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Abstract. Alzheimer’s disease (AD) is the most common neurodegenerative disease, yet it currently lacks effective treatment
due to its complex etiology. The pathological changes in AD have been linked to the neurotoxic immune responses following
aggregation of A� and phosphorylated tau. The gut microbiota (GM) is increasingly studied for modulating neuroinflammation
in neurodegenerative diseases and in vivo studies emerge for AD. This critical review selected 7 empirical preclinical studies
from 2019 onwards assessing therapy approaches targeting GM modulating microglia neuroinflammation in AD mouse
models. Results from probiotics, fecal microbiota transplantation, and drugs were compared and contrasted, including for
cognition, neuroinflammation, and toxic aggregation of proteins. Studies consistently reported significant amelioration or
prevention of cognitive deficits, decrease in microglial activation, and lower levels of pro-inflammatory cytokines, compared
to AD mouse models. However, there were differences across papers for the brain regions affected, and changes in astrocytes
were inconsistent. A� plaques deposition significantly decreased in all papers, apart from Byur dMar Nyer lNga Ril Bu
(BdNlRB) treatment. Tau phosphorylation significantly declined in 5 studies. Effects in microbial diversity following treatment
varied across studies. Findings are encouraging regarding the efficacy of study but information on the effect size is limited.
Potentially, GM reverses GM derived abnormalities, decreasing neuroinflammation, which reduces AD toxic aggregations
of proteins in the brain, resulting in cognitive improvements. Results support the hypothesis of AD being a multifactorial
disease and the potential synergies through multi-target approaches. The use of AD mice models limits conclusions around
effectiveness, as human translation is challenging.

Keywords: Alzheimer’s disease, brain-gut axis, dysbiosis, fecal microbiota transplantation, microglia, neurodegenerative
diseases, probiotics, therapeutics

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease characterized by the loss of neuronal structure
and function, affecting memory formation and cog-
nition [1]. The social and economic burden of AD is
growing, with devastating effects for patients and a
heavy impact on their caregivers [2]. It is hypoth-
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esized that AD originates from the deposition of
amyloid-� (A�) peptide that form plaques and neu-
rofibrillary tangles associated with tau protein [3].
However, late-stage trials centered on targeting A�
or tau protein have been continuously failing and
treatment options lack [4].

In vitro and in vivo studies have shown that
many proteinopathies like AD stimulate neuroim-
mune responses, which have a key role in the onset
and progression of the disease [5]. Microglia are the
primary immune cells of the central nervous system
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(CNS), with proinflammatory and neuroprotective
roles; they constitute 5–10% of total brain cells [6]. In
AD, chronic low-level activation of microglial cells
may lead to neurotoxicity and pathological changes
[7]. Therefore, researchers highlight the need to iden-
tify novel therapeutic targets and develop treatments
that modulate immune and inflammatory processes
in the brain [8, 9].

Emergent evidence emphasizes the potential role
the gut microbiota (GM) may have in modulating
neuroimmune functions, beyond the gastrointesti-
nal tract through the brain-gut axis. Preclinical data
examining GM-brain interactions suggest that the gut
microbiome is key in regulating microglial matu-
ration and activation in homeostatic conditions via
short-chain fatty acids (SCFAs) [10, 11]. In addi-
tion, reduced microbiota complexity has shown to
change microglia properties and result in defective
microglia [11]. Gut dysbiosis, defined as a microbial
compositional imbalance exerting a pathobiological
effect, and GM-host interactions appear to hold a
key role in neurodegeneration [12]. Several findings
highlight that the accumulation of misfolded pro-
teins, axonal damage, and neuronal demyelination
linked to gut dysbiosis facilitate the pathogenesis of
neurodegenerative disorders like Parkinson’s disease,
multiple sclerosis, amyotrophic lateral sclerosis, and
AD [13]. Primary research on alternative therapeu-
tic approaches targeting gut dysbiosis are growing
as they are believed to hold promise for altering dis-
ease pathogenesis through varying mechanisms [10].
Nevertheless, critical reviews of the latest therapeutic
findings for treating AD are missing.

The aim of this paper is to critically review the lat-
est papers examining GM modulation of microglia in
AD in order to evaluate the quality of current data,
including its potential contradictions or gaps. This is
important to establish a basis for the future research
needs in the treatment of AD. The first half aimed to
outline and review the selected literature whilst the
second half looked to critically review the methodolo-
gies and analysis of the selected papers, with a focus
on the study designs and measurements for the GM,
AD biomarkers, neuroinflammation, and cognition.

The studies reviewed here were found through a
PubMed search as well as hand searching references
from other reviews (see the Supplementary Material
for the keywords used and search details). Inclusion
criteria comprised a publication date from 2019, each
study needed to come from a different research group
and studies needed to assess a treatment approach
acting on microbiota modulation of microglia in AD.

LITERATURE REVIEW

Ongoing research provides early evidence that
food-based therapy, probiotic supplementation, pre-
biotics, fecal microbiota transfer (FMT), or drug
treatments can improve several brain diseases by reg-
ulating the GM [14]. For AD, the approach is based
on the evidence that patients display reduced micro-
bial diversity, as indicated by fecal analysis compared
to controls (see Fig. 1) [15]. This is linked to the gut
barrier breakdown, further increase of proinflamma-
tory cytokines (through the release of amyloids and
liposaccharides from bacteria), and bacteria-derived
products in circulation [16]. The systemic inflamma-
tion leads to blood-brain barrier (BBB) impairment
and neuroinflammation through microglia activation
[17]. Activation happens because microglia detect the
impairment via soluble molecules that carry humoral
information [18]. Over the last five years, the number
of publications exploring this hypothesis has grown
exponentially with a strong interest in gut-brain axis
research [19]. However, it remains unclear whether
A�-related alteration of GM is causal to neuroinflam-
mation or/and vice versa [14].

A selection of the latest AD preclinical research
focused microbiota-linked therapies is discussed (see
summary of included studies in Table 1); this is not
claiming to be a complete review of all studies con-
ducted.

All the studies reviewed here are based on the
potential to modify the microbiota and neuroimmune
response as a way to decrease AD symptoms and
biomarkers. They propose diverse innovative preven-
tative and therapeutic options against AD. For this,
they assessed different parameters across the brain-
gut axis:

In vivo studies driven by the common hypothesis
of butyrate

Several probiotic studies for AD reported butyrate
as a main actor involved in the mechanism of action.
Butyrate is a SCFA produced by specific microbes
in the gut by anaerobic fermentation of dietary
fiber; as a SCFA, it is a functional component of
microbe-to-host signaling and crosstalk [27]. Phys-
iological functions like energy homeostasis, immune
system regulation, brain function, and obesity depend
on butyrate, which acts as an energy source and
potent regulator [28]. Clostridium butyricum (CB)
is a butyrate-producing probiotic from the GM that
has been tested in vivo for treatment of AD. The
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Fig. 1. Microbiota-gut-brain axis involvement in AD pathogenesis. The gut microbiota disturbances (changes in bacteria diversity) lead to
an increase in gut barrier permeability that may cause release of molecules in systemic circulation (including proinflammatory cytokines)
and an increase in the BBB permeability. This may in turn activate microglia (changing their morphology) and lead to an accumulation of
A�. The neuroinflammation and neurodegeneration that follow are characteristic of AD. SCFA, short chain fatty acids; IL, interleukin; TNF,
tumor necrosis factor; BBB, blood-brain barrier.

hypothesis from the study of Sun et al. [20] is based
on previous evidence that butyrate modulates abnor-
mal GM, suggesting that after being produced in the
colon, it can bypass portal circulation and reach the
brain. Butyrate enhances the anti-inflammatory activ-
ity of peroxisome proliferator-activated receptor �
and exerts neuroprotective effects [26]. In addition,
authors found decreased butyrate levels in APP/PS1
mice compared to wild-type (WT) but increased after
treatment. Agathobaculum butyriciproducens (SR79)
is a strict anaerobic bacterium, which is also butyric
acid-producing. The research conducted by Go et

al. [23] assessing SR79 in AD was based on the
same hypothesis. Other SCFAs identified as signal-
ing molecules include acetate and propionate, which
can also engage inhibitory mechanisms reducing the
secretion of cytokines by immune cells, therefore reg-
ulating microglia function [29]. Propionate, which
possesses similar plasma concentration and FFAR3
receptor affinity to butyrate, has previously shown
to have protective effects upon BBB endothelial
cells in vitro [30]. Probiotic based on Bifidobac-
terium breve (MCC1274) has also been studied as this
is an anti-inflammatory bacteria secreting gamma-
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Table 1
Summary of the primary studies included in the literature review

Treatment
(length)

Type Model(s) Stage of disease Results Year Authors

Clostridium
butyricum

Probiotic, 4
weeks,
intragastrically

APP/PS1 and
WT mice

6 months old Prevention of cognitive impairment,
A� deposits, microglia activation,
and production of TNF-� and IL-1�
in the brain.

2019 Sun et al.
[20]

Sodium
oligomannate

Oligosaccharide
anti-AD drug,
3 months,
orally

5XFAD,
APP/PS1 and
WT mice

9 months old GM reconditioned, decreased the
concentration of phenylalanine and
isoleucine, reduced Th1
neuroinflammation, A�, tau,
cognitive improvement

2019 Wang et al.
[21]

Fecal
transplantation

Fecal
microbiota
transfer, 4
months, orally

ADLPAPT and
WT mice

2 months old
(shows amyloid
plaques,
neurofibrillary
tangles, reactive
gliosis in brains,
memory deficits)

Mitigation of A� plaque (and both
soluble and insoluble forms in the
cortex) and tau tangle formations,
memory deficit, reactive gliosis,
change in colonic gene expression

2020 Kim et al.
[22]

Agathobaculum
butyricipro-
ducens

Probiotic, 10
weeks, orally

APP/PS1,
lipopolysac-
charide (LPS)
and B6 mice

5 months old
(early onset AD)

Cognitive improvement, increased
IGF-1 gene expression and
upregulated NGF mRNA, reduced
A�, decreased microglia activation
(no significant for astrocytes),
reduced expression of IL-1� mRNA
in cortex, decreased C1QB mRNA
expression

2021 Go et al.
[23]

Bifidobacterium
breve

Probiotic, 4
months, orally

AppNL–G–F

and vehicle
mice

3 months old
(before memory
impairment,
normally
exhibited at 6
months old)

Prevented cognitive impairment and
attenuated microgliosis, increased
ADAM10 level and A� in
hippocampus, reduced IL-1� and
IL-6 and increased TGF-�1, no
marked change on GM

2022 Abdelhamid
et al. [24]

BdNlRB Tibetan
medicine,
containing 25
kinds of herbs
and minerals,
8 weeks,
orally

A�1–40
protein-
induced,
APP/PS1 and
WT mice

6 months old Improved learning ability (not
significantly for memory ability),
alteration of protein expression in
hippocampus, P-tau decrease, no A�
decrease, increase in number of
microglia, positive regulation of
intestinal flora

2022 Tsering et
al. [25]

Combination
of Anti-A�
Antibody
NP106 and
Curcumin
Analog
TML-6

Combination
treatment, 17
weeks, orally
(ad libitum)

APP/PS1 and
WT littermates

13 weeks old
(early / prodromal
AD)

attenuated brain A� and insoluble
A� (not for soluble forms), improved
the nesting behavioral deficit
(superior results in combination
therapy than monotherapy), enhanced
microglial A� phagocytosis, reduced
IL-6 and TNF� cytokines,
normalized GM and more similar
bacterial communities to WT

2022 Su et al.
[26]

aminobutyric acid which can regulate brain functions.
Findings that associate AD with a low abundance of
MCC1274 support this hypothesis [23].

Therapeutic-induced reversion of abnormal GM
composition

Research in the area has still not reached a con-
sensus over the GM perturbations linked to AD and
the GM changes induced by treatments. Certain stud-

ies show that decrease in fecal microbiota diversity
is associated with AD patients or with different GM
composition than that of healthy mice [22]. Indeed,
human and mice studies investigating FMT showed
community-level alterations in AD, which induces
chronic inflammation [22]. In the experiment with
ADLPAPT mice models, FMT from healthy WT mice
normalized gut homeostasis.

Some have not identified significant differences,
for instance between APP/PS1 mice and CB-treated
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mice, using the Shannon and Simpson index for �-
diversity [20]. Also, Abdelhamid et al. [24] did not
find a marked change in the GM following probiotic
treatment, which could be explained by the involve-
ment of structural components in the effects. Sun et
al. [20] suggest that greater microbe richness does not
imply a healthy GM but instead could be attributed to
varied harmful bacteria. However, treatment helps in
having bacterial communities more akin to the WT
mice [26]. After treatment, GM composition showed
a significant increase of Deferribacteres, Allopre-
votella and S24-7 and decrease of Helicobacteraceae
[20]. This shows a reversion of abnormal GM com-
position, which is confirmed by the study of Su et al.
using 16S rDNA Sequencing, where decrease of Allo-
prevotella and Anaeroplasma is reversed and higher
levels Butyricicoccus of the family Ruminococcaceae
are observed but it mentions also other bacteria low-
ered by the treatment, Dubosiella, Parabacteroides,
Bacteroides, and Rikenellaceae RC9 [26].

While the majority of studies included an assess-
ment of the gut microbiota, as a parameter of
treatment mechanisms and effect, one of them did not
[23]. Nevertheless, we observe a common modifica-
tion of the GM with different conclusions around the
specific bacterial variations as it is likely that different
therapeutic approaches modify in different ways the
microbiota. These findings support the effectiveness
of therapies in reversing varying GM abnormalities
in AD.

Systemic and CNS inflammation

Several of the reviewed papers highlighted the
contributing effects of systemic inflammation in neu-
rodegeneration [20, 23]. It appears that alterations
in GM composition led to increased intestinal per-
meability before chronic systematic inflammation
with circulating Ly6C+inflammatory monocytes and
could accelerate AD via signaling molecules pro-
duced to the brain [22]. FMT from controls allows
the decrease of gut permeability compared to FMT
from AD mice models, changing colonic gene expres-
sion and peripheral immune cell population [22]. This
potentially happens by regulating concentrations of
phenylalanine and isoleucine in amino-acid-related
metabolic pathways and enzymes that could be taken
by immune cells through specific transporters, driv-
ing immune cell differentiation and proliferation [21].
Sodium oligomannate (GV-971) treatment seems to
harness the infiltration of peripheral Th1 cells into
the brain via blood circulation. The GV-971 drug

is a mixture of acidic linear oligosaccharides and is
tested for its effects against AD because oligosaccha-
rides are the primary nutrient source for bacteria, with
evidence showing their ability to modulate bacteria
[21]. This brings new perspectives in approaching
AD as a systemic disease, with the opportunity to
target both its peripheral and central manifestations
[31, 32]. However, mechanisms and putative effects
need further investigation.

Current evidence also suggests an anti-
inflammatory function of probiotics by decreasing
microglia activation whereas no significant changes
are found for astrocytes [23, 24]. This explains the
reduction in mRNA expression of IL-1�, IL-6, or
TNF-� cytokines in the brain (pro-inflammatory)
and increases in TGF-�1 (anti-inflammatory) mRNA
expression levels [20, 23, 24].

Other papers observe an increase in microglia, sug-
gesting that microglia may rejuvenate and change
their morphology from a M1 proinflammatory form
into their M2 neuroprotective form that enhances A�
phagocytosis [21, 25]. This confirms the hypothesis
of the comprehensive study by Wang et al. [21], that is
based on the evidence that the GM is likely involved
in regulated microglia activation and neuroinflamma-
tion in AD.

Therefore, current evidence supports a benefi-
cial effect of such therapies on neuroinflammation
observed in AD. However, papers reviewed did not
highlight sex-dependent changes, which contrasts
with other papers, such as the one from Dodiya et al.
that identifies sex-dependent alterations in microglia
morphology and variations of brain A� plaques after
perturbation of the gut microbiome, only in male mice
compared with female mice [21, 33].

AD established biomarkers: Amyloid deposition
and tau phosphorylation

A general conclusion of the studies is the signif-
icant decrease in amyloid plaque deposition, A�40,
A�42, and insoluble A� levels [20, 24]. The reduction
observed may occur via the increase of ADAM10 pro-
tein of A�PP, which cause the inhibition of A� pro-
duction [24]. However, there are differences across
studies on whether significant changes apply to the
cortex and/or hippocampus, on the level of decrease
in soluble forms of A� or tau phosphorylation, when
measured using immunohistochemical assays with
confocal imaging [24, 26]. The reasons for these dif-
ferences are unclear, according to Abdelhamid et al.
[24], probiotics may activate specific brain regions
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through the vagus afferent nerve. However, depend-
ing on the dose and the pharmacological approach,
the treatment can cause more damage than improve-
ment [25, 26]. Significant increase in A� plaques
and gastrointestinal burden have been observed when
testing high doses of a classic Tibetan medicine called
Byur dMar Nyer lNga Ril Bu (BdNlRB). BdNlRB
contains 25 kinds of herbs and minerals and is tra-
ditionally used for treating “white vein disease”,
referring to CNS disease [25]. Despite this, overall
findings support the significance of AD biomarkers
improvements with low or moderate doses.

Neurodegeneration and neurogenesis

In order to achieve cognitive improvements, neu-
ronal functioning is essential and can be measured
[34]. Neuroprotective properties are observed after
probiotic treatment by the increase of synaptic protein
levels and significant reduction of degenerative neu-
rons, indicated by FJC staining [20, 24]. Neurotrophic
factor expression (such as IGF-1, AKT, GSK3�),
which is critical for neural plasticity and neurogene-
sis, was upregulated by chronic SR79 treatment when
performing real-time quantitative polymerase chain
reaction (RT-qPCR) [23]. However, it has also been
identified that cell proliferation in the hippocampus
does not significantly differ after probiotic treatment,
which could suggest an improvement of cognition via
increased hippocampal synaptic density [24]. This
can be explained by the inhibition of neuronal apop-
tosis and repair of neuronal function by amino acid
synthesis and neurotransmitter metabolism, which
depends on protein expression alterations [25]. It
aligns with the beneficial role of IGF-1 in neuronal
survival and synaptic plasticity, and its link with cog-
nitive decline when disrupted [23]. Lack of neuronal
and synaptic analysis in all individual studies chal-
lenges the generalization of results.

Prevention and improvement of cognitive
impairment

Cognition assessment is key to measure the effi-
cacy of an AD treatment. Cognition improvement
and prevention of deficits is observed in mice after
treatment with probiotics starting before they exhibit
deficits [20, 24]. For instance, oral supplementa-
tion with probiotic MCC1274 significantly prevented
memory impairment, using Novel Object Recogni-
tion (NOR) test, in 7-month-old AppNL-G-F mice
that would normally exhibit memory impairments

from 6 months of age. Treatment with probiotic CB
allowed 6-month-old mice to distinguish familiar
from novel objects and showed a notable reduction
in the escape latency, compared to APP/PS1 mice.

The amelioration of impairment is observed across
mice of different ages representing varying stages of
AD [21]. Also, results are significant and consistent
across different mice models of AD [23]. However,
BdNlRB did not improve memory ability in APP/S1
mice despite significant learning improvements [25].
It is possible that only some components of this
multi-target approach could enter the brain. The study
designed by Su et al. [26] also follows a synergistic
approach by arguing it is better suited for AD given its
multifactorial etiology. It uses the promise of passive
immunotherapy using an anti-A� antibody NP106 for
slowing down A� accumulation (data from clinical
trials). Combined to it, curcumin analogue TML-6
allows neuroactive effects of SCFAs on microglial
function for decreased neuroinflammation, through
the alteration of bacterial communities (including
Butyricicoccus). In this case, the treatment man-
aged to reverse symptoms more than monotherapy,
being statistically comparable to controls [26]. These
results are in line with a study about immunother-
apy for the treatment of AD targeting tau that has
recently showed its ability to modulate the GM in
an AD mouse model [35]. Authors speculate that the
GM modulation may underlie the treatment efficacy
and encourage the further exploration of multitar-
get and combinatorial therapies [35]. Lastly, FMT
improved short-term and long-term memory thanks
to continuous exposure to healthy microbiota [22].

Together, these studies bring confirmation that
approaches modulating the GM are effective in
improving cognitive functioning. However, for
pharmacological and combination approaches, pene-
trating the BBB is challenging which can result in low
drug concentrations in the brain and lower efficacy
[26].

REVIEW OF STUDY METHODOLOGIES

Animal models and study design

Up to now, the majority of data regarding the GM-
microglia interactions in AD treatments is based on
preclinical data with mice, whereas only a few are
clinical studies [12, 36]. In this review, all papers
used AD mouse models to measure the effect of
their specific interventions on AD pathophysiology
and symptomatology (see Table 1). Numerous genet-
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ically modified mice are available for research and
there is an advanced knowledge on these models
that present anatomical and physiological similarities
[37]. However, they also present some limitations due
to specific morphological differences with humans,
such as larger relative length of the small intestine,
different dietary requirements, and higher specific
metabolic rate [38]. On top of this, it can be chal-
lenging to be aware of any variation in mouse diet,
for example as many mouse chows contain varying
amounts of soy influencing disease outcomes via phy-
toestrogens [39]. It is also important to consider that
laboratory mice still have notably different gut micro-
biomes from their wild relatives [38].

APP/PS1 models of AD were used in 5 papers out
of the 7 reviewed (see Table 1), which facilitates the
comparison between studies. The CNS neurons of
these mice express chimeric mouse/human amyloid
precursor protein and a mutant human presenilin 1.
Both mutations are associated with early-onset AD in
this chronic and long-term model [40]. It is character-
ized by significantly different species and abundance
of intestinal flora compared to normal mice, as well
as the progressive development of A� plaques and
cognitive deficits [25]. However, the age at which
mice started treatment differed a lot within studies,
going from 13 weeks old to 9 months old, reflecting
the modelling of different stages of AD. Such het-
erogeneity could represent confounding factors if not
considered when comparing publications’ results, for
example by overlooking stage-specific efficacy levels
due to age-related decline in learning capacity [41].
Also, it has been argued that APP transgenic mouse
models are better suited to test prevention strategies
of AD instead of treatment itself, whereas AD is often
detected late when symptoms are already present
[42]. Therefore, predictive validity in these models is
limited, with studies having failed to translate results
into trials for individuals with clinical disease [43].

Obtaining results from multiple lines of mice, as
per the study by Go et al. [23], using both APP/PS1
and lipopolysaccharide (LPS) models with controls,
is recommended by Zahs et al. [42] to strengthen
validity and reliability before moving to clinical
trials. Such approaches help in identifying whether
differences in results can be attributed to differences
in models. For instance, Tsering et al. [25] did
observe differences in significances of learning
ability improvements for APP/PS1 and A�1-40
mouse models.

The study design selected was consistent across
papers. Experimental research designs are appro-

priate to measure the effect of a therapy in AD
models and investigate causal relationships [44]. In
all papers, the experiments were conducted with AD
controls and/or WT mice. The dependent variables
included GM diversity, accuracy in cognitive tasks,
levels of neuroinflammation and biomarkers for AD,
while the independent variable was the treatment
approach (probiotics, FMT, or pharmacotherapies).
Table 2 summarizes the methods used for measuring
the variables. Controlled settings present advan-
tages through their minimization of confounding
factors and allowed researchers to manipulate spe-
cific parameters; however, external validity is limited
[45]. In real-life settings, existing confounding fac-
tors may include concomitant diseases, choice of diet,
and a history of long-term drug intake [12]. Linked
to this, these mouse study designs do not consider
human-specific environmental factors (for example,
lifestyle, and behaviors) as well as geography, given
that depending on locations, specific bacterial taxa are
dominant in normal conditions [36]. In other words,
while efficacy can be assessed, the measurement
of effectiveness presents limitations. When possible,
supporting animal data with analysis of human fecal
or blood samples increases the translational impact of
research, which was the approach of Wang et al. [21].

Regarding the delivery of treatments, oral gavage
was the most common approach in this review; how-
ever, other studies administer probiotics via drinking
water [46]. Differences in routes can impact findings,
as the stress induced by oral gavage can confound
results [47]. The treatment duration was heteroge-
neous across papers, going from 4 weeks to 17 weeks,
on a daily basis for all (see Table 1). Differences
are also observed regarding doses, for example with
1 × 109 CFU or 1 × 108 CFU for probiotics, while the
recommended minimum number of viable probiotic
cells is 1 × 109 CFU per day [48]. Across the differ-
ent types of therapies, comparing doses and dosages
is challenging. Determining the optimal dose also
remains difficult as efficacy is influenced by various
factors, including the type of probiotics or pharma-
cotherapy used and the route of administration [49].
Only the studies assessing BdNlRB and sodium oligo-
mannate compared different doses, which also helps
in the identification of side effects.

Measurement techniques

Analysis of GM was performed in a standardized
manner, with DNA extraction from fecal samples
before amplification and 16S rRNA sequencing anal-
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Table 2
Table summarizing treatments and measures of the primary studies reviewed

Treatment (size; sex;
dose)

GM analysis Neuroinflammation (cytokines,
microglia & astrocytes)

AD biomarkers (A�; tau) & Neurodegeneration Cognition

Clostridium butyricum
n=10; n = 10
WT: n unknown
sex unknown
1 × 109 cfu
mL−1/200 �L/day

Fecal sample DNA extraction and
amplification with 16S rRNA using
Illumina MiSeq sequencing, PCA and
LDA analysis

Levels of IL-1� and TNF-�
(proinflammatory cytokines) were
detected using ELISA.

ELISA for A�42
Histology with Staining using Fluoro-Jade C for
degenerating neurons and Congo red for
amyloidosis.

MWM
NOR

Microglia: immunofluorescence and
western blot analysis with antibodies
(CD11b, COX-2, p-NF-κB p65)

Sodium oligomannate Fecal sample DNA extraction, PCR
amplification and sequencing on
Illumina MiSeq sequencing

Immunohistochemistry: Immunohistochemistry: MWM
n = 17–20
male and female
50 and 100 mg/kg/day

Brain sections were stained for activated
microglia using rabbit anti-Iba1 antibody

Staining for A� depositions and tau
phosphorylation via antibodies (mouse
anti-A�42 antibody, mouse anti-PHF, Thr231
antibody)

Y-maze

Fecal transplantation
n = 13, n = 16, n = 16
sex unknown
dose: not applicable

Fecal sample DNA extraction, 16S rRNA
sequencing analysis using Illumina
MiSeq sequencing

Immunostaining for gliosis with
representative confocal images of
microgliosis (ionized calcium-binding
adaptor molecule; Iba1) and/or
astrogliosis (glial fibrillar acidic protein;
GFAP) staining in the frontal cortex

Immunohistochemistry with representative
confocal images for A� and tau in hippocampus
and frontal cortex

Y-maze
Contextual fear
conditioning, open
fieldFor tau: AT180 (represent early event) and AT8

(represent middle or late stage) antibodies
A� plaque (Biotin-4G8) staining
ELISA analysis for A� levels in cerebral cortex

Agathobaculum
butyriciproducens
3 groups of n = 8
male mice
2 × 108cfu/day

Not Applicable qRT-PCR analysis of mRNA expression
levels of genes IL-1� and TNF-�, IL-6,
iNOS, IL-10, IL-12 (among others) to
measure cytokine levels.
Immunohistochemical assays incubating
sections with primary antibodies (Iba1,
GFAP) in cerebral cortex and
hippocampus

Western blot analysis using the primary
antibodies of amyloid precursor proteins (APP,
pAPP, ADAM10, BACE1, Aph1a, PEN2, IDE,
CD10) to measure APP processing and
degrading enzyme.

NOR
Y-maze

Measurement of neurogenesis with the
expression of IGF-1 and phosphorylation of
AKT and GSK3� (neurotrophic factors):
p-Ser473-AKT, AKT, phospho-Ser9-GSK3�,
GSK3�, �-actin)
Immunohistochemistry for A� deposition
indicated by Bam-10 immunoreactivity in
parietal cortex and hippocampus
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Bifidobacterium breve
2 groups of n = 26
sex unknown
1 × 109cfu/5.56
mg/200 � l saline
(5 times/week)

Fecal sample DNA extraction, 16S rRNA
sequencing, PCoA analysis using
QIIME2 software

Immunofluorescence staining for Iba1
and GFAP (using anti-82E1 and
anti-Iba1 or anti-GFAP antibodies).
Western blotting with primary antibodies
(GFAP, Iba1)
Quantitative real-time PCR (qRT-PCR)
analysis of genes IL-1� and TNF-�, IL-6
to measure cytokine levels.

Immunofluorescence staining for BrdU
(neurogenesis)

NOR

Western blotting with incubation with primary
antibodies (ADAM10, APP, BACE1, sA�PP�,
6E10, PSD95, SYT,
HIF-1�, PKC, ERK, phospho-tau, actin, total
tau)
qRT-PCR for ADAM10, GAPDH.
A� using ELISA from hippocampal and cortical
tissues (for both A�40 and A�42).
Immunohistochemistry for A�, incubating
sagittal brain sections with anti-82E1 antibody
that recognizes both A�40 and A�42.
Images using a microscope.
Quantification performed by software

BdNlRB
2 groups of n = 60 and a
control group n = 15
male mice
100, 200 and
400 mg/kg∗weight

Fecal sample DNA extraction, 16S rRNA
sequencing analysis using Illumina
MiSeq sequencing

Immunofluorescent staining used for
staining Iba1 for expression of microglia
Proteomics used to compare protein
expression from hippocampus across
groups (observations on phosphorylated
tau, microglia, phagocytosis, among
others)

Expression of A� protein detected by
immunofluorescent staining with A�1–42 of
hippocampal samples
Immunofluorescent staining used for staining
p-tau (s396) for expression of phosphorylation
of tau protein

MWM

Combination of
Anti-A� Antibody
NP106 and Curcumin
Analog TML-6
n = 20
sex unknown
TML-6 at 100 mg/kg/day
and NP106 at 3 mg/kg

Fecal sample DNA extraction from
colons of mice, amplification and 16S
rRNA sequencing analysis using
Illumina MiSeq sequencing

Immunoreactivity of Iba1 for
colocalization of microglia
Morphology analysis of microglia with
MetaMorph imaging software
ELISA to measure proinflammatory
cytokines (IL-1�, IL-6 and TNF�)

A� deposition as measured by Amylo-Glo
staining reagent
Confocal microscopy for examination of A�
deposits and quantification in cortical and
hippocampal regions with MetaMorph
ELISA to measure A�, soluble and insoluble
forms

Nesting



424 C. Benichou Haziot and K.S. Birak / GM Modulation of Microglia: AD Therapies

ysis using Illumina MiSeq sequencing in most of the
cases (Table 2). A known challenge in such sequenc-
ing is the use of potentially insufficient sequencing
depth to analyze microbial composition, which can
lead to different proportions of groups [50]. Accord-
ing to Shin et al. [50], ratifying to an even depth of
sequences for all sample types allows to avoid the
generation of bias. In addition, analyzing different
types of samples is valuable to eliminate confound-
ing variables linked to methods and increase validity
[26]. For instance, Wang et al. [21] performed a
characterization of the fecal metabolome using a
metabolomics non-targeted technique with fecal sam-
ples, matching the metabolites with databases, which
helps limit bias and provides further level of detail
[51]. Pathway enrichment analysis of metabolites
revealed changes in amino acidic-related metabolic
pathways and enzymes. Following this, examination
of the concentrations of selected amino acids was
performed in both fecal and blood samples [21].

In order to measure established biomarkers of AD,
amyloid deposition and tau aggregates, the majority
of studies used immunohistochemistry, which is an
established method thanks to its validity and relia-
bility [52]. To do so, researchers rapidly performed
freezing or immersion of tissue in fixative to minimize
tissue degradation [25]. Brain sections were stained
to detect A� deposits and tau with the help of specific
antibodies. However, different antibodies were used
across papers for immunoreactivity. Only Sun et al.
[20] used the classical histochemical Congo red to
stain for amyloid, while the other papers used mouse
anti-A�42, anti-82E1, or Biotin-4G8 antibodies. To
measure amyloidosis, double staining with Congo
red and immunohistochemistry can help in increas-
ing specificity and avoiding false positives [53]. Four
papers used immunohistochemistry in combination
with ELISA analysis for A� levels (see Table 2).
These complementary approaches showed consis-
tent findings in these studies, which supports validity
[24]. Following this, confocal microscopy allowed
the visualization of results and software were used to
quantify A� deposits, such as MetaMorph [26]. Nev-
ertheless, not all papers collected their brain samples
from the same regions for the procedures mentioned;
some looked at the hippocampus and cerebral cortex
while others only at the hippocampus, which limits
the scope of their analysis [25].

This same procedure was applied to identify neu-
roinflammation with microglia. In the majority of
studies reviewed, immunostaining was conducted
using the antibodies of ionized calcium-binding adap-

tor molecule (Iba1) for microgliosis and glial fibrillar
acidic protein (GFAP) for astrogliosis [22]. A lim-
itation is the lack of specific microglia phenotype
markers and morphological analysis for all papers,
which will be needed to test the hypothesis of a
transition from M1 to M2 state induced by GM
treatments [24]. Two papers contrasted immunoflu-
orescence results with western blotting to measure
activated microglia via antibodies for Iba1 or both
CD11b and COX-2 [20, 24]. To complete the analysis
of neuroinflammation, researchers measured mRNA
expression-levels of cytokines by qRT-PCR [23]. For
instance, Go et al. [23] measured IL-1�, TNF-�,
IL-6, IL-12 proinflammatory cytokines and IL-10
anti-inflammatory cytokines. qRT-PCR has been val-
idated for reliably and quantitatively assessing in
vitro immune-related gene profiles, in particular for
cytokines [54]. Synaptic plasticity and neurogen-
esis were also assessed in four of the studies by
quantifying synaptic proteins or neurotrophic factor
expression via qRT-PCR, among others. However,
due to word limits it will not be covered here in depth.

To evaluate prevention and improvement of mem-
ory deficits, the methods varied but all are recognized
tests for memory measurement in mice. The Mor-
ris Water Maze (MWM) test was used to measure
spatial learning and memory abilities through space
exploration and latency time [20, 21]. MWM has
proven to be a robust and reliable test that is
strongly correlated with hippocampal synaptic plas-
ticity [55]. However, researchers identified that, to
reliably observe differences, a higher number of mice
are necessary than those included in papers here, with
35–160 mice/group [42]. This highlights the need
to define alternative tests that require smaller, more
practical numbers of mice. Another test used is the
novel object recognition (NOR) test for evaluating
short-term memory function via exploration, identi-
fied as sniffing and touching [24]. Go et al. [23] and
Abdelhamid et al. [24] scored length and times of
touching by blinding an observer to the treatment;
this practice decreases the risk for bias in data collec-
tion. Sun et al. [20] and Wang et al. [21] randomly
allocated mice into different groups before treatment
and for behaviour tests. However, blinding and ran-
domization in animal study design is still lacking
or not reported in several cases, resulting in biased
pre-clinical data [56]. In fact, it has been reported
that such studies are 5.3 times more likely to report
positive outcomes [57].

A strength in the majority of studies is the use of
two different measures to assess cognition, as the use
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of a land and water maze paradigm has been proposed
when reliable data for drug studies needs to be gener-
ated [41]. Repetition of behavioral tests in the study
of Go et al. [23] for reconfirmation is another way to
strengthen the reliability of results. Nevertheless, no
long-term follow-up was performed in any papers to
assess the effects of treatments after their end period.
While this can be explained by the euthanasia of mice
for brain analysis, this information will be needed to
assess efficacy and safety before clinical trials.

STATISTICAL ANALYSIS AND QUALITY
OF REPORTING

Statistical analysis is key in this review as all papers
analyzed quantitatively the effects of GM therapies on
AD mice. Statistical significance of data was consid-
ered for an alpha value of 0.05 and below, consistently
across papers. Table 4 details the reported results
from the reviewed studies. For two group compar-
isons, independent two-tailed Student’s t-tests were
applied when testing the hypothesis about two means,
from the therapy and control groups, based on the
assumption of normal distribution [58]. Using t-tests,
Abdelhamid et al. [24] reported significant reductions
of A� production and deposition in hippocampus
but not in the cortex of probiotic-treated mice com-
pared to a vehicle group. With the same analytical
approach, Kim et al. [22] found significant decrease
in A� plaque burden in the cerebral cortex and hip-
pocampus after FMT compared to ADLPAPT mice.
These opposing results for the cortex may be linked to
differential cortical decreases in gliosis; however, the
causes are unclear (Table 3). Also, both studies did
not perform multiple comparisons with a WT group
nor with other doses, which limits the conclusions.

Similarly, Su et al. [26] compared results to AD
controls only and identified significant reductions
in the number of A� plaques after monotherapy
and slightly further after combination treatment.
For performing such multiple comparisons, analy-
sis of variance (ANOVA) was used here, followed
by Tukey’s post hoc tests as ANOVA tests to
identify where the difference in comparison lies
between conditions. Performing ANOVA, most stud-
ies identified significant improvements in learning
and memory abilities (p < 0.05). For instance, Wang
et al. [21] reported improvements in cognitive impair-
ment in MWM and Y-Maze, stating that GV-971
exhibited significant ameliorative effects in APP/PS1
mice. Results found significantly larger numbers

of platform-site crossovers during MWM (F (3,
55) = 6.542) and higher accuracy of the Y-maze (F
(3, 71) = 12.39). Sun et al. [20] did not report their
results but the histogram for MWM after Clostrid-
ium butyricum shows quasi-identical improvements
to Wang et al. [21] with the higher dose of 100 mpk
of GV-971. Wang et al. and Kim et al. [21, 22] found
similar results in the Y-maze testing spatial work-
ing memory, as per the graphs. From these studies, it
appears that AD mouse models present stronger dis-
turbance of performance in MWM than Y-maze tests.
This could suggest that MWM was better suited to
assess AD cognitive impairments. However, the fre-
quent lack of data reporting limits comparisons of
this review, mostly based on the available histograms
without exact numbers.

When stating results, clarity is key for proper
understanding and transfer of knowledge to the
scientific community. While authors consistently
informed on the significance of their results, they
did not always state the effect sizes and therefore
reporting can often be inconsistent [59]. This is
a common limitation that can account for lower
reproducibility success [60]. For instance, when
stating changes in butyrate levels of APP/PS1
mice compared with CB-treated group, it is only
mentioned that they significantly increased [20].

On the other side, when the strength of a variation
is included, reporting of results risks being ampli-
fied. Indeed, one of the papers qualified the decrease
in activated microglia and hypertrophic astrocytes
following FMT as dramatical in the frontal cortex
[22]. The representative confocal images support
a substantial and visible decrease but the graphs
quantifying Iba1 and GFAP positive areas support
a smaller decrease. This points out the relevance of
using several representation formats for the same
analysis, allowing both visualization and quantifi-
cation of results to compare them. In contrast, the
experiment conducted by Sun et al. [20] did find sig-
nificantly high suppression in microglia activation
after butyrate treatment compared to controls. The
histogram quantifying immunofluorescent intensity
of CD11b and western blot analysis showed almost
complete reversal of abnormalities. These differences
in result sizes could be explained by the treatments
themselves or their use of different methods such
as study design, immunostaining, or mouse mod-
els. Following Agathobaculum butyriciproducens
treatment, Go et al. [23] also observed signifi-
cant decrease of microglial activation while for
astrocytes it was non-significant, as indicated by pho-
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Table summarizing results for cognition, neuroinflammation and AD biomarkers (significance is set at alpha value of 0.05)

Treatment Authors Statistical method Cognition analysis Neuroinflammation analysis Analysis of A� plaques and p-tau

Clostridium butyricum
Sun et al. [20]

Statistical differences
analyzed by one-way
ANOVA followed by
Tukey’s test.

Significant remarkable amelioration in
MWM and NOR test
Data not reported, graph only

Significantly dramatical decrease of
microglia activation (levels of CD11b and
COX-2) in the cortex.
Data not reported, graphs only.

Density of amyloid deposition (Congo
red) significantly decreased. Level of
A�42 significantly decreased.
Comparisons with APP/PS1.
Data and effect size not reported, graphs
only.

Sodium oligomannate
Wang et al. [21]

Statistical tests performed
by one-way and two-way
ANOVA.

Significant amelioration in MWM and Y
maze, compared to APP/PS1 mice, indicated
by significantly larger numbers of
platform-site crossovers during MWM (F(3,
55) = 6.542) and higher accuracy of the Y
maze (F(3, 71) = 12.39).

Significant decrease in microglial activation:
measured by positive signal density of Iba1
in hippocampus (F(2, 15) = 21.94), with a
concentration of 100 mpk for GV-971.

Significant reduction in A� plaque
deposition (F(2, 14) = 22.78) and tau
phosphorylation (F(2,15) = 13.06), in the
hippocampus.

Fecal transplantation
Kim et al. [22]

One-way ANOVA
followed by Tukey’s
multiple comparison test.
Two-tailed unpaired t-test
for comparisons of A�
and tau.

Significant rescue of impairment in Y maze,
compared to ADLPAPT mice but no
significant differences in the number of total
entries. Mixed results in freezing behavior of
contextual test and fear-conditioning.
Data and effect size not reported, graph only.

Significant decrease in activated microglia
(Iba1) and hypertrophic reactive astrocytes
(GFAP) in the frontal cortex.
Data and effect size not reported, graphs
only.

Significant reduction in tau aggregation
in the hippocampus. Significant
reduction in A� plaque burden in the
frontal cortex and hippocampus. Both
soluble and insoluble A�40 levels of the
cerebral cortex were significantly
decreased. No significant changes for
A�42.

Data and effect size not reported, graphs
only.

Agathobaculum
butyriciproducens
Go et al. [23]

One-way ANOVA with
post hoc tests.
Student’s t-test for
comparisons of A� and
tau.

For APP/PS1 mice, significantly marked
increase in discrimination index: Tg-Veh:
M = –0.045, SE = 0.03, Tg-SR: M = 0.251,
SE = 0.05, p = 0.01 (measured by time);
Tg-Veh: M=–0.059, SE = 0.03; Tg-SR:
M = 0.21, SE = 0.05, p = 0.01 (measured by
number).
For LPS mice, significant increase in
discrimination index of NOR test: Veh+LPS:
M = –0.06, SE = 0.05, SR79 + LPS: M = 0.24,
SE = 0.07, p < 0.05 (measured by time);
Veh+LPS: M = –0.11, SE = 0.09,
SR79 + LPS: M = 0.23, SE = 0.07, p < 0.05
(measured by number).
Effect size is not always reported.

In parietal cortex of APP/PS1 mice,
microglial activation (Iba1) significantly
decreased (Tg-Veh: M = 100.00, SE = 5.18%,
Tg-SR: M = 72.92, SE = 4.51%, p = 0.01) and
hippocampus (Tg-Veh: M = 100.00,
SE = 3.94%, Tg-SR:79.62, SE = 6.03%,
p < 0.05) after SR79 treatment.

Significant decrease in A� plaque burden
of APP/PS1 mice in the parietal cortex
(Tg-Veh: M = 100.00, SE = 8.24%,
Tg-SR: M = 72.60, SE = 6.57%, p < 0.05)
and hippocampus (Tg-Veh: M = 100.00,
SE = 11.89%, Tg-SR: 64.88, SE = 6.26%,
p < 0.05).

Not significant reduction of astrocytes in
parietal cortex (Tg-Veh: M = 100.00,
SE = 9.08%, Tg-SR: M = 71.97,
SE = 11.04%, p = 0.067).
For LPS mice, significant decrease in
microglia activation in parietal cortex
(Veh+LPS: M = 2.20, SE = 0.25%,
SR79 + LPS: M = 1.42, SE = 0.12, p < 0.05)
Hippocampus: slightly non-significant
decrease (Veh+LPS: M = 4.70, SE = 0.72%,
SR79 + LPS: M = 3.55, SE = 0.30, p < 0.05)

(Continued)
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Table 3
(Continued)

Treatment Authors Statistical method Cognition analysis Neuroinflammation analysis Analysis of A� plaques and p-tau

Bifidobacterium breve
Abdelhamid et al. [24]

Student’s t-test to
compare the vehicle
group with the probiotic
group.

In NOR test, significant increase in
exploration time for novel object compared
to familiar object. Significantly higher
discrimination index in probiotics than
vehicle group. Data and effect size not
reported, graph in the supplementary
material.

Hippocampus: significant decrease in
microglial activation (Iba1)
Cortex: no significant differences between
groups.
No significant differences for astrocytes
(GFAP) in hippocampus and cortex.
Data and effect size not reported, graphs
only.

No significant changes in tau
phosphorylation in both hippocampus
and cortex.
Significant reduction in A� plaque
burden, A� levels and fibrils in the
hippocampus (both soluble and
insoluble).
No significance in the cortex.
Data and effect size not reported, graphs
only.

BdNlRB
Tsering et al. [25]

Two-tailed t-test for
comparisons between two
groups. One-way ANOVA
for comparisons between
more than two groups.

Significant improvement in learning ability
from MWM after treatment administration
(for both Mt and Mi models of AD). For Mt,
low and medium doses returned to normal
levels (M = 21.98, SD = 23.57 and M = 28.03,
SD = 24.37, respectively), high dose was not
significant (M = 44.38, SD = 42.98). In Mi
mice, results were not significant for the
three groups (M = 13.70, SD = 12.963,
M = 12.31, SD = 9.69, M = 15.73, SD = 15.05,
respectively). No significant improvement in
memory ability of Mt mice.

Significant increase of number of microglia
(Iba1) by 39.3% and 31.6%, respectively, in
the hippocampus.
The high dose significantly decreased the
number of microglia, compared to APP/PS1
mice.

Significant decrease with low and
medium doses of p-tau (Tau) by 8.05%
and 12.7%, respectively, in the
hippocampus, but no significant decrease
in A� plaques.
The high dose did not produce significant
differences from APP/PS1 mice for p-tau
and significantly increased A� plaques.

Combination of Anti-A�
Antibody NP106 and
Curcumin Analog TML-6
Su et al. [26]

Two-way and one-way
ANOVA with Tukey’s
post-hoc tests.

Significant improvement in nesting
behavioural test after monotherapy and
compared to WT controls too. Combination
therapy groups’ performance was higher and
statistically comparable to WT controls
(numbers and strength are not reported,
graph only). Nesting scores were negatively
correlated with insoluble A�1–42 levels
(r = –0.5682, p < 0.001), the percentage of
A� plaques (r = –0.431, p < 0.01), and the
number of A� plaques (r = –0.4783,
p < 0.01).

Significant increase in percentage of
colocalization between microglia (Iba1) and
A� plaques in combination therapy but not
in monotherapy..

Significant reduction of A� plaques (area
percentage and number), both for
monotherapy and combination therapy
(more marked).

Significant morphological changes of
microglia in all therapies, with increase in
total outgrowth, number of branches and
mean process length.
No significances for cell body size.
Brain slices from hippocampus and cortex.
Data and effect size not reported, graphs only

Among all groups, significant decrease
in insoluble forms but not soluble ones of
A�40 and A�42.
Data and effect size not reported, graphs
only.
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tomicrographs and graphs quantifying percent areas
for Iba1.

Inclusion of non-significant differences is impor-
tant to minimize publication bias and acknowledge
honesty in reporting [61]. Additionally, the publi-
cation of negative results helps in achieving higher
statistical power in research [62]. The study by Tser-
ing et al. [25] illustrates this last point by mentioning
that they expected the therapy BdNlRB to remove A�
protein through metals chelators; however, findings
showed that the removal of amyloid plaques was not
effective. They then addressed this unpredicted result
by hypothesizing that this may be due to the inability
for the minerals to cross the BBB.

However, not all papers reflected or provided
details on their own limitations [20, 21]. Information
is lacking about potential confounding factors, such
as sex, or methodological limitations. For example, it
is relevant to report whether all animals that started
the experiment did complete it because it can cause
bias in results [63]. Su et al. [26] reported the sponta-
neous death of some APP/PS1 mice during the study
and performed pathological and behavioral examina-
tions but did not provide further details on the causes
nor the impact on findings. Transparency and reflec-
tion are especially relevant when potential issues of
conflict of interest exist as they may also increase
risk of bias. In this review, three papers mention that
researchers were employed in biomedical compa-
nies developing therapeutics [21, 26]. Another factor
potentially impacting research quality is self-citation
when comparing results with previous studies [64].
Sun et al. [20] discussed their results highlighting its
consistency with their own previous findings such as
the increase observed in Helicobacter in APP/PS1
mice. They used the same approach to confirm that
SCFA butyrate possesses anti-inflammatory effects
(by decreasing proinflammatory cytokines) and neu-
roprotective effects (by the suppression of microglia
activation). While this consistency in findings is pos-
itive, further comparison with external studies would
increase the potential for generalization and therefore
its quality. For instance, Kim et al. [22] argued for
community-level alterations of GM rather than sin-
gle bacterial taxon changes, in line with other studies’
findings.

Finally, there was a lack of information about
blinding of researchers who performed the statistical
analysis, which could represent a risk of confirma-
tion bias due to researchers being keen to prove their
hypothesis [65]. Likewise, only one paper described
that power analysis and power calculation of sample

size was performed resulting in 6 animals per group
[23]. The report affirms that it previously showed
this size is sufficient to obtain statistically signifi-
cant results of parameters analyzed. While it cannot
be established whether researchers consulted statis-
ticians for these studies, lack of consultation for the
study design, conduct and analysis is a common lim-
itation of animal trials according to Banik et al. [56].

CONCLUSION

To conclude, all recent selected studies provide
encouraging findings and validate the microbiota as
a new target for the modulation of microglia in both
prevention or treatment of AD. Results from in vivo
studies confirm the significance of cognitive improve-
ments and prevention along with decrease A� burden
and neuroinflammation following treatment in mice.
Therefore, data from mouse models supports the
efficacy of treatments for AD that target the GM. Nev-
ertheless, the effect size remains unclear, and findings
are not strong enough to be confident about their
translation into clinical settings and the possibility
of adoption to the population of interest. The lack
of complete reversal of symptoms could mean that
additional factors are involved, supporting the multi-
factorial hypothesis of AD. The consideration of AD
as a systemic disease might become a key strategy in
treating AD.

Combining the current evidence, the predominant
hypothesis starts with the alleviation of the intesti-
nal barrier thanks to the presence of more beneficial
GM bacterial communities that regulate gut home-
ostasis. SCFA butyrate, produced by specific bacteria,
is a mediator of the gut-brain axis and its increase
appears to have a key role in improving systemic
inflammation. Consequently, evidence supports the
switching of microglia into neuroprotective actions,
with more mRNA expression of anti-inflammatory
cytokines and enhancement of A� phagocytosis. The
decrease in A� plaques is demonstrated by all stud-
ies. Hippocampal ADAM10 protein increase might
allow the inhibition of A� production. On a neuronal
level, inhibition of neuronal apoptosis and repair of
neuronal function may occur, potentially mediated by
modulation of protein levels (for example, increase in
synaptic proteins).

Combination therapies have the potential to be a
new effective treatment approach, perhaps in combi-
nation with non-invasive brain stimulation (NIBS) or
immunotherapy. The data and rationale are encourag-
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ing but it is also more complex to evaluate multiple
interactions together. Multitargets treatments should
be further explored to clarify in which conditions they
present higher efficacy.

For the viability and validation of new treatments
with new targets, additional considerations still need
to be verified. While the overall rationale of these
experiments is robust, human translation is key and
yet challenging in the field of AD treatment; more
human data is needed in the context of GM treat-
ments. Research combining animal experiments and
human data from low-risk settings could become a
complementary approach. For safety and efficacy,
further experiments are needed to understand why
certain thresholds might produce opposite and toxic
effects as well as potential contraindications for cer-
tain AD patients. Therefore, stratification of patients
should be considered in future trials. In addition, the
studies assessing probiotics or FMT did not comment
on general safety, which will be necessary [66].

Concerning reporting, statistical analysis methods
were consistent and minimize the risks of signifi-
cance errors. However, blinding and randomization
from data collection to statistical analysis could be
strengthened. Carefully developing statistical anal-
ysis plans could increase the quality of findings
by determining power analysis, sample size, ran-
domization method, duration of trial and dropout
animals’ information [56]. Data was not sufficiently
reported to allow precise comparisons, despite the use
of graphs and informative subheadings. Few results
were negative or non-significant, but their inclusion
remains key. Implementing standardized guidelines,
such as ARRIVE, could strengthen data reporting in
preclinical studies by limiting bias and confound-
ing factors, informing on inclusion and exclusion
criteria, co-morbidities, blinding, and missing data
[67]. Archiving of secured and retrievable data about
the study, materials and facilities has also been
recommended to improve data sharing, trace back
discrepancies between studies and limit reporting
errors [56].

The findings of this critical review present limi-
tations due to the limited number of primary papers
appraised. To increase significance and become rep-
resentative of the current state of research, systematic
reviews that add papers from different geographies
and different types of GM-related therapies would
be valuable. For example, food-based therapies were
not analyzed here, despite having been reported as
another effective approach [12]. Furthermore, com-
paring results to standard-of-care treatments for AD

would allow to evaluate potential superiority. In the
future, building multidisciplinary research groups, at
the intersection of neuroscience, immunology, and
nutrition will be key to create synergies that will
accelerate therapeutical findings for AD.
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