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Dietary Supplementation with the Probiotic SF68 Reinforces
Intestinal Epithelial Barrier in Obese Mice by Improving
Butyrate Bioavailability
Laura Benvenuti, Vanessa D’Antongiovanni, Carolina Pellegrini, Matteo Fornai,*
Nunzia Bernardini, Chiara Ippolito, Cristina Segnani, Clelia Di Salvo, Rocchina Colucci,
Alma Martelli, Lorenzo Flori, Vincenzo Calderone, Gianfranca Carta, Emilia Ghelardi,
Marco Calvigioni, Adelaide Panattoni, Raffaella Coppolecchia, Achille Arini,
and Luca Antonioli

Scope: Modifications in intestinal microbiota and its metabolites, the
short-chain fatty acids (SCFA) are main factors altering intestinal epithelial
barrier integrity and eliciting the onset of a meta-inflammation observed in
obesity. The present study is aimed at evaluating the efficacy of Enterococcus
faecium (SF68) administration in counteracting the impairment of gut barrier
and enteric inflammation in a model of diet-induced obesity, characterizing
the molecular mechanisms underlying such beneficial effects.
Methods and Results: Male C57BL/6J mice, fed with standard diet (SD) or
high-fat diet (HFD), are treated with SF68 (108 CFU day−1). After 8 weeks,
plasma interleukin (IL)-1𝜷 and lipopolysaccharide binding protein (LBP) are
measured, analysis of fecal microbiota composition and butyrate content as
well as intestinal malondialdehyde, myeloperoxidase, mucins, tight junction
protein, and butyrate transporter expression are investigated. After 8 weeks,
SF68 administration counteracts the body weight gain in HFD mice, reducing
plasma IL-1𝜷 and LBP. In parallel, SF68 treatment acts against the intestinal
inflammation in HFD-fed animals and improves the intestinal barrier integrity
and functionality in obese mice via the increase in tight junction protein and
intestinal butyrate transporter (sodium-coupled monocarboxylate transporter
1 ) expression.
Conclusions: Supplementation with SF68 reduces intestinal inflammation
and reinforces the enteric epithelial barrier in obese mice, improving the
transport and utilization of butyrate.
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1. Introduction

Obesity is a multifactorial pathological
condition characterized by an excess body
fat often associated with a large number
of debilitating and life-threatening dis-
orders, affecting, along with overweight,
over a third of the world’s population.[1]

A number of evidence reported that be-
yond an abnormal fat accumulation, the
excessive intake of foods with high en-
ergy density can lead to a low-intensity
chronic systemic inflammation (meta-
inflammation), a common root to sev-
eral obese-related comorbidities, includ-
ing type 2 diabetes, cardiovascular dis-
ease, non-alcoholic fatty liver disease, and
cancer.[2]

Over the years, increasing efforts have
been addressed to better understand and
characterize the molecular pathway un-
derlying the onset and development of
obesity, aimed at identifying novel route
for therapeutic intervention.[3] Interest-
ingly, a number of clinical and preclinical
evidence identified a failure in the rela-
tionship of mutual benefit occurring be-
tween the host and the gut microbiota,
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as a hallmark typically associated with obesity.[4] In this re-
gard, alterations in intestinal microbiota and its metabolites,
the short-chain fatty acids (SCFA), have been identified among
the main factors influencing early inflammatory events asso-
ciated with obesity and metabolic dysfunction.[5] In particu-
lar, set of metagenomic and biochemical analyses allowed to
highlight the presence of an imbalanced gut microbiota in
murine model of diet-induced obesity as well as in obese
patients,[6] in association with an altered proportion in lumi-
nal and fecal SCFA production.[7] Such luminal alterations rep-
resent prodromal events eliciting fluctuations in the intestinal
epithelial barrier integrity, thereby facilitating the translocation
of immunogenic products (i.e., lipopolysaccharide, peptidogly-
can, whole bacteria, and other toxins) in the enteric lamina
propria and the bloodstream, triggering the onset and main-
tenance of a meta-inflammation typically observed in obese
subjects.[8]

Recent studies strongly indicated that the manipulation of
the composition of the microbial ecosystem in the gut via pre-
biotics and/or probiotics might be a viable way in the treat-
ment of obesity.[9] Set of preclinical studies performed in murine
models of diet-induced obesity reported the beneficial effects
of a probiotic supplementation in regulating body weight and
in counteracting proinflammatory gene expression in the adi-
pose tissue.[10,11] In parallel, although not completely under-
stood, it has been observed that the administration of probi-
otics (i.e., Lactobacilli and Escherichia coli Nissle 1917) amelio-
rated the functionality of the intestinal barrier, modulating the
expression of numerous genes encoding adherence junction pro-
teins, leading to the restoration of the tight junction complex.[12]

Moreover, Enterococcus faecium SF68 (SF68) has been demon-
strated to reduce symptoms of intestinal inflammation in both
pre-clinical and clinical studies.[13–16] In particular, it has been
reported an ameliorative effect in case of antibiotic-associated
diarrhea.[15,16]

Despite these encouraging results, several gaps remain about
our understanding of how probiotics modulate gut microflora to
protect against the mucosal and the immune/inflammatory en-
teric disorders associated with obesity.
Based on these premises, the present study has been designed

to evaluate the efficacy of SF68 administration in counteracting
and preventing the impairment of gut barrier and the onset of
enteric inflammation in a mouse model of diet-induced obesity,
characterizing the molecular mechanisms underlying such ben-
eficial effects.
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2. Experimental Section

2.1. Animals and Diet

C57BL/6 male mice (20–22 g body weight), 5-week-old, were pro-
vided by ENVIGOS.r.l (San Pietro al NatisoneUD, Italy) and used
during the study. Theywere housed six in a cage in a temperature-
controlled room on a 12-h light cycle at 22–24 °C, and 50%–60%
humidity and not used for at least 1 week. They were handled
and cared following the European Community Council Directive
2010/63/UE, transposed by the Italian Government. The study
was approved by the Italian Ministry of Health (Authorisation N°

955/2018-PR).

2.2. Experimental Design

To induce obesity, standard diet (SD, 18% calories from fat;
TD.2018), administered during the adaptation period to all mice,
was replaced with a high-fat diet (HFD, 60% calories from fat,
TD.06414) for 8 weeks. HFD provides 21.4% kcal as carbohy-
drate, 18.3% kcal as protein, and 60.8% kcal as fat (5.1 kcal g−1),
instead SD provides 58% kcal as carbohydrate, 24% kcal as pro-
tein, and 18% kcal as fat (3.1 kcal g−1). Body weight wasmeasured
once a week from the first day of the study. At the end, animals
were anaesthetized and sacrificed. Blood samples and tissue sam-
ples were collected and stored at −80 °C for further analysis. An-
imals were randomly divided into six groups, each composed by
ten mice, as follow: SD or HFD plus vehicle for 8 weeks, SD or
HFD with the probiotic starting from the fourth week (treatment
4 + 4), SD or HFD plus probiotic for 8 weeks. SF68 was admin-
istered via oral gavage, at the dose of 108 CFU day−1, as previ-
ously reported.[17] The experimental design could be represented
schematically in the Supplemental Figure S1.

2.3. Plasma Interleukin-1𝜷 and lipopolysaccharide binding
protein (LBP) Levels

Interleukin (IL)-1𝛽 and lipopolysaccharide binding protein (LPB)
levels in plasma were measured by ELISA (Prodotti Gianni, Mi-
lan, Italy), as previously described.[18] For the procedure, blood
samples were centrifuged for 5 min at 4000 rpm at 2–8 °C and,
after the centrifugation, supernatant were collected. Aliquots
(100 μL) were used for the assay. IL-1𝛽 levels were expressed as
pg mL−1 of plasma, while LBP levels were expressed as ng mL−1

of plasma.

2.4. Analysis of Bacterial Populations in Fecal Samples

Firstly, genomic DNA extraction from fecal samples was per-
formed using QIAamp PowerFecal Pro DNA Kit (QIAGEN,
Hilden, Germany), following the manufacturer’s protocol. The
concentration of DNA was calculated at OD260 nm and DNA
purity was estimated by determining the OD260/OD280 and
OD260/OD230 ratio, by the spectrophotometer BioPhotometer
D30 (Eppendorf). Then real-time quantitative PCR (RT-qPCR)
was carried out. 16S rRNA gene-based qPCR analysis of extracted
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DNAs was used to quantify the amount of total bacteria and
of the main microbial phyla (i.e., Firmicutes, Bacteroidetes, Acti-
nobacteria, and Proteobacteria) and genera (i.e., Bacteroides, Fecal-
ibacterium, Akkermansia, Lactobacillus, and Bifidobacterium) rep-
resented in the fecal microbiota. qPCR reactions were led by us-
ing CFX96 Real-Time System (BioRad). Absolute quantification
was executed using the CFX Manager Software (BioRad).

2.5. Evaluation of Fecal Butyrate

For butyrate analysis, feces were collected and kept at −80 °C un-
til further processing. Up to 100 mg of frozen material was used
and processed with 700 μL of 1-butanol (ACROSOrganics, Fisher
Scientific) followed by 1min of gentle vortexing and then kept for
50min at RT. After centrifugation at 300× g for 10min, the super-
natant was transferred to a glass tube containing 1 mL of Boron
trifluoride-1-butanol solution (≈10% in 1-butanol). Tubes were
vortexed and kept at RT for 30 min. 2.5 mL of hexane, 1 mL of
distilled water, and 0.2 mL of saturated sodium chloride solution
were then added to the formulations and samples were vortexed
and kept at RT for 50 min. An aliquot of the supernatant, hexane
containing the butylated SCFA, was diluted 1:4 with methanol.
The identification and quantification were carried out by liq-

uid chromatography-tandem mass spectrometry (LC-MS/MS).
An Agilent 1100 HPLC system (Agilent, Palo Alto, CA, USA) was
coupled to amass spectrometry Agilent Technologies QQQ triple
quadrupole 6420 equipped with an ESI source, using positive
mode (ESI+). A C-18 Zorbax Eclipse Plus column (Agilent, Palo
Alto, CA, USA) with 5 μmparticle size and 50× 4.6mmwas used
with a mobile phase of CH3OH/H2O/CHOOH (70/30/0.1 v/v/v)
at a flow rate of 0.5 mL min−1. N2 was used as a nebulizing gas
with a pressure of 50 psig, drying gas temperatures 300 °C and
flow of 11 L min−1, and 4000 V capillary voltage. The precursor
ion [M +H]+ was determined during a full scan in MS and then
the obtained product ion (PI) was monitored for each transition
inMRMmode inMS/MS. Parameters of source, such as collision
energy (CE) and cone voltage or fragmentor (CV), have been op-
timized for each MRM transition. Butyl butyrate transitions was
[145→ 89].
The MassHunter workstation acquisition software was used

to collect data, which was analyzed for quantitative and quali-
tative analysis. Sigma Chemicals Co. (St. Louis, MO, USA) pro-
vided butyric acid (Supelco) and butyl butyrate, boron trifluoride-
1-butanol solution (≈10% in 1-butanol), formic acid, n-hexane,
water, methanol, and LiChrosolv gradient grade for liquid chro-
matography.

2.6. Histological Analysis

Formalin fixed and paraffin embedded full-thickness colonic
samples were serially cross-sectioned (7 μm) and processed for
hematoxylin & eosin for eosinophil detection, histochemical
staining, and confocal immunofluorescence microscopy.

2.6.1. Histochemical Staining

The sections were stained with Alcian Blue (1% in 3% acetic
acid) followed by the periodic acid-Schiff (PAS) reaction and then

counterstained with hematoxylin, to detect the acidic and neutral
mucin which resulted blue- andmagenta-stained, respectively, as
previously reported.[19]

2.6.2. Confocal Immunofluorescence

Immunofluorescence staining was performed to detect colonic
claudin-1-positive tight junctions, as previously reported21.
Briefly, sections were sequentially incubated with Protein Block
Serum Free (DakoCytomation, Glostrup, Denmark), rabbit poly-
clonal anti-claudin-1 [1:600] (code: ab15098; Abcam, Cambridge,
UK) overnight at 4 °C, treated with biotinylated secondary
antibody ([1:300]; code: BA-1000; VectorLab; Burlingame, CA,
USA) and Alexa Fluor 555 conjugated streptavidin ([1:300]; code:
S32355; Invitrogen, Eugene, OR, USA) and finally nuclear coun-
terstaining with TO-PRO3 (code: T3605, Invitrogen).

2.6.3. Image Analysis

Histological data were quantitatively estimated by two blind his-
tologists (C.S. and C.I.). The density of eosinophils was evalu-
ated in the tunica mucosa/submucosa by a Leica DMRB light mi-
croscope (object 40×), equipped with a DFC480 digital camera
(Leica Microsystems, Mannheim, Germany), and expressed as
cell number per square millimeter, as described previously20. Al-
cian blue/PAS and claudin-1 immunofluorescent stainings in
the tunica mucosa were acquired by a Navigator mode of Le-
ica TCS SP8 microscope (objects: 20x), equipped with a Le-
ica DFC 7000 T camera for brightfield images (Leica Microsys-
tems), and a Leica TCS SP8 confocal laser-scanning microscope
(objects: 63x oil lens; Leica Microsystems), respectively. Posi-
tive areas were estimated by the Image Analysis System “”Le-
ica Application Suite (L.A.S.) X software, as percentage of Σ of
positive-stained area/Σ of tissue area examined (percentage of
positive pixels ) and quantified as the ratio of the final value
over the initial value (fold change). Data were expressed as
mean ± SEM.

2.7. Tissue Myeloperoxidase (MPO) Levels

MPO levels in colonic tissues were measured by ELISA (Prodotti
Gianni, Milan, Italy), as previously described.[20] Colonic spec-
imens, previously stored at −80 °C, were homogenized on
ice with a polytron homogenizer (QIAGEN, Milan, Italy).
The homogenates were centrifuged at 4 °C for 15 min at
12 000 rpm. Aliquots (100 μL) of the supernatants were then uti-
lized for the assays. MPO levels were expressed as ng mg−1 of
tissue.

2.8. Tissue Malondialdehyde (MDA) Levels

The MDA concentration in intestinal specimens was measured
in order to achieve a quantitative estimate of mucosal infiltration
by polymorphonuclear cells. The assay was carried out as men-
tioned previously.[18] Intestinal tissues were weighted, minced,
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and homogenized with a polytron homogenizer in 2 mL of cold
buffer (QIAGEN, Milan, Italy) and centrifuged at 1200 rpm for
10 min at 4 °C. The concentrations of MDA were measured us-
ing a colorimetric assay kit (Calbiochem, San Diego, CA, USA),
with the findings expressed in nmol of MDA per mg of colonic
tissue.

2.9. Western Blot Assays

Colonic tissues were weighed and then homogenized in lysis
buffer (50 mg in 400 μL), using a polytron homogenizer (QI-
AGEN, Milan, Italy). Homogenates were spun by centrifuga-
tion at 12,000 rpm for 15 min at 4 °C, and the resulting super-
natants were then separated from pellets and stored at −80 °C.
Bradford assay was performed to quantify total proteins. Subse-
quently, proteins were separated onto a pre-cast 4%–20% poly-
acrylamide gel (Mini-PROTEAN TGX gel, BioRad) and trans-
ferred to PVDF membranes (Trans-Blot TurboTM PVDF Trans-
fer packs, BioRad). Membranes were blocked with 3% BSA di-
luted in Tris-buffered saline (TBS, 20 mm Tris-HCl, pH 7.5,
150 mm NaCl) with 0.1% Tween 20. Primary antibodies against
𝛽-actin (ab8227, Abcam), occludin (ab167161, Abcam), zonulin-
1 (Ab96587, Abcam), claudin (ab15098, Abcam), toll-like recep-
tor (TLR) 4 (ab22048, Abcam), TLR2 (ab213676, Abcam), nu-
clear factor-kB (NF-𝜅B)-p65 (sc-8008, Santa Cruz), MyD88 (sc-
136970, Santa Cruz), sodium-coupled monocarboxylate trans-
porter 1 (SMCT1, BS-6106R, Bioss),monocarboxylate transporter
1 (MCT1, PA5-76687, Thermo Fisher), monocarboxylate trans-
porter 4 (MCT4, PA5-106683, Thermo Fisher), and Histone
deacetylase 1 (HDAC1, sc-81598, Santa Cruz) were used. Sec-
ondary antibodies were bought fromAbcam (antimouse ab97040
and antirabbit ab6721). Protein bands were revealed with ECL
reagents (Clarity Western ECL Blotting Substrate, BioRad). iB-
right Analysis software was used to perform the densitometry
analysis.

2.10. Evaluation of Citrate Synthase Activity on Ileum

The frozen tissues, resulting from the different mice groups,
were homogenized on ice in a cold buffer (sucrose 250 mm,
Tris 5 mm, EGTA 1 mm, Triton X-100 0.02%; pH 7.4) with
GentleMACS dissociator (Miltenyi Biotec, Bologna, Italy). Ho-
mogenates were centrifuged at 12.000 × g for 15 min at 4 °C (Eu-
roClone, Speed Master 14 R centrifuge, Milan, Italy). The pellets
were discarded, and the supernatants used for protein quantifi-
cation by Bradford assay and subsequently for the determination
of the activity of the Citrate Synthase enzyme.
The samples were diluted in Tris-buffer (100 mm; pH 8.2)

containing 5,5’-dithiobis-2-nitrobenzoic acid (100 μm) and acetyl-
coenzyme A (100 μm). The assay was performed in 96 mul-
tiwell plates (1 μg of proteins per well) and the reaction
started by the addition of oxaloacetic acid solution (500 μm).
The reaction was followed spectrophotometrically at 37 °C
every 30 s for 15 min at the wavelength of 412 nm (En-
Spire, PerkinElmer, Waltham, MA, USA). Citrate synthase ac-
tivity was determined by comparing the samples activity with
a known concentration of the isolated enzyme (Sigma–Aldrich,

St. Louis, MO, USA). Citrate synthase activity was expressed
in mU mL−1.[21,22]

2.11. Recording of Colonic Contractile Activity

The contractile activity of colonic muscle preparations was car-
ried out as described in detail by Antonioli et al.,[20] with minor
changes. Following sacrifice, the colonwas immediately removed
by an incision above the anal end and placed into Krebs solu-
tion. Segments of colon were opened along the mesenteric inser-
tion andmucosal/submucosal layer were removed. Colonic sam-
ples were slitted along the longitudinal axis into strips of approx-
imately 4-mm in width and 10-mm in length.
The preparations were set up in organ baths containing Krebs

solution at 37 °C, bubbled with 5% CO2 + 95% O2, and con-
nected to isometric transducers (constant load = 0.5 g). The me-
chanical activity was registered by BIOPAC MP150 (Biomedica
Mangoni, Pisa, Italy). The Krebs solution was composed as fol-
low (mm): KCl 4.7, NaCl 113, KH2PO4 1.2, CaCl2 2.5, MgSO4
1.2, NaHCO3 25, and glucose 11.5 (pH 7.4 ± 0.1). Each prepa-
ration was allowed to equilibrate for at least 30 min, with in-
tervening washings at 10 min intervals. A pair of coaxial plat-
inum electrodes was put at 10 mm from the longitudinal axis
of each preparation to bring electrical stimulation (ES) by a BM-
ST6 stimulator (Biomedica Mangoni, Pisa, Italy). At the end
of equilibration period, each preparation was repeatedly chal-
lenged with electrical stimuli, and experiments started when re-
producible responses were obtained (usually after two or three
stimulations).
Thank to previous experiments, the appropriate ES frequency,

exogenous substance P (SP), and carbachol (CCh) concentrations
were selected.
In the first set of experiments, the total ES at 10 Hz (10-s ES,

0.5 ms, 30 mA) was recorded in colonic samples maintained in
standard Krebs solution.
In the second and third set of experiments, cholinergic

contractions were recorded. Colonic samples were maintained
in Krebs solution containing N-𝜔-nitro-l-arginine methylester
(L-NAME, nitric oxide synthase inhibitor, 100 μm), N-acetyl-
l-tryptophan 3,5-bis(trifluoromethyl) benzylester (L-732138,
neurokinin NK1 receptor antagonist, 10 μm), 5-fluoro-3-[2-[4-
methoxy-4-[[(R)-phenylsulphinyl]methyl]-1-piperidinyl]ethyl]-
1H-indole (GR159897, NK2 receptor antagonist, 1 μm), (R)-[[(2-
phenyl-4-quinolinyl)carbonyl]amino]-methyl ester benzeneacetic
acid (SB218795, NK3 receptor antagonist, 1 μm) and guanethi-
dine (adrenergic blocker 10 μm), in order to assess the neurogenic
contraction, and in Krebs solution containing tetrodotoxin (TTX,
1 μm) and challenged with CCh (10 μm), to study the myogenic
responses.
The fourth and the fifth series of experiments were set up in

order to assess the tachykininergic NK1 stimuli. The neurogenic
NK1 contractions were recorded in colonic specimens main-
tained in Krebs solution containing L-NAME (100 μm), guanethi-
dine (10 μm), GR159897 (1 μm), SB218795 (1 μm), and atropine
sulphate (muscarinic receptor antagonist, 1 μm) whereas the
myogenic activity was detected maintaining the specimens in
TTX-added Krebs solution and stimulating with exogenous SP
(1 μm).
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2.12. Statistical Analysis

GraphPad Prism (GraphPad Prism, version 7.0 from GraphPad
Software Inc, San Diego, CA, USA) was used to analyze the data,
expressed asmean+ SEM. Two-way ANOVA or one-way ANOVA
was used to assess statistical significance, followed by Tukey’s or
Dunnett’s post hoc tests. Significant differences were obtained
with p values <0.05.

3. RESULTS

3.1. SF68 Counteracts the Body Weight Gain in HFD Mice

At the end of week 4 and week 8, a significant increase of body
weight was observed in HFDmice as compared with SD animals
(Figure 1a,b). Dietary supplementation with SF68 counteracted
significantly the body weight gain inHFD-fedmice (Figure 1a,b).
SF68 administration did not affect significantly body weight in
SD-fed mice (Figure 1a,b).

3.2. Dietary Supplementation with SF68 Reduces Plasmatic IL-1𝜷
and LBP Levels

After 8 weeks, mice fed with HFD showed a significant increase
in LBP and IL-1𝛽 plasma levels as compared with SD animals
(Figure 1c,d). The plasma IL-1𝛽 levels were significantly reduced
in HFD-fed mice administered with SF68 for 4 or 8 weeks (Fig-
ure 1d). By contrast, a reduction of LBP plasma levels was ob-
served in obese mice treated for 8 weeks, but not after 4 weeks
(Figure 1c).

3.3. SF68 Modulates the Intestinal Microbial Communities

SF68 was able to determine significant alterations in the gut mi-
crobiota after 8 weeks of administration at both bacterial phyla
(see Figure 2a) and genera levels (see Supplemental Figure S2).

3.4. SF68 Reduced Fecal Butyrate Levels and HDAC1 Expression
in Obese Mice

Fecal butyrate levels and HDAC1 expression levels were signifi-
cantly increased inHFD-fedmice (Figure 2b,c). Supplementation
with SF68 for 4 or 8 weeks significantly reduced the fecal butyrate
concentration and HDAC1 expression levels (Figure 2b,c).

3.5. SF68 Ameliorated the Intestinal Inflammation and
Expression of Mucins in HFD-Fed Animals

Colonic samples from HFD animals showed a significant
increase in MPO and MDA levels (Figure 3a,b), as well
as in eosinophil infiltration (Figure 3c) in comparison with
SD animals. Furthermore, HFD mice displayed changes in
acidic/neutral mucin balance, with a significant decrease in
acidic mucins as compared with SD mice (Figure 3d). Such al-
terations were significantly counteracted by dietary supplemen-
tation with SF68 (Figure 3b–d).

3.6. SF68 Treatment Ameliorates the Intestinal Barrier Integrity

Mice fed with HFD for 8 weeks showed a significant reduction
in colonic ZO-1, occludin, or claudin-1 compared to SD mice
(Figure 4a–e). The supplementation with SF68 for 8 weeks deter-
mined a significant increase in tight junction protein expression.
By contrast, supplementation with SF68 for 4 weeks did not affect
tight junction expression (Figure 4a–e).

3.7. Supplementation with SF68 Reduced Colonic TLR4 and
NF-𝜿B Expression

Colonic tissues from HFD mice displayed a significant increase
in TLR4, but not in TLR2 expression (Figure 5a–c). Supplementa-
tion with SF68 for 8 weeks significantly reduced TLR4 expression
in obese mice (Figure 5a,b). No effect was observed for SF68 on
TLR2 expression (Figure 5a,c).
After 8 weeks, colonic tissues from mice fed with HFD diet

showed a significant increase in NF-𝜅B levels (Figure 5a,d).
Obese animals supplemented with SF68 for 4 or 8 weeks dis-
played a significant reduction of NF-𝜅B (Figure 5a,d). On the
other hand, no significant differences were observed in colonic
levels of MyD88 in all experimental groups (Figure 5a,e).

3.8. SF68 Supplementation Ameliorates the Expression of
Intestinal Butyrate Transporter SMCT1 in Obese Mice

Mice fed with HFD exhibited a significant reduction in the
colonic expression of the apical transporter SMCT1, compared
to SD mice (Figure 6a). By contrast, the colonic expression of
MCT1 (apical) and MCT4 (basolateral) transporters were not af-
fected (Figure 6b,c). Dietary supplementation with SF68 for 4 or
8 weeks normalized the colonic expression of the SMCT1 trans-
porter (Figure 6a), whereas no effect was observed on MCT1 or
MCT4 expression (Figure 6b,c).

3.9. Citrate Synthase Activity in Intestinal Epithelium

The administration of SF68 to mice fed with SD did not alter the
mitochondrial functionality,measured as citrate synthase activity,
in intestinal tissues (Figure 6d). By contrast, the citrate synthase
activity was significantly reduced in tissues from HFD-fed ani-
mals (Figure 6d). Dietary supplementation with SF68 increased
significantly the intestinal mitochondrial functionality in obese
animals (Figure 6d).

3.10. SF68 Supplementation Counteracted Colonic Dysmotility in
Obese Mice

During the period of stabilization, the preparations showed rapid
spontaneous motor activity that remained stable throughout the
experiment and, in most cases, was minimal and did not in-
terfere with the motor responses evoked by the ES (data not
shown).
In colon preparations from SD or HFD animals, maintained

in standard Krebs solution, the application of electrical stim-
uli induced contractile responses of comparable magnitude after

Mol. Nutr. Food Res. 2023, 2200442 2200442 (5 of 15) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 1. a, b) Body weight variations (%), circulating LBP c) and IL-1𝛽 d) inmice treated with SD+ Lactose, SD+ SF68, HFD+ Lactose, andHFD+ SF68
in the 4 + 4- and 8-weeks therapeutical scheme. All values are presented as mean ± SEM (n = 10). *p < 0.05 significant difference versus SD + Lactose;
**p < 0.01 significant difference versus SD + Lactose, ap < 0.05 significant difference versus HFD + Lactose; aap < 0.01 significant difference versus
HFD + Lactose. HFD, high-fat diet; IL, interleukin; SD, standard diet; SEM, standard error of the mean.

8 weeks of treatment with SD or HFD (Supplemental Figure S3).
In particular, the pharmacological isolation of acetylcholine and
SP, the main excitatory systems of enteric nervous system, al-
lowed to observe that colonic tissues from obese mice showed a
reduction in cholinergic activity and a concomitant increase in

tachykininergic activity (Supplemental Figure S3). Dietary sup-
plementation with SF68 determined a normalization of colonic
contractile responses, restoring the normal cholinergic contrac-
tile profile and counteracting the overactivity of the tachykininer-
gic system (Supplemental Figure S3).
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Figure 2. a) Bacterial phyla, b) butyrate content in feces, and c) reperesentative blot and densitometric analysis of HDAC1 expression in colonic tissues
from mice treated with SD + Lactose, SD + SF68, HFD + Lactose, and HFD + SF68 in the 4 + 4- and 8-weeks therapeutical scheme. All values are
presented as mean ± SEM (n = 10). *p < 0.05 significant difference versus SD + Lactose; **p < 0.01 significant difference versus SD + Lactose;
***p < 0.001 significant difference versus SD + Lactose; ap < 0.05 significant difference versus HFD + Lactose; aaap < 0.001 significant difference versus
HFD + Lactose. HFD, high-fat diet; SD, standard diet; SEM, standard error of the mean.

4. Discussion and Conclusions

Several clinical and preclinical evidence pointed out the alter-
ations of the intestinal epithelial barrier as a critical pathological
mechanism in the onset and development ofmetabolic disorders,

including obesity and type 2 diabetes.[23] Indeed, an imbalance
in the intestinal barrier structure can flare up into an uncontrol-
lable immune reaction in the enteric microenvironment, fueled
by the translocation of immunogenic products.[23] The presence
of this low-grade enteric and systemic inflammation (also named

Mol. Nutr. Food Res. 2023, 2200442 2200442 (7 of 15) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. a)MPO and b)MDA levels, c) eosinophil density and d) representative images and ratio of neutral (PAS-stained) and acidic (Alcian Blu-stained)
mucins expression in colonic tissues frommice treated with SD + Lactose, SD + SF68, HFD + Lactose, and HFD + SF68 in the 4 + 4- and 8-weeks thera-
peutical scheme. All values are presented as mean± SEM (n= 10). *p< 0.05 significant difference versus SD+ Lactose; **p< 0.01 significant difference
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Figure 4. Representative blots a) and densitometric analysis of b) ZO-1, c) occludin, and d) claudin-1 and e) claudin-1 expression in colonic tissues from
mice treated with SD+ Lactose, SD+ SF68, HFD+ Lactose, and HFD+ SF68 in the 4+ 4- and 8-weeks therapeutical scheme. All values are presented as
mean ± SEM (n = 10). *p < 0.05 significant difference versus SD + Lactose; **p < 0.01 significant difference versus SD + Lactose; ap < 0.05 significant
difference versus HFD + Lactose. HFD, high-fat diet; SD, standard diet; SEM, standard error of the mean.
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Figure 5. Representative blots a) and densitometric analysis of b) TLR4, c) TLR2, d) NF-𝜅B, and e) MyD88 in colonic tissues from mice treated with
SD + Lactose, SD + SF68, HFD + Lactose, and HFD + SF68 in the 4 + 4- and 8-weeks therapeutical scheme. All values are presented as mean ± SEM
(n = 10). *p < 0.05 significant difference versus SD + Lactose; ap < 0.05 significant difference versus HFD + Lactose. HFD, high-fat diet; SD, standard
diet; TLR, toll-like receptor.

meta-inflammation) represents the pathophysiological link be-
tween obesity and related comorbidities.[24] In the last years, the
modulation of gut barrier function through nutritional and other
interventions, including manipulation of gut microbiota via pre-
biotics and/probiotics, has emerged as a potential prevention and
treatment strategy for the management of metabolic diseases.
Based on these premises, we designed the present study to

evaluate the efficacy of SF68 administration in counteracting and

preventing the impairment of gut barrier and the onset of enteric
inflammation in a mouse model of diet-induced obesity, charac-
terizing the molecular mechanisms underlying such beneficial
effects. Our experiments pointed out three major novel findings:
1) dietary supplementation with SF68 reinforced intestinal ep-
ithelial barrier in obese mice; 2) such positive trophic effect is as-
cribable to the ability of SF68 to improve the transport and utiliza-
tion of butyrate by the enteric mucosa; and 3) the reinforcement
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Figure 6. Representative blots and densitometric analysis of a) SMCT1, b) MCT1, and c) MCT4 expression and d) citrate synthase activity in mice
treated with SD + Lactose, SD + SF68, HFD + Lactose, and HFD + SF68 in the 4 + 4- and 8-weeks therapeutical scheme. All values are presented as
mean ± SEM (n = 10). *p < 0.05 significant difference versus SD + Lactose; **p < 0.01 significant difference versus SD + Lactose; ap < 0.05 significant
difference versus HFD + Lactose. HFD, high-fat diet; MCT, monocarboxylate transporter; SD, standard diet; SMCT1, sodium-coupled monocarboxylate
transporter 1.
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of gut epithelial barrier counteracted body weight increase
along with a reduction of enteric inflammation and oxidative
stress, followed by an amelioration of the colonic contractile
dysfunctions.
To pursue these aims, we employed a murine model of HFD-

induced obesity, which displays a considerable face validity with
human obesity.[25] In this experimental model, accordingly with
previous evidence,[26–28] we observed that mice fed with a hyper-
caloric diet developed a significant increase in body weight, the
occurrence of a systemic inflammatory condition characterized
by high plasma levels of IL-1𝛽, as well as a marked appearance of
immune/inflammatory cells and oxidative stress in intestinal tis-
sues, thus corroborating the suitability of this model. Indeed, it
is widely recognized that HFD consumption, inducing intestinal
dysbiosis, elicited a series of early pathophysiological changes,
such as low-grade of intestinal inflammation, a reduction of the
antimicrobial peptides expression, an impaired mucus produc-
tion, secretion and layer’s thickness, followed by a decreased
expression of tight junction proteins.[29,30] In particular, an HFD
negatively enriches the gut microflora with barrier-disrupting
species, such as Bacteroides spp., Prevotella spp., Clostridium
spp., Oscillobacter spp., and Desulfovibio spp.[31] Variations in
the composition of gut microbial communities in mice fed with
HFD were also shown in our study, with lower abundances of
Firmicutes and Bacteroidetes in comparison with mice fed with
SD.
Over the years, it has been observed that the HFD consump-

tion elicited the activation of major inflammatory signals (e.g.,
TLR-4 dependent), thereby stimulating the secretion of proin-
flammatory cytokines in the intestinal tissue.[29] This is in line
to what observed in our experimental model, where obese mice
displayed an increased expression of TLR-4, but not TLR-2, in
the colon of HFD-fed animals. This increment was associated
with the raise of the NF-𝜅B signaling, which plays a critical role
for an effective immune response.[32] Of note, TLR-4 specifically
recognizes bacterial lipopolysaccharide (LPS), and its activation
directly alters the intestinal barrier unsettling the tight junction
organization via TLR4-CD14-mediated activation of NF-𝜅B.[13] In
parallel, the activation of the TLR-4/NF𝜅B spurs the expression
of several of proinflammatory cytokines that play pivotal roles in
altering epithelial barrier.[31] Accordingly, we observed a marked
immune cell infiltration and oxidative stress in colonic tissues
from HFD mice. In this context, the dietary supplementation
with SF68 for 8 weeks determined a reduction of TLR-4 and
NF𝜅B expression, followed by a marked reduction of immune
cell infiltration and oxidative stress in colonic tissue from obese
mice, confirmed by the significant decrease in colonic MPO and
MDA levels, respectively, thus demonstrating an antiinflamma-
tory and antioxidant activity. In line with this evidence, a previous
study described the efficacy of E. faecium CFR3003 in exerting a
free-radical scavenging effect coupled with reductions in the lev-
els of inflammatory cytokines.[33] It is worth to note that a recent
paper by Ghazisaeedi et al. described a modulatory effect of SF68
on innate immune signaling pathways. In this paper, the authors
conclude that the prior observations of immuno-modulatory ef-
fects of SF68 are most likely due to the presence of an active frac-
tion containing arginine deiminase, resulting in arginine depri-
vation of host cells with subsequent loss of NF-𝜅B and JNK(AP-1)
signaling pathway functions.[34]

The presence of an inflammatory state in the gut of HFDmice
might subsequently exacerbate disruption of themucus layer bar-
rier and increase epithelial permeability of the gut.
In our results, we found that HFDmice displayed a significant

decrease in acidic mucins (Alcian blu positive) and no changes
in neutral ones (PAS positive), suggesting an imbalance of neu-
tral/acidic mucin ratio, associated with a reduction of occludin,
zonulin-1, and claudin-1 expression, the main tight junctions in-
volved in preserving epithelial barrier integrity. The imbalance
of neutral/acidic mucin ratio and epithelial alteration, creating
an environment that facilitates the passage of bacterial compo-
nents (e.g., LPS, peptidoglycan and flagellin) and metabolites
from the intestinal lumen to the circulation and peripheral tis-
sues, induces a low-grade systemic inflammation and promotes
the onset of a metabolic endotoxemia. In line with this view, we
observed an increase of plasma IL-1𝛽 and LBP thus confirm-
ing the presence of a systemic inflammation as well as an in-
creased intestinal permeability in obese mice. Of note, an ele-
vated serum LPS level is commonly observed in several disor-
ders displaying an increased intestinal permeability as common
pathological feature, such as patients with inflammatory bowel
diseases (IBDs), irritable bowel syndrome (IBS), celiac disease,
or necrotizing enterocolitis.[35–38] For this reason, serum LPS is
now an accepted surrogatemarker for assessing in vivo intestinal
permeability. Interestingly the administration of SF68 showed to
reinforce significantly the intestinal epithelial barrier, normaliz-
ing the expression of tight junction claudin-1 as well as the acidic
mucin content altered in obese mice. Of note the altered quantity
and chemical composition of mucins may impair the efficacy of
themucus layer in preserving the lining epithelium from a direct
contact with intestinal pathogens in HFD mice.
It is well recognized that the bacterial community partici-

pates in maintaining intestinal homeostasis through the “train-
ing” of the immune system, inhibiting growth of pathogens
and pathobionts as well as in maintaining epithelial integrity.[39]

In this regard, the bacterial species that feed on non-digestible
dietary fibers and produce the SCFAs as metabolites seem to
play a particularly important role.[39] These carboxylic acids with
aliphatic tails, including acetate, propionate, and butyrate, are an
important fuel for intestinal epithelial cells and are known to
strengthen the gut barrier function.[39] Interestingly, when con-
sidering the fecal butyrate level in our murine model of obesity
we observed an increased concentration of butyrate in the feces
obtained from HFD-fed mice. This is an intriguing point, since
it has been widely demonstrated that butyrate represents the pri-
mary energy source employed by colonocytes to maintains in-
testinal homeostasis through antiinflammatory actions and fa-
cilitating the assembly of the tight junction proteins.[39,40]

Recent work has demonstrated that butyrate can modulate
intestinal macrophage function, that induce differentiation of
FoxP3+ Treg cells via a mechanism dependent on retinoic acid,
IL-10, and transforming growth factor-𝛽,[41] via the inhibition of
histone deacetylases.[42] Also, set of in vitro studies described
that naive T cells under the Treg-cell-polarizing conditions in-
cubated with butyrate enhanced histone H3 acetylation in the
promoter and conserved non-coding sequence regions of the
Foxp3 locus.[43] This evidence suggests that butyrate plays a role
in shaping the differentiation of Treg cells, referring to a pos-
sible mechanism by which host-microbe interactions establish
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immunological homeostasis in the digestive tract.[42,43] In line
with this evidence, we observed that HDAC1 expression, en-
hanced in HFD-fed animals, was significantly reduced with
the SF68 administration, indicating an increase in the butyrate
bioavailability in the colon and a possible role in maintaining gut
homeostasis.
Physiologically, the absorption of SCFAs, including butyrate,

is facilitated by luminal transporters like MCT1 and SMCT1.[39]

Once internalized into intestinal epithelium butyrate mediated
the transcription of genes that are involved in pyruvate dehydro-
genase, citric acid cycle, and the respiratory chain.[44] In this con-
text, citrate synthase represents a critical player, since it is the
first enzyme of the TCA-cycle and catalyzes the condensation
of oxaloacetate, a citric acid cycle intermediate, and acetyl-CoA
to form citrate, thus preserving the energy status in the intesti-
nal epithelium and, in turn, maintaining the epithelial barrier
homeostasis.[44] In our study, we hypothesize that the marked lu-
minal presence of butyrate in HFD-fed mice was ascribable to
an unsettlement of the butyrate transporters and/or its cellular
utilization. This hypothesis has been substantiated by our exper-
iments demonstrating a reduced expression of SMCT1, the main
butyrate luminal transporter,[45] as well as a significant reduction
in citrate synthase activity in the intestinal tissues from HFD-
fed mice. Interestingly, obese animals supplemented with SF68
showed an increased expression of SMCT1 and an enhanced ac-
tivity of citrate synthase, similar to what observed in the intestinal
tissues from leanmice. This represents an intriguing point, since
it is conceivable that the ameliorative effects of SF68 may be as-
cribed, at least in part, to the ability of this probiotic to restore a
correct absorption and utilization of butyrate by enterocytes. This
event would explain the ameliorative effect of SF68 on the ex-
pression of tight junctions as well as its anti-inflammatory effect.
Indeed, it is well recognized that beyond a trophic activity on ep-
ithelial cells, butyrate has a remarkable antiinflammatory effect,
promoting the functionalities of M2 macrophages and follicular
regulatory T cells[43] and inhibiting infiltration by neutrophils.[46]

The presence of a bidirectional interactions between im-
mune/inflammatory cells and the enteric nervous system
in modulating the enteric motility is well recognized.[47]

A balanced interplay between the microbiota and the mu-
cosal/neuromuscular intestinal compartment represents the cor-
nerstone of the gut motility homeostasis.[48] Several pathological
conditions characterized by intestinal dysbiosis, followed by an
altered epithelial barrier permeability, are characterized by the
development of enteric motor alterations.[49] Indeed, the pres-
ence of an inflammatory condition in the gut, resulting from a
weakening of the epithelial barrier, can alter digestive motility
eliciting morphofunctional changes in the enteric neuromuscu-
lar compartment.[50] In particular, several studies have reported
that changes in enteric tachykininergic pathways are actively in-
volved in the pathophysiology of motor digestive disorders as-
sociated with inflammatory conditions, e.g., IBDs, diverticulitis,
and IBS.[51,52] In this regard, a number of epidemiological stud-
ies highlighted a high prevalence of enteric motor dysfunction
including constipation, abdominal pain syndrome, and IBS in
obese subjects.[53,54] Similar entericmotor dysfunctions were also
reported in preclinical studies performed onHFD obesity model,
with amarked reduction of both fecal output and stool water con-
tent, thus confirming a link between obesity and constipation.[28]

In the present study, we confirmed our previous evidence de-
scribing significant alterations of colonic excitatory neuromotil-
ity, characterized by a reduced cholinergic response and an ex-
alted tachykininergic pathway.[27,28,55] Of note, colonic specimens
from obese mice administered with SF68 displayed a pattern of
colonic contractions similar to what observed in tissues from an-
imals fed with an SD. This ameliorative effect of SF68 on the
colonic motility is likely to be ascribed to the antiinflammatory
and antioxidant properties of this probiotic. Indeed, it has been
demonstrated that the presence of intestinal inflammation de-
termines a reorganization of neurochemical coding on the en-
teric neurons, with a reduction of cholinergic nerves[52] and an
increment of the tachykinergic contractions.[56] This prevalence
of remodeling of excitatory myenteric neurons, with a shift from
mainly cholinergic to more SP positive innervation, may con-
stitute part of the neuronal basis for the altered motility distur-
bance observed during obesity.[27,28,55] In parallel, the restoration
of cholinergic contractions with SF68 could also be ascribed to
the improved butyrate bioavailability. Indeed, it has been reported
that butyrate, increasing the proportion of cholinergic enteric
neurons, ameliorates colonic motility and contractile response
induced by cholinergic pathways.[57] Based on these evidence,
SF68 administration, by counteracting the morphofunctional re-
modeling of enteric neurons, could represent a viable way to
manage the intestinal dysmotility typically observed in obese pa-
tients.
In conclusion, a dietary supplementation with SF68, especially

in the scheme of 8-week treatment, reinforced intestinal epithe-
lial barrier in obese mice, improving butyrate bioavailability in
the enteric mucosa. Such strengthening of gut epithelial barrier,
reduced the enteric inflammation and oxidative stress, followed
by an amelioration of the colonic contractile dysfunctions associ-
ated with obesity. In line with this view, despite more addressed
studies are needed, it is conceivable that a dietary supplementa-
tion with SF68 could exert beneficial effects also in other patho-
logical conditions characterized by an altered intestinal perme-
ability resulting from an unsettlement of tissue butyrate bioavail-
ability such as IBDs, IBS, or visceral pain.[58–60]
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