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ABSTRACT

Obesity is a major risk factor for the development of type 2 diabetes and cardiovascular diseases,
and gut microbiota plays a key role in influencing the host energy homeostasis. Moreover, obese
mice have a different gut microbiota composition, associated with an alteration of the intestinal
mucus layer, which represents the interface between the bacteria and the host. We previously
demonstrated that prebiotic treatment with oligofructose (FOS) counteracted the effects of diet-
induced obesity, together with changes in the gut microbiota composition, but it is not known if
the intestinal mucus layer could be involved. In this study, we found that, in addition to preventing
high-fat diet (HFD) induced obesity in mice, the treatment with FOS increased the expression of
numerous genes involved in mucus production, glycosylation and secretion, the expression of both
secreted and transmembrane mucins, and the differentiation and number of goblet cells. These
results were associated with significant changes in the gut microbiota composition, with FOS
significantly increasing the relative and absolute abundance of the bacterial genera Odoribacter,
Akkermansia, two unknown Muribaculaceae and an unknown Ruminococcaceae. Interestingly, all
these bacterial genera had a negative association with metabolic parameters and a positive
association with markers of the mucus layer. Our study shows that FOS treatment is able to prevent
HFD-induced metabolic disorders, at least in part, by acting on all the processes of the mucus
production. These data suggest that targeting the mucus and the gut microbiota by using
prebiotics could help to prevent or mitigate obesity and related disorders.
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Introduction barrier dysfunction.”* Among the components of
the gut barrier, the mucus layer is critical and hence
has raised more attention in recent years. The
mucus layer is the first line of protection of the
gastrointestinal tract and the interface of commu-
nication between the gut microbiota and the host.”
It is produced and secreted by the goblet cells and
mainly composed of specific proteins called
mucins. Mucins are heavily glycosylated proteins
with different glycans, often representing more
than 80% of the mucin mass.” The enzymes respon-
sible for the mucin glycosylation are called glyco-
syltransferases and are specific for each glycan
residue and for precise positions. The mucins are
classified as secreted and transmembrane and the

Overweight, obesity and type 2 diabetes are the
major risk factors for the development of cardio-
vascular diseases. These disorders are among the
top 10 global causes of death. The fundamental
cause of obesity and overweight is an imbalance
between the energy consumed and the energy
expended." However, several other factors are
becoming recognized as influential. Among them,
growing evidences have shown that the gut micro-
biota plays a key role in the regulation of energy
homeostasis.”

It has been observed that during obesity and
metabolic disorders the gut microbiota composi-
tion is different and this is associated with gut
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most important component of the mucus layer is
the secreted mucin 2 (Muc2).

A mutual relationship exists between the intest-
inal mucus and the gut microbiota. For example,
the mucus represents an energy source and an
attachment site for certain bacteria and the latter
are important for the correct mucus formation
and function.” In addition, the gut microbes are
considered the main driver of the mucus changes,
as elegantly observed by Johansson et al.® who
discovered that the colonic mucus layer of germ-
free mice was penetrable to bacteria-sized beads,
together with a lower abundance of Muc2 and
altered levels of glycosyltransferases, compared
to conventionally raised mice. Another study
showed that the administration of two types of
emulsifiers increased the penetrability and
reduced the thickness of the mucus layer, together
with the onset of obesity and metabolic disorders
and, remarkably, all these effects were lost in
germ-free mice.”

Obesity and metabolic disorders induced by the
administration of specific diets in animal models,
such as high-fat diet (HFD), western-style diet
(WSD), or low-fiber diet, are characterized by an
alteration of the gut microbiota composition and
a reduced thickness and an increased penetrability
of the intestinal mucus layer.* ' Recently, an
increased mucus penetrability has been observed
in a cohort of type 2 diabetic patients.'" Although
these observations and findings have led the
mucus layer to gain more attention in recent
years, still little is known about its composition,
the level of glycosyltransferases and the role of
transmembrane mucins in this context. In addi-
tion, the whole process of mucus production -
starting from the goblet cells, until the final secre-
tion — has never been investigated and linked to
the gut microbiota.

Therefore, in this study, we set out to understand
how the communication with the gut microbiota
might affect all the development process of the
mucus layer in the context of obesity and metabolic
disorders. To do so, we used fructooligosaccharides
(FOS), also referred to as oligofructose, a widely
studied prebiotic, in both animal models and
humans, and known to improve the host metabo-
lism (glucose, lipid and energy metabolism) by
changing the gut microbiota composition.'*”**

Moreover, in addition to that, FOS has also been
linked with the improvement of the gut barrier
function, cardiovascular health, mineral absorp-
tion, cancer, inflammation, colitis and immune
system. 8252

The key mechanisms behind the beneficial effects
of this prebiotic have not been fully elucidated yet
and so far, no studies have investigated the role of
the mucus layer in the improvement of metabolic
disorders. Thus, we hypothesized that the still
unexplored mucus layer could be one of the actors
involved. Therefore, we explored the expression of
35 markers involved in gut barrier function, goblet
cell differentiation, mucus production, secreted and
transmembrane mucins, mucus glycosylation and
secretion in all the intestinal segments (jejunum,
ileum, cecum and colon) in diet-induced obesity in
mice treated or not with FOS. In addition, we
investigated the gut microbiota composition,
through both relative and absolute quantification,
and searched for associations between bacterial
genera and metabolic, gut barrier and mucus
parameters.

Results

FOS supplementation prevents diet-induced obesity
and glucose intolerance

As previously observed in several
studies,'>'*'**%*! we confirm that the supplemen-
tation with 10% of FOS significantly counteracted
the increase in body weight and fat mass, compared
to the mice fed only with HFD (Figure la-d),
despite no differences in cumulative food intake
and lean mass (Supplementary Fig. Sla-c).
Importantly, FOS strongly counteracted the
increase in body weight and fat mass, considering
that they were not significantly different from the
control group at the end of the 6 weeks of treatment
(Figure 1b,d). The lower fat mass was explained by
the significantly lower adipose tissue weights, in
particular the subcutaneous and the epidydimal
adipose tissues (Figure 1e). In addition, supplemen-
tation with FOS significantly counteracted the
HFD-diet induced type 2 diabetes, as observed by
the lower plasma glucose levels during the oral
glucose tolerance test (OGTT) (Figure 1f, 1). This
result was also associated with significantly lower
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Figure 1. Oligofructose supplementation prevents diet-induced obesity and glucose intolerance. (a) Body weight gain evolution and (c)
fat mass gain evolution in grams during 6 weeks of treatment; (b) Final body weight gain and (d) final fat mass gain in grams after
6 weeks of treatment. (e) Adipose tissue weights of subcutaneous (SAT), epididymal (EAT), visceral (VAT) and brown (BAT) adipose
tissue in grams after 6 weeks of treatment (n = 10-12/group). (f) Plasma glucose (mg dL™") profile before and after 2 g/kg glucose oral
challenge measured during the oral glucose tolerance test (OGTT) and (g) the mean area under the curve (AUC) (mg dL™' min™") (n =
10-12/group). (h) Plasma insulin (ug L™") measured 30 minutes before and 15 minutes after the glucose administration during the
OGTT. (i) Insulin resistance index determined by multiplying the area under the curve (from —30 to 15 min) of blood glucose and
plasma insulin obtained during the OGTT (n = 8-9/group). Data are means + s.e.m. Data with different subscript letters are significantly
different (P < 0.05), according to one-way ANOVA followed by Tukey post hoc test for b,d,e,g—i and according to two-way ANOVA

followed by Bonferroni post hoc test for a,cf.

fasting insulin levels and insulin resistance index
(Figure 1h,).

FOS treatment increases the proliferation of
intestinal cells and the expression of markers
involved in the gut barrier function

Supplementation with FOS
a significant enlargement of the cecum, with
whole tissue weights increasing by 118% and
143% compared to CT and HFD, respectively
(Figure 2a,). After removing the cecal content
and weighing the remaining tissue, we observed
a significant increase by 180% compared to
HFD and 133% compared to the CT group
(Figure 2b). The cecal content, reflecting gut
microbiota fermentation, increased by 115%
and 134% compared to CT and HFD, respec-
tively (Figure 2c). In addition to stimulating

induced

the cell proliferation in the cecum, FOS had
a similar effect in the jejunum, where we
observed a significant increase in the length
by 20% compared to HFD and 17% compared
to CT group (Figure 2e).

FOS supplementation has previously been
linked with increased expression of some mar-
kers involved in the gut barrier function (e.g.,
antimicrobial peptides and intestinal epithelial
cell turnover).'>!3393233 We observed that the
treatment with FOS significantly increased the
expression of the antimicrobial peptides lyso-
zyme 1 (Lyzl) in the ileum and cecum, regen-
erating islet-derived protein 3-gamma (Reg3g)
in all the intestinal segments and phospholi-
pase A2 group Ila (Pla2g2a) in the ileum,
cecum and colon (Figure 2f,g,). Intectin, a key
protein involved in the intestinal epithelial cell
turnover, did not change significantly after FOS
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Figure 2. Oligofructose increases microbiota fermentation, intestinal cell proliferation and markers of the gut barrier. (a) Full cecum, (b)
empty cecum and (c) cecal content weight in grams after 6 weeks of treatment. (d) Representative images of the cecum taken
immediately after sacrificing the mice. (e) Jejunum length in centimeters. (f-k) mRNA relative expression of markers of the gut barrier
function measured in the jejunum, ileum, cecum and colon: antimicrobial peptides (f) Lysozyme C (Lyz1), (g) Regenerating islet-derived
3-gamma (Reg3g), (h) Phospholipase A2 group Il (Pla2g2); (i) Intectin; (j) Trefoil factor 3 (Tff3); (k) Proglucagon. Data are means + s.e.m.
(n =9-12/group). Data were analyzed using one-way ANOVA followed by Tukey post hoc test. Data with different subscript letters are
significantly different (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

supplementation, except for a decrease in the
jejunum (Figure 2i). Evaluation of trefoil factor
3 (Tff3) expression, a marker of maintenance
and repair of the intestinal mucosa, revealed an
increase in both HFD and FOS groups
(Figure 2j). The expression of proglucagon, pre-
cursor of two important gastrointestinal pep-
tides, glucagon-like peptide 1 (GLP-1) and
glucagon-like peptide 2 (GLP-2), was found to
be significantly increased by FOS supplementa-
tion in the cecum and in the proximal colon
(Figure 2k), suggesting a higher production of
GLP-1 and GLP-2, as previously
shown.'»!®19:3932 Tndeed, we also confirmed
the significant increased levels of plasma GLP-
1 in this study (Supplementary Fig. 3a). More

specifically, GLP-1 is involved in the improve-
ment of the energy and glucose metabolism,'”
while GLP-2 has been shown to enhance the
intestinal epithelial cell proliferation and to
reduce the gut permeability."®

FOS increases the differentiation and number of
goblet cells, the expression of markers involved in
mucus production and the expression of secreted
and transmembrane mucins

To investigate whether FOS could affect the different
steps of mucus production, we measured several mar-
kers linked to the goblet cells that produce and secrete
the intestinal mucus layer. We found that the treat-
ment with FOS modified the mRNA expression of the



transcriptional factors involved in the differentiation
of these cells. Among them, we observed a significant
increase in the colon of markers that direct the intest-
inal progenitor cells toward the secretory cells (i.e.,
atonal bHLH transcription factor 1 (Mathl) and
SAM pointed domain containing ETS transcription
factor (Spdef)) (Figure 3a,b), while markers involved
in the terminal differentiation of the secretory cells
toward the goblet cells (i.e., E74-like ETS transcription
factor 3 (EIf3) and kruppel-like factor 4 (KIf4)) were
significantly increased in the cecum and colon, respec-
tively (Figure 3c,d).

The increased expression of these transcrip-
tional factors allowed us to hypothesize that the
number of goblet cells would also be increased.
To verify this, we measured the proportion of
the blue area (mucins inside the goblet cells) to
the total area within the intestinal mucosa and
we found a significant increase by 18% in the
percentage of blue area in the group supplemen-
ted with FOS compared to the HFD
(Figure 3f,g).

We next explored whether the increased gob-
let cell number induced by FOS was associated
with an increased production of secreted
mucins, forming a protective intestinal mucus
layer. We found that the supplementation with
FOS was able to significantly increase the
expression of the main component of the
mucus layer, the secreted mucin 2 (Muc2), and
the anterior gradient 2 (Agr2), which is required
for the post-transcriptional synthesis and secre-
tion of Muc2 in the colon (Figure 3h,i).**
However, when doing colonic staining in the
mucosal area with Muc2 antibody, no significant
differences were found among the groups
(Supplementary Fig. 4a).

Other important members of the mucus layer
are the transmembrane mucins that protect the
intestinal surface and transmit signals inside the
cells.”> Therefore, we measured the mRNA
expression of some of them and observed that
the supplementation with FOS increased signifi-
cantly the expression of Mucl in the jejunum
and cecum, Muc3 only in the cecum, and both
Muc4 and Mucl3 in the jejunum, cecum and
colon (Figure 3j-m). However, Mucl3 staining
in the colon did not show significant differences
among the groups (Supplementary Fig. 4b).

GUT MICROBES (&) e2152307-5

FOS increases the expression of glycosyltransferases
involved in mucin glycosylation

In addition to the markers linked to goblet cells and
mucins production, we investigated the expression
of some glycosyltransferases. These are the enzymes
responsible for the addition of several glycans to the
protein core of the mucins thereby directly influen-
cing the composition of the mucus layer.**° There
are many types of glycosyltransferases, and each of
them is specific for the addition of a single type of
glycan in a precise position. By measuring the
expression of glycosyltransferases involved in the
elongation and branching process, we observed that
the treatment with FOS significantly increased the
N-acetylglucosaminyltransferases Gcntl in the
cecum, Gent4 in the cecum and colon and B3gnt6
in the colon, when compared to HFD and CT
group (Figure 4a-c). The galactosyltransferases
Clgalt]l and its chaperone Clgalticl significantly
increased in the cecum and colon (Figure 4d,e). The
treatment with FOS also influenced the expression
of the glycosyltransferases involved in the termina-
tion of the glycan chain. Indeed, we observed
a significant increase of the fucosyltransferases
Futl and Fut2 in the jejunum, ileum and colon
and Fut8 only in the cecum and colon (Figure 4f-
h). Finally, we observed a significant increase of the
sialyltransferases St3gall and St3gal3 in the colon
and a significant decrease of St3gal4 and St6galnac2
in the cecum (Figure 4i-m).

FOS increases markers of mucus secretion

After being synthesized and glycosylated in the goblet
cells, Muc2 is packed inside the secretory vesicles that
are then excreted by exocytosis, forming the protec-
tive mucus layer. Among the proteins involved in this
process, we found a significant increase in expression
of the bactericidal protein resistin-like beta (Retnlb),
in the jejunum and ileum and an increase in the
autophagic protein Atg5 in the cecum and colon and
Atg7 only in the colon. We also measured the expres-
sion of the NOD-like receptor family pyrin domain
containing 6 (NIrp6), which promote autophagy-
dependent mucus secretion from goblet cells,””*
and we found a significant increase in the cecum
(Figure 5a-d). Finally, Fc gamma-binding protein
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Figure 3. Oligofructose increases goblet cells differentiation and number and markers of mucins production. (a-€) mRNA relative expression of
transcriptional factors involved in the goblet cells differentiation, in the jejunum, ileum, cecum and colon: atonal bHLH transcription factor 1
(Math1), SAM pointed domain containing ETS transcription factor (Spdef), E74-like ETS transcription factor 3 (EIf3), kruppel-like factor 4 (KIf4),
hes family bHLH transcription factor 1 (Hes7) (n = 8-12/group). (f,g) Percentage of blue area on the total mucosal area in the proximal colon and
representative images for each group (n = 9-11/group). (h-m) mRNA relative expression of markers involved in mucin production, in the
jejunum, ileum, cecum and colon: (h) anterior gradient 2 (Agr2), (i) mucin 2 (Muc2), (j-m) mucin 1/3/4/13 (MucT, Muc3, Muc4, Muc13) (n =8-12/
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**¥*P < 0.0001.



GUT MICROBES (&) e2152307-7

(a) (b) (c)
5- 4.5+ . 4.0+ -
— 404 » . . 35
4 § 3.5
T . T T 301
] 2 3.0+ = .
3 Tg 25 . E; Es L, . i
-0 & o) > & ) o= i Lo ~
5e L 9 + Egz.o- 5 o G 8 @ & Se 5 o e
3% T, .o 88 qolofion = L3 2 15
3 i @ o ], . s BT -
EREE ij i - 2 = o | I =105
B . - AT [ 23 o] 18] [ :
A G AN AT AL ] -
0 T = T T 0.0 T e T T 0.0 T T T
JEJUNUM ILEUM  CECUM  COLON JEJUNUM  ILEUM  CECUM  COLON JEJUNUM  ILEUM  CECUM
(d) (e) (f)
3.09 3.0 6 orx
2.5 - 2.5 . 59
= 2 b €
O A " Se A S 4H — 0
S5 20 . 25 20 ; <z
zg o £8 L g2
3 3 : & =g ] W £ 8 3
S5 159 . B e oo RS EE | . s3
30 : s 1 Eo . : o g g
TE 10 o 1 B . $2 ol 4 T5 o [ o &g
S 1.0 = 3 63 1 & ° 3 8 T i
2 o © HET® e i % o
= B = G [5 s ol I
" ™ F N ﬂf ﬂ ... . ﬁ j i
0.0 T T T T 0.0 T T 0 T T T
JEJUNUM  ILEUM  CECUM  COLON JEJUNUM  ILEUM JEJUNUM  ILEUM  CECUM
(e) (h) (i)
14 2.5+ 2.0
124 =t b
104 204 . o
£ g —= = g e = 1.5 g
S . s <8 =
I3 - — . 0 .
s4 S8 15 5 3 g8 :
X5 44 x5 Hi £g %
g X H g X o q] - X
~% 24 I .o . o ® . N T 9
o = So < 3 S o
L ‘ 52 104 8 82
£ 1 s 5 - Ed g : K] fline 58
g N : s - g
= 1047 - ‘ 3 SNEE e [ = =
A bed T, A5 [e R 0.5
05| |.% ‘ il HIe|F ﬂ
0.0 T T T T 0.0 T T T 0.0 T T T T
JEJUNUM ILEUM CECUM COLON JEJUNUM ILEUM CECUM COLON JEJUNUM ILEUM CECUM COLON
[0} (k)
4 — 2.0+
= 34 .
c 3 B
2 ]
LY Y
xo X o
Eg . €5
o X 24 o 5 L - X
® g " 59
22 : P g2
23] Aoaen O Il 2
g, -y s E
ND i H oo ND 2 &
F
0 T

T T T T T T T
JEJUNUM ILEUM CECUM COLON JEJUNUM ILEUM CECUM COLON

D CT
| m
0 (m) 3 HFD
2.0 2.5+ 1 HFD+FOS
2.0
5" s s3
27 ) : &%
xo o § EQ 154 5 s
Eg T N g o
e3 T 83 o o
%o 29 . i
2 3 2 1095 !
7S 8 il 0
e ] I
0.5
0.0 0.0

T T T T T T T T
JEJUNUM ILEUM CECUM COLON JEJUNUM ILEUM CECUM COLON

Figure 4. Oligofructose increases the expression of glycosyltransferases involved in mucin glycosylation. mRNA relative expression of
glycosyltransferases in the jejunum, ileum, cecum and colon: (a) glucosaminyl (N-acetyl) transferase 1 (Gent1), (b) glucosaminyl (N-acetyl)
transferase 4 (Gent4), () UDP-GIcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 6 (B3gnt6), (d) core 1 synthase, glycoprotein-
N-acetylgalactosamine 3-beta-galactosyltransferase 1 (C7gait1), (€) C1GALT1 specific chaperone 1 (CTgaltic1), (f-h) fucosyltransferase 1/2/8
(Futl, Fut2, Fut8), (i-) ST3 beta-galactoside alpha-2,3-sialyltransferase 1/3/4/6 (St3gall, St3gal3, St4gal4, St3gal6), (m) ST6
N-acetylgalactosaminide alpha-2,6-sialyltransferase 2 (St6galnac2). Data are means * s.e.m. (n = 7-12/group). Data were analyzed using one-
way ANOVA followed by Tukey post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ND = Not Detectable.
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Figure 5. Oligofructose increases markers of mucus secretion. (a-e) mRNA relative expression of markers involved in the secretion of
the mucus layer: (a) resistin-like beta (Retnlb), (b,c) autophagy protein 5/7 (Atg5, Atg7), (d) NOD-like receptor family pyrin domain
containing 6 (Nirp6), (e) Fc gamma binding protein (Fcgbp). (f) Weight of the mucus in the colon in milligrams after scraping (n = 9-12/
group). (g) Mucus thickness measured in micrometer in the proximal colon by ImageJ and (h) representative images for each group (n
= 6-8/group). Data are means =+ s.e.m. Data were analyzed using one-way ANOVA followed by Tukey post hoc test. Data with different
subscript letters are significantly different (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

(Fcgbp), involved in the stabilization of the Muc2
mucin networks of the inner firm mucus layer,”>*’
was not different between the groups (Figure 5e). All
the data from the mRNA expression described in the
colon are schematized in Figure 6.

To further investigate the effects of FOS on
mucus secretion, we weighted the collected mucus
and measured the mucus thickness by histological
analysis. We observed that FOS treatment signifi-
cantly increased the weight of the mucus collected
in the colon by 53% compared to the CT group and
by 86% compared to the HFD group (Figure 5f),

while HFD alone caused a reduction by 18% com-
pared to the CT group, but without reaching sig-
nificance. Finally, the colonic mucus thickness was
similar between groups (Figure 5g,h).

Dietary treatments influence the gut microbiota
composition in the feces and in the cecum

The mucus function and composition are pro-
foundly affected by the gut microbiota, which in
turn is strongly modulated by the dietary

9,19,33,36,41-44
components,*?!%2%3¢ Therefore, we
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investigated the gut microbiota composition in the
feces, before and at the end of the treatment, and in
the cecum, at the end of the treatment. While most
of the previous studies investigated the effects of
FOS only on the relative abundance of the gut
microbes, in the present study we chose to measure
both the relative and the absolute abundance.

From the analysis of the beta-diversity, we
observed that the gut microbiota of the mice was
similar before starting the treatment (Figure 7a),
while there was a significant clustering according
to the diets at the end of the treatment, both in the
feces and in the cecum (Figure 7b,c). The diets
explained indeed the 20% and 40% of the micro-
biota variation in the feces and cecum, respectively,
with the HFD+FOS group distinctly different from
the CT and HFD ones. Moreover, we observed that
the gut microbiota composition was significantly
different between the fecal and cecal samples, but
only for the CT and HFD+FOS group
(Figure 2a—c).

Similar to previous studies,” the abundance of
Cyanobacteria, Bacteroidetes and Verrucomicrobia
was significantly decreased upon HFD, and the
abundance of Firmicutes increased compared to

the CT group (Supplementary Fig. 2 d-f).
Interestingly, adding FOS to the HFD had an oppo-
site effect, increasing Bacteroidetes, Cyanobacteria
and Verrucomicrobia and decreasing the
Firmicutes and Proteobacteria (Supplementary
Fig. S2 d-f). For more details see Supplementary
Table 2. Looking at the predominant genera in each
group, we observed that the CT and HFD groups
were predominated by Parasutterella, while the
HFD+FOS group was predominated by the
unknown Muribaculaceae 2 (Figure 7d- and
Supplementary Tables S3).

To simplify the discussion of the results obtained
from statistical analysis, we present below only the
bacterial genera that have a relative abundance >1%
and that significantly changed in the same direction
both in the feces and in the cecum, and both in
relative and absolute abundance (FDR-p < 0.05);
while the full results are detailed in the
Supplementary Tables 3. Starting from a group
fed only with the HFD, we observed a significantly
lower abundance of Parabacteroides, two unknown

members  of  Muribaculaceae (unknown
Muribaculaceae 1 and 2) and a significantly higher
abundance of unknown Ruminococcaceae,
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Figure 7. Oligofructose induces changes in the fecal and cecal gut microbiota composition. (a-c) Principal coordinates analysis (PCoA)
plot of the gut microbiota based on Bray-Curtis distances in (a,b) feces (before and at the end of the treatment) and in (c) the cecum,
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Figure 8. Associations between gut bacterial genera and variables of metabolism, gut barrier and mucus layer. (a,b) Heat map
displaying the most significant and numerous baseline associations between gut bacterial genera (absolute abundance in the feces at
the end of the treatment) and variables of metabolism, gut barrier, goblet cells and mucus production, glycosylation and secretion (in
the colon) (n = 10-12/group). (a) Heat map created considering all the samples from all the groups (CT, HFD and HFD+FOS) (n = 10—
12/group). (b) Heat map created considering only the samples from the group HFD+FOS (n = 10). Statistically significant FDR-adjusted
p-values are noted with asterisks (*P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.0001).

compared to the CT group. The addition of FOS to
the HFD changed the abundance of many genera.
In particular, the HFD+FOS group had signifi-
cantly higher abundance of Odoribacter, two
unknown members of Muribaculaceae (unknown
Muribaculaceae 1 and 2) and unknown member of
Ruminococcaceae and significantly lower abun-

dance of Oscillibacter, Ruminiclostridium,

Ruminiclostridium 5, Ruminococcaceae NK4A214
group and Parasutterella, compared both to CT
and HFD group. As previously reported,>'**> we
observed that the supplementation with FOS
increased the abundance of Akkermansia, both in
the feces and in the cecum. However, the relative
abundance significantly increased with respect to
both CT and HFD groups, while the absolute
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abundance significantly increased only compared
to the HFD group. Among the low abundant taxa
(<1%), the FOS treatment significantly affected the
Lactobacillus genus. As shown in previous
studies,"®'”** we also observed that the treatment
with HFD significantly decreased its levels, both in
terms of relative and absolute abundance, but only
in the feces, while the addition of FOS to the HFD
significantly increased its levels, both in relative and
absolute abundance, and both in the feces and in
the cecum.

Finally, even if in most of the cases the abundance
of the affected bacterial genera changed significantly
in the same direction in the feces and cecum (with
differences in terms of amount), some genera sig-
nificantly changed only in one of the two gut seg-
ments. For example, Enterorhabdus, Prevotellaceae
UCG 001 and Lachnospiraceae FCS020 group sig-
nificantly changed only in the feces, while
Ruminococcaceae UCG 005 and Faecalibaculum sig-
nificantly changed only in the cecum
(Supplementary Tables 3). This suggests that there
are differences in the effects induced by the FOS
fermentation on the gut microbiota composition in
the two distinct intestinal compartments.

Associations between bacterial genera and
variables of metabolism, gut barrier and mucus
layer

We next investigated whether the absolute abun-
dance estimates of specific bacterial genera were
associated with the effects observed on metabolic
parameters, gut barrier and mucus layer.
Interestingly, we found numerous associations, as
shown in the heat map (Figure 8a and
Supplementary Tables 4). For the graphical repre-
sentation, we selected only the genera that signifi-
cantly changed due to the treatment with FOS
(compared to the HFD) and only the ones for
which we found the most significant and numerous
associations with markers of the mucus layer.
Among the bacterial genera that significantly
increased in the group supplemented with FOS, we
found that Akkermansia, Odoribacter, Alloprevotella,
Roseburia, two unknown members of Muribaculaceae
(unknown Muribaculaceae 1 and 2) and unknown
Ruminococcaceae were all significantly and positively
associated with many markers of the gut barrier

function, goblet cells, secreted and transmembrane
mucins, mucus production, glycosylation and secre-
tion. Interestingly, we found that they were at the same
time negatively associated with markers involved in
metabolism (i.e., body weight, fat mass, glucose meta-
bolism), except for the unknown Ruminococcaceae.
Conversely, among the genera that significantly
decreased due to the supplementation with FOS, we
observed that Ruminiclostridium, Eubacterium xyla-
nophilum group and Harryflintia were positively asso-
ciated with some markers involved in the metabolism
and negatively associated with some markers of the
gut Dbarrier and mucus function, while
Lachnospiraceae  GCA-900066575, Oscillibacter,
Ruminococcaceae NK4A214 group, Ruminococcaceae
UCG 010 and Christensenellaceae R7 group were only
negatively associated with some markers of the gut
barrier and mucus function.

Figure 8b depicts the associations when considering
only the group supplemented with FOS
(Supplementary Tables 4). Interestingly, we found
that the genus Akkermansia and Rikenellaceae RC9
gut group were significantly and positively associated
with almost all the markers involved in the mucus
production, glycosylation and secretion. In particular,
for the Rikenellaceae RC9 gut group it was also nega-
tively associated with most of the markers of the
metabolism.

Finally, when considering the strongest associa-
tions found and the bacterial genera, we observed
that when comparing HFD+FOS to HFD group,
there was a significantly higher abundance (fold
change) of Roseburia (955-fold), Akkermansia (64-
fold), unknown Muribaculaceae 2 (36-fold),
Odoribacter (34-fold), Alloprevotella (25-fold) and
Rikenellaceae RC9 gut group (4-fold) in the FOS
group (absolute abundance in the feces at the end of
the experiment; Supplementary Tables 3).

These data suggest that these bacterial genera may
be linked to the prevention of diet-induced obesity, as
well as in the modulation of the markers of the gut
barrier and mucus production, glycosylation and
secretion, induced by the FOS treatment.

Discussion

In this study, we found that treatment with the
prebiotic FOS counteracted the effects of diet-



induced obesity and uncovered that these effects
were linked with significant changes in the intest-
inal mucus layer production, glycosylation and
secretion. Previous studies have already demon-
strated that FOS improves the gut barrier func-
tion, increasing the tight junction proteins, the
production of IL-22 and reducing the gut perme-
ability in obese/diabetic mice, by a mechanism
linked with higher GLP-2 secretion, which is the
product of proglucagon, also increased in our
study.'®** However, to our knowledge, this is the
first time in which several mucus markers have
been investigated in different intestinal compart-
ments and linked to changes in the gut microbiota
and protective effects against diet-induced obesity.

By first investigating the goblet cells, we found
that treatment with FOS not only increased their
number in the colon but also significantly increased
the expression of the transcriptional factors involved
in their differentiation. Apart from one study that
explored the effect of FOS in rats fed a normal diet
and showed an increased number of goblet cells,*®
no additional data is available in the current litera-
ture. We discovered that the increased number of
goblet cells in the colon was accompanied by an
increased expression of markers involved in mucus
production, like the main component Muc2.
Contrarily to what was observed by others,"” > we
did not find significant difference in the goblet cell
number and Muc2 expression between CT and HFD
groups. One possible explanation could be the dif-
ferent animal model used (rat vs mouse) and the
different length of the experiment (11, 12, 15 and
22 weeks). However, we did not find significant
differences among groups for Muc2 staining in the
mucosal area (Supplementary Fig. 4a). Also, we
observed that the group supplemented with FOS
had much higher variability than the other two
groups and had more Muc2 in the luminal part.
This could suggest that, probably, more mucus was
secreted in the gut. Hence, we think that analyzing
the whole Muc2 turnover could give more accurate
information.

Rather than focusing only on the most explored
secreted Muc2, we went further and discovered that
supplementing FOS to the HFD induced the
expression of some transmembrane mucins in the
different intestinal compartments. Several studies
have shown that the expression of the
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transmembrane mucins is altered in colorectal can-
cer and ulcerative colitis,*”*' > and one study
reported that dietary pea fiber supplementation
improved glycemia together with the increased
expression of Mucl and Muc4 in ileal epithelium.>*
We next examined markers involved in mucin
glycosylation that have been shown to be altered
by dietary factors.”> > In particular, we focused
on the glycosyltransferases that are suggested to
correlate with the Muc2 glycosylation.”®
Surprisingly, we discovered that the supplementa-
tion with FOS significantly modulated the expres-
sion of many glycosyltransferases in the jejunum,
ileum, cecum and colon. Specifically, FOS exerted
the strongest effects in the colon, where it induced
the expression of 9 glycosyltransferases out of 13.
However, we observed only weak differences
between the CT and HFD groups. This result is
in accordance with a recent study that analyzed
the colonic mucin O-glycosylation profile using
modern glycomic techniques.” It showed that
the mucin glycosylation was strikingly similar
between the CT and HFD groups, while the stron-
gest changes were induced by the two different
dietary fibers supplemented with the HFD. These
corroborate also our findings that dietary fibers
have a greater impact on the mucin glycosylation
than dietary fat content itself. Our study repre-
sents the first evidence in literature showing that
the prebiotic-induced prevention of diet-induced
obesity is accompanied by many changes in the
glycosyltransferases profile, which are in turn
directly linked to the mucin glycosylation.
Indeed, while there are many evidences showing
that the expression of some glycosyltransferases is
altered in colorectal cancer, colitis and
inflammation,’®"®> there are no other studies
investigating their role in the context of obesity
or dietary treatments, with the only exception for
fucosyltransferases 2 (Fut2). More specifically, one
study reported that Fut2-deficient mice were pro-
tected from western diet-induced obesity and
steatohepatitis, and another showed that Fut2
mutation leads to liver disease.®*® Interestingly,
in our study, we found a significant increase in
Fut2 expression in the jejunum, ileum and colon,
only in the group supplemented with FOS, sug-
gesting that it could indeed be associated with the
protection against diet-induced obesity.
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Finally, in addition to having an impact on
mucus production and glycosylation, we found
that the treatment with FOS also increased the
mucus secretion, as observed by the largest quantity
of mucus collected in the colon and the increased
expression of the autophagic proteins required for
the efficient mucus secretion. However, the quan-
tity of the collected mucus could probably be influ-
enced by other environmental factors, whereas we
did not find any difference in the mucus thickness
among the groups. This result is in contrast with
some previous studies using HFD,**® for which
however, the length of the experiment was different
from ours (4 and 12 weeks). In addition, our results
are similar to the ones obtained in recent studies
after 8 weeks of WSD feeding and comparing ob/ob
to lean mice.”®” They indeed observed no change in
the mucus thickness but an increased mucus
penetrability and a reduced mucus growth, which
could be a better indicator of the total mucus turn-
over, representing a combination of the mucus
secretion and proteolytic processes.®”*®

One of the questions we could raise could be as
follows: how could we prevent diet-induced obesity
by acting on the mucus layer? The answer resides in
evidence showing that during HFD/WSD feeding
and obesity/metabolic disorders, the mucus layer is
altered (increased penetrability, reduced thickness,
etc.) and this allows the bacteria to come closer to
the intestinal epithelial cells and induce
inflammation.>”*'%% This, in turn, is associated
with epithelial damage and increased intestinal
penetrability that allow bacterial components
(such as LPS), to diftfuse into the systemic circula-
tion and induce metabolic endotoxemia. The
increased levels of LPS have then been associated
with the onset of obesity and metabolic disorders,
through the increase of fasted glycemia and insuli-
nemia, body and fat weight gain, adipose tissue
inflammation and others.”® For that reason, by
preventing mucus layer alterations, it could be
likely possible to protect against the development
of obesity and metabolic disorders.

The dose of 10% FOS in drinking water was
used and validated in many studies as the effec-
tive dose needed to induce specific changes of the
gut microbiota composition and eliciting meta-
bolic effects.>'>'®'**>"1 However, if we would
like to translate these effects to humans, we

should use 15-20 g of FOS per day, taking into
consideration the fermentation capacity and tol-
erance of humans.'**"”*””> We do not know yet
the exact mechanisms by which FOS induced
these changes in the mucus layer, if they were
mediated exclusively by the gut microbiota or if
they could have been induced even by FOS alone.
From previous studies, we know that FOS pro-
moted for example the differentiation of cell pre-
cursors (stem cells) into mature L-cells®>* and that
inulin and oligofructose can modulate the
immune system, which is in turn able to affect
the mucus layer through the production of cyto-
kines and inflammatory markers.””*”” For exam-
ple, in animal studies inulin and oligofructose
activated immune cells in Peyer’s patches includ-
ing IL-10 production and natural killer (NK) cell
cytotoxicity and ex vivo culture of immune cells
of oligofructose-fed mice resulted in increased
concentrations of total IL-10.”” In addition to
that, dietary supplementation with fermentable
inulin restored IL-22 production in mice fed
a high-fat diet, protecting against metabolic syn-
drome, low-grade inflammation, microbiota
encroachment and loss of enterocyte
proliferation.*> In our study, we found a trend
toward higher plasmatic levels of IL-10 and IL-22
in the mice supplemented with FOS, which could
be potentially involved in the changes observed in
the mucus layer (Supplementary Fig. 3b,c).
However, intestinal cell culture or germ-free
mice could be a useful model to better under-
stand the mechanism by which FOS impacts on
the mucus layer.

Nevertheless, the treatment with FOS is well
recognized to induce significant modifications of
the gut microbiota compositions,'*> and it is well
known that the gut microbes represent the main
modulator of the intestinal mucus layer.>”*¢
Therefore, it is likely that the major changes
observed in this study are driven by the bacteria.
Indeed, one study showed that two mice colonies
housed in different rooms of the same animal facil-
ity had different gut microbiota and mucus
phenotype.*' The changes we observed in our
study could be induced by the gut microbiota, for
example, through bacterial components or
metabolites.” In our previous studies, we observed
that FOS increased the production of SCFAs, which



have been shown to stimulate the mucus
production.’>?””® In addition, one recent review
highlights the ability of bacterial metabolites to
induce epigenetic modification, changing the gene
expression signatures, which could explain several
changes we observed in our study.”

Previous studies using FOS have focused only on
the relative abundance of microbes and on the cecal
content, while here we analyzed both cecal and fecal
samples in both relative and absolute abundance.
As relative data are compositional in nature, they
can lead to misinterpretations of treatment effects
in microbial community, as when the share of one
taxon increases, other(s) will decrease, respectively.
While quantitative PCR integrated with next-
generation sequencing has been shown to give
a more accurate estimation of the absolute taxon
abundances, which is essential to better understand
the dynamics and interactions of the gut
microbiome.*

In this study, we found that among the condi-
tions, FOS had the strongest effect in changing the
gut microbiota composition and for some genera
we found differences between the results obtained
absolute quantification.
Moreover, we also found significant differences
between the fecal and cecal samples, which could
explain the diverse outcomes obtained in the mucus
markers in the cecum compared to those in the
colon. Nevertheless, they shared the major changes
in the bacterial genera. For example, we found that
the group supplemented with FOS had significantly
higher abundance of Odoribacter, Akkermansia,
Lactobacillus, unknown Ruminococcaceae, two
unknown Muribaculaceae (unknown
Muribaculaceae 1 and 2) and significantly lower
abundance of Oscillibacter, Ruminiclostridium,
Ruminiclostridium 5, Ruminococcaceae NK4A214
group and Parasutterella, in both fecal and cecal
samples and considering both relative and absolute
abundances.

To determine the possible interaction between
the observed bacterial genus changes and the
results obtained from the measurements of meta-
bolic, gut barrier and mucus layer parameters, we
searched for associations. We discovered that
Akkermansia, Roseburia, unknown
Ruminococcaceae and several members of the
order Bacteroidales i.e., Odoribacter, Alloprevotella

via relative versus
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and two unknown Muribaculaceae (unknown
Muribaculaceae 1 and 2), were all significantly and
positively associated with many markers of the
mucus layer and, at the same time, negatively asso-
ciated with metabolic parameters. In contrast, we
observed that Ruminiclostridium, Harryflintia and
Eubacterium xylanophilum group, all belonging to
Firmicutes within the order Clostridiales, were
positively associated with metabolic parameters
and negatively associated with markers of the gut
barrier and mucus layer. Interestingly, when con-
sidering only the group supplemented with FOS,
we found that Akkermansia and the Rikenellaceae
RC9 gut group were significantly and positively
associated with almost all the markers involved in
the mucus production, glycosylation and secretion.
Considering that the genera negatively associated
with metabolic parameters were, at the same time,
positively associated with markers of the mucus
layer, and vice versa, we suggest that the interaction
between the intestinal mucus and the gut micro-
biota could be an important target to further
explore for the prevention of diet-induced obesity.

At this stage of our knowledge, we are not yet
able to explain how all these genera interact with
the mucus layer and prevent diet-induced obesity,
however some indications can be found in the
current literature. For example, we found that the
most abundant genus in the group supplemented
with FOS was the unknown Muribaculaceae 2, both
in relative and absolute abundance, which is an
abundant but poorly characterized member of the
mouse gut microbiota. Muribaculaceae family, pre-
viously named as $24-7, was found to be lower in
WSD-fed and ob/ob mice compared to lean con-
trols. Interestingly, these obese mice were charac-
terized by a penetrable inner colonic mucus layer
and a reduced mucus growth rate.”®” Moreover,
this bacterial family has been associated with an
intact function of the inner colonic mucus layer.®'
Besides this family, there are other key bacterial
species involved in the crosstalk between host and
mucus.**® One of these is represented by
Akkermansia muciniphila, residing in the mucus
layer and defined as a mucin-degrading
bacterium.®**® It was shown that this bacterium
increased the number of goblet cells and restored
the mucus layer thickness in the mice fed with
high-fat diet.>** In addition to this species, it was
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observed that Lactobacillus spp are able to stimulate
Muc3 expression and Muc2 production and
secretion,””  Bifidobacterium longum restored
growth in mice fed a WSD and
Lactobacillus reuteri showed a protective effect
against dextran sulfate sodium treatment in mice,
increasing the mucus layer thickness.”®®

However, the effects on the metabolism and
gut microbiota are not exclusively limited to
FOS, but even other types of fermentable carbo-
hydrates, like resistant starches, arabinoxylans
and others, produce similar effects regarding, for
example, the decreased body weight gain, fat
mass gain and glycemia.*” In addition, dietary
fibers modulate differently the gut microbiota
composition, with distinct profiles depending on
the source and type of non-digestible
carbohydrates.”

In conclusion, we confirmed that the prebiotic
FOS counteracted the diet-induced obesity and dis-
covered that these effects were linked to changes in
the intestinal mucus layer production, glycosylation
and secretion. In addition, we found significant
changes in the gut microbiota composition, in
feces and cecum, many of which were confirmed
using both relative and absolute quantification
techniques. Moreover, we found that FOS stimu-
lated the growth of several bacterial genera that
were negatively associated with metabolic para-
meters and positively associated with markers of
the intestinal mucus layer.

Our results shed light on new potential targets of
the under-investigated mucus layer that could be
affected by FOS-induced changes in gut microbiota
and could be involved in the prevention of diet-
induced obesity. However, further investigation is
needed to better understand their potential role in
this context. Finally, whether the boost in certain
specific bacterial genera is sufficient to explain
some of our findings requires further explorations.

mucus

Materials and methods
Mice and diets

Seven-week-old male C57BL/6 ] mice (Janvier, Le
Genest-Saint-Isle, France) were co-housed in pairs
under Specific and Opportunistic Pathogen-Free
conditions (SOPF) in a controlled environment

(temperature of 22 + 2°C, 12-h daylight cycle)
with free access to food and water. Upon arrival,
all the mice underwent a 1-week acclimatization
period, during which they were fed a control diet
(CT) (AIN93Mi, Research Diet, New Brunswick,
NJ, USA).

A set of 36 mice was randomly divided into 3
groups of 12 mice: 1) CT group, fed a control
diet; 2) HFD group, fed a high-fat diet (60% fat
and 20% carbohydrates (kcal/100 g), D12492,
Research diet, New Brunswick, NJ, USA); and 3)
HFD+FOS group, fed a HFD diet supplemented
with 10% of prebiotic oligofructose added in the
drinking water (Orafti, Tienen, Belgium). The dose
of 10% of FOS, corresponding to an intake of
300 mg/d per mouse, represents the effective dose
to induce changes in the gut microbiota composi-
tion and elicit metabolic effects.>'>'®'***7! The
treatment continued for 6 weeks.

Body weight, food and water intake were
recorded three times per week. Body composition
was assessed once a week by using a 7.5-MHz time-
domain nuclear magnetic resonance (LF50 minis-
pec; Bruker, Rheinstetten, Germany). Feces were
harvested weekly since the beginning (Day 0) until
the end of the experiment (Day 45). All mouse
experiments were approved by and performed in
accordance with the guidelines of the local ethics
committee. Housing conditions were specified by
the Belgian Law of 29 May 2013, regarding the
protection of laboratory animals (agreement num-
ber LA1230314).

Oral glucose tolerance test

One week before the end of the experiment, the mice
were fasted for 6 hours before receiving an oral gavage
glucose load (2 g glucose per kg body weight). Blood
glucose was measured 30 minutes before (time point
—30), just prior the oral glucose load (time point 0)
and then after 15, 30, 60, 90 and 120 minutes. Blood
glucose was determined with a glucose meter (Accu
Check, Roche, Switzerland) on blood samples col-
lected from the tip of the tail vein.

Tissue sampling

At the end of the experiment (week 6) and after 6 h
of fasting, all mice were anesthetized with



isoflurane (Forene®, Abbott, Queenborough, Kent,
England) and blood was collected from the portal
and cava veins. The mice were then immediately
euthanized by cervical dislocation and decapitation.
Adipose depots (epididymal, subcutaneous, visceral
and brown), muscles (tibialis anterior, vastus later-
alis, gastrocnemius, soleus) and intestinal segments
(jejunum, ileum, cecum and colon) were dissected,
weighed and immersed in liquid nitrogen before
long-term storage at —80°C for further analysis.

One segment of colon from each mouse was
opened, without flushing it before, for the collec-
tion of the mucus layer by gently scraping with
a microscope glass slide and then weighed.

Biochemical analysis

To determine the plasma insulin concentration,
blood was harvested from the tip of the tail vein
using capillaries prior to glucose load (—30 min)
and 15 min after glucose load. Plasma insulin con-
centration was measured using an ELISA kit
(Mercodia, Uppsala, Sweden), according to the
manufacturer’s instructions. Insulin resistance
index was determined by multiplying the area
under the curve of the blood glucose (-30 to
15 min) and the plasma insulin (-30 min and
15 min).

RNA preparation and gene expression analysis by
real-time qPCR analysis

Total RNA was prepared from tissues using
TriPure reagent (Roche). Quantification and integ-
rity analysis of the total RNA was performed by
running 1 pl of each sample on an Agilent 2100
Bioanalyzer (Agilent RNA 6000 Nano Kit, Agilent).
cDNA was prepared by reverse transcription of 1 ug
total RNA using a Reverse Transcription System kit
(Promega, Leiden, The Netherlands). Real-time
PCRs were performed with the StepOnePlus real-
time PCR system and software (Applied
Biosystems, Den IJssel, The Netherlands) using
Mesa Fast qQPCR SYBR green mix (Eurogentec,
Seraing, Belgium) and with the CFX Manager 3.1
software (Bio-Rad, Hercules, CA) using Mesa Fast
qPCR (GoTaq qPCR Master Mix, Promega,
Madison, WI, USA) for detection, according to
the manufacturer’s instructions. RPL19 was chosen
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as housekeeping gene. All samples were run in
duplicate in a single 96-well reaction plate, and
data were analyzed according to the 27#*“* method.
The identity and purity of the amplified product
was checked through analysis of the melting curve
carried out at the end of amplification. Primer
sequences for the targeted mouse genes are avail-
able in Supplemental Table 1.

Analysis of the mucus layer thickness, goblet cells
and immunohistochemistry

Colon segments were immediately removed and
fixed in Carnoy’s solution (ethanol 6: acid acetic 3:
chloroform 1, vol/vol) for 2 h at 4°C. They were
then immersed in ethanol 100% for 24 h.

For the analysis of the mucus layer thickness and
goblet cells, paraffin sections of 5 um were stained
with alcian blue. Images were captured at x20
magnification and obtained using a SNC400 slide
scanner and digital Image Hub software 561 (Leica
Biosystems, Wetzlar, Germany). Analyses were per-
formed using Image] (version 1.48r, National
Institutes of Health, Bethesda, Maryland, USA) in
a blinded manner. For the mucus layer thickness,
two to six fields were used for each mouse and
a minimum of 20 different measurements were
made perpendicular to the inner mucus layer per
field, for a total of 3031 measurements. For the
goblet cells, the luminal side, muscularis mucosae,
submucosa and muscle layer were removed and the
blue area and the total area were measured sepa-
rately in the remaining mucosal part of the colon.
The proportion of the goblet cells was quantified
based on the ratio between the blue area over the
total area.

For immunohistochemistry, paraffin-embedded
sections were deparaffinized in toluene (3 x 5 min)
and rehydrated in isopropanol 100% (3 x 5 min).
Endogenous peroxidases were inactivated in 3% (v/
v) hydrogen peroxide for 30 min at room tempera-
ture. The sections were subjected to heat-induced
epitope retrieval in citrate buffer (pH 5.7), in micro-
wave at 900 W for 4 min, 90 W for 15 min and 900
W for 1:30 min. The sections were washed 3 times
between all subsequent steps in TBS (pH 7.2-7.4)
containing 0.05% Triton. Nonspecific binding was
blocked with TBS/BSA 5%/Triton 0.05% at room
temperature for 60 min. All the sections were
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incubated with rabbit anti-Muc2 polyclonal anti-
body (RRID: AB_2746817, #PA5-79702, Thermo
Fisher Scientific) or rabbit anti-Muc13 polyclonal
antibody (RRID: AB_11152455, #PA5-23077,
Thermo Fisher Scientific) diluted 1:500 and
1:1000, respectively, in TBS/BSA 1%/Triton 0.05%
at 4°C overnight. Then, they were incubated with
anti-rabbit antibody conjugated to horseradish per-
oxidase (HRP) (Dako #K4003) at room tempera-
ture for 45 min and treated with chromogen 3,3'-
Diaminobenzidine (DAB) (Dako #K3468). Tissues
were then counterstained with hematoxylin, dehy-
drated and mounted using Sakura Tissue-Tek Film.
Whole tissue sections were digitalized at x20 mag-
nification using a Pannoramic Scan II slide scanner
(3DHistech). Analyses were performed using
QuPath (version 0.3.2),”' quantifying the stained
areas within the intestinal mucosal layer. Four to
six colon sections per mouse were analyzed.

DNA extraction and 16S rRNA gene amplicon
sequencing

Bacterial DNA was extracted from ca. 50 mg of
fecal samples and 30-50 mg of cecal content using
the Repeated Bead Beating (RBB) method for auto-
mated DNA purification.”* 200 uL of the clarified
supernatant collected from the two bead beating
rounds was used for DNA extraction with the
Ambion Magmax™ —-96 DNA Multi-Sample Kit
(4413022, Thermo Fisher Scientific, USA) using
the KingFisher™ Flex automated purification sys-
tem (Thermo Fisher Scientific, USA). DNA was
quantified using Quant-iT™ Pico Green dsDNA
Assay (Invitrogen, San Diego, CA, USA). Library
preparation and Illumina MiSeq sequencing of the
hypervariable V3-V4 regions of the 16S rRNA gene
were performed as previously described.”
Sequences were processed using QIIME2
v.2020.11 pipeline.”* Demultiplexed 250-bp paired-
end sequences were denoised using DADA2 to
obtain an amplicon sequence variant (ASV)
table.”” Singletons (ASV present <2 times) and
ASVs present in less than 10% of the samples
were discarded. Taxonomic classification was per-
formed using a pre-trained naive Bayes classifier
implemented in QIIME2 against the SILVA 132
reference database.”® Taxa that could not be identi-
fied at genus-level are referred to as the highest

taxonomic rank identified. Samples meeting quality
criteria (107 out of 108) had a mean sequencing
depth of 11952 reads.

Quantitative PCR for total bacteria

Quantification of total bacteria was carried out by
qPCR with the 331 F/797 R primers (Nadkarni et al.
DOI: 10.1099/00221287-148-1-257) using a BioRad
iCycler iQ thermal cycler system (BioRad, Hercules,
CA) with HOT FIREPol® EvaGreen® qPCR Mix Plus
(Solis BioDyne, Tartu, Estonia) as described
previously.*” The 10-fold standard curves ranging
from 102 to 107 copies were produced using full-
length amplicons of 165 rRNA gene of
Bifidobacterium longum to convert the threshold
cycle (Ct) values into the average estimates of target
bacterial genomes present in 1 g of feces (copy num-
ber/g of wet feces) in the assay. The qPCR assay was
performed in triplicate. Precautions were taken to
ensure that the data from each triplicate fell within
0.5 threshold cycle (Ct), and clear outliers (>2 stan-
dard deviations) were removed before calculating
the average Ct of each sample. Melting curves and
non-template controls were used to assess run relia-
bility. There was no detectable amplification arising
from non-template controls in the assay. The ampli-
fication efficiency of the qPCR assay was 95%. The
absolute abundances were estimated and 16S rRNA

gene copy-number corrected as previously
described.®

Plasma multiplex analysis

Plasma levels of glucagon-like peptide 1 (GLP-1)
and interleukins 10 and 22 (IL-10, IL-22) were
measured from the portal vein using multiplex
assay kits based on chemiluminescence detection
and following manufacturer’s instructions (Meso
Scale Discovery (MSD), Gaithersburg, MD, USA).
Analyses were performed using a QuickPlex SQ 120
instrument (MSD) and DISCOVERY
WORKBENCH?® 4.0 software (MSD, Rockville,
MD, USA).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 9.3.1 for macOS (GraphPad



Software, San Diego, CA, USA) and RStudio ver-
sion 1.3.1093. Data are expressed as the mean = s.e.
m. Comparison between three groups at one time-
point was performed by one-way ANOVA, and
comparison between three groups at different time-
points was performed by two-way repeated mea-
sures ANOVA, followed by Tukey’s test. The
results were considered statistically significant at
P < 0.05. The presence of outliers was assessed
using the Grubbs test.

For the gut microbiota, statistical analysis was
performed using the R package mare.”” To account
for the varying sequencing depth, the number of
reads per sample was used as an offset in all statis-
tical models. Microbiota richness and Shannon
diversity index were estimated using the vegan
package.”® Overall microbiota structure was
assessed using principal coordinate analysis
(PCoA) on beta diversity computed using Bray-
Curtis distances on relative abundance, represent-
ing the compositional dissimilarity between the
samples. Permutational multivariate analysis of
variance (PERMANOVA; adonis function in the
vegan package”) with Bray-Curtis dissimilarities
was used to identify factors contributing to varia-
tion in microbiota composition. Differential abun-
dance for bacterial taxa between treatment groups
was identified with the mare function “GroupTest”,
both on relative and absolute abundance (based on
generalized linear models using negative binomial
distribution). The associations between absolute
abundances of bacterial taxa and variables from
the metabolism, gut barrier and mucus layer were
examined by using negative binomial models
implemented in  the  Mare  function
“CovariateTest”, on absolute abundance. If the
fitted model failed to fulfil model assumptions (pri-
marily heteroscedasticity of the residuals), general-
ized least-squares models were used. P-values were
adjusted by the Benjamini-Hochberg method for
multiple testing. FDR-adjusted p-values <0.05 were
considered statistically significant.
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