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Abstract Many recent studies have shown that the gut
microbiome plays important roles in human physiology
and pathology. Also, microbiome-based therapies have
been used to improve health status and treat diseases. In
addition, aging and neurodegenerative diseases, including
Alzheimer’s disease and Parkinson’s disease, have become
topics of intense interest in biomedical research. Several
researchers have explored the links between these topics to
study the potential pathogenic or therapeutic effects of
intestinal microbiota in disease. But the exact relationship
between neurodegenerative diseases and gut microbiota
remains unclear. As technology advances, new techniques
for studying the microbiome will be developed and refined,
and the relationship between diseases and gut microbiota
will be revealed. This article summarizes the known
interactions  between the gut microbiome and
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neurodegenerative diseases, highlighting assay techniques
for the gut microbiome, and we also discuss the potential
therapeutic role of microbiome-based therapies in diseases.
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Introduction

In recent years, there has been increasing research interest
in gut microorganisms and numerous papers have been
published. A large number of studies have linked intestinal
microbiome disorders to a variety of diseases, including
inflammatory bowel disease (Crohn’s disease [1], irrita-
ble bowel syndrome [2], and colon cancer [3]), neurolog-
ical diseases (Alzheimer’s disease (AD) [4], and
Parkinson’s disease (PD) [5]), metabolic diseases (diabetes
[6] and obesity [7]), and musculoskeletal diseases (rheuma-
toid arthritis [8], osteoporosis [9], and gout [10]). Cur-
rently, several research efforts are exploring the links
between intestinal microbiota and diverse diseases with the
hope of new diagnostic and therapeutic approaches in
addressing these diseases [11].

Because the purpose of modern medicine is to extend
human life, the aging and neurodegenerative diseases that
occur naturally during the aging process have long been of
interest, and are currently receiving increasing research and
clinical attention. Previous studies have shown that aging is
not an irreversible process and that some of the life-
extension mechanisms in some simple organisms have
proved to be feasible anti-aging treatments for humans;
however, these treatments cannot treat cognitive impair-
ment [12]. Although numerous research efforts on
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neurodegenerative diseases are underway, the pathogenesis
and treatment of many of them are still unresolved [13].
The brain-gut-microbiome axis is a two-way communi-
cation system that allows gut microbes to communicate
with the brain and the brain with the intestine. Changes on
either side of this axis may cause changes to the other. The
signaling between these two systems and the microbiome
are complex, involving metabolic, immune, neuronal, and
endocrine signaling pathways (Fig. 1), and thus far have
not been fully elucidated [14]. It is known that the older the
person, the more likely he or she is to suffer complications
related to the gut or gut bacteria [15]. A growing number of
researchers are working to decipher the specific connec-
tions between intestinal microbes and natural diseases of
aging, and the expect to reveal the “secret recipe” for the
prevention and treatment of diseases, and even longevity.

Fig. 1 Key pathways in the
brain-gut-microbiota axis. Key
metabolites of gut microbes
include short chain fatty acids
(SCFAs), such as acetate and
butyrate, which can play
important roles in regulating the
brain and behavior through G
protein coupled receptors.
Cytokines produced by intesti-
nal immune cells can regulate
the brain by activating the
hypothalamic-pituitary adrenal
(HPA) axis and releasing corti- SCFAs
sol. The vagus nerve mediates
bidirectional communication
between the gut microbes and
the brain. Signals from the brain
are transmitted back to the

In this article, we aimed to investigate the relationship
between the gut microbiome and neurodegenerative dis-
eases, and to summarize the existing information on
various methods for the detection and treatment of
intestinal microbes, and to summarize the role of gut
microorganisms in the diagnosis, treatment, and prevention
of neurodegenerative diseases.

The Relationship between the Gut Microbiome
and Neurodegenerative Diseases

Alzheimer’s Disease (AD)

AD, generally known as dementia or cognitive impairment,
is a typical degenerative disease of the central nervous
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system in the elderly, accounting for 60%-80% of all
dementias [4]. Its feature is a progressive decline in
cognitive function [16]. The neuropathology of AD is
characterized by the deposition of amyloid B (AP),
followed by the formation of hyperphosphorylated tau
protein, which compose plaques and neurofibrillary tangles
[17]. These deposits can trigger neuroinflammation, giving
rise to synapse loss and neuronal death [18]. A clinical trial
conducted on patients with AD found that amyloid-positive
patients demonstrated a lower abundance of Eubacterium
rectale and Bacillus subtilis and a higher abundance of
EscherichialShigella in their stools compared to other
groups, indicating the role of both amyloid and relevant
bacterial accumulation in cognitive impairment [19]. It has
been hypothesized that some components of the intestinal
microbiota, such as B. subtilis and E. coli, secrete large
amounts of lipopolysaccharides and amyloid proteins, [20],
which may directly traverse the intestinal barrier or blood-
brain barrier damaged by aging or disease, and/or exert an
indirect effect to pass through these protective physiolog-
ical barriers by lipopolysaccharide/amyloid-induced
cytokines or other small pro-inflammatory molecules,
leading to the development of AD [21]. The microbiome
of the elderly with AD shows a lower proportion of
bacteria synthesizing butyrate that contributes to anti-
inflammatory activity and immunity regulation, as well as
greater abundance of taxa that are known to cause pro-
inflammatory states. Therefore, a potential therapy of AD
is to modulate intestinal homeostasis by decreasing inflam-
matory, and increasing anti-inflammatory, microbial meta-
bolism [22]. New research has found that fecal microbiota
transfer therapy can ameliorate amyloidosis, tau pathology,
reactive gliosis, and cognitive impairment in AD mice,
which might be associated with a reversal of abnormalities
in circulating blood inflammatory monocytes and in the
colonic expression of genes associated with macrophage
activity [23].

Parkinson’s Disease (PD)

PD is recognized as the second most common neurode-
generative disease, a movement disorder that is estimated
to affect 1-2 out of every 1,000 people worldwide [14, 24].
PD patients also often suffer from non-motor symptoms,
the most common of which is gastrointestinal dysfunction
[25]. PD is characterized histopathologically by a remark-
able depletion of dopaminergic neurons in the substantia
nigra pars compacta, resulting in dopamine deficiency in
the striatum, while intracellular eosinophilic inclusions (so-
called Lewy neurites and Lewy bodies) are visible in the
remaining neurons [24]. Alpha-synuclein (o-syn) aggre-
gates, the main neuropathological markers of PD, are
present in the submucosal and myenteric plexus of the
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enteric nervous system before being detected in the brain,
which may indicate a spread of the disease from gut to
brain [26]. The pathogenesis of PD may also relate to
intestinal inflammation. Metabolites of the intestinal
microbiota may trigger an immune response that induces
intestinal inflammation and even the development of PD
[27]. Sequencing of intestinal microbiota has revealed that
the relative abundance of Enterobacteriaceae in the feces
of PD patients is strongly correlated with the severity of
postural instability and gait difficulties compared to
controls [28]. In addition, lower levels of the intestinal
hormone ghrelin, which is involved in regulating the
activity of nigrostriatal dopamine, are associated with
increased abundance of Lactobacillaceae and decreased
abundance of Prevotellaceae in the gut microbiome [24].
The Gram-negative Prevotellaceae are involved in increas-
ing mucin synthesis in the intestinal mucosal layer.
Therefore, a decreased abundance of Prevotellaceae may
lead to decreased mucin synthesis and increased intestinal
permeability, resulting in more exposure to bacterial
antigens and endotoxins, which may trigger excessive o-
syn expression in the colon and even in the brain [29].
Also, the microbiome of PD patients is characterized by a
decreased abundance of butyrate-producing bacteria with
an increased abundance of pro-inflammatory Proteobacte-
ria, which may trigger inflammation-induced misfolding of
a-syn [30]. Osteocalcin ameliorates the motor deficits and
dopaminergic neuronal loss in PD mice through increasing
the potential of microbial propionate production and
activating free fatty-acid receptor 3 in enteric neurons [31].

Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive neurodegenerative disease that is
associated with the death of brain and spinal motor neurons
[32]. The prominent features of ALS are microglial
activation and chronic neuroinflammation [33]. The symp-
toms of ALS include muscle weakness, muscle stiffness,
muscle spasms, muscle twitching, cramps, and coordina-
tion problems, which lead to speech, swallowing, and
breathing difficulties [32]. A clinical study of ALS patients
found that gastrointestinal symptoms precede neurological
symptoms, and examination of feces demonstrated that the
diversity of intestinal microbiota is lower in ALS patients
than in healthy controls [33]. Another clinical study
reported changes in the composition of gut microbiome
in ALS patients, including a significant decrease in the
Firmicutes/Bacteroidetes ratio along with a decrease in the
relative abundance of Anaerostipes, Oscillibacter, and
Lachnospiraceae. This suggests that a pro-inflammatory
gut microbiome disorder may disrupt the intestinal epithe-
lial barrier, promote an immune/inflammatory response,
and alter bowel motility [34]. Some researchers have
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hypothesized that intestinal barrier dysfunction facilitates
the entry of toxins from the intestinal lumen to the blood,
causing an increase in circulating lipopolysaccharides and
an innate immune response, which plays a vital role in the
pathogenesis of ALS [35]. A metabolite of the gut
microbiome, nicotinamide, improves the motor symptoms
and gene expression patterns in ALS mice, and nicoti-
namide is reduced systemically and in the cerebrospinal
fluid in ALS patients [36].

Huntington’s Disease (HD)

HD is a progressive brain disease caused by amplification
of the trinucleotide cytosine-adenine-guanine repeat
sequence in the Huntington gene [37]. This mutation
produces polyglutamine-expanded huntingtin protein,
causing neuropsychiatric symptoms, cognitive impairment,
and involuntary choreiform movements [38]. HD is one of
the most fatal inherited neurodegenerative diseases without
effective drug treatment [38]. Clinical studies have
reported that a distinct serum metabolic profile, thought
to originate from gut microbe-derived metabolites, is
present in pre-symptomatic HD subjects and early symp-
tomatic HD subjects, compared to controls, pointing to a
potential role for the microbiome in the progression of HD
[39]. Multi-omics integration analysis of HD mice suggests
that the gut microbiome modulates the pathogenesis of HD
by altering plasma metabolites [40]. These findings may
provide clinically useful biomarkers for the onset, progres-
sion, and phenotypic variability of HD.

Aging

Human aging is an inherent physiological process in which
organs, including brain, gut, and intestinal microbiota,
gradually decay over time [24]. Aging can also be
considered as a low-grade chronic pro-inflammatory state,
so-called ‘inflammaging’ [41], demonstrating a link
between immune cells and aging [42]. Although there is
little to no neurodevelopment after the onset of adulthood,
aging still has an essential impact on central nervous
system and intestinal functions. Aging may detrimentally
affect the composition of the intestinal microbiota, which
in turn may adversely affect human health [43]. It is known
that the diversity and stability of intestinal microbes
progressively decreases with age. Although members of
the Firmicutes and Bacteroidetes continue to dominate the
aging intestine, the relative proportions of these bacterial
taxa may change. In the intestine, the numbers of beneficial
bacteria decrease while populations of pathogenic bacteria
increase. For example, Bifidobacterium and butyrate-pro-
ducing bacteria (e.g., Ruminococcus and Faecalibac-
terium) decrease in numbers, while bacteria that stimulate

inflammatory responses (e.g., Enterobacteriaceae and
Clostridioides difficile) increase [44]. Age-related changes
in gut microbial communities can induce physiological
changes that are capable of altering immune system
homeostasis and the inflammatory state, thereby increasing
the risk of disease [45]. The health-related microbiota
Bifidobacterium, Akkermansia, and Christensenellaceae
have been found in the gut of extremely old people (105-
109 years old) [46].

In conclusion, clear relations between the gut micro-
biome and neurodegenerative diseases have been identi-
fied. Gut microbes may accelerate the development of
neurodegenerative diseases by eliciting autoimmunity and
producing metabolites. Correspondingly, the composition
of gut microbes can be modulated to alleviate diseases.

Techniques for Assessment of the Gut Microbiome
16S rRNA Sequencing

16S rRNA sequencing is a well-established, reliable, and
relatively inexpensive method for measuring the relative
abundance of microorganisms using next-generation
sequencing techniques [47] of samples from the gut
microbiome of insects, animals, and humans [48]. It has
been widely used to study the relationship between
intestinal microbiota and various neurodegenerative dis-
eases (Tables 1, 3, and Table S1). This technique uses the
polymerase chain reaction to amplify genetic sequences
present in the microbiota [47]. These amplified sequences
(amplicons), have been clustered into operational classifi-
cation units (OTUs) according to their genomic relation-
ships so that their relative abundance in samples can be
calculated. The methods for defining OTUs include de
novo methods (where reads are useless outside the
reference database) and closed-reference methods (where
reads outside the reference database cannot be captured)
[49].

Recently, amplicons have been inferred as amplicon
sequence variants (ASVs) with different de-noising algo-
rithms, such as Deblur [50] and DADA2 [51]. These
methods attempt to infer the biological sequences by
obtaining single-nucleotide resolution from Illumina data.
Compared to OTUs, ASVs can capture all biological
variation without the restriction of a reference database,
and ASVs can be replicated and compared across different
datasets [49]. ASVs are considered to make marker-gene
sequencing more precise and reproducible. Thus, more
sequencing methods are being developed.
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Table 1 Representative research using 16S rRNA sequencing to test stool samples

Reference Subjects

Condition Main findings

Chi et al. Noise-exposed wild-type (WT) and APP/PS1 Tg Alzhei-
[100] mer’s disease (AD) mice
Sun et al. Male C57BL/6 mice divided into control group, Parkin-
[101] son’s disease (PD) group induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, and diseased group treated
with Clostridium butyricum (Cb)
Hill- PD cases and controls
Burns
et al.
[102]
Brenner Amyotrophic lateral sclerosis (ALS) patients and healthy
et al. persons
[103]
Kong Male Huntington’s disease (HD) mice and WT littermate
et al. controls
[104]

AD Environmental noise exposure changed the composition of
the gut microbiome in both APP/PS1 and WT mice,
which encoded functional categories including galactose
and phospholipid metabolism, oxidative stress, and cell

senescence

PD Cb reversed the diseased mice’s dysbiosis of gut micro-
biota and exerted neuroprotective functions through the

microbiota-gut-brain axis

PD The abundance of the families Bifidobacteriaceae, Chris-
tensenellaceae, Tissierellaceae, Lachnospiraceae, Lac-
tobacillaceae, Pasteurellaceae, and

Verrucomicrobiaceae were significantly altered

ALS ALS patients did not exhibit a substantial alteration of the

gut microbiota composition

HD There was an increase in Bacteriodetes and a proportional
decrease in Firmicutes in the HD gut microbiome, which
were connected with HD patients’ impaired weight gain

and alterations in the gut microenvironment

Data obtained by 16S rRNA sequencing that emphasizes the specific constitution of intestinal microbiota in patients with neurodegenerative

diseases.

Whole-Genome Shotgun Sequencing (WGS)

WGS uses random primers to sequence overlapping
regions of the genome. WGS can define taxa more
accurately at the species level and has more advantages
than 16S rRNA sequencing [52]. WGS enhances the
detection range of bacterial diversity, improves the detec-
tion accuracy of species, estimates the functional potential
of the microbiome, and identifies novel strains or mutations
in samples [47, 52].

WGS has also been used to investigate the relationship
between gut microbes and neurodegenerative diseases
(Tables 2, 3, and Supplementary Table). WGS still has
evident limitations that may make it unsuitable for large-
scale studies. Obtaining sufficient sequencing depth can be
costly, given that complex bacterial communities need high
coverage and contain large amounts of non-target DNA,
such as human DNA in human fecal samples. Besides, it is
computationally challenging to remove redundant commu-
nities [53].

Metatranscriptomics

Metagenomics is incapable of elucidating functional inter-
actions within complex microbial ecosystems or of assess-
ing how these interactions vary with changing
environments, including diet [54]. Metatranscriptomics
based on next-generation sequencing can fill this gap and
be used to analyze gene expression and evaluate microbial
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function directly from microbial combinations [55]. This
sequencing method extracts all actively transcribed genes,
not all existing genes, because some genes may not be
sufficiently active at the time of sampling [56], and
describes gene expression in microbial communities. This
provides stronger evidence for the functional activity of
genes than DNA-based community sequencing methods
because many genes are conditionally expressed [57].

Currently, few studies of neurodegenerative diseases
using metatranscriptomics are being reported. Chung et al.
[58] examined the cecum contents of eight wild mice using
metatranscriptomics and noted that genes for cofactors,
amino-acid metabolism, and vitamin metabolism were
upregulated in Deferribacteraceae, while genes for carbo-
hydrate metabolism were upregulated in Muribaculaceae.
Considering the rapid changes in the mRNA transcript
pool, it remains uncertain whether the RNA recovered from
feces can accurately represent intestinal activity processes,
and not an outcome of sampling-induced stressful condi-
tions [59].

Metaproteomics

The presence of RNA measured by metatranscriptomics
does not necessarily mean that the genes are expressed or
translated into protein [60]. Since the purpose of metapro-
teomics analysis is to characterize the full protein content
of environmental samples at a specific time [61], it is both
cost-saving and provides direct insight into the functional
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Table 2 Representative research using metagenomics sequencing to test stool samples

Reference  Subjects Condition Main findings
McCann Elderly individuals with different levels of Alzheimer’s  Some intestinal microbes possessed the genes to produce
et al. cognitive ability disease vitamin K in the form of menaquinone (MK). Certain MK
[105] (AD) isoforms synthesized by the gut microbiome, particularly the
longer chains, were positively associated with cognition
Qian et al. Idiopathic Chinese Parkinson’s disease (PD) PD Potential diagnostic biomarkers of PD based on metagenomics
[106] patients and their healthy spouses living in the sequencing results
same household
Nicholson  Amyotrophic lateral sclerosis (ALS) patients and ALS The relative abundance of the butyrate-producing bacteria
et al. healthy controls (HC) Eubacterium rectale and Roseburia intestinalis, which play
[107] important roles in regulating inflammation and gut integrity,
was lower in ALS patients than in HC
Wu et al.  Healthy young, healthy elderly, and centenarians Aging The gut microbiota in centenarians was characterized by
[108] depletion of Faecalibacterium prausnitzii and Eubacterium

rectale and enrichment of Methanobrevibacter smithii and
Bifidobacterium adolescentis, compared with other groups.
Functional analysis revealed that the microbiota in centenar-
ians had a high capacity for glycolysis and fermentation to
short-chain fatty-acids

Compared to 16S rRNA sequencing, researchers usually use metagenomics data for functional analysis, using databases such as Kyoto
Encyclopedia of Genes and Genomes, in order to fully understand the biological meanings encoded in the genome.

information in environmental samples compared to meta-
transcriptomics [62]. Furthermore, because the metapro-
teome is more stable than the metatranscriptome, changes
caused by sampling, such as low sampling temperature to
prevent RNA translation, are less likely to occur [59].

There are currently few cases where metaproteomics has
been used to study neurodegenerative diseases. Chen et al.
[63] detected significant changes in the fecal microbiome
in patients with major depression using comparative
metaproteomics.

Problems that metaproteomics cannot address include
the absence of a unified protocol for sample preparation,
the inability to measure proteins in low abundance in
complex microbial communities, and the shortage of
effective bioinformatics tools [64].

Metabolomics

Metabolomics enables an integrated systematic quantita-
tive and qualitative analysis of all small molecule metabo-
lites in a biological system [65, 66]. These metabolites can
originate from microbial symbionts, hosts, environmental
intake, or a combination of these sources [67]. Metabolites
participate in processes such as gluconeogenesis, glycoly-
sis, lipid metabolism, amino-acid metabolism, and the urea
cycle. They have many biological functions and can be
indicative reporters of physiology [68].

Metabolomics is being used to study the relationship
between gut microbes and neurodegenerative diseases
(Table 3 and Supplementary Table). Still, the use of

metabolomics faces many challenges [68]. First, it is still
difficult to find metabolic biomarkers due to the large
number, the wide range in concentration, and wide
chemical diversity of metabolites. Second, more work is
needed to develop a reliable method for distillation of
useful information from the massive amounts of metabo-
lomics data. Third, improving the stability of sampling and
specificity of disease diagnosis deserves deeper study.

Multi-omics

In addition to using individual multi-omics technologies
for research, now many studies increasingly integrate
various multi-omics methods to better understand the
function of gut microbiome. This approach allows
researchers to integrate the advantages of various multi-
omics sequencing technologies in order to understand the
role of the intestinal microbiota in various physiological
and pathological states in an in-depth and comprehensive
manner, to identify potential biomarkers of diseases, and to
pursue possible therapeutic approaches.

There are many reports using multi-omics technologies
to explore the relationships between gut microbes and
neurodegenerative diseases (Table 3 and Table S1). Of
course, there are many limitations to the integration of
multi-omics sequencing technologies [69, 70]. First of all,
in view of the limitation of under-sampling in all multi-
omics datasets, it is still a major challenge to interpret the
data at multiple levels. Second, it is not a trivial task to
integrate multi-omics datasets considering the increased
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Table 3 Representative research using multi-omics to test stool samples

Reference

Subjects

Approaches

Condition

Main findings

Peng et al. [109]

Heintz-
Buschart et al.
[110]

Tan et al. [111]

Hor et al. [112]

Senescence-accelerated mouse prone 8
(SAMPS) mice and senescence-acceler-
ated mouse resistant 1 (SAMR1) mice

Parkinson’s disease (PD) patients, idio-
pathic rapid eye movement (REM) sleep
behavior disorder patients, and healthy
controls

PD patients and healthy controls

Male Sprague-Dawley rats divided into 6
groups: young rats as naive control and
D-galactose senescence-induced rats: (1)
no intervention, (2) receiving Lactobacil-
lus fermentum DRY, (3) receiving L.
paracasei OFS 0291, (4) receiving L.
helveticus OFS 1515 and (5) receiving
metformin

16S rRNA

sequencing disease

(AD)

Metagenomics
sequencing

16S rRNA PD
sequencing

Metagenomics
sequencing

16S rRNA PD
sequencing

Metabolite
analysis

16S rRNA
sequencing

Aging

Metabolite
analysis

Alzheimer’s

The SAMP8 mice displayed a characteristic
composition of the gut microbiome that
clearly differed from that of the SAMRI1
mice. Specifically, the relative abundance
of the dominant genus in AD mice,
norank_f_Bacteroidales_S24-7_group,
was significantly decreased and the abun-
dance of unclassified_f__Lachnospiraceae
and norank_f__Lachnospiraceae were
increased

Both Clusters of Orthologous Genes and
Kyoto Encyclopedia of Genes and Gen-
omes analyses indicated that alterations of
gut microbiota contribute to AD patho-
genesis through metabolic pathways

There was an 80% difference in gut
microbes between PD and controls. Gut
microbes in PD showed trends similar to
idiopathic REM sleep behavior disorder
patients, and were associated with non-
motor symptoms

Metagenomics sequencing reconstructed
genomes of so far uncharacterized differ-
entially-abundant organisms

The fecal microbiome in PD was signifi-
cantly different from controls

The fecal metabolome composition in PD
was significantly different from controls,
whose predicted functions contained
bioactive molecules with putative neuro-
protective effects and other compounds
involved in neurodegeneration

After senescence induction, the ratio of
Firmicutes/Bacteroidetes was signifi-
cantly lowered, while L. helveticus OFS
1515 and L. fermentum DR9 increased the
ratio. L. paracasei OFS 0291 and L.
helveticus OFS 1515 reduced the oppor-
tunistic Bacteroides pathogens, while L.
fermentum DR9 promoted the prolifera-
tion of Lactobacillus.

D-gal-induced senescence had a great
impact on amino-acid metabolism such as
urocanic acid, citrulline, cystamine, and
5-oxoproline. L. fermentum DR9 pro-
moted antioxidative effects through
upregulation of oxoproline, and both L.
paracasei OFS 0291 and L. helveticus
OFS 1515 restored the levels of reducing
sugars, arabinose, and ribose similar to
young rats

Multi-omics combines the advantages of different sequencing techniques and examines the data on gut microbiota from different angles.
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diversity and complexity of the collected data. There is an
urgent need for effective bioinformatics tools and advanced
statistical methods. Third, it is currently still too expensive
to carry out wide multiple multi-omics studies.

Effects of Intestinal Microbiome-Based Therapies
on Neurodegenerative Diseases

Microbiome-based therapies include probiotics, prebiotics,
and synbiotics. Besides, antibiotics and fecal microbiota
transplantation (FMT) can also be included in these
therapies. Postbiotics are defined as functional microbial
fermentation components, which are combined with nutri-
tional components to promote health [71]. Postbiotics
include metabolites, short-chain fatty-acids (SCFAs), func-
tional proteins, teichoic acid, and peptidoglycan-derived
muropeptides [71]. The role of microbiome-based therapies
in regulating intestinal microbiota and preventing or
suppressing the development of neurodegenerative diseases
is becoming increasingly plausible in light of the growing
evidence linking the intestinal microbiome to neurotoxins,
inflammatory responses, and immune responses. However,
few relevant clinical trials have been completed, and most
of these have the disadvantage of a small sample size and
short trial time; thus, the efficacy of microbiome-based
therapies in neurodegenerative diseases remains be further
validated.

Alzheimer’s Disease

Some studies have indicated that high intake of probiotics,
prebiotics, and other nutrients decreases the risk of onset of
AD [72]. It has been shown that probiotics and prebiotics
promote the growth of Bifidobacterium and inhibit the
growth of Enterobacteriaceae and thus improve adaptive
immune responses and reduce inflammatory responses
[73]. Some clinical trials have revealed the effectiveness of
probiotics in regulating gut microbiota disorders, and in
preventing or inhibiting cognitive or emotional disorders,
suggesting the potential of probiotics for the treatment of
AD [20, 74]. Akbari et al. [75] found that, compared to AD
patients treated with normal milk, patients who consumed
milk rich in multiple Lactobacillus and Bifidobacterium
species showed a significant (P < 0.001) improvement in
the mini-mental state examination (MMSE) score. Tamtaji
et al. [76] noted that the MMSE score of a group receiving
probiotics such as Lactobacillus, Bifidobacterium, and
selenium was significantly increased (P < 0.001) compared
to control groups receiving only selenium or placebo. Also,
the group with probiotics plus selenium intake showed a
significant (P < 0.001) reduction in serum high-sensitivity
C-reactive protein (hs-CRP) and a significant (P = 0.001)

increase in total antioxidant capacity and glutathione
(GSH), compared to the group with selenium-only intake.
Administration of ampicillin to rats leads to increased
serum corticosterone and impaired spatial memory, which
are common features of AD pathology [77]. On the
contrary, administration of rifampicin to AD animal
models leads to reduced brain levels of AP and inflamma-
tory cytokines [78]. At present, antibiotics are not consid-
ered as therapeutic agents for AD. Objectively, Sun et al.
[79] reported that FMT treatment improves the cognitive
deficits of AD mice and reduces A deposition in the brain.
The efficacy of FMT in AD patients is still being explored.
It is known that probiotics have anti-inflammatory effects
[80], antioxidant effects [44, 81] and enhance cognitive
function [75], but the specific mechanisms underlying its
therapeutic properties still needs further study.

Parkinson’s Disease

Probiotics may ameliorate PD through a variety of
mechanisms, including stabilizing symptoms of anxiety
and depression, reducing symptoms of gastrointestinal
complications, strengthening the integrity of intestinal
epithelial cells, regulating immunity, and inhibiting the
growth of pathogenic bacteria [24, 82—84]. Georgescu et al.
[85] have shown that preparations containing Lactobacillus
acidophilus and Bifidobacterium infantis can significantly
(P < 0.0001) reduce abdominal pain and bloating in PD
patients. Borzabadi et al. [86] found that treatment with
8x 10° CFU/day probiotics for 12 weeks downregulates the
gene expression of tumor necrosis factor alpha (P = 0.04),
interleukin-1 (IL-1) (P = 0.03), and IL-8 (P < 0.001) in
patients with PD. Tamtaji et al. [87] administered quadru-
ple probiotic treatment or placebo for 12 weeks to PD
patients and found decreases in the Movement Disorders
Society-Unified PD Rating Scale, hs-CRP, and malondi-
aldehyde, and increased GSH in the group consuming
probiotics.

Research on prebiotics and synbiotics is more limited.
Some studies have indicated that prebiotic fibers that
generate butyrate may have beneficial effects in PD
patients [24, 82, 88]. Barichella er al. [89] demonstrated
that constipation in patients with PD can be improved by
daily consumption of fermented milk containing prebiotic
fiber and multiple probiotic strains. Further investigations
are desirable to clarify the exact mechanisms and effects of
microbiome-based therapies for PD since the relevant
preclinical and clinical studies are still insufficient.
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Fig. 2 Potential pathways through which short chain fatty acids
(SCFAs) modulate brain function. After production by gut microbiota,
SCFAs are absorbed by colonocytes and any accessible cell through
H*-dependent monocarboxylate transporters (MCTs) or sodium-de-
pendent monocarboxylate transporters (SMCTs), or through binding to
G protein coupled receptors (GPCRs) such as free fatty acid receptor 2
and 3 (FFAR2 and FFAR3), the GPCR109A and GPCR164. Intracel-
lular SCFAS can inhibit the activity of histone deacetylases, preventing
deacetylation of histones and leading to more transcriptionally active
chromatin; or they can increase the activity of histone acetyltrans-
ferases, resulting in acetylation of histones and gene expression. SCFAs
influence the communication between gut and brain, as well as brain
function, either directly or indirectly via humoral, immune, endocrine
and vagal pathways. Via the humoral route, SCFAs can cross the barrier
or blood-brain barriers (BBB) via MCTs located on endothelial cells
and influence BBB integrity by upregulating the expression of tight
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junction proteins. They can also modulate neurotrophic factors, such as
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
and glial cell line-derived neurotrophic factor (GDNF), and thus
regulate the central nervous system and peripheral nervous system. Via
the immune route, SCFAs can influence intestinal mucosal immunity by
activating FFARSs or by inhibiting deacetylation of histones. SCFAs can
also enhance intestinal barrier integrity by upregulating the expression
of tight junction proteins and augmenting transepithelial electrical
resistance. In addition, SCFAs can regulate neutrophils, dendritic cells
(DCs), macrophages and monocytes, and T cells, and thus maintain
homeostasis. Via the endocrine route, SCFAs can interact with their
receptors on enteroendocrine cells to induce the secretion of gut
hormones such as glucagon-like peptide 1 (GLP1) and peptide YY
(PYY), thus promoting indirect signaling to the brain via the systemic
circulation or vagal pathways. SCFAs can also promote direct signaling
to the brain via the vagal route. [90, 99]
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The major metabolites arising from bacterial fermentation
of dietary fiber in the intestines are SCFAs. Based on the
available research results, SCFAs may affect the brain
through direct humoral effects, indirect hormonal effects,
immune pathways, and neural pathways, and may affect
psychological function through interactions with G-pro-
tein-coupled receptors or histone deacetylases (Fig. 2) [90].
Evidence shows that SCFAs are associated with neurode-
generation [91]. Ho et al. found by in vitro experiments
that selected SCFAs, especially butyric acid, valeric acid,
and propionic acid, inhibit A aggregation, which suggests
the potential of SCFAs for treating AD. The role of SCFAs
in PD is controversial [92]. Clinical studies have shown
that PD patients have a lower abundance of SCFA-
producing bacteria in the intestines [93] and lower fecal
SCFA concentrations [94] than healthy controls. The
plasma acetic acid concentration is significantly higher in
PD patients than in controls [95]. Experiments have
demonstrated that sodium butyrate rescues dopaminergic
cells from a-syn-induced DNA damage [96]. In contrast,
some experiments in animal models of PD show an
increase of SCFAs in feces [97]. Oral administration of
SCFA mixtures of acetate, butyrate, and propionate to PD
mice that overexpress o-syn promote neuroinflammation
and motor symptoms, suggesting that SCFAs aggravate
symptoms associated with PD [5]. SCFAs could have
either a beneficial or a harmful impact on neurodegener-
ative diseases, and the specific mechanisms underlying
their effects on these diseases requires further study.

It has been demonstrated that microbiome-based ther-
apies can be used to treat neurodegenerative diseases. It is
of crucial importance to formulate an individualized
treatment regimen to maximize their efficacy.

Conclusions

In this review, we describe a large number of reports on the
relationship between gut microbes and neurodegenerative
diseases, focusing mainly on finding changes in the gut
microbiota of people with these diseases, and on seeking
improvement in disease progression with the use of
probiotics. We also present some of the technical methods
used to analyze the gut microbiota. However, the intrinsic
link and detailed mechanisms between gut microbiota and
neurodegenerative diseases, such as how gut microbiota
cause disease development and how pathophysiological
changes in the human body alter the stability of gut
microbiota, is still being further explored and will remain a
focus of future exploration. As technology advances, new

techniques for studying the microbiome are constantly
being developed and refined. In the near future, it is likely
that the various multi-omics techniques will be further
improved, costs will continually go down, and limitations
will be gradually reduced. In this way, it is possible to
combine a wide range of new technologies to assess the bi-
directional links between neurodegenerative diseases and
intestinal microbiota, and to discover their potential roles
in the diagnosis, treatment, and prevention of these
diseases, so as to effectively cure patients, reduce the
physical and mental burdens on them and their families,
slow down the aging process, and prolong human life.
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