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Background: Alzheimer’s disease (AD) and Parkinson’s disease (PD) are two of the most
common neurodegenerative diseases, and mild cognitive impairment (MCl) is considered
a prodromal stage of clinical AD. Animal studies have shown that probiotics can improve
cognitive function and mitigate inflammatory response, however, results from randomized
controlled trials in humans are still unclear.

Objectives: A systematic review and meta-analysis was conducted to evaluate the
efficacy and safety of probiotic therapy on cognitive function, oxidative stress, and
gastrointestinal function in patients with AD, MCI, and PD.

Methods: We searched the electronic databases such as PubMed, EMBASE,
Cochrane Library until October 2020 for the eligible randomized controlled trials, as
well as the unpublished and ongoing trials. Our primary endpoints were cognitive
function, inflammatory and oxidative stress biomarkers, gastrointestinal function, and
adverse events.

Results: After screening 2,459 titles and abstracts about AD or MCI, we selected
6 eligible studies (n = 499 patients). After screening 1,923 titles and abstracts about
PD, we selected 5 eligible studies (n = 342 patients). Compared with the control
group, treatment with probiotics improved the cognitive function of patients with AD in
the intervention group (P = 0.023). Cognitive function also improved in MCI patients
(P = 0.000). Inflammation-related indicators: Malondialdehyde (MDA) was significantly
reduced (P = 0.000); and hs-CRP decreased (P = 0.003). Lipid-related indicators: VLDL
decreased (P = 0.026); triglyceride decreased (P = 0.009); and insulin resistance level
improved: decreased Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)
(P =0.019).
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Conclusion:

Our analyses suggest that probiotics can improve cognitive and

gastrointestinal symptoms in patients with AD, MCI, and PD, which is possibly through
reducing inflammatory response and improving lipid metabolism. The safety has also
been proven. However, more RCTs with rigorous study design are needed to support

our findings.

Systematic Review Registration: PROSPERO, Identifier: CRD42021231502.

Keywords: probiotics, Alzheimer’s disease, mild cognitive impairment, Parkinson’s disease, cognitive,

inflammation, meta-analysis

INTRODUCTION

Neurodegenerative diseases are a heterogeneous of disorders
characterized by the progressive degeneration of the structure
and function of the central nervous system (CNS) or peripheral
nervous system (PNS). These age-related diseases are becoming
more common, partly because the elderly population has grown
in recent years (Heemels, 2016). Common neurodegenerative
diseases include AD and PD (Fratiglioni and Qiu, 2009). MCI
is considered a prodromal stage of clinical AD (Petersen, 2004).
These diseases mainly affect aging individuals and progress
steadily due to increased loss of specific neurons in the brain.
The intestinal microbiome refers to the symbiotic
microorganisms such as bacteria, archaea, viruses and fungi
that live in the human gut. For thousands of years, they have
co-evolved with their hosts to form an intricate and mutually
beneficial relationship (Guarner and Malagelada, 2003; Thursby
and Juge, 2017). The gut-brain axis (GBA) is a bidirectional
link between the CNS and the enteric nervous system (ENS)
(Skonieczna-Zydecka et al., 2018). It involves direct and indirect
pathways connecting cognitive and affective centers in the
brain with peripheral intestinal function. Progressive loss of
selectively vulnerable populations of neurons is a pathological
manifestation of neurodegenerative diseases such as AD and
PD (Dugger and Dickson, 2017). Although the etiology of
neurodegenerative diseases is still unclear, numerous studies
have implicated that inflammation may be involved in the
process of these diseases (Dugger and Dickson, 2017). A
growing recognition that the immune system is inextricably
involved in shaping the brain during development, as well as
mediating damage in neurodegenerative diseases, has prompted
therapeutic approaches to the regulation of the immune system.
But the regulatory mechanism of the immune system remains
unclear (Stephenson et al, 2018). Studies have shown that
in AD patients, there are intestinal microbes with decreased
density and a decreased colony size, and there is a rich source
of pro-inflammatory bacteria and lower anti-inflammatory
bacteria (e.g., Bacillus fragilis, Eubacterium rectale, Eubacterium
hallii, Faecalibacterium prausnitzii, and Bacteroides fragilis)
in amyloid-positive patients as compared to healthy subjects
(Kesika et al., 2021). MCI and AD patients shared similar
alterations in gut microbiota (Li et al, 2019). In particular,
the increase of gram-negative bacilli in patients with AD may
lead to increased migration of Lipopolysaccharide (LPS) from
the gut to the systemic circulation, which in turn promotes or
aggravates the pathology of AD through neuroinflammation

(Spielman et al., 2018). Clinical studies have shown a significant
reduction in cellulose-degrading bacteria and a significant
increase in hypothetical pathogens such as Escherichia coli,
Streptococcus, Proteus and Enterococcus in fecal samples from
PD patients compared to healthy controls (Cirstea et al., 2020).
Notably, streptococci produce neurotoxins such as streptomycin
and streptokinase, which can cause permanent nerve damage
(Li et al., 2017). Therefore, if we can increase the number of
anti-inflammatory bacteria in the gut of AD and PD patients
and keep the gut bacteria stable, it may be possible to suppress
inflammation and slow down the two diseases. Intestinal flora is
a potential target for treatment of these diseases.

Probiotics are living microbes that are good for health when
consumed in regular amounts, which may be explained by
their anti-inflammatory or antioxidant properties (Lynch and
Pedersen, 2016; Wallace and Milev, 2017; Chunchai et al., 2018).
In recent years, several studies have found the anti-inflammatory
effects of probiotics. A systematic review of 11 animal studies by
Wang et al. showed that almost all the studies found significant
effects on measured CNS functions, except for one testing effect
of Bifidobacterium infantis on depression-like behavior (Wang
et al., 2016). These preclinical results suggested that probiotics
might be an effective dietary intervention to ameliorate age-
related cognitive deficits. However, the results of previous clinical
trials on the effects of probiotics on patients with PD, AD, or
MCI were inconsistent (Akbari et al., 2016; Barichella et al.,
2016; Georgescu et al., 2016; Agahi et al., 2018; Borzabadi et al.,
2018; Hwang et al., 2019; Kobayashi et al., 2019; Tamtaji et al.,
2019a,b; Xiao et al, 2020; Tan et al., 2021). Therefore, it is
necessary to conduct a meta-analysis and systematic review of
these RCT trials to further explore the effects of probiotics on
various biochemical indicators and cognitive function, as well as
explore the potential mechanisms.

MATERIALS AND METHODS

Literature Search

This meta-analysis complies with the systematic review and
meta-analysis report program recommended by the PRISMA
guidelines. The preliminary search was performed in October
2020 through the PubMed, Embase, and Cochrane Library
without time restrictions. We searched the following terms
in “all fields” in every electronic database: (probiotic OR
yeast OR yogurt OR fermented product OR lactobacillus OR
bifidobacterium OR fermented dairy product OR synbiotics OR
cultured milk products) AND (Alzheimer’s disease OR dementia
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OR mild cognitive impairment OR cognitive dysfunction OR
cognitive defect OR cognition OR memory OR mental capacity);
(probiotic OR yeast OR yogurt OR fermented product OR
lactobacillus OR bifidobacterium OR fermented dairy product
OR synbiotics OR cultured milk products) AND (Parkinson OR
Parkinson’s disease OR parkinsonism). Articles were limited to
randomized controlled trials (RCTs) in humans. The references
of relevant articles were also checked to identify additional
eligible studies. The titles and abstracts of articles were initially
and independently screened for eligibility by two investigators.
Duplicate and irrelevant papers were excluded. For the relevant
candidates, the full articles were retrieved for review. And the
references of each document were checked to identify potential
candidates. Disagreements were resolved through discussion
between the two researchers or with a third reviewer.

Inclusion and Exclusion Criteria

Included studies had to meet the following criteria: (1) The
study was a randomized controlled trial (RCT); (2) Adult human
participants who had a diagnosis of AD, MCI, or PD (aged
over 18 y). Mild cognitive impairment (MCI) refers to a state
of cognitive deterioration that precedes the clinical diagnosis
of Alzheimer’s disease (AD) and other dementias, which does
not yet compromise daily functioning; (3) Pattern, taste, and
smell of probiotics and placebo shouldn’t have any significant
difference at baseline; (4) Full English text; (5) Continuous data
at baseline and post-intervention, or the change from baseline,
and the number of participants at baseline and post-intervention
were reported or could be calculated from the data reported in the
article. Studies were excluded if they met any one of the following
criteria: (1) Case reports or case series; (2) Abstracts, comments,
reviews, letters, and conference speeches; (3) Nonhuman (in vitro
and animal) research; (4) Changes in study indicators relative to
baseline intervention were not reported, or information-based
data could not be calculated. (5) The study reported on a sample
that overlapped the sample in another study. In this case, only the
study with the larger sample size was included.

Data Extraction

Data were extracted independently by two investigators using a
predetermined format in accordance with the guidance of the
Cochrane Handbook for Systematic Reviews of Interventions.
Basic information of the RCTs was extracted from the included
studies: (1) Name of the first author; (2) Date of publication; (3)
Sample size; (4) Age and sex; (5) Species of strain, duration and
dose; (6) Primary and secondary results; (7) Primary findings.
For missing data, we sought missing information and essential
clarification from the author. To perform the meta-analysis, we
extracted the mean change score (standard deviation [SD] or
standard error of the mean [SEM]) of the included variables.
When change scores were not available, the scores (mean & SD
or mean =+ SEM) and the numbers of participants at baseline and
post-intervention were extracted.

Statistical Analysis
The primary outcomes of this study were the standardized mean
differences (SMDs) of changes in MMSE, TYM, and RBANS

from baseline between experimental group and control group.
If the baseline standard deviation is not available, we calculated
it using confidence interval (CI), standard error (SE), and T
values according to the principles in the Cochrane Manual. The
SMD was tested by a Z statistic, and a two-tailed P < 0.05 was
regarded as statistically significant. The interstudy heterogeneity
was examined by chi-square ( x2) statistics and I? statistics. The
heterogeneity among the different studies was considered high if
P < 0.1 for the x? statistic or I> > 50% (Cumpston et al., 2019).
SMDs were calculated by fixed-effects or random-effects models.
A sensitivity analysis was conducted to test the reliability of the
findings using the leave-one-out method, and the publication
bias was assessed by Egger’s test and Begg’s test. Forest plots,
sensitivity analysis, Egger’s test, and Begg’s test were performed
in STATA16 software, and Revman 5.3. was used to generate the
summary of risk of bias assessment.

RESULTS

Literature Search and Screening

For AD or MCI, a total of 5,444 records were obtained after
the initial search of the electronic databases. Of these, 2,395
trials were removed as duplicates, and 3,026 publications were
excluded after screening the titles and abstracts. The remaining
23 articles were scrutinized by full text, of which 17 were excluded
for reasons detailed in the PRISMA flow chart (Figure 1). Then,
6 studies were considered eligible and were eventually included
in the quantitative meta-analysis. For PD, 1,920 articles were
obtained after the initial search of the electronic databases and 3
studies were identified through a manual search of the reference
lists of relevant published reviews. Of these, 832 trials were
removed as duplicates, and 1,070 publications were excluded
after screening the titles and abstracts. The remaining 18 articles
were scrutinized by full text, of which 13 were excluded for
reasons detailed in the PRISMA flow chart (Figure 1). Then, 5
qualified articles were included in the quantitative meta-analysis.

Study Characteristics

As shown in Table 1, the publication years of the 6 included
studies on AD or MCI patients ranged from 2016 to 2020, with
an aggregated sample of 499 individuals. All the 6 studies were
randomized, double-blind, controlled trials, among which three
studies (Akbari et al., 2016; Agahi et al., 2018; Tamtaji et al.,
2019a) recruited subjects diagnosed with AD and the other three
(Hwang et al., 2019; Kobayashi et al., 2019; Xiao et al., 2020)
included people with mild cognitive impairment. Three studies
had higher proportions of women; two (Kobayashi et al., 2019;
Xiao et al.,, 2020) had balanced proportions; and the last one
(Tamtaji et al., 2019a) did not report the sex ratio of the recruited
subjects. The intervention duration of most included studies was
12 weeks except for one study (Xiao et al., 2020) whose duration
was 16 weeks. Three studies recruited subjects diagnosed with
AD using multiple strains of probiotics, and the other three
included patients with MCI using a sole strain. All studies used
probiotic-matched placebos which were indistinguishable from
the probiotics in terms of packaging, shape, appearance, size,
taste, smell, and so on. Of the three AD studies, two (Akbari
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FIGURE 1 | PRISMA flow diagram of the literature search and abstraction process. (A) AD and MCI; (B) PD.
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etal,, 2016; Tamtaji et al., 2019a) found significant improvements
in cognition in the probiotics group compared with the control
group, while the third (Agahi et al., 2018) did not. One of the
studies (Tamtaji et al., 2019a) divided subjects into three groups: a
control group, a selenium group, and a probiotic-selenium group.
In order to explore the influence of probiotics, we only included
the experimental data of the latter two groups for the study. Of
the three MCI studies, two (Hwang et al., 2019; Xiao et al., 2020)
found significant differences, and one (Kobayashi et al., 2019)
reported mixed findings. Similarly, the results of studies about the
influences of probiotics on various inflammatory and oxidative
metabolites have been inconsistent.

As shown in Table 2, five PD studies were published from
2016 to 2020 with a total sample size of 342 people. All these
studies were randomized, double-blind, controlled trials. One
(Georgescu et al,, 2016) was based on the modified Hoehn-
Yars scale; another (Tan et al., 2021) was based on the Queen
Square Brain Bank; and the remaining three (Barichella et al,
2016; Borzabadi et al., 2018; Tamtaji et al., 2019b) were based
on the UK Brain Bank. All but two studies (Georgescu et al.,
2016; Tamtaji et al., 2019b) reported sex ratios, in which the
participants included were mostly male. Multiple strains were
used in all the studies. The intervention duration of two included
studies (Barichella et al., 2016; Tan et al., 2021) was 4 weeks, and
that of the other three (Georgescu et al., 2016; Borzabadi et al.,
2018; Tamtaji et al., 2019b) was 12 weeks. All of the studies used
probiotic-matched placebos which were indistinguishable from
the probiotics in terms of packaging, shape, appearance, size,

taste, smell, and so on. Regarding the main findings, three studies
(Barichella et al., 2016; Georgescu et al., 2016; Tan et al., 2021)
reported that the probiotics intervention group significantly
improved the gastrointestinal symptoms of PD patients, such as
abdominal pain, abdominal distension, constipation, and other
gastrointestinal symptoms. Besides, two studies (Borzabadi et al.,
2018; Tamtaji et al., 2019b) found that the probiotics intervention
group reduced the gene expression of some inflammatory
markers and improved cognition.

Risk of Bias Assessment

A total of 11 included studies were randomized controlled trials,
but two studies (Georgescu et al., 2016; Agahi et al., 2018) did not
provide information about random sequence generation and four
studies (Georgescu et al., 2016; Agahi et al., 2018; Kobayashi et al.,
2019; Tamtaji et al., 2019a) did not provide information about
allocation concealment. All of the studies described the blindness
of the participants and personnel, whereas only four studies
(Akbari et al., 2016; Barichella et al., 2016; Georgescu et al.,
2016; Kobayashi et al., 2019) reported the blindness of outcome
assessments. No risk of incomplete data was found in any of the
included studies. In general, the assessment of bias reported a low
to moderate risk of bias across all areas. Figure 2 summarizes the
risks of bias assessment across the recruited studies.

Meta-Analysis: Main Results
Three AD studies included 85 patients in the probiotics group
and 83 patients in the control group. In these three studies, due
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TABLE 1 | Main characteristics of the included AD and MCI studies.

References Study design N Diagnostic Age (M £ SD) Sex ratio (M/F) Type of Probiotics Duration Dose Primary Secondary
criteria (weeks) outcome outcome
PRO CON PRO CON
Akbari et al. Randomized 60 AD(NINDS- 77.67+ 82.00 + 6/24 6/24 Multiple (Lactobacillus 12 8 x 10° MMSE TAC GSH
(2016) Double-blind ADRDA 2.62 1.69 acidophilus, Lactobacillus (CFU/q) MDA
Placebo-Controlled criteria) casei, Bifidobacterium hs-CRP
Trial bifidum, Lactobacillus NO
fermentum)
Agahi et al. Randomized 48 AD 79.70 £ 80.57 + 7/18 10/13 Multiple (Lactobacillus 12 3 x 10° T™YM TAC GSH
(2018) Double-blind (NINDS-ADRDA 1.72 1.79 fermentum, Lactobacillus (CFU/d) MDA NO
Placebo-Controlled criteria) plantarum,
Trial Bifidobacterium lactis
Lactobacillus acidophilus,
Bifidobacterium bifidum,
Bifidobacterium longum)
Tamtaji et al. Randomized 90 AD 76.2 + 78.5 + / / Multiple (Lactobacillus 12 6 x 10° MMSE TAC GSH
(2019a) Double-blind (NINDS-ADRDA 8.1 8.0 acidophilus, (CFU/d) MDA
Placebo-Controlled criteria) Bifidobacterium bifidum, hs-CRP
Trial Bifidobacterium longum) NO
Kobayashi et al. Randomized 121 Subjective 61.5 + 61.6 + 30/31 30/30 Sole (Bifidobacterium 12 >2.0 x RBANS hs-CRP
(2019) Double-blind memory 6.83 6.37 breve A1) 1010 MMSE
Placebo-Controlled complaints (CFU/d)
Trial (MMSE, 22-27)
44 MCI (RBANS Sole (Bifidobacterium 12 >2.0 x RBANS
<41) breve A1) 1010 MMSE
(CFU/d)
Hwang et al. Randomized 100  MCI (DSM-5) 68.0 69.2 + 20/30 14/36 Sole (Lactobacillus 12 >1.0 x VLT ACPT
(2019) Double-blind +5.12 7.00 plantarum C29) 1010 DST
Placebo-Controlled (CFU/d)
Trial
Xiao et al. (2020)  Randomized 80 MCI (MMSE 61.3+ 60.9 + 19/21 20/20 Sole (Bifidobacterium 16 >2.0 x RBANS JMCIS
Double-blind >22) 7.7 6.9 breveAl) 1010
Placebo-Controlled (CFU/d)

Trial

PRO, probiotics group; CON, control group; AD, Alzheimer’s disease; MCI, mild cognitive impairment; NINCDS-ADRDA, National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association; DSM-5, Diagnostic and Statistical Manual of Mental Disorders, 5th edition; CFU, colony-forming units; MMSE, Mini-Mental State Examination; TAC, total anti-oxidant capacity; GSH, total glutathione; MDA,
malondialdehyde; hs-CRR, high-sensitivity C-reactive protein; NO, nitric oxide; TYM, test your memory; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; VLT, verbal learning test; ACPT, auditory continuous
performance test; DST, digit span test; JMCIS, Japanese version of the MCI Screen.
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TABLE 2 | Main characteristics of the included PD studies.

Study Study design N Diagnostic Age (M + SD) Sex ratio (M/F) Type of Duration Dose Primary Secondary Main findings
criteria Probiotics (weeks) outcome outcome
PRO CON PRO CON
Georgescu et al. Randomized 40  PD (modified 69.80 + 75.65 £ / / Multiple 12 120 Abdominal Non-motor  Treatment with
(2016) Double-blind Hoehn-Yars 5.64 9.66 (Lactobacillus mg/d pain; symptoms  probiotics could
Placebo- Controlled scale) acidophilus, Bloating; improve
Trial Bifidobacterium Constipation abdominal pain
infantis) and bloating as
much as with
trimebutine, but
less for
constipation with
incomplete
evacuation,
where
trimebutine
showed better
results.
Barichella et al. Randomized 120 PD (UK Brain 71.8 + 69.5 + 41/39 24/16 Multiple 4 2.5 x CBMs 3 or more The
(2016) Double-blind Bank criteria and 7.7 10.3 (Streptococcus 10" CBMs; consumption of
Placebo- Controlled Rome Il criteria) salivarius subsp (CFU/d) CBMs a fermented milk
Trial thermophilus, during containing
Enterococcus weeks 3 multiple probiotic
faecium, and 4; strains and
Lactobacillus stool prebiotic fiber
rhamnosus, frequency; was superior to
Lactobacillus stool placebo in
acidophilus, consistency; improving
Lactobacillus the constipation in
plantarum) frequency patients with PD.
of laxative
use;
satisfaction
with
treatment

(Continued)
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TABLE 2 | Continued

Study Study design N Diagnostic Age (M + SD) Sex ratio (M/F) Type of Duration Dose Primary Secondary Main findings
criteria Probiotics (weeks) outcome outcome
PRO CON PRO CON
Borzabadi et al. Randomized 50 PD (the UK PD 66.9 + 66.7 + 17/8 16/9 Multiple 12 8x 10° IL-11L-8 NO GSH Probiotics
(2018) Double-blind Society Brain 7.0 10.7 (Lactobacillus (CFU/d) TNF-a GAPDH supplementation
Placebo- Controlled Bank criteria) acidophilus, TGF-B LDLR for 12 weeks in
Trial Bifidobacterium VEGF PD patients
bifidum, L. PPAR-y significantly
reuteri, improved gene
Lactobacillus expression of
fermentum) IL-1, IL-8,
TNF-a, TGF-B,

and PPAR-y, but
did not affect
gene expression

of VEGF and
LDLR, and
biomarkers of
inflammation
and oxidative
stress.
Tamtaji et al. Randomized 60 PD (the UK PD 68.2 + 67.7 + / / Multiple 12 8 x10° MDS- TAC GSH Our study
(2019b) Double-blind Society Brain 7.8 10.2 (Lactobacillus (CFU/d)  UPDRS MDA FPG evidenced that
Placebo- Controlled Bank clinical acidophilus, hs-CRP LDL HDL 12 weeks of
Trial diagnostic Bifidobacterium VLDL probiotic
criteria) bifidum, HOMA-IR consumption by
Lactobacillus QUICKI individuals with
reuteri, Insulin PD had useful
Lactobacillus Triglycerides  impacts on
fermentum) Total MDS-UPDRS
cholesterol  and few
metabolic
profiles
Tan et al. (2021) Randomized 72 PD (Queen 709 + 68.6 + 20/14 28/10 Multiple (E. 4 1x 10  SBMs Stool SBM and
Double-blind Square Brain 6.6 6.7 faecium, L. (CFU/d) consistency; secondary
Placebo- Controlled Bank Criteria acidophilus, L. PAC-QOL; outcomes
Trial and Rome IV paracasei, L. constipation including stool
criteria) rhamnosus, B. severity consistency and
longum, B. score; quality of life
bifidum, L. laxative related to
reuteri) usage; constipation
satisfaction  increased after
with treatment with

treatment probiotics.

PRO, probiotics group; CON, control group; PD, Parkinson’s disease; CFU, colony-forming units; CBM, complete bowel movement, IL-1, Interleukin-1; IL-8, Interleukin-1; TNF-a, tumor necrosis factor-a, TGF-, transforming growth
factor-B; VEGF, vascular endothelial growth factor; PPAR-y, peroxisome proliferator activated receptor gamma, NO, nitric oxide; GSH, total glutathione; GAPDH, glyceraldehyde-3-Phosphate dehydrogenase; LDLR, low-density lipoprotein
receptor; MDS-UPDRS, Movement Disorders Society-Unified Parkinson’s Disease Rating Scale; hs-CRR, high-sensitivity C-reactive protein; TAC, total anti-oxidant capacity; GSH, total glutathione; MDA, malondialdehyde; FPG, fasting
plasma glucose; LDL, low density lipoprotein; HDL, high density lipoprotein; VLDL, very low density lipoprotein; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; QUICKI, quantitative insulin-sensitivity check index;
SBM, spontaneous bowel movements; PAC-QOL, Patient Assessment of Constipation Quality of Life.

‘e 18 Buerx

sesess|(] 8AIeJeUSBBPOINGN IO} SOINOICOIH


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Xiang et al.

Probiotics for Neurodegenerative Diseases

Ai Huey Tan 2020

Azadeh Agahi 2018

Doina georgescu 2016

Elmira Akbari 2016

Jinzhong Xiao 2020

Michela Barichella 2016

Omid Reza Tamtaji 2018

Omid Reza Tamtaji 2019

Shokoofeh Borzabadi 2018

Y. Kobayashi 2019

® OO OO S S S ® ® @ Blinding of participants and personnel (performance bias)
S @ ||| @~ |®|@®| > |~ | Blinding of outcome assessment (detection bias)

. . . . . . . . . . . Incomplete outcome data (attrition bias)

@ |~ DD S S S ® ® @ | sclective reporting (reporting bias)

. - . -~ . . . . =~ |~ ' Allocation concealment (selection bias)
. "’.. ~ ..‘. = | = | Other bias

. . . . . . . . » & . Random sequence generation (selection bias)

Yun-Ha Hwang 2019

FIGURE 2 | Summary of risk of bias assessment: judgements of the review
authors on each risk of bias item for the included studies (n = 11).

to acceptable heterogeneity, fixed effect models were selected
for quantitative synthesis, and Mini-mental State Examination
(MMSE) scores reflecting cognition were significantly different
between the probiotics group and the control group (SMD =
0.36;95% CI, 0.05-0.68; P = 0.023; I* = 52.0%). In addition, there
were significant differences in inflammation-related indicators:
hs-CRP (SMD = —0.57; 95% CI, —0.95 to —0.2; P = 0.003; I*
= 0.0%), MDA (SMD = —0.57; 95% CI, —0.89 to —0.26; P =
0.000; I? = 0.0%), and HOMA-IR (SMD = —0.45; 95% CI, —0.82
to —0.07; P = 0.019; I> = 0.0%). Lipid-related indicators: VLDL
(SMD = —0.42; 95% CI, —0.8 to —0.05; P = 0.026; I> = 0.0%) and
triglyceride (SMD = —0.5; 95% CI, —0.88 to —0.13; P = 0.009; I
=0.0%).

The three MCI studies had 117 participants in the probiotics
group and 107 in the control group. The fixed effect models

were selected for quantitative synthesis. There was a statistically
significant difference between the experimental group and the
control group in cognition (SMD = 0.86; 95% CI, 0.49-1.24;
P = 0.000; I> = 0.0%). However, there was no statistically
significant difference in total cholesterol score (SMD = 0.02; 95%
CI, —0.25 to 0.29; P = 0.885; I> = 0.0%). Other hematological
indicators, vital signs and blood biochemical indicators were
not significantly different between the two groups, suggesting
that probiotics were safe for the subjects. The forest plot of the
meta-analysis is shown in Figure 3.

Five PD studies included 189 subjects in the intervention
group and 153 subjects in the control group. We selected
appropriate effect models to synthesize the quantitative data
according to the magnitude of heterogeneity. Meta-analysis
results revealed a significant difference in glutathione (GSH)
between the probiotics group and the control group (SMD =
0.76; 95% CI, 0.37-1.15; P = 0.001; I*> = 0.0%). There was
no significant difference in fecal viscosity (SMD = —0.07; 95%
CI, —1.32-1.18; P = 0.702; I> = 94.0%). Figure 4 shows the
remaining results that cannot be merged.

Assessment of Publication Bias and
Sensitivity Analysis

We conducted quantitative evaluation of publication bias by
Egger’s test and Begg’s test. The analysis of the cognitive function
among AD patients showed no significant publication bias
(Egger’s test: P = 0.993, Begg’s test: P = 1.000). Sensitivity analysis
examined the reliability of the results of the meta-analysis by
omitting each study in turn. The systematic removal of each trial
did not significantly affect the overall effect of probiotics on the
cognition of patients with AD (see Supplementary Materials).
Therefore, the findings on improved cognitive function in AD
patients between the probiotics and the control group were
considered reliable.

DISCUSSION

Neurodegenerative diseases are increasingly serious health
problems among the aging population. The most common
neurodegenerative diseases are AD and PD, the incidences
of which are also increasing year by year. Without effective
prevention and treatment, the two diseases will impose
an increasing socio-economic burden. Although these two
diseases have different clinical manifestations, they share similar
underlying mechanisms and both associate with normal aging.
Age-related changes in the brain can be observed decades
before neurological function begins to decline, and studies have
repeatedly linked them to immune system activation (Bangen
etal., 2017). Neurodegenerative diseases, such as AD and PD, are
characterized by the gradual accumulation of abnormal proteins
in the CNS (Jucker and Walker, 2018). Two thousand years
ago, Hippocrates declared that “all disease begins in the gut,
an interesting observation that influenced medical researchers
(Cryan etal., 2019). At present, the influence of brain-gut axis on
neurodegenerative diseases has attracted increasing attention. As
a part of the brain-gut axis, gastrointestinal microbiota influences
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FIGURE 3 | Forest plot showing the effects in the probiotics group versus the control group on cognitive function and biochemical indicators. (A) Meta-analysis of the

effects of probiotics on patients with AD. |. MMSE (Mini-Mental State Examination); Il. Biomarkers of inflammation and oxidative stress. GSH (glutathione); hs-CRP

(hypersensitive-CRP); MDA (Malondialdehyde); NO (Nitric Oxide); TAC (tricarboxylic acid cycle); lll. Glucose related indicators. FPG (fasting plasma glucose);
(Continued)
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were significant if P-value was <0.05.

FIGURE 3 | HOMA-IR (Homeostasis model assessment); QUICKI (Quantitative insulin sensitivity check index); IV. Lipid related indicators. HDL (high-density
lipoprotein); LDL (low-density lipoprotein); VLDL (very low density lipoprotein). (B) Meta-analysis of the effects of probiotics on patients with MCI. . RBANS
(Repeatable Battery for the Assessment of Neuropsychological Status); Il. Hematological and biological blood parameters and vital signs. ALB (Albumin); ALP (Alkaline
phosphatase); ALT (Alanine transaminase); AST (Aspartate aminotransferase); BUN (Blood Urea Nitrogen); Hb (Hemoglobin); Ht (Hematocrit); RBC (red blood cell); TBIl
(total bilirubin); TP (total protein); UA (Uric acid); WBC (white blood cell); DBP (diastolic blood pressure); SBP (systolic blood pressure); HR (heart rate). The differences

immunity, inflammation, and neuroregulation through the
brain-gut axis. Therefore, maintaining a healthy and stable
microbiome brings great benefits for immune defense, brain
function, and dynamic balance (Westfall et al., 2017).

In the past decades, researchers have paid attention to the
medication for AD and PD. Recently, aducanumab that targets
the neurobiology of AD is approved for clinical use (Cummings
and Salloway, 2021). However, the reported clinical benefits are
limited and may not be apparent to individuals. In addition,
the treatment has potential side effects, especially ARIA, which
requires MRI monitoring for detection (Sperling et al., 2011).
More recently, a growing number of research studies have shown
that lifestyle changes, such as changes in diet, can ease cognitive
decline (Morris et al., 2015). Probiotic intervention may be an
effective measure to ameliorate age-related neurodegenerative
diseases (Alkasir et al., 2017). Remarkably, our results suggest
that low-cost, available, and safe probiotics could be potential
candidates for the treatment of AD, MCI and PD, although the
exact mechanisms remain unclear.

Oxidative stress and inflammation are two major causes
of neurodegenerative diseases, and they get worse with age.
Inflammation is an important risk factor for both morbidity
and mortality in older adults, as most age-related diseases
share the same inflammatory pathogenesis (Franceschi and
Campisi, 2014). The mitochondria of cells constantly produce
reactive oxygen species (ROS). In normal cells, the ROS
generated can be neutralized by the antioxidant system without
causing damage. However, with the aging of the organism, the
defense function of cells is weakened and the cell membranes
are damaged, which eventually leads to cell death (Mitsuma
et al.,, 2008). The brain is particularly vulnerable to oxidative
stress due to high oxygen consumption rates (OCRs), high
polyunsaturated fatty acids, high iron content, and relatively low
antioxidant capacity (Noseworthy and Bray, 1998), especially
in the amygdala and hippocampal neurons (Wadhwa et al,
2018). The slow accumulation of ROS in neurons stimulates the
release of cytokines, which in turn stimulates microglia activation
and neuroinflammation.

For PD studies, the results of meta-analysis showed
significantly higher levels of GSH in the probiotic group
compared to the control group, which acts as an antioxidant,
a free radical scavenger and a detoxifying agent. In addition,
probiotic intake downregulated gene expression of interleukin-1
(IL-1), IL-8 and tumor necrosis factor alpha (TNF-a) but
upregulated transforming growth factor beta (TGF-p) and
peroxisome proliferator-activated receptor gamma (PPAR-y).
Probiotics can also improve abdominal symptoms, such as
relieving abdominal pain, bloating and constipation, and
increasing the number of SBMs and CBMs. For AD and MCI

Probiotics for
PD

] Gene expression of TGF-f, PPAR-y
l Gene expression of IL-1, IL -8,
TNF-o

Shokoofeh Borzabadi (2018)
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FIGURE 4 | Main findings of the effects of probiotics on patients with PD.

studies, the results showed that probiotics significantly improved
cognitive function, insulin resistance, and lipid metabolism, and
significantly reduced inflammatory markers such as hs-CRP
and MDA.

In the elderly, overstimulation of the immune system leads to a
chronic low-grade inflammatory state, which may be related to a
persistent inflammatory state of the gut microbiota characterized
by reduced diversity and stability (Frasca and Blomberg, 2016).
In the aging process, the number of pathogens increases, such
as Enterobacteriaceae, which was positively correlated with
difficulty in maintaining posture and balance (Scheperjans et al.,
2015). However, the probiotics and neuroprotective molecules
decrease (Lambert et al., 2009; Caracciolo et al., 2014). A
study involving 72 PD patients and 72 healthy subjects found
that the number of Prevotellaceae in the intestines of PD
patients decreased by 77.6%. Mucin produced by this microbe
can form a barrier along the intestinal wall to protect against
pathogen invasion. In addition, a decrease in bacteria capable
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FIGURE 5 | Potential mechanisms of probiotics improving neurocognitive function and gastrointestinal symptoms. (A) In this model, probiotics in the intestinal tract
strengthen the intestinal barrier and inhibit the attachment of pathogenic bacteria to the intestinal wall, thereby improving gastrointestinal symptoms such as
abdominal pain, bloating, and constipation in patients with Parkinson’s disease. (B) Probiotics take HMO as substrate and decompose it into metabolites such as
acetic acid. SCFA and other bacterial metabolites act on APC and IECs through toll-like receptors and GPCRs. Reduced systemic inflammation, including
pro-inflammatory cytokines and anti-inflammatory cytokines, through NF- B and MAPK pathways. (C) Reduction of inflammation reduces insulin resistance on the one
hand, and on the other hand (D) reduction of damage to the blood-brain barrier, reducing damage to neurons, and thus improving neurocognitive function. (E) HMO,
human milk oligosaccharides; SCFA, short-chain fatty acids; GPCRs, G Protein-Coupled Receptors; APC, antigen-presenting cells; IECs, intestinal epithelial cells;
NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; MAPK, Mitogen-activated protein kinase; IL-10, interleukin 10; IL-8, interleukin 8; TNF-a, tumor
necrosis factor a; BBB, blood-brain barrier; IAA, auxin; TLRs, Toll-Like Receptors; BBB, blood-brain barrier.

of producing short-chain fatty acids (SCFA) was found in PD AD is considered a systemic disease because it is associated
patients (Unger et al., 2016). The decrease in SCFA can lead  with neuroinflammation in the brain as well as peripheral
to decreased expression of endothelial tight junction proteins,  inflammatory responses. Moreover, inflammation in the brain,
especially Occludin and Claudin-5, thus increasing blood-brain ~ which occurs many years before the appearance of plaques,
barrier (BBB) permeability (Braniste et al., 2014; Sampson and  is associated with AP production and antimicrobial responses
Mazmanian, 2015). A series of pro-inflammatory neurotoxins  (Bronzuoli et al., 2016; Le Page et al., 2018). Neuroinflammation
produced by intestinal microflora cross the BBB and impair  is an inflammatory response of the CNS to injury or infection,
the dynamic balance function of neurons in the CNS (Cryan  accompanied by the aggregation of glial cells. During this
et al,, 2019). SCFA can also increase intestinal peristalsis by  process, chemokines, complements and pattern recognition
regulating the activity of ENS (Soret et al., 2010). Therefore,  receptors (PRRs) activate microglia and astrocytes to produce
changes in SCFA concentration may lead to gastrointestinal  pro-inflammatory cytokines, especially IL-1B, IL-6, TNF-a
motility disorders in patients with PD. (Morales et al., 2014; Calsolaro and Edison, 2016). The activated
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microglia in turn activate other microglia and astrocytes. An
acute inflammatory response caused by activated glial cells
leads to repair of the damaged areas of the brain, while
chronic inflammation is usually low-grade and persistent which
causes tissue degeneration. Besides, in the aging brain, chronic
inflammation impairs its function of clearing abnormal proteins,
leading to amyloid precursor protein (APP) accumulation,
Double Helix Filament formation, and synaptic dysfunction.
All of these events lead to neurodegeneration and cognitive
decline (Morales et al.,, 2014; Lim et al, 2015). In addition,
the gut flora can produce a range of metabolites, such as
y-aminobutyric acid (GABA), 5-hydroxytryptamine (5-HT),
histamine and dopamine, all of which act as neurotransmitters
or neurotransmitter precursors to participate in a range of
mood, behavior and cognitive functions (Clarke et al., 2014;
Dinan and Cryan, 2017). Previous studies have also shown that
hypercholesterolemia is an early risk factor for the pathological
development of amyloidosis. There are more lipid granules (or
fat inclusions) in glial cells in the brain of AD patients, suggesting
abnormal lipid metabolism. Population-based longitudinal
studies have shown the link between high cholesterol levels and
AD (Kivipelto et al., 2001).

The World Health Organization defines probiotics as “live
microorganisms, which when administered in adequate amounts,
confer a health benefit on the host” (Hill et al., 2014).
Although probiotic mechanisms of action are still being studied,
several hypotheses have been proposed. Probiotics produce
antimicrobial agents or metabolic compounds that suppress the
growth of other microorganisms (Hemarajata and Versalovic,
2013). The metabolic activity of probiotics increases the amount
of metabolites in the gut, such as SCFAs (Zartl et al., 2018),
which represent the end products of bacterial activity in the
gastrointestinal tract. These probiotics block the synthesis of
hepatobiliary sterols, resulting in a decrease in the amount
of lipids in the blood (Taylor and Williams, 1998; Byrne
et al, 2015). They also regulate the transcription of genes
involved in tight junction, improve intestinal epithelial barrier
function (Anderson et al., 2010), reduce blood sugar levels and
improve insulin resistance (Tabuchi et al., 2003; Bagarolli et al.,
2017). The underlying mechanisms by which probiotics improve
gastrointestinal function and reduce inflammatory response are
shown in Figure 5. A growing body of evidence indicates that
probiotics can help intestinal microflora proliferate, promote
their composition shift toward a more balanced structure, and
help fight pathogens by regulating the immune system (Pandey
etal., 2015). The anti-inflammatory effects of probiotics in mouse
models were preliminarily confirmed. Caroline Xie et al. showed
that probiotics ameliorated hippocampal-dependent cognitive
deficits in preclinical PD models (Xie and Prasad, 2020). Perez
Visnuk et al. showed that decreased levels of inflammatory
cytokines IL-6 and TNF-a in serum and increased levels of anti-
inflammatory cytokines IL-10 in serum and brain tissue in the
probiotic-treated PD mice (Perez Visiiuk et al., 2020). A study by
Athari Nik Azm et al. showed that probiotics reduced oxidative
stress biomarkers and amyloid plaque formation in mice (Athari
Nik Azm et al., 2018). Kobayashi et al. also showed that B. Breve
Al inhibited the expression of amyloid-B-induced hippocampal

inflammation and immune response genes (Kobayashi et al.,
2017). These results suggested that probiotics might play a
role in health through anti-inflammatory and anti-oxidative
stress. Our results showed that probiotics reduced the levels of
inflammatory and oxidative stress markers (hs-CRP, MDA). In
a randomized controlled trial, probiotics reduced the expression
of pro-inflammatory factors (IL-1, TNF-a) genes, increased
the expression of anti-inflammatory factors (TGF-f, PPAR-
y) genes, and reduced the expression of inflammatory and
oxidative markers in PD patients (Borzabadi et al., 2018).
It is worth noting that inflammatory and oxidative stress
pathways are not unique to AD and PD, and they may play
an important role in a variety of diseases, especially age-related
diseases (Buford, 2017). After taking probiotics, the number
of total bowel movements (CBM), the number of spontaneous
bowel movements (SBM), and the Bristol Stool Scale in PD
patients improved. VLDL, triglyceride and HOMA-IR were
significantly improved.

Three studies about MCI showed that probiotics had
no adverse effects on participants hematological blood
parameters, vital signs, and biological blood parameters,
and no adverse reactions related to probiotics use were reported
in the 11 included studies. Therefore, the Bifidobacterium
and Lactobacillus strains used in involved studies were safe
and well-tolerated.

In our study, three studies involving patients with AD used
multiple strains (Akbari et al., 2016; Agahi et al., 2018; Tamtaji
et al., 2019a), and the other three literatures with MCI applied
a sole strain of probiotics (Hwang et al, 2019; Kobayashi
et al., 2019; Xiao et al., 2020). There were significant differences
between the experimental group and the control group in
the cognitive function indicators MMSE and RBANS, but we
could not confirm whether the single strain was effective for
AD patients. In the study of Aghahi et al., AD patients were
insensitive to a mixture of six strains (Agahi et al., 2018). It is
suggested that the efficacy of probiotics may be related to the
severity of the patient’s disease, the time of intervention, the dose
and the proportion of strains. Although the results showed that
MMSE was statistically different between the probiotic group
and placebo group, larger clinical data and longer follow-up are
needed to validate its clinical value. The definition of probiotics
requires an appropriate amount to obtain a health benefit, but
what does is called an appropriate amount is not stated. Due
to the limited information provided by the included studies, we
were also unable to determine whether there was a dose-response
relationship with the improvement of symptoms or determine
the most appropriate dose of probiotics. Most of the included
studies used a probiotic dose of 10" to 10'° CFU as a reference.
More reliable evidence is needed in the future, especially beyond
conventional doses (10” to 10'® CFU). Compared to the placebo
groups, the probiotic groups all showed greater improvements
in cognitive function in 12 weeks. Therefore, the present studies
showed that a probiotic intervention of 12 weeks may improve
cognitive function. But whether the effect can be achieved in
a shorter time, or sustained over a longer period, remains to
be verified.
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There are also several limitations: (1) The strains, dosage and
intervention time of probiotics are not the same, which will
have a certain influence on the outcome. (2) The criteria for
recruiting MCI subjects were different: (Kobayashi et al., 2019)
used RBANS<41 as the diagnostic criteria for MCI patients;
(Hwang et al., 2019) diagnosed MCI according to Diagnostic and
The Statistical Manual of Mental Disorders, 5th Edition (DSM-5);
(Xiao et al.,, 2020) took MMSE>22 as the diagnostic criterion. (3)
Among the 3 AD studies, two of them (Akbari et al., 2016; Tamtaji
etal., 2019a) used MMSE as the evaluation criterion of cognition,
and one (Agahi et al., 2018) evaluated cognition according to
TYM, which may affect the results of the meta-analysis.

The included RCTs have some limitations. Therefore, larger
RCTs with longer follow-up will be needed in the future
to offer more reliable evidence. For the future RCTs, we
have some suggestions as follows. Firstly, additional subgroups
should be considered, including different probiotic doses,
different intervention times and different severity of diseases,
etc. Secondly, more indicators should be included, such as
impaired cognitive related inflammatory biomarkers, S100A12,
and neopterin. In addition, other cognitive assessments that
may more sensitivity assess the impact of cognition rather than
the global screening metric of MMSE should be conducted.
At present, there are 3 ongoing RCTs on AD and 5 ongoing
RCTs on PD, which will provide more evidence for future
studies. The information of these RCTs is shown in the
Supplementary Material.

CONCLUSION

This meta-analysis suggested that probiotics could enhance
cognitive function in patients with AD and MCI and improve
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provide more reliable evidence.
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