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Population aging is a prominent global problem in today’s society. However, there are
currently no good methods to treat or prevent aging, so anti-aging research has crucial
implications. In this research, we screened bacteria from centenarians, and finally selected
four probiotics (Lactobacillus fermentum SX-0718, L. casei SX-1107, Bifidobacterium
longum SX-1326, and B. animalis SX-0582) to form a probiotic combination. By using the
senescence accelerated mouse prone 8 (SAMP8) model, the anti-aging effects of the
probiotic combination were evaluated by using behavioural testing, neuroinflammation,
intestinal inflammation, and intestinal microbiota. The results showed that probiotic
combination improved the impaired spatial memory, motor dysfunction, and decreased
exploratory behavior in aging mice. The probiotic combination inhibited Toll-like receptor 4
(TLR4)/nuclear factor kappa B (NFkB)-induced neuroinflamsmation and up-regulated the
expression of Sirt 1 to protect hippocampal neurons. At the same time, the probiotic
combination regulated the intestinal microbiota, reduced the relative abundance of
Alistipes and Prevotella in SAMP8 mice, inhibited TLR4/NFxB-induced intestinal
inflammation, and increased the expression of intestinal permeability related proteins
zonula occludens-1 (ZO-1) and Occuldin. The anti-aging effects of the probiotic
combination may be through the regulating intestinal microbiota and inhibiting TLR4/
NFxB-induced inflammation. This research provides the basis and technical support for
the future production and application of the probiotic combination.

Keywords: aging, SAMP8 mice, TLR4/NF«B, neuroinflammation, probiotic combination

INTRODUCTION

Aging is a process that almost all living organisms go through, characterised by the gradual decline
of in the body’s cell, tissue, and organ functions over time, as well as reduced cognitive and memory
functions (1). Globally, the population over the age of 65 is 617 million (8.5%), and this number may
reach 1.6 billion by 2050 (2). With the aging of China’s population, the incidence of aging-related
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diseases - Parkinson’s disease (PD), Alzheimer’s disease (AD),
malignant tumours, and others — continues to rise, causing a
heavy financial burden on the country and the families of
patients (3, 4). Although many drugs such as metformin,
resveratrol, and rapamycin have been proven to have anti-
aging effects, they have not been promoted widely due to high
cost, difficulty in extraction, and serious side effects (5).
Therefore, finding or developing anti-aging active substances
and exploring their mechanisms of action has become a current
research hotspot in response to the reality of population aging.

In recent years, inflammatory aging has become a new topic in
aging research (6). These studies have shown that inflammatory
aging is closely related to the occurrence and development of many
senile diseases such as AD, atherosclerosis, PD and osteoporosis (7).
Inflammatory aging refers to the chronic and progressive increase in
the pro-inflammatory state of the body during the natural aging
process. The main reason is the imbalance between pro-
inflammatory and anti-inflammatory cytokines in the body,
which ultimately leads to an increase in the pro-inflammatory
response (8). Pro-inflammatory cytokines can induce stem cell
senescence, which is the cellular basis for the aging of tissues and
organs. Senescent cells secrete cytokines, growth factors, proteases,
and other substances that cause inflammation and destroy the
cellular microenvironment, leading to reduced cell survival. It
affects the proliferation and differentiation of cells and induces
stem cell senescence and aging-related diseases (9). Research has
shown that in the elderly, increased levels of serum inflammatory
factors such as tumour necrosis factor-ot (TNF-av), interleukin-6
(IL-6) and C-reactive protein (CRP) are considered to be risk factors
of cardiovascular and degenerative diseases (10). Bruunsgaard et al.
(11) found that the increased of TNF-otis correlated positively with
the all-cause mortality of elderly men in a follow-up study of 333
relatively healthy elderly people over 80 years of age, indicating that
TNF-o has a certain predictive effect on death.

According to recent research reports that there is an
important relationship the between intestinal microbiota and
inflammatory aging, Inflammation may be caused by decreased
in the autoimmune tolerance and the composition of the
intestinal microbiota caused by aging, leading to its abnormal
immune activation (12). Increased release of gram-negative
bacteria and lipopolysaccharide in the intestine leads to
chronic inflammation throughout the body, which in turn
induces the occurrence of various neurological diseases such as
AD, PD, and amyotrophic lateral sclerosis (ALS) (12). The
intestinal microbiota can also regulate host behaviour through
the brain-gut axis, affect the host’s blood-brain barrier function
and basic neurodevelopmental processes such as the maturation
of microglia, and participate in the regulation of brain functions
(13). The intestinal microbiota participates in the process of
aging mainly through regulating oxidative stress, the immune
response, and metabolism (13, 14). Aging people have disorders
of the intestinal microbiota. Studies have compared the fecal
microbes of patients with progeria with their respective healthy
siblings. There is a marked decline in the relative abundance of
the family Ruminococcaceae in patients with progeria, while the
families Erysipelotrichaceaceae and Lachnospiraceae are

enriched; these findings are consistent with the mouse model
of progeria (15). When the researchers transplanted the
intestinal microbiota of normal mice into progeria mice, the
average lifespan increased (15). These results indicate that
regulating and maintaining the balance of the intestinal
microbiota of the elderly may be a means of preventing and
treating aging-related diseases and delaying aging. Hence, this
topic deserves further discussion and research.

As active microorganisms that are beneficial to human body,
probiotics play a great part in maintaining the balance of
microorganisms in the intestinal tract. Supplementing probiotics
can facilitate the production of immunologically active factors and
different types of immunoglobulins by regulating cellular and
humoral immunity, participating in inflammation, improving
the immune response, and promoting the proliferation of spleen
cells (16). Therefore, our group screened probiotics from the
faeces of seven centenarians of the Centenarian Village in
Ganzhou, Jiangxi province, China. Based on this screening, we
chose Lactobacillus fermentum SX-0718, L. casei SX-1107,
Bifidobacterium longum SX-1326, and B. animalis SX-0582 to
prepare a probiotic combination. Then we evaluated the anti-
aging effects of this probiotic combination by using the senescence
accelerated mouse prone 8 (SAMP8) mice model. Our findings
provide a basis for the development of an anti-aging probiotic
dietary supplement for elderly people.

MATERIALS AND METHODS

In Vitro Experiments

Bacterial Strains

The research team screened the faeces of seven centenarians of
the Centenarian Village in Ganzhou, Jiangxi province, China;
their ages were 103, 107, 102, 105, 100, 101, and 100, respectively.
First, the faecal microorganisms were extracted and subjected to
serial dilutions. The various dilutions were spread aseptically on
the selected culture medium and cultivated in aerobic and
anaerobic environments for 24-48 h. According to the colony
shape, size, colour, edge, gloss, and texture, 20-40 single colonies
were picked and then activated and cultured on the
corresponding liquid medium for 24-48 h. The genomic DNA
of the activated bacteria was extracted and then sequenced to
identify the types of bacteria by using the NCBI database. A total
of more than 1,500 strains were screened, and four probiotics
were selected to form a probiotic combination (all from Jiangxi
Shanxing Biotechnology Co., Ltd, Nanchang, Jiangxi, PR China):
L. fermentum SX-0718, L. casei SX-1107, B. longum SX-1326, and
B. animalis SX-0582. The bacteria were cultivated in De Man-
Rogosa-Sharpe (MRS) medium at 37°C under anaerobic
conditions with a bacterial density of 1 x 10° colony-forming
units (CFU)/mL.

Probiotic Evaluation of Isolates

For the acid resistance test, after activation, bacteria were
centrifuged at 4500 g for 10 min at 4°C, and the cell pellet was
resuspended in phosphate buffered saline (PBS). The cell
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suspension was diluted in PBS with different pH (3, 5, 7 and 9)
and incubated at 37°C, for 4 h. For the bile salt tolerance test,
bacteria were inoculated in MRS medium containing different
bile salts concentrations (0.0%-0.5% wt/wt) at 37°C for 4 h. After
incubation, all bacteria were counted by the plate number
method (17).

For antimicrobial testing, pathogenic microorganisms were
selected, including Salmonella typhimurium ATCC 13311,
Shigella flexneri ATCC 12022, Propionibacterium acnes ATCC
11827, Sh. dysenteriae 301, Enterohemorrhagic coli 0157, S.
enteritidis ATCC 13076, Listeria monocytogenes ATCC 19111,
Staphylococcus aureus Cowanl and Candida albicans SC531.
They were cultured overnight and spread on the lysosomal
broth (LB) (Hopbio, Hb0384-1, Qingdao) agar plate surface.
Then, an Oxford cup was placed on the surface of the agar, and
the bacterial supernatant (200 uL) was added. The size of the
inhibition zone around the Oxford Cup was measured (18).

Experimental Design and Processing

The mice used in this experiment - SAMPS, a rapidly aging
mouse model, and SAMRI, the corresponding normal aging
model - were purchased from the Peking University Health
Science Center. The 3-month-old male mice were maintained in
a standard environment for 2 weeks before beginning the
experiments. The standard environment for mouse breeding
comprised a 12-h photoperiod, a temperature of 22 + 3°C,
relative humidity of 50% + 15%, and free access to food and
water. Then, the mice were divided into four groups: (i) the
control (C) group (n = 10), SAMRI1 mice, daily gavage of normal
saline (the same volume as used for the probiotic combination);
(ii) the model (M) group (n = 9), daily gavage of normal saline
daily (the same volume as used for the probiotic combination);
(iii) the low-dose probiotic (L) group (n = 10), daily gavage of 1 x
107 CFU/mL L. fermentum SX-0718 + 1 x 10’ CFU/mL L. casei
SX-1107 + 1 x 10" CFU/mL B. longum SX-1326 + 1 x 10" CFU/
mL B. animalis SX-0582 for 18 weeks; (iv) the high-dose
probiotic (H) group (n = 10), daily gavage of 1 x 10° CFU/mL
L. fermentum SX-0718 + 1 x 10° CFU/mL L. casei SX-1107 + 1 x
10° CFU/mL B. longum SX-1326 + 1 x 10° CFU/mL B. animalis
SX-0582, for 18 weeks. After the probiotic treatment, all
mice underwent behavioural testing. They were then
anaesthetised and the brain and colon were collected
(Supplementary Figure 1A).

Aging Score

Animals in each group were scored objectively for 11 indicators
including fur gloss, fur roughness, the degree of hair loss, skin
ulcers, eye damage, corneal turbidity, corneal ulcers, cataracts,
kyphosis, reactivity, and the passive escape response. Each index
is divided into 4-5 grades, and the score is calibrated. The higher
the score an animal gets, the higher its degree of aging (19).

Behavioural Experiments

The pole test was used to detect motor dysfunction in mice. The
apparatus is a metal rod with a diameter of 1 cm and a length of
50 cm. To prevent the mice from slipping, the metal rod was
wrapped with bandage gauze, and the bottom of the metal rod

was placed in a cage. The mouse was placed face down on the top
of the pole, and the latency for the moue to fall freely to the cage
(hind limbs touch the bottom of the cage) was recorded. Each
mouse was tested three times, 15 min apart, and the average
value was calculated.

The open field test was used to evaluate the changes in
exploratory behaviour and anxiety of each mouse when
exposed to a new environment. The apparatus is a square
divided into 25 squares of equal area; the edge area and the
central area are defined. The free movement of mice was
recorded for 10 min. After each experiment, the experimental
area was cleaned to remove any odour left by the previous
mouse so that it would not affect the behaviour of the
subsequent mouse.

The Barnes maze was used to test the spatial memory ability.
The animals were placed individually in the target box of the
target hole and allowed to adapt to the apparatus for 2 min the
day before the start of the test. On day 1 of testing, a transfer
device was used to place the animal in the centre of the maze.
Then, each mouse was guided to the target hole, and the animals
were permitted to stay in the box for 2 min. Each animal was
observed for a maximum of 3 min at a time. During this period, if
the animal could not find the target box, it was guided to the
target box and allowed to stay there for 2 min. The animals were
trained each day for 9 days. On the last day of probe test, count
the incubation period of each group of mice, the stay time in the
target area, the stay time in the reverse target area, and the
correct number of holes.

Western Blot

One gram of tissue was homogenised in radioimmunoprecipitation
assay (RIPA) buffer containing protease inhibitor cocktail and
phenylmethylsulphonyl fluoride (PMSF) with electric
homogeniser. The sample was centrifuged at 12000 g for 10 min
a 4°C. The supernatant was removed and the protein concentration
was determined with a BCA protein assay kit. The samples were
then subjected to sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) to separate protein. The wet transfer
method was used to transfer the separated protein to a
polyvinylidene fluoride membrane (PVDEF). After the transfer, the
membrane was blocked and then incubated with the appropriate
primary and secondary antibodies according to the manufacturer’s
instructions. Finally, the membrane was incubated with a
chemiluminescent substrate and the protein bands were visualised
with an automatic gel imaging analyser. The primary antibodies
used included: rabbit anti-B-actin (B-actin; 1:1000; Cell Signaling
Technology; Cat# 4970S), rabbit anti-Bcl-2 associated X Protein
(Bax, 1:1000; Cell Signaling Technology, Cat# 14796S), rabbit anti-
B-cell lymphoma-2 (Bcl-2, 1:1000; Cell Signaling Technology, Cat#
3498S), rabbit anti- phosphorylated-AKT (p-AKT; 1:1000; Sangon
Biotech, Cat# D151499), rabbit anti- AKT (1:1000; Sangon Biotech,
Cat# D151621), rabbit anti- silent information regulator 1 (Sirt 1;
1:1000; Cell Signaling Technology, Cat#9475), mouse anti-Toll-like
receptor 4 (TLR4; 1:1000; Santa Cruz Biotechnology, Cat# sc-
293072), rabbit anti-myeloid differentiation primary response gene
88 (MyD88; 1:1000; Proteintech; Cat# 23230-1-AP), rabbit anti-
phosphorylated-p65 (p-p65; 1:1000; Abcam; Cat# ab86299), rabbit
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anti-p65 (p65 1:1000; Cell Signaling Technology; Cat# 8242S),
rabbit anti-tight junction protein 1 (zona occludens 1, ZO-1;
1:5000; Proteintech; Cat# 21773-1-AP), and rabbit anti-Occludin
(Occludin 1:1000; Proteintech; Cat# 13409-1-AP).

Immunofluorescence and Inflammatory
Factor Detection

Brains were fixed in paraformaldehyde and then subjected to
dehydration, clearing, wax immersion, and embedding. The
embedded tissue was sliced continuously at a thickness of 5
um. The sections were deparaffinised and equilibrated to water,
subjected to antigen retrieval, and incubated in 5% bovine serum
albumin (BSA) for 30 min. The sections were then incubated
with the appropriate primary and secondary antibodies. The
nuclei were then stained with DAPI. After mounting the sections,
they were viewed under an upright fluorescence microscope and
images were captured. The number of NeuN-positive cells was
counted by using the Image] software (National Institutes of
Health). The average cell number/field of view was used for
statistical analysis.

To detect inflammatory factors, protein was extracted from
the brainss following the same method described for western
blot. The following kits were used to evaluate the levels of
inflammatory factors in the hippocampus of mice, following
the manufacturer’s instructions: IL-1 (Proteintech, Cat#
KE10003), TNF-o. (Proteintech, Cat# KE10002) and IL-6
(Proteintech, Cat# KE10007).

Bacterial DNA Extraction

For microbiota analysis, the faeces of each group of mice (n=8)
were collected. A genomic DNA kit (Qiagen, Cat#51804) was
used to extract fecal genomic DNA, following the product
instructions. Then the NanoDrop spectrophotometer was used
to determine the concentration and quality of the extracted
DNA. Genomic DNA was re-extracted for samples that did
not meet the quality requirements. The 16S ribosomal DNA
(rDNA) V4 region was amplified by using the following primers:
515F, 5°-GTG CCA GCMGCC GCG GTAA-3’; 806R, 5-GGA
CTA CVSGGG TAT CTAAT-3". The IlluminaHiSeq2000
platform was used for sequencing. The sequencing results have
been deposited in GenBank (accession number PRINA768326).

High-Throughput Sequencing

The data were subjected to sequence denoising or operational
taxonomic unit (OTU) clustering by using the analysis process of
the Vsearch software or QIIME2 DADA?2 analysis. The Vsearch
method (20) mainly includes de-priming, splicing, quality
filtering, de-duplication, de-chimerism, clustering and other
steps to obtain OTU. The DADA2 method mainly carries out
the steps of depriming, quality filtering, de-noising, splicing and
de-chimerism. Each deduplicated sequence generated after
DADA2 quality control is called an amplicon sequence variant
(ASV), or feature sequence (corresponding to a representative
sequences of OTU). ASV and OTU were then used to analyse the
species composition, alpha diversity, beta diversity, species
difference analysis and symbol species, etc.

Statistical Analysis

GraphPad Prism 7 was used for statistical analysis. The data were
expressed as the mean + standard deviation (SD). One-way
analysis of variance (ANOVA) was used to determine a
statistically significant difference (p < 0.05)

RESULTS

Probiotic Properties

First, we conducted acid tolerance, bile salt tolerance and
antibacterial experiments to evaluate the probiotic
characteristics of the selected strains. The four selected
probiotics were tolerant to medium strong acid (Figure 1A)
and survived in different bile salt concentrations (Figure 1B). As
shown in Figure 1A, after 4 h in pH 3 PBS, the survival rates of L.
fermentum SX-0718, L. casei SX-1107, B. longum SX-1326, and
B. animalis SX-0582 were 80.2%, 92.4%, 99.0%, and 99.5%,
respectively. As shown in Figure 1B, L. fermentum SX-0718
had low tolerance to bile salt. B. longum SX-1326 showed
excellent bile salt tolerance: at a concentration of 0.5%, the
survival rate was still 85.4%. In addition, the selected probiotics
significantly inhibited the growth of the pathogens S.
typhimurium ATCC 13311, Sh. flexneri ATCC 12022, P. acnes
ATCC 11827, Sh. dysenteriae 301, E. coli O157, S. enteritidis
ATCC 13076, L. monocytogenes ATCC 19111, Staph. aureus
Cowanl and C. albicans SC531, with a suppression area from
15.25 mm to 22.5 mm (Figure 1C).

The Probiotic Combination Improved
Behaviour in SAMP8 Mice

The Barnes maze test was used to evaluate the effect of the
probiotic combination on the spatial learning and memory
abilities. Compared with C group, in daily training, mice in
group M took significantly longer time to find the platform,
while probiotic combination (group L and H) greatly reduced the
escape latency, the latency period of searching for right foramen.
On the probe test, the latency of the probiotic combination
treatment was significantly shorter than that of the M group (L
vs. M =27.45vs.48.19 s; p <0.001; Hvs. M = 20.34 s vs. 48.19 s;
p < 0.001), and there was no significant difference between low-
dose and high-dose probiotics (Figure 2A).

The pole test was conducted to observe the effect of the probiotic
combination on the motor dysfunction of SAMP8 mice. As shown
in Figure 2, compared with the C group, the M group showed
significant motor retardation (M vs. C = 19.46 s vs. 8.877 s; p <
0.001), and treatment with either low or high concentrations of the
probiotic combination significantly alleviated the motor
dysfunction of SAMP8 mice (L vs. M = 13.78 s vs. 19.46 s; p <
0.001; H vs. M = 10.73 s vs. 19.46 s; p < 0.001).

The open field test was used to detect the behavioral and
mental changes of mice to the new environment, such as
exploratory behavior and anxiety. Experimental parameters
showed that compared with mice in group M (distance =
4384 cm, number = 109, distance = 574.6), mice in groups C,
L, and H had a longer total movement distance (distance =
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FIGURE 1 | Evaluation of the probiotic characteristics of L. fermentum SX-0718, L. casei SX-1107, Bifidobacterium SX-1326, and B animalis SX-0582. (A) The acid
tolerance of L. fermentum SX-0718, L. casei SX-1107, B longum SX-1326 and B animalis SX-0582. (B) The cholate tolerance of L. fermentum SX-0718, L. casei
SX-1107, B longum SX-1326 and B animalis SX-0582. (C) Antibacterial activities of L. fermentum SX-0718, L. casei SX-1107, B longum SX-1326 and B animalis
SX-0582 on Salmonella typhimurium ATCC 13311, Shigella flexneri ATCC 12022, P ropionibacterium acnes ATCC 11827, Sh. dysenteriae 301, Escherichia coli
0157, S. enteritidis ATCC 13076, Listeria monocytogenes ATCC 19111, Staphylococcus aureus Cowani and Candida albicans SC531.

5505 cm, distance = 5474 cm, distance = 5313 cm; C vs M, P <
0.05; L vs M, p < 0.05; Hvs M, p < 0.05), more times to enter the
central area (number = 59.33, number = 91.56, number = 104.8;
Cvs M, p <0.05 Lvs M, p<0.05 HvsM, p < 0.05) and longer
central movement distance (distance = 1379 cm, distance =
1187 cm, distance = 1416 cm; C vs M, p < 0.05; L vs M, p <
0.05; Hvs M, p < 0.05). In addition, there was no dose-dependent
in probiotics treatment.

evaluated the expression of Bax, Bcl-2, and p-AKT in the
hippocampus of mice by using western blot. The results
showed that the expression of pro-apoptotic protein Bax in
group M mice was significantly higher than that in C mice,
and the expression of anti-apoptotic protein Bcl-2 and p-AKT
was significantly lower than that of the M group, while the pro-
apoptotic protein expression in the L and H groups was
significantly lower than that in M group, and the expression of
apoptotic protein was notably higher than that of the M group.
In addition, the expression of Sirt 1 in the C, L and H groups was
prominently higher than that in the M group, indicated that
probiotic combination could inhibit the decrease of Sirt 1
expression in aging mice.

The Probiotic Combination Reduced
Neuronal Death and Prevented the
Decrease of Sirt 1 Expression in the
Hippocampus of SAMP8 Mice

The reduction in the number of hippocampal neurons in SAMP8
mice is closely related to the learning and memory declines.
Therefore, we detected the number of neurons in the
hippocampus of SAMP8 mice through NeuN immunostaining.
Compared with C group, the M group had fewer hippocampal
neurons; the probiotic combination protected hippocampal
neurons compared with the M group (Figure 3A). Neuronal
loss due to apoptosis — regulated by Bax and Bcl-2 - plays an
important part in the occurrence and development of aging. The
p-AKT can modulate apoptosis by regulating Bcl-2/Bax. We

The Probiotic Combination Inhibited TLR4/
NF-«xB Signaling Pathway and

Hippocampal Inflammation in SAMP8 Mice
Inflammation plays an important role in maintaining and
promoting aging, and the TLR4/NFxB pathway is closely
related to inflammation. Hence, we evaluated the expression of
proteins involved in the TLR4/NFkB signalling pathway in the
hippocampus by using western blot. Compared with the M
group, the probiotic combination significantly reduced TLR4,
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MyD88 and p-p65/p65 expression (Figure 4A, p < 0.01). In
addition, the detection of inflammatory factor protein levels
showed that probiotic combination significantly reduced the
relative expression of the pro-inflammatory cytokine IL-1f, IL-
6 and TNF-o compared with the M group, (Figure 4B; p<0.01).
These results suggest that the probiotic combination modulates
the upregulation of TLR4/NFxB signalling pathway components
to reduce inflammation in SAMP8 mice.

The Probiotic Combination Altered the Gut
Microbiota Composition of SAMP8 Mice

The intestinal microbiota is closely related to the occurrence and
development of senescence. We collected the faeces of mice and
analysed their intestinal microbiota changes by using high-
throughput sequencing. A total of 1,138,968 valid tags and
10,202 OTUs were obtained, with an average of 2550.25 per
group (data not shown). To analyse the influence of the probiotic
combination on the intestinal microbiota of SAMP8 mice, we
carried out a diversity analysis of the microbiota. The
Observed_species index represented the actual observed
number of OTU, and the Chaol index indicates the diversity
of the microbiota. As shown in the Figure 5, the
Observed_species index and Chaol indexes of the M group of
mice were reduced, while the probiotic combination increased
the abundance and diversity of intestinal microbiota, although
the changes were not significant (Figures 5A, B). The Venn
diagram shows 441 common OTU among all the groups, with
47, 42, 69, and 57 unique OUT for the C, M, L, and H groups,
respectively (Figure 5C). In addition, the principal co-ordinates
analysis (PCoA) used to study the similarity of microbial
communities showed that the points of the C group are
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FIGURE 2 | The probiotic combination improved spatial memory, motor dysfunction, and exploratory behaviour in SAMP8 mice. (A) The time to reach the target exit
during the training test (the Barnes maze). (B) The probiotic combination reduced time it took SAMP8 mice to reach the target exit during the probe test of the
Barnes maze. (C) The probiotic combination improved the motor dysfunction in SAMP8 mice (the pole test). (D) The probiotic combination increased the total
distance in SAMP8 mice moved in the open-field test. (E) The probiotic combination increased the number of entries SAMP8 mice made in central area of the open-
field test. (F) The probiotic combination increased the distance SAMP8 mice moved in the central area of the open-field test. C: control group (n = 10), M: model
group (n = 9), L: low-dose probiotic group (n = 8), H: high-dose probiotic group (n = 9). Data are presented as the means + SD. *p < 0.05 *p < 0.01.

clustered together, the points of the M group are relatively
scattered, and the samples of the C, L, and H groups have high
similarity. These findings indicate that the probiotic combination
alters the intestinal microbiota of aging mice to a pattern like that
of normal mice (Figure 5D). We analysed the relative abundance
of the top 20 bacterial genera among the different groups. There
was notably increased the relative abundance of Alisipes,
Prevotella, Odoribacter, Lactobacillus and Oscillibacter, and
decreased the relative abundance of Alloprevotella, Barnesiella
and Akkermansia. Compared with the M group, the probiotic
combination reduced the relative abundance of Alistipes and
Prevotella, and increased the relative abundance of Alloprevotella,
Acetatifactor, and Clostridium XIVa (Figure 5E).

The Probiotic Combination Alleviated
Colonic Inflammation and Decreased
Tight Junction Protein Expression in
SAMPS8 Mice

Intestinal microbiota imbalance and intestinal inflammation can
be causally related to each other. Therefore, haematoxylin and
eosin (H&E) staining was used to detect the pathological changes
in the mice colon, and the western blot were applied to detect the
expression of key proteins in the TLR4/NFkB inflammatory
pathway and intestinal permeability-related proteins in mouse
colon tissue. As shown in Figure 6, mucosal epithelial cells were
shed and a small amount of the intestinal gland structure was
destroyed in the colon of mice in the M group, while no mucosal
epithelial cells were shed and the intestinal gland structure was
maintained in the intestinal tissues of the C, L and H groups. In
addition, we used western blot to examine the expression of key
proteins in the TLR4/NFxB inflammatory pathway as well as
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presented as the means + SD. *p < 0.05.
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FIGURE 3 | The probiotic combination reduced neuronal death and prevented the decrease in Sirt 1 expression in the hippocampus of SAMP8 mice. (A)
Photomicrographs and quantitative analysis of the number of neurons in the hippocampus, analysed by NeuN immunostaining. (B) The effect of the probiotic
combination on the expression levels of Bax, Bcl-2, p-AKT and AKT in the hippocampus. (C) The effect of the probiotic combination on the expression level of Sirt 1
in the hippocampus. C: control group (n = 4), M: model group (n = 4), L: low-dose probiotics group (n = 4), H: high-dose probiotics group (n = 4). Data are

proteins related to intestinal permeability. Compared with the C
group, ZO-1 and Occuldin expression decreased and TLR4,
MyD88, and p-p65 expression increased in the M group. The
probiotic combination significantly increased the expression of
ZO-1 and Occuldin - indicating increased integrity of the
intestinal barrier - and reduced the expression of TLR4,
MyD88, and p-p65 - indicating a modulation of intestinal
inflammation (Figures 6B, C).

DISCUSSION

The aging of the population is a prominent global problem in
today’s society. Aging can lead to a series of physical changes and
abnormal behaviours, such as hair loss, sagging skin, reduced
mental ability, decreased memory and even dementia (21). The
health problems caused by the aging are major challenges in the
field of health care (12). There is currently no good way to
prevent or treat aging. Therefore, research related to anti-aging
treatments and aging-related diseases is needed urgently.
The SAMP8 mouse exhibits rapid aging that is consistent
with what happens in humans. It is mainly characterised

by reduced learning and memory, cognitive impairment and
neurodegenerative changes. It is a common natural pathogenesis
model to study dementia and aging (22).

In this research, the SAMP8 mice were used to evaluate the
effects of a probiotic combination. First, we identified four
probiotics (L. fermentum SX-0718, L. casei SX-1107, B. longum
S$X-1326, and B. animalis SX-0582; Jiangxi Shanxing
Biotechnology Co., Ltd, Nanchang, Jiangxi, PR China) from
the faeces of centenarians. In vitro experiments verified that
they had good acid resistance, bile salt resistance and
antibacterial properties (Figure 1). In addition, the probiotic
combination could alleviate weight loss and reduce the aging
score of SAMP8 mice (Supplementary Figures 1B, C). In
behavioural tests, aging mice showed impaired spatial memory,
motor dysfunction and decreased exploratory behaviour
(Figure 2). The probiotic combination was able to ameliorate
these changes, indicating that it may exert anti-aging effects.

Given the promising behavioural data, we studied the possible
anti-aging mechanism of the probiotic combination. The
hippocampus is involved in learning and memory and damage
to this brain region can cause learning and memory impairment
and spatial positioning disorders (23). Compared with the C
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FIGURE 4 | The probiotic combination modulated the TLR4/NFkB signalling pathway and hippocampal inflammation in SAMP8 mice. (A) The effect of the probiotic
combination on the expression levels of TLR4, MyD88, p-p65 and p65 in the hippocampus. (B) The probiotic combination reduced the levels of the pro-inflammatory
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group, there were fewer neurons in the hippocampus of the M pathway improves cell survival by regulating forkhead
group. The probiotic combination could alleviate the loss of  transcription factor (FKHR), as well as mammalian target of
neurons in SAMP8 mice (Figure 3A). Many studies have shown  rapamycin (mTOR) to increase protein synthesis and affect
that the AKT signalling pathway plays a significant role in the =~ nerves. The growth of synapses and the development of
apoptosis and metabolism of neurons. The AKT signalling  synaptic plasticity ultimately affect learning and memory
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FIGURE 6 | The probiotic combination alleviated colonic inflammation and decreased tight junction protein expression in SAMP8 mice. (A) HE staining of the colon.
(B) The effect of the probiotic combination on the expression levels of TLR4, MyD88, p-p65 and p65 in the colon. (C) The effect of the probiotic combination on the
expression levels of ZO-1 and Occuldin in the colon. C, control group (n = 4); M, model group (n = 4); L, low-dose probiotics group (n = 4); H, high-dose probiotics

group (n = 4). Data are presented as the means + SD. *p < 0.05.

functions (24, 25). The p-AKT can directly regulate formation of
the Bcl-2/Bax heterodimer through phosphoinositide 3-kinase
(PI3K)-1 (26). Sirt 1 plays a significant role in the development of
the brain and neurons as well as the pathogenesis of AD.
Neurodegeneration and cognitive function are significantly
improved after injection of a virus encoding Sirt 1 into the
hippocampus (27). Research by Zhou et al. (28) also showed that
blocking Sirt 1 with small interfering RNA (siRNA) can
accelerate AD pathology and cognitive impairment. Moreover,
there is an interaction between Sirt 1 and AKT. Histone
acetyltransferase (HAT) can inhibit AKT phosphorylation,
while Sirt 1 is a histone deacetylase (HDAC) that uses NAD to
deacetylate AKT on lysine residues targeted by HAT (29). Sirt 6
is another NAD+ dependent deacetylase, Kawahara et al. (30)
found that Sirt 6 can be recruited to the promoters of NFkB
downstream genes, reducing the level of promoter acetylation
and inhibiting the expression of downstream genes related to
apoptosis and cellular senescence. Studies have shown that
overexpression of Sirt 6 can increase the healthy lifespan of
mice by an average of 30% (31), so Sirt 6 may be another
mechanism by which probiotics exert anti-aging effects,
although this eventuality requires further study. The detection
of NeuN-positive cells, apoptosis, proliferation-related proteins,
and Sirt 1 in the hippocampus demonstrated that the probiotic
combination can prevent hippocampal neuronal loss (Figure 3).
The neuroprotective eftect of the probiotic combination on
hippocampal neurons may be through the regulation of the
AKT signalling pathway and Sirt 1.

Neuroinflammation plays an important part in aging-related
neurological diseases such as AD and PD (32). In these diseases,
various inflammatory factors (food antigens, lipopolysaccharides,
free fatty acids, reactive oxygen species, etc.) bind to TLR and
activate NFxB, an important factor in the immune system and
the inflammatory process, after signal transduction. This
phenomenon leads to the release of many pro-inflammatory
factors (IL-1B, IL-6, TNF-q, etc.), causing neuroinflammation,
damage to the brain, and neuronal death (32, 33). Some drugs can
alleviate the progression of neurodegenerative diseases such as AD
and PD by modulating neuroinflammation (34, 35). In this study,
compared with the M group, the levels of TLR4, MyD88, p-p65/
p65, IL-1B, TNF-o. and IL-6 were significantly reduced in the L
and H groups (Figure 4), indicating that the probiotic
combination can inhibit neuroinflammation in aging mice and
protect neurons.

The intestinal microbiota is closely related to human health.
Under normal physiological conditions, the host and the
intestinal microbiota maintain an ecological balance through
synergistic antagonism. Local and continuous abnormal
activities of intestinal microbes can cause inflammation of the
intestinal mucosa. However, local inflammatory reactions often
lead to the occurrence of chronic low-grade inflammation
throughout the body. Chronic low-grade inflammation in the
intestinal mucosa will result in the destruction of the intestinal
barrier, and many harmful factors (lipopolysaccharides,
pathogenic bacteria, etc.) will enter the body to induce
neuroinflammation (14, 16, 32). We detected changes in the
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intestinal microbes of mice by using high-throughput
sequencing. Compared with the C group, the diversity and
richness of the intestinal microbiota in the M group was
decreased. The probiotic combination counteracted these
changes in the intestinal microbiota and promoted the
restoration of intestinal homeostasis (Figures 5A, B). Based on
PCoA, we found that after treatment with the probiotic
combination, the intestinal microbiota of the aging mice
aggregated with the intestinal microbiota of the C group
(Figure 5D), which indicates that the probiotic combination
restores the intestinal microbiota of the aging mice to the
composition of normal mice. Consistently with the findings of
others, the abundance of Akkermansia muciniphila was
decreased and the abundance of Prevotella was increased in
aging mice (15). Moreover, the probiotic combination reduced
the relative abundance of Alistipes and Prevotella (Figure 5E).
Akkermansia can improve metabolism, exerts anti-inflammatory
activity, and augments the efficacy of immunotherapy; it is also
closely related to the intestinal barrier function. The decline in
Akkermansia may cause damage to the intestinal barrier and lead
to inflammation in the body (36). Alistipes is a gram-negative
anaerobe and a facultative pathogen. The abundance of Alistipes
increases in patients with depression (37). In the gut microbes of
patients with intestinal irritability syndrome, Alistipes tends to
increase, and this change may be one of the underlying causes of
depression in such patients (38). Researchers have found that
Alistipes can affect the use of tryptophan, impairing the balance of
the serotonergic system in the intestine, and then inhibiting brain
electrical activity, which may lead to cognitive dysfunction (37).
Prevotella is a genus of essential bacteria in a healthy intestinal biota.
However, studies have shown that Prevotellaceae bacteria increase
in the intestinal microbiota of patients with schizophrenia (39). The
abundance of Prevotella in the intestinal microbiota of patients with
cerebral palsy and children with cerebral palsy and epilepsy
increases significantly (40). The increased abundance of Prevotella
may be related to diseases such as periodontitis, bacterial vaginosis,
rheumatoid arthritis, metabolic disorders and low-grade
systemic inflammation (41-43). This may be due to the intestinal
colonisation of Prevotella leading to changes in the metabolism of
the microbiota, reducing the production of IL-18, which intensifies
intestinal inflammation and may lead to systemic
autoimmunity (44).

Studies have shown that intestinal barrier dysfunction, and
thus chronic inflammation from the intestine, plays an
important role in aging (45). Therefore, we examined the
pathological changes of colon in mice and detected the
expression of components of the TLR4/NFxB inflammatory
pathway (TLR4, MyD88 and p-p65) and tight junction
proteins (ZO-1 and Occuldin) in the colon. The mucosal
epithelial cells in the colon of aging mice were shed and a
small amount of intestinal gland structure was destroyed. The
probiotic combination counteracted these changes (Figure 6A).
Compared with the C group, the TLR4/NF«B signalling pathway
was activated in the M group, with increased the expression of
the inflammation-related proteins TLR4 and MyD88, which in
turn increased the level of p-p65 (Figure 6B). At the same time,

Probiotics combination regulate the microbiota-gut-brain axis and
alleviate aging in SAMP8 mice

Regulate the gut microbiota

ZO-1, Occludin I

TLR4. MyD88. NFxB l

=
Cﬁ The senescence accelerated
mouse (SAMPS)

|

Motor dysfunction,

exploratory behavior
and spatial memory
Through the gut-brain axis

FIGURE 7 | Graphical summary of this study. The probiotic combination,
determined by screening the faeces of centenarians, can increase the expression
of intestinal permeability-related proteins ZO-1 and Occuldin by regulating the
intestinal microbiota. It also inhibits TLR4/NFkB-induced intestinal inflammation
and then inhibits TLR4/NF«B-induced neuroinflammation through the gut-brain
axis and up-regulates the expression of Sirt 1 to protect hippocampal neurons.
These changes underlie the improved spatial memory, motor function, and
exploratory behaviour of aging mice.

the expression of ZO-1 and Occuldin decreased significantly
(Figure 6C). Treatment with the probiotic combination relieved
the intestinal inflammation and increased the integrity of the
intestinal barrier.

In summary, we have shown that the probiotic combination,
developed by screening the faeces of centenarians, increases the
expression of intestinal permeability-related proteins ZO-1 and
Occuldin by regulating the intestinal microbiota. It also inhibits
TLR4/NFxB-induced intestinal inflammation and consequently,
neuroinflammation through the gut-brain axis and upregulates
the expression of Sirt 1 to protect hippocampal neurons
(Figure 7). These changes underlie improved spatial memory,
motor function and exploratory behaviour of aging mice. Our
research provides the basis for the probiotic combination to
become a dietary supplement for anti-aging.
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