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ABSTRACT

The combined use of probiotics and policosanols has emerged as a promising therapeutic strategy for the management of
obesity. Here, we investigated the efficacy of an innovative mixture, containing probiotics (Bifidobacterium infantis GM-21,
Bifidobacterium bifidum GM-25, Lactobacillus rhamnosus GM-28) and policosanols in counteracting and preventing body weight
gain, intestinal epithelial barrier (IEB) dysfunction, and enteric inflammation in a mouse model of high-fat diet (HFD)-induced
obesity, also characterizing its molecular mechanism of action. C57BL/6] mice were fed with HFD or standard diet for 8 weeks.
Supplementation with the mixture or each individual component was starting from the first day of the study (preventive) or
from the fifth week (curative). Body weight gain, BMI, metabolic parameters, circulating lipopolysaccharide binding protein
(LBP), colonic interleukin (IL)-18, tight junction (TJ) protein expression and distribution, fecal butyrate, and butyrate SMCT1
transporter were analyzed. Enteric gliosis was assessed by glial fibrillary acidic protein (GFAP)" cells. After 8 weeks, HFD mice
showed increased body weight and BMI, metabolic alterations, IEB disruption with elevated LBP levels and reduced TJ molecules,
decreased colonic SMCT1 and butyrate bioavailability, increased GFAP* cells, and intestinal inflammation characterized by
increased colonic IL-15 and GFAP*/IL-13" cells. Supplementation with the mixture improved all above-mentioned parameters, in
both preventive and curative protocol, by enhancing butyrate bioavailability and reducing IL-13 release from reactive glial cells. Of
note, each individual component only partially improved these parameters. Overall, our results suggest that mixture exerts anti-
obesity properties, improving the IEB and blunting gut inflammation, likely through the modulation of the butyrate-glia-IL-138

axis.
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1 | Introduction

Obesity is a multifactorial pathological condition characterized
by an excess body fat often associated with several medical
comorbidities, such as gastrointestinal disorders, type 2 dia-
betes mellitus, cardiovascular diseases, and cognitive impairment
(D’Antongiovanni, Pellegrini, et al. 2020; Jarolimova et al. 2013;
Khan et al. 2021). At present, obesity rates are increasing steadily
and significantly worldwide; it is estimated that adult obesity has
more than doubled since 1990 and that childhood/adolescence
obesity (5-19 years old) has quadrupled (GBD 2021 Adolescent
BMI Collaborators 2025). On these bases, increasing efforts have
been addressed to better understand and characterize the molecu-
lar mechanisms underlying the onset and development of obesity,
aimed at identifying novel strategy for therapeutic intervention.
In this regard, alterations of intestinal epithelial barrier (IEB)
have been identified as primum movens of a series of patho-
physiologic events that precede the body weight gain, metabolic
alterations, and systemic inflammation associated with obesity
(D’Antongiovanni, Segnani, et al. 2023). Indeed, an imbalance in
the IEB structure, besides altering intestinal absorptive/secretory
functions, can facilitate the translation of toxins, bacteria, and
their products into the mucosa, triggering the activation of enteric
and circulating immune/inflammatory cells (including enteric
glial cells—EGCs), which, in turn, contribute to low-grade enteric
and systemic inflammation (D’Antongiovanni, Fornai et al. 2025;
Massier et al. 2021; Nascimento et al. 2020). Of note, the presence
of this chronic low-grade enteric and systemic inflammation, also
called meta-inflammation, represents the pathophysiological link
between obesity and related comorbidities (Gkrinia and Belanci¢
2025; Ruck et al. 2023).

In the past few years, the modulation of gut barrier func-
tions through nutritional and other interventions, including the
manipulation of gut microbiota via probiotics, has emerged as a
potential therapeutic strategy for the management of obesity. In
particular, human and preclinical studies in obese patients and
murine models of obesity documented beneficial effects following
probiotics supplementation on body weight control, metabolic
parameters, and systemic inflammation along with an improve-
ment of gut barrier permeability (Chandrasekaran et al. 2024;
DiMattia et al. 2024). Indeed, Lactobacillus and Bifidobacterium
strains exert strengthening effects on the gut barrier by increasing
the expression of tight junction (TJ) proteins, enhancing mucin
production and favoring the production of short-chain fatty acids
(SCFAs) with consequent reductions in enteric and systemic
inflammation (Deng et al. 2022; Han et al. 2019; Ho et al.
2024; Kou et al. 2023). In parallel, the dietary supplementation
with natural compounds, such as policosanols-very-long-chain
saturated fatty alcohols derived from rice bran, wheat, sugarcane,
and bees wax—has recently emerged as an interest therapeutic
option to manage obesity. For instance, the administration of
octacosanol, the main component of policosanols, counteracted
body weight gain and insulin resistance as well as reduced blood
cholesterol levels and systemic inflammation in high-fat diet
(HFD) mice (Sharma et al. 2019; Zhai et al. 2021). Similarly,
hexacosanol reduced plasma and hepatic cholesterol in obese
mice (Lee et al. 2017). In support of these findings, in a recent
study, Mulé et al. (2025) demonstrated that the combination of

probiotics and polycosanols improves the gut barrier integrity and
reduces intestinal inflammation in an in vitro model of gut-liver—
adipose axis, suggesting potential application in the context of
obesity. Accordingly, based on this evidence, the present study
was designed to evaluate the in vivo efficacy of an innovative
mixture, containing probiotics and policosanols, in counteracting
and preventing the body weight gain, IEB dysfunction, and
enteric inflammation in a mouse model of HFD-induced obesity,
characterizing also the molecular mechanisms underlying its
beneficial effects.

2 | Materials and Methods
2.1 | Animal Model of Diet-Induced Obesity

Male C57BL-6J mice (20-25 g body weight) were purchased
from ENVIGO Srl (San Pietro al Natisone UD) and employed
throughout the study. To induce obesity, standard diet (SD, 18%
calories from fat—TD.2018), administered during the adaptation
period to all mice, was replaced with an HFD (60% calories from
fat—TD.06414) for 8 weeks. In particular, HFD provided 18.3% of
kcal as protein, 21.4% of kcal as carbohydrate, and 60.8% of kcal
as fat (5.1 kcal/g), whereas the SD provided 24% of kcal as protein,
58% of kcal as carbohydrate, and 18% of kcal as fat (3.1 kcal/g).
The animals had free access to tap water ad libitum and were not
employed for at least 1 week after their delivery to the laboratory.
They were housed two/three in a cage in a temperature-controlled
room on a 12-h light cycle at 22-24°C and 50-60% humidity. All
the procedures involving animals were compliant with ARRIVE
(Animal Research Reporting of In Vivo Experiments) guidelines
and were carried out following the guidelines of the European
Community Council Directive 86-609 and in accordance with the
Code of Ethics of the World Medical Association (Declaration
of Helsinki, EU Directive 2010/63/EU for animal experiments).
The experiments were approved by the University of Pisa’s
Ethical Committee for Animal Experimentation and the Italian
Ministry of Health (Authorization 48/2024-PR). All efforts were
made to reduce and minimize the number of animals and their
suffering.

HFD mice after 8 weeks are characterized by an increase in body
and epididymal fat weight, blood cholesterol level, presence of
systemic inflammation as well as intestinal bowel dysmotility (a
typical condition complained by obese patients), without signs
of insulin resistance, hypertension, and cardiovascular disorders
(Antonioli et al. 2020; D’Antongiovanni et al. 2023; Jiirgens
et al. 2007; Pellegrini et al. 2021; Raybould 2012; Stenman et al.
2012). Of note, these metabolic alterations represent a condition
that reflects those observed in obese patients who are not yet
diabetic (Alshuweishi et al. 2024). Conversely, following 12-16
weeks of HFD diet, animals displayed an increase in insulin
resistance and signs of cardiovascular alterations (Calligaris et al.
2013; Csoka et al. 2017; Ding et al. 2010). In addition, starting
from week 2, mice fed with HFD showed alterations in IEB
integrity and permeability along with the presence of enteric and
systemic inflammation, features also observed in overweight and
obese people (Antonioli et al. 2020; D’Antongiovanni et al. 2024;
D’Antongiovanni et al. 2023).
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2.2 | Experimental Design

In the present study, we examined the effect of a mixture,
containing probiotics—(Bifidobacterium infantis GM-21 [1 x 10°
CFU/mouse/day], Bifidobacterium bifidum GM-25 [1 x 10°
CFU/mouse/day], Lactobacillus rhamnosus GM-28 [1 x 10°
CFU/mouse/day]) and policosanols—(octacosanol [>60%] and
hexacosanol [2%-15%])—in SD mice (control group) and HFD
mice. In addition, each individual component (probiotics or
policosanols) was also tested individually. The mixture and each
individual component were provided by Noéos S.r.1., Rome, Italy.
The mixture is covered by an Italian patent application (No.
102023000021603). Preliminary in vitro studies using a gut-liver—
adipose axis model supported the selection and characterization
of the final probiotic—polycosanol formulation included in the
patent application (Mulé et al. 2025). Of note, the bacterial genera
and species contained in the mixture were selected for their strong
ability to release metabolites, including SCFAs, endowed with
well-known beneficial effects on intestinal homeostasis, whereas
policosanols were chosen for their ability to promote the release
of SCFAs from the host gut microbiota and exert anti-oxidant
and anti-inflammatory activities (Deng et al. 2022; Han et al.
2019; Ho et al. 2024; Kou et al. 2023; Lee et al. 2017; Sharma
et al. 2019; Zhai et al. 2021). The mixture or each individual
component was administered via oral gavage for: (a) 8 weeks,
starting from the first day of the study (preventive protocol),
or (b) 4 weeks, starting from the fifth week (curative protocol)
(Figure 1A). Subgroups of animals received via oral gavage the
drug vehicle (physiological solution) and served as controls. SD
and HFD mice were treated simultaneously with the treatment
groups, ensuring identical experimental conditions. Accordingly,
since all experimental procedures were performed at the same
time, SD and HFD mice served as common reference groups
for both the preventive and curative protocols. Furthermore,
the administration of the mixture and individual components to
SD mice did not elicit any significant change in all parameters
evaluated in the present study (Figure S1). Therefore, SD mice
treated with drug vehicle were adopted as control group for all
the evaluations on the drug under investigation. Body weight was
measured once a week from the first day of the study. To calculate
the food intake, all remnants of pellets were weighted at 11:00,
including any spilled food in cages, and this value was subtracted
from the initial weight. During these measurements, all mice
were housed individually. At the end, animals were euthanized.
Fecal content, blood samples, and tissue samples were collected
and then stored at —80°C or fixed in formalin for the following
analyses.

2.3 | Measurement of Body Mass Index and
Evaluation of Metabolic Parameters

Body mass index (BMI) was calculated as body weight (g) divided
by body length (mm) squared (BMI = body weight/body length?).
Blood samples were taken from the tail vein the day of sacrifice
after overnight fast. Triglycerides and high-density lipoprotein
(HDL) levels were evaluated by means of Multicare Insensor
(BSI Srl, Arezzo, Italy), in accordance with the manufacturer’s
instructions.

2.4 | Evaluation of Fecal SCFAs

Fecal samples were collected and stored at —80°C until anal-
ysis. Approximately 100 mg of frozen material was processed,
derivatized with 1-butanol/boron trifluoride, and extracted into
hexane as described previously (D’Antongiovanni, Antonioli et al.
2023). The organic phase containing butylated SCFAs was diluted
in methanol and analyzed by LC-MS/MS (Agilent 1100 HPLC
coupled to an Agilent 6420 triple quadrupole MS with ESI+).
Separation was achieved on a C18 Zorbax Eclipse Plus column
(50 x 4.6 mm, 5 ym) with a methanol/water/formic acid mobile
phase (70:30:0.1, v/v/v). Quantification was performed in MRM
mode using optimized transitions for butyl butyrate (m/z 145 —
89) and compared against authentic standard. Data were acquired
and analyzed with the MassHunter Workstation software.

2.5 | Quantification of Colonic Interleukin-13
Levels

Colonic IL-13 levels were quantified, as previously described (Di
Salvo et al. 2024), using a commercial ELISA Kit (ab100705;
Abcam, Cambridge, UK). Colon tissues, previously collected and
stored at —80°C, were briefly thawed, weighed, and homogenized
in phosphate buffered saline (PBS; 0.4 mL/20 mg of tissue) at 4°C
and centrifuged for 5 min at 10,000 x g. Aliquots of 100 uL were
used to conduct the experiment. IL-183 levels were indicated as
picograms per milligram of protein.

2.6 | Evaluation of Plasma Lipopolysaccharide
Binding Protein

Circulating lipopolysaccharide binding protein (LBP) levels, an
indirect index of increased gut permeability (Pellegrini et al.
2023), were measured by ELISA kit (ab213876; Abcam), as pre-
viously described (Di Salvo et al. 2024). For the procedure, blood
samples were centrifuged for 5 min at 4000 rpm at 2-8°C, and
after the centrifugation, supernatants were collected. Aliquots
(100 pL) were used for the procedure, in accordance with the
manufacturer’s instructions.

2.7 | Western Blot Assays

Colonic tissues were weighed and then homogenized in lysis
buffer using a polytron homogenizer (QIAGEN, Milan, Italy), as
previously reported (D’Antongiovanni et al. 2025). Samples were
then centrifuged at 12,000 rpm for 15 min at 4°C, and then the
supernatants were separated from pellets and stored at —80°C.
Bradford assay was used to quantify total proteins. Proteins
(30 pg) were separated onto a pre-cast 4%-20% polyacrylamide
gel (Mini-PROTEAN TGX gel, Biorad) and transferred to PVDF
membranes (Trans-Blot TurboTM, PVDF Transfer packs, Biorad).
Membranes were blocked with 3% bovine serum albumin diluted
in Tris-buffered saline (20 mM Tris-HCl, pH 7.5, 150 mM NacCl)
with 0.1% Tween 20. Primary antibodies against S-actin (ab8227;
Abcam), occludin (ab167161; Abcam), zonulin-1 (ZO-1, Ab96587;
Abcam), glial fibrillary acidic protein (GFAP, ab53554; Abcam),
and sodium-coupled monocarboxylate transporter 1 (SMCT1, BS-
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FIGURE 1 | (A) Schematic representation of in vivo treatment with placebo, mixture, or each individual components in C57BL-6J mice fed with
SD or HFD for 8 weeks: preventive and curative protocol. (B) Representative images of C57BL-6J mice fed with SD or HFD for 8 weeks, with or without
dietary supplementation with the mixture. Effects of the mixture and each individual components, in both preventive and curative protocol, on (C)
body weight (g) and (D) food intake (g/week) in SD and HFD mice. Each column shows the mean + SEM (n = 8/group). Two-way ANOVA, followed
by Holm-Sidak’s multiple comparisons test: results are as follows: *p < 0.05 for significant difference versus the SD group, and #p < 0.05 for significant
difference versus the HFD group. HFD, high-fat diet; mix, mixture; polic, policosanols; prob, probiotics; SD, standard diet; veh, vehicle.
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6106R, Bioss) were used. Secondary antibodies were obtained
from Abcam (anti-mouse ab97040 and anti-rabbit ab6721). Pro-
tein bands were revealed with ECL reagents (Clarity Western ECL
Blotting Substrate, Biorad), and subsequently the densitometric
analysis, expressed as optical density, was performed with the
iBright Analysis software.

2.8 | Confocal Immunofluorescence

Paraffin sections (7 um thick) from full-thickness formalin-fixed
samples of distal colon were processed for immunofluorescence
analysis. In particular, the following markers were evaluated:
GFAP-reactive glial cell marker alone or in combination with IL-
18 (a pro-inflammatory cytokine released from reactive EGCs)
in single and double immunofluorescence, respectively. In addi-
tion, double immunofluorescence was performed on colonic
sections to detect ZO-1 and occludin, proteins involved in TJ
complex. Briefly, sections were incubated overnight at 4°C with
primary antibodies diluted in PBS: chicken anti-GFAP (1:400,
ab4674; Abcam), rabbit anti-IL18 (1:500, ab283818; Abcam), rab-
bit anti-occludin (1:200, ab283818; Abcam), and rat anti-ZO-1
(1:200, MABT11; Merck Millipore), later with the appropriate
fluorophore-conjugated secondary antibody and finally with
TOPRO3 for nuclear counterstaining. Sections were examined
under a Leica TCS SP8 confocal laser-scanning microscope (Leica
Microsystems, Mannheim, Germany).

2.9 | Statistical Analysis

The statistical analysis of data complies with the requirements
of good laboratory practices. The results are presented as
mean + standard error of the mean (SEM), with n referred to
the number of mice/groups. The significance of differences was
evaluated by one-way or two-way analysis of variance (ANOVA)
followed by the appropriate post hoc test. p values <0.05 were
considered representative of significant statistical differences. All
statistical procedures were performed by commercial software
(GraphPad Prism, version 8.0, RRID: SCR_002798, GraphPad
Software Inc., San Diego, CA, USA).

3 | Results

3.1 | The Synergic Combination of Probiotics and
Policosanols Counteracts the Body Weight Gain and
BMI in Obese Mice

HFD mice showed a significant increase in body weight starting
from the fifth week, as compared with SD mice (Figure 1B,C).
Dietary supplementation with the mixture, in both preven-
tive and curative protocols, significantly counteracted the body
weight gain in HFD-fed mice starting from the fifth and sev-
enth week, respectively (Figure 1B,C). In preventive protocol,
probiotics administration alone counteracted the weight gain in
obese mice starting only from seventh week, while no effects
were observed in curative protocol. In addition, no effects were
observed for policosanols alone on body weigh in both preventive
and curative protocols (Figure 1C, Figure S2). Of note, no

significant differences in food intake were detected in SD and
HFD treated with vehicle, mixture, or individual components, in
both preventive and curative protocol (Figure 1D, Figure S1).

At the end of week 8, a significant increase in BMI was observed
in HFD mice, as compared with the SD group (Figure 2A).
Supplementation with the mixture significantly counteracted
such an increase in obese mice in both preventive and curative
protocols (Figure 2A). No effects were observed for probiotics and
policosanols alone on BMI of HFD mice, in both preventive and
curative protocols (Figure 2A). Overall, these results highlight
a synergistic combination of probiotics and policosanols in
counteracting the increase in body weight and BMI associated
with obesity.

3.2 | The Synergic Combination of Probiotics and
Policosanols Ameliorates Metabolic Parameters in
Obese Mice

Approximately 60%-70% of obese patients show a dyslipidemic
phenotype, characterized by an increase in plasma levels of
triglycerides (TG) along with a decrease in HDL involved in
the removal of excess cholesterol levels (Ellulu et al. 2017
She et al. 2022). Therefore, the potential beneficial effect of
the tested mixture on these metabolic parameters has been
investigated.

Mice fed with HFD for 8 weeks showed a significant increase in
TG levels along with a decrease in HDL levels compared to SD
mice (Figure 2B,C). The supplementation with the mixture, in
both preventive and curative protocols, determined a normaliza-
tion of these parameters in HFD animals (Figure 2B,C). Of note,
the administration of each individual component did not affect
TG and HDL levels in either preventive or curative protocols,
except for policosanol supplementation, which increased HDL
levels in the preventive protocol in HFD mice (Figure 2B,C).
Taken together, these findings suggest potential synergistic ben-
efits of a therapeutic combination of probiotics and policosanol
in improving altered metabolic parameters associated with
obesity.

3.3 | Food Supplementation With the Mixture
Counteracts Enteric Inflammation in Obese Mice

Obesity is characterized by low-grade systemic inflammation,
which seems to be a common root to the onset and progression
of several medical comorbidities (D’Antongiovanni et al. 2021;
L. Wang, Wang, et al. 2025). Consistently with this assumption,
HFD mice displayed a significant increase in colonic IL-18 levels,
compared with SD animals (Figure 3A), indicating the presence
of enteric inflammation. Food supplementation with the mixture
or with probiotics alone significantly reduced the colonic IL-158
levels in obese mice (Figure 3A). Of note, the administration
of policosanols alone counteracted, although not significantly,
the colonic IL-13 levels in HFD mice (Figure 3A). Overall, these
results suggest that the mixture counteracts enteric inflammation
in obese mice, and this effect is likely ascribable to its combined
composition of probiotics and policosanols.
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FIGURE 2 | Effects of the mixture and each individual components, in both preventive and curative protocol, on (A) BMI, (B) triglycerides, and
(C) HDL in SD and HFD mice. Each column shows the mean + SEM (n = 8/group). One-way ANOVA, followed by Tukey post hoc test: results are as
follows: *p < 0.05; **p < 0.01; ***p < 0.001. BMI, body mass index; HFD, high-fat diet; mix, mixture; polic, policosanols; prob, probiotics; SD, standard

diet; veh, vehicle.
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FIGURE 3 | (A)ColonicIL-18levels and (B) circulating LPB levels in SD and HFD mice treated with the mixture and each individual components, in
both preventive and curative protocol. Each column shows the mean + SEM (n = 5-8/group). One-way ANOVA, followed by Tukey post hoc test: results
are as follows: *p < 0.05; **p < 0.01; ***p < 0.001. HFD, high-fat diet; IL-3, interleukinl-g; LBP, lipopolysaccharide binding protein; polic, policosanols;
mix, mixture; prob, probiotics; SD, standard diet; veh, vehicle.
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3.4 | The Synergic Combination of Probiotics and
Policosanols Ameliorates the Intestinal Epithelial
Barrier Integrity and Permeability in Obese Mice

Obesity is associated with a chronic low-grade systemic inflam-
mation, which seems to contribute to further exacerbate the
disruption of IEB integrity associated with a hypercaloric diet
(D’Antongiovanni, Segnani, et al. 2023; Ellulu et al. 2017). In line
with this view, mice fed with HFD for 8 weeks showed a signifi-
cant increase in LBP plasma levels, an indirect index of increased
gut barrier permeability (Bellini et al. 2022; D’Antongiovanni et al.
2023), along with a reduction in the expression levels of colonic
TJ proteins, such as ZO-1 and occludin, as compared with SD
animals (Figures 3B, 4A, and 5A). These findings in HFD-fed
mice were corroborated by the TJ immunofluorescence staining,
which showed a pathological remodeling of ZO-1 and occludin,
characterized by a low, irregular and blurry signal (Figures 4B
and 5B, Figure S3).

Of interest, dietary supplementation with the mixture, in both
preventive and curative protocols, ameliorates the gut barrier
integrity and permeability, as documented by a reduction in
plasma LBP levels and an increment of TJ molecules (Figures 3B,
4A, and 5A). In particular, obese mice treated with the mixture
showed a clear and sharp ZO-1 and occludin staining in specific
cellular sites such as the cell boundaries, indicating that the TJ
structure in these animals maintains its physiological morphol-
ogy (Figures 4B and 5B, Figure S3). Of note, the administration
of each individual component significantly improves LBP com-
pared to HFD mice with vehicle but only partially improved TJ
expression and distribution in HFD mice in both the preventive
and curative protocols, with high variability (Figures 3B, 4, and 5,
Figure S3).

3.5 | The Synergic Combination of Probiotics and
Policosanols Reduced Fecal Butyrate Levels in HFD
Mice

Alterations in fecal butyrate concentrations have been reported
to contribute to gut barrier impairment in both obese patients
and HFD mouse models (Benvenuti et al. 2023; Parada Venegas
et al. 2019b; Peng et al. 2023). In line with these findings, mice
fed with HFD for 8 weeks exhibited a significant increase in
fecal butyrate, compared with SD mice (Figure 6A), indicating
reduced butyrate bioavailability to colonocytes in these obese
mice. Of interest, the supplementation with the mixture, in both
preventive and curative protocols, significantly reduced the fecal
butyrate concentration in HFD mice (Figure 6A). No effects were
observed for probiotics and policosanols alone on fecal butyrate
levels in HFD mice, in both preventive and curative protocols
(Figure 6A). Taken together, these results highlight a synergistic
combination of probiotics and policosanols in improving the
butyrate bioavailability in the colon of obese mice.

3.6 | The Beneficial Effects of the Mixture Are
Likely Related to Its Ability to Modulate
Butyrate-Glial-IL18 Axis in Obese Mice

In order to investigate the molecular mechanisms underlying the
beneficial effects of the mixture, we investigate the expression
levels of the apical butyrate transporter SMCTI, reactive gliotic

processes, and GFAP*/IL-15" glial cells in colonic tissues from
SD and HFD mice, treated with drug vehicle or the mixture, in
both preventive and curative protocols.

After 8 weeks, mice fed with HFD showed a significant reduction
in the colonic expression of the apical transporter, SMCTI,
compared to SD mice (Figure 6B), indicating impaired absorption
and utilization of butyrate by enterocytes. Of interest, dietary sup-
plementation with the mixture restored the colonic expression
of SMCTI1 transporter, in both preventive and curative protocol
(Figure 6B), suggesting an improvement in colonic butyrate
bioavailability.

Next, we investigated the presence of enteric gliosis on the basis
of the contribution of reactive EGCs in IEB impairment and
immune/inflammatory processes, through the release of pro-
inflammatory mediators, including IL-13 (D’Antongiovanni et al.
2023; Seguella and Gulbransen 2021). In this context, butyrate
exerts a protective effect by inhibiting enteric glial reactivity
(Feng et al. 2025). Consistently, HFD mice showed an increase
in the colonic expression of the glial marker, GFAP, along with
an increase in GFAP* cells mainly within myenteric plexus,
compared with SD mice (Figure 7A,B), suggesting the presence
of reactive gliotic processes. In particular, double immunofluores-
cence experiments revealed a high amount of IL-13 in GFAP* glial
cells of enteric plexi (Figure 7C), suggesting an overproduction
of this pro-inflammatory cytokine in reactive EGCs. Of interest,
dietary supplementation with the mixture, in both preventive and
curative protocols, significantly reduced the expression and the
density of GFAP* glial cells as well as decreased the IL-13* glial
cells in HFD mice (Figure 7), suggesting that the mixture is able to
counteract enteric gliosis in obese mice and, by reflex, the release
of IL-18 from their reactive EGCs (Figure 3A).

4 | Discussion

Morphological and functional alterations of the IEB represent
early events in obesity, occurring before body weight
gain, metabolic alterations, and systemic inflammation
(D’Antongiovanni et al. 2025; D’Antongiovanni, Segnani, et al.
2023; Nascimento et al. 2020). Accordingly, the modulation of the
IEB, through the manipulation of gut microbiota with probiotics
or dietary supplementation with natural extracts, including
policosanols, has emerged as a promising strategy for the
treatment of obesity and related comorbidities (Chandrasekaran
et al. 2024; Deng et al. 2022; DiMattia et al. 2024; Han et al.
2019; Ho et al. 2024; Kou et al. 2023; Weng et al. 2021). However,
only few studies have examined the beneficial effects of the
combined use of probiotics and policosanols in this pathological
context. For instance, in a recent in vitro study on intestinal
(CaCo-2), hepatic (HepG2), and adipose (3T3-L1) cells, the
authors reported a beneficial effect of a probiotics-polycosanols
combination by improving IEB integrity, reducing inflammation
and promoting the browning process (Mule et al. 2025). In
support of this view, a pilot clinical study reported positive
epigenetic changes in miRNAs involved in the regulation of
inflammation and adipogenesis in obese patients treated with
probiotics plus octacosanol for 12 weeks, although no significant
improvements in anthropometric or lipid parameters were
recorded (Okuka et al. 2023). Despite this interesting evidence,
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FIGURE 4 | (A) Densitometric analysis and related representative blot of ZO-1 expression in colonic tissues from SD and HFD mice treated with

the mixture and each individual components, in both preventive and curative protocol. Each column shows the mean + SEM (n = 5-8/group). One-way
ANOVA, followed by Tukey post hoc test: results are as follows: *p < 0.05; **p < 0.01; ***p < 0.001. (B) Representative photomicrographs of ZO-1 (green)
immunostaining in the cross-sectioned colon from SD and HFD mice treated with the mixture and each individual components, in both preventive and
curative protocol. Original magnification 40x. Scale bar 20 um. HFD, high-fat diet; mix, mixture; polic, policosanols; prob, probiotics; SD, standard diet;
veh, vehicle; ZO-1, zonulin-1.

Food Frontiers, 2026 9 0f 18

U901 SUOLULIOD BAIIERID 3[ed1 ddte U A PouLA0B S SOD1E WO '8N JO SN 10§ ARRIG1T UIIUO AB]IAA U (SUONIPUCO-PUE-SUWLBIALICY A3 1M ARt 1)U UO//ScY) SUORIPUOD PUE SWLB | 84} 39S *[9202/20/TT] U0 A%eiqi8uiiuo AS1IM * HeljBed 1a BISBAIUN - BLeD BaUIURID Ad 62E0L 2H1/200T OT/I0pAUcY A3 |IM ATeid |UI UO'SUp.Y/SaNy W) PAPeojuMOQ ‘v ‘9202 ‘62V8EVIT



SD HED  HFD+mixture HFD+polic HFD+prob

Veh veh  prev_cur  prev_car prev cur
=1 15 won

-
oy > | ~

0 K08

wxon | g . .

Preventive protocol Curative protocol
*
200 ' " ‘ 200 xx
*k | Kk |
= 150 = 150
c 2 * .S 5
e — £& ]
g @ 1007 3 » 100
o¢ 6
S 504 = 50
0 T - T T T 0 T - T T T
S & & & s S & & F g
x x x ) ) o" * * x x
Y . ; P - :
HFD HFD

B
SD+veh HFD+veh

—
O
o
L
o
Q
[
2
hd
S
>
&
HFD+mix HFD+prob HFD+polic
—
[*]
(4]
(¢]
A d
e
Q
[
2
o
8
S
o
HFD+mix HFD+prob HFD+polic
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10 of 18

Food Frontiers, 2026

U901 SUOLULIOD BAIIERID 3[ed1 ddte U A PouLA0B S SOD1E WO '8N JO SN 10§ ARRIG1T UIIUO AB]IAA U (SUONIPUCO-PUE-SUWLBIALICY A3 1M ARt 1)U UO//ScY) SUORIPUOD PUE SWLB | 84} 39S *[9202/20/TT] U0 A%eiqi8uiiuo AS1IM * HeljBed 1a BISBAIUN - BLeD BaUIURID Ad 62E0L 2H1/200T OT/I0pAUcY A3 |IM ATeid |UI UO'SUp.Y/SaNy W) PAPeojuMOQ ‘v ‘9202 ‘62V8EVIT



A Preventive protocol Curative protocol
500 * * 500 * *
— :
- 400 I
@ 400 o
s — E —_—
> D 300 > D 300
S E S E
23 T 273
© £ 200 ® £ 200
% T — % T
“ 100 % 1004 L
0 T 0 I
& X < ° G
& & & & ¢ ¢ & © &
x x x Q Q x x x Q ]
%o x x 60 %X
HFD HFD
B SD+veh HFD+veh :,E?;We 25%752‘

SMCT1 7S Koa

(55 KDa) ’!: e ——

(4;‘;2&)’-- e e g O — — — ——

150 .
— *%k%k I *%
(=]
N
g 100 -
= :
5 50 :
s
(/2]
0 1 1
&
~\é° 4&0 'é\\ N
ox x @Q
D
® R

HFD
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several aspects remain to be clarified, thus highlighting a strong
need for further investigations. On these bases, the present
study was designed to investigate the efficacy of a novel and
innovative food supplement, containing a mixture of probiotics
and policosanols, in counteracting and preventing the body
weight gain, IEB dysfunction, and enteric inflammation in a
mouse model of diet-induced obesity. In particular, the present
research pointed out four major novel findings. The synergic
combination of probiotics and policosanols (1) prevents and
counteracts the increase in body weight and BMI as well as
normalizes metabolic parameters, (2) exerts strengthening
effects on the IEB integrity, (3) reduces enteric inflammation,
and (4) exerts positive effects that are likely attributable to the
ability of the mixture to modulate the butyrate-glial-IL13 axis in
obese mice.

In line with previous studies (Antonioli et al. 2020; Ben-
venuti et al. 2023; D’Antongiovanni, Benvenuti, et al. 2020;
D’Antongiovanni et al. 2023), mice fed with a hypercaloric diet
for 8 weeks displayed a significant increment in body weight
and BMI along with significant alterations of systemic metabolic
parameters, such as triglycerides and HDL, thus confirming
the suitability of the HFD-induced obesity model. Interestingly,
dietary supplementation with the mixture, in both preventive and
curative protocols, significantly counteracted the increase in body
weight and BMI as well as normalized metabolic parameters in
HFD mice. This is an interesting point, since the beneficial effects
exerted by the mixture were also observed after the development
of obesity, in contrast to most studies reported in the literature
showing anti-obesity properties only after preventive treatment
with probiotics or policosanols (Deng et al. 2022; Han et al.
2019; Ho et al. 2024; Kou et al. 2023; Sharma et al. 2019; Zhai
et al. 2021). In addition, only minor or no effects were recorded
after administration with each individual component in obese
mice, highlighting a potential synergistic benefit deriving from
the therapeutic combination of probiotics and policosanols.

Next, we investigated the presence of enteric inflammation, a
condition commonly associated with hypercaloric diet-induced
obesity (D’Antongiovanni et al. 2025; D’Antongiovanni, Pelle-
grini, et al. 2020; Khan et al. 2021; Rohm et al. 2021). Consistently,
HFD mice showed a significant increase in colonic IL-18 lev-
els, thus confirming gut inflammation in this experimental
model. Food supplementation with the mixture or probiotics
alone significantly counteracted intestinal inflammation. Of note,
policosanol treatment also exerts anti-inflammatory properties
by reducing, although not significantly, colonic IL-18 levels in
HFD mice. These results corroborate previous in vitro anti-
inflammatory properties of the mixture, as well as the anti-
inflammatory properties of probiotics, including Bifidobacterium
genera, and policosanols, such as octacosanol and hexacosanol,
in counteracting inflammatory responses in several in vivo
pathological contexts (Benvenuti et al. 2023; Cho et al. 2023;
Mulé et al. 2025; N. Wang, Pei, et al. 2025; Yun et al. 2024). In
particular, beneficial effects of probiotics are partly attributed to
the release of metabolites, including SCFAs (acetate, propionate,
and butyrate), which are well known to shape the differentiation
of Treg cells (Furusawa et al. 2013; Hu et al. 2022; Mukhopadhya
and Louis 2025), whereas policosanols exert their effects through
the inhibition of pro-inflammatory MAPK signaling pathways
and reduction in reactive oxygen species (Behl et al. 2021).

Since the presence of a chronic low-grade inflammatory condition
in the gut contributes to further exacerbate the disruption of
IEB associated with a hypercaloric diet, thus creating a vicious
cycle that paves the way for systemic dissemination (Bona et al.
2021; Ding et al. 2010; Ellulu et al. 2017; Raybould 2012; Sanz
and Moya-Pérez 2014; Schroeder et al. 2020), we assessed the
IEB integrity and permeability. In line with this view, HFD
mice displayed an increase in circulating LBP levels (an indirect
index of increased gut permeability; Pellegrini et al. (2023)) along
with a reduction in ZO-1 and occludin expression as well as an
altered subcellular distribution of TJs, thus indicating an altered
integrity and permeability of the gut barrier. Of interest, the
administration of the dietary supplement, both in preventive
and curative protocol, significantly reinforced the IEB structure
and integrity, normalizing the LBP levels and ZO-1 and occludin
expression as well as favoring the correct distribution of TJ on
cell membrane of enterocytes. Differently, the administration of
each individual component normalized LBP but only partially
improved TJ expression and distribution in HFD mice. These
results highlight a strengthening effect of synergistic combination
of probiotics and policosanols, in accordance with the previous
in vitro study (Mule et al. 2025), that may be ascribed to the
ability of probiotics to improve the butyrate bioavailability, which
is strategic in the correct assembling of TJs on enterocyte cell
membranes (Parada Venegas et al. 2019a), as well as to poli-
cosanols able to promote the release of SCFAs, especially butyrate,
from the gut microbiota, thus favoring a correct gut barrier
integrity and permeability (Miao et al. 2022). To confirm this
view, fecal butyrate levels and its apical SMCTI1 transporter were
investigated. Our results displayed a significant increase in fecal
butyrate concentration along with a reduction in the expression of
the apical butyrate transporter SMCT1 in colonic tissues of HFD
mice, indicating a reduced transport and utilization of butyrate by
the enteric mucosa. Of note, these results may explain the altered
TJ distribution observed in obese mice and are consistent with
human studies showing fecal butyrate accumulation along with
an increase in circulating zonulin, an index of increased perme-
ability, in obese patients (Kim et al. 2019; Moreno-Navarrete et al.
2012). Interestingly, food supplementation with the mixture, both
in preventive and curative protocol, significantly reduced fecal
butyrate concentration as well as increase SMCT1 expression in
HFD mice, indicating an increase in the butyrate bioavailability
in the colon, which may be involved in the improvement of gut
barrier integrity and permeability. Of note, no significant effects
on fecal butyrate concentration were recorded after administra-
tion with each individual component in HFD mice; accordingly,
the evaluation of SMCT1 expression was not performed in these
experimental groups.

Taken together, our results showed synergistic benefits of a ther-
apeutic combination of probiotics and policosanols in preventing
and counteracting body weight gain, intestinal inflammation, and
gut barrier impairment associated with hypercaloric diet intake.
On this basis, the last part of the present study was designed to
investigate one of potential mechanical mechanisms underlying
these beneficial effects of the mixture.

As a first step, we investigated the presence of enteric reactive
gliosis, a pathological process in which EGCs acquire pro-
inflammatory phenotypes with consequent release of inflam-
matory mediators, such as IL-15, that contribute to gut barrier
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impairment and enteric inflammatory responses in obesity con-
ditions (Antonioli et al. 2020; D’Antongiovanni et al. 2025;
D’Antongiovanni et al. 2023; Seguella and Gulbransen 2021).
In particular, we focused the attention on the glial marker
GFAP, whose expression is modulated by cell differentiation,
inflammation, and tissue injury (D’Antongiovanni et al. 2023).
Accordingly, GFAP levels correlate with the functional state of
EGCs and represent a useful marker for tracking the morpho-
logical changes associated with enteric gliosis. By contrast, other
glial markers, such as Sox10 and S1003, are more suitable for
glial cell quantification but do not provide information on glial
morphology (Boesmans et al. 2021; Grubisi¢ and Gulbransen
2017). In this context, it has been reported that butyrate exerts an
inhibitory effect on reactive GFAP*-EGCs, resulting in a reduc-
tion in intestinal inflammation and consequent improvement of
IEB integrity in a murine model of obesity (Feng et al. 2025).
In accordance with these findings, we observed a significant
increase in the colonic expression of glial marker, GFAP, along
with an increase in colonic GFAP' glial cells in obese mice,
thus indicating that HFD mice, characterized by reduced butyrate
bioavailability, IEB alterations, and gut inflammation, display
enteric gliotic processes. Interestingly, dietary supplementation
with the mixture, both in preventive and curative protocol,
counteracted enteric gliosis, as documented by the reduction in
colonic GFAP* glial cells and its expression. Of note, this is an
interesting point since these data suggest that the mixture is
able to inhibit the reactive EGCs, likely through the increase in
butyrate bioavailability, in accordance with previous data (Feng
et al. 2025). To corroborate this evidence, we performed a double-
staining immunofluorescence analysis to investigate IL-1 specks,
reflecting a reactive status of the glial cells, at level of enteric
GFAP" glial cells. In particular, we focused our attention on the
cytokine IL-18, abundantly involved in the onset and amplifica-
tion of the inflammatory response as well as in the development
of IEB dysfunctions (R. Al-Sadi et al. 2013; R. M. Al-Sadi and Ma
2007; D’Antongiovanni et al. 2025). Our results showed that in
HFD mice reactive glial cells displayed an upregulation of IL-
18 levels, thus confirming a pro-inflammatory phenotypic shift
of EGCs in this pathological condition. Of note, an appreciable
number of IL-18 specks were also observed throughout the
colonic layers of HFD mice, in accordance with molecular results
demonstrating the presence of colonic inflammation. Of interest,
in HFD mice, food supplementation with the mixture, both in
preventive and curative protocol, reduced IL-13 specks in EGCs
and surrounding colonic tissues, suggesting the ability of the
mixture to inhibit IL-18 release by reactive EGCs. It is worthy
to note that this finding represents the first evidence on the
potentiality of the synergistic combination of probiotics and
policosanols to exert their anti-inflammatory properties on gut
barrier through the modulation of GFAP* glial cells/IL-1f axis in
the context of obesity. Undoubtedly, other processes and cellular
mechanisms may be involved in the regulatory activity of the
mixture on to IEB dysfunctions, which deserve to be investigated
in the future as a whole.

5 | Conclusion
Our results suggest that mixture, containing probiotics (B.

infantis GM-21, B. bifidum GM-25, L. rhamnosus GM-28) and
polycosanols, exerts anti-obesity properties, improving the IEB

integrity and permeability as well as blunting the gut inflam-
mation, likely due, at least in part, to its ability to modulate
the butyrate-glial-IL18 axis. Indeed, it is conceivable that the
combination of probiotics and policosanols favors a correct
absorption and utilization of butyrate by the enteric mucosa. This
increased bioavailability of butyrate, besides exerting a trophic
effect on enterocytes, may inhibit enteric gliotic processes with
consequent reduction of IL-18 release from EGCs, thus leading to
decreased enteric inflammation and improved IEB integrity and
permeability (Figure 8). Of note, this represents an innovative
aspect since at present no studies have investigated the effects
of these components on enteric glia. In addition, another novel
point of the present paper is that the beneficial effects exerted
by the mixture administration were also observed in curative
protocol, allowing us to hypothesize that its administration in
overweight or obese patients could be effective. Accordingly,
based on these promising experimental results, a clinical study
on overweight/obese patients will begin in 2026.
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