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Lactiplantibacillus plantarum HEAL9 attenuates
cognitive impairment and progression of
Alzheimer’s disease and related bowel symptoms
in SAMP8 mice by modulating microbiota-gut-
inflammasome-brain axis¥

C. Di Salvo, (2 12 V. D'Antongiovanni,£° L. Benvenuti,® A. d'’Amati, C. Ippolito,®
C. Segnani,® C. Pierucci,® G. Bellini,” T. Annese,“® D. Virgintino,® R. Colucci,
L. Antonioli,® M. Fornai,® M. Errede,* N. Bernardini® and C. Pellegrini () *°

Background: Growing evidence highlights the relevance of the microbiota-gut-brain axis in Alzheimer’s
disease (AD). AD patients display gut dysbiosis, altered intestinal barrier and enteric inflammation that,
besides bowel symptoms, can contribute to brain pathology. In this context, the modulation of gut micro-
biota is emerging as a therapeutical option to halt or slow down central pathology. Herein, we examined
the effects of Lactiplantibacillus plantarum HEAL9 in a spontaneous mouse model of AD. Methods:
Senescence-accelerated mouse prone 8 (SAMP8) mice and control SAMR1 mice were treated orally with
HEAL9 1 x 10° CFU per mouse per day or placebo for two months to evaluate the effects of the probiotic
during the earliest stages of AD, before the development of brain pathology. Cognitive impairment, in vivo
and in vitro colonic motility, astrocyte and microglia reactive response, brain and colonic amyloid-p;_4;
(AB1_42) levels, and inflammasome components activation (NLRP3, ASC, caspase-1 and interleukin-1p)
were assessed. In addition, gut barrier alterations [circulating lipopolysaccharide-binding protein (LBP)
levels] and acidic mucus were evaluated. Results: HEAL9 administration significantly attenuated cognitive
impairment and counteracted colonic dysmotility in SAMP8 mice. Moreover, HEALS decreased astroglio-
sis and microgliosis, Ap;_4, accumulation and inflammasome activation in colon and brain and normalized
plasma LBP levels and colonic acidic mucus content. Conclusion: HEAL9 intake alleviated cognitive
decline and normalized colonic motility in the prodromal phases of AD via the modulation of microbiota-
gut-inflammasome-brain signalling. Thus, dietary supplementation with HEAL9 could be considered as a
suitable therapeutical option for the treatment of AD and related intestinal symptoms in the early stages
of the disease.
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impairment (MCI), senile dementia and Alzheimer’s disease
(AD), have become a prevalent health concern in the elderly
population. MCI, an intermediate condition between age-
related cognitive decline and dementia, represents the prodro-
mal stage before the development of AD."“* AD is strongly
associated with progressive and irreversible cognitive impair-
ment, with loss of memory and language capacities.® In terms
of histopathological features, AD is characterized by hallmarks
of neurodegeneration, such as the accumulation of parenchy-
mal p-amyloid plaques and intracellular neurofibrillary
tangles, as well as an increase in inflammatory responses
within the central nervous system (CNS).**
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At present, there are no disease-targeted medications, and
patients must rely solely on symptomatic treatments.®

Over the past decade, the microbiota-gut-brain (MGB) axis
has emerged as one of the most promising therapeutic targets
for the treatment of neurological disorders, including MCI and
AD.” As a result of the gut barrier breakdown, pathogenic bac-
terial products can translocate into the blood stream and
spread to the brain, where they affect central circuits.® In
addition, bacterial products can directly activate systemic or
local immune/inflammatory cells, which, in turn, promote
neurogenic/inflammatory responses, including activation of
NLRP3 inflammasome multiprotein complex, regarded as the
bacteria-immune sentinel involved in modulating systemic
and central neuroinflammation in AD.®* One such feature of
MCI and AD patients is gut dysbiosis, impaired intestinal
barrier and enteric inflammation along with gut
dysfunctions.”™> A recent clinical study reported that AD
patients with less frequent bowel movements displayed worse
cognitive function, equivalent to three years more of chrono-
logical cognitive aging.® In this setting, the manipulation of
gut microbiota through the administration of pre- and probio-
tics has been found to counteract pathological, behavioural,
and cognitive alterations in both MCI and AD animal models
and patients.’”?° Interestingly, recent evidence has reported
beneficial effects exerted by Lactobacillus species and their
metabolites in  brain  disorders.>™**  For instance,
Lactiplantibacillus plantarum OLL2712, showed protective
effects on memory functions in older adults with early
memory deficits®® and Lactiplantibacillus plantarum HEAL9
decreased inflammatory markers linked to acute stress in
chronically stressed individuals.*

Based on these premises, the present study aimed to evalu-
ate the putative effects of Lactiplantibacillus plantarum HEAL9
in alleviating cognitive decline and intestinal symptoms in a
mouse model of spontaneous AD, as well as to characterize the
underlying molecular mechanisms.

Materials and methods
Animal model of MCI

The study was carried out on SAMPS8 (Senescence accelerated
mice P8) male mice and their control strain SAMR1
(Senescence-Accelerated Mouse-Resistant 1), all weighing
20-25 g and aged 2 months old at the start of the study, pur-
chased from ENVIGO S.r.l (San Pietro al Natisone, UD, Italy).
The choice of using male SAMP8 and SAMR1 mice has been
established according to previous studies in which female
SAMPS8 mice showed less robust memory changes than male
SAMPS. Indeed, most of studies have been carried out in male
SAMP8 mice.>*?*

Animals were housed, three in a cage, in rooms with con-
stant temperature (22 + 1 °C) and humidity (50-60%) on a
12-hour light cycle. They were fed with a standard laboratory
chow (3.1 keal g™, 18% fat, 24% protein, 58% carbohydrates)
(Altromin International, Germany; SD, TD. 2018) and tap water
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ad libitum. Starting from 4 months of age, animals were
treated daily for two months with Lactiplantibacillus plantarum
HEAL9 1 x 10° CFU per mouse per day or placebo by oral
gavage. Treatment groups were arranged as follows:

(1) SAMR1, fed with standard diet and treated daily with
placebo by oral gavage for two months (n = 6);

(2) SAMR1, fed with standard diet and treated with
Lactiplantibacillus plantarum HEAL9 1 x 10° CFU per mouse
per day by oral gavage for two months (n = 6);

(3) SAMPS, fed with standard diet and treated daily with
placebo by oral gavage for two months (n = 6);

(4) SAMPS, fed with standard diet and treated with
Lactiplantibacillus plantarum HEAL9 1 x 10° CFU per mouse
per day by oral gavage for two months (n = 6);

Lyophilized Lactiplantibacillus plantarum HEAL9 was pro-
vided by Probi AB, Lund, Sweden and then dissolved in 0.3%
carboxymethyl cellulose. The treatment time was established
in accordance with the main pathophysiological and clinical
features of SAMPS to evaluate the effects of HEAL9 during the
development of the first symptoms related to cognitive impair-
ment at the age of 6 months. The feeding behaviour (fre-
quency and amount) was assessed until the day before sacri-
fice. During the last week of treatment, the Morris Water Maze
(MWM) test was performed. At the end of MWM test, mice
were euthanized. Their care and handling were in accordance
with the provisions of the European Community Council
Directive 210/63/UE, recognized and adopted by the Italian
Government. The experiments were approved by the Ethical
Committee for Animal Experimentation of the University of
Pisa and by the Italian Ministry of Health on February 11th,
2022 (Authorization no. 115/2022-PR).

Morris water maze (MWM) test

The MWM uses a round pool (90 cm in diameter and 60 cm in
height) filled with opaque water (26 + 1 °C temperature). The
pool is divided into four quadrants of equal area and a circular
platform (10 ¢cm in diameter and 30 cm in height) is placed in
the centre of one quadrant.

The MWM test consists of 3 different phases: the visible-
platform acquisition training, the hidden-platform training,
and the probe trial.

In the acquisition training, the escape latency, described as
the time required to reach the platform once the mouse is put
inside the pool, is assessed for each animal. Each animal is
subjected to sessions of four trials every day for 2 days.

In the hidden-platform training, performed by submerging
the platform 1.5 cm below the surface of the water, escape
latency is evaluated over the next 5 days. Each animal is sub-
jected to sessions of four trials every day. On the eighth day,
the platform is removed from the tank for the probe trial.

The number of target crossings, the number of entries into
the target quadrant where the platform was placed, and the
swimming speed and swim distance were evaluated during 60
s. Data were expressed as raw values [escape latency (s),
number of target crossings (n), number of entries into the

This journal is © The Royal Society of Chemistry 2024
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target quadrant (n), swimming speed (cm s ') and swim dis-
tance (cm)].

Evaluation of in vivo colonic transit

Faecal output was recorded from 9:00 AM to 10:00 AM during
the last week of treatment. Each animal was removed from its
home cage and placed in a clean plastic cage without food or
water for 1 h. Stools were collected immediately after expulsion
and placed in sealed tubes; then the stools were counted and
weighed (total weight), dried overnight at 65 °C and weighed
again to estimate the dry weight.

Evaluation of ex vivo colonic motility

The contractile activity of colonic muscle preparations was
recorded as previously described.”® Following euthanasia, the
abdomen was immediately opened, the colon was removed
and placed in Krebs solution. Segments of the colon were
opened along the mesenteric insertion and cut along the
longitudinal axis into strips of approximately 3 mm in width
and 8 mm in length. The preparations were set up in organ
baths (n = 4 strips for each animal) containing Krebs solution
at 37 °C, bubbled with 95% O, + 5% CO, and connected to iso-
metric transducers (constant load = 0.5 g). Krebs solution was
composed as follows (mM): NaCl 113, KCl 4.7, CaCl, 2.5,
KH,PO, 1.2, MgSO, 1.2, NaHCO; 25 and glucose 11.5 (pH 7.4
+ 0.1). The mechanical activity was recorded by BIOPAC MP150
(Biomedica Mangoni, Pisa, Italy). Each preparation was
allowed to equilibrate for at least 30 min, with intervening
washings at 10 min intervals. A pair of coaxial platinum elec-
trodes was positioned at 10 mm from the longitudinal axis of
each preparation to deliver electrical stimulation by a BM-ST6
stimulator (Biomedica Mangoni, Pisa, Italy). Electrical stimuli
(ES) were applied: 10 s single trains consisting of square wave
pulses (0.5 ms, 30 mA). The tension developed by each prepa-
ration was normalized by the wet tissue weight and expressed
as grams per gram of wet tissue (g per g tissue).

Data for each animal (n = 6 per group) are obtained by the
mean of the tension developed by the 4 strips.

Preliminary experiments allowed to select the frequency of
10 Hz and the concentration of 1 pM of Carbachol (CCh) and
1 uM of substance P (SP).

In the first series of experiments, electrically induced con-
tractions were recorded from colonic preparations maintained
in standard Krebs solution.

In the second series, colonic specimens were maintained in
Krebs solution containing Ne-nitror-arginine methylester
(.-NAME, nitric oxide synthase inhibitor, 100 uM), guanethi-
dine (adrenergic blocker 10 uM), N-acetyl-l-tryptophan 3,5-bis
(trifluoromethyl) benzylester (L-732138, neurokinin NK1 recep-
tor antagonist, 10 pM), 5-fluoro-3-[2-[4-methoxy-4-[[(R)-phenyl-
sulphinyl]methyl]-1-piperidinyl]ethyl]-1H-indole = (GR159897,
NK2 receptor antagonist, 1 uM) and (R)-[[(2-phenyl-4-quinoli-
nyl)carbonyl]Jamino]-methyl ~ ester  benzeneacetic  acid
(SB218795, NK3 receptor antagonist, 1 pM) and contractions
were elicited by ES in order to examine the patterns driven by
excitatory cholinergic nerves.

This journal is © The Royal Society of Chemistry 2024
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The third series of experiments was designed to study the
neurogenic NK1-mediated contribution to muscle contraction.
For this purpose, colonic tissues were maintained in Krebs
solution containing L-NAME, guanethidine, atropine sulphate
(muscarinic receptor antagonist, 1 pM), GR159897 and
SB218795 and electrically evoked tachykininergic contractions
were recorded.

In the last set of experiments, colonic cholinergic and
tachykininergic NK1-mediated contractions were evoked by
direct pharmacological activation of muscarinic receptors and
NK1 receptors located on smooth muscle cells. For this
purpose, colonic preparations were maintained in Krebs solu-
tion containing tetrodotoxin (TTX, 1 pM) and stimulated with
CCh (1 pM) or exogenous SP (1 pM), respectively.

Evaluation of amyloid B;_4, (Ap;_4,) accumulation in colon,
brain and plasma

AB;_4, levels in the colon, brain and plasma were measured by
an ELISA kit (KMB3441, Invitrogen) as previously
described.>***?" For this purpose, colon distal portion and
cerebral cortex samples (30 mg), stored previously at —80 °C,
were weighed, thawed and homogenized in 0.4 mL of 5 M gua-
nidine-HCl/50 mM Tris (pH 8.0 at room temperature) for
3-4 h. Samples were then diluted ten-fold with cold phos-
phate-buffered saline (PBS) with 1x protease inhibitor cocktail
(Sigma) with a serine protease inhibitor 1 mM (AEBSF, Sigma),
since serine proteases can rapidly degrade Af peptides. Then
samples (n = 6 per group) were centrifuged at 16 000g for
20 min at 4 °C; after that, supernatants were transferred into
clean microcentrifuge tubes and kept on ice. Tissue super-
natants (100 pl) and aliquots of plasma (100 pl) were then
used for the assay. AP levels were expressed as pg per mg of
tissue (for colon and brain) and pg per ml of plasma.

Immunofluorescence analysis of GFAP and Iba-1 in brain

Whole brains were removed and post-fixed by immersion in
2% paraformaldehyde (PFA) and 0.2% glutaraldehyde in PBS
fixative solution for 4 h at 4 °C, then washed in PBS overnight
(ON) at 4 ©°C. Using a vibrating microtome (Leica
Microsystems; Milton Keynes, UK), 30 pm sagittal sections,
evenly spaced at 200 pm intervals, were cut from each hemi-
sphere. The sections of cerebral cortex and subcortical white
matter were stored in 0.02% PFA in PBS at 4 °C as free-floating
sections. After permeabilization with 0.5% Triton X-100 in
PBS, free-floating sections were incubated with single antibody
anti-GFAP (Rat IgG, Invitrogen) or anti-Ibal (Gt IgG, Abcam) at
4 °C ON, appropriate fluorophore-conjugated secondary anti-
body (Gt anti-Rt IgG, Alexa Fluor 568, Invitrogen, cat. No
A11077) for 45 min at room temperature, and counterstained
with TO-PRO3™ (diluted 1:10k in PBS; Invitrogen). The sec-
tions were collected on polylysine slides (Menzel-Glaser) and
coverslip with Vectashield mounting medium (Vector
Laboratories), and finally sealed with varnish. Negative con-
trols were prepared by omitting the primary antibody and mis-
matching the secondary antibody. Sections were examined
under a Leica fluorescence microscope (Leica Microsystems).
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Images of cerebral cortex and subcortical white matter sections
immunolabeled for GFAP were taken at 20x magnification.
Quantification of fluorescent-labeled area was performed at
20x magnification on the mice (n = 6 for each experimental
group) samples (1 section/sample, 5 randomly selected fields/
section) using Cell F as image analysis software (Olympus
Italia; Rozzano, Italy). Data plotting and statistical analysis
were performed on GraphPad.

Evaluation of lipopolysaccharide-binding protein (LBP) levels
in plasma

Lipopolysaccharide-binding protein (LPB) level in plasma was
measured by ELISA kit (ab213876, Abcam), as previously
described.’** For the procedure, blood samples were centri-
fuged for 5 minutes at 4000g at 2-8 °C and, after the centrifu-
gation, supernatants were collected. Aliquots (100 pl) were
used for the assay. LBP levels were expressed as pg per mL of
plasma.

Histochemical evaluation of mucus layer in colon

Sections from formalin-fixed full-thickness colonic samples
(distal portion) were processed for histochemical Alcian Blue
(AB) technique, to detect acid mucins blue-stained, as pre-
viously described.** The histochemical staining was carried
out blinded by two histologists and was observed using a Leica
DMRB light microscope (object 20x), equipped with a DFC480
digital camera (Leica Microsystems, Mannheim, Germany).
Positive areas were estimated by the image analysis system L.A.
S. software v.4 and quantified as fold changes vs. control value
(SAMR1 + placebo).

Evaluation of NLRP3 inflammasome signalling activation in
colon and brain

Expression of NLRP3, ASC and caspase-1. The colonic and
brain tissues were lysed as previously reported.*>>® Samples
were weighed and homogenized in lysis buffer, using a poly-
tron homogenizer (QIAGEN; Milan, Italy). Proteins were quan-
tified with the Bradford assay. 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% BSA diluted in Tris-buffered saline (TBS,
20 mM Tris-HCI, pH 7.5, 150 mM NaCl) with 0.1% Tween 20.
Primary antibodies against actin (diluted 1:5000, A3854,
Sigma Aldrich), nucleotide-binding oligomerization domain
leucine rich repeat and pyrin domain containing protein 3
(NLRP3) (diluted 1:1000, ab214185, Abcam), apoptosis-associ-
ated speck-like protein containing a caspase recruitment
domain (ASC) (diluted 1:1000, #67824S, Cell Signaling), and
caspase-1 (diluted 1:1000, ab1872, Abcam) were used.
Secondary antibodies were obtained from Abcam (anti-mouse
ab97040 and anti-rabbit ab6721). Protein bands were detected
with ECL reagents (Clarity-Western ECL Blotting Substrate,
Biorad). Densitometry was performed by IBright Analysis
software.
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Interleukin-1f levels. Interleukin (IL)-1f levels in colonic
and brain tissues were measured using ELISA kit (ab100705,
Abcam), as previously described.’”*° For this purpose, colonic
and brain tissue samples (20 mg), stored previously at —80 °C,
were weighed, thawed, and homogenized in 0.4 mL of PBS (pH
7.2) and centrifuged at 10 000g for 5 min at 4 °C. Aliquots
(100 pL) of supernatants were then used for the assay. Tissue
IL-1p levels were expressed as pg per mg of tissue.

Statistical analysis

The statistical analysis of data complies with the requirements
of good laboratory practices (GLP). The statistical analysis was
undertaken only for studies where each group size was at least
n = 6 (see ESIf for sample size calculation). The results are pre-
sented as mean = standard error of the mean (S.E.M.). All the
group sizes were designed to be homogeneous. n refers to the
number of mice, and statistical analysis was carried out using
these independent values. The significance of differences was
evaluated by two-way or one-way ANOVA followed by post hoc
analysis with Dunnet test or Tukey test where appropriate. Post
hoc tests were conducted only if F in ANOVA (or equivalent)
achieved a statistical significance lower than 0.05 and there
was no significant variance inhomogeneity.

p values <0.05 were considered significantly different. All
statistical procedures were performed by commercial software
(GraphPad Prism, version 9.0, RRID: SCR_002798, GraphPad
Software Inc., San Diego, CA, USA). Data on histochemical and
immunofluorescence analysis in colonic and brain tissues
were quantitatively estimated by two blind histologists
(C.S.and C.I. and A. d’. A. and M. E., respectively).

Results
HEAL?9 alleviates cognitive impairment in SAMP8 mice

To investigate the effect of HEAL9 on cognitive and behaviour-
al functions, MWM test was performed.

During training test, SAMP8 mice treated with placebo dis-
played an increased escape latency time, starting from the first
day of the test (+65%), as compared with SAMR1 mice, stati-
cally significant on the fifth day (Fig. 1A). Daily treatment with
HEAL9 decreased escape latency time in SAMP8 mice from the
third day of the MWM test (-33%), as compared with
SAMPS8 mice treated with placebo (statically significant the last
day of the training test) (Fig. 1A).

During the probe trial, the number of target crossings,
entries into the target quadrant, swimming speed and total
swimming distance significantly decreased in SAMP8 mice
treated with placebo, as compared with SAMR1 mice (Fig. 1B-
E). Supplementation with HEAL9 increased all these para-
meters, as compared with SAMP8 mice treated with placebo
(Fig. 1B-E), highlighting the amelioration of the impaired cog-
nitive and motor abilities in SAMPS8 mice.

Overall, HEAL9 treatment counteracted the cognitive
decline in SAMP8 animals during the phase of MCI, before the
development of AD.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Cognitive performance of SAMR1 and SAMP8 mice treated with
placebo or HEALY, during the training (days 1-7) and probe trial session
(day 8) of the MWM test: (A) escape latency; (B) number of target cross-
ings; (C) number of entries into the target quadrant; (D) swimming
speed; (E) swim distance. Data are expressed as mean of 4 trials per day
+ SD (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001 significant
differences versus SAMRL1; P < 0.05 significant differences versus
SAMPS8. Statistics: two-way ANOVA followed by Tukey test.

HEAL9 improves colonic motility through the modulation of
enteric excitatory cholinergic pathway

MCI and AD patients are often characterized by gastrointesti-
nal (GI) dysmotility with a serious impact on daily living and
quality of life.***!

In this set of experiments, the effect of HEAL9 in improving
SAMPS8 mice colonic dysmotility was examined, investigating
the viability to modulate gut microbiota as a therapeutical tool
to treat GI dysfunctions in the early phases of AD.

SAMPS8 mice treated with placebo displayed a significant
decrease in stool frequency, as compared with control animals
(SAMR1 mice) (Fig. 2A). Treatment with HEAL9 significantly
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Fig. 2 Faecal output and in vitro colonic contractile responses. (A) Faecal
output expressed as number of pellets in 1 h in SAMR1 or SAMP8 mice
treated with placebo or HEALS. Effects of electrical stimulation (ES, 10 Hz)
on contractile activity of colonic longitudinal smooth muscle preparations
isolated from SAMR1 or SAMP8 mice treated with placebo or HEAL9: (B)
colonic tissues maintained in standard Krebs solution; (C) colonic tissues
maintained in Krebs solution containing .-NAME (100 um), guanethidine
(10 pm), L-732138, (10 pm), GR159897 (1 pm) and SB218795 (1 pm) to
record cholinergic contractions; (D) colonic preparations maintained in
Krebs solution containing tetrodotoxin (TTX) (1 pm) and stimulated with
CCh (1 pm) to record cholinergic contractions mediated by muscarinic
receptors; (E) colonic tissues maintained in Krebs solution containing
.-NAME (100 pm), guanethidine (10 pm), atropine sulphate (1 pm),
GR159897 (1 pm) and SB218795 (1 um) to record NK1-mediated tachykiner-
gic contractions; (F) colonic specimens maintained in standard Krebs solu-
tion, added with TTX and stimulated with exogenous SP (1 pm) to record
contractions mediated by NK1 tachykinergic receptors. Tracings in the inset
on the top of each panel display contractile responses to ES recorded at a
frequency of 10 Hz (B, C and E) as well as to CCh or exogenous SP at a con-
centration of 1 um (D and F, respectively). Each column represents the
mean + S.E.M. (n = 6 per group). *p < 0.05, **p < 0.01 and ***p < 0.001 sig-
nificant differences. Statistics: one-way ANOVA followed by post hoc ana-
lysis with Dunnet test.
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increased faecal output over 1 hour, as compared with SAMP8
placebo mice (Fig. 2A), demonstrating the capacity of HEAL9
to improve the impaired colonic transit. During the obser-
vation period, no significant differences in frequency and
amount of food intake (around 4 g per day per mouse) were
observed in SAMP8 and SAMR1 mice, neither in probiotic nor
placebo. With the aim to demonstrate if the impairment in
colonic transit could be related to alterations in the enteric
neurotransmissions, ex vivo colonic motor pathways were
assessed.

SAMP8 mice displayed a significant reduction in total elec-
trically evoked colonic contractions, as compared with SAMR1
controls (Fig. 2B), confirming several lines of evidence describ-
ing the impairment of colonic motility in both SAMPS8 mice
and MCl/early AD patients.>® Treatment with HEAL9 signifi-
cantly normalized colonic motor activity, as compared with
placebo treated SAMP8 animals (Fig. 2B).

Thereafter, cholinergic and tachykininergic motor pathways
in colonic muscle preparations were tested. SAMP8 animals
showed a significant reduction both in atropine-sensitive
cholinergic contractions and in SP-mediated contractions as
compared with SAMR1 mice (Fig. 2C and E), demonstrating an
impaired overall colonic propulsive motility, probably due to
the various neuronal plastic rearrangements already described
in AD patients.*>** The reduced cholinergic and tachykininer-
gic activities recorded in SAMP8 mice were significantly coun-
teracted by HEAL9 administration, indicating that probiotic
treatment improves colonic motility likely by promoting
enteric excitatory neurotransmissions (Fig. 2C and E).

Subsequently, with the aim to verify whether the decrease
in cholinergic and tachykininergic colonic contractions
resulted from changes in the density of muscarinic or NK1
tachykininergic receptors on smooth muscle cells, myogenic
colonic contractions were examined, through direct stimu-
lation of muscarinic and NK1 receptors with CCh and exogen-
ous substance P, respectively, in the presence of tetrodotoxin.
In this condition, the stimulation by CCh or SP of colonic
preparations from SAMP8 or SAMR1 mice treated with placebo
or HEALS9 elicited contractions of similar magnitude (Fig. 2D
and F), suggesting no alterations in CCh and SP-induced myo-
genic contractions.

HEAL9 counteracts reactive astrogliosis and microgliosis in
brain

Astrocytes and microglial cells represent critical actors of neu-
rogenic/inflammatory responses in the CNS, as their activation
(known as “astrogliosis” and “microgliosis”) plays a crucial
role in several brain pathologies, including AD.**** Indeed,
previous papers conducted in SAMP8 mice have evaluated
astrogliosis and microgliosis in cerebral cortex sections,*®*”
since these cell types are ubiquitously distributed in the whole
brain.*%4°

Therefore, we examined the effect of HEAL9 on astrocytes
and microglia activation in cerebral cortex and subcortical
white matter.
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Astrocytes derived from SAMPS8 mice treated with placebo
appeared hyper-ramified with more branched processes as
compared to SAMR1 mice (Fig. 3A). HEAL9 treatment
decreased the morphological complexity of GFAP-positive
astrocytes (Fig. 3A). In addition, the quantification of %GFAP +
area (Fig. 3A) confirmed the ability of HEAL9 to counteract
reactive astrogliosis in SAMP8 mice.

Microglia cells from SAMP8 mice treated with placebo
showed hypertrophic cell bodies and numerous short thorny
processes, together with cells that completely lack processes
and appear hyporamified/amoeboid, as a sign of microgliosis,
as compared with SAMR1 mice in which the labelling for Ibal
revealed the morphology of surveillant microglia with a faint
staining (Fig. 3B).

Following treatment with HEAL9, microglia cells showed a
morphology and cell body size similar to what was observed in
SAMR1 mice (Fig. 3B). In addition, the quantification of Ibal +
area (Fig. 3B) confirmed that HEAL9 treatment reduced reac-
tive microgliosis in SAMP8 mice.

HEAL9 decreases colonic and central accumulation of Af;_,,
in colon and brain

ABy_4, deposition represents a hallmark of AD;*° among the
different types of AP;_,, polymers produced by the aberrant
amyloidogenic pathway in the AD state,*>>" AB,_4,, even if less
abundant, represents the most neurotoxic, and the more aggre-
gation-prone.®> The accumulation of Af;_4, has been docu-
mented both in brain and in peripheral tissues, including the
gut, in patients with confirmed AD.>*** Accordingly, the puta-
tive role of HEAL9 in counteracting AP, 4, accumulation was
assessed.

AB;_4, levels were significantly increased in the distal colon,
cerebral cortex and plasma of placebo-treated SAMP8 mice as
compared with SAMR1 (Fig. 4A-C). HEAL9 treatment did not
exert any effects on Af;_4, plasmatic levels, whereas signifi-
cantly decreased Af;_4, in both colonic and brain tissues from
SAMP8 animals (Fig. 4A-C), suggesting that HEAL9 counter-
acts intestinal and central Ap;_,, accumulation.

HEAL9 normalizes gut barrier permeability and mucus layer

AD patients display gut barrier alterations, which could con-
tribute to the translocation of bacteria and their products, into
the intestinal mucosa contributing to bowel motor dysfunc-
tions and, subsequently into bloodstream, promoting systemic
and central immune/inflammatory responses.'>'>>3

Herein, the effect of HEAL9 on preserving the integrity and
the organization of intestinal epithelial barrier (IEB) was
assessed. First, we evaluated the circulating levels of LBP,
which is regarded as an indirect index of intestinal per-
meability.>® LBP plasma levels were significantly increased in
SAMP8 mice, as compared with SAMR1, suggesting an impair-
ment of IEB permeability during MCI and in the early phases
of AD (Fig. 5A). Treatment with HEAL9 was able to restore LBP
levels in SAMP8 mice, as compared with SAMP8 animals
treated with placebo (Fig. 5A).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Representative images of cerebral cortex and subcortical white matter sections immunolabeled for GFAP in (A) SAMR1 + placebo, (B)
SAMR1 + HEAL9, (C) SAMP8 + placebo, (D) SAMP8 + HEALY and quantification of GFAP* area. Note the complex, irregular, bushy appearance of
astrocytic processes in SAMP8 mice, compared to SAMR1 + placebo and SAMP8 + HEALD9. (B) Representative images of cerebral cortex and subcorti-
cal white matter sections immunolabeled for Ibal in (A) SAMRL + placebo, (B) SAMR1 + HEAL9, (C) SAMP8 + placebo, (D) SAMP8 + HEAL9 and
quantification of Ibal* area. Note the hypertrophic cell bodies and thorny appearance of microglial processes in SAMP8 mice, compared to
SAMR1 mice and SAMP8 mice after treatment. Original magnification 20x. Data are expressed as mean + S.E.M. (n = 6 per group). *p < 0.05 signifi-
cant differences. Statistics: one-way ANOVA followed by post hoc analysis with Dunnet test.

This journal is © The Royal Society of Chemistry 2024

Food Funct., 2024, 15,10323-10338 | 10329


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo02075h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 September 2024. Downloaded on 11/11/2025 11:11:56 PM.

(cc)

Paper
A
*kkk *kkk
|
2.5
T .
§ 2.0 b o ¢
_:' [ ]
L 45
g g 1.5 ! .
- D A,
S L4104 + ‘x I
N ‘+A L °®
b A
= 0.5 ]|
Y
<
0.0 | T | T
° ° 4 4
\’f'c"'b \’bc'e ng' ng
Q:\xq Q‘bx ég:\x \§‘bx
oﬁ“ oy‘& ¥ ¥
B
—_ 5— ** *
) I
n 4 .
2
-
c g3 *
S5 o3
m o 2 L] T
g T i e
=13
<
0 T T T T
) o ) o
ge'o géo @& Q/@,
PR S
F & &
S & & &
C dekk
—_— 80_
4
] .
Q. 60 °
~ - o
<
— 40 4a
Q - A
< 4
© |
£ 20
7
)
m 0 | I T |
L L N &
\,boe’ Q\°°0 Q@Y Qg}'
K & Q:\x Q‘bx
é@' & S N

Fig. 4 Amyloid-p (AB)1_42 in colon, brain and plasma from SAMR1 and
SAMP8 animals treated with placebo or HEAL9. The levels of: (A) colon
APB1-42; (B) brain AB;_45; (C) plasma Ap;_4». Data are expressed as mean +
S.E.M. (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 significant differences. Statistics: one-way ANOVA followed by
post hoc analysis with Dunnet test.
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The luminal surface of the GI tract is covered with a mucus
layer which acts as a protective barrier; moreover, mucus pro-
duction by goblet cells plays a pivotal role in maintaining
enteric barrier integrity.”” Of note, mucins were found altered
both in patients with digestive and extra-digestive disease.>® In
particular, several studies reported an increase in acidic mucin
expression in colonic specimens from patients with inflamma-
tory bowel diseases and Parkinson’s disease (PD) who also dis-
played an impairment of the intestinal mucosal barrier.>® In
particular, the increase in acidic mucin observed in PD
patients could decrease the protective function of the mucus
layer towards pathogen translocation as well as alter the repair
processes of the epithelium, thus contributing to the impair-
ment of the intestinal barrier in PD.’® Therefore, the effect of
HEAL9 on acidic mucins content was examined. SAMP8 mice
displayed a significant increase in colonic acid mucins, as
compared with SAMR1 animals (Fig. 5B). Treatment with
HEALS9 significantly reduced acid mucins levels, as compared
with SAMPS treated with placebo (Fig. 5B). Overall, these data
indicate HEAL9Y’s ability to normalize gut mucus barrier and
permeability.

HEAL9 inhibits NLRP3 inflammasome activation pathway in
brain and colon

Central and intestinal inflammation occurs in patients with
AD.”® In addition, several studies in animal models of AD
demonstrated that brain and colonic inflammation is mainly
characterized by NLRP3  inflaimmasome  signalling
activation.’®*® Of note, AP, found increased in central and
enteric tissues from SAMP8 mice, can promote immune/
inflammatory pathways, including the activation of NLRP3
inflammasome.?® Thus, we evaluated the effect of HEAL9 on
the expression of inflammasome signalling activation, includ-
ing NLRP3, ASC and caspase-1 expression and IL-1f release in
brain and colonic tissues from SAMP8 mice.

Our results showed that the expression levels of NLRP3 and
pro-caspase-1 (the inactive form of caspase-1) in cerebral
cortex and distal colon did not differ among animal groups
(Fig. 6A and B). Levels of ASC and cleaved active caspase-1 in
brain and colon tissues were, however, significantly increased
in SAMPS8 mice as compared with SAMR1, indicating the acti-
vation of NLRP3 inflammasome pathway. In lines with these
results, IL-1f levels in both brain and colonic tissues signifi-
cantly increased in SAMP8 mice, as compared with SAMR1
(Fig. 6A and B). Treatment with HEAL9 significantly counter-
acted the increased expression of ASC and active caspase-1 as
well as IL-1f levels in brain and colonic tissues observed in
SAMP8-placebo mice, indicating that HEAL9 inhibits inflam-
masome pathway activation (Fig. 6A and B).

Discussion

The MGB axis is emerging as a pivotal pathway that can influ-
ence/play a role in neurological disorders, including MCI and
AD and, its modulation with pre- and probiotics is gaining

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo02075h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 September 2024. Downloaded on 11/11/2025 11:11:56 PM.

(cc)

Food & Function

View Article Online

Paper

A
80 Hkk
z
S 60 .
£
o
m 404
-
© A A
£
g 20
o N
0 T

0 )
<& &
St & &
& & & 8
6\»“‘ a_,v“‘ X o

SAMP8+HEAL9

1.8+ .
Q
=4
£ 1.6 .
K-
[
T 1.4 .
K=l
=]
3 1.2
'g At °
-2 1.0 R
<
0.8 T T T T
(<] (] 5 5
£ L
x\%" x\@" '\’xg’ %’8‘6.
& & & &
g‘r“‘ (,\»‘x‘ X o

Fig. 5 (A) Lipopolysaccharide-binding protein (LBP) levels in mice treated with placebo or HEAL9. Data are expressed as mean + S.E.M. *p<0.05,
**p < 0.01, ***p < 0.001: significant differences. (B) Representative photomicrographs of Alcian Blue (AB) staining in the cross-sectioned colon from
SAMR1 and SAMP8 mice treated with placebo (P) or HEAL9. Original magnification 20x. The column graphs display the mean values of the percen-

tage of positive pixels (PPP) + SEM from five animals. (n = 6 per group).
Dunnet test.

attention as a suitable therapeutical approach to prevent, or
slow down disease progression.®® Based on this, the aim of the
present study was to evaluate the efficacy of Lactiplantibacillus
plantarum HEAL9 administration in alleviating cognitive

This journal is © The Royal Society of Chemistry 2024

*p < 0.05. Statistics: one-way ANOVA followed by post hoc analysis with

decline and intestinal symptoms in a spontaneous mouse
model of cognitive impairment and AD and to characterize the
underlying molecular mechanisms. To pursue these aims, we
employed a murine model of accelerated senescence, the
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Fig. 6 Densitometric analysis and representative blots of NLRP3 components expression and consequent IL-1p release in brain and colonic tissues
from SAMP8 mice treated with placebo or HEAL9. (A) Brain expression of: NLRP3; ASC; pro-caspase-1; caspase-1 and brain levels of IL-1p. (B) Colon
expression of: NLRP3; ASC; pro-caspase-1; caspase-1 and colonic levels of IL-1f. Data are expressed as mean + S.E.M. (n = 6 per group). *p < 0.05,
**p > 0.01, ***p < 0.001, ****p < 0.0001 significant differences. Statistics: one-way ANOVA followed by post hoc analysis with Dunnet test.
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SAMP8 mouse, regarded as a trustworthy experimental model
to study the pathological features of AD.®* SAMP8 mice begin
to develop early learning and memory deficits at 4 months of
age, MCI at 6 months along with accumulation of A, p-tau
and neuroinflammation in the CNS, while the full develop-
ment of brain pathology occurs from 8 months of age.”® In
addition, SAMP8 mice at 6 months of age are characterized by
altered intestinal barrier integrity and permeability, enteric
inflammation, Ap accumulation and gut motor dysfunctions.®
In our study, 4 months old SAMP8 mice were treated with
HEAL9 for 2 months to evaluate the effects of HEAL9 on the
early phases of learning and memory loss up to MCI, a phase
that precedes the full development of AD.

As a first step, we showed that HEAL9 could counteract cog-
nitive decline and colonic dysmotility in SAMP8 animals.
SAMPS8 mice treated with HEAL9 displayed an amelioration of
cognitive functions in terms of learning and memory
capacities, as displayed in the MWM results. HEAL9 also miti-
gated the impaired locomotor abilities in SAMP8 animals, a
motor symptom documented in 15-50% of AD patients.®>
These results are in line with several studies performed in
both animals and MCI/AD patients showing that oral intake of
a single or a mixture of probiotics ameliorated spatial memory,
anxiety-like and exploratory behaviors, as well as mental state
and memory, respectively.’”®*®> Moreover, HEAL9 was
recently shown to improve cognitive performance, especially
memory and learning functions in moderately stressed but
otherwise healthy adults.>® This indicates the potential benefit
of the HEAL9 single strain probiotic as a treatment or even a
preventative action in both diseased and healthy populations.
In the present study HEAL9 also improved colonic transit in
SAMP8 mice, through a normalization of enteric cholinergic
and tachykininergic neurogenic contractions, suggesting that
HEAL9 can influence enteric nervous system (ENS) activity and
neurochemistry. These findings are in accordance with other
studies showing that enteric bacteria and their metabolites,
such as butyrate, can influence ENS neurochemistry. For
instance, butyrate has been found to increase the proportion
of myenteric cholinergic neurons in rats.°®®” However, the
effect of HEAL9 on the enteric neuronal coding remodelling
remains to be clarified and it represents the continuation of
our research on this topic.

Subsequently, since Ap accumulation in AD has been found
to contribute to neuronal damage and inflammation in central
and peripheral tissues, including the gut,°® the effect of
HEALY in counteracting Ap accumulation in the cerebral cortex
and distal colon was assessed. HEAL9 consumption signifi-
cantly decreased central and enteric Ap levels in SAMP8 mice,
thus providing the relevant finding that HEAL9 can counteract
the accumulation of the main pathological protein in age-
related disorders. These described findings are consistent with
another study in which Bifidobacterium breve MCC1274 sup-
plementation significantly decreased hippocampal AP pro-
duction and Ap plaque load in AD mice.®®

Of interest, AD is associated with the activation of inflam-
matory cells in the CNS, including astrocytes and microglia,
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that contribute to neuroinflammatory and neurodegenerative
processes.”””! In this study, SAMP8 mice displayed astrocyte
and microglial activation reactivity in the cerebral cortex, as
documented by immunofluorescence analysis of GFAP and
Iba-1. Supplementation with HEAL9 attenuated astrogliosis
and microgliosis, suggesting that the beneficial effects of
HEAL9 on cognitive decline could result from its ability to
decrease AP levels and to attenuate inflammatory processes.

Of note, alterations in enteric barrier integrity and per-
meability, documented previously in MCI and AD patients, can
facilitate the translocation of bacteria into the intestinal
mucosa and then trigger systemic and central neurogenic and
inflammatory responses.'” In addition, in a previous study we
demonstrated that SAMP8 mice are characterized by an altered
gut barrier, confirming the suitability of this model to investi-
gate the role of MGB in brain disorders.”® Therefore, we chose
to examine the effects of HEAL9 in restoring intestinal barrier
permeability and integrity, by evaluating circulating LBP levels
and acidic mucins, respectively.>® We found that HEAL9 treat-
ment was associated with a decrease in LBP levels and a nor-
malization of the acidic components of mucins, suggesting
that HEAL9 treatment can prevent enteric barrier breakdown
in early AD, thus decreasing pathogen translocation into intes-
tinal mucosa, and subsequent induction of intestinal and
central immune/inflammatory responses.®'? In support of this
view, we found that HEAL9 significantly decreased central and
enteric inflammation as documented by the decrease in brain
and colonic IL-1f levels. In line with our results, several
studies have also shown that modulation of the gut microbiota
with probiotics can counteract the impaired gut barrier and
enteric and central inflammation using the SAMP8 model.®*>"*
In a recent publication involving healthy individuals with
moderate stress, intake of HEAL9 for 12 weeks was found to
maintain certain proinflammatory parameters at a lower level,
as compared to the placebo group that showed significantly
increased proinflammatory levels during the study.>® The
strengthening of the intestinal wall, and the lower levels of
proinflammatory markers in this trial support the findings in
the randomized controlled trial in healthy human individuals.

Of interest, Ap accumulation and increased IL-1f levels in
both brain and colonic tissues from SAMP8 mice suggest the
involvement of NLRP3 inflammasome signalling in the onset
of enteric and central inflammation.”® Indeed, several studies
in both animals and AD patients demonstrated an overactiva-
tion of NLRP3 inflammasome signalling in central and peri-
pheral tissues.’>”* In addition, pioneering evidence suggests a
dynamic interplay between the gut microbiota and NLRP3
inflaimmasome, currently referred to the “microbiota-gut-
inflammasome-brain axis”. In this context, enteric bacteria
can promote NLRP3 activation that, in turn, shape peripheral
and central neurogenic/inflammatory responses, thus contri-
buting to CNS neuroinflammation and neurodegeneration."®””
In parallel, enteric, and central Af accumulation can also
promote the overactivation of NLRP3, potentially altering gut
microbiota composition, thus creating a vicious cycle that
could further contribute to the ongoing neuroinflammatory
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and neurodegenerative processes.'® Therefore, in the final
phase of the present study, we evaluated the effects of HEAL9
on the expression of inflammasome signalling components,
including NLRP3, ASC, and caspase-1 in brain and colonic
tissues from SAMP8 mice. AD-mice showed a significant
increase in both ASC and cleaved-caspase-1 levels, confirming
the involvement of NLRP3 inflammasome activation in neu-
roinflammatory processes.

In this context, HEAL9 intake significantly decreased ASC
and cleaved-caspase-1 expression, while no changes in NLRP3
expression were detected. These findings support the hypoth-
esis that HEAL9 counteracts the activation of the canonical
inflammasome activation pathway,”® as demonstrated by the
decrease in caspase-1 active form and IL-1p levels. These
results provide the first evidence that HEAL9 counteracts cog-
nitive decline via inhibition of inflammasome signalling acti-
vation in brain and gut tissues.

The molecular mechanisms through which HEAL9 inhibits
inflammasome activation is not still elucidated but it could
possibly be ascribed to increase in levels of butyrate. Indeed,
butyrate has been found to exert anti-inflammatory activity via
NLRP3 inhibition,””””® to cross the blood brain barrier, to
maintain its integrity, to decrease central neuroinflammation,
and to counteract neuronal cell death in different animal
models.””"®" Accordingly, human and pre-clinical studies have
reported that Lactiplantibacillus plantarum assumption
enriched the SCFAs-producers bacterial strains, with conse-
quent increase in SCFAs, especially butyrate.®>3>~8*

However, the mechanisms underlying the inhibitory effects
of HEAL9 on inflammasome signalling need to be further
investigated.

In conclusion, intake of HEAL9 alleviated cognitive decline,
normalized colonic motility, decreased astrogliosis and micro-
gliosis, counteracted central and enteric Ap protein accumu-
lation, and prevented gut barrier impairment. Decreased gut
and brain inflammation in SAMP8 mice in the prodromal
phases of AD was also seen, proposed to be modulated by the
microbiota-gut-inflammasome-brain axis. Based on these find-
ings, we propose that HEAL9 could represent a suitable thera-
peutical option for alleviating MCI and AD, as well as related
intestinal symptoms in the early stage of disease pathology.
HEAL9 may also be relevant for other brain disorders charac-
terized by intestinal symptoms, gut dysbiosis, enteric barrier
alterations or activation of central and peripheral inflamma-
some pathways such as PD, depression, and autism."”

Author contributions

N. B. and C. P. contributed to the conception and design of
the study. C. D. S. and V. D. wrote the original draft. C. D. S,,
L. B, A.D. A, C. 1, C. S, C. P, G. B. performed the research
and analyzed the data. V. D, N. B., R. C.,, T. A,, M. E. and
C. P. interpreted the data and prepared figures. L. A., M. F., N.
B., and C. P. edited the manuscript. All authors read and
approved the final manuscript.

10334 | Food Funct, 2024, 15,10323-10338

View Article Online

Food & Function

Ethics approval and consent to
participate

All animals care and procedures were in accordance with the
provisions of the European Community Council Directive 210/
63/UE and approved by the Ethical Committee for Animal
Experimentation of the University of Pisa and by the Italian
Ministry of Health (authorization no. 115/2022-PR).

Abbreviations

MGB Microbiota-gut-brain axis

AD Alzheimer’s disease

MCI Mild cognitive impairment

PD Parkinson’s disease
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