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ARTICLE INFO ABSTRACT

Keywords: Obesity is one of the main features of metabolic syndrome, where a low-grade chronic inflammation and gut
Lactobacillus fermentum CECT5716 dysbiosis contribute to the development of the related metabolic dysfunctions. Different probiotics have
Probiotic

demonstrated beneficial effects on this condition, increasing the interest in the development of probiotic treat-
ments. Lactobacillus fermentum CECT5716 has shown anti-inflammatory effects and capacity to modulate
microbiota composition in different experimental models. In this study, L. fermentum CECT5716 was evaluated in
a model of high fat diet-induced obesity in mice. It exerts anti-obesity effects, associated with its anti-
inflammatory properties and amelioration of endothelial dysfunction and gut dysbiosis. The probiotic restores
Akkermansia sp. abundance and reduced Erysipelotrichi class and Clostridium spp presence as well as increased
Bacteroides proportion. In conclusion, this probiotic represents a very interesting approach. Our findings
describe, for the first time, the ability of this probiotic to ameliorate experimental obesity through microbiome
modulation, affecting different bacteria that have been reported to play a key role in the pathogenesis of obesity.
Therefore, this suggests a potential use of L. fermentum CECT5716 in clinical practice, also taking into account
that probiotic treatments have demonstrated to be relatively safe and well tolerated.

Diet-induced obesity
Gut microbiota

1. Introduction It affects 25% of the worldwide population, and its prevalence is
constantly increasing [1]. Metabolic syndrome is characterized by the
Metabolic syndrome is one of the public health problems of our time. concurrence of several metabolic dysfunctions including insulin
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resistance, obesity, hypertension, impaired glucose tolerance, hyper-
glycemia and dyslipidemia [2]. Among them, obesity is considered the
central axis of metabolic syndrome [3]. This condition is developed as a
consequence of an energy imbalance due to an excessive energy intake
and low expenditure, leading to an abnormal accumulation of lipids in
metabolic tissues, mainly adipose tissue and liver [4,5]. This results in
the development of a low-grade systemic inflammatory state, associated
with the secretion of pro-inflammatory mediators, such as interleukin
(IL)-6 and tumor necrosis factor (TNF)-a. Thus, it promotes the
recruitment of macrophages to adipose tissues and contributes to the
metabolic dysfunctions and obesity-related diseases in these patients [6,
7]. Nowadays, the management of obesity usually implies drastic
changes in lifestyle, including caloric restrictions and physical exercise.
In addition, different anti-obesity drugs are available. The most
frequently used are phentermine, orlistat, lorcaserin, bupropion and
liraglutide, but most of them present limited effectiveness and signifi-
cant side effects [8]. Therefore, and considering the prevalence of
obesity and its co-morbidities, there is a clear demand for more effective
and safer strategies for its management.

During the two last decades, different studies have revealed that gut
microbiota seems to play an important role in the development of
obesity and obesity-associated disorders [9]. Obesity has been linked to
an altered intestinal microbiota composition, also known as dysbiosis,
together with increased gut permeability that promotes bacterial en-
dotoxins translocation, including lipopolysaccharide (LPS), into the
systemic circulation, which clearly contributes to the obesity-associated
low-grade systemic inflammation [10,11]. Considering this, modulation
of gut microbiota can result in amelioration of the pathogenic mecha-
nisms involved in obesity, like modulation of the inflammatory response
and enhancement of the intestinal barrier function [12]. In this context,
special attention should be paid to the use of probiotics for the pre-
vention and treatment of obesity-associated metabolic disorders and
related diseases, as it has been recently explored [13].

Probiotics are defined as live microorganisms that confer a health
benefit to the host when administered in adequate amounts [14,15].
Among probiotics, Lactobacillus spp (L. casei strain Shirota (LAB13),
L. gasseri, L. rhamnosus, and L. plantarum, among others) and Bifido-
bacterium spp (mainly B. infantis, B. longum, and B. breve B3) are the most
relevant in the treatment of metabolic syndrome, demonstrating
considerable anti-obesity effects, both in rodents and humans, by
modulating weight gain, improving glycemic and lipid metabolism, as
well as decreasing insulin resistance [13]. Different mechanisms may be
involved in their beneficial effects, including increased short-chain fatty
acid (SCFA) production, regulation of bile acid metabolism and host
protection from metabolic endotoxemia, most probably through mod-
ulation of gut microbiota composition [16]. However, a recent system-
atic review of randomized clinical trials concluded that, up to date,
administration of probiotics to patients with metabolic syndrome just
produces a discrete improvement, especially when considering their
impact on the metabolic profile and the inflammatory biomarkers
associated with this condition [13]. For this reason, there is a great in-
terest in the search of new probiotic-based treatments for human
metabolic syndrome that combine efficacy and safety. Among these, the
emerging next generation probiotics have started to be studied against
these conditions, including Prevotella copri, Christensenella minuta, Par-
abacteroides goldsteinii, Akkermansia muciniphila or Bacteroides thetaio-
taomicron, among others [17]. However, technological and regulatory
limitations can hinder their development for human therapy [18].
Meanwhile, the characterization of other conventional probiotic strains,
not previously tested for metabolic syndrome can be an interesting
approach. In this context, Lactobacillus fermentum CECT5716 recently
renamed as Limosilactobacillus fermentum [19], a probiotic strain origi-
nally isolated from human breast milk [20] with proven safety and
tolerance in infants and mothers [21], could be of interest. L. fermentum
CECT5716 has been shown to display immunomodulatory properties
that can be involved in the beneficial effects obtained in experimental
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models of colitis [22,23] and hypertension [24,25]. Furthermore, these
studies highlight the ability of this probiotic to ameliorate gut micro-
biota dysbiosis and improve the impaired intestinal barrier function,
common features of metabolic syndrome [9,26]. Noteworthy, the
anti-obesity effects of L. fermentum CECT5716 have been previously
reported in experimental obesity [27], although the probiotic was
administered with fructooligosaccharides as a synbiotic, being difficult
to clearly establish which effects were derived from probiotic adminis-
tration. Furthermore, other strains of L. fermentum have shown benefi-
cial effects in different experimental models of obesity. Thus, the
administration of L. fermentum NCIMB5221 to Zucker diabetic fatty
(ZDF) rats improved insulin resistance and lipid metabolism [28].
Similarly, L. fermentum CQPCO5 inhibited high-fat diet (HFD)-induced
obesity in mice, an effect associated with an improvement of lipid
metabolism [29]; while L. fermentum 296 showed protective effects on
cardiovascular dysfunction in HFD-treated rats [30]. Therefore, the aim
was to evaluate the effects of the probiotic L. fermentum CECT5716 in a
model of diet-induced obesity in mice, and to establish a link between
the anti-obesity effect, and its impact on gut dysbiosis, inflammatory
status and endothelial dysfunction.

2. Materials and methods
2.1. Reagents

All chemicals were purchased from Sigma-Aldrich (Madrid, Spain),
unless otherwise stated.

2.2. Preparation and administration of L. fermentum CECT5716

The probiotic L. fermentum CECT5716 was provided by Biosearch, S.
A. (Granada, Spain) and grown in De Man, Rogosa and Sharpe (MRS)
media for a period of 24 h at 37 °C under anaerobic conditions using the
Anaerogen system (Oxoid, Basingstoke, UK). For probiotic treatment, it
was suspended using a sterile PBS solution and was diluted to obtain a
concentration of 5 x 10° CFUs in 1 mL.

2.3. Animals, diets and experimental design

The study was carried out in accordance with the ‘Guide for the Care
and Use of Laboratory Animals’ as promulgated by the National Institute
of Health, and the protocols approved by the Ethic Committee of Lab-
oratory Animals of the University of Granada (Spain) (Ref. No. 28/03/
2016,/030). Male C57BL/6 J mice (5 weeks old) obtained from Charles
River Laboratories (Barcelona, Spain) were housed in a temperature and
humidity-controlled facility (22 + 1 °C, 55 4+ 10% relative humidity)
with a 12-hour light/dark cycle and provided with a free access to tap
water. Mice were fed with either a standard chow diet (13% calories
from fat, 20% calories from protein and 67% calories from carbohy-
drate) (Global diet 2014; Harlan Laboratories, Barcelona, Spain) or a
HFD (59% calories from fat, 13% calories from protein and 28% calories
from carbohydrate) (Purified diet 230 HF; Scientific Animal Food &
Engineering, Augy, France). Mice were randomly assigned to different
groups (n = 10): control (control diet), obese (HFD) and obese treated
(L. fermentum). Control group received the standard chow while obese
groups were fed the HFD. HFD-L. fermentum mice were administered the
probiotic L. fermentum at 5 x 108 CFUs in 100 pl/mouse/day and control
mice received PBS. The treatment was followed for 11 weeks, control-
ling regularly animal body weight, food and water intake.

2.4. Effects of L. fermentum CECT5716 on HFD fed mice

2.4.1. Glucose tolerance test

One week before the sacrifice, a glucose tolerance test was performed
on mice fasted for 8 h. They received a 50% glucose solution in water at
a dose of 2 g/kg of body weight by intraperitoneal injection, and blood
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was collected from the tail vein at 0, 15, 30, 60 and 120 min after in-
jection. Blood glucose was measured using a handheld glucometer
(Contour XT, Ascensia Diabetes Care, S.L., Barcelona, Spain).

2.4.2. Plasma determinations

At the end of the treatment, mice were sacrificed under isoflurane
anesthesia. Blood samples were collected in ice-cold tubes containing
heparin and centrifuged at 5000 g at 4 °C for 20 min, and the plasma was
frozen at — 80 °C. Plasma glucose, low-density lipoprotein (LDL)-
cholesterol, high-density lipoprotein (HDL)-cholesterol and triglycerides
concentrations were measured by colorimetric methods using Spinreact
kits (Spinreact, S.A., Girona, Spain). Plasma insulin concentrations were
quantified using a mouse insulin ELISA kit (Alpco Diagnosis, Salem, NH,
USA). Homeostatic model assessment of insulin resistance (HOMA-IR)
was calculated using the formula: fasting glucose (mM) x fasting insulin
(pU/mL)/22.5. Plasma levels of LPS were measured using a Pierce™
Chromogenic Endotoxin Quant Kit (Thermo Scientific, Inc., Waltham,
MA, USA) following manufacturer’s instructions. The plasma samples
were pre-treated with a 10 mM MgCl, solution and Pyrosperse™
Dispersing Agent (Lonza, Walkersville, MD, USA) in order to remove
residual heparin used during blood extraction and fat, respectively.
Sterile and pyrogen-free material was always used to guarantee sample
and test integrity.

2.4.3. Morphological variables

Abdominal and epididymal fat were removed, cleaned, and weighed.
Weight indices were calculated by dividing their weights by the tibia
length. All tissue samples were frozen in liquid nitrogen and then stored
at — 80 °C.

2.4.4. Histological studies

Samples of epididymal adipose tissue were fixed in 4% PFA,
embedded in paraffin and 5 pm-thick sections were taken and stained
with hematoxylin and eosin. Adipocyte size was measured and analyzed
using Fiji imaging software with the Adiposoft v1.16 plugin.

2.4.5. Vascular reactivity studies

Descending thoracic aortic rings were removed from mice and sus-
pended in a wire myograph (model 610M, Danish Myo Technology,
Aarhus, Denmark) for isometric tension measurement as previously
described by Toral et al. [31]. Krebs solution (composition in mM: NaCl
118, KC1 4.75, NaHCO3 25, MgS04 1.2, CaCl;, 2, KHoPO4 1.2 and glucose
11) at 37 °C was used to fill the organ chamber and was subsequently
gassed with 95% O, and 5% CO; (pH 7.4). Length-tension characteris-
tics were acquired via the myograph software (Myodaq 2.01, Danish
Myotechnologies, Denmark) and the aortae were set to a tension of 5mN
and  equilibrated  during 90  min. Thus, cumulative
concentration-response curves to acetylcholine (10° M-10"° M) were
recorded for intact rings pre-contracted by U46619 (10% M) in the
absence or in the presence of the selective nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase inhibitor VAS2870 (10'5 M),
which was added 30 min before. Relaxant responses to acetylcholine
were expressed as a percentage of pre-contraction induced by U46619.

2.4.6. NADPH oxidase activity

NADPH oxidase activity in intact aortic rings was performed by the
lucigenin-enhanced chemiluminescence assay, as previously described
[32]. Briefly, aortic rings from all experimental groups were incubated
for 30 min at 37 °C in HEPES-containing physiological salt solution (pH
7.4) containing (in mM): NaCl 119, HEPES 20, KCl 4.6, MgSO4 1,
NapyHPO4 0.15, KH,PO4 0.4, NaHCO3 1, CaCl2 1.2 and glucose 5.5.
Aortic production of 0% was stimulated by addition of NADPH (100
pM). Rings were then placed in tubes containing physiological salt so-
lution, with or without NADPH, and lucigenin was injected automati-
cally at a final concentration of 5 pmol/L to withdraw known artefacts
when used at higher concentrations. NADPH oxidase activity was
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determined by measuring luminescence over 200 s in a scintillation
counter (Lumat LB 9507, Berthold, Germany) in 5 s intervals and was
measured by subtracting the basal values from those in the presence of
NADPH. Vessels were then dried, and their dry weight was determined.
NADPH oxidase activity is shown as relative luminescence units
(RLU)/min/mg dry aortic ring.

2.4.7. Analysis of gene expression by RT-qPCR

Total RNA from aortic rings, liver, fat and colon samples was
extracted using RNeasy Mini Kit (Qiagen, Germantown, MD, USA),
following the manufacturer’s recommendations, and was reverse tran-
scribed using oligo(dT) primers (Promega, Southampton, UK). Real time
quantitative PCR amplification and detection was performed on optical-
grade 48 well plates in EcoTM Real time PCR System (Illumina, San
Diego, CA, USA) with 20 ng of cDNA, the KAPA SYBR® FAST qPCR
Master Mix (Kapa Biosystems, Wilmington, MA, USA) and specific Sigma
predesigned primers at their annealing temperature (Table 1). The
expression levels of the target genes were normalized to that glyceral-
dehydes 3-phosphate dehydrogenase (Gapdh) and measured by the
comparative Ct (AACt).

Table 1
Primer sequences used in PCR assays.
Gene Organism Sequence 5’- 3’ Annealing T
°C

Gapdh Mouse FW: CCATCACCATCTTCCAGGAG 60
RV: CCTGCTTCACCACCTTCTTG

Adiponectin  Mouse FW: GATGGCAGAGATGGCACTCC 55
RV: CTTGCCAGTGCTGCCGTCAT

Ampk Mouse FW: GACTTCCTTCACAGCCTCATC 60
RV:
CGCGCGACTATCAAAGACATACG

Glut4 Mouse FW: GAGAATACAGCTAGGACCAGTG 62
RV: TCTTATTGCAGCAGCGCCTGAG

I-1p Mouse FW: TGATGAGAATGACCTCTTCT 60
RV: CTTCTTCAAAGATGAAGGAAA

I-6 Mouse FW: TAGTCCTTCCTACCCCAATTTCC 60
RV: TTGGTCCTTAGCCACTCCTTCC

Jnk-1 Mouse FW: GATTTTGGACTGGCGAGGACT 60
RV: TAGCCCATGCCGAGAATGA

Leptin Mouse FW: TTCACACACGCAGTCGGTAT 60
RV: GCTGGTGAGGACCTGTTGAT

Leptin R Mouse FW: GCTATTTTGGGAAGATGT 60
RV: TGCCTGGGCCTCTATCTC

Mcp-1 Mouse FW: AGCCAACTCTCACTGAAG 55
RV: TCTCCAGCCTACTCATTG

Muc-1 Mouse FW: GCAGTCCTCAGTGGCACCTC 60
RV: CACCGTGGGCTACTGGAGAG

Muc-2 Mouse FW: GCAGTCCTCAGTGGCACCTC 60
RV: CACCGTGGGGCTACTGGAGAG

Muc-3 Mouse FW: CGTGGTCAACTGCGAGAATGG 60
RV: CGGCTCTATCTCTACGCTCTCC

Nox-1 Mouse FW: TCTTGCTGGTTGACACTTGC 60
RV: TATGGGAGTGGGAATCTTGG

Nox-4 Mouse FW: ACAGTCCTGGCTTACCTTCG 60
RV: TTCTGGGATCCTCATTCTGG

Occludin Mouse FW: ACGGACCCTGACCACTATGA 56
RV: TCAGCAGCAGCCATGTACTC

Ppar-a Mouse FW: AGGCTGTAAGGGCTTCTTTCG 62
RV: GGCATTTGTTCCGGTTCTTC

Tff3 Mouse FW: CCTGGTTGCTGGGTCCTCTG 60
RV: GCCACGGTTGTTACACTGCTC

Tir4 Mouse FW: GCCTTTCAGGGAATTAAGCTCC 60
RV: AGATCAACCGATGGACGTGTAA

Tnf-a Mouse FW: AACTAGTGGTGCCAGCCGAT 60
RV: CTTCACAGAGCAATGACTCC

Zo-1 Mouse FW: GGGGCCTACACTGATCAAGA 56
RV: TGGAGATGAGGCTTCTGCTT

V4 16SrRNA  515f: GTGCCAGCMGCCGCGGTAA 72
806r: GGACTACHVGGGTWTCTAAT

V5 16S rRNA 926r: CCGYCAATTYMTTTRAGTTT 72
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2.4.8. Western blotting

Colonic samples (n = 4) were processed as described previously to
evaluate Occludin protein expression by Western blotting [33]. Equal
amounts of protein from tissue samples (100 pg) were separated on
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE, 10% polyacrylamide under reducing conditions) and
electro-transferred to a PVDF membrane (GE Healthcare Life Sciences,
Marlborough, MA, USA). The membrane was then incubated with the
antibody anti-occludin (Santa Cruz Biotechnology, Heidelberg, Ger-
many, sc-133256) at 1:500 dilution, 4 °C overnight, followed by 1 h of
incubation with peroxidase-conjugated anti-rabbit IgG antibody (1:5000
dilution) (Sigma-Aldrich, Madrid, Spain) and finally detected with the
Western LightningTM Chemiluminescence Reagent Plus (PerkinElmer
Spain SL, Madrid, Spain). Control of protein loading and transfer was
conducted by detection of p-actin levels. The quantification of bands was
performed by densitometric analysis using ImageJ software (Free Soft-
ware Foundation Inc., Boston, MA, USA).

2.4.9. DNA extraction and Illumina MiSeq sequencing

DNA from fecal contents was isolated following the procedure
described by Rodriguez-Nogales et al. [23]. Total DNA from stool sam-
ples was PCR amplified using primers targeting regions flanking the
variable regions 4 through 5 of the bacterial 16 S rRNA gene (V4-5), gel
purified, and analyzed using multiplexing on the Illumina MiSeq ma-
chine. The amplification of a 600-bp sequence in the variable region
V4-V5 of the 16S rRNA gene was performed using barcoded primers.
PCR products were verified visually by running a high-throughput
Invitrogen 96-well- E-gel. The PCR reactions from the same samples
were pooled in one plate, then cleaned and normalized using the
high-throughput Invitrogen SequalPrep 96-well Plate kit. The samples
were then pooled to make one library to be quantified fluorometrically
before sequencing.

The resulting sequences were completed, quality-filtered, clustered,
and taxonomically assigned on the basis of 97% similarity level against
the RDP (Ribosomal Database Project) [34] by using the QIIME software
package (Version 1.9.1) (Knight Lab, San Diego, CA, USA). Sequences
were selected to estimate the total bacterial diversity of the DNA sam-
ples in a comparable manner and were trimmed to remove barcodes,
primers, chimeras, plasmids, mitochondrial DNA and any non-16S
bacterial reads and sequences < 150 bp.

2.5. Statistics

All results are expressed as the mean + SEM. Differences between
means were tested for statistical significance using a one-way analysis of
variance (ANOVA) and post-hoc least significance tests. Differences
between proportions were analyzed with the chi-squared test. All sta-
tistical analyses were carried out with the GraphPad 8 software package
(GraphPad Software, Inc., La Jolla, CA, USA), with statistical signifi-
cance set at P < 0.05.

For microbiota evaluation, alpha diversity indices and bacterial
abundance data of the different groups were compared using Krus-
kal-Wallis test followed by pairwise Mann-Whitney U comparison.
Resulting p-values were corrected by the Bonferroni method. Analysis of
a-diversity was performed on the output normalized data, which were
evaluated using Mothur. LEfSe (linear discriminatory analysis (LDA)
effect size) (Version 1.0) was employed to identify biomarkers for both
species taxonomic analysis and functional pathways via calculation of
the linear discriminant analysis (LDA) score among different phenotype
groups. Principal coordinate analysis (PCoA) was performed to identify
principal coordinates and visualize p-diversity in complex multidimen-
sional data of bacteriomes from different groups of mice. Differences in
beta-diversity were tested by permutational multivariate analysis of
variance (PERMANOVA) using the web-based algorithm tool Micro-
biome Analyst [22,35]. The data are expressed as the mean + standard
error of the mean (SEM). Experimental data were analyzed in GraphPad
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Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA) by one-way or
two-way ANOVA or Pearson correlation. Data with p < 0.05 were
considered statistically significant. Metabolic phenotypes were obtained
by genera classification according to their primary fermentation prod-
ucts as acetate, butyrate, lactate, or other producers using Bergey’s
Manual of Systematic Bacteriology [36-38]. The genera with unknown
or ambiguous fermentative products were excluded. Major genera were
classified according to the dominant fermentation end-product(s).

Hierarchical clustering and heat maps depicting the metabolic pa-
rameters, patterns of abundance and log values were constructed within
the “R” statistical software package (version 3.6.0; https://www.r-pro
ject.org/) using the “pheatmap”, “heatmap.2” and “ggplots™ packages.
Spearman’s correlations of bacterial taxa with metabolic parameters and
KEGG metagenomic functions were calculated in the “R” statistical
software package (version 3.6.0; https://www.r-project.org/). Co-
occurrence networks between taxa and functions were calculated by
using the open-source software Gephi (https://gephi.org/) to find dif-
ferential associations caused by similar alterations in the proportion of
different taxa and their predicted functions between different groups of
mice. Modularity-based co-occurrence networks were analyzed at a
Spearman’s correlation cut off 0.7 and p < 0.01; the selected correlation
data were imported into the interactive platform, Gephi (version 0.9.2;
https://gephi.org), and the following modularity analyses and keystone
node identification were conducted within Gephi.

3. Results

3.1. L. fermentum CECT5716 reduced weight gain and fat tissue
accumulation and improved glucose tolerance test and plasma
biochemical profile

Body weight was recorded in all experimental groups twice a week
during the 11-weeks treatment period. As expected, the intake of HFD
resulted in a higher mouse body weight gain in the untreated control
group when compared to the control group receiving the standard diet
(Fig. 1A). The daily administration of L. fermentum to HFD-fed mice
significantly reduced weight gain from day 53 onwards, even though
food intake was similar in the two groups throughout the experimental
period (Fig. 1A). Thus, the treatment was able to significantly decrease
energy efficiency in comparison with untreated HFD-fed mice (p =
0.0095), consequently reducing both epididymal and abdominal fat
deposits (Fig. 1A). The probiotic also had a positive impact on glucose
homeostasis as evidenced when the glucose tolerance test was per-
formed. Mice fed HFD showed significantly higher glucose level peaks
than those fed control diet; however, L. fermentum treatment signifi-
cantly reduced plasma glucose levels in comparison with HFD control
group from 60 min onwards, which resulted in a significant reduction in
the area under the curve (AUC) (p = 0.031; Fig. 1B). Moreover, the
histological sections of epididymal fat tissue from untreated HFD-fed
mice showed hypertrophy when compared with control diet-fed mice
(p < 0.0001), which was significantly ameliorated after treatment with
L. fermentum (p < 0.0001; Fig. 1C).

The plasma biochemical determinations evidenced the obesity-
induced alterations in glycemic and lipid profiles. Thus, control HFD-
fed mice showed a significant increase of fasted glucose levels
compared to non-obese mice, which were significantly reduced by
L. fermentum (p =0.0011), obtaining similar values to those of the
control diet group (Fig. 2A). Furthermore, and although no differences
were observed among groups when plasma insulin levels were analyzed,
an improvement on insulin sensitivity was shown after L. fermentum
administration, as evidenced by the reduced HOMA-IR index value
compared to control HFD-fed mice (p = 0.0001; Fig. 2A). Similarly,
control HFD-fed mice displayed hypercholesterolemia in comparison
with control diet-fed mice, with higher levels of both low-density lipo-
protein (LDL)-cholesterol and high-density lipoprotein (HDL)-choles-
terol (Fig. 2B), which resulted in increased LDL/HDL ratio. This ratio
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Fig. 2. Effects of L. fermentum CECT5716 administration on a) Basal Glucose, insulin levels and HOMA-IR index, and; b) LDL-Cholesterol, HDL-Cholesterol, LDL/HDL
ratio and Triglycerides plasma levels in high fat diet (HFD)-fed mice. Data are expressed as means + SEM (n = 10). Groups with different letter statistically

differ (P < 0.05).

was significantly reduced by L. fermentum administration to obese mice
(p = 0.0441). In addition, probiotic-treated mice showed reduced
plasma triglycerides levels, which were also increased in control HFD-
fed mice compared to control diet mice (Fig. 2B).

3.2. L. fermentum CECT5716 administration reduced the inflammatory
status in metabolic tissues

HFD-diet-induced obesity was associated with a systemic inflam-
matory status, as evidenced by increased mRNA expression in liver and
fat tissues of pro-inflammatory cytokines, including Tnf-a and II-6, as
well as the chemokine monocyte chemotactic protein-1 (Mcp-1), when
compared with those mice fed control diet (Fig. 3A). L. fermentum
administration to obese mice significantly ameliorated all these

inflammatory markers (Tnf-a in liver p =0.0008; Tnf-a in fat
p < 0.0001; II-6 in liver p < 0.0001; Il-6 in fat p < 0.0001; Mcp-1 in liver
p < 0.0001; Mcp-1 in fat p = 0.0041), showing in most cases similar
mRNA expression to control diet-fed mice (Fig. 3A). Likewise, the
expression of c-jun N-terminal kinase (Jnk)-1 protein in both tissues was
significantly increased in control HFD-fed mice in comparison with the
control diet group, whereas probiotic treatment reduced its expression
(Jnk-1 in liver p = 0.0167; Jnk-1 in fat p = 0.0248; Fig. 3A). Likewise,
obese mice also manifested an altered expression of peroxisome
proliferator-activated receptor a (Ppara) in fat, which was significantly
ameliorated after treatment with L. fermentum (p = 0.0046; Fig. 3B).
Furthermore, the impairment in glucose and lipid metabolism in
obese mice was associated with a decreased expression of the glucose
transporter Glut-4 and AMP-activated protein kinase (Ampk) in liver and
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Fig. 3. Effects of L. fermentum CECT5716 administration on liver and/or fat gene expression of a) II-6, Tnf-a, Mcp-1 and Jnk-1, and; b) Ppara, Glut4, AmpK and TIr4 in
high fat diet (HFD)-fed mice, analysed by real time qPCR. Data are expressed as means + SEM (n = 10). Groups with different letter statistically differ (P < 0.05).
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fat tissue, which were ameliorated in HFD-fed mice treated with
L. fermentum (Glut-4 in fat p = 0.0399; Ampk in liver p < 0.0001; Ampk
in fat p = 0.006; Fig. 3B). Moreover, the expression of Tlr4 in liver and
adipose tissues was also altered in control HFD-fed mice, which was
significantly restored by the treatment (TIr4 in liver p = 0.0055; TIr4 in
fat p = 0.0491; Fig. 3B).

In addition, and in comparison, with control diet-fed mice, HFD
intake resulted in an imbalance expression of the adipokines leptin and
adiponectin in fat tissue, in combination with a reduced expression of
leptin receptor in both liver and fat tissues (Fig. 4). The probiotic
treatment significantly restored the expression of all these genes in fat
tissue and increased the expression of leptin receptor in the liver (Adi-
ponectin p < 0.0001; Leptin p < 0.0001; Leptin Receptor in fat
p = 0.0053; Leptin receptor in liver p = 0.0481; Fig. 4).

3.3. L. fermentum CECT5716 treatment ameliorated intestinal barrier
dysfunction

The colonic barrier function has been reported to be altered in
obesity, as it has been observed in the present study, since the expression
of different proteins involved in epithelial integrity was reduced in colon
tissue from control HFD-fed mice, including mucins (Muc-1, Muc-2 and
Muc-3), Zo-1, Occludin and Tff-3 (Fig. 5A). The beneficial effects
observed with L. fermentum in obese mice were associated with the
significant amelioration of the colonic expression of all these proteins
when were compared with non-treated obese mice (Muc-1 p = 0.0002;
Muc-2 p < 0.0001; Muc-3 p=0.0003; Zo-1 p < 0.0001; Occludin
p = 0.0002; Tff-3 p < 0.0001), even obtaining similar expressions to
those in non-obese control mice (Fig. 5A). Furthermore, probiotic
administration also showed increased levels of protein expression when
occludin was measured, proving a reinforcement of barrier integrity
(Fig. 5B). This improvement in colonic barrier function was associated
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with lower plasmatic levels of LPS in treated-obese mice when compared
with non-treated ones (p = 0.0086), reaching similar concentrations to
control mice (Fig. 5C).

3.4. L. fermentum CECT5716 supplementation enhanced endothelial
function

In order to evaluate the impact of L. fermentum in obesity-associated
cardiovascular dysfunction, endothelium-dependent vasodilator re-
sponses to acetylcholine from aortae of mice from different experimental
groups were analyzed. The pre-contraction induced by U46619 (108 M)
was similar in mice fed HFD (E,ax = 5.8 & 1.1 mN) and those fed control
diet (Emax = 5.4 + 1.1 mN) (p > 0.05). HFD-fed mice showed lower
maximal relaxant response in comparison with control mice (Emax
values were 59.5 + 4.7% and 71.7 + 2.0% in the HFD and control-diet
groups, respectively; P < 0.05) when the concentration-response
curves to acetylcholine were analyzed (Fig. 6A). The administration of
the probiotic L. fermentum CECT5716 to obese mice did not significantly
modify pre-contraction (Epax = 4.8 +£0.9 mN), but significantly
improved the altered endothelium-dependent relaxation induced by
acetylcholine, obtaining similar Ep,x values to those in control diet-fed
mice (72.2 + 3.8%) (Fig. 6A). When the aortic rings were previously
incubated with the NADPH oxidase inhibitor VAS2870, no significant
differences in the maximal relaxant response were observed among
experimental groups. Accordingly, NADPH oxidase activity was signif-
icantly increased in the aortic rings from HFD-fed mice compared to
control mice, and this activity was reduced in the aortic rings from HFD-
fed mice treated with the probiotic (Fig. 6B). In addition, the mRNA
expression of the NADPH oxidase subunit Nox-1 was significantly
increased in the aortic rings from control obese mice in comparison with
non obese mice (p = 0.0184; Fig. 6B); which was downregulated in the
group of obese mice treated with L. fermentum (p = 0.0332; Fig. 6B). No
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Fig. 4. Effects of L. fermentum CECT5716 administration on fat gene expression of Leptin and Adiponectin, and on fat and liver gene expression of Leptin R in high fat
diet (HFD)-fed mice, analysed by real time qPCR. Data are expressed as means + SEM (n = 10). Groups with different letter statistically differ (P < 0.05).
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significant modifications among the different experimental groups were
observed when the expression of Nox-4 was evaluated in the aortic rings
(Fig. 6B). Moreover, the beneficial impact exerted by the probiotic on
vascular function was also associated with reduced expression of pro-
inflammatory markers, including II-14, Tnf-a and Tlr4, in aortae tissue
in comparison with control obese mice (Fig. 6C).

3.5. L. fermentum CECT5716 treatment ameliorated the gut dysbiosis

The effects of L. fermentum on the intestinal microbiota were

explored since gut dysbiosis plays a key role in metabolic disorders,
including obesity. Several ecological features of the gut bacterial com-
munities were evaluated in the three experimental groups by different
parameters including Chaol richness (diversity estimation), Phyloge-
netic diversity (PD) whole tree (consider the phylogeny to estimate di-
versity across a tree), Observed OTUs (count of unique OTUs in each
sample) and Shannon diversity (a richness and evenness estimator).
Microbial richness (Chaol richness: p = 0.0197), evenness (Shannon:
p = 0.0213; Observed OTUs: p = 0.01) and diversity (PD whole tree:
p = 0.0375) were significantly decreased in the HFD group compared to
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the control diet group, whereas L. fermentum administration was able to
restore all these ecological parameters to normal values (Chaol rich-
ness: p = 0.0256; Observed OTUs: p =0.0436; PD whole tree:
p = 0.0377), excepting Shannon index (p =0.0564). Although it
reached normal values, it did not differ from the control group (Fig. 7A).
Furthermore, the principal coordinates analysis (PCoA) showed evident
differences between control diet- and HFD-fed groups, thus indicating
two extremely different gut environments (Fig. 7B). Of note, when
L. fermentum was administered to obese mice, marked differences could
be appreciated in comparison with non-treated obese mice (Fig. 7B). To
further investigate this remarkable shift in the gut microbial environ-
ment after probiotic treatment, the bacteria composition at phylum level
was examined (Fig. 7C). The 16S rDNA analysis revealed that the most
abundant phyla were Bacteriodetes (B) and Firmicutes (F) in all experi-
mental groups, although HFD induced a dramatic shift in both phyla
when compared to non-obese mice, significantly increasing Firmicutes
(from 57.66% to 78.68%, p = 0.0008) and reducing Bacteroidetes (from
23.72% to 13.02%, p = 0.0345). This resulted in an increased F/B ratio,
which was significantly restored by L. fermentum treatment, reaching
similar values to control diet-fed mice (p < 0.0001; Fig. 7). Similarly,
Verrumicrobia phylum also showed a reduced proportion in HFD-fed
mice, which was significantly increased with L. fermentum administra-
tion (p = 0.0002; Fig. 7C). Interestingly, the relative abundance of
Erysipelotrichi (class) was enriched in untreated obese mice in compar-
ison with non-obese mice, being this situation ameliorated after pro-
biotic treatment (p = 0.0170; Fig. 7C).

At genus level, control obese mice revealed a reduced proportion in
the sequences in two genera, Bacteroides and Akkermansia, belonging to
Bacteriodetes and Verrumicrobia, respectively, and an increase in Clos-
tridium, in comparison with control mice, which was significantly
ameliorated after L. fermentum treatment (p = 0.042; Fig. 7C). Genera
identified have been classified according to their primary fermentation
products as acetate and lactate using Bergey’s Manual of Systematic
Bacteriology [36-38]. Specifically, our results have shown reduced
lactate- and acetate-producing genera in HFD group versus control
group (Fig. S1). Furthermore, L. fermentum treatment increased signifi-
cantly these genera in comparision with non-treated obese mice (ace-
tate-producing genera p =0.0017; lactate-producing genera
p = 0.0276; Fig. S1).

Correlation of major bacteria genera and main obesity-related
markers using the non-parametric test of Spearman suggested that
beneficial effects observed in L. fermentum-treated mice could be derived
from microbiota modulation. In fact, a positive correlation between
Akkermansia genus abundance and adipokines and intestinal barrier
markers expression, as well as, genus derived from Erysipelotrichaceae
and inflammatory markers expression were found (Fig. S2). Thus,
increased abundance of Akkermansia and reduced presence of Erysipe-
lotrichi (class) observed after L. fermentum treatment could be involved
in its beneficial effects.

The PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) analysis of the KEGG orthologs
associated with these bacterial signatures also showed different clusters
among the three groups (Fig. 8A). LEfSe bar graph indicated that non-
obese mice group was characterized by a significantly higher
(p < 0.01) proportion of bacterial taxa associated with the energy
metabolism, transport and catabolism, metabolism of cofactors and vi-
tamins, replication and repair processes and other glycan degradation
(Fig. 8A). In contrast, HFD mice harbored a higher (p < 0.01) proportion
of bacterial taxa associated with the cellular antigens, biosynthesis of
lipopolysaccharides and fatty acids, membrane transporters and meta-
bolism of amino sugar and nucleotide sugar (Fig. 8A). When we evalu-
ated the L. fermentum treatment in obese mice bacteria related with
glycan biosynthesis and metabolism, arginine and proline metabolism,
membrane and intracellular structural molecules, nucleotide meta-
bolism or secondary metabolism biosynthesis were overrepresented
(p < 0.01), which means that all of these pathways were less
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represented (p < 0.01) in the other two experimental groups of mice
(Fig. 8A).

Finally, we estimated the relationship between taxonomic and
functional enrichments in each group using the non-parametric test of
Spearman’s rank correlation. Results, as depicted in the form of hier-
archical heat map, showed distinct clusters of positive and negative
associations between bacterial taxa and metagenomic functions
(Fig. 8B). To further simplify these clusters, we extracted the significant
correlation subsets and built separate correlation networks for each
experimental group (Fig. 8C). Moreover, different co-occurrence net-
works arrays were observed between non-treated and treated obese
mice, confirming previous results.

4. Discussion

The treatment with L. fermentum CECT5716 to HFD-fed mice
improved HFD-induced obesity, reducing body weight gain, which was
associated with an amelioration of glucose and lipid metabolism. The
treatment did not significantly modify energy intake, thus discarding
any anorexigenic effect, but it showed anti-inflammatory and immu-
nomodulatory properties, as seen before in different experimental
models of intestinal inflammation [22,23]. Indeed, L. fermentum down-
regulated the expression of pro-inflammatory mediators in HFD-fed
mice as well as upregulated the expression of key transcription factors
that control adiponectin such as PPARa [39]. As in human obesity, this
was associated with an improvement in glucose and lipid metabolism,
most probably derived from the amelioration of the obesity-associated
insulin resistance, as shown by the impact of the probiotic treatment
on HOMA-IR values. Moreover, L. fermentum ameliorated leptin resis-
tance in liver and adipose tissue as well as restored adiponectin
expression in fat contents, which has been previously reported for other
probiotics, like different strains of L. plantarum [40,41].

Obesity-associated insulin resistance is also characterized by
impairment of intracellular glucose uptake that is mediated by the
insulin-dependent receptor GLUT-4 [42], whose expression is reduced
when insulin resistance appears [43], similarly to that observed in the
present study. L. fermentum also improved insulin resistance, which was
associated with an increased expression of Glut-4, ameliorating glycemic
levels and glucose utilization by target tissues, as previously reported for
other probiotics [44].

Besides, the obesity-associated inflammatory state is closely related
to the development of cardiovascular disease and endothelial dysfunc-
tion, in part, mediated by leptin [45]. Conversely, adiponectin has been
shown to correlate inversely with arterial hypertension and endothelial
dysfunction, since it facilitates the phosphorylation of endothelial nitric
oxide synthase (eNOS) enzyme and the subsequent production of nitric
oxide (NO), the most effective acetylcholine-induced endothelium-der-
ived relaxing factor in aorta [46]. Additionally, vascular endothelial and
smooth muscle cells are also targeting of the pro-inflammatory adipo-
kines TNF-o and IL-6, which, as well, increase expression of
pro-inflammatory cytokines, including TNF-a and IL-1p, as observed in
the present study, and adhesion molecules. This results in the activation
of the renin-angiotensin system that leads to inflammation of the
vascular walls and development of pre-atheromatous lesions, impair-
ment of vasodilation in humans, most probably through altering the
expression and activity of eNOS and NADPH oxidase [47]. Thus, it
modifies the production of NO and superoxide anion (O32) facilitating
vascular oxidative stress [48]. Interestingly, L. fermentum treatment
reduced vascular expression of the pro-inflammatory cytokines TNF-a
and IL-1p in obese mice, as well as inhibited the increased NADPH ac-
tivity in the aortic tissue. This suggests a reduction of ROS production
and a higher NO bioavailability, which could promote the restoration of
the impaired endothelium-dependent relaxation to acetylcholine, simi-
larly to that reported previously for this probiotic in an experimental
model of systemic lupus erythematosus [25].

Regarding the involvement of the gut in the pathogenesis of obesity,
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there is a defect in the intestinal barrier function. This leads to increased
gut permeability [11] that facilitates bacterial components trans-
location, like LPS, that could reach systemic circulation and provoke
metabolic endotoxemia [10]. LPS may contribute to obesity-associated
systemic inflammation upon binding to its main receptor TLR-4,
located in immune cells, liver, adipose tissue and skeletal muscle. This
promotes the activation of the transcription factor NFkB and subsequent
production and release of cytokines, adipokines and ROS, thus altering

glucose and lipid homeostasis [49]. The present study confirms these
observations, since obese mice displayed reduced expression of the
colonic markers of epithelial integrity as well as increased LPS plasma
levels and up-regulated expression of TIr-4 in liver, fat and aorta.
Importantly, L. fermentum treatment significantly increased the colonic
gene or protein expression of the different markers involved in gut
integrity in obese mice, thus restoring the intestinal barrier function and
preventing bacterial components translocation, since it reduced LPS
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plasma levels and downregulated TIr-4 expression. Interestingly, LPS
stimulates TLR-4 in the vasculature, which resulted in increased
NADPH-oxidase-dependent O3 production and inflammation [50]. The
vasculoprotective effects induced by L. fermentum will be related, at least
in part, to reduced endotoxemia. Other probiotics, like L. sake OK67
[51], L. gasseri [52] and Bifidobacterium adolescentis IM38 [53] have also
been reported to improve intestinal integrity and ameliorate inflam-
mation in obesity in mice. As known, L. fermentum is a species from the
lactic acid bacteria (LAB) group. LAB constitutes a diverse group of
Gram-positive bacteria, without catalase activity and able to produce
lactic acid as the main end-product after carbohydrates fermentation.
Different studies have reported that the main mechanisms of action of
L. fermentum strains are immunomodulatory capacity, being able to
interact with immune cells, like macrophages and dendritic cells, as well
as to regulate the synthesis and release of different cytokines, or even
modulate the intestinal permeability [54,55]. Our results would confirm
this mechanism. Moreover, short chain fatty acids (SCFAs) metabolized
by gut microbiota possess some potentially beneficial functions such as
keeping the dynamic equilibrium in gut microecology, ameliorating
epithelial barrier failure and intestinal permeability, mitigating the
systemic low-grade chronic inflammation and regulating energy ho-
meostasis closely associated with obesity [56,57]. The results shown in
this study would be conducive to illuminate the underlying mechanism
of L. fermentum CECT5716 treatment to reduce the symptoms of high fat
diet induced obesity in mice through its capacity to modulate
SCFA-producing bacteria. It has been also reported that several
L. fermentum strains possess a complete glutathione-associated system,
including the synthesis, transport, uptake, and redox cycling of this
antioxidant peptide [58,59], thus providing protection against oxidative
stress. In fact, different studies have proposed that L. fermentum may
ameliorate oxidative stress and inflammation in white adipose tissue.
Regarding the metabolic biomarkers, it is well described that some
L. fermentum strains can ameliorate diet-induced obesity improving
metabolic biomarkers. In accordance with this, the results obtained in
this study have shown that different metabolic biomarkers such as
glucose, insulin, triglycerides, cholesterol and leptin were ameliorated
by the probiotic treatment. Therefore, taking into account our results
and the mechanisms described for other strains of this species of
Lactobacillus, it is implausible to establish a single mechanism. There-
fore, we hypothesize that L. fermentum CEC5716 could provide benefi-
cial effects on obesity induced by diet, through the synergy of all the
mechanisms mentioned.

Closely related to the above, the modulation of gut microbiota in
obese mice exerted by L. fermentum seems to play a key role. Changes in
gut microbial composition, mainly caused by external factors, can result
in a dramatic alteration of the symbiotic relationship between gut bac-
teria and the host and promote the development of metabolic diseases,
maybe by facilitating a low-grade inflammation, as mentioned before
[60]. In addition, it is well established that gut microbiota composition
is altered in obesity [61], consisting of an enrichment in Firmicutes (F) as
well as a reduction in Bacteroidetes (B), both in humans [62] and mice
[63]. Increased F/B ratio has been associated with a more efficient hy-
drolysis of non-digestible polysaccharides in the intestinal lumen, so
obese individuals extract more calories and fat from food than lean ones
[14]. Our study agrees with these observations since HFD-fed mice
showed an increased F/B ratio when compared with non-obese mice.
However, L. fermentum treatment was able to modulate gut microbiota
composition, restoring the main bacteria phyla to the normal values
observed in control diet-fed mice. The PCA analysis showed a clear
separation between the clusters, indicating a shift in the gut bacterial
composition induced by the probiotic. This amelioration of
obesity-associated dysbiosis could be associated with the reduction of
energy assimilation and potentially contribute to the beneficial effects
observed. Additionally, in obese patients different phyla have been re-
ported to be increased, including Fusobacteria and Proteobacteria,
whereas Verrucobacteria is reduced [64]. Special attention has been paid
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to the latter, which includes the bacteria Akkermansia muciniphila, a
mucin-degrading bacterium whose abundance is inversely related to
body weight and type 2 diabetes in mice [65] and humans [66]. Actu-
ally, it has been reported that A. muciniphila treatment, or those that
promote its abundance, could reverse HFD-induced metabolic disorders
[67]. In the present study, the proportion of the genus Akkermansia was
reduced in untreated obese mice, while increased after L. fermentum
treatment, maybe through an increment in colonic mucins production.
This probiotic could become a valid tool to acquire a proper Akkermansia
abundance that could have a therapeutic effect in obesity, as demon-
strated before [17,18].

Furthermore, it has been reported that Erysipelotrichi, specifically,
Clostridium spp, is associated with metabolic syndrome and obesity in
humans [68] and mice [69]. Our results confirmed this since Erysipelo-
trichi class and Clostridium spp abundance were increased in HFD-fed
mice while L. fermentum treatment reduced significantly their presence
in obese mice.

Regarding Bacteroidetes phylum, a significant association between
HFD and Bacteroides abundance was found, being higher in lean in-
dividuals than in obese ones [70]. Thus, some strains of Bacteroides, such
as B. acidifaciens, have been reported to prevent obesity and improve
insulin sensitivity in mice [71]. Accordingly, in our study, untreated
HFD-fed mice manifested a reduced Bacteroides proportion in compari-
son with control diet-fed mice whereas L. fermentum significantly
increased it.

Gut metagenomic analysis, in both control diet and HFD mice, has
provided some insights into the mechanism of the microbiome to affect
weight gain and obesity. Therefore, within Bacteriodetes, lineages rich in
genes involved in amino acid metabolism, translation, and nucleotide
metabolism, have been found less abundant in HFD mice, while those
genes for membrane transport and replication and repair were
increased. Similarly, HFD has been also described to modify gene acti-
vation on Firmicutes phylum. Membrane transport (mostly ABC trans-
ports), transcription and cell motility pathways were increased in
abundance, while those with more genes for carbohydrate and energy
metabolisms were decreased [72]. Since ABC transporters control the
transport of a variety of nutrients such as lipids, sugars, peptides and
metals, an increase in the number of these transporters could favor en-
ergy intake, as seen in HFD-fed mice. Furthermore, a collection of genes
involved in intake and assimilation of sugars are also found to be more
abundant in microbiome samples from HFD-fed mice, as well as genes
for phosphorus metabolism, mainly phosphotransferase systems
involved in the uptake and assimilation of sugars [73]. These results
were confirmed in our study, where HFD-fed mice showed enrichment
on genes responsible for transport (including ABC transporter), bacterial
secretion, motility and sugars assimilation, among others, and were
decreased after L. fermentum administration, confirming the potential of
this probiotic on the modulation of gut microbiota. It is well described
that certain properties of L. fermentum could be involved in the resto-
ration of the gut microbiota. One of them could be the ability to exert
bacteriostatic effects against a variety of pathogenic bacteria and fungi,
derived from their ability to produce organic acids (primarily lactic and
acetic acids) and/or antimicrobial peptides [74,75]. In fact, our results
show that this strain may facilitate the implantation and growth of
certain potentially beneficial bacteria such as Akkermansia muciniphila.
According to our results, L. fermentum CECT5716 treatment modifies the
“gut microbiota organ”, therefore, both the bacterial composition and its
functionality would be changed. Consequently, it is conceivable that the
underlying mechanisms implicated in the restoration of gut dysbiosis
could be related to this change in composition and functionality that
would lead to a mutualistic relationship between the “new” microbiota
members, metabolic products, and the host immune system.

5. Conclusion

HFD consumption promotes alterations in gut microbiota that may
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increase intestinal permeability and LPS translocation, as well as lead to
insulin resistance, glucose homeostasis imbalance and systemic low-
grade inflammation. However, these obesity-related features were
reversed by changes in the gut microbiota profile induced by
L. fermentum CECT5716 administration, which suggests a potential use
of L. fermentum in clinical practice. In conclusion, the probiotic treat-
ment can be an important tool to prevent and treat patients with obesity
and metabolic syndrome.
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