis.
SD-fed mice (blue), HF-fed mice (red), and HF-rev mice (black).
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It has also been described that PPAR-γ is a direct regulator of
β-defensin expression in the human and mouse colons but not in
the mouse ileum (58). However, in the current HF diet model,
down-regulation of Ppar-γ was concomitant to down-regulation
of major AMP, such as defensins, in the ileum, and when Ppar-γ
expression was increased by rosiglitazone, AMP gene expression
was also restored. Moreover, we showed that deletion of Ppar-γ
expression in the intestine decreased the expression of some
AMP in the ileum of control mice, indicating the key role of
PPAR-γ in the control of AMP expression and de facto in bac-
terial spatial distribution. The decrease in AMP gene expression
was correlated to the uncontrolled bacterial colonization, re-
gardless if the duodenum or ileum were considered. This finding
supports a model where impairment in AMP gene expression
and production is associated with an expansion of the microbiota
to otherwise preserved territories (63, 64). In the ileum of HF-
fed mice, the decrease in AMP, such as α-defensins, lysozyme,
and phospholipase A2 could explain colonization of the inter-
villous space by the microbiota. We further observed that in the
ileum of HF-fed mice, transcription of Mmp-7, which contributes
to maturation of α-defensins (65), was down-regulated, similar
to AMP-coding genes. Hence, in addition to downregulating
AMP, HF diet also affects the maturation of AMP in the ileum,
contributing to the inability of the AMP produced to keep bac-
teria away from the epithelial surface. In the proximal part of the
SI, we observed that Reg3γ expression was significantly lower in
HF-fed mice. Using Reg3γ −/− mice, it was previously shown that
Reg3γ limits bacterial colonization at SI mucosal surface and
maintains a homeostatic spatial relationship between the
microbiota and the host (13). These results show that the upper
and the lower parts of the small intestine differentially modulate
AMP expression in response to HF diet. These differences could
be explained by AMP being differentially expressed in physio-
logical conditions along the SI (66), and thus respond differen-
tially with respect to microbiota modulation. Moreover, it was

recently shown that elimination of the microbiota-accessible
carbohydrates, which are highly represented in dietary fibers and
used as substrate by intestinal bacteria, induces a shift of the
microbiota toward mucus-consuming bacteria and consequently
results in closer proximity of bacteria with the epithelium (67).
However, no data are actually available concerning the impact
on the spatial distribution of microbiota of missing microbiota-
accessible carbohydrates in the small intestine.
Our study revealed that HF diet not only altered the spatial

segregation of bacteria, but also the microbiota composition.
Studies have shown that, on the basis of long-term administra-
tion (9–22 wk), obesogenic diets, such as HF diet, reduce the
diversity and richness of the fecal and cecal microbiota (32, 68),
altering the Firmicutes/Bacteroidetes balance by increasing Fir-
micutes (Erysipelotrichaceae), Verrucomicrobia, and decreasing
Bacteroidales S24-7 (69, 70). Here, we found that HF diet alters
the composition of the fecal and cecal microbiota even after a
short-term (30 d) consumption, as previously shown (38, 39, 43).
Moreover, when we specifically analyzed the microbiota associ-
ated to the ileal mucosa, we found that HF diet favored emer-
gence of the genus Akkermensia, a finding supported by similar
observations in rat models (43, 71). Akkermansia members, and
more specifically Akkermansia muciniphila, have been identified
as mucin-degrading bacteria residing in the mucus layer (72). In
our model collapse of the mucus barrier could favor the emer-
gence of such bacteria able to use it as substrate, or diet-mediated
increase in this species may further participate in the alteration of
the mucus barrier (67, 73). Interestingly, the treatment of HF-fed
mice with rosiglitazone was able to restore the spatial distribution
of the ileal microbiota but not the composition compared with
SD-fed mice, indicating that biochemical parameters, such as
electrolytes and mucus releases, play pivotal roles in maintaining
microbiota at a distance from the epithelium, but diet composi-
tion determine the microbiota composition (67). Other bacterial
species were affected under HF diet, such as SFB. FISH analyses

Fig. 6. Ppar-γ pathway regulates the expression of AMP and Cftr and activation by rosiglitazone corrects the HF-diet effects in the ileum. (A) Gene expression
relative of Ppar-γ in the ileum (n = 8–11). HF-rosi and SD-rosi are mice treated with rosiglitazone for 1 wk. Results were normalized to those for the Gapdh
gene expression. (B) Gene expression relative of Cftr in ileum (n = 8–10 per group). Results were normalized to those for the Gapdh gene expression (C) Gene
expression relative of AMP in the ileum (n = 8–10 per group). Results were normalized to those for the Gapdh gene expression and compared with the mean
target gene expression in SD mice. All values are means ± SEM. Means with asterisks are significantly different from values of SD-fed mice following one-way
ANOVA test (*P < 0.05, **P < 0.01, ***P < 0.001). NS, not significant.
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and 16S rRNA gene sequencing revealed that SFB was no longer
detectable in the terminal ileum of HF-fed mice (74). SFB is
highly sensitive to diet composition and, because of a large
number of auxotrophies (75), SFB survives by establishing close
proximity to the epithelial surface, and possibly symbiotic inter-
actions with certain commensal bacteria (76). The few studies
analyzing the potential symbiotic relationship between specific
commensal bacteria and SFB indicate that members of the Bac-
teroides/Prevotella or Lactobacillus genus may be key to explain its
maintenance and abundance in infants and mice, respectively (77,
78). Moreover, a recent paper shows that decrease of SFB in the
ileum corresponds to an increase of the Erysipelotrichi class (79).
Here, the decrease in Bacteroides and the appearance of Erysi-
pelotrichi could explain the loss of SFB. Bacteria reaching the
epithelial surface are likely to outcompete SFB in HF-fed mice;
while under SD, SFB is the sole colonizer of this specific niche.
Together, these results show that HF diet is perceived as a

major stress by the SI epithelium that strongly affects mucosal
defenses (CFTR, AMP, mucus), largely in response to an al-
teration of PPAR-γ signaling, thus allowing colonization by the
microbiota of the intervillous space.
Further studies should focus on the mechanisms by which

short-term fat excess induces these regulatory changes and dis-
rupts epithelial integrity. These studies would also be relevant to
better understand the link between HF diet, microbiota, obesity,
and type 2 diabetes.

Materials and Methods
Animals.Animals were housed in the Institut Pasteur animal facility accredited
by the French Ministry of Agriculture for performing experiments on live
rodents. Work on animals was performed in compliance with French and
European regulations on care and protection of laboratory animals (EC Di-
rective 2010/63, French Law 2013–118, February 6, 2013). All experiments
were approved by the Ethics Committee #89 and registered under the ref-
erence 2013–0124 and by the French Research Ministry under the reference

02079.03. All animal experimentation protocols used at the National University
of Singapore were approved by the Institutional Animal Care and Use Com-
mittee (authorizations 2013/SHS/866 and 2015/SHS/1023). Mice were housed at
22 °C with a 12-/12‐h light/dark cycle. Two groups of 8-wk-old mice (males
C57BL/6JRj, Janvier, France) were fed with a SD (R03-40, SAFE, France; 5.1%
weight of fat) or a HF diet (231HF, SAFE, France; 40% weight of fat), both
sterilized by γ-irradiation and killed 4 wk after diet experiment. Each experi-
ment was carried out independently at least four times. Two other groups of
mice (SD-rosi and HF-rosi) were treated with rosiglitazone (Sigma-Aldrich,
R2408; 20mg·kg·d) for 1 wk. These mice were killed 5 wk after diet experiment.
Mice were killed by cervical dislocation, the SI from duodenum to terminal il-
eum recovered, and immediately used for RNA and DNA extraction, histological
procedures, or permeability measurement using an Ussing chamber.

Two other groups of 8-wk-old mice were studied: HS (elaborated upon
request, SAFE, France; 58.30% weight of carbohydrates and 12.4% weight of
fat) and HF/HS (SAFE, 230HF, France; 36.8% weight of carbohydrates and
35.8% weight of fat) and killed 4 wk after diet experiment. Each experiment
was carried out independently at least two times. The compositions of the
diets are described in Table S1.

Specific pathogen-free C57BL/6 wild-type mice carrying a targeted dis-
ruption of the gene encoding PPAR-γ in intestinal epithelial cells were gen-
erated by breeding animals harboring a floxed Ppar-γ (PPAR-γ fl/fl) to mice
expressing the Cre transgene under control of the villin promoter; these mice
were designated as PPAR-γ VillinCre+, and their littermate control mice were
designated as PPAR-γ VillinCre− (80).

Intraperitoneal Glucose Tolerance Test. For glucose tolerance tests, 16-h fasted
mice received 30 mg of glucose by intraperitoneal administration. Blood
samples were taken at 0, 30, 60, and 90 min after glucose administration and
glucose concentrations were measured in blood from the tail using the
glucometer Alpha Trak 2 with associated ribbon tests (Abbott).

RNA and DNA Extraction. One-centimeter of intestinal tissue (duodenum,
jejunum, or ileum) was homogenized in 2-mL tubes containing 0.1-mm glass
beads and 1 mL Trizol using the Precellys system. The duodenum part was
taken directly after the stomach, the jejunum part was taken in the middle
part of the SI, and the ileumwas the distal part of the SI near the cecum. After
extraction with chloroform, precipitation with isopropanol and washings
with 70% (vol/vol) ethanol, and extracted RNA was resuspended in 100 μL
of sterile distilled water. A clean-up of the RNA associated with a DNase
treatment was performed with the Nucleospin RNA II kit (Macherey-Nagel).
RNA quantification was done using the NanoDrop ND-100 (Thermo Scien-
tific). cDNA synthesis was performed from 2 μg of RNA using oligo-dT
(Promega) and SuperScript II (Life Technologies).

RT-qPCR Analysis of Intestinal Cell Gene Expression. Intestinal RNAs were
analyzed by RT-qPCR. The list of the genes detected using the SYBRGreen PCR
system and the primers associated are listed in Dataset S1. Differences were
calculated using the comparative 2-ΔΔCt method (81). Results obtained with
the QuantStudio 7 Flex Real-Time PCR System, 384-well (Life Technologies)
were normalized to those for the Gapdh gene (Table S2) and compared with
the mean target gene expression in SD mice.

LCM and Sample Collection for Intestinal Microbiota Analysis. Duodenum, je-
junum, and ileum were embedded in OCT compound 4583 (Sakura), frozen in
isopentane cooled with dry ice, and stored at −80 °C. Frozen blocks were cut
with a thickness of 8 μm using a CM 3050S cryostat (Leica), and sections were
collected on Superfrost plus slides (VWR) and stored at −20 °C. Frozen sec-
tions were thawed and briefly stained with histogen (MDS Analytical Tech-
nologies), containing RnaseOut recombinant RNase inhibitor, washed in
RNase-free water supplemented with ProtectRNA (Sigma-Aldrich), and
dehydrated in ethanol [once in 70% (vol/vol) for 30 s, twice in 95% (vol/vol)
for 1 min, and twice in 100% (vol/vol) for 2 min] and in xylene (two baths for
5 min) before being air-dried. Slides were then transferred into a Veritas LCM
system (Arcturus, ThermoFisher Scientific), microdissected and captured on
Capture Macro LCM caps (Arcturus, ThermoFisher Scientific). DNA was
extracted using the PicoPure DNA extraction kit (Arcturus, ThermoFisher
Scientific) after incubation for 30 min at room temperature with lysozyme
(10 mg/mL in PBS; Sigma-Aldrich). DNAs were stored at −20 °C. Bacterial DNA
from feces and cecal content were extracted using the PowerFecal DNA iso-
lation kit (MoBio) following the manufacturer’s recommendations. Controls
included extractions without addition of any sample as negative control for
library construction and potential reagents contamination. To minimize fur-
ther risk of contamination from small materials, plastic tubes and plates were
pretreated with UV cross-linker for 3 h before use.

Fig. 7. Rosiglitazone restores the spatial distribution of the microbiota in the
ileum. (A) Representative photographs of FISH analyses with the pan-bacterial
probe Eub338 (red) in ileum sections of SD-rosi and HF-rosi mice. Nuclei stained
with DAPI (blue). (Scale bars, 50 μm.) (B) Representative photographs of
immunofluorescence staining of MUC2 protein in ileum sections of SD-rosi and
HF-rosi mice. (Scale bars, 50 μm.) (C) Representative photographs of immuno-
fluorescence staining of Meprin-β in ileum sections of SD-rosi and HF-rosi mice.
(Scale bars, 50 μm.) (D) Representative photographs of FISH analyses with the
pan-bacterial probe Eub338 (red) in ileum sections of PPAR-γVillinCre+ mice
under SD feeding, and their littermate control mice PPAR-γVillinCre−mice under
SD feeding. Nuclei stained with DAPI (blue). (Magnification: 100×.) (E) Gene
expression level of PPAR-γVillinCre+ mice mice under SD feeding compared with
PPAR-γVillinCre−mice under SD feeding in the ileum. Results were normalized to
those for the Gapdh gene expression. All values are means ± SEM.
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16S rRNA Gene Sequencing and Analysis. 16S rRNA gene amplification and
library construction was performed according to Illumina recommendation
(web.uri.edu/gsc/files/16s-metagenomic-library-prep-guide-15044223-b.pdf).
Briefly, a first PCR was performed using 4 μL of DNA extracted from
microdissected tissues and 2 μL of DNA from feces or intestinal content using
primers targeting the 16S rRNA gene V3 and V4 regions and as follows:
forward primer 341F 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGC-
CTACGGGNGGCWGCAG-3′ and reverse primer 805R 5′- GTCTCGTGGGCTC-
GGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′, where the
Illumina adapters are indicated in italics. After 25 cycles, PCR products were
purified using AMPure XP beads (Beckman Coulter Genomics) according to
the manufacturer’s recommendations. A second PCR was performed to at-
tach dual indices using the Nextera XT Index kit (Illumina). After eight cycles,
PCR products were purified using AMPure XP beads (Beckman Coulter Ge-
nomics). PCR were also performed using PicoPure extraction buffer alone,
“blank” extraction with the PowerFecal DNA isolation kit or water and used
as controls for 16S rRNA gene sequencing analysis. The size of the libraries
(600 bp) and their quantification were determined by Fragment Analyzer
(Proteigene) using the High Sensitivity NGS Fragment Analysis kit. Purified
amplicons were pooled in equimolar concentration to obtain a 6-pM library
containing 10% of PhiX control. Sequencing was performed on an Illumina
MiSeq instrument using the paired-end 300 bases pair protocol at the
Institut Pasteur.

A total of 84 samples were sequenced including 36 fecal and cecal samples,
30 laser-microdissected samples (duodenum, jejunum, and ileum), 5 PicoPure
buffer controls (LCM buffer), 4 PowerFecal buffer controls (MoBio buffer),
and 9 water samples as no template controls (Water). A total of 8,916,630
read pairs were generated (mean 106,150 read pairs per sample with median
of 50,884). The reads were first demultiplexed according to their dual barcode
by samples and each pair was assembled using FLASH v1.2.11 (82). The FLASH
error-correction feature was used to remove ambiguous base pairs in the
overlapping region of each read pairs (average size of the overlapping re-
gion 120 bp). Primer sequences were then remove (cutadapt 2.6) (journal.
embnet.org/index.php/embnetjournal/article/view/200) and any fragments
containing ambiguous bases N or shorter than 370 were removed (PRINSEQ-
lite 0.20.3) (83). Furthermore, only fragments with a mean Phred quality
score above 28 were kept. A total of 5,344,705 fragments were retained
with an average of 60,052 fragments per sample. Sequences analyses were
performed using QIIME (v1.9.1) (84) as follows: (i) pick_otu.py to cluster
sequences using the UCLUST algorithm (85) into operational taxonomic units
(OTUs) at 97% similarity; (ii) pick_rep_set.py to select a representatives set of
OTUs, including a sequence representative of each OTU, corresponding to
the centroid of the associated cluster; (iii) assigne_taxonomy.py performs
taxonomy assignment for the representative set, using Uclust assignment
method (default parameters) and the Greengenes 13.8 16S rRNA genes se-
quence database (86). To build the phylogenic tree of representative sets,
the multiple-alignment was generated using PyNAST (87) based on default
similarity of 75%. The phylogenic tree was constructed using make_phylogeny.
py with tree_method_default parameter using the FastTree algorithm (88).
The resulting phylogenic tree was further processed to calculate core di-
versity metrics, including β-diversity [based on weighted/unweighted unifrac
metrics (89)] and α-diversity (for different depth of rarefactions) measures.
Moreover we carried out taxonomic group diversity analysis and differential
taxonomy abundance (scripts of Qiime). The intergroup high similarity and
intra group low similarity of microbiota in the contexts of HF diet and SD are
proven by β-diversity, PCoA (Generated By Qiime using unweighted unifrac
metrics) (84, 89). To test for significant differences in taxonomic abundances
we used the nonparametric Kruskal–Wallis test with the false-discovery rate
correction. Differences were considered significant at P < 0.05. The number

of sequences obtained with the controls samples and the microdissected
duodenum and jejunum was not enough to get significant results.

Immunostaining.Unflushed SI Swiss rolls were prepared and tissues were fixed
in 4% (vol/vol) paraformaldehyde for immunofluorescence (IF) staining or in
Carnoy (ethanol/chloroform/acetic acid 60:30:10) for mucus preservation,
dehydrated, and embedded in paraffin according to the standard protocol.
All of the stainings were done on dewaxed 8-μm sections. In IF experiments,
antigen retrieval was performed in citric acid buffer 2 mM pH 6 for 45 min at
96 °C and fluorescence-labeled secondary antibodies were used and nuclei
stained with DAPI. IF assay for mucus phenotype observations was per-
formed with the anti-MUC2 antibody, as described below.

Antibodies. The following primary antibodies were used for IF: anti-MUC2
(1:500; sc-15334, Santa Cruz Biotechnology), anticlaudin-7 (1:100; ab27487
Abcam), anti-CFTR (1:50; NBP1-61572 Novus Biologicals), anti-NKCC1 (1:100;
13884–1-AP Euromedex), anti-Reg3γ (1:50; PA5-25517, ThermoFisher Scien-
tific), and anti–Meprin-β (1:50; MEP1B, MAB28951, R&D Systems).

FISH Assay. Unwashed duodenum, jejunum, and ileum were fixed in Carnoy
and 8-μm sections were cut for FISH using microtome. Procedure used for
FISH experiments are described in ref. 28. The pan-bacteria probe Eub338-
Alexa555 5′-GCTGCCTCCCGTAGGAGT-3′ (90), and the specific SFB 1008-FITC
probe 5′-GCGAGCTTCCCTCATTACAAGG-3′ (91) were used. DNA was stained
with DAPI revealing both eukaryotic and bacterial cells.

Image Acquisition and Analyses. Structured illuminationmicroscopywas used to
observed fluorescent signals and for photography (IX81 Olympus). The intensity
of IF staining were evaluated with the software MacBiophotonics ImageJ.

Tissue-Conductance Measurements. Segments of duodenum, jejunum, and
terminal ileum were mounted in Ussing chambers (Easy Mount Physiologic
Instruments) with an exposed area of 0.2 cm2. The tissues were bathed at
37 °C, pH 7.4 with carbogen-gassed Krebs-Ringer bicarbonate solution (92)
containing 10 mM of glucose and mannitol in the basolateral and mucosal
compartment, respectively. Electrogenic ion transport was monitored as short-
circuit current (Isc) by using an automated voltage clamp apparatus (DVC
1000; WPI) linked through Lab-Trax-4/16 to a PC computer. At steady-state
(30 min), potential difference and Isc were measured and total ionic con-
ductances were calculated according to Ohm’s law. Tissues were then chal-
lenged serosally with 10 μmol/L forskolin and ΔIsc was registered.

Statistical Analysis. Data are reported as means ± SEM. Mann–Whitney test or
one-way ANOVA (Prism 5.0, GraphPad software) were used and significance
was set at *P < 0.05, **P < 0.01, ***P < 0.001.
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82. Magoč T, Salzberg SL (2011) FLASH: Fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27(21):2957–2963.

83. Schmieder R, Edwards R (2011) Quality control and preprocessing of metagenomic
datasets. Bioinformatics 27(6):863–864.

84. Caporaso JG, et al. (2010) QIIME allows analysis of high-throughput community se-
quencing data. Nat Methods 7(5):335–336.

85. Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26(19):2460–2461.

E5942 | www.pnas.org/cgi/doi/10.1073/pnas.1612559113 Tomas et al.

www.pnas.org/cgi/doi/10.1073/pnas.1612559113


86. DeSantis TZ, et al. (2006) Greengenes, a chimera-checked 16S rRNA gene data-
base and workbench compatible with ARB. Appl Environ Microbiol 72(7):
5069–5072.

87. Caporaso JG, et al. (2010) PyNAST: A flexible tool for aligning sequences to a template
alignment. Bioinformatics 26(2):266–267.

88. Price MN, Dehal PS, Arkin AP (2009) FastTree: Computing large minimum evolution
trees with profiles instead of a distance matrix. Mol Biol Evol 26(7):1641–1650.

89. Lozupone C, Knight R (2005) UniFrac: A new phylogenetic method for comparing
microbial communities. Appl Environ Microbiol 71(12):8228–8235.

90. Amann RI, et al. (1990) Combination of 16S rRNA-targeted oligonucleotide probes
with flow cytometry for analyzing mixed microbial populations. Appl Environ
Microbiol 56(56):1919–1925.

91. Snel J, et al. (1995) Comparison of 16S rRNA sequences of segmented filamentous
bacteria isolated from mice, rats, and chickens and proposal of “Candidatus arthro-
mitus”. Int J Syst Bacteriol 45(44):780–782.

92. Ducroc R, et al. (2010) Luminal leptin inhibits L-glutamine transport in rat small in-
testine: Involvement of ASCT2 and B0AT1. Am J Physiol Gastrointest Liver Physiol
299(1):G179–G185.

Tomas et al. PNAS | Published online September 16, 2016 | E5943

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S


