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AbsTrACT
Objective To decipher the mechanisms by which 
the major human milk oligosaccharide (HMO), 
2’-fucosyllactose (2’FL), can affect body weight and fat 
mass gain on high- fat diet (HFD) feeding in mice. We 
wanted to elucidate whether 2’FL metabolic effects are 
linked with changes in intestinal mucus production and 
secretion, mucin glycosylation and degradation, as well 
as with the modulation of the gut microbiota, faecal 
proteome and endocannabinoid (eCB) system.
results 2’FL supplementation reduced HFD- induced 
obesity and glucose intolerance. These effects were 
accompanied by several changes in the intestinal mucus 
layer, including mucus production and composition, 
and gene expression of secreted and transmembrane 
mucins, glycosyltransferases and genes involved in 
mucus secretion. In addition, 2’FL increased bacterial 
glycosyl hydrolases involved in mucin glycan degradation. 
These changes were linked to a significant increase and 
predominance of bacterial genera Akkermansia and 
Bacteroides, different faecal proteome profile (with an 
upregulation of proteins involved in carbon, amino acids 
and fat metabolism and a downregulation of proteins 
involved in protein digestion and absorption) and, finally, 
to changes in the eCB system. We also investigated 
faecal proteomes from lean and obese humans and 
found similar changes observed comparing lean and 
obese mice.
Conclusion Our results show that the HMO 2’FL 
influences host metabolism by modulating the mucus 
layer, gut microbiota and eCB system and propose the 
mucus layer as a new potential target for the prevention 
of obesity and related disorders.

InTrOduCTIOn
Obesity is associated with several metabolic alter-
ations like type 2 diabetes, cardiovascular diseases 
and changes in the gut microbiota composition and 

gut barrier disruption.1 Among the components of 
the gut barrier, it has been shown that the mucus 
layer is altered when the mice are fed a high- fat 
diet (HFD), western- style diet (WSD) or low- fibre 
diet and in ob/ob mice, as well as in patients with 
dysglycaemia. Among the alterations, it has been 
observed a reduced thickness, increased penetra-
bility and altered mucin glycan composition.2–9 The 
mucus exerts important roles in gut barrier protec-
tion and represents the interface of communica-
tion between bacteria and host. It is produced by 
the goblet cells (GCs) and constituted of glycopro-
teins called mucins, among which the main compo-
nent is the secreted Muc2. The transmembrane 
mucins, involved in glycocalyx formation, are other 
important components of the gut barrier, confer-
ring cell protection and mediating host–microbe 
interactions.10 Mucins are glycosylated thanks to 

WHAT Is ALrEAdY KnOWn On THIs TOPIC
 ⇒ High- fat diet- induced obesity and metabolic 
disorders is associated with alterations in 
microbiota profile and gut barrier function.

 ⇒ The intestinal mucus layer is altered during 
high- fat diet (HFD), western- style diet, 
low- fibre diet, emulsifier treatments and in 
genetically obese (ob/ob) mice and human with 
dysglycaemia. The alterations observed include 
increased penetrability, decreased thickness, 
reduced growth and different mucin glycans 
composition.

 ⇒ Prebiotic treatments such as 2’-fucosyllactose 
(2’FL) improved gut barrier integrity in an in 
vitro model by affecting the mucus layer, but no 
studies have investigated whether the mucus 
is involved in the protection against obesity in 
vivo.
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WHAT THIs sTudY Adds
 ⇒ This study shows that supplementing 2’FL to HFD reduces 
the increase in body weight and fat mass, attenuates glucose 
intolerance and affects hormones involved in appetite 
regulation and energy homeostasis.

 ⇒ 2’FL supplementation affects the mucus layer in vivo in the 
context of obesity, by increasing mucus production, secreted 
and transmembrane mucins, glycosyltransferases and glycosyl 
hydrolases, and mucin glycosylation.

 ⇒ Bacterial communities in mice fed with HFD plus 2’FL are 
remarkably enriched in Akkermansia and Bacteroides genera.

 ⇒ 2’FL supplementation changes faecal proteome profiles, 
increasing proteins involved in carbon, amino acids and 
fat metabolism and decreasing those involved in protein 
digestion and absorption.

 ⇒ Supplementing 2’FL affects the intestinal endocannabinoid 
system.

HOW THIs sTudY MIGHT AFFECT rEsEArCH, PrACTICE Or 
POLICY

 ⇒ 2‘FL is a prebiotic found naturally in the breast milk of 
about 80% of mothers. Excluding water, human milk 
oligosaccharides are the third most abundant ingredient in 
breast milk after fat and carbohydrates. Understanding their 
mechanism of actions and effects is vital information.

 ⇒ There is increased interest in 2’FL to be used as a supplement, 
not only in infant formula but also for subjects with 2’FL 
synthesis deficiency (ie, Fut2 genetic polymorphisms inducing 
fucosyltransferase inactivity).

 ⇒ This study shows that the mechanisms by which 2’FL 
counteracts obesity and metabolic disorders are associated 
with changes in the intestinal mucus layer and points 
towards the mucus as a new potential therapeutic target for 
the prevention and/or treatment of obesity and metabolic 
disorders.

glycosyltransferases and mucin glycans supply attachment sites 
and allow bacterial growth and colonisation. Indeed, bacteria 
are able to produce glycosyl hydrolases (GHs) to degrade mucin 
glycans and use them as energy source.10

α−1,2-fucosyltransferase,encodedbytheFUT2 gene, is one 
of the glycosyltransferases responsible for the presence of histo- 
blood group antigens on multiple organs and on the gastroin-
testinal mucosa.11 In recent years, genome- wide association 
studies have underlined the importance of FUT2 biology and 
showed that different polymorphisms may result in distinct 
secretor status, associated with the development of pathophysi-
ology such as intestinal inflammation.12 Furthermore, FUT2 has 
been shown to have significant effects on the intestinal bacte-
rial community composition.12–15 One of the major prototypical 
secretor- type oligosaccharides is the human milk oligosaccharide 
(HMO) 2’-fucosyllactose (2’FL).16 17 In vivo and in vitro studies 
showed that 2’FL exerts biological properties as prebiotic, anti-
bacterial, antiviral and immunomodulating effects and modifies 
the host’s epithelial cell- surface glycome.18 This has prompted 
an increased interest in 2’FL as HMO source in infant formula 
and, more recently, 2’FL is also being investigated in patholog-
ical contexts.19 For example, in mice fed HFD, it was observed 
that 2’FL reduced body weight and fat mass gain.20 21 In addi-
tion, 2’FL protected against gut barrier disruptions induced by 
inflammatory stimuli, by increasing GCs number and Muc2 
expression.22 23 Further in vivo studies exploring the role of 2’FL 

on the mucus layer in the context of obesity induced by HFD 
feeding are still lacking.

To fill this gap, we designed a study aimed at deciphering 
whether the impact of 2’FL on metabolism could be linked to 
changes in the intestinal mucus production, glycosylation, secre-
tion and degradation. In addition, we explored whether the 
effects on mucus layer and metabolism might be associated with 
modifications in gut microbiota composition, faecal proteome 
and endocannabinoid (eCB) system.

We believe that a comprehensive investigation into the intri-
cate mechanisms of the mucus layer, including its biosynthesis, 
turnover and degradation, may offer novel insights into devel-
oping efficacious interventions for mitigating or preventing 
obesity and related metabolic disorders.

rEsuLTs
2’FL counteracts metabolic alterations induced by HFd
Mice fed an HFD diet supplemented with 2’FL showed signifi-
cantly lower body weight and fat mass gain (subcutaneous, 
epididymal, visceral and brown adipose tissues) compared 
with mice fed HFD alone (figure 1A–E). This could not be 
explained by food intake or lean/muscle mass since there were 
no differences between HFD and HFD+2’FL groups (online 
supplemental figure 1A- C). Additionally, 2’FL supplementa-
tion reduced glucose intolerance, as evidenced by the shape of 
the glycaemia curve during the oral glucose tolerance test and 
by the lower insulin levels in fasting state (figure 1F–I). These 
effects coincide with changes in hormones involved in metabolic 
pathways, since 2’FL significantly increased the concentration 
of glucagon- like peptide- 1 (GLP- 1) and peptide YY (PYY) and 
decreased leptin and glucagon (for the latter not significantly) 
while ghrelin was significantly reduced by the HFD, with no 
effects of 2’FL (figure 1J–N).

2’FL increases intestinal cells proliferation and markers 
involved in gut barrier function
2’FL supplementation significantly increased full caecum and its 
content weight by about 80% and 150% compared with control 
and HFD, respectively (figure 2A–C). 2’FL supplementation also 
increased the length of the jejunum by almost 15% compared 
with CT and HFD (figure 2D).

Analysing the expression of genes involved in gut barrier 
function by qPCR, we found that 2’FL significantly increased 
the antimicrobial peptides Lyz1 and Reg3g in the caecum, and 
proglucagon in the caecum and colon while it induced the expres-
sion of Reg3g in the jejunum and colon, Pla2g2a in the colon and 
intectin in the ileum, without reaching significance (figure 2E–J).

2’FL affects GCs differentiation and mucus production and 
secretion
We next determined whether the effects of 2’FL supplementation 
on metabolism and gut barrier function were linked to changes in 
intestinal mucus. We showed that 2’FL significantly affected the 
expression of genes involved in GCs differentiation at different 
sites, with increased expression of Elf3 in caecum and Hes1 in 
colon, and decreased Math1 and Spdef in caecum (figure 3A–E). 
In order to determine if the mucus inside the GCs was affected 
by the dietary treatments, we measured the proportion of the 
blue area (representing the mucins) over the total mucosal area, 
in histological sections using an Alcian blue staining. We found 
22% more blue area in HFD+2’FL compared with HFD, though 
this difference did not reach significance (figure 3F,G).

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at D
ep

artm
en

t G
E

Z
-L

T
A

 E
rasm

u
sh

o
g

esch
o

o
l

 
o

n
 M

ay 23, 2025
 

h
ttp

://g
u

t.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
13 M

ay 2024. 
10.1136/g

u
tjn

l-2023-330301 o
n

 
G

u
t: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/gutjnl-2023-330301
https://dx.doi.org/10.1136/gutjnl-2023-330301
http://gut.bmj.com/


1634 Paone P, et al. Gut 2024;73:1632–1649. doi:10.1136/gutjnl-2023-330301
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Figure 1 2’FL supplementation counteracts diet- induced obesity and glucose intolerance. (A) Body weight gain evolution and (C) fat mass gain 
evolution. (B) Final body weight gain and (D) fat mass gain. (E) Adipose tissue weights of subcutaneous (SAT), epidydimal (EAT), visceral (VAT) and 
brown (BAT) adipose tissue. (F) Plasma glucose (mg/dL) profile before and after 2 g/kg of glucose oral challenge measured during the oral glucose 
tolerance test (OGTT) and (G) the mean area under the curve (AUC) (mg/dL×min). (H) Plasma insulin (µg/L) measured 30 min before and 15 min 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. (J–N) Plasma levels from the portal vein of glucagon- like peptide- 1 (GLP- 1), peptide YY 
(PYY), ghrelin, leptin and glucagon. Data are means±SEM (n=7–10/group). One- way ANOVA followed by Tukey post hoc test was applied to figure B, 
D, E, G–K, N while Kruskal- Wallis followed by Dunn’s test was applied to figure L,M, based on data distribution. Two- way ANOVA followed by Tukey 
post hoc test was applied to figure A, C, F. Data with different subscript letters are significantly different (p<0.05). *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. 2’FL, 2’-fucosyllactose; ANOVA, analysis of variance; HFD, high- fat diet.

Next, we set out to assess whether 2’FL treatment impacts 
intestinal mucins. We found that 2’FL significantly affected 
Agr2 expression, required for the post- transcriptional synthesis 
and secretion of Muc2, which was decreased in caecum and 
increased in colon. In accordance with this observation, we also 
found a significant increase in Muc2 expression (figure 3H,I). 
With regard to transmembrane mucins, 2’FL supplementation 
led to increased Muc4 in jejunum, caecum and colon, Muc13 
in jejunum and caecum, and Muc17 in caecum and colon 
(figure 3J–M). Furthermore, Muc1 and Muc13 expressions in 
the colon were negatively correlated with body weight and fat 
mass gain (online supplemental figure 2A,B).

Finally, we observed that dietary treatments differentially 
affected the expression of genes involved in intestinal mucus 
secretion and stabilisation. In particular, 2’FL supplementation 

tended to increase Retnlb in jejunum but decreased in the other 
intestinal segments. 2’FL supplementation increased two other 
key markers, Nlrp6 in caecum and colon and Fcgbp in colon 
while slightly counteracting the effects of the HFD on the 
expression of Atg5 and Atg7 (figure 4A–E).

Although there was no difference in mucus thickness as 
assessed on histological sections (figure 4G,H), we found a 
significant higher weight of the mucus collected by scraping the 
colon in mice supplemented with 2’FL, suggesting a potential 
increase in mucus production (figure 4F).

Using a fluorescence in situ hybridisation (FISH) approach 
against 16S RNA to detect bacteria combined with a Muc2C3- 
specific staining of the mucus on colon sections, we observed an 
abrupt change from the inner to outer mucus layer with bacterial 
concentrations jumping from almost virtually free of bacteria to 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at D
ep

artm
en

t G
E

Z
-L

T
A

 E
rasm

u
sh

o
g

esch
o

o
l

 
o

n
 M

ay 23, 2025
 

h
ttp

://g
u

t.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
13 M

ay 2024. 
10.1136/g

u
tjn

l-2023-330301 o
n

 
G

u
t: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/gutjnl-2023-330301
http://gut.bmj.com/


1635Paone P, et al. Gut 2024;73:1632–1649. doi:10.1136/gutjnl-2023-330301

Gut microbiota

Figure 2 2’FL increases microbiota fermentation, intestinal cell proliferation and markers of the gut barrier. (A) Full caecum, (B) empty caecum 
and (C) caecal content weight. (D) Jejunum length. (E–J) mRNA relative expression of markers of the gut barrier function measured in the jejunum, 
ileum, caecum and colon. Antimicrobial peptides mRNA expression: (E) Lysozyme C (Lyz1), (F) Regenerating islet- derived 3- gamma (Reg3g), 
(G) Phospholipase A2 group II (Pla2g2a); (H) Proglucagon; (I) Trefoil factor 3 (Tff3); (J) Intectin. Data are means±SEM (n=7–12/group). Data were 
analysed using one- way ANOVA followed by Tukey post hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 2’FL, 2’-fucosyllactose; ANOVA, 
analysis of variance; ND, not detectable.

a high density without any perceptible gradient. The bacterial 
front was found to be morphologically intact in all groups. The 
thickness of the bacteria- free mucus was not statistically different 
between CT and HFD groups, though we observed a significant 
increase in the 2’FL treated group compared with the control 
group (p=0,01 Kruskal- Wallis test) (figure 5A).

When focusing on the apparent virtually free of bacteria inner 
mucus layer, we found that some bacteria, though very few, were 
able to penetrate it. We quantified the density by counting these 
cells and normalising to the area of mucus, but we found no 
differences between groups (figure 5B).

2’FL affects mucin glycan profile
To determine whether HFD and 2’FL supplementa-
tion affected mucin glycosylation, we first measured the 
expression of glycosyltransferases involved in elongation, 
branching and termination of the mucin glycan chain. We 

found that 2’FL significantly increased Gcnt4, B3gnt6 and 
C1galt1 in colon, C1galt1c1 in caecum and colon, Fut1 in 
jejunum and colon, Fut8 and St3gal1 in colon, St3gal3 in 
jejunum and colon and St3gal6 in colon (figure 6A–M). 
Interestingly, Fut2 was decreased by the HFD in caecum and 
colon, but not affected by 2’FL supplementation. All the 
data from the mRNA expression described in the colon are 
schematised in figure 7.

We next analysed mucin glycosylation by tandem mass 
spectrometry (MS/MS) and found that two of them were 
significantly higher in HFD, compared with the CT and/or 
HFD+2’FL group (figure 8A–D). Figure 8E shows that 10 
glycans were present in all the mice, 8 had a lower preva-
lence in the HFD group only or were restored following 
supplementation with 2’FL, and 3 were less prevalent in the 
HFD+2’FL group.
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Figure 3 2’FL supplementation impacts on goblet cells and mucins production. (A–E) mRNA relative expression of transcriptional factors involved 
in the goblet cells differentiation, in the jejunum, ileum, caecum and colon: (A) atonal bHLH transcription factor 1 (Math1), (B) SAM pointed domain 
containing ETS transcription factor (Spdef), (C) E74 like ETS transcription factor 3 (Elf3), (D) kruppel like factor 4 (Klf4), hes family basic helix- loop- 
helix (bHLH) transcription factor 1 (Hes1). (F) Percentage of blue area on the total mucosal area in the proximal colon and (G) representative images 
for each group. (H–M) mRNA relative expression of markers involved in mucin production, in the jejunum, ileum, caecum and colon: (H) anterior 
gradient 2 (Agr2), (I) mucin 2 (Muc2), (J–M) mucin 1/4/13/17 (Muc1, Muc4, Muc13, Muc17). Data are means±SEM (n=6–12/group). One- way ANOVA 
followed by Tukey post hoc test or Kruskal- Wallis followed by Dunn’s test were applied based on data distribution. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. 2’FL, 2’-fucosyllactose; ANOVA, analysis of variance; HFD, high- fat diet.
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Figure 4 2’FL 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) autophagy protein 5 (Atg5), (C) autophagy protein 7 (Atg7), (D) NOD-like receptor family pyrin domain containing 6 
(Nlrp6), (E) Fc gamma binding protein (Fcgbp). (F) Weight of the mucus in the colon after scraping in milligrams. (G) Mucus thickness in the proximal 
colon measured by ImageJ (in micrometre) and (H) representative images for each group. Data are means±SEM (n=6–12/group). One- way ANOVA 
followed by Tukey post hoc test or Kruskal- Wallis followed by Dunn’s test were applied based on data distribution. *p<0.05, **p<0.01, ***p<0.001. 
2’FL, 2’-fucosyllactose; ANOVA, analysis of variance; HFD, high- fat diet.

2’FL affects the endocannabinoid system
We previously discovered that different bioactive lipids 
belonging to the eCB system are able to exert control over the 
gut microbiota and the gut barrier function.2 24–27 Hence, we 
measured caecal levels of eCBs (arachidonoylglycerol (AG) and 
anandamide (NAE 20:4)) and related N- acylethanolamines, and 
found that HFD+2’FL mice had significant lower levels of NAEs 
(16:1, 18:3, 20:0), LEA, OEA, PEA, DHEA and HEA, compared 
with CT and/or HFD mice. While, they had significant higher 
levels of mono- oleoylglycerol (OG) and mono- palmitoylglycerol 
(PG) (figure 9A). 2’FL affected the expression of genes involved 
in the biosynthesis and degradation of eCBs, by significantly 
upregulating Daglb and Abdh6, and downregulating Abdh4, 
Faah and Mgl (figure 9B).

2’FL changes gut microbiota composition
Before the treatment all mice shared a similar faecal micro-
biota composition, while in the end both the faecal and caecal 
microbiota profiles were significantly clustered based on the 

diets (figure 10A–C). The results shown below refer to changes 
observed in both relative and absolute abundance.

At the phylum level, the caecal gut microbiota of CT and HFD 
groups was dominated by Desulfobacterota while HFD+2’FL 
by Bacteroidota and Verrucomicrobiota. In the faeces, the CT 
group was dominated by Bacteroidota, HFD by Desulfobacte-
rota and HFD+2’FL by Bacteroidota and Verrucomicrobiota 
(online supplemental figure 3A–D and online supplemental 
tables 1 and 2).

At the genus level, the caecal gut microbiota was enriched 
in uncultured Desulfovibrionaceae in the CT and HFD groups 
(35.1 and 51.7%, respectively), whereas Akkermansia and Bacte-
roides were the dominant genera in the HFD+2’FL group (39% 
and 24.8%, respectively) (figure 10D,E). Similarly, the faecal 
gut microbiota was dominated by uncultured Desulfovibriona-
ceae, Rikenellaceae RC9 gut group and Akkermansia in the CT 
group (19.4%, 17.3% and 18.4%, respectively), by uncultured 
Desulfovibrionaceae in the HFD group (38.8%), and Bacteroides 
and Akkermansia in the HFD+2’FL group (37.1% and 29.8%, 
respectively) (figure 10F,G) .
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Figure 5 Pictures representative of the bacterial penetration assessed by measuring the distance between the bacterial front and the epithelial cells 
(A, B) and the bacterial density in the inner mucus layer (C, D). (A) Mouse distal colon section in which Muc2C3 immunostaining shows the Muc2- 
positive mucus layer on the epithelium. The inner mucus layer (M) is almost completely devoid of bacteria, which are visualised by a FISH approach 
using a general bacterial probe conjugated with C3 (red), whereas the outer mucus layer contains large concentrations of bacteria with a clearly 
delineated bacterial front (BF). The sections are counterstained with DAPI to visualise nuclei (blue). Epithelial cells (EC) emit some autofluorescence 
making them visible (Scale bar: 50 µm). (B) Quantitative measurement of the spatial separation between the epithelial cells and the bacterial front. 
(C) Magnification (×20) of the inner mucus layer and of penetrating bacteria. Epithelial cells are on the left, while the bacterial front is on the right 
(scale bar: 10 µm). (D) Quantification of the bacterial density in the inner mucus layer (number of bacterial cells counted divided by the surface area 
of mucus). Data are means±SEM (n=7–8/group). Arrow heads show bacteria in red. Data were analysed using Kruskal- Wallis test followed by Dunn’s 
test. **p<0.01. FISH, fluorescence in situ hybridisation; HFD, high- fat diet.

Notably, HFD- fed mice had significant lower levels of Akker-
mansia, Parasutterella, unclassified Tannerellaceae, Muribacula-
ceae and Rikenellaceae RC9 gut group compared with CT mice 
while 2’FL treatment significantly increased Akkermansia, Para-
sutterella, unclassified Tannerellaceae and Bacteroides compared 
with HFD only, in the faeces (figure 11A–C, online supplemental 
table 3).

2’FL affects bacterial glycosidases and faecal proteome
To evaluate the mucus degradation by the gut microbiota, we 
investigated bacterial GHs alpha- L- fucosidase and alpha- D- 
galactosidase by in- gel fluorescent activity- based probes (ABP) 
labelling.28 29 We found ABP- labelling for alpha- L- fucosidase 
only in the HFD+2’FL group, with mice within this group 
displaying different profiles. While, alpha- D- galactosidase label-
ling was present in CT and HFD+2’FL, without any signals in 
HFD (figure 12A).

To further confirm the presence of GHs, we analysed the total 
faecal proteome, using a bespoke database containing mouse 
proteins and GHs involved in mucin glycan degradation: fuco-
sidases, galactosidases, hexosaminidases and sialidases. The 
principal component analysis (PCA) showed different clustering 
between HFD and HFD+2’FL (figure 12B–D). Particularly, when 
taking only GHs into account, CT and HFD displayed overlap-
ping clusters, while HFD+2’FL cluster was completely sepa-
rated. The volcano plot showed that HFD feeding significantly 

changed the abundance of 17 proteins, while 2’FL supplementa-
tion changed 12 proteins compared with CT and 30 compared 
with HFD (figure 12E–G).

Interestingly, 2’FL supplementation significantly upregulated 
beta- galactosidase, alpha- L- fucosidase, beta- hexosaminidase and 
beta- N- acetylhexosaminidase, belonging to Bacteroidales and 
Lachnospiraceae bacterial families (figure 13A–H).

In addition to changes in GHs, dietary treatments affected 
several faecal mucins. Indeed, Muc2 was significantly lower in 
HFD and HFD+2’FL groups compared with the CT group, 
and Muc13 and Muc17 were significantly lower in HFD+2’FL 
compared with CT; while Muc5ac was significantly higher in 
HFD+2’FL compared with HFD (figure 13I–L).

Taking into account the results from the Wilcoxon rank- sum 
test, we found that HFD significantly changed 78 proteins 
compared with CT, while supplementing 2’FL changed 90 
proteins compared with HFD (online supplemental table 4).

By executing KEGG pathway enrichment of mouse proteins, 
we observed that HFD feeding significantly upregulated proteins 
involved in protein digestion and absorption while it signifi-
cantly downregulated proteins involved in carbon metabolism, 
biosynthesis of amino acids, metabolic pathways, fat digestion 
and absorption, and others (figure 14A). Notably, 2’FL supple-
mentation reversed all the changes induced by HFD (figure 14B, 
online supplemental figure 4).
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Gut microbiota

Figure 6 2’FL increases the expression of glycosyltransferases involved in mucin glycosylation. mRNA relative expression of glycosyltransferases 
in the jejunum, ileum, caecum and colon: (A) glucosaminyl (N- acetyl) transferase 1 (Gcnt1), (B) glucosaminyl (N- acetyl) transferase 4 (Gcnt4), 
(C) UDP- GlcNAc:betaGal beta- 1,3- N- acetylglucosaminyltransferase 6 (B3gnt6), (D) core one synthase, glycoprotein- N- acetylgalactosamine 3- beta- 
galactosyltransferase 1 (C1galt1), (E) C1GALT1 specific chaperone 1 (C1galt1c1), (F–H) fucosyltransferase 1/2/8 (Fut1, Fut2, Fut8), (I–M) ST3 b- 
galactoside a- 2,3- sialyltransferase 1/3/4/6 (St3gal1, St3gal3, St4gal4, St3gal6), (O) ST6 N- acetylgalactosaminide a- 2,6- sialyltransferase 2 (St6galnac2). 
Data are means±SEM. (n=7–12/group). Data were analysed using one- way ANOVA followed by Tukey post hoc test. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. 2’FL, 2’-fucosyllactose; ANOVA, analysis of variance; ND, not detectable.
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Gut microbiota

Figure 7 Schematic figure summarising the expression analysis of 35 genes in the jejunum, ileum, caecum and colon. Markers involved in gut 
barrier function and mucins production, glycosylation and secretion measured by RT- qPCR. Markers are enclosed in small grey boxes. Purple arrows 
indicate those that significantly changed due to 2’FL supplementation in the colon. 2’FL, 2’-fucosyllactose.

Humans proteomic
The results observed in rodents let us wondering if similar 
changes could be found in humans. We analysed the faecal 
proteome of lean and obese subjects and found that, among 133 
proteins, 17 were significantly changed and increased in obese 
subjects (figure 15A; online supplemental tables 5 and 6). By 
doing functional annotation clustering, we observed that these 
proteins were linked to the enrichment of terms that were also 
enriched in HFD- fed mice (online supplemental figure 5, online 
supplemental table 7). Interestingly, by investigating the molec-
ular function, biological process, KEGG pathway and disease, 
we found that they were involved in metabolic processes and 
diseases, such as type 2 diabetes (figure 15B, online supple-
mental table 8).

MATErIAL And METHOds
See online supplemental materials and methods.

dIsCussIOn
In this study, we found that 2’FL counteracted diet- induced 
obesity and metabolic alterations together with affecting mucus 
production, secretion and glycosylation, as well as gut micro-
biota composition, bacterial GHs, faecal proteome and eCB 
system.

Previous studies showed that 2’FL reduced energy intake, body 
weight or fat mass, in mice fed HFD, without affecting plasma 
glucose.20 21 Here, we found that HFD- fed mice supplemented 
with 2’FL had significantly lower body weight gain, fat mass gain, 
plasma glucose and insulin levels. These effects could partially be 
explained by a change in different hormones involved in appetite 
regulation and energy metabolism. Indeed, GLP- 1 and PYY were 
significantly higher and leptin and glucagon were significantly 
lower in mice supplemented with 2’FL.

HFD feeding and obesity have been associated with gut barrier 
disruption, increased lipopolysaccharide translocation and meta-
bolic endotoxaemia.1 Supplementing 2’FL to HFD has shown 
protective effects on markers of the gut barrier, but the mech-
anisms were not explored.20 21 In this study 2’FL supplemen-
tation led to higher expression of antimicrobial peptides Lyz1 
and Reg3g, and proglucagon, the precursor of GLP- 1 and GLP- 2, 
involved in improved gut barrier function, in specific sites of the 
gastrointestinal tract.

To further explore the mechanisms involved in gut barrier 
regulation, we focused on the mucus layer. In vitro studies 
reported that 2’FL led to enhanced MUC2 expression and secre-
tion on human GCs during inflammatory conditions.23 30 While, 
in vivo, 2′FL ameliorated colitis by recovering GC numbers and 
improving Muc2 expression in mice.22 23 However, no studies 
investigated the effect of 2’FL supplementation on the intestinal 
mucus in the context of HFD feeding and obesity. Our data 
showed that 2’FL supplementation led to increased expression 
of several markers involved in GCs differentiation (eg, Elf3 and 
Hes1) and synthesis and secretion of the main component of 
the mucus layer (ie, Agr2, Muc2). In addition, several markers 
related to mucus secretion and stabilisation were also increased 
(eg, Retnlb, Nlrp6 and Fcgbp). These effects were linked to a 
higher quantity of mucus collected in the colon of mice receiving 
2’FL, and with GCs more filled with mucus. The mucus pene-
trability to bacteria assessed by two parameters (ie, the distance 
from the bacterial front to the epithelial cells and the density 
of bacterial cells within the inner mucus layer) did not show 
significant differences between CT and HFD groups, though we 
observed an increased mucus layer thickness in the 2’FL treated 
group compared with the CT, suggesting that 2’FL protects the 
epithelium against bacteria penetration.
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Gut microbiota

Figure 8 High- fat diet and 2’FL supplementation affects mucin glycans composition in the colon. (A) Glycan relative abundance in percentage; 
relative abundance of (B) sialylated glycans, (C) fucosylated glycans and (D) sulfated glycans. (E) Glycan prevalence calculated by dividing the number 
of mice for which the glycan was present for the total number of mice in the group. Only glycans present in at least 3 mice and in at least one group 
are shown. Data are means±SEM (n=4–5/group). Data were analysed using Kruskal- Wallis followed by Dunn’s test. *p<0.05. 2’FL, 2’-fucosyllactose; 
HFD, high- fat diet; ND, not detectable.
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Gut microbiota

Figure 9 Different caecal eCBome tone in 2’FL supplemented mice. (A) Concentrations of the eCBome- related mediators in the caecal tissue 
(pmol/g wet tissue weight) measured by ultra- high- performance liquid chromatography–tandem mass spectrometry (UHPLC- MS/MS). (B) mRNA 
relative expression of receptors and metabolic enzymes for monoacylglycerols and N- acylethanolamines measured by RT- qPCR. Data are means±SEM 
(n=9–10/group). Data were analysed using one- way ANOVA followed by Tukey post hoc test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
2’FL, 2’-fucosyllactose; Abdh4, alpha/beta- hydrolase 4; Abdh6, α/β- Hydrolase domain- containing 6; AEA, N- arachidonoylethanolamine; AG, 
2- arachidonoylglycerol; ANOVA, analysis of variance; Cb1/Cb2, cannabinoid type 1/2 receptors; DEA, N-docosatetraenylethanolamine; Dagla, 
diacylglycerol lipase- alpha; Daglb, diacylglycerol lipase beta; DHEA, N-docosahexaenoylethanolamine; Faah, fatty- acid amide hydrolase; Gpr119, 
G- protein- coupled receptor 119; HEA, N-homo- linolenylethanolamine; LEA, N- linoleylethanolamine; Mgl, monoacylglycerol lipase; Naaa, N- 
acylethanolamine acid amidase; NAE, N- acylethanolamine; Napepld, N- acyl phosphatidylethanolamine phospholipase D; Nat1, N- acetyltransferase 
1; OEA, N-oleoylethanolamine; OG, mono- oleoylglycerol; PEA, N- palmitoylethanolamine; PG, mono- palmitoylglycerol; Pparg, peroxisome proliferator- 
activated receptor gamma SEA, N- stearoylethanolamine.

In addition to the secreted mucins, other important compo-
nents of the gut barrier are transmembrane mucins. We found 
that 2’FL supplementation significantly upregulated the expres-
sion of Muc4, Muc13 and Muc17 in different intestinal compart-
ments. Interestingly, Muc1 and Muc13 expressions in the colon 
were negatively correlated with body weight and fat mass gain 
(online supplemental figure 2A,B), suggesting their potential 
involvement in metabolic processes. However, their role in the 
context of obesity and metabolic disorders is still unknown, as 

only a few studies focused on these aspects. Two studies showed 
that 2′FL impacted glycocalyx average thickness and increased 
mRNA levels of Muc1 in the presence of Escherichia coli chal-
lenge.31 32 To our knowledge, no other data on transmembrane 
mucins and 2’FL are available.

The composition of mucin glycans in the intestine has been 
shown to be important for microbial colonisation.10 Glycosyl-
transferases are the enzymes responsible for mucin glycosyla-
tion and it has been suggested that they are affected by dietary 
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Gut microbiota

Figure 10 2’FL induces changes in the caecal and faecal gut microbiota composition. Principal coordinates analysis (PCoA) plot of the gut 
microbiota, in which mice are grouped by treatment, based on the Bray- Curtis dissimilarity in (A) faeces before the treatment (B) faeces at the end of 
the treatment and (C) caecum at the end of the treatment (n=9–10/group). (D–G) Bar graphs showing grouped taxonomic profiles of the gut bacteria 
at the genus level: (D, E) relative and absolute abundance in the caecum, at the end of the treatment; (F, G) relative and absolute abundance in the 
faeces, before and at the end of the treatment (n=9–10/group). Only the bacterial genera with >1% relative abundance are shown; the rest are 
indicated as ‘others (<1%)’. 2’FL, 2’-fucosyllactose; HFD, high- fat diet.
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Gut microbiota

Figure 11 Bacterial genera significantly differed in absolute abundance (FDR- corrected p<0.05) in (A) HFD compared with CT (log2 fold change 
values calculated relative to CT), (B) HFD+2’FL compared with CT (log2 fold change values calculated relative to CT) and (C) HFD+2’FL compared 
with HFD (log2 fold change values calculated relative to HFD). Bar colour and bottom legend denote family- level taxonomic classification. See online 
supplemental table 3 for full results. 2’FL, 2’-fucosyllactose; HFD, high- fat diet.

treatments, which could impact Muc2 glycosylation.33 Here, 
we found that 2’FL supplementation significantly affected the 
expression of glycosyltransferases, mainly in the colon where 9 
out of 13 of them were upregulated. Such changes were also 
observed in a previous study following supplementation of mice 
with fructooligosaccharides.34 Interestingly, we found that Fut2 
expression in the colon negatively correlated with body weight 
gain and fat mass gain (online supplemental figure 2C). Together 
with previous studies showing that Fut2 mutation led to liver 
disease, these findings suggest that it could probably be involved 
in metabolic processes.35 36

Based on these results, we asked whether mucin glycan 
composition could be affected by dietary intervention. Previous 
studies showed that HFD alone altered mucin glycosylation, 
by increasing the sialo/sulfomucin ratio, altering lectin- binding 
pattern and overexpressing galβ1,3galnac terminal dimers.5 
Here, we observed that 2 out of 24 mucin glycans identified 
were significantly higher in HFD compared with the CT and/or 
HFD+2’FL groups while others did not reach statistical signif-
icance, probably due to the limited number of mice analysed. 
Notably, we found that among the 10 mucin glycans present in 
all mice, 8 had a lower prevalence only in HFD or were restored 
by 2’FL supplementation and 3 were less prevalent in the 
HFD+2’FL group. The ‘restoration’ of glycans prevalence by 
2’FL suggests that the prebiotic treatment can be used to coun-
teract alterations induced by HFD. In healthy humans, MUC2 
O- glycosylation is uniform while it is altered in patients with 
active ulcerative colitis and associated with increased inflamma-
tion.37 38 A different profile was also observed in human colon 
cancer, linked to tumour metastatic potential and poor prog-
nosis.39 40 Understanding the pattern of mucin glycosylation in 
patients with obesity and metabolic disorders, and how these 

could be modulated by nutritional treatments, could be useful 
in inducing the colonisation of specific bacteria associated with 
beneficial effects. To date, progress has been impeded by the 
scarcity of research in humans, which is hampered by the need 
for invasive methods such as biopsy collection.41 Surprisingly, a 
recent study showed that the mucus structure on freshly excreted 
faecal pellets was identical to that of the faecal pellets in the 
corresponding colon tissue, suggesting that faecal- associated 
mucus may support noninvasive strategies for disease diagnosis 
in humans.42

In addition to proteins and enzymes, lipid mediators also play 
an important role in regulating energy homeostasis. Among 
them, the eCB system has been shown to regulate energy, glucose 
and lipid metabolism, gut barrier function and microbiota–host 
interactions.43 Here, we found that mice receiving 2’FL had 
significantly lower levels of NAEs and decreased expression 
of Abdh4 and Mgl. In contrast, mice receiving 2’FL showed 
increased levels of OG and PG compared with the CT and HFD 
groups. These bioactive lipids were previously reported to be 
significantly increased in the colon of mice and in the blood 
of obese humans treated with Akkermansia muciniphila, both 
exhibiting an improved gut barrier, lower inflammation and 
improved glucose metabolism.2 44–46 In addition, mono- OG has 
been shown to stimulate GLP- 1 secretion and improve glucose 
metabolism.47 Short- chain fatty acids (SCFAs) have also been 
shown to stimulate the secretion of GLP- 1 and PYY. However, 
we did not find any increase in butyrate, propionate and acetate 
in the caecal content but rather a significant decrease of several 
SCFAs and branched SCFA after 2’FL treatment (online supple-
mental figure 6). These findings indicate that 2’FL could affect 
the metabolism and the mucus layer by acting through the eCB 
system.
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Gut microbiota

Figure 12 High- fat diet and 2’FL supplementation affects faecal proteome. (A) Cy5- ABP- labelling of alpha- L- fucosidase and alpha- D- galactosidase 
from mouse faecal extract (1 µg of proteins; 1 µM α- L- fucosidase and 0.5 µM α- galactosidase). Principal component analysis (PCA) of (B) faecal 
mouse proteins and GHs together, of (C) mouse proteins only and of (D) GHs separately. (E–G) Volcano plot comparing the different groups together, 
including mouse proteins and GHs. PCA and volcano plot were done with MetaboAnalyst (n=9–10/group). 2’FL, 2’-fucosyllactose; GHs, glycosyl 
hydrolases; HFD, high- fat diet.
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Gut microbiota

Figure 13 2’FL supplementation affects faecal bacterial GHs and mucins. Bacterial GHs and (H) their relative protein ID and taxonomy (family). 
(I–L) Mucins (Muc2, Muc5ac, Muc13, Muc17). One- way ANOVA followed by Tukey post hoc test or Kruskal- Wallis followed by Dunn’s test was applied 
based on data distribution. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 2’FL, 2’-fucosyllactose; ANOVA, analysis of variance; GHs, glycosyl 
hydrolases; HFD, high- fat diet; ND, not detectable.

Figure 14 KEGG pathway enrichment analysis performed by using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 
database. Only significant upregulated and downregulated terms (p<0.05) are shown. 2’FL, 2’-fucosyllactose; HFD, high- fat diet.

While in vitro studies have demonstrated that alterations of the 
mucus layer may be directly mediated by 2’FL, we cannot exclude 
the possibility that, in vivo, they are part of a more complex 
system involving the gut microbiota. As a prebiotic compound, 
2’FL can be metabolised by gut bacteria, stimulating, therefore, 

the proliferation of specific bacterial groups. By analysing the 
gut microbiota composition, we observed significant clustering 
according to the diet, with 2’FL supplementation inducing the 
most significant changes. Specifically, CT and HFD- fed mice 
were dominated by uncultured Desulfovibrionaceae, while 
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Figure 15 (A) Results of the principal component analysis and 
permutational multivariate analysis of variance (PERMANOVA) 
for normal (n=9) and obese (n=16) human subject’s proteomes. 
(B) Enrichment of molecular function, biological process, KEGG pathway 
and disease in terms of gene ontology (GO) categories. GO categories 
were determined using DAVID.

Akkermansia and Bacteroides were the main bacterial genera 
in mice receiving 2’FL supplementation. Both genera have 
been shown to be able to repurpose their mucin degradation 
machinery for the breakdown of HMOs, reflecting the struc-
tural and compositional similarities between HMOs and mucin 
oligosaccharides.48 49 It is, therefore, plausible that the effects of 
2’FL on metabolism and mucus could be mediated by bacteria 
that were significantly affected by the treatment. For example, 
A. muciniphila, a species belonging to the genus Akkermansia, 
is a mucin- degrading specialist residing and proliferating in the 
mucus layer and affecting metabolism in mice and humans.46 50 51 
In mice, A. muciniphila was previously reported to counteract 
HFD- induced obesity and prevent the decrease of mucus layer 
thickness associated with HFD.2 On the other hand, Bacteroides 
spp, like B. uniformis and B. acidifaciens, have been found to 
be protective against obesity52–54 and are highly enriched in 
colonic mucus layer where they can use mucin glycans as energy 
source.55 Moreover, WSD- fed rodents display an impaired 
mucus layer associated with a lower abundance of Bacteroidetes3 
and B. thetaiotaomicron, increased GC differentiation, increased 
expression of mucus- related genes and sialylated/sulfated mucins 
ratio.56

Since mice supplemented with 2’FL showed increased mucus 
production and secretion but no changes in mucus thickness, we 
next assessed whether 2’FL may have stimulated mucus degra-
dation through enhanced bacterial GH activity. Using in- gel 
fluorescent ABP labelling, we found increased a- L- fucosidase 
and a- D- galactosidase activity in 2’FL supplemented mice. The 
PCA for GHs involved in mucus degradation showed distinct 
clustering patterns between mice fed HFD+2’FL and those fed 
CT and HFD diet. Among GHs, two b- D- galactosidases and 
two a- L- fucosidases, assigned to Bacteroidales and Lachnospir-
aceae families, were increased in 2’FL supplemented mice while 
no differences were observed between CT and HFD groups, 
where these enzymes were either scarce or absent. Furthermore, 
we found that 2’FL supplementation significantly increased 
the levels of b- hexosaminidase and b- N- acetylhexosaminidase 
compared with the CT diet. These results suggest that 2’FL stim-
ulates the production of bacterial GHs involved in mucin glycan 
degradation, perhaps prompted by their involvement in 2’FL 
degradation.

Further analysis of the mouse proteome showed that HFD 
had a profound impact on many proteins participating in meta-
bolic processes. Specifically, HFD upregulated proteins involved 
in protein digestion and absorption while downregulated those 
involved in different metabolic pathways, among others. Inter-
estingly, 2’FL supplementation had opposite effects, suggesting 
its ability to counteract the alteration of metabolic processes 
induced by the HFD. To gain further insights into the mouse 
results, we analysed the faecal proteome from obese and lean 
individuals. We showed that there were significant differences, as 
previously observed,57 with some of these changes being similar 
between HFD- fed mice and obese humans. In addition to obese 
and lean individuals, even lifestyle- induced weight loss affects 
proteome.57 58 In other clinical contexts, faecal proteome has 
been used to discriminate patients with adenomas and colorectal 
cancer and novel stool biomarkers have been proposed for early 
detection, aiming at reducing their incidence and mortality.59–61 
This methodology may be used to define new clinical biomarkers 
capable of detecting the onset of metabolic disorders, enabling 
their prevention and monitoring the effectiveness of prebiotic/
probiotic treatments or personalised dietary interventions in 
humans for improving individualised patient care and public 
health outcomes.
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In conclusion, our study demonstrates that 2’FL supple-
mentation in the context of HFD- feeding can counteract 
obesity and metabolic alterations and it is associated with 
alterations in the intestinal mucus layer through increased 
expression of secreted and transmembrane mucins, glycos-
yltransferases and alterations in mucin glycans composition. 
These changes were accompanied with different profiles of 
gut microbiota, faecal proteome and eCB system. Our find-
ings suggest that 2’FL has the potential to improve metabolic 
outcomes in overweight/obese individuals and highlights the 
importance of investigating the interaction between mucus 
and gut microbiota. Together these data pave the way for 
further research on novel strategies and targets for the 
prevention and/or treatment of obesity and related disorders.
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MATERIALS AND METHODS 1 

 2 

Mice and diets 3 

Seven-week-old male C57BL/6J mice (Janvier, Le Genest-Saint-Isle, France) were co-housed 4 

in pairs under Specific and Opportunistic Pathogen Free conditions (SOPF) in a controlled 5 

environment (temperature of 22 ± 2 °C, 12-h daylight cycle) with free access to food and 6 

water. Upon arrival, all the mice underwent a 1-week acclimatization period, during which 7 

they were fed a control diet [1] (AIN93Mi, Research Diet, New Brunswick, NJ, USA).  8 

A set of 30 mice was randomly divided into 3 groups of 12 mice: 1) CT group, fed a 9 

control diet 2) HFD group, fed a high-fat diet (60% fat and 20% carbohydrates (kcal/100g), 10 

D12492, Research diet, New Brunswick, NJ, USA), and 3) HFD+2’FL group, fed a HFD diet 11 

supplemented with 10% of prebiotic 2’-fucosyllactose added in drinking water (DSM, 12 

Denmark). The dose of 10% of 2’FL represents the effective dose to elicit metabolic 13 

effects.[2,3] The treatment continued for 6 weeks.  14 

Body weight, food and water intake were recorded three times per week. Body 15 

composition was assessed once a week by using a 7.5-MHz time-domain nuclear magnetic 16 

resonance (LF50 minispec; Bruker, Rheinstetten, Germany). Feces were harvested weekly 17 

since the beginning (Day 0), until the end of the experiment (Day 45). All mouse experiments 18 

were approved by and performed in accordance with the guidelines of the local ethics 19 

committee. Housing conditions were specified by the Belgian Law of 29 May 2013, regarding 20 

the protection of laboratory animals (agreement number LA1230314). 21 

 22 

Oral Glucose Tolerance Test 23 

One week before the end of experiment, the mice were fasted for 6 hours before receiving 24 

an oral gavage glucose load (2 g glucose per kg body weight). Blood glucose was measured 30 25 

minutes before (time point -30), just prior the oral glucose load (time point 0) and then after 26 

15, 30, 60, 90 and 120 minutes. Blood glucose was determined with a glucose meter (Accu 27 

Check, Roche, Switzerland) on blood samples collected from the tip of the tail vein.  28 

 29 

Tissue sampling 30 

At the end of the experiment (week 6) and after 6h of fasting, all mice were anesthetized with 31 

isoflurane (Forene®, Abbott, Queenborough, Kent, England) and blood was collected from the 32 
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portal and cava veins. Then, the mice were immediately euthanized by cervical dislocation. 33 

Adipose depots (epididymal, subcutaneous, visceral and brown), muscles (tibialis anterior, 34 

vastus lateralis, gastrocnemius, soleus) and intestinal segments (jejunum, ileum, caecum and 35 

colon) were dissected, weighed and immersed in liquid nitrogen before long-term storage at 36 

−80 °C for further analysis.  37 

One segment of colon from each mouse was opened, without flushing it before, for 38 

the collection of the mucus layer by gently scraping with a microscope glass slide and then 39 

weighed.  40 

 41 

Biochemical Analysis 42 

To determine the plasma insulin concentration, blood was harvested from the tip of the tail 43 

vein using capillaries prior to glucose load (−30 min) and 15 min after glucose load. Plasma 44 

insulin concentration was measured using an ELISA kit (Mercodia, Uppsala, Sweden), 45 

according to the manufacturer’s instructions. Insulin resistance index was determined by 46 

multiplying the area under the curve of the blood glucose (−30 to 15 min) and plasma insulin 47 

(-30 min and 15 min). 48 

 49 

Plasma Multiplex Analysis  50 

Plasma levels of glucagon-like peptide 1 (GLP-1), peptide YY (PYY), ghrelin, leptin and glucagon 51 

were measured from the portal vein by multiplex assay kits based on chemiluminescence 52 

detection and following manufacturer’s instructions (Meso Scale Discovery (MSD), 53 

Gaithersburg, MD, USA). Analyses were performed using a QuickPlex SQ 120 instrument 54 

(MSD) and DISCOVERY WORKBENCH® 4.0 software (MSD, Rockville, MD, USA).  55 

 56 

RNA Preparation and gene expression analysis by real-time qPCR analysis 57 

Total RNA was prepared from tissues using TriPure reagent (Roche). Quantification and 58 

integrity analysis of total RNA was performed by running 1 μl of each sample on an Agilent 59 

2100 Bioanalyzer (Agilent RNA 6000 Nano Kit, Agilent). cDNA was prepared by reverse 60 

transcription of 1 μg total RNA using a Reverse Transcription System kit (Promega, Leiden, 61 

The Netherlands). Real-time PCRs were performed with the StepOnePlus real-time PCR 62 

system and software (Applied Biosystems, Den Ijssel, The Netherlands) using Mesa Fast qPCR 63 

sybr green mix (Eurogentec, Seraing, Belgium) and with the CFX Manager 3.1 software (Bio-64 
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Rad, Hercules, CA) using Mesa Fast qPCR (GoTaq qPCR Master Mix, Promega, Madison, WI, 65 

USA) for detection, according to the manufacturer’s instructions. RPL19 was chosen as 66 

housekeeping gene. All samples were run in duplicate in a single 96-well reaction plate, and 67 

data were analyzed according to the 2- ΔΔCt method. The identity and purity of the amplified 68 

product was checked through analysis of the melting curve carried out at the end of 69 

amplification. Primer sequences for the targeted mouse genes are available in Supplemental 70 

Table 9.  71 

 72 

Analysis of the mucus layer thickness, goblet cells and immunohistochemistry 73 

Colon segments were immediately removed and fixed in Carnoy’s solution (ethanol 6: acid 74 

acetic 3: chloroform 1, vol/vol) for 2h at 4 °C. They were then immersed in ethanol 100% for 75 

24 h. For the analysis of the mucus layer thickness and goblet cells, paraffin sections of 5 μm 76 

were stained with alcian blue. Images were captured at × 20 magnification and obtained using 77 

a SNC400 slide scanner and digital Image Hub software 561 (Leica Biosystems, Wetzlar, 78 

Germany). Analyses were performed using ImageJ (version 1.48r, National Institutes of 79 

Health, Bethesda, Maryland, USA) in a blinded manner. For the mucus layer thickness, two to 80 

six fields were used for each mouse and a minimum of 20 different measurements were made 81 

perpendicular to the inner mucus layer per field. For the goblet cells, the luminal side, 82 

muscularis mucosae, submucosa and muscle layer were removed and the blue area and the 83 

total area were measured separately in the remaining mucosal part of the colon. The 84 

proportion of the goblet cells was quantified based on the ratio between the blue area over 85 

the total area.  86 

 87 
Histology and Fluorescent in situ hybridization 88 

Segments of the distal colon from mice were fixed in water-free Methanol-Carnoy's fixative 89 

[60% methanol, 10% chloroform and 30% acetic acid] before paraffin embedding. Paraffin 90 

sections were dewaxed with Xylene substitute and hybridized with a general bacterial probe, 91 

EUB 338 conjugated to C3 (Merck, Ref: MBD0033). Immunostaining after hybridizations was 92 

performed with anti-MUC2C3 antiserum as described previously [4]. Pictures were obtained 93 

with a LSM800 confocal microscope from Zeiss. 94 

 95 

 96 
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Bacterial distance and density 97 

The bacterial penetration of the mucus was assessed using two parameters: the distance from 98 

the bacterial front to the epithelial cells and the density of bacterial cells within the inner 99 

mucus layer. The location of the bacterial front was easily delineated as the outermost border 100 

of the zone with high intensity for bacterial stain. The inner mucus was defined as the MUC2 101 

positive layer between the bacterial front and the epithelial cells. To assess the first 102 

parameter, at least 10 pictures from different locations of at least 2 different distant sections 103 

were analyzed per mouse, with at least 10 measurements (distance between bacterial front 104 

and closest epithelial cell) taken per pictures to determine the average distance between the 105 

bacterial front and the apical side of the epithelial cells. For the second parameter, the 106 

bacterial density of the inner mucus, the area of the MUC2 positive layer between the 107 

bacterial front and the epithelial cells was measured and bacteria within this layer were 108 

counted manually by two independent investigators in a blinded manner. For this analysis, at 109 

least 5 pictures were analyzed per mouse. Analyses were performed using (Fiji Is Just) ImageJ 110 

2.14.0/1.54f For Mac OS and 2.14.0 for Windows. Measurements were first averaged per 111 

section, then per mouse, then per group. 112 

 113 

Mucin glycan extraction and composition 114 

Colonic mucus was suspended in 400 μl mucin extraction buffer (0.2 M Tris, pH 8, 1% SDS, 10 115 

mM DTT). The samples were incubated at 60°C for 90 min. Iodoacetamide was added from a 116 

1M stock solution to a final concentration of 100 mM. The samples were incubated at RT for 117 

90 min in dark. The reduced samples were spin filtered through a 100k MWCO amicon 0.5 118 

filter (merck) for 15 min at 14000 g. Lithium dodecyl sulphate (LDS) loading buffer (10 μl; 119 

Thermo Fischer) was added to the samples and loaded onto a 1% vertical agarose gel cast in 120 

Tris-Glycine-SDS (TGS) buffer (Biorad). Vertical agarose gel electrophoresis (VAGE) was carried 121 

out at 100 V for 45 min. The mucins/proteins were transferred onto Immobilon Psq(Merck) 122 

in Tris-glycine [5] buffer, using Trans-blot Turbo (25 V, 1 A, 60 min; Biorad). The region of the 123 

blot were mucins migrated was cut out and the blot was immersed into 500 μl 0.5M NaBH4 124 

in 0.05 M NaOH. The β-elimination reactions were incubated at 45°C for 16 h and quenched 125 

by the stepwise addition of 1ml 5% aqueous acetic acid. The samples were desalted on in-126 

house prepared cation exchange columns using Amberlite 50Wx8 H+ 200-400mesh. The 127 
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samples were dried under vacuum and removal of borates was carried out with co-128 

evaporation with methanol under nitrogen.  129 

For the base required for permethylation, 400 μl of 50% NaOH were mixed with 800 μl dry 130 

MeOH and 4 ml of anhydrous DMSO. The resulting gel was washed 5 times with 4 ml DMSO 131 

before resuspended in 4 ml DMSO. The dried samples were dissolved in 100 μl anhydrous 132 

DMSO, followed by the addition of 150 μl of the prepared base and 75μl of iodomethane. The 133 

samples were vortexed for 2 h at 2000 rpm and the reactions were quenched by the addition 134 

of 500 μl H2O. Excess of iodomethane was removed with a flow of nitrogen.  135 

The permethylated glycans were loaded onto a Swift-HLB cartridge (Merck). Salts and other 136 

hydrophilic contaminants were removed with 4x1 ml washes with H2O and permethylated 137 

glycans were eluted with 4x1 ml of MeOH. The eluted glycans were dried under vacuum and 138 

redissolved in 10 μl of 30% acetonitrile in 0.1% aqueous trifluoroacetic acid (TA30). The 139 

sample (0.5 μl) was mixed with 0.5 μl of 2,5-dehydroxy-benzoic acid (DHB, 20 mg/ml in TA30) 140 

and spotted onto a MTP ground steel MALDI target plate. The samples were analysed by 141 

MALDI-ToF MS on a Bruker Autoflex in positive reflectron mode. Peak detection and 142 

integration in the mass spectra was done using flexAnalysis (v3.4, Bruker Daltonics) with the 143 

following settings: Peak detection algorithm was Snap2, signal to noise threshold = 2, relative 144 

intensity threshold = 0, minimum intensity threshold = 2, SNAP2 average composition was set 145 

to “sugar”, baseline subtraction was set to TopHat. Relative abundance of each peak 146 

identified as glycan was calculated as the area of the peak over the sum of all peaks that were 147 

identified as glycans. Only glycans present in at least 3 mice and in at least one group were 148 

shown.  149 

 150 

Endocannabinoid and lipid content 151 

The endocannabinoid and lipid content in the cecal tissue was analyzed by UHPLC-MS. Briefly, 152 

lipids were extracted by ultraturax homogeneisation and internal standards (d4-AEA, d4-PEA, 153 

d4-OEA, d4-SEA and d5-1-2-AG) were added, followed by protein precipitation (acetone) and 154 

recover the supernatant. The samples were analyzed with Xevo-TQS mass spectrometer (from 155 

Waters). Absolute quantifications were obtained first by normalizing the area under the curve 156 

[6] of the lipid species with the AUC of the respective internal standard and second by 157 

extrapolation of the compound’s ratio in his own calibration curve. The LC-MS methods was 158 

the following: BEH LC-18 column 50*2.1, 1.7µm (Waters) at 40°C. The mobile phase consisted 159 
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in a gradient between A: H2O 25% -MeOH 75%; B: MeOH 100%, all containing acetic acid 160 

(0.1%). ESI probe operated in positive mode was also used for sample ionization. The mass 161 

spectrometer parameters were the following: capillary voltage: 2.9kV ; cone voltage : 30V ; 162 

desolvation temperature : 550°C ; desolvation gas flow : 1100L/Hr : cone gas flow : 170L/Hr : 163 

nebuliser : 6bar.  164 

 165 

DNA extraction and 16S rRNA gene amplicon sequencing 166 

Analysis of gut microbiota composition was performed for fecal samples collected at the 167 

beginning (day 0) and at the end (day 45) of the study and for the caecal content collected 168 

and kept frozen at -80°C until use. Genomic DNA was extracted using a QIAamp DNA Stool 169 

Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions, including a 170 

bead-beating step. The V4 region of the bacterial 16S rRNA gene was amplified with the 171 

primers 515F(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT). Purified 172 

amplicons were sequenced using Illumina MiSeq technology following the manufacturer’s 173 

guidelines. Sequencing was performed at MR DNA (www.mrdnalab.com; Shallowater, TX). 174 

Sequences were processed using the QIIME2 pipeline (version 2021.4).[7] Demultiplexed 225-175 

bp paired-end sequences were denoised using DADA2 to obtain an amplicon sequence variant 176 

(ASV) table.[8] Singletons (ASV present < 2 times) and ASVs present in less than 10% of the 177 

samples were discarded. Taxonomic classification was performed using a pre-trained naive 178 

Bayes classifier implemented in QIIME2 against the SILVA 132 reference database.[9] Taxa 179 

that could not be identified on genus-level are referred to the highest taxonomic rank 180 

identified. 181 

 182 

Quantitative PCR for total bacteria 183 

Quantification of total bacteria was carried out by qPCR with universal bacterial primers 184 

(338F: ACTCCTACGGGAGGCAGCAG, 518R:  ATTACCGCGGCTGCTGG), with the StepOnePlus 185 

real-time PCR system and software (Applied Biosystems, Den Ijssel, The Netherlands) using 186 

GoTaq qPCR sybr green mix (Promega, Madison, Wisconsin, USA), according to the 187 

manufacturer’s instructions. All samples were run in duplicate in a single 96-well reaction 188 

plate. The cycle threshold [1] of each sample was compared with a standard curve made by 189 

serially diluting genomic DNA isolated from a pure culture of the type strain of Lactobacillus 190 

acidophilus (DSM 20079 01-21) (BCCM/LMG, Ghent, Belgium; DSMZ, Braunshweig, Germany). 191 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2023-330301–18.:10 2024;Gut, et al. Paone P



The absolute abundances of individual bacterial genera were estimated by multiplying their 192 

relative abundance by total bacterial density as described previously.[10] 193 

 194 

Preparation of mouse fecal extracts 195 

Fecal extracts were processed based on the protocol of Redinbo et al.[11], with modifications. 196 

Briefly, 1-2 fecal pellets collected at the end of the experiment and stores at -80 °C were 197 

rehydrated with 350 μl cold extraction buffer (pH 6.5, 25 mM HEPES, 25 mM NaCl with Roche 198 

cOmpleteTM protease inhibitor cocktail). The mixture was then transferred in new tubes 199 

containing autoclaved 0.7 mm garnet beads and vortexed to break up dense and fibrous 200 

material. Bacterial cells were lysed using MP FastPrep-24TM Classic high-speed benchtop 201 

homogenizer (MP Biomedicals, Santa Ana, CA, USA) for 2 minutes at 30 Hertz. The resulting 202 

homogenate was sonicated two times for 2 min, with an intermediate step of mixing by 203 

inversion. The resulting homogenate was centrifugated at 13,000xg for 10 min at 4 °C and the 204 

supernatant was decanted. The total protein concentration was calculated using PierceTM BCA 205 

Protein Assay Kit (#23225, Thermo Fisher Scientific, Waltham, MA, USA). The mouse fecal 206 

extract was aliquoted and stored at -80°C until further use. 207 

 208 

In-gel activity-based probes (ABP) fluorescent labelling of mouse fecal extracts 209 

Mouse fecal extracts were diluted with buffer (pH 6.5, 125 mM HEPES, 125 mM NaCl, final) 210 

to have 1 µg of total protein in 9 µL of lysate working solution. 1 µL of Cy5-ABP at a final 211 

concentration of 1 µM for alpha-L-fucosidase labeling (JJB381)[12] and 0.5 µM for alpha-D-212 

galactosidase (TB474)[13] was added to the lysate working solution (9 µL) on ice, and the 213 

resulting mixture was incubated at 37 °C for 1 h. The samples were denatured by adding 2.5 214 

μL 5x Laemmli buffer (containing 0.3 M Tris-HCl pH 6.8, 50 % (v/v) 100 % glycerol, 8 % (w/v) 215 

dithiothreitol (DTT), 10 % (w/v) sodium dodecyl sulfate (SDS), 0.01 % (w/v) bromophenol blue) 216 

and boiled at 98 °C for 5 min. Samples were cooled on ice and run on 1.00 mm 10% 217 

polyacrylamide gel at 200 V. Wet-slab gels were scanned for ABP-emitted fluorescence using 218 

the TyphoonTM FLA 9500 scanner (Amersham Biosciences, Piscataway, NJ, USA), at 700 PMT 219 

and 50 μm resolution. Wet-slab gels were subsequently stained with Coomassie Brilliant Blue 220 

(CBB) staining agent to verify accurate protein loading. Full gel images and the relative CBB 221 

scanned images can be found in Supplemental Figure 7A,B. 222 

 223 
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 224 

Total proteomic analysis of mouse fecal extracts 225 

5 µg of proteins from mouse fecal extracts were diluted in 5 µL of buffer (pH 6.5, 125 mM 226 

HEPES, 125 mM NaCl, final). 100 µL 8 M urea/100 mM ammonium bicarbonate (pH 8) were 227 

added to each sample and shacked for 30 minutes, 25 °C, 800 rpm to denature the proteins. 228 

Samples were reduced with 10 µL of 20 mM DTT and incubated for 30 minutes at 37 °C and 229 

shacked at 800 rpm. The samples were cooled at RT for 10 minutes and then 10 µL 50 mM 230 

iodoacetamide (IAA) were added. The samples were incubated in the dark at RT for 30 231 

minutes. 900 µL 20 mM ammonium bicarbonate (pH 8) were added to each sample and then 232 

200 ng of trypsin were added to digest the proteins. The samples were incubated overnight 233 

at 37°C and shacked at 500 rpm. The following day, to lower the pH to pH < 3, 10 µL of formic 234 

acid (FA) were added. The samples were desalted using stage tips and prepared for LC/MS 235 

analysis.  236 

 237 

Nano-LC-MS settings for total proteomic analysis 238 

Desalted peptide samples were reconstituted in 30 µL LC-MS solution (97:3:0.1 H2O, CH3CN, 239 

FA) containing 10 fmol/µL yeast enolase digest (cat. 186002325, Waters) as injection control. 240 

Injection amount was titrated using a pooled quality control sample to prevent overloading 241 

the nanoLC system and the automatic gain control (AGC) of the QExactive mass spectrometer. 242 

The desalted peptides were separated on an UltiMate 3000 RSLCnano system set in a trap-243 

elute configuration with a nanoEase M/Z Symmetry C18 100 Å, 5 µm, 180 µm x 20 mm 244 

(Waters) trap column for peptide loading/retention and nanoEase M/Z HSS C18 T3 100 Å, 1.8 245 

µm, 75 µm x 250 mm (Waters) analytical column for peptide separation. The column was kept 246 

at 40 °C in a column oven. Samples were injected on the trap column at a flow rate of 15 247 

µL/min for 2 min with 99% mobile phase A (0.1% FA in ULC-MS grade water (Biosolve)), 1% 248 

mobile phase B (0.1% FA in ULC-MS grade acetonitrile (Biosolve)) eluent. The 85 min LC 249 

method, using mobile phase A and mobile phase B controlled by a flow sensor at 0.3 µL/min 250 

with average pressure of 400-500 bar (5500-7000 psi), was programmed as gradient with 251 

linear increment to 1% B from 0 to 2 min, 5% B at 5 min, 22% B at 55 min, 40% B at 64 min, 252 

90% B at 65 to 74 min and 1% B at 75 to 85 min. The eluent was introduced by electro-spray 253 

ionization (ESI) via the nanoESI source (Thermo) using stainless steel Nano-bore emitters (40 254 

mm, OD 1/32”, ES542, Thermo Scientific). The QExactive HF was operated in positive mode 255 
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with data dependent acquisition without the use of lock mass, default charge of 2+ and 256 

external calibration with LTQ Velos ESI positive ion calibration solution (88323, Pierce, 257 

Thermo) every 5 days to less than 2 ppm. The tune file for the survey scan was set to scan 258 

range of 350 – 1400 m/z, 120,000 resolution (m/z 200), 1 microscan, automatic gain control 259 

(AGC) of 3e6, max injection time of 100 ms, no sheath, aux or sweep gas, spray voltage ranging 260 

from 1.7 to 3.0 kV, capillary temp of 250 °C and an S-lens value of 80. For the 10 data 261 

dependent MS/MS events the loop count was set to 10 and the general settings were 262 

resolution to 15,000, AGC target 1e5, max IT time 50 ms, isolation window of 1.6 m/z, fixed 263 

first mass of 120 m/z and normalized collision energy [5] of 28 eV. For individual peaks the 264 

data dependent settings were 1.00e3 for the minimum AGC target yielding an intensity 265 

threshold of 2.0e4 that needs to be reached prior of triggering an MS/MS event. No apex 266 

trigger was used, unassigned, +1 and charges >+8 were excluded with peptide match mode 267 

preferred, isotope exclusion on and dynamic exclusion of 10 sec. In between experiments, 268 

routine wash and control runs were done by injecting 5 µl LC-MS solution containing 5 µL of 269 

10 fmol/µL BSA or enolase digest and 1 µL of 10 fmol/µL angiotensin III (Fluka, 270 

Thermo)/oxytocin (Merck) to check the performance of the platform on each component 271 

(nano-LC, the mass spectrometer (mass calibration/quality of ion selection and 272 

fragmentation) and the search engine). 273 

 274 

MaxQuant processing 275 

Raw files were analyzed with MaxQuant (version v2.1.4.0).[14] The following changes were 276 

made to the standard settings of MaxQuant: Label-free quantification was enabled with an 277 

LFQ minimal ratio count of 1. Match between runs and iBAQ quantification were enabled. 278 

Searches were performed against a Uniprot database created by merging reviewed (Swiss-279 

Prot) and unreviewed (TrEMBL) sequences (downloaded the 21st September 2022) from mus 280 

musculus (taxonomy_id:10090; 88,023 results), bacterial fucosidase (32,942 results), 281 

sialidase (73,638 results), galactosidase (146,928 results) and hexosaminidase 282 

(37,896 results). “proteingroups.txt” file was used for further modifications in Perseus 283 

(version 2.0.7.0)[15], including logarithmic transformation (log2) and removal of proteins 284 

‘Only identified by site’, ‘Reverse’, ‘Contaminant’ and identified based on only one peptide. 285 

Non-existing LFQ value due to not enough quantifies peptides were substituted with zero. To 286 

analyze the abundance of proteins, their label-free quantification (LFQ) intensities were 287 
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compared using GraphPad Prism (version 9.4.1 for macOS) and MetaboAnalyst (more details 288 

in “Statistical and Bioinformatics Analysis”).  289 

 290 

Caecal Short Chain Fatty acids analysis 291 

We used a derivatization method prior to UPLC-MS analysis. Briefly, cecal contents (50 - 60 292 

mg wet material) were homogenized in double-distilled water and then sonicated 10 min in 293 

an iced water bath. An aliquot of the resulting material (50 µL) was transferred into tubes 294 

containing acetonitrile (200 μL) and valproic acid (used as internal standard). Following 295 

incubation at -20°C (1h) the samples were centrifuged, and supernatants were transferred 296 

into glass tubes for derivatization (1 h, 40 °C) using 3-nitrophenylhyrazine in the presence of 297 

EDC and pyridine. Samples were then purified by liquid-liquid extraction using chloroform to 298 

remove the remaining reagents. The SFCA-containing samples were then analyzed using a 299 

Nexera LC 40X3 coupled to ZenoTOF 7600 instrument (from Shimadzu and Ab Sciex, 300 

respectively). The SCFA were analyzed using a Kinetex F5 (150 × 2.1 mm; 1.7 μM) column 301 

maintained at 40 °C. A gradient between H2O-ACN-acetic acid (94.9:5:0.1; v/v/v) and ACN-302 

acetic acid (99.9:0.1; v/v) was used to separate the different isomers. For compound 303 

ionization, an ESI source operated in positive mode was used. SCIEX OS 3.0 was used for data 304 

analysis. The signal (AUC) of the different SCFA was normalized to the signal of the internal 305 

standard (valproic acid). SCFA content was normalized to the caecal content weight. 306 

 307 

 308 

Human fecal proteomics 309 

The MASCOT Generic Format files from previously analyzed human fecal proteomes[16] were 310 

used to identify and quantify the proteins. The MS/MS data were processed using Sequest HT 311 

search engine within Proteome Discoverer 2.5 SP1 against a human protein database 312 

obtained from Uniprot (81.579 entries January 2023) trypsin (RK) was specified as cleavage 313 

enzyme allowing up to 2 missed cleavages, 4 modifications per peptide and up to 5 charges. 314 

Mass error was set to 10 ppm for precursor ions and 0.6 Da for fragment ions. Oxidation on 315 

Met (+15.995 Da), Carbamidomethyl on Cys (+57.021 Da), pyro-Glu formation from Gln or Glu 316 

(-17.027 Da or – 18.011 Da respectively), Acetylation (+42.011Da) and Met-loss (-131.040 Da) 317 

on protein-terminus were considered as variable modifications. False discovery rate (FDR) 318 

was assessed using a target/decoy PSM validator and set to <5%. Relative quantification was 319 
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performed by taking the number of PSMs for each protein identified. Before statistical 320 

analysis, the proteomic data were filtered to only include proteins having unique peptides ≥ 321 

2 and PSMs ≥ 3. 322 

 323 

Statistical and Bioinformatics Analysis 324 

Statistical analyses were performed using GraphPad Prism version 9.4.1 for macOS (GraphPad 325 

Software, San Diego, CA, USA) and RStudio version 2022.12.0+353. Data are expressed as the 326 

mean ± s.e.m. Comparison between three groups at one time-point was performed by one-327 

way ANOVA followed by Tukey’s test for normally distributed data and Kruskal-Wallis 328 

followed by Dunn’s test for not normally distributed data. Comparison between three groups 329 

at different time-points was performed by 2-way repeated measures ANOVA, followed by 330 

Tukey’s test. The results were considered statistically significant at P < 0.05. The presence of 331 

outliers was assessed using the Grubbs test.  332 

For the gut microbiota, statistical analysis was performed using the R package mare.[17] To 333 

account for the varying sequencing depth, the number of reads per sample was used as an 334 

offset in all statistical models. Overall microbiota structure was assessed using principal 335 

coordinate analysis (PCoA) on beta diversity computed using the Bray-Curtis dissimilarity, 336 

representing the compositional dissimilarity between the samples. Significant differences 337 

between groups were tested using nonparametric multivariate analysis of variance 338 

(PERMANOVA) (adonis in the vegan package[18]). Differential abundance testing was 339 

performed using the mare function “GroupTest” with both relative and absolute abundance 340 

data fitted in generalized linear models assuming a negative binomial distribution. If the fitted 341 

model failed to fulfil model assumptions (primarily heteroscedasticity of the residuals), 342 

generalized least squares models were used. P-values were adjusted by the Benjamini-343 

Hochberg method for multiple testing. FDR-adjusted p-values < 0.05 were considered 344 

statistically significant. As absolute microbiota measurements have been suggested to better 345 

reflect true changes,[19] log2 fold change values of absolute abundances of the significant 346 

genera identified by differential abundance testing (FDR-p < 0.05) were further visualized 347 

using the ggplot2 package (figure 11) . 348 

Statistical analysis for the mouse proteomics, including non-parametric tests (Wilcoxon rank-349 

sum test), volcano plot and principal component analysis (PCA), were done using 350 

MetaboAnalyst (version 5.0)[20]. For human proteomics, t-test was performed after data 351 
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normalization (Log transformation (base 10) and auto scaling) using MetaboAnalyst and PCA 352 

was computed from scaled data using PCA function in “FactoMineR” package. Differences 353 

between clusters were estimated by PERMANOVA test with 999 permutations on Euclidean 354 

distance using adonis2 function from “vegan” package. Proteins that were significantly 355 

up/down-regulated were used to create a gene list and execute Kyoto Encyclopedia of Genes 356 

and Genomics (KEGG) pathway and functional annotation clustering, giving which 357 

term/annotation groups were enriched (using DAVID 2021, https://david.ncifcrf.gov).[21,22] 358 

Following default settings, only clusters with P-values <0.05 (corresponding to enrichment 359 

scores ≥ 1.3) were shown in Supplemental figure 4 and 5. For human fecal proteomes, DAVID 360 

tool was also used to investigate the molecular function, biological process, KEGG pathway 361 

and diseases, as shown in figure 14.  362 

 363 

 364 

 365 
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1 

Supplemental Figure 1. (A) Final lean mass and (B) muscle weights (TA = tibialis anterior, VL 2 

= vastus lateralis, GAS = gastrocnemius, SOL = soleus). (C) Cumulative food intake. Data are 3 

means±s.e.m (n= 9-10/group). Data were analysed using one-way ANOVA for A and B and 4 

according to two-way ANOVA for C followed by Tukey post hoc test. *P < 0.05; 5 

  6 

  7 
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 8 

Supplemental Figure 2. Pearson correlation between mRNA colonic expression of (A) Muc1, 9 

(B) Muc13 and (C) Fut2 and body weight gain/fat mass gain (n=9-10/group). 10 

  11 
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 12 

Supplemental Figure 3. (A-D) Bar graphs showing grouped taxonomic profiles of the gut 13 

bacteria at a phylum level: (A,B) relative and absolute abundance in the cecum, before and 14 

at the end of the treatment; (C,D) relative and absolute abundance in the feces, at the end 15 

of the treatment. (n= 9-10/group). 16 

  17 
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 18 

Supplemental Figure 4. Functional annotation clustering performed with DAVID, showing 19 

annotation clustering, enrichment scores and terms significantly up/down-regulated by HFD 20 

and HFD+2’FL in mice. Only annotation clusters with enrichment scores ≥ 1.3 (corresponding 21 

to P-values <0.05) are shown. Terms that changed in an opposite way in HFD-fed mice 22 

compared to HFD+2’FL mice are highlighted in bold and red/blue.  23 
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 24 

Supplemental Figure 5. Functional annotation clustering performed with DAVID, showing 25 

annotation clustering, enrichment scores and terms significantly upregulated in obese human 26 

subjects compared to normal ones. Only annotation clusters with enrichment scores ≥ 1.3 27 

(corresponding to P-values <0.05) are shown. Terms that are similar to those enriched in HFD-28 

fed mice are in red and some of the terms related to metabolism are highlighted in light red.  29 
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 30 

 31 

Supplemental Figure 6. Short-chain fatty acids (SCFAs) content in the cecal content. (A) 32 

acetate, (B) propionate, (C) isobutyrate, (D) butyrate, (E) 2-methylbutyrate, (F) isovalerate, 33 

(G) valerate. Data are means±s.e.m (n= 11-12/group). Data were analysed using one-way 34 

ANOVA followed by Tukey post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 35 

  36 
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37 

Supplemental Figure 7. In-gel fluorescent ABP labelling. (A) 1 µM for alpha-L-fucosidase 38 

labeling (JJB38 39 

1) and (B) 0.5 µM for alpha-D-galactosidase (TB474) and their relative Coomassie Brilliant 40 

Blue (CBB) staining (n=9-10/group). 41 
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Supplemental table 9: primers sequences used for the RT-qPCR 

Primers Forward sequence Reverse sequence 

RPL19 GAAGGTCAAAGGGAATGTGTTCA CCTGTTGCTCACTTGT 

Lyz1 GCCAAGGTCTACAATCGTTGTGAGTTG CAGTCAGCCAGCTTGACACCACG 

Reg3g CATCCACCTCTGTTGGGTTC TTCCTGTCCTCCATGATCAAA 

Pla2g2a AAGGATCCCCCAAGGATGCCAC CAGCCGTTTCTGACAGGAGTTCTGG 

Intectin GCACTATTGCAGAGGTCCGT GTTGCCCCTGATTCTGCTGG 

Tff3 CCCTGGTGCTTCAAACCTCT GGGATGCTTGCTACCCTTG 

Proglucagon TGGCAGCACGCCCTTC GCGCTTCTGTCTGGGA 

Math1 CAAGTGTGTCCAGCAGTGTG TTGAGTTTCTTCAAGGCGGC 

Spdef AGGTGCAATCGATGGTTGTG AGGGTCTGCTGTGATGTTCA 

Elf3 CCTATGAGAAGCTGAGCCGA ACCTCTTCTTCCTTCCAGCC 

Klf4 GTGCCCCGACTAACCGTTG GTCGTTGAACTCCTCGGTCT 

Hes1 CCGGCATTCCAAGCTAGAGA GGTATTTCCCCAACACGCTC 

Agr2 GCCAAAGACACCACAGTCAA CCATCAAGGGTCTGTTGCTT 

Muc1 GACATCTTTCCAACCCAGGACA AAGAGAGACTGCTACTGCCATTAC 

Muc2 ATGCCCACCTCCTCAAAGAC GTAGTTTCCGTTGGAACAGTGAA 

Muc4 CTGTGTCTGAGCTGCCTGTATT GGGTGTCTGTGTTGATGTTGTTG 

Muc13 CCCTCATCCTCATCTTGCTGATT CTCTGCTCTTCTCCATCCTTCTTT 

Muc17 CCGACACATTGCTGCTGAGAAT GCTGTCGTCTTGGGTGCTATTT 

Gcnt1 ACAGATTCAGGCTTCCTGTGATT GCCAGGTGAGATGCCAGTTTA 

Gcnt4 ATGTCCTGCAGTTCCATTGAGG ATGTCCTGCAGTTCCATTGAGG 

B3gnt6 GGCCAGATTCTCCTCTCTCAAAC CAGTGTCGTGGGACTCTTGAAC 

C1galt1 ATGGACACAGTCACCTCAAAGG GAGGTTCTCAGCAACGTCTATGT 

C1galt1c1 TCTCACGTCCAAGCCTCGT TGTGGCCTAGCATAGTGATCAAG 

Fut1 AGAATTCGCTTGCACCACCA AAGAAGGAGCCGGCAGAGA 

Fut2 TGAACTTTCGGCTAAGGTACATCT GGAAGTGGGCCAGAGGAAAG 

Fut8 AGGCGAATGGCTGAGTCTCT TGGCCTTAACAAGCTGTTCTTCT 

St3gal1 GCCCACTATGCCAGACACTT TCAGCAGAGTCAAACCCAGC 

St3gal3 TGCTGCGGTCATGTAGGAAA CAGCGGAGTCAAGGGAAAGA 

St3gal4 GGCTCTGGTCCTTGTTGTTG TCCCTAGAACGGTTGCCAAAA 

St3gal6 CACCCCAAAAGCGCAGATTTATT CCTGCCTGAAACAGAGTCCAA 

St6galnac2 CGGATGTTGTTGCTCGTTGC AGTCGGCTCTTTCTGTTTTCC 

Retnlb CAAGGAAGCTCTCAGTCGTCAA CACTAGTGCAGGAGATCGTCTTAG 

Atg5 ATGGTTTGAATATGAAGGCACACC TGATGTTCCAAGGAAGAGCTGAA 

Atg7 CTTCCTGAGAGCATCCCTCTAATC CGGCTCGACACAGATCATCATAG 

Nlrp6 CCCGAAATGTCATCTGAGTGTTCT TTCAGGGCCTCGGAAAGGT 

Fcgbp AACTTTGCCCACTGACCTG CCACAGCCTCCCTGCACT 

Daglb CTCCACCAGCAACAAGACAA GCAGTTCTCCACTTCTGCATC 

Dagla CCCTCAAGTGCTTCGCTTAC GTCTTTGCCCAGAACCACA 

Napepld TTCTTTGCTGGGGATACTGG GCAAGGTCAAAAGGACCAAA 

Abdh4 GCACAGGGAAGAAGGTGAAG AGCATAGACGTGGTGGGATG 

Nat1 CCCCGAGTTATCGAGGATTT CTGCAAGGAACAGAACGATG 

Naaa ATTATGACCATTGGAAGCCTGCA CGCTCATCACTGTAGTATAAATTGTGTAG 

Faah GTGAGGATTTGTTCCGCTTG GGAGTGGGCATGGTGTAGTT 

Mgl ATGGTCCTGATTTCACCTCTGGT TCAACCTCCGACTTGTTCCGAGACA 

Abdh6 CTGTCCATAGTGGGGCAAGT TCAGATGGGTAGTAAGCGGC 

Cb1 CTGATGTTCTGGATCGGAGTC TCTGAGGTGTGAATGATGATGC 

Cb2 CTGTGCTGCTCATATGCTGG GCAGAGCGAATCTCTCCACT 

Gpr119 AGCTCTGCTCAGCATACACAG AAATGCCATCCGAAGGCTAC 

Pparg CTGCTCAAGTATGGTGTCCATGA TGAGATGAGGACTCCATCTTTATTCA 
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