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Introduction: Aging is a complex, time-dependent biological process that
involves a decline of overall function. Over the past decade, the field of intestinal
microbiota associated with aging has received considerable attention. However,
there is limited information surrounding microbiota-gut-brain axis (MGBA) to
further reveal the mechanism of aging.

Methods: In this study, locomotory function and sensory function were evaluated
through a series of behavioral tests.Metabolic profiling were determined by using
indirect calorimetry.16s rRNA sequence and targeted metabolomics analyses were
performed to investigate alterations in the gut microbiota and fecal short-chain fatty
acids (SCFAs). The serum cytokines were detected by a multiplex cytokine assay.The
expression of proinflammatory factors were detected by western blotting.

Results: Decreased locomotor activity, decreased pain sensitivity, and reduced
respiratory metabolic profiling were observed in aged mice. High-throughput
sequencing revealed that the levels of genus Lactobacillus and Dubosiella were
reduced, and the levels of genus Alistipes and Bacteroides were increased in aged
mice. Certain bacterial genus were directly associated with the decline of physiological
behaviors in aged mice. Furthermore, the amount of fecal SCFAs in aged mice was
decreased, accompanied by an upregulation in the circulating pro-inflammatory
cytokines and increased expression of inflammatory factors in the brain.

Discussion: Aging-induced microbial dysbiosis was closely related with the
overall decline in behavior, which may attribute to the changes in metabolic
products, e.g., SCFAs, caused by an alteration in the gut microbiota, leading to
inflammaging and contributing to neurological deficits. Investigating the MGBA
might provide a novel viewpoint to exploring the pathogenesis of aging and
expanding appropriate therapeutic targets.

KEYWORDS

aging, microbiota, short-chain fatty acids, behaviors deficits, inflammation,
microbiota-gut-brain axis

1 Introduction

The world is currently facing a growing problem of population aging. The World Health
Organization estimates that the proportion of the world’s population over 60 years old will shift
from 12% in 2000 to 22% by 2050 (Fane and Weeraratna, 2020), population aging has become
a major public health issue in China. By 2050, more than 400 million Chinese will reach the
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age of 65 or older, and 150 million will reach the age of 80 or older
(Fang et al., 2015). Increasingly population aging has led to a shrinking
proportion of the workforce and a significant increase in social
spending on pensions, healthcare, and welfare protection, adding to
the economic and social burden. Concomitantly, there is also an
increased risk of many diseases associated with aging, such as cancer,
cardiovascular disease, neurodegeneration, and many other common
diseases, which greatly reduces the quality of life of the elderly
(Campisi et al., 2019). Since aging is unavoidable, understanding the
biological basis of aging and the associated mechanisms is important
for healthy aging.

In recent years, the critical role of the gut microbiota in human
aging has attracted more and more attention. A growing body of
evidence suggests that the gut microbiota plays a critical role in
human development, physiology, immunity, and nutrition (O'Hara
and Shanahan, 2006). Throughout adult life, the microbial
composition of the gut remains relatively stable, but changes
dramatically with age. And microbial ecological dysbiosis occurs
when the generated perturbations exceed the ability to restore
symbiotic conditions of the microbiota and its host (Levy et al.,
2017). This transition is characterized by a loss of diversity in the
body’s flora. In the elderly, there is a decrease in the beneficial
bacteria, such as Mycobacterium anomalum and Bifidobacterium
bifidum (Santoro et al., 2018; Salazar et al., 2019), and an increase
in the harmful bacteria, including Aspergillus and Clostridium
(Claesson et al., 2011; Tavella et al., 2021). When they proliferate
uncontrollably, the microorganisms and their metabolites may
induce inflammatory responses, which may in turn contribute to
the onset of chronic diseases in the elderly. Numerous possible
mechanisms including inflammation, microbial dysbiosis and so on
have been proposed to explain the origins of age-related
neurodegenerative disorders (Sampson et al., 2016; Tansey et al.,
2022; Grobler et al., 2023). These evidence support the view that
inflammation and bacterial flora may be crucial treatment targets
during the pathological and physiological process of senescence,
which should be taken into account.

Also, changes in microbial composition are thought to play a key
role in regulating the MGBA and influencing the brain and gut
function (Borre et al., 2014; Sun et al.,, 2023). The MGBA is a
bi-directional communication network between gut microbes and
central neural system. Dysregulation of microbial ecology leads to
dysfunction of MGBA signaling, which regulates host immune,
metabolic, and neurological development and function. Studies have
shown that transplantation of gut microbiota from aged rats into
young rats resulted in a decreased neuronal functional activity in
specific brain regions, and reduced synaptophysin expression in the
young rats, all of which aligned with the characteristics observed in
aged rats (Li et al., 2020). Another study found that the aged mice that
received fecal transplants selectively reversed the immune response
induce by aging, repaired aging-associated metabolic levels in the
hippocampus, and improved learning and memory (Boehme et al.,
2021). Cruz-Pereira et al. (2023) reported that age-dependent
alterations of cecal metabolites affect deficits in social behavior. All of
the above studies have demonstrated that ageing-induced microbial
ecological dysfunctions might contribute to neurological deficits
via metabolites.

In this study, we evaluated the locomotor activity, sensory
function and cognitive level of young (3 month old) and aged
(22 month old) female C57BL/6 ] mice through a series of behavioral
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tests. The physiological functions, gut microbiota and their
metabolites of young and aged mice were comparatively analyzed
from the perspective of the MGBA. Our study focused on the
alterations in the microbiota and metabolites induced by aging, and
whether such alterations affect systemic inflammation and
inflammation of related brain region through the MGBA to mediate
abnormal behaviors.

2 Materials and methods

2.1 Animals

Ten young (3month old) and eight aged (22month old) female
C57BL/6] mice were obtained from the Center of Experimental Animals,
Capital Medical University (Beijing, China). All mice were housed in an
air-conditioned room where the temperature was 22+2°C and relative
humidity was 55% + 10%, and followed a standard 12:12 light/dark cycle.
Food and water were available ad libitum. The animal protocols were
approved by The Animal Care and Use Committee of Capital Medical
University (Approval No.: AEEI-2022-157).

2.2 Behavioral test

2.2.1 Open field test

The open field test was carried out to evaluate locomotor activity.
The apparatus was an opaque square chamber (50 x 50 x40 cm) with
a white floor. The center of the floor was illuminated at 100 lux. Each
mouse was placed in the corner of the chamber. The total distance
traveled (mm) and velocity (mm/s) were measured for 10 min using
the Cleversys TopScanlite system.

2.2.2 Rota rod test

Mice were placed on rotating drums (3cm diameter) of an
accelerating rotarod to evaluate motor coordination and balance. The
speed of the rotarod accelerated from 0 to 40 rpm over a 5-min period.
Latency to fall off the rotating rod was recorded with a 5-min cut-off
time for three trials per day. The test was performed after 3-consecutive
days of training.

2.2.3 Gait analysis

Specific parameters of locomotion were quantified using the
DigiGait Image Analysis System. For each test, at least 5 complete step
cycles were recorded at a speed of 15cm/s. A high-speed digital
camera captured the movement of each paw and then the footage was
analyzed using the DigiGait analysis software (DigiGait 12.4). The gait
analysis evaluations were blinded to the experimenters.

2.2.4 Hot plate test

The hot plate test was performed to evaluate sensitivity to a
painful stimulus. Paw withdraw latency (PWL) was measured by
placing the mouse’s hind paw on a radiant heat source. Mice were
placed unrestrained in individual transparent plastic compartments
(Ilecmx 17 cmx 14cm) and allowed to be stationary before the test.
An infrared radiant heat source (25 W) was applied through a glass
floor to the middle of the plantar surface of the hind paw until paw
withdrawal was observed; the latency in the paw withdrawal response
to the heat source was recorded as PWL. The intensity was set as 30%
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and cut-off limit of exposure was set as 30's to avoid burning the skin
of the mice.

2.2.5 Von Frey hair test

Mice were placed in a transparent box with a wire mesh as the
bottom surface and were given at least 30 min of adaptation time until
they were calm before testing. Bilateral hind paw mechanical
thresholds were determined by applying Von Frey filaments (Semmes-
Weinstein monofilaments) with strengths ranging from 0.02 to 2.0g
(0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, 2.0g). According to the
“Up-Down” method (Dixon, 1980), 0.16 g filament was firstly applied
to bilateral hind paws of mice until the filament was bent into S-shape,
and the stimulation lasted for 3s. If the mice showed rapid foot
shrinkage or foot licking, it was recorded as a positive response and
the intensity level was lowered by one level, and if it was a negative
response, then the intensity level was raised by one level. Each
measurement was taken about 5min apart, and the final mechanical
pain threshold was calculated.

2.3 Metabolic parameters

To measure the metabolic phenotyping, animals were transferred
to metabolic phenotyping chambers (Mouse Promethion Continuous
caging system; Sable Systems, Las Vegas, NV) individually. Gas sensors
were calibrated before each run with 100% N, as reference value zero.
The incurrent flow rate was set at 2,000mL/min and gases were
sampled continuously for each cage, from multiple points within the
cage (250 mL/min). Carbon dioxide (CO,) production and oxygen
consumption were recorded for each mouse. The ratio of CO,
production over O, consumption was calculated as respiratory
exchange quotient (RQ). The Weir equation: Kcal/h =60 x (0.003941 x
VO,+0.001106 x VCO,) was used to calculate energy expenditure
(EE). Values were calculated after application of algorithms using
macros provided with the analysis software ExpeData.

2.4 Western blot analysis

Total protein was cleaved in lysis buffer (Beyotime, China) for 1 h.
Tissue homogenates were then centrifuged at 14,000 g for 8 min at
4°C. The protein content of the supernatants were then analyzed by
using a protein assay kit (BCA, Pierce, Rockford, IN, United States).
Equal amounts of total protein (50 mg) were separated using 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane. Afterwards, the
membranes were blocked with 5% skimmed milk in tris-buffered
saline solution containing 0.05% Tween 20 (TBST) for 1 h and then
incubated with antibody against Iba-1 (1:500, GeneTex, GTX100042),
interleukin-1f (IL-1f; 1:1,000, Abcam, ab9722), tumor necrosis
factor-oe (TNF-o;; 1:1,000, Abcam, ab6671), NeuN (1:1,000, Abcam,
ab177487), NF-200 (1:1,000, Abcam, ab82259), Synapsin (1:1,000,
Abcam, ab64581) at 4°C overnight. After 3 washes with TBST, the
appropriate horseradish peroxidase-coupled secondary antibody was
added and f-actin (1:1,000, Abcam, ab8227) was used as an internal
control. The bands were visualized using enhanced chemiluminescence
and images were acquired using the ChemiDoc MP system (Bio-Rad,
Hercules, CA, United States). Relative band intensities were quantified
using Image Lab4.1 (Bio-Rad, Hercules, CA, United States).
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2.5 Multiplex cytokine assay

The blood samples from young and aged mice were analyzed by
Cytometric bead array, as described previously (Zareie et al., 2017). The
concentration of IL-23, IL- 1o, IFN-y, TNF-a, CCL2 (MCP-1), IL-12p70,
IL-16, IL-10, IL-6, IL-27, IL-17A, IFN-B, GM-CSF was measured by
LEGEND plex™ flow-based 13-plex mouse inflammation panel kit from
Biolegend (Fell, Germany; catalog number 740150). All the related
reagents, the flow cytometry protocol, and the result analysis were
implemented according to the manufacturer’s protocol. In brief, after a
series of cytokine standard dilutions were prepared, beads coated with
specific capture antibodies were mixed, respectively. Then 50 pL of the
mixed captured beads, 50puL of the plasma supernatant samples or
standard dilutions, and 50 uL of phycoerythrin (PE) detection reagent
were added sequentially to each tube. All the array tubes were gently
mixed and incubated for 2h at room temperature protected from light.
After rinsing with wash buffer and centrifuging, 25pL of detection
antibody and 25 pL of SA-PE were added all the tubes, respectively. The
samples were rinsed with 1 mL of wash buffer and centrifuged at 1,000x g
for 5min. The bead pellets were resuspended in 300pL buffer after
discarding the supernatant. Analysis was performed employing BD
accuri C6Plus cytometer (BD Biosciences, Heidelberg, Germany) and
FlowJo software (FlowJo LLC, Ashland, OR).

2.6 Serum lipopolysaccharide binding
protein analysis

The level of serum LBP was determined by using enzyme-linked
immunosorbent assay (ELISA) kit (Cusabio Biotech Co., Ltd.,
Wauhan, China). As for ELISA, the procedure was in accordance with
the instruction. Briefly, standards and plasma samples were added
into the microplate onto which a monoclonal antibody specific for
LBP was pre-coated. After washing away any unbound substances, an
enzyme-linked polyclonal antibody specific for LBP was added into
the microplate. Subsequently, all samples were reacted with the
chromogenic solution and stop solution. The intensity of the color
was measured on a plate reader (EnSpire; Perkin Elmer) at 450 nm.

2.7 16S rRNA gene amplicon sequencing

Fecal samples were collected in 2.0mL sterile tubes, snap frozen in
liquid nitrogen, and stored at —80°C for further analysis. The fecal samples
were then placed in dry ice and sent to Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China) for 16S rRNA Gene Amplicon
Sequencing and Bioinformatics and Statistical Analysis. Microbial
genomic DNA was extracted using the OMEGA Stool DNA Kit (D4015-
02, Omega Bio-Tek, Norcross, GA, United States) according to the
manufacturer’s instructions. The quality of extracted DNA was examined
by agarose gel electrophoresis, and quantified using QuantiFluor™-ST
(Promega, United States). PCR amplification of the bacterial 16S rRNA
genes V3-V4 region was performed using the forward primer 338F
(5"-ACT CCT ACG GGA GGC AGC A-3’) and the reverse primer 806R
(5-GGA CTA CHV GGG TWT CTA AT-3"). After the individual
quantification step, amplicons were pooled in equal amounts, and
paired-end sequenced (2x300bp) on an Illumina MiSeq platform
according to the standard protocols. The raw reads were deposited into the
NCBI Sequence Read Archive database (Accession Number: SRP485545).
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Alpha and beta diversity analyses were performed using the
diversity plugin in QIIME2. The Chao index and Ace index were
employed to characterize alpha-diversity at the ASV level. Beta-
diversity analysis was conducted through principle coordinate analysis
(PCoA) using a weighted UniFrac dissimilarity matrix. Methods,
including the Wilcoxon rank-sum test and LEfSe were employed to
identify bacterial taxa with differing abundance between groups.
Spearman correlation analysis was conducted to assess the correlation
between important bacterial taxa and differential genes. Data analysis
was carried out on the free online Majorbio Cloud Platform.'

2.8 Detection of fecal SCFA

Fecal samples were weighed and 20mg of the samples were
transferred into a 2mL EP tube. Then 1 mL phosphoric acid (0.5% v/v)
solution was added into the EP tube, followed by vortexing for 10 min,
and ultrasonic wave treatment for 5min. Then 0.1 mL supernatant was
transferred into a 1.5mL centrifugal tube, followed by addition of 0.5mL
MTBE (containing internal standard) solution, vortexing for 3 min, and
ultrasound treatment for 5min. After that, the samples were centrifuged
for 10min at 12,000r/min at 4°C. Then the supernatant was analyzed by
using a gas chromatography-mass spectrometry (GC-MS/MS
7890B7000D; Agilent Technologies Inc.) on a silica capillary column
(DB-FFAP, 30m x 0.25 mm x 0.25 um, Agilent J&W) under the following
conditions: injected sample size, 2 uL, splitless; injector temperature at
200°C; initial oven temperature at 95°C, held for 1 min, raised to 100°C
at a rate of 25°C/min, raised to 130°C at a rate of 17°C/min, held for
0.4min, raised to 200°C at a rate of 25°C/min, and held for 0.5min.
Helium was used as a carrier gas at 1.2mL/min. The main mass
spectrometry conditions were as follows: ion source, EI; transfer line
temperature, 230°C; ion source temperature, 230°C; quad temperature,
150°C, electron energy, 70eV; scan mode, MRM; and solvent delay,
2.4min. The quantification of fecal metabolites was carried out by using
Metware Biotechnology Co., Ltd. (Wuhan, China).

2.9 Statistical analyses

Data were presented as means and standard error of the mean and
examined using SPSS 17.0 (SPSS Inc., Chicago, IL, United States). The
statistical significance was determined using one-way ANOVA
followed by Tukey’s multiple comparisons test and two-tailed unpaired
t tests were used for comparisons between two groups. Spearman
correlation was used to analyze the correlation. We performed all
statistical tests using GraphPad Prism 9.0 Software (San Diego, CA).
A significance level of p <0.05 was considered statistically significant.

3 Results

3.1 Aged mice exhibited decreased
locomotor activity and sensory function

Aging is a natural and time-dependent physiological process that
can lead to a decrease in overall function. Therefore, we performed

1 http://www.majorbio.com
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open field, rotarod, DigiGait test to assess locomotory in aged and
young mice. An open field test was used for measuring spontaneous
locomotor activity. Young mice exhibited greater total distance
traveled and faster average velocity during the open field test
(Figures 1A,B). Meanwhile, we conducted rotarod test to evaluate
motor coordination and balance between two groups. The result
showed that young mice had remarkably more time spent on the
rotarod in comparison to the aged mice (Figure 1C). DigiGait is a
sensitive test to trace subtle changes in the gait patterns in mice. The
data revealed that with aging, the symmetry of mice gait deteriorates
(Figure 1D). We also investigated sensory function using thermal and
mechanical sensitivity testing. Hind paw response was examined to a
radiant heat source to test for thermal sensation. Aged mice performed
similarly to young mice in latency to withdrawal in hot plate test
(Figure 1E). The mechanical sensitivity was assessed with different
forces of Von Frey filaments. Mice in young and aged groups show
significant different mechanical allodynia in response to filaments
(Figure 1F). Cognitive behavior is also evaluated using novel object
recognition test and spontaneous alternation in Y-maze. Although
corresponding parameters between young and old mice showed
certain differences, the differences were not statistical significant (data
not shown).

3.2 Aged mice exhibited decreased
metabolic profiling

Aging is associated with metabolic alteration. The metabolic
parameters were assessed over a 24 h period between young and old
mice. Circadian energy expenditure and food consumption were
determined by using metabolic cages. Indirect calorimetry revealed
that the average energy expenditure was significantly elevated in
young mice when compared with aged mice (Figures 2A,C). As shown
in Figures 2B,D, the average respiratory exchange quotient (RQ)
values were higher in young mice than that in aged mice. However,
the difference in direct respiratory metabolism between young and old
mice was significantly greater than the difference in energy
expenditure. Energy expenditure is directly related to body weight,
and elderly mice weigh more than young mice. Respiratory
metabolism is directly related to motor function, and compared to
aged mice, young mice have greater motor abilities.

3.3 Aged mice altered gut microbiota
profiles

Advancing age is accompanied by alterations in the intestinal
microbiome, characterized by the loss of protective commensal
microorganisms induced by internal and external factors such as the
accumulation of DNA damage, medications, chronic health conditions
and so on (Conway, 2021; Ghosh et al., 2022). To examine the effects
of age on gut microbiota composition, we performed 16S rRNA
(V3+V4 regions) gene sequencing on microbiota in mice feces. As
shown in Figures 3A,B, there were significant differences in the ace
and chao indices between young and aged mice, suggesting that aging
had a marked impact on the richness of microbiota. To measure the
degree of similarity between microbial communities, B-diversity was
further evaluated by Bray-Curtis principal coordinate analysis (PCoA;
Figure 3C). Young group clustered distinctly from the aged group,
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FIGURE 1
Behavioral tests of young and aged mice. (A,B) Distance traveled or the average velocity during the open-field test; (C) latency to the time point when
mice fell off a rotating rod (s) in the rotarod test; (D) gait analyzed using an automated treadmill (DigiGait). (E) A latency to withdrawal from a focused
heat stimulus. (F) The mechanical sensitivity was assessed with different forces of Von Frey filaments. *p <0.05; **p <0.01; ***p <0.001.

moreover, ANOSIM of B-diversity analysis indicated robust
differences in the structure of the gut microbiota between the two
groups. Compared to the aged group, young mice showed distinct
microbiota up to the family level. There was an increase in the
abundance of Lactobacillaceae, Prevotellaceae, Helicobacteraceae and
Bifidobacteriaceae in young mice; whereas, significant alterations in
the microbiota were accompanied by lesser but consistent alterations
in minor microbiota, including Streptococcaceae and Flavobacteriaceae.
The abundance of Bacteroidaceae, Oscillospiraceae, and Clostridiaceae
were increased in aged mice, accompanied by lesser but consistent
alterations in minor microbiota, including Peptococcaceae,
Enterococcaceae and Staphylococcaceae (Figure 3D). As shown in
Figure 3E, the genus level analysis demonstrated that the relative
abundance of Lactobacillus, Dubosiella,  Bifidobacteriales,
Prevotellaceae_UCG-001,  Alloprevotella,  Helicobacter,

Rikenellaceae_RC9_gut_group, Bifidobacterium was significantly

and

decreased, whereas the relative abundance of Alistipes, Bacteroides,
Clostridium_sensu_stricto_1, Colidextribacter, Lachnoclostridium was
distinctly increased in aged mice. The species and communities
making significant contributions to the differences between the two
groups were analyzed by linear discriminant analysis (LDA) effect size
(LEfSe). We adopted the threshold logarithmic LDA score at 3.0 and
p<0.05 to determine the key taxonomic differences between both
groups. Figure 3F shows significant differences in genera. In addition,
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Bacteroidaceae and Bacteroides were the LPS-producing bacteria with
high impact (LDA score>4) in the aged mice, Figure 3F showed the
differences of the LPS-producing bacteria between young and aged
groups, and the abundance of Bacteroidaceae and Bacteroides in the
aged mice was evidently predominant. Also, serum LPB level was
significantly increased in aged mice when compared to young mice
(Supplementary Figure S1). In general, these overall alterations of
microbiota composition with aging exacerbated pathological and
physiological changes in the elderly.

3.4 Correlation between microbiota and
overall activity

Next, we estimated whether certain bacterial genus was correlated
with overall activity. As shown in Figure 4, the total distance in open
field was positively correlated with Dubosiella and negatively
correlated with Alistipes. The mean velocity in open field was positively
correlated with Dubosiella and Lactobacillus. Similarly, time spent on
the rotarod was positively correlated with Dubosiella and Lactobacillus,
and then was negatively correlated with Bacteroides and Alistipes.
Inverse relationships were observed between microbiota and pain
threshold / coordination. Bacteroides was positively correlated with
paw withdraw threshold and gait symmetry scores; Dubosiella were
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negatively correlated with paw withdraw threshold and gait symmetry
scores. Gait symmetry scores were still positively correlated with
Lactobacillus. In addition, circadian energy expenditure showed a
positive relationship with Dubosiella and a negative relationship with
Alistipes,  Bacteroides, Turicibacter ~ and  unclassified_f__
Lachnospiraceae. Similarly, respiratory exchange quotient showed a
positive relationship with Dubosiella and Lactobacillus, and a negative
relationship with Alistipes and Bacteroides. It seems that the certain
bacterial genus could provide a degree of predictive power as to
senescence, which might represent potential targets for intervention
in order to delay aging or promote healthy aging.

3.5 Aged mice altered fecal SCFA contents
Studies have shown that certain probiotics colonized in the

intestine, such as Dubosiella and Lactobacillus, are involved in

regulating gut microbiota metabolism and production of SCFAs (Lv

et al., 2020; Ye et al., 2021; Tian et al., 2022). However, it is unclear
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whether SCFA levels were altered in aged mice. GC-MS was used to
measure SCFA contents, such as acetic acid (AA), butyric acid (BA),
hexanoic acid (HA), propionic acid (PA), valeric acid (VA), isobutyric
acid (IBA), and isovaleric acid (IVA; Figure 5). Compared to young
mice, aging induced downregulation of AA, PA, and BA, decreasing
by 61.6, 30.5 and 45.6%, respectively (Figures 5A,B,D). Among SCFAs,
AA level in the examined fecal SCFAs changed most significantly.
There were no significantly different in the level of IBA, IVA, VA and
HA contents between young and old groups (Figures 5C,E-G). The
data demonstrated that aging-induced microbiota dysbiosis might
mediated by alteration of fecal SCFAs.

3.6 Aged mice showed elevated expression
of pro-inflammatory cytokine in blood
sample

To further elucidate the molecular interactions between aging-
induced microbial dysbiosis and inflammaging, we detected cytokines
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FIGURE 3
Gut microbiome composition profiles differ between young and aged groups. Comparison of ace index (A) and chao index (B) based on ASV levels in
the two groups. (C) Scatter plots of principal coordinate analysis (PCoA) scores showing the similarity of the bacterial communities based on the Bray-
Curtis distance. (D) Quantitative analyses of the relative abundances of bacterial at the family level. (E) Quantitative analyses of the relative abundances
of bacterial at genus level. (F) LEfSe analysis showed significant differences in bacterial abundances in the fecal microbiota between young and aged
groups. Linear discriminant analysis scores (logl10) >3 and p < 0.05 were listed. *p <0.05; **p <0.01; ***p < 0.001.
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FIGURE 4

Spearman Correlation Heatmap

Correlations between overall activity and community composition. Correlation heatmap analysis of overall activity (the total distance and mean
velocity in open field, time spent on the rotarod, paw withdraw threshold, gait symmetry scores, circadian energy expenditure and respiratory
exchange quotient) on the community composition of the young and old mice at the genus level. *p <0.05; **p <0.01; ***p <0.001.
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in the circulation to evaluate peripheral inflammation. Levels of 13
cytokines were analyzed using cytometric bead array in serum. A
number of pro-inflammatory cytokines in aged mice was upregulated,
including IL-1p, TNF-a, IL-1a and IFN-y, when compared with that
in young mice (Figures 6A-D). There was an increasing trend in the
expression of MCP-1 (Figure 6E) and a reducing trend in the
expression of IL-10 (Figure 6F) in aged mice vs. young mice, which
showed no statistical difference between two groups. In addition, no
significant changes were found in IL-23, IL-12p70, IL-6, IL-27,
IL-17A, IFN-B, GM-CSF following aging (data not shown).

3.7 Inflammation increased in the brain of
aged mice

The gut microbiota is a crucial mediator for communicating
between the gut and brain by regulating the function and maturation
of microglia (Matcovitch-Natan et al., 2016; Thion et al., 2018; Mossad
et al, 2022). We detected the alterations of microglia and
pro-inflammatory cytokines in the brain with aging. A higher Iba-1
level was observed in the brain cortex (Figures 7A,B). Additionally,
the expressions of IL-1p and TNF-« in the aged brain cortex were
significantly increased when compared with young group
(Figures 7A,B). In the aged brains, the produce of pro-inflammation

Frontiers in Neuroscience

cytokines negatively affected neurogenesis and function of synapase
in mice (Sierra et al., 2010; Wu et al., 2013). We also detected the level
of NF, Synapsin and NeuN. The results revealed that the expression of
neural related proteins in the aged brain showed a decreasing trend,
but there was no significant difference between groups (Figures 7C,D).

4 Discussion

The pathological and physiological changes of aging may be the
result of the interaction of multiple factors, which have been
implicated with various age-related disorders. A growing number of
researchers were focusing on aged-related changes of MGBA
concomitant with microbial metabolites, inflammation and behaviors.
In the current study, we demonstrate that aging is related with
significant change in the composition and abundance of the gut
microbiota coupled with physiological alterations and
behavioral abnormalities.

Alterations in gut microbiota composition gradually occur with
advancing age, which characterized by a state of microbial dysbiosis
that could result in or exacerbate disease (Biagi et al., 2016; Du et al.,
2021). The hallmark of this shift was the loss of bacterial diversity. In
our study, the abundance of specific genera, such as Lactobacillus,

Dubosiella, and Bifidobacteriales, was markedly decreased in aged
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FIGURE 5
Fecal SCFA contents differ between young and aged groups. Quantitative analyses of SCFA levels including acetic acid (AA) (A), propionic acid (PA) (B),
isobutyric acid (IBA) (C), butyric acid (BA) (D), isovaleric acid (IVA) (E), valeric acid (VA) (F), and hexanoic acid (HA) (G) were performed by using a gas
chromatography—mass spectrometry between control and SCI groups. *p <0.05.

mice, suggesting a loss of relative abundance of beneficial commensal
microbes with senescence. Significant changes were accompanied by
the expansion of Alistipes, Bacteroides and other opportunistic
microbiome such as Clostridium_sensu_stricto_1, Colidextribacter and
Lachnoclostridium. In addition, aging induced the upregulation of
LPS-producing bacterial such as Bacteroidaceae and Bacteroides,
which are at lower abundance in young mice. It has been demonstrated
that a high abundance of Alistipes, Bacteroides, Clostridium_sensu_
stricto_1, Colidextribacter and Lachnoclostridium was associated with
dysbiosis, oxidative stress, obesity, chronic inflammation and
neurodegenerative diseases, indicating that these microbes may
increase the risk of the onset of chronic diseases and inflammation
(Zafar and Saier, 2021; Cai et al., 2022; Pang et al., 2022; Liu et al.,
2023; Yang et al., 2023).

Perturbations in gut homeostasis and microbiome are considered
as contributors of increased infection and inflammations. In elderly
individuals and in laboratory animals,

aged circulating

pro-inflammatory factors including immune and

inflammation have been reported (Man et al., 2014; Mabbott, 2015;

response
Scott et al., 2017). Similarly, in our study, the serum levels of

pro-inflammatory cytokines (IL-1a, IL-1f, TNF-«, and IFN-y) and
LBP were upregulated in aged mice, which was the main feature of

Frontiers in Neuroscience

09

physiological aging. Scott et al. (2017) reported that the plasma levels
of IL-6, IL-1B, and TNF-o were increased in aged mice, which was
correlated positively with gut permeability. IL- 1o and IFN-y also plays
an important part in inflammation and age-related disease (Acosta
et al,, 2013; Tan et al., 2021). Serum concentrations of LBP were
approximately two times higher in aged mice than in young mice
which responded bacterial LPS leakage into the bloodstream to
accelerate inflammaging (Kim et al., 2016; Parker et al., 2022). Indeed,
circulating low-grade inflammation (inflammaging) caused the
uncontrolled development of chronic and degenerative diseases
including Alzheimer’s disease (AD) and Parkinson’s disease (Bleve
et al., 2023). More and more evidence from human samples and
animal models supported the involvement of inflammation in onset
or progression of Parkinson’s disease (Pajares et al., 2020). It was found
that AD patients present with increased levels of pro-inflammatory
cytokines, which was closely associated with AD risk genes (Leng and
Edison, 2021). The levels of systemic inflammation and inflammatory
signaling pathways in the brain were both elevated in age-related
neurodegenerative disorders (Pajares et al., 2020; Leng and Edison,
2021). Circulating pro-inflammatory cytokines might be directly or
indirectly involved in the damage of central nervous system (CNS) by
amplifying the immune response and further result in the
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inflammation of CNS. Then, the causal relationship and exact
triggering mechanism between neurodegenerative disorders and
inflammation remained unclear.

In the present study, apart from systemic inflammation, we also
detected the expression of inflammatory factors in the cerebral cortex.
A higher expression of Ibal (marker of microglia) and cytokines
(TNF-a and IL-1P) was detected in the aged cerebral cortex. In the
brain, microglia serve as the sentinels, which are regarded as key
players in CNS homeostasis (Socodato et al., 2020; Castellani et al.,
2023). High levels of reactive oxygen species and pro-inflammatory
cytokines produced by microglia may be critical factors in
neurodegeneration in aging human and mice brains (Marschallinger
etal,, 2020). Recently, the MGBA has received increasing attention in
aging research. Aging causes disruption of gut microbiota and a
decline in brain function. Recent studies indicated that age-associated
microbiota dysbiosis caused microbe-associated molecular patterns
such as microbiota and microbial metabolites entering the circulation
which contribute to inflammaging (Thevaranjan et al., 2018). In
addition, age-related microbiota alterations were not present in aged
TNFa-deficient mice (Thevaranjan et al., 2018). Taken together, the
data suggested that a potential feedback loop exists between
inflammaging and microbial dysbiosis.

Aging is a complex process primarily propelled by the aggregation
of DNA damage, resulting in a series of epigenomic, immunological,
metabolic, and physiological changes which lead to the progressive
functional deterioration and the onset of chronic diseases (Tian et al.,
2022). In our study, reductions in respiratory metabolic spectrum and
overall locomotor activity were observed in aged mice. Furthermore,
motor function, sensory function, and coordination function were
mainly positively correlated with Dubosiella and Lactobacillus, and
then were negatively correlated with Bacteroides and Alistipes. Recent
investigate showed that microbiota modulates behavioral and
physiological abnormalities associated with neurodevelopmental
disorders (Hsiao et al, 2013). Zeng et al. (2023) found that gut
microbiota of old mice worsens neurological outcome after brain
ischemia via increased valeric acid and IL-17 in the blood. Medina-
Rodriguez et al. (2023) found that the microbial effect was dependent
on the presence of Th17 cells in the recipient, which plays a key role
in regulating behavioral changes induced by the microbiome of
depressed patients. Zhu et al. (2023) reported that specific
Lactobacillus species affected stress-induced social-avoidance
behavior by involving in T cell differentiation mediated immune
response. Combined with our research and published literatures,
microbiota affects behavioral changes mainly or partly involved in
immune response.

Dubosiella and Lactobacillus are superior genus of bacteria with
significant differences between young and old mice. Also, Dubosiella
and Lactobacillus are intestinal SCFA-producing bacteria (Lv et al.,
2020; Ye et al.,, 2021; Tian et al., 2022). In aged mice, we also observed
that main SCFAs (e.g., AA, PA) was significantly downregulation. Our
previous study reported that SCFAs improved neurological recovery
by inhibiting microglia activation and NF-kB signaling pathway in
spinal cord injured mice (Jing et al., 2023). Sadler et al. (2020) found
the substantial impact of SCFAs on microglial activation and immune
cell infiltration in experimental stroke model. Long-term SCFA
supplementation exerted neuroprotective effect in terms of restraining
inflammatory response and hippocampal neuronal apoptosis in a
model of chronic cerebral hypoperfusion (Xiao et al., 2022).
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Accumulating studies showed that SCFAs have profound influence on
CNS by mediated immune function and suppressing inflammation
(Silva et al., 2020; Dong and Cui, 2022). In the present study, apart
from the decrease of SCFAs in aged mice, we also detected the increase
of inflammatory factors in peripheral blood and cerebral cortex. It is
possible that with aging changes in the composition of microbiota
cause a decrease in key bioactive microbial metabolites such as SCFAs,
leading to an increase in inflammation levels in the host. Subsequently,
further experiments such as antibiotic intervention, fecal microbiota
transplantation intervention, and SCFA supplementation will
be conducted to determine whether microbiota was involved in the
aging process by SCFAs mediating neuroinflammation. Further
research will use probiotics or drugs targeting microbiota or
metabolites for delaying the senescent process.

The microbiome and CNS have bidirectional communication via
a variety of routes including enteric nervous system, vagus nerve
system, endocrine system and metabolites (Kigerl et al., 2020). With
aging, the composition and abundance of gut microbiota changed,
leading to dysregulated microbial ecology and altered metabolites.
These alterations mediated by microbiota further regulated immune
activation, increased systemic inflammation and inflammation of
related brain region via MGBA, which in turn destabilized the ecology
of the gut microbiota and further aggravated the aging-associated
behavioral decline and metabolic attenuation, and thereby increasing
the risk of the onset of chronic diseases and inflammation.

In this study, the differential bacteria detected between young and
aged mice are not fully aligned with previous literature (Man et al.,
2014; Shin et al., 2021). The discrepancy might be related with age,
gender, diet, and even breeding environment of animals (Shin et al.,
2021; Russell et al., 2022; Wang et al., 2022). It is well established that
in adulthood, microbiota of male and female mice varies (Wang et al.,
2022). However, there is almost no literature studying on the
differences in gut microbiota among aged mice based on sex. In this
study, only female young and aged mice were used. Future studies will
incorporate both sex, which is beneficial for parallel comparison of
mouse microbiota in the same age and sex.
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