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Abstract

Fiber intake is associated with a lower risk for Alzheimer’s disease (AD) in older adults. Intake of plant-based diets rich
in soluble fiber promotes the production of short-chain fatty acids (SCFAs: butyrate, acetate, propionate) by gut bacteria.
Butyrate administration has antiinflammatory actions, but propionate promotes neuroinflammation. In AD patients, gut
microbiota dysbiosis is a common feature even in the prodromal stages of the disease. It is unclear whether the neuroprotec-
tive effects of fiber intake rely on gut microbiota modifications and specific actions of SCFAs in brain cells. Here, we show
that restoration of the gut microbiota dysbiosis through the intake of soluble fiber resulted in lower propionate and higher
butyrate production, reduced astrocyte activation and improved cognitive function in 6-month-old male APP/PS1 mice. The
neuroprotective effects were lost in antibiotic-treated mice. Moreover, propionate promoted higher glycolysis and mitochon-
drial respiration in astrocytes, while butyrate induced a more quiescent metabolism. Therefore, fiber intake neuroprotective
action depends on the modulation of butyrate/propionate production by gut bacteria. Our data further support and provide a
mechanism to explain the beneficial effects of dietary interventions rich in soluble fiber to prevent dementia and AD.

Graphical Abstract

Fiber intake restored the concentration of propionate and butyrate by modulating the composition of gut microbiota in male
transgenic (Tg) mice with Alzheimer’s disease. Gut dysbiosis was associated with intestinal damage and high propionate lev-
els in control diet fed-Tg mice. Fiber-rich diet restored intestinal integrity and promoted the abundance of butyrate-producing
bacteria. Butyrate concentration was associated with better cognitive performance in fiber-fed Tg mice. A fiber-rich diet may

P< Jaime Garcia-Mena
jgmena@cinvestav.mx

P4 Claudia Perez-Cruz
cperezc @cinvestav.mx

Laboratorio de Neuroplasticidad y Neurodegeneracion,
Departamento de Farmacologia, Centro de Investigacion y
de Estudios Avanzados del I.P.N. (Cinvestav), Av. IPN 2508,
Ciudad de Mexico 07360, México

Laboratorio de Referencia y Soporte Para Genomas,
Transcriptomas y Caracterizacion de Microbiomas,
Departamento de Genética y Biologia Molecular, Centro de
Investigacién y de Estudios Avanzados del I.P.N. (Cinvestav),
Av. IPN 2508, Ciudad de Mexico 07360, México

Published online: 11 August 2022

Unidad Periférica de Neurociencias, Instituto de Neurologia
y Neurocirugia Manuel Velasco Suarez (INNNMVS),
Ciudad de Mexico 14269, México

Departmento de Infectémica y Patogénesis Molecular,
Centro de Investigacién y de Estudios Avanzados del

L.P.N. (Cinvestav), Av. IPN 2508, 07360 Ciudad de Mexico,
Mexico

Departamento de Fisiologia de la Nutricion, Instituto
Nacional de Ciencias Médicas y de la Nutricion “Salvador
Zubiran” (INCMNSZ), 14080 Ciudad de México, Mexico

Universidad San Sebastian, Facultad de Medicina y Ciencia,
Centro de Estudios Cientificos-CECs, Valdivia, Chile

@ Springer



Cellular and Molecular Neurobiology

prevent the development of a dysbiotic microbiome and the related cognitive dysfunction in people at risk of developing

Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is a neurological disorder char-
acterized by progressive memory decline and cognitive
impairment. Amyloid-beta (AP) aggregation, hyperphospho-
rylation of tau, and gliosis are the major histopathological
hallmarks of AD (Akiyama et al. 2000; Khandelwal et al.
2011; Engelhart et al. 2004; Guo et al. 2006). It has been
estimated that up to a third of all AD cases can be prevented
if the modifiable lifestyle risk factors are avoided (Norton
et al. 2014). Diet is a modifiable lifestyle factor that can
protect against cognitive impairment and dementia (Yusu-
fov et al. 2017). A higher adherence to the MeDi diet slows
the progression from Mild Cognitive Impairment (MCI) to
AD and reduces the risk of developing MCI and dementia
(Singh et al. 2014; Morris 2016). High adherence to MeDi
diet is associated with lower mortality in AD patients (Scar-
meas et al. 2007; Solfrizzi et al. 2010). Macro- and micro-
nutrients content in MeDi diet are difficult to determine to
understand the nutritional patterns for AD prevention (Mor-
ris 2016). However, only the consumption of vegetables,
especially green leafy vegetables, cause an inverse asso-
ciation with cognitive decline (Trichopoulou et al. 2015).
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Green vegetables are food with a high fiber content (Ander-
son 1990). Soluble fibers can be considered as prebiotic, a
substrate that is selectively utilized by host microorganisms
conferring a health benefit (Gibson et al. 2017). Prebiotics
can reshape the gut microbiota (GM) and enhance the abun-
dance of bacteria with essential health benefits (Guan et al.
2021); this is important in AD research as alterations in the
GM have been widely reported in AD and MCI subjects (Liu
etal. 2019; Lu et al. 2019; Cattaneo et al. 2017; Vogt 1995).
Therefore, this study aimed to evaluate the impact of fiber
intake, as a key player in the microbiota-brain axis, against
Ap aggregation, inflammation and cognitive function in an
AD mice model.

Short-chain fatty acids (SCFAs) are the most studied bac-
terial fermentation products after soluble fiber intake (Dalile
et al. 2019); acetate, propionate, and butyrate are the major
bacterial products in the colon (Macfarlane and Macfarlane
2003). SCFAs can be released into the bloodstream and
reach the brain (Bélanger et al. 2011; Dalile et al. 2019;
Vijay and Morris 2014). Despite the only one-carbon dif-
ference in their molecule structure, propionate and butyrate
exert opposite effects in brain cells. Intracerebroventricu-
lar infusions of propionate disturb fatty acid metabolism
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(Abdelli et al. 2019; MacFabe 2015; Shultz et al. 2008)
and cause astrocyte activation (De Almeida et al. 2006). In
contrast, butyrate exerts anti-inflammatory effects (Segain
et al. 2000), reducing GFAP expression in astrocytes (Kan-
ski et al. 2014), reversing learning deficits, and restoring
dendritic spine density in hippocampal neurons of Tg2576
mice (Ricobaraza et al. 2012).

The type of dietary fiber yields different SCFAs ratios:
oligofructose (OF) and fructooligosaccharide (FOS) intake
promotes a reduction in propionate but an increment in
butyrate in rat cecum (Annison et al. 2003), whereas inulin
(5 and 10%) increases all the three compounds compared to
standard diets (Levrat et al. 1991). Fructans (F) from Agave
tequilana promote acetate production in caecum, proximal-,
medial-, and distal-colon and enhances butyrate levels in
medial- and distal-colon, without changing propionate pro-
duction, except in the distal-colon (Huazano-Garcia and
Loépez 2013). Hence, we hypothesized that F intake would
promote the abundance of butyrate-producing bacteria with
concomitant butyrate production, preventing cognitive dys-
function in Tg mice. Therefore, we fed four-month-old male
Tg mice with a control or an F-enriched diet for two months.
Propionate levels were highly elevated in Tg-C mice, but F
intake causes a reduction in the abundance of propionate-
producing bacteria and propionate levels in fecal samples.
F intake enhanced the survival of butyrate producers and
butyrate concentration, decreasing astrocyte activation, and
AP aggregation, preventing cognitive impairments in Tg
mice. Antibiotic treatment reduced bacterial load and diver-
sity, abating F’s cognitive improvements. Individual SCFAs
evaluated in astrocyte cell culture showed propionate to pro-
mote glucose uptake and consumption, but butyrate exerted
opposite effects. Hence, our data indicate that high-fiber
intake promotes the survival of butyrate-producing bacteria
and the production of butyrate with beneficial consequences
for memory and learning abilities. Therefore, restoration of
the propionate: butyrate ratio through modulation of GM by
intake of soluble fiber can be considered a potential treat-
ment against the onset of dementia and AD.

Materials and Methods
Experimental Design

Hemizygous Amyloid Precursor Protein/Presenilin 1 (APP/
PS1: Tg) male mice (RRID: MMRRC-34832-JAX) express-
ing a chimeric mouse/human APP (Mo/HuAPP695swe) and
a mutant human PS1 (PS1-dE9) transgenes on a C57BL/6
genetic background (Jackson Laboratory, Bar Harbor, ME,
USA) and their wild-type (WT) littermates were used. All
mice were housed individually with ad libitum access to
food (Purina Rodent Chow 5001) and water under optimal

vivarium conditions (12 h/12 h light—dark cycle, 20 °C,
and 40-50% relative humidity). Animal management and
health status was supervised by licensed veterinarian care
and approved by the Bioethics Committee of the Center for
Research and Advanced Studies of the National Polytech-
nic Institute (Protocol No. 235-16), in accordance with the
Mexican official standard NOM-062-ZO0O-1999 and the
principles set forth in the 8" edition of the National Insti-
tute of Health (NIH) guide for the care and use of laboratory
animals and endorsed by the Institute for Laboratory Animal
Research, the Division on Earth and Life studies and the
National Research Council of the National Academies.

Dietary Protocol

Four months-old mice were exposed to a dietary protocol for
2 months with one of the following interventions:

— Control diet (C), prepared according to the American
Institute of Nutrition (Reeves and Suppl 1997) with the
following composition: Cornstarch (450.1 g/Kg), casein
(140 g/Kg), maltodextrin (169.4 g/Kg), sucrose (100 g/
Kg), soy oil (40 g/Kg), cellulose (50 g/Kg), mineral mix
(35 g/Kg), vitamin mix (10 g/Kg), l-cysteine (3 g/Kg),
choline (2.5 g/Kg), tertiary butylhydroquinone (TBHQ;
0.01 g/Kg). Energy: 3.90 kcal/g. A group of WT and Tg
mice were fed with C diet (n= 10, each).

— 5% Agave tequilana’s derived fructans (F) (Bustar Ali-
mentos, SA de CV) added to C diet with the following
composition: Cornstarch (400.1 g/Kg), casein (140 g/
Kg), maltodextrin (169.4 g/Kg), sucrose (100 g/Kg),
soy oil (40 g/Kg), cellulose (50 g/Kg), mineral mix
(35 g/Kg), vitamin mix (10 g/Kg), l-cysteine (3 g/Kg),
choline (2.5 g/Kg), tertiary butylhydroquinone (TBHQ;
0.01 g/Kg), and A. tequilana fructans (50 g/Kg). Energy:
3.90 kcal/g. Tg mice were fed with F diet (n=10).

— F diet plus antibiotic treatment (Abx) on drinking water
(F-Abx). Antibiotic cocktail was prepared according to
previous reports (Vikram et al. 2016): ampicillin [1 g/1],
neomycin [1 g/1], metronidazole [1 g/l], and vancomycin
[0.5 g/1], all dissolved in drinking water and given during
four weeks before sacrifice. Tg-F mice were treated with
Abx (n=10).

Diets were designed to offer equal nutritional requirements
and same caloric values (both, 3.90 kcal/g). They were
administered in a dry form (5 g/day ad libitum, per animal)
for 2 months. Body weight and food intake were monitored
every two days. No significant differences in food intake
and body weight change were seen during the course of the
experiment (data not shown). No significant differences in
the amount of drinking water were seen between antibiotics-
treated mice and the other groups. However, bacterial load
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(Cp) in cecum was lower in animals treated with antibiotics
compared to the other groups indicating an appropriate effi-
cacy of the antibiotic treatment (Fig. 4B).

Cognitive Assessment

One week before finalizing the dietary intervention, behav-
ioral testing was performed. During habituation, animals
were placed in the behavioral room two days before starting
testing trials. Anxiety related behaviors were assessed by the
Elevated Plus Maze (EPM). A 50 cm elevated plus-shaped
maze made of medium-density fiberboard with a matte black
acrylic surface and four arms (50 cm long X 10 cm wide),
two without walls and two enclosed by 30 cm high walls,
was used. The task consisted of 1 trial per animal, and only
1 choice phase where the animals were placed in the center
facing an open arm. Entries into the open/close arms were
recorded during 5 min and number of entries and percent-
age of time spent in the arms was calculated according to
previous descriptions (Walf and Frye 2007). Recognition
and working memory were evaluated by the Novel Object
Recognition task (NOR) (Moojen et al. 2012). NOR test was
carried out in a 40 X 40 cm open field with 40 cm high walls
of plywood surrounding the floor. NOR task consisted of
three phases as previously described (Moojen et al. 2012):
(1) Habituation phase, animals were submitted to a habitu-
ation session where they explored the open field for 5 min
without objects in the arena; (2) Training phase, 24 h after
habituation, training trial was conducted by placing the
rodents for 5 min in the arena from the same starting posi-
tion and 2 objects of identical weight, size, texture, shape,
and color positioned in 2 adjacent corners at 10 cm from
the walls; (3) Trial phase, recognition memory test was
carried out 1.5 h after the training phase by placing mice
into the arena for 5 min in the presence of 1 familiar and 1
novel object (different weight, texture, shape, and color).
A discrimination index (DI) was calculated as DI = (time
with novel object — time with familiar object) / (time with
novel object+ time with familiar object). Between trials, all
surfaces and objects were washed with 40% ethanol solu-
tion. Working memory was evaluated by the T-maze (TM).
Briefly, a T-shaped maze apparatus of polymethylmeth-
acrylate with starting arm (8.5 % 10.5%x33.0 cm), and two
choice arms (8.5% 10.5%30.0 cm each, left and right) was
used as previously described (Deacon and Rawlins 2006).
TM task consisted of two phases. (1) Sample phase: ani-
mals were placed at the start arm and allowed to choose
between left and right arms. A central divider was inserted
into the start arm to create a start box. Once animals have
chosen an arm, they were confined by plastic doors for 30 s.
Thereafter, doors were re-opened, and mice were allowed
to return to the start arm, where they were removed and
returned to their home cages. (2) Choice phase: Two min
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later, animals were placed again in the start arm without the
central divider and allowed to choose an arm. Animals were
removed and placed in their home cages. Two hours later
the procedure was repeated. At least three trials per day for
2 days were run for each animal. Percentage of alternations
between arms was calculated. Finally, spatial memory was
assessed by the Water Maze (WM). Briefly, WM task was
carried out in a 100 cm diameter and 30 cm high round pool
partially filled with 26 °C white painted water as previously
described (Nunez 2008). WM task consisted of three phases:
(1) Training phase: mice were deposited from three different
cardinal points and allowed to swim to reach a visible plat-
form for 60 s; in case the animals did not find the platform
during this time, they were gently guided and left in the
platform for 20 s; (2) Learning phase: mice were allowed
to swim in order to find a hidden platform in a maximum
time of 60 s for 12 consecutive trials (in one-day), starting
three non-consecutive times from each of the four different
cardinal points; (3) Memory phase: After completion of the
12 trials, the platform was removed from the pool. Mice
were released from the North-side and allowed to swim to
find the missing platform in a maximum time of 30 s. The
time spent to find the platform (latency) and the number of
times the animal crosses the center of the pool (crossing
quadrant) were recorded. All experiments were recorded
with a Logitech DH Pro Webcam C920 camera connected
to a computer equipped with Logitech Capture 1.10.110 and
Eniima software (inhouse made software) to track animal’s
behavior and trajectory.

Tissue Preparation

One day after all behavioral trials were completed, mice
were euthanized with pentobarbital sodium (150 mg/kg,
i.p.) and cervical decapitation after retroorbital bleeding.
Brains were immediately collected, and hemispheres were
divided for further analysis. Right hemisphere was post fixed
in 4% paraformaldehyde for 72 h at 4 °C for immunohisto-
chemistry (IHC) and immunofluorescence (IF) analysis. For
IHC/IF, brain tissue was cryoprotected by immersion in 30%
sucrose/water for three days. Coronal brain slices (40 pm
thickness) were obtained with a sliding microtome (Leica
Jung histoslide 2000 R). Sections from Bregma — 2.80 mm
to — 2.92 mm (AP) were used for IHC, and from Bregma
— 1.94 mm to — 2.18 mm (AP) for IF (Paxinos and Franklin
2001). All sections were immersed in cryoprotectant solu-
tions, as previously described (Rodriguez-Callejas et al.
2016), and store at — 20 °C until use.
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Immunohistochemistry

Coronal sections were washed overnight in phosphate-
buffered saline (PBS), incubated in 89% formic acid
(Baker) for 15 min and then thoroughly washed with PBS.
Sections were incubated in 0.3% H,0, + 10% methanol
in PBS for 30 min and then washed in 0.1% PBS-tween
and incubated in 3% bovine serum albumin (BSA, Sigma)
in 0.1% PBS-tween for 30 min. Thereafter, sections were
incubated with AP antibody (BAM-10, 1:1000; Thermo
Fisher Scientific Cat. No. MA1-91209) in 0.1% PBS-tween
overnight at 4 °C. After washing in 0.1% PBS-tween, sec-
tions were incubated with secondary antibody (1:500;
Jackson ImmunoRes Cat. No. 115-035-146) in 1.5% horse
serum diluted in 0.1% PBS-tween for 30 min at room tem-
perature. Subsequently, sections were washed and incu-
bated with the avidin—biotin complex (ABC Kit; Vector
Laboratories) in 0.1% PBS-tween for 1.5 h according to
the manufacturer’s instructions. Finally, antibody binding
was visualized with 0.025% 3,3'-diaminobenzidine (DAB
Peroxidase Substrate Kit; Vector Laboratories) with 0.01%
H,0, as a catalytic agent. Sections were washed with PBS,
dehydrated by serial dilution in ethanol and mounted in
gelatin-coated slides with Eukit (Fluka). Control sections
were processed without the primary antibody. Antibody
has been validated in previous studies (Syeda et al. 2018).

Immunofluorescence

Brains sections were washed in PBS overnight and pre-
treated with 1% sodium borohydride (Aldrich No. 19807-
2) in distilled water at room temperature for 5 min. Then,
tissue was washed with distilled water, returned to PBS for
5 min, and permeabilized with 0.5% PBS-tween for 6 min.
Thereafter, sections were treated with blocking solution
(50 mM glycine, 0.05% Tween20, 0.1% TritonX-100 and
0.1% BSA PBS-diluted) for 30 min at room temperature
and incubated with primarly antibody (GFAP, 1:1000;
Abcam Cat. No. Ab53554) diluted in antibody signal
enhancer (ASE) solution (10 mM glycine, 0.05% Tween20,
0.1% TritonX-100, and 0.1% H,0, PBS-diluted; according
to Rosas-Arellano et al. 2016) during 48 h at 4 °C. Then,
slices were washed with 0.5% PBS-tween and incubated
with the secondary antibody (1:500, Jackson ImmunoRes
Cat. No. 705-605-147) and 1.5% donkey serum, all in
0.1% PBS-tween at room temperature for 2 h. Then, sec-
tions were washed with 0.5% PBS-tween and incubated
with 4',6-Diamidino-2-Phenylindole Dihydrochloride
(DAPI; Invitrogen Cat. No. D1306) in 0.1% PBS-tween
for 30 min, washed with 0.5% PBS-tween, and mounted
on glass slides. Slices were cover slipped with mount-
ing medium (Vecta shield, Vector Laboratories). Control

sections were processed without the primary antibody.
Antibody has been validated in previous studies (Syeda
et al. 2018).

Image Acquisition and Analysis

To detect AP aggregates, brightfield images were obtained
by a Nikon Eclipse 80i light microscope equipped with a
Nikon DS-Ril camera. All images were taken at same light
exposure. Tissue background staining was subtracted from
optical density values and threshold was determined by
identifying best signal-to-noise ratio using the wand tool in
legacy mode (Leica Application Suite X). Number and area
of AP aggregates > 100 um? were determined using the Fiji
v. 1.46 (NIH, open access) plugin “measure” in hippocam-
pus, cortex (visual and auditory cortices) and layers [-VI
from entorhinal cortex in pixels-to-pum scaled X10images.

Images of GFAP + astrocytes were obtained by a con-
focal microscope (Leica TCSSPS8) with argon (488 nm),
and helium/neon (543 nm) lasers. Both lasers were always
used with optimized pinhole diameter. Stacks were super
imposed as a single image with Leica Application Suite X
Life Science Microscope Software. A maximum projection
was obtained in a two-dimensional plane. GFAP + astro-
cytes were quantified using the Fiji v. 1.46 plugin “analyze
particles” in dentate gyrus, stratum (st.) radiatum and st.
oriens of CA1 hippocampal region, and layers [-VI from
entorhinal cortex, all using a x40 objective. In order to
quantify astrocytic processes length and branching points,
Sholl analysis was carried out as follow: GFAP + astrocytes
located in st. radiatum were imaged with a X63 immersion
objective performing optimized optical scanning in Z axis
and processed by the tool “build neurites n”” (NeuronStudio
Software 0.9.92 by Computational Neurobiology and Imag-
ing Center of the Icahn School of Medicine at Mount Sinai;
Binley et al. 2014). We have chosen st. radiatum due to pre-
vious regional alterations reported in Tg mice (Perez-Cruz
etal. 2011; Syeda et al. 2018).

Fecal Microbiota Analysis

Fecal samples were collected for each animal one week
before sacrifice. Animals were placed for 1 h in a Super
Mouse 750™ Micro-Isolator® system cage (15 cm
width X 30 cm long X 17 cm high) previously cleaned and
disinfected. At least 100 mg of feces pellets were collected
per animal, immediately frozen and store at — 70 °C until
use. Bacterial DNA was extracted using the FavorPrep™
Stool DNA Isolation Mini Kit (Favorgen Biotech Corp,
Cat. No: FASTIOO1-1) according to the manufacturer’s
instructions. The purified DNA quantity was measured
using 260/280 nm absorbance using a Nano Drop 2000
spectrophotometer (Thermo Scientific), and its quality was
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evaluated by 0.5% agarose gels electrophoresis. Genomic
libraries of ~281 base pairs (bp) 16S rDNA 3rd hypervari-
able region (V3) amplicons were generated for each experi-
mental subject using specific V3-341F primers against V3
that also contained a different 12-bp Golay barcode (set
of barcodes 1-100) complementary to position 340-356
of Escherichia coli 16S rRNA molecule rrnB GeneBank
JO1859.1 and an overhang adapter specified by Ion Torrent,
and V3-518R reverse primers complementary to position
517-533 of the same molecule (Corona-Cervantes et al.
2020). The amplicons of the V3 regions were generated by
1X 50 pl polymerase chain reactions (PCR) containing 1 pl
of 10 pM forward primer, 1 pl of 10 pM reverse primer
(settings specified above), 0.25 pl of 5U/pl high thermo-
stable DNA recombinant polymerase (Thermo Scientific
No. EP0402), 1 pl of 10 mM dNTP mix (Thermo Scientific
No. R0191), 4 pl of 25 mM MgCl, (Thermo Scientific No.
R0O971), 5 pl of 10X taq buffer with KC1 (100 mM Tris—HCl
[pH 8.8 at 25 °C], 500 mM KCl, and 0.8% volume/volume
[% v/v] nonidet P40, Thermo Scientific No. B38), and
20 ng of genomic DNA in 37.75 pl of nuclease-free water
(Thermo Scientific No. RO581) per reaction. Amplification
was carried out using Applied Biosystem Veriti Thermal
Cycler (amplification conditions are shown in Table S1). For
sequencing, equivalent amounts of 1 to 100 barcoded ampli-
cons (10 pg each) were combined. Each mix was purified
using E-Gel iBase Power System (Invitrogen). The libraries
size and concentration were determined using an Agilent
2100 Bioanalyzer, and libraries for each run were diluted
to 26 pM prior to clonal amplification. Emulsion PCR was
carried out using the Ion OneTouch™ 200 Template Kit
v2 DL (Life Technologies), according to the manufacturer”s
instructions. Amplicon enrichment with ion spheres was
done using Ion OneTouch ES. The sequencing was done
using the Ion 316 Chip Kit v2 and the Ion Torrent Personal
Genome Machine (PGM) System. After sequencing, reads
were filtered by the PGM software to remove low quality
and polyclonal sequences. During this process, sequences
matching the 3' adapters were automatically trimmed and
filtered. Ion Torrent PGM software, Torrent Suite v4.0.2,
was used to demultiplex the sequenced data based on their
barcodes. Poor quality reads were eliminated from the data-
sets, i.e., quality score <20, containing homopolymers > 6,
length <200 nucleotides (nt), and containing errors in prim-
ers or barcodes. Filtered data were exported as FASTQ files.
Demultiplexed sequencing data were analyzed using quan-
titative insights into microbial ecology (QIIME) software
v1.9.0 pipeline (Caporaso et al. 2010). FASTQ files were
converted into FASTA files, and all demultiplexed files were
concatenated into a single file. Closed reference OTUs were
determined at the 97% similarity level using the UCLUST
algorithm. Chimeras were detected and removed from the
datasets using the ChimeraSlayer. Sequence alignments were
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done against the Greengenes 13.9 core set (sequencing sum-
mary is shown in Table S2). Taxa richness measurements
(Observed and Chaol) and alpha diversity indexes (Shannon
and Simpson) were calculated. Weighted and unweighted
UniFrac distances were used to perform the principal coordi-
nate analysis (PCoA). Microbial sequence data were pooled
for OTUs comparison and taxonomic abundance analysis
but separated by batch in PCoA to have clear PCoA figures
using Emperor. Community diversity was determined by the
number of OTUs and beta diversity, measured by UniFrac
unweighted and weighted distance matrices in QIIME soft-
ware v1.9.0. Analysis of similarities (ANOSIM) and permu-
tational multivariate analysis of variance (ADONIS), per-
mutational multivariate analysis of variance using distance
matrices methods were used to determine statistically sig-
nificant clustering of groups based upon microbiota structure
distances. Furthermore, linear discriminant analysis (LDA)
effect size (LefSe) program v1.0 was used to perform LDA
(scores >2) to estimate significant effect size of each bacte-
rial raxa between experimental groups (Segata et al. 2011).

Metagenome Prediction

We used Phylogenetics Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt v.1.1.1) to
predict related metabolic profiles of the metagenomes from
16S rDNA gene data set by Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologs classification database at
hierarchy level 3 pathways. Statistical Analysis of Taxo-
nomic and Function (STAMP v2.1.3) software was used to
determinate significant differences in abundance of OTUs
related to metabolic pathways (Langille et al. 2013).

Short Chain Fatty Acids Concentration

SCFA content in fecal samples was analyzed by high perfor-
mance liquid chromatography (HPLC; PerkinElmer Series
N3896). The collected fecal samples were dried to constant
weight and subsequently processed using the solid-phase
extraction (SPE) method (Agilent Technologies 1260). At
least 50 mg of dried feces were suspended completely in
1 ml of deionized water by vigorous mixing in a vortex at
maximum speed for 10 min. The suspension was centri-
fuged at 13,000 rpm for 10 min, the supernatant was trans-
ferred to a fresh tube and passed through activated C-18
max 100 mg/ml GracePure™ Reversed-Phase SPE Col-
umns according to the manufacturer’s instructions. SCFAs
were eluted with 1 mL of filtered water (Nylon Syr Filter,
13 mm, 0.22 pm) and analyzed via HPLC using 20:80 ace-
tonitrile: NaH,PO, (pH 2.2 using phosphoric acid, Sigma-
Aldrich No. S8282-500G) as mobile phase (De Baere
et al. 2013). Standard curves were prepared for acetate
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(Sigma-Aldrich No. 45754-100ML-F), propionate (Sigma-
Aldrich No. P1386-500ML), and butyrate (Sigma-Aldrich
No. B103500-500ML).

Morphology of the Intestinal Layers

We collected the proximal-colon and performed hematoxy-
lin/eosin staining as previously described (Piedra-Quintero
et al. 2019). Briefly, the tissue was washed in PBS 1X,
fixed with 4% paraformaldehyde, and embedded in paraffin.
Five pym cross-sections were mounted on glass slides and
used for hematoxylin/eosin (H&E) Masson’s Trichrome
standard protocol staining (Medina-Buelvas et al. 2019).
Histological examinations were performed by light micros-
copy (Fernandez-Martinez et al. 2018) and images were
analyzed by Fiji software v1.46.

Lipopolysaccharide Levels in Plasma

Plasma samples were processed for lipopolysaccharide
(LPS) quantification using an enzyme-linked immunosorb-
ent assay (ELISA; Cloud-Clone Corp, USA) kit according to
the manufactures’ instructions (Sanchez-Tapia et al. 2017).

In Vitro Studies

Genetically Encoded Forster Resonance Energy Transfer
(FRET) Sensors

We used the FRET sensor FLII12Pglu700mA6 (Addgene
17866) for live intracellular glucose measurement in
astrocytes (Takanaga et al. 2008). Briefly, mixed F1
male mice (C57BL/6J) were used to obtain cortical cul-
tures of neuronal and glial cells (from P1 to P3 neonatal
mice). Cultures were maintained at 37 °C in a humidified
atmosphere of 5% CO,. Seven days-old cell culture was
infected with FLIT12Pglu700mA6 overnight. Cells were
transduced with adeno-associated virus (AAV9) express-
ing FLII12Pglu700uA6 under the control of the GFAP
(short gfaABC1D) promoter. Next morning medium was
changed, and the culture was treated with different con-
centration of propionate (0.25 mM, 0.5 mM, and 2 mM),
butyrate (0.125 mM and 2 mM) for three days. On day 11
fluorescence imaging was done with an Olympus IX70 or
BX51 microscopes equipped with Optosplits and a Hama-
matsu Orca camera. Cells were superfused at room tem-
perature with a 95% air and 5% CO2-gassed solution of
the following composition (mM): 112 NaCl, 3 KCl, 1.25
CaCl,, 1.25 MgCl,, 2 glucose, 1 Na-lactate, 10 HEPES and
24 NaHCO;, pH 7.4 (Valdebenito et al. 2016). During imag-
ing, astrocytes were exposed to zero glucose (no glucose
on the medium), Cytochalasin B (Sigma-Aldrich, 20 pM),
and Azide (Sigma-Aldrich, 5 mM) solutions. We recorded

changes in fluorescence intensity on exposure to these stim-
uli. Fluorescence was then converted to glucose concentra-
tion. The Citrine channel was divided by the CFP channel
and the ratio (R) subtracted from average values of zero glu-
cose to get AR and glucose concentration was obtained with
the formula (-0.43*AR)/( AR -0.6). All experiments were
approved by the animal Care and Use Committee of Centro
de Estudios Cientificos, Chile.

Bioenergetic Analysis in Cultured Astrocytes

Primary cortical astrocyte culture was used through a
method previously described by Escudero-Lourdes et al.
2016, modified for the mouse brain. PO-P1 C57BL/6 mouse
brain cortices were dissected manually in Hank’s Balanced
Salt Solution (HBSS; Thermo Scientific No. 14025076)
tempered to 37 °C. Astrocytes were grown at 37 °C and 5%
CO, in high glucose Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Scientific No. 11965118) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin. Then, 2 x 10* astrocytes/well were seeded at in
a Seahorse Extracellular Flux (XF) 96 Analyzer (Agilent
Technologies) in cell culture microplates (Agilent Technolo-
gies No. 101085-004) pre-treated for 1 h with 4 °C poly-D-
lysine (PDL; Thermo Scientific No. A3890401), and grown
until they reached 70% to 80% confluence and treated for 2
or 72 h with DMEM (control) or 0.5 and 1 mM of acetate
(Sigma-Aldrich No. 45754-100ML-F), propionate (Sigma-
Aldrich No. P1386-500ML) or butyrate (Sigma-Aldrich No.
B103500-500ML), all diluted in DMEM (De Almeida et al.
2006).

Oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) was assessed under a Seahorse analyzer
as described by Ovalle-Magallanes et al. 2019. Briefly, cul-
tured astrocytes were washed with XF base medium sup-
plemented with glucose (Sigma-Aldrich 25 mM), glutamine
(Sigma-Aldrich 1 mM), and pyruvate (Sigma-Aldrich 1 mM,
pH7.4), and then incubated in this medium for 1 h at 37 °C
in a non-CO, incubator. The plates were placed in the Sea-
horse analyzer at 37 °C for a 10 min calibration time, and
three measurement cycles were run to record basal cellular
respiration. Oligomycin (Sigma-Aldrich, 4 pM), carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (Sigma-
Aldrich, FCCP; 1 pM), and a mixture of rotenone and anti-
mycin A (Sigma-Aldrich,1 pM) were sequentially added. Six
measurements were performed after treatment with acetate
(Sigma-Aldrich 0.5 and 1 mM), propionate (Sigma-Aldrich
0.5 and 1 mM), and butyrate (Sigma-Aldrich 0.5 and 1 mM)
either during 2 or 72 h incubation period. Basal respiration
was calculated as the average OCR at initial conditions, as a
parameter to estimate the respiration used to meet the endog-
enous adenosine triphosphate (ATP) demand of the cell and
drive proton leak pathways; ATP-linked respiration with the
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difference between the average basal OCR and the average
OCR obtained after addition of oligomycin as a parameter
to estimate the respiration that is sensitive to oligomycin
and used to drive mitochondrial ATP synthesis; proton leak
with the difference between the average OCR obtained after
addition of oligomycin and the average minimum OCR as a
parameter to estimate the incomplete coupling of oxidative
phosphorylation due to the leak of protons across the inner
membrane independently of ATP synthesis; maximal respi-
ration as the difference between the average OCR obtained
after addition of FCCP and the average OCR obtained after
addition of rotenone and antimycin A mixture as a param-
eter to estimate the maximum rate of respiration; spare
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respiratory capacity with the difference between the average
basal OCR and the average OCR obtained after addition of
FCCP, as a parameter to estimate the amount of extra ATP
that can be produced by oxidative phosphorylation in case of
a sudden increase in energy demand; and non-mitochondrial
respiration with the average minimum OCR as a parameter
to estimate the OCR-dependent respiration after blocking
mitochondrial oxidative phosphorylation upon addition of
electron transport chain inhibitors such as rotenone and anti-
mycin A (Divakaruni et al. 2014). For ECAR measurements,
oligomycin, FCCP, and the mixture of rotenone and anti-
mycin A sequentially added for mitochondrial respiration
protocol; 2-deoxyglucose (Sigma-Aldrich, 2-DG) was added
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«Fig. 1 Effect of fructans intake in anxiety, learning, and memory.
Antibiotic treatment reduces amyloid-p aggregation in the brain. A
Anxiety was inversely proportional to the time spent in the open arm
[F (3, 28)=4.214], and B directly proportional to the time spent in
the closed arms [F (3, 36)=1.263] in the EPM. C Working mem-
ory was directly proportional to the spontaneous alternations [F (3,
36)=5.741] in the T-maze. D Recognition memory was directly
proportional to the discrimination index [F (3, 28)=9.007] in the
NOR test. E Spatial learning curve was inversely proportional to the
latency to find the hidden platform [F (11, 432)=2.52] in the WM.
X axis corresponds to the 12 consecutive learning trials. F Learning
performance was compared between trial No.1 and trial No.12 [F (7,
64)=6.209]. G Spatial memory was inversely proportional to the
latency to find the place where the platform was located after train-
ings [F (3, 30)=5.608]. H Representative schemes of mice trajec-
tory (dotted line and white arrow) from the start point (black arrow)
to the platform area (central square) in the WM test. Cardinal points
are marked in maze walls as a star-shaped polygon (north), a square
(south), a triangle (west) and a circle (east). I Representative images
of AP plaques in the hippocampus, Cx and ENT for Tg-C, Tg-F, and
Tg-F-Abx mice. Amyloid plaques are pointed by black arrows. Scale
bar equals 100 pm. J Quantification of A plaques [F (2, 20)=17.75]
and K relative plaque size F (2, 20)=5.61] in hippocampus. L. Quan-
tification of AP plaques [F (2, 20)=0.95] and M relative plaque
size [F (2, 16)=14.52] in Cx. N Quantification of AP plaques [F (2,
18)=4.63] and O relative plaque size [F (2, 18)=12.59] in ENT. For
A, WT-C n=9, Tg-C n=9, Tg-F n=9, and Tg-F-Abx n=9. For B-H,
WT-C n =10, Tg-C n =10, Tg-F n =10, and Tg-F-Abx n =10. For
K-P, Tg-C n =4, Tg-F n=4, and Tg-F-Abx n=4. For all white color
circles within bars indicate experimental subjects, except E, where
circles indicate experimental groups. Data are shown as mean +SD
bars. Data between square brackets indicate F' (DFn, DFd) values
of one-way ANOVA with Tukey post hoc correction. For A-D, F,
G-H, and K-O, one-way ANOVA with Tukey post hoc correction;
*p<0.05, **p <0.01, ***p <0.001, and ****p <(0.0001. For E, two-
way ANOVA with Tukey post hoc correction; statistical significance
between WT-C versus Tg-C is shown by O symbol, WT-C versus
Tg-F by B, WT-C versus Tg-F-Abx by A, Tg-C versus Tg-F by A,
Tg-C versus Tg-F-Abx by <), and Tg-F versus Tg-F-Abx by #; one
symbol p <0.05, two symbols p <0.01

and three measurements were performed. We calculated gly-
colytic capacity as the difference between the average ECAR
obtained after addition of oligomycin and the average ECAR
obtained after addition of 2-DG, estimating the maximum
rate of conversion of glucose to pyruvate or lactate (Mook-
erjee et al. 2016); glycolytic reserve was calculated as the
difference between the average basal ECAR and the average
ECAR obtained after addition of oligomycin, as a parameter
to estimate the difference between glycolytic capacity and
glycolytic rate (Das 2013).

Statistical Analysis

Data are expressed as the mean + standard deviation (SD).
Differences between experimental groups were compared
by one-way analysis of variance (ANOVA) followed by
Tukey s range test, except for the behavior learning curves,
Sholl analysis, OCR, and ECAR, that were analyzed by a
two-way repeated measure ANOVA followed by Tukey’s

range test. Differences for faxa enrichment and abundance
of sequences related to metabolic pathways were evidenced
by LefSe and ANOVA followed by Tukey—Kramer post hoc
test, respectively. f§ diversity was analyzed by ANOSIM and
ADONIS. All results were considered statistically significant
at p<0.05.

Results

Soluble Fiber Intake Prevents Anxiety and Memory
Impairments in Tg Mice

We evaluated anxiety in six-month-old mice. No significant
differences were seen between WT-C and Tg-C mice, but
Tg-F mice spent more time in the open arms than Tg-C mice,
indicating an anxiolytic effect. Antibiotic-treated Tg-F mice
lost this anxiolytic effect (Fig. 1A, B).

Short-term working memory, recognition, and spatial
memory were evaluated by the T-maze test (TM), the novel
object recognition test (NOR), and the water-maze test
(WM), respectively. In TM, Tg-C mice showed a lower per-
centage of spontaneous alternations than the WT-C group,
but an improved working memory was observed in Tg-F
mice. Notably, antibiotic treatment abolished this cogni-
tive improvement (Fig. 1C). In NOR, recognition memory
impairment was seen in Tg-C mice compared to WT-C, a
condition prevented by F intake; however, DI was reduced
in antibiotic-treated mice (Tg-F-Abx mice, Fig. 1D). In the
WM, we observed effective spatial learning in WT-C and
Tg-F mice, as latencies to find the platform was shorter in
trial 12 (E12) compared to trial 1 (E1). However, Tg-C and
Tg-F-Abx mice had similar latencies in E1 and E12, indicat-
ing impaired learning (Fig. 1E, F). Spatial memory was also
improved in Tg-F mice than in Tg-C and Tg-F-Abx mice
(Fig. 1G). Thus, a two-month F intake prevented hippocam-
pal and cortical-related cognitive impairments in Tg mice.

Increased AP load during aging is associated with
memory impairments (Lim et al. 2014). As we observed
a preserved cognitive function in Tg-F mice, we evaluated
whether this neuroprotective effect may be related to brain
Ap aggregation.

Antibiotic Treatment Reduces Brain Amyloid-p
Aggregation

We analyzed the number and the size of AP plaques in the
hippocampus, cerebral, and entorhinal cortices (Fig. 11-0O).
A reduction in the number of A plaques in the hippocampus
was seen in Tg-F mice compared to Tg-C mice. Notably,
antibiotic treatment had a major impact on AP aggrega-
tion in the hippocampus, as it caused a drastic reduction in
the number of AP plaques compared to the Tg-C and Tg-F
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groups (Fig. 1J). In the cortex, no differences in the number
of AP plaques were observed among groups (Fig. 1L). In the
entorhinal cortex, antibiotic treatment reduced the number
of AP plaques compared to Tg-C (Fig. IN). As we noticed
a more diffused AP aggregation in Tg-F mice than in the
other groups, we determined the size of the plaques in each
brain region. We observed that antibiotic treatment caused
an enlarged plaque size compared to the Tg-C group in the
hippocampus and cortices compared to Tg-C and Tg-F mice
(Fig. 1K, M, and O). Previous studies have reported an anti-
amyloid effect of antibiotic treatment (Minter et al. 2017).
Notwithstanding a substantial reduction in the number and
the increased size of AP plaques, no improvements in cogni-
tive functions were seen in in Tg-F-Abx mice (Fig. 1A-H).
In contrast, despite a mild effect in the number of A plaques
in the hippocampus of Tg-F mice, a substantial recovery in
the spatial- and short-term memorie were seen in these mice,
with scores similar to the WT-C group.

In the early stages of AD, there is an increased number
of reactive astrocytes (Gonzélez-Reyes et al. 2017; Li et al.
2011), and astrocytic metabolic alterations are proposed
as triggering factors for cognitive impairment (Le Douce
et al. 2020; Kashon et al. 2004). Therefore, we explored the
impact of F intake on astrocyte activation.

Soluble Fiber Intake Effectively Decreased
Hippocampal Astrogliosis in Tg Mice

We determined the number of GFAP + astrocytes in the
hippocampus (dentate gyrus, st. radiatum, st. oriens) and
entorhinal cortex from WT-C, Tg-C, Tg-F, and Tg-F-Abx
mice (Fig. 2). An increased number of GFAP + astrocytes in
the dentate gyrus, st. radiatum and st.oriens were observed
in Tg-C mice compared to WT-C mice (Fig. 2B-D). A
normalization in the number of GFAP+ astrocytes to con-
trol values was seen in Tg-F mice in dentate gyrus and sz.
radiatum (Fig. 2B, C). In st. radiatum, Tg-F-Abx mice
showed a fewer number of astrocytes compared to Tg-C
mice (Fig. 2C). No significant differences between groups
were seen in the entorhinal cortex (Fig. 2E). An elongation
of astrocytic processes is an indicator of cellular reactiv-
ity (Rose et al. 2020). To determine whether the enhanced
number of GFAP+ astrocytes was associated with a reac-
tive phenotype, we determined their processes morphology
by a Sholl analysis. We evaluated astrocytes located in the
st. radiatum (three cells per animal and four animals per
group) (Fig. 2F-I). We selected st. radiautum as it showed
the most prominent alterations in Tg-C mice compared to
the other brain regions analyzed. A significant difference
in process length (8 to 22 pm from the soma) was observed
in Tg-C mice compared to the other groups (Fig. 2F, G).
The dendritic length and total number of branching points
were increased in Tg-C mice compared to WT-C. Tg-F and
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Tg-F-Abx mice showed a reduction in process length and
branching points (Fig. 2G, H). We then hypothesized that
fermented bacterial products (i.e., SCFAs) might be impli-
cated in F’s neuroprotective effect as they modulate astro-
cyte metabolism and reactivity. SCFAs and other bacterial
bioproducts, such as lipopolysaccharide (LPS), can trans-
locate from the intestine to blood circulation when the gut
epithelium is disrupted. Then, we analyzed the gut integrity
and determined the concentration of SCFAs and LPS levels
in fecal and plasma samples, respectively.

Intestinal Morphological Alterations

and Lipopolysaccharide Plasma Levels are Reduced
in Mice Treated with Soluble Fiber, an Effect
Associated with Restoring Butyrate and Propionate
Production

Intestinal morphology alterations were seen in Tg-C and Tg-
F-Abx mice, with atrophied and aberrant shapes in cilia and
goblet cells (Erben et al. 2014) compared to WT-C and Tg-F
animals (Fig. 3A); this was further reflected by a thinner
submucosa layer in Tg-C and Tg-F-Abx mice compared to
WT-C and Tg-F mice (Fig. 3B). No changes in the muscular
layer thickness were seen among groups (Fig. 3C). Damage
to the gut epithelial barrier was accompanied by augmented
LPS plasma levels in Tg-F-Abx mice compared to WT-C and
Tg-F groups (Fig. 3D).

The fecal concentration of acetate, propionate, and
butyrate was also measured. Acetate concentration achieved
WT-C values in Tg-F mice, higher than in Tg-C and Tg-
F-Abx mice (Fig. 3E). Propionate concentration was the
highest in Tg-C mice compared to other groups (Fig. 3F).
Contrary, butyrate concentration was the highest in Tg-F
mice, but antibiotic treatment abolished these increments
(Fig. 3G).

As we noticed important increments in butyrate concen-
tration after F intake and Tg-F mice showed better cognitive
performance, we ran association analysis between specific
readouts to determine the possible association with astrocyte
activation, AP plaques numbers, and cognitive performance.
We used data only from animals from which we could
associate two or more parameters. Butyrate concentration
negatively correlated with the number of reactive astrocytes
in the hippocampus (Fig. 3H) but had a positive correla-
tion with the discrimination index (DI) in the recognition
memory test (Fig. 3K). Contrary, propionate concentration
positively correlates with the number of reactive astrocytes
in the hippocampus (Fig. 3I) and with the number of Afp
plaques (Fig. 3L). LPS plasma levels were the highest in the
Tg-F-Abx group, and correlation analysis showed LPS to be
negatively correlated with the total number of AP plaques
(Fig. 3J) but negative correlated with DI (Fig. 3M). This data
indicates that F-intake favors butyrate production instead of
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Fig.2 Evaluation of neuroinflammation. A Representative images
of GFAP-positive astrocytes in the dentate gyrus, st. radiatum, st.
oriens, and ENT of WT-C, Tg-C, Tg-F, and Tg-F-Abx mice. GFAP-
positive astrocytes are pointed by yellow arrows. Scale bar 100 pm.
B GFAP-positive astrocytes per mm2 F [(3, 20)=5.266] in dentate
gyrus. C GFAP-positive astrocytes per mm2 [F (3, 20)=16.35] in st.
radiatum. D GFAP-positive astrocytes per mm?2 [F' (3, 20)=4.033] in
st. oriens. E GFAP-positive astrocytes per mm2 [F (3, 20)=1.393]
in ENT. (FSholl analysis of astrocytic processes length (pm) from all
groups, with a range distance of 1 pm between consecutive circum-
ferences [F (33, 1496)=112.5]. G Total astrocytic processes length
[F (3, 12)=17.3]. H Total astrocytic branch points [F (3, 8)=12.73].
I Representative images of GFAP-positive cells used form the Sholl
analysis. For B-E, WT-C n=4, Tg-C n=4, Tg-F n=4, and Tg-F-

propionate in Tg mice. Restoration of butyrate: propionate
ratio in Tg-F mice was associated with an improved cogni-
tive performance. Notably, propionate in Tg-F-Abx mice did
not return to Tg-C levels; it remained low. This low propion-
ate concentration in antibiotic-treated mice may explain the
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Abx n=4. For F-G, WT-C n=4, Tg-C n=4, Tg-F n=4, and Tg-F-
Abx n=4. For H, WT-C n=3, Tg-C n=3, Tg-F n=3, and Tg-F-Abx
n=3. White circles within bars indicate each experimental subject.
For B-E and G-H, one-way ANOVA with Tukey post hoc correc-
tion; *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. For
F, two-way ANOVA with Tukey post hoc correction; statistical sig-
nificance between WT-C versus Tg-C is shown by OO symbol, WT-C
versus Tg-F by B, WT-C versus Tg-F-Abx by A, Tg-C versus Tg-F
by A, Tg-C versus Tg-F-Abx by ¢), and Tg-F versus Tg-F-Abx by
#; one symbol represents p <0.05, two symbols p <0.01, three sym-
bols p<0.001, and four symbols p <0.0001; circles indicate experi-
mental groups. Data are shown as mean+SD bars. Data between
square brackets indicate F' (DFn, DFd) values of one-way ANOVA
with Tukey post hoc correction
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reduced number of reactive astrocytes in Tg-F-Abx mice,
due to the neurotoxic properties of propionate. Despite the
absence of propionate and the reduced number of reactive
astrocytes in Tg-F-Abx, the fiber diet’s cognitive protection
was lost (Fig. 1). Hence, F’s neuroprotective effects could

@ Springer



Cellular and Molecular Neurobiology

B ..
@ £ - - AR
g 3 e e ————
g WIOO o
Eo 1 o
£ £ 50 o0
n L
£

=) Submucosa P Muscular layer 3 WT-Clll Tg-C BRI Tg-FE=R Tg-F-Abx

hc’\ 301 o

[ o

2E

= 7201 [eo

] -
© @ et
22
o £ 104 i
@

== o

o

m

r=-.06842

o G
wre T e 1 o~
{ e <amasamemy | o
=
=]
2
2
o 0 ©
e 1> 00 g
c M Eles :
Tioooo J 1000 P
%0004  r=06363 . = - r=
20000 5200440 g p=0.0219
@ 7900 g’ 600
- 6000
g 5000 e ; oo
S 4000 Q B

100 200 00 400 00

Number of astrocytes / mm?

5000
r=.0.5596 -
40004 p=0015
-
3000 o
20004 . ..
-

Butyrate (pug/g) R Butyrate (pug/g) X Acetate (pg/g)

02 2. op 0.2 04
Discrimination index

Fig.3 Gut integrity, LPS plasma levels and SCFAs concentration
in feces. A Representative images of cross-sectional gut slices of
WT-C, Tg-C, Tg-F, and Tg-F-Abx mice. Scale bar 100 pm. B Sub-
mucosa thickness [F (3, 8)=5.28] for experimental groups. C Mus-
cular layer thickness [F (3, 8)=0.28] for experimental groups. D
LPS plasma concentration [F (3, 16)=5.022]. E Acetate concentra-
tion [F (3, 20)=11.3] in feces. F Propionate concentration [F (3,
20)=12.01] in feces. G Butyrate concentration [F' (3, 20)=18.22] in
feces. White color circles within bars indicate experimental subjects.
For B-G, one-way ANOVA with Tukey post hoc correction; data are
shown as mean+SD bars; *p<0.05, **p<0.01, ***p<0.001, and
**%%p <0.0001. Data between square brackets indicate F (DFn, DFd)
values of one-way ANOVA with Tukey post hoc correction. Butyrate
concentration had a negative correlation with the number of reactive

be attributed to the enhanced butyrate production. To deter-
mine what bacteria taxa is being modulated by the high-fiber
diet, we collected fecal samples at the end of the treatments,
and determined the relative abundances of all sequenced
gut bacteria.

Soluble Fiber Ingestion Decreased the Abundance
of Propionate-Producing Bacteria but Increased
that of Butyrate-Producers

We noticed several differences between groups at the phylum
(P) level. Tg-C mice had a higher abundance of Firmicutes
than WT-C (81.3% vs. 75.8%, respectively), but it was sig-
nificantly reduced in Tg-F mice (62.4%), and Tg-F-Abx mice
(13.7%) (Fig. 4A). The relative abundance of Bacteroidetes
was similar between WT-C and Tg-C mice (5.8% and.6.4%,
respectively), but F intake increased it significantly (35.1%)
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astrocytes (H), but a propionate had a positive correlation (I). LPS
plasma levels showed a negative correlation with number of plaques
(J), but propionate showed a positive association (L). Butyrate con-
centration showed a positive correlation with the recognition mem-
ory (K), but LPS showed a negative correlation (M). For all corre-
lations, statistical analyses were performed using the Spearman’s
test (p<0.05 as significance set). For A, C, and E-G, n=6 for each
experimental group; for B and D, n=5 for each experimental group;
For H, WT-C n=2, Tg-C n=3, Tg-F n=3, and Tg-F-Abx n=2; For
I, WT-C n=2, Tg-C n=2, Tg-F n=2, and Tg-F-Abx n=2; For ],
Tg-C n=2, Tg-F n=2, and Tg-F-Abx n=2; For K, WT-C n=6, Tg-C
n=3, Tg-F n=3, and Tg-F-Abx n=3; For L, Tg-C n=2, Tg-F n=3,
and Tg-F-Abx n=2. For M, WT-C n=6, Tg-C n=3, Tg-F n=4, and
Tg-F-Abx n=3

compared to both groups, while antibiotic treatment caused
a dramatic reduction of this phylum (1.1%). Proteobacteria
was the most predominant phylum in antibiotic-treated Tg
mice (84.8%) compared to the other groups. No significant
differences were seen for Actinobacteria, TM7, and Ver-
rucomicrobia phyla. Relative abundances in all groups at
the phylum and genus (g) level are depicted in Fig. 4A,
B, and Table S3. A dramatic increase in Lactobacillus (g)
(propionate producers; LeBlanc et al. 2017; Ong and Shah
2008; Zhang et al. 2010) was observed in Tg-C compared
to WT-C mice (from 30.9 to 50.7% respectively). F intake
decreased Lactobacillus (g) abundance (from 50.7 to 2.4%,
respectively) and increased Bacteroides (g), Clostridiales
(order; o), Coprococcus (g), Oscillospira (g), and sev-
eral butyrate-producing bacteria (i.e., S24-7, Moryella,
Dehalobacterium) compared to Tg-C mice. Antibiotic
treatment resulted in a dramatic increase in the relative
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hoc correction. Beta diversity analyses for experimental groups plot-
ted as principal coordinates analysis (PCoA) of weighted (G) and
unweighted (H) variables. For A-B and G-H, WT-C n=9, Tg-C
n=6, Tg-F n=6, and Tg-F-Abx n=6. For C-F, WT-C n=8, Tg-C
n=5, Tg-F n=5, and Tg-F-Abx n=5. For C-F, white color circles
within bars indicate experimental subjects. For A and B, data are
shown as mean; complete statistical analyzes and significances are
shown in Table S3. For C-F, data are shown as mean+SD bars.
One-way ANOVA with Tukey post hoc correction; *p<0.05 and
*#%p <(0.001. For G and H, color tags on the right side of the PCoA
visual presentation indicate experimental groups and each subject is
represented by a color sphere. For G and H, ADONIS and ANOSIM
were performed
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abundances of Enterobacteriaceae (f) (WT-C=0.029,
Tg-C=0.025, Tg-F=0.004 and Tg-F-Abx =72.990),
Erwinia (g) (WT-C=0.008, Tg-C=0.002, Tg-F=0.001,
and Tg-F-Abx=10.774), and Klebsiella (g) (WT-C=0.00,
Tg-C=0.00, Tg-F=0.00, and Tg-F-Abx=0.16), compared
to the rest of the experimental groups (Fig. 4B). Relative
abundances at class (c), order, and family levels can be seen
in Figure S1 and Table S5.

The alpha diversity is an indicator of a measure of micro-
biome diversity applicable to a single sample. We estimated
the alpha diversity by the observed number of faxa, Chaol
richness, and Shannon and Simpson indexes (rarefaction
curves are shown in Figure S2 and values for alpha diver-
sity indexes in Table S6). Tg-C mice had a non-significant
decreased bacterial diversity compared to the other groups,
while Tg-F-Abx mice showed the lowest bacterial diversity
compared to WT-C and Tg-F mice (Fig. 4C, D) and the
rest of the experimental groups (Fig. 4E, F). An effective
bacterial depletion after Abx-treatment was further demon-
strated by the cycle threshold (Cp) values (Fig. 4B, S1C,
and Table S4). Clustering the bacterial communities using
principal coordinates analysis (PCoA) of weighted (Fig. 4G)
and unweighted (Fig. 4H) variables revealed that despite
clear segregation between experimental groups, only Tg-F-
Abx mice had a significantly different gut microbiota than
the rest of the groups.

Linear discriminant analysis of the effect size (LEfSe)
determines the features most likely to explain differences
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Fig.5 Enrichment and predictive metabolism of bacterial taxa in
fecal samples. A Results of LEfSe comparison of differentially abun-
dant bacterial taxa (o, f and g) significantly associated with WT-C,
Tg-C, Tg-F, and Tg-F-Abx. Linear discriminant analysis (LDA) score
cutoff of 2 was used to discriminate bacterial taxa. Statistical signifi-
cances are shown in Table S7. B Graphic representations of signifi-
cant predicted metabolic pathways determined by PICRUSt v1.1.1
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between groups. We identified several statistical differences
ranked by effect size among experimental groups (Fig. 5A).
Most prominently, Lactobacillus has the highest LDA score
in Tg-C mice; Clostridiales and $24-7 in Tg-F mice; and
Enterobacteriaceae in Tg-F-Abx mice. Linear discriminant
analysis (LDA) values are all shown in Table S7.
Functional metabolic pathways related to mice's fecal
microbiota were determined by PICRUSt analysis using the
operational taxonomic units (OTU) table (Table S2; OTUs
count). Several pathways were generated, but we show only
those with significant differences between WT-C, Tg-C,
and Tg-F mice (Fig. 5B). The Alzheimer’s disease path-
way showed a non-significant increase in Tg-C mice and
a non-significant reduction in Tg-F mice, perhaps due to
the young age of the animals. However, antibiotic treatment
significantly reduced this pathway compared to WT-C and
Tg-C mice; this condition can be associated with a reduc-
tion in the number of Af plaques. Propanoate metabolism
was enhanced in Tg-C mice compared to WT-C and Tg-F
according to the abundant propionate concentration obtained
in fecal samples. Pyruvate metabolism was also increased
in Tg-C comparing to WT-C mice, but Tg-F and antibiotic-
treated mice showed a dramatic decrease in pyruvate metab-
olism. LPS biosynthesis increased dramatically in antibiotic-
treated mice than in the rest of the groups, in agreement
with the obtained LPS plasma levels in this group; this can
be associated with an increase in the relative abundance of
the gram-negative, pathogen, and proinflammatory bacteria,
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according to bacterial taxa composition for each experimental group.
WT-C n=9, Tg-C n=6, Tg-F n=6, and Tg-F-Abx n=6. Statistical
significance between WT-C versus Tg-C (), WT-C versus Tg-F (H),
WT-C versus Tg-F-Abx (A), Tg-C versus Tg-F (A), Tg-C versus Tg-
F-Abx (), and Tg-F versus Tg-F-Abx (#) are indicated by one sym-
bol (p<0.05), two symbols (p<0.01), or three symbols (p <0.001).
p and q values are shown in Table S8
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such as Enterobacteriaceae (Zeng et al. 2017), Aeromon-
adales (Batra et al. 2016), and Trabulsiella (Sapountzis et al.
2015), which are all LPS + taxa (Maldonado et al. 2016).
Phe, Tyr, and Trp biosynthesis were decreased in the Tg-C
mice and Tg-F-Abx groups, but it was increased in Tg-F
mice. Protein digestion and absorption pathways increased in
Tg-F mice compared to the other groups. ABC transporters
and biosynthesis of unsaturated fatty acids were enhanced
in Tg-F-Abx mice compared to the other groups. The anti-
biotic treatment enhances arachidonic acid metabolism,
pentose and glucuronate interconversion, and secretion sys-
tems compared to WT-C animals. Antibiotic treatment also
reduced bacterial chemotaxins, peptidoglycans biosynthe-
sis, D-glutamine and D-glutamate metabolism, sphingolipid
metabolism, and biosynthesis of anamysins compared to the
other groups. All statistical values of predicted functional
metagenome significant pathways are shown in Table S8.

These results indicate that high-fiber intake promotes
butyrate producers' survival while reducing the presence
of propionate-producing bacteria. Previous work by our
group has shown an abundant propionate production and an
enhanced propionate concentration in the brain of 9 months-
old 3xTGAD mice compared to WT controls (Syeda et al.
2018). In the current study, we were not able to measure
SCFAs levels in brain samples; but it is known that SCFAs
can be released into the bloodstream and reach the brain
(Bélanger et al. 2011; Dalile et al. 2019; Vijay and Morris,
2014), where they are preferentially uptake by astrocytes
(Val-Laillet et al. 2018). As we observed that butyrate con-
centration correlated with few numbers of reactive astro-
cytes, we evaluated the impact of individual SCFAs on
astrocyte metabolism.

Propionate and Butyrate Cause Opposing Effects
in Mitochondrial Respiration and Glycolytic
Metabolism in Cell Cultures

Cell cultures were used to determine astrocyte glucose
uptake using genetically encoded Forster Resonance Energy
Transfer nanosensors (AAV9-GFAP- FLII12Pglu700mA6)
(Takanaga et al. 2008). A dose-response curve was per-
formed to assess the optimal dose of propionate and butyrate
for affecting glucose consumption and the glucose deple-
tion rate in astrocytes. Glucose consumption during glucose
transport blockage (Cyto B) was higher in astrocytic cells
treated with propionate but lower when cells were treated
with butyrate (Fig. 6A—C). Glucose depletion rate in the
presence of a mitochondrial inhibitor (Azide) was higher
when cells were treated with 2 mM propionate, indicating
that propionate might be metabolized via glycolysis, caus-
ing only mild effects when mitochondria are not fully func-
tional (Fig. 6D). In contrast, when cells were pretreated with
butyrate, a lower glucose depletion rate was seen (Fig. 6E).

We removed glucose from the perfusion solution to calculate
the glucose clearance rate under propionate and butyrate
pretreatment. An enhanced glucose clearance was achieved
after propionate incubation, but it was reduced in butyrate-
treated cells, both compared to controls (Fig. 6F). Our data
indicate that propionate and butyrate had differential effects
on glucose metabolism in astrocytes, as propionate enhanced
the rate of glucose metabolism, but butyrate reduced it. We
then aimed to determine the effects of propionate, acetate,
and butyrate on mitochondrial respiration and glycolysis by
using functional bioenergetics analysis in mouse astrocyte
cell cultures.

The oxygen consumption rate (OCR) and the extracellular
acidification rate (ECAR) of astrocytes were assessed using
an extracellular flux analyzer Seahorse XF96 under a short
(2 h; Fig. 7) or long (72 h; Fig. 8) incubation period. We
used 1 Mm and 0.5 Mm doses of acetate, propionate, and
butyrate. After 2 h incubation period, no significant changes
in OCR parameters were seen, except for propionate (1 mM),
which increased the spare respiratory capacity, a measure
of the ability of the cell to respond to increased energy
demands, compared to the control treatment (Fig. 7A, B).
Regarding glycolysis, propionate increased the glycolytic
reserve under both doses (0.5 mM and 1 mM) (Fig. 7C, D).

A longer incubation period (72 h) caused alterations in
OCR parameters, such as basal respiration, ATP-linked res-
piration, and H* leak, which were all increased after acetate
and propionate treatments (1 mM). In contrast, butyrate
(1 mM) induced the opposite effects as basal respiration,
ATP-linked respiration, H + leak, and maximal respiration
were all reduced compared to controls (Fig. 8A). Lower
propionate concentration (0.5 mM) was enough to cause
enhanced basal respiration, ATP-linked respiration, and
H +leak compared to control-treated astrocytes. Lower
butyrate (0.5 mM) incubation also sufficed to reduce maxi-
mal respiration (Fig. 8B). ECAR values showed an enhanced
glycolytic capacity and glycolytic reserve after | mM and
0.5 mM propionate concentrations compared to controls
(Fig. 8C, D). Acetate (1 mM) had a milder effect on increas-
ing the glycolytic reserve, but butyrate (0.5 mM and 1 mM)
reduced those parameters compared to propionate (Fig. 8C,
D). The differential effects between propionate and butyrate
(1 mM; 72 h incubation) in mitochondrial respiration and
glycolysis of primary astrocyte cell culture are depicted in
Fig. 8E and F. Propionate increased both OCR and ECAR
parameters, causing a shift to the right on glycolytic param-
eters (ECAR) and higher OCR values than butyrate treat-
ment. Based on these data, we conclude that propionate
induces a higher metabolic rate in astrocytes (both mito-
chondrial- dependent and non-mitochondrial-dependent),
while butyrate pretreatment causes a quiescent metabolism,
resulting in a lower astrocytic metabolic rate (i.e., basal and
maximal respiration).
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Fig.6 The effect of propionate and butyrate on astrocytic glycoly-
sis. A Changes in intracellular glucose concentration on exposure to
zero glucose condition, cyto-B and azide in control (A), propionate
(B), and butyrate (C) treated astrocytes. D Glucose consumption rate
was significantly higher in cells treated with 0.25 mM, 0.5 mM, and
2 mM propionate compared to controls [F (3, 223)=9.341]. Glucose
depletion was higher after 2 mM propionate compared to lower doses
(0.25 mM) and controls [F (3, 245)=5.78]. E Glucose consumption
rate was significantly lower in cells treated with 0.125 mM and 2 mM
butyrate compared to control cells [F (2, 104)=37.52]. Glucose
depletion was significantly lower in cells treated with 2 mM butyrate

Discussion

In this study, we demonstrated that by modulating specific
gut bacteria throughout the ingestion of fiber (5% fructans
from Agave tequilana), the unbalanced fecal propion-
ate > butyrate production in Tg mice was restored to WT
levels, preventing cognitive impairments. Butyrate concen-
tration was correlated with better cognitive scores in Tg-F
mice. In vitro assay proved that propionate enhanced astro-
cytes' oxidative and glycolytic metabolism, while butyrate
induced a quiescent metabolism. Thus, our data indicate that
the proportion of gut bacterial-released SCFAs promotes an
optimal cognitive function.

Late-onset Alzheimer’s disease is linked to lifestyle risk
factors, with diet one of the easiest to be modified. Adopting
healthier nutrition has yielded positive outcomes in several
clinical studies, as subjects who consume large amounts of
vegetables, fruits, fish, and seeds, present a lower conver-
sion to AD or a delayed dementia onset (Gu & Scarmeas
2011). Those diets are composed of multiple components,
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compared to control cells and compared to 0.125 mM butyrate-
treated cells [F (2, 99)=16.25]. Data between square brackets indi-
cate F' (DFn, DFd) values of one-way ANOVA with Tukey post hoc
correction. F Butyrate (2 mM) pretreatment also reduced glucose
clearance compared to control conditions. For A-C, each line repre-
sents data from individual astrocytes, 4 experiments for each condi-
tion were performed and 10-15 cells were used for analysis. Data are
expressed as the mean+SD. For A-B and D-E, statistical analysis
was performed using one-way analysis of variance (ANOVA) with
a post hoc Tukey's multiple comparison test. Statistical significances
are shown as *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001

such as vitamins, antioxidants, bioactive compounds, and
fibers. However, some food components may not be acces-
sible all year round, or to the general population. Fiber is a
strong modulator of gut bacterial ecology, nourishing and
promoting the establishment of commensal bacteria (Chen
et al. 2020). Recently, a particular focus has been given to
the role of GM on brain health and disease. Consequently,
the impact of different fibers on cognition and brain func-
tion has been explored. Galactooligosaccharide (GOS)
improves exploratory behavior and recognition memory in
young pigs by increasing butyrate levels in blood (Fleming
et al. 2019). In adult rats, FOS and GOS increase hippocam-
pal BDNF and N-methyl-D-aspartate receptor (NMDAR)
NR1 subunit expression.(Savignac et al. 2013). GOS inges-
tion results in a reduction of brain AB 1-42 expression and
ameliorates learning and memory deficits in Tg mice (Xin
et al. 2018), and an upregulation of synapsin I and PSD-95
while restoring GM in Tg mice (Sun et al. 2020). A probi-
otic/prebiotic formulation (E. faecium+ fructans) resulted
in improved spatial learning in the WM test, higher BDNF
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Fig.7 OCR and ECAR for C57BL/6 primary cortical astrocytes after
2 h incubation with acetate, propionate, or butyrate. OCR profile [F
(14, 240)=69.57 and 97.51], basal respiration [F (3, 16)=0.902 and
0.028], ATP-linked respiration [F (3, 16)=2.894 and 0.307], H+leak
[F (3, 16)=0.055 and 2.025], maximal respiration [F (3, 16)=1.866
and 1.082], spare respiratory capacity [F (3, 16)=3.702 and 1.841],
and non-mitochondrial respiration [F (3, 16)=0.848 and 0.300]
at 1 mM (A) and 0.5 mM (B) doses of SCFAs after 2 h treatment.
ECAR profile [F (14, 240)=39.94 and 38.07], glycolytic capacity [F
(3, 16)=3.599 and 0.997], and glycolytic reserve [F (3, 16)=6.188
and 3.885] after 2 h incubation with 1 mM (C) and 0.5 mM (D) doses
of SCFAs. Data between square brackets indicate F' (DFn, DFd) val-
ues of one-way ANOVA with Tukey post hoc correction for 1- and

and butyrate levels in middle-aged rats (Romo-Araiza et al.
2018). Despite these prominent data, the mechanism of
action of fiber-rich diets in cognitive function has not been
fully clarified. Here, we show that a high-fiber diet restores
gut dysbiosis and the unbalance propionate: butyrate ratio
in an AD-mice model. Butyrate-producing bacteria were
enriched in Tg-F mice and consequently enhanced butyrate
concentration. This condition resulted in better working and
spatial memory and reduced anxiety in male Tg mice.
Butyrate targets many pathways with multiple mecha-
nisms of action in brain cells. Butyrate inhibits histone-
deacetylation modulating gene expression in neurons
and glia cells (Huuskonen et al. 2004; Shukla & Tekwani
2020). Butyrate supplementation increases neurogenesis
in the hippocampus of adult pigs (Val-Laillet et al. 2018),
reduces apoptosis in cerebral ischemia/reperfusion mice
model (Sun et al. 2015), and promotes synaptic plasticity
in 5XFAD mice (Jiang et al. 2021). Butyrate administration
attenuates microglia activation in APP/PS1 mice (Sun et al.
2020). Microglia have been positioned as a key player in the

E

— 20
100 15 100
8 = 10
50 50
s 5
o 0 0 [

Propionate

Butyrate

0.5-mM doses after 2 h treatment, respectively. E Representative
images of astrocyte cells immunolabeled with GFAP after pretreat-
ment with propionate and butyrate. Scale bar equals 150 pm. Control,
n=06; acetate, n=6; propionate, n =6 and butyrate, n ==6. For profiles,
circles indicate experimental groups; data are shown as mean+SD
bars. Two-way ANOVA followed by Tukey post hoc test; control vs.
acetate treatment is shown by [, control vs. propionate treatment by
W, control vs. butyrate treatment by A, acetate vs. propionate treat-
ment by A, acetate vs. butyrate treatment by ¢), and propionate vs.
butyrate treatment by 4; one symbol p <0.05, two symbols p <0.01,
three symbols p <0.001, and four symbols p <0.0001. For metabolic
parameters, one-way ANOVA followed by Tukey post hoc analysis;
*p<0.05, **p <0.01, ***p <0.001, and ****p <0.0001

microbiota-gut-brain axis, as antibiotic treatment impacts
not only AP deposition but also microglia activation (Minter
et al. 2016, 2017) and maturation (Erny et al. 2015; Wang
et al. 2018). The relationship between GM and astrocyte
function is just being described, with complex interactions
from metabolic bioproducts to modulation of the neuroim-
mune system. Gut bacteria metabolites suppress neuro-
inflammation by activation of aryl hydrocarbon receptor
signaling in astrocytes (Rothhammer et al. 2016; Sanmarco
et al. 2021) (Rothhammer et al. 2016; Sanmarco et al. 2021),
and GM regulates the expression of genes involved in the
astrocyte-neuron lactate shuttle in the hippocampus (Mar-
gineanu et al. 2020). In 3XADTg mice, gut dysbiosis was
accompanied by an exacerbated production of propionate
and astrocyte activation (Syeda et al. 2018). Astrocytes are
key modulators of brain metabolism and function, respon-
sible for glucose entrance into the brain (Colombo and
Farina 2016; Deitmer et al. 2019). Furthermore, astrocytes
can actively clear Ap and degrade it (Xiao et al. 2014). In
advanced stages of AD, the neuroprotective role of active
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Fig.8 OCR and ECAR for C57BL/6 primary cortical astrocytes after
72 h incubation with acetate, propionate, or butyrate. OCR profile [F
(14, 240)=1361 and 763.4], basal respiration [F (3, 16)=64.97 and
4.94], ATP-linked respiration [F (3, 16)=53.66 and 4.778], H+ leak
[F (3, 16)=76.75 and 4.794], maximal respiration [F (3, 16)=4.497
and 8.921], spare respiratory capacity [F (3, 16)=14.54 and 5.611],
and non-mitochondrial respiration [F (3, 16)=10.36 and 1.068]
at 1 mM (A) and 0.5 mM (B) doses of SCFAs after 72 h treatment.
ECAR profile [F (14, 300)=244.6, and 114.9], glycolytic capacity [F
(3, 16)=5.300, and 3.904], and glycolytic reserve [F (3, 16)=35.03
and 11.51] after 72 h incubation with 1 mM (C) and 0.5 mM (D)
doses of SCFAs. Data between square brackets indicate F (DFn,
DFd) values of one-way ANOVA with Tukey post hoc correction for
1- and 0.5-mM doses after 72 h treatment, respectively. (E) Differ-
ences between OCR and ECAR values before oxidative and glyco-
lytic cellular effectors and after oligomycin, FCCP, rotenone and anti-
mycin A, and 2-DG. (F) Bioenergetic profiling of C57BL/6 primary

astrocytes is disrupted, as reactive astrocytes and the
released pro-inflammatory cytokines provoke neuronal dam-
age and synapse degeneration (Lue et al. 1996; Perez-Nievas
et al. 2013). In this study, we observed an altered proportion
of the three main fecal SCFAs (acetate: propionate: butyrate)
in Tg-C mice compared to WT-C mice (WT-C: 81.5%:
9.5%: 9.0%; Tg-C: 55.8%: 37.6%: 6.6%, respectively), but
it was restored to control values after high-fiber intake (Tg-
F: 75.0%: 14.0%: 11.0%). The effects of propionate are
extremely broad, influencing several biochemical processes
(metabolism, gene expression, receptors, mitochondria func-
tion) that are not only dose- and time-dependent but also
cellular-specific. Propionate causes an increased number of
reactive astrocytes (De Almeida et al. 2006) (De Almeida
et al. 2006) and neuroinflammation (MacFabe et al. 2007,
MacFabe 2015) (MacFabe 2015; MacFabe et al. 2007). In
cell culture, propionate induced the expression of I1L-22
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cortical astrocytes. Circles indicate OCR and ECAR interceptions
before oxidative and glycolytic cellular effectors and after oligomy-
cin, FCCP, rotenone and antimycin A, and 2-DG exposition. Control,
n=06; acetate, n=6; propionate, n=6 and butyrate, n =6. For profiles,
circles indicate experimental groups; data are shown as mean=+SD
bars. Two-way ANOVA followed by Tukey post hoc test; control vs.
acetate treatment is shown by [, control vs. propionate treatment by
W, control vs. butyrate treatment by A, acetate vs. propionate treat-
ment by A, acetate vs. butyrate treatment by ¢), and propionate vs.
butyrate treatment by 4; one symbol p <0.05, two symbols p<0.01,
three symbols p <0.001, and four symbols p <0.0001. For metabolic
parameters, one-way ANOVA followed by Tukey post hoc analysis;
*p<0.05, ¥*¥p <0.01, ***p <0.001, and ****p <0.0001. For E, data
are shown as mean +SD bars; unpaired parametric multiple t test
indicate *p <0.05, **p<0.01, ***p <0.001, and ****p <0.0001. For
F, data are shown as mean

in astrocytes (Spichak et al. 2021). (Spichak et al. 2021).
IL-22 expression promotes astrocyte survival by decreased
apoptosis (Perriard et al. 2015). In lymphoblastoid cells,
propionate (0.1 mM for 24 h) elevates ATP-linked respi-
ration, maximal respiratory capacity, and reserve capacity.
However, longer exposure periods enhance proton leak-
age linked to ROS generation and mitochondrial dysfunc-
tion (Frye et al. 2016). An excess of propionate increases
susceptibility to abiotic stress and bacterial pathogenesis
(Revtovich et al. 2019). Moreover, propionate”’s systemic
administration results in alterations in social behavior and
working memory impairments (MacFabe et al. 2007). Fecal
samples of children with autism spectrum disorder show
a higher abundance of propionate producers (Wang et al.
2018), and Propionic Acidemia patients show higher fecal
propionate concentrations related to cognitive impairments
(Gallego-Villar et al. 2013; Sethi et al. 1989; Morland et al.
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2018; Scott Schwoerer et al. 2018). Furthermore, in AD
patients, increased propionate and acetate levels are found
in saliva compared to healthy controls (Figueira et al. 2016;
Yilmaz et al. 2017), and fecal microbiota transplant from AD
patients to healthy mice results in higher levels of propion-
ate than fecal transplantation from healthy volunteers (Fujii
et al. 2019). Therefore, our results support previous data and
indicate that propionate enhances astrocytic metabolism and
is overproduction might be involved in AD etiology (Kill-
ingsworth et al. 2021).

Previous reports showed that antibiotic treatment depletes
GM, but it also causes a reduction of amyloid plaques in
Tg mice (Dodiya et al. 2019; Minter et al. 2016). However,
soluble AP concentration increases in antibiotic-treated Tg
mice (Jendresen et al. 2019). Our antibiotic protocol effec-
tively diminished GM diversity and abundance, causing a
predominant enrichment of Enterobacteriaceae and altered
intestinal morphology that may lead to a leaky gut. Tg-F-
Abx mice had a diminished number of A plaques in the
hippocampus a two-fold increased LPS plasma levels, but
presented impaired cognitive performance. Similarly, Froh-
lich et al. (2016) reported that similar antibiotic treatment
causes recognition memory dysfunction in conventional
mice. We also observed that antibiotic treatment resulted in
fewer reactive astrocytes in the hippocampus of Tg-F-Abx
than in Tg-C mice. Reduced diversity of butyrate-producing
bacteria resulted in lower butyrate concentration in Tg-F-
Abx mice. Notwithstanding, the antibiotic treatment also
depleted propionate-producing bacteria and reduced pro-
pionate concentration. As mentioned before, propionate is
a potent neurotoxic substance that cause astrocyte activa-
tion. Accordingly, low levels of this neurotoxic substance
may be associated with few reactive astrocytes in Tg-F-
Abx. However, similarly to the reduced number of amyloid
plaques after antibiotic-treatment, the reduced number of
reactive astrocytes observed in Tg-F-Abx mice was not
accompanied by an improved cognitive function. On the
contrary, butyrate levels were highly enriched in Tg-F mice
and correlated well with memory function; a condition
lost after antibiotic treatment. Besides SCFAs production,
GM modulation by a high-fiber diet was related to differ-
ent bacteria products that interact with host physiology as
described by the predicted metabolic by functional metagen-
ome (PICRUS) (Fig. 5). Pyruvate, propanoate, and LPS were
enhanced metabolic pathways in Tg-C mice, but Phe, Tyr,
and Trp biosynthesis were decreased and further restored in
Tg-F mice. AD patients show a decrease in Trp metabolites
(Wu et al. 2021; Whiley et al. 2021), a condition that is
aggravated by disease severity (Shao et al. 2020). It has been
postulated that Trp metabolites modulate amyloid aggrega-
tion and glia activation (Ano et al. 2019; Weaver et al. 2020).
Moreover, Trp pathways metabolized by GM are altered in
AD patients (Wu et al. 2021). Our data fit well with these

reports and may also relate to the reduced anxiety scores
observed in Tg-F mice, as a reduction in anxiety symptoms
is achieved by the use of a high Trp in the diet (Lindseth
et al. 2015). Further studies are needed to identify these bac-
terial metabolites in mice fed with fructans to dissect better
other metabolic and cellular targets that may be involved in
the neuroprotective effects of the diet.

We used FRET-glucose nanosensors selectively expressed
in astrocytes to understand better the impact of each SCFAs
on the astrocyte”’s metabolism. Propionate enhanced glucose
consumption when glucose entrance was blocked. Contrary,
butyrate decreased glucose consumption and depletion rates
under the same conditions; this indicates a higher glucose
utilization by astrocytes under propionate incubation. Then,
we explored the impact of each SCFAs on glycolytic and
oxidative metabolic profiles using primary astrocyte cul-
tures. Propionate and acetate incubation induced a higher
OCR values associated with increased ECAR compared to
the control treatment. Propionate produced a more robust
effect indicating a pronounced astrocytic energy demand
under this condition. In contrast, butyrate decreased basal
respiration, maximal respiration, ATP-linked respiration,
and H + leak, associated with lower OCR and ECAR val-
ues. Thus, butyrate incubation shifted the metabolic rate to
a more quiescent state. Astrocytes prefer a glycolytic metab-
olism, which is increased after activation (Bélanger et al.
2011). Propionate is metabolized oxidatively by astrocytes
(Nguyen et al. 2007), impairing the TCA and interfering
with the generation of succinyl Co-A from succinate, leading
to mitochondrial dysfunction (Mehan et al. 2020). Acetate
is preferentially uptaken by astrocytes (Wyss et al. 2011;
Waniewski and Martin 1998), and [14C] acetate reaches glu-
tamate, which is later converted to glutamine in astrocytes
(Waniewski and Martin 1998). Acetate causes mitochondrial
stress in astrocytes (Kretschmer et al. 2018), but it does not
necessarily produce detrimental effects in vivo (Reick et al.
2016; Gibbs et al. 2008). Beta-hydroxybutyrate (BHB), a
ketone body, inhibits the glycolytic pathway in primary
astrocytes (Valdebenito et al. 2016), similar to our current
results with the SCFA butyrate. Therefore, our data indicate
that propionate and acetate increase astrocyte metabolism,
while butyrate promotes a more resting state.

In conclusion, here we demonstrate that ingestion of
fructans (5%) for two months effectively reshaped the gut
microbiota’s ecology, promoting the abundance of butyrate
producers and depleting propionate linked-bacteria, with
a consequent cognitive improvement in male Tg mice.
Fructans intake can be a promising therapy to prevent a dys-
biotic microbiome in people at risk to develop AD. Further-
more, fructans can be easily accessible and well-tolerated
by the general population (Ramnani et al. 2015). Our data
add further information to understand better the mechanism
of action of a healthy diet in preventing dementia and AD.
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We highly recommend determining SCFAs levels before and
during a dietary intervention aimed to reshape the GM to
ensure an optimal cognitive function.
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