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Abstract: The objective of this study was to examine the impacts of the combing of Agrocybe aegerita
polysaccharides (AAPS) with Bifidobacterium lactis Bb-12 (Bb-12) on antioxidant activity, anti-aging
properties, and modulation of gut microbiota. The results demonstrated that the AAPS and Bb-12
complex significantly increased the average lifespan of male and female Drosophila melanogaster
under natural aging conditions (p < 0.05), with an improvement of 8.42% and 9.79%, respectively.
Additionally, the complex enhanced their climbing ability and increased antioxidant enzyme activity,
protecting them from oxidative damage induced by H2O2. In D-galactose induced aging mice, the
addition of AAPS and Bb-12 resulted in significantly increase in antioxidant enzyme activity, regu-
lation of aging-related biomarker levels, changed gut microbiota diversity, restoration of microbial
structure, and increased abundance of beneficial bacteria, particularly lactobacilli, in the intestines.
These findings suggested that the complex of AAPS and Bb-12 had the potential to serve as a dietary
supplement against organism aging and oxidative stress.

Keywords: Agrocybe aegerita polysaccharides; Bifidobacterium lactis Bb-12; antioxidant; anti-aging;
gut microbiota

1. Introduction

Aging refers to a complex and irreversible natural process characterized by abnormal
physiological degeneration, carcinogenesis, and even death, resulting from the decreased
ability of an organism to maintain stability and respond to stress as it ages [1]. With
the development of medical and technological advancements, the average lifespan of
individuals has significantly increased, leading to the challenge of an aging population.
The growing elderly population poses significant pressures on the economy, healthcare, and
other sectors. Therefore, research related to aging has become a hot topic in the fields of food
and medicine. Understanding the mechanisms of aging, establishing appropriate animal
models to simulate the aging process, and finding safe and suitable natural products or
interventions to intervene in the aging process are of great social significance in improving
the quality of life for the elderly and achieving healthy aging [2].

In 1959, Denham Harman put forward the free radical theory on aging, which pro-
posed that changes in cellular function during aging were attributed to the accumulation
of reactive oxygen species (ROS) [3]. This accumulation causes oxidative damage to
biomolecules and cells. Subsequently, this theory has been extensively investigated and
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acknowledged. Much research has demonstrated that ROS can impede cell growth, trigger
cell death, and contribute to the aging process [4,5]. Oxidative stress-induced mitochondrial
dysfunction, DNA rearrangements, genomic instability, protein dysfunction, as well as
changes in metabolism and signaling pathways, have been found to exist in cells [6]. There-
fore, the utilization of antioxidants is deemed a logical therapeutic approach for preventing
and treating oxidative stress-related diseases and improving aging-related damage.

Agrocybe aegerita, commonly referred to as the chestnut mushroom, is a widely enjoyed
edible mushroom known for its delightful aroma and flavor [7]. It boasts a wealth of
nutrients and is abundant in several active constituents, such as polysaccharides, leucine
and glutamate. One of its main active components, the A. aegerita polysaccharide (AAPS),
has been found to have great potential in antioxidant and anti-aging functions in recent
studies [8–11]. Studies by our research group have shown that AAPS exhibited potent
antioxidant and anti-aging activity in vitro and in vivo, increasing cell viability, reducing
mitochondrial membrane potential, prolonging the lifespan of flies, mitigating oxidative
damage and restoring intestinal microbiota [12,13]. When combined with Lactobacillus
rhamnousus GG, AAPS acted as a prebiotic and helped alleviate aging damage by regulating
oxidative stress and gut microbiota [14]. Furthermore, AAPS had been shown to have
multiple physiological functions, such as antioxidant, antitumor, anti-angiogenic, and
thrombosis treatment properties [15–17]. Therefore, conducting in-depth research on the
anti-aging function and mechanisms of AAPS combined with Bifidobacterium lactis Bb-12
(Bb-12) and expanding the development of anti-aging products based on AAPS as prebiotics
has significant scientific significance.

The aim of this study was to determine whether the combination of AAPS and Bb-12
could have an anti-aging impact by reducing oxidative damage and regulating intestinal
microbiota. To achieve this, we assessed the protective effects of natural aging and H2O2-
induced oxidative stress on D. melanogaster, as well as their climbing ability. Additionally,
we investigated the potential of AAPS combined with Bb-12 treatments to enhance an-
tioxidant enzyme activities in D. melanogaster and mice, and to regulate aging biomarkers
in mice. Furthermore, we analyzed the composition of the gut microbiota in mice in or-
der to explore the relationship between the anti-aging and antioxidant function of AAPS
combined with Bb-12 and its regulatory effect on intestinal microbiota.

2. Materials and Methods
2.1. Chemicals and Materials

A. aegerita (3MTJ-09106) was acquired from Gutian Tianxian Agricultural Products Co.,
Ltd. (Ningde, China). AAPS, a pure polysaccharide derived from A. aegerita, was prepared
following established protocols [12]. The polysaccharide was extracted using ultrapure
water and ultrasonic extraction, followed by concentration using a rotary evaporator. The
concentrate was then mixed with ethanol and left overnight. The resulting precipitation was
dissolved, and proteins were removed through neutral protease treatment. Subsequently,
dialysis was performed using a 7 kDa molecular weight cutoff membrane for 48 h, followed
by protein removal using the Sevage method. The crude polysaccharide was purified using
DEAE cellulose-52 (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) and
Sephadex G-100 (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). The
resulting polysaccharide solution was collected for further analysis.

The Bb-12 strain was provided by the Food Biotechnology Laboratory of Fujian Agri-
culture and Forestry University (Fuzhou, China). Commercial kits for assessing the levels
of total superoxide dismutase (T-SOD), catalase (CAT), glutathione peroxidase (GSH-Px),
malondialdehyde (MDA), inducible nitric oxide synthase (iNOS), and total protein in mice
were obtained from Nanjing Jiancheng Biochemical Co., Ltd. (Nanjing, China). Kits for
measuring advanced glycation end products (AGEs) in mice and antioxidant activity in
flies were obtained from Lerang Biotechnology Co., Ltd. (Fuzhou, China). PCR-ELISA kits
for telomerase analysis were sourced from Runwell-tac Co., Ltd. (Shanghai, China). All
other chemicals and reagents used were of analytical grade and commercially available.
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2.2. Fly Strains and Diet

Wild-type D. melanogaster (Oregon) fly strains were obtained from the Food Biotech-
nology Laboratory of Fujian Agriculture and Forestry University. The flies were reared
in an incubator under controlled conditions of (25 ± 1) ◦C, 50–60% humidity, and a 12-h
light/dark cycle. The basic culture medium was prepared using the following ingredients:
72 g of corn flour, 72 g of anhydrous glucose, 6 g of agar, 10 g of dry yeast, and 6 mL of
propionic acid. Anhydrous glucose and agar were gradually added to 700 mL of water,
heated, and continuously stirred until fully dissolved. The mixture was then combined
with the evenly mixed corn paste, brought to a boil, and cooled to 50 ◦C. Dry yeast powder
and propionic acid were added and stirred thoroughly. The resulting mixture was poured
into sterile culture tubes, with each tube having a height of approximately 2.0–3.0 cm. The
diets were prepared every three days.

For the experimental group, the culture medium was prepared by adding 9 mg/mL of
AAPS, 109 CFU/mL of Bb-12, or a combination of both to the basic culture medium during
the final preparation step.

2.3. Lifespan Assay

A combined total of 800 male and female flies, which had not engaged in mating within
8 h of eclosion, were gathered and then randomly segregated into four groups: a control
group and three experimental groups. Each group consisted of 100 males and 100 females.
The normal control group (NC) was fed with the basic culture medium, while the experi-
mental groups were fed with the following experimental medium: 9 mg/mL AAPS (AA),
109 CFU/mL Bb-12 (BB), and a combination of 9 mg/mL AAPS and 109 CFU/mL Bb-12
(AB), respectively. The number of dead flies was recorded daily at a fixed time. The mean
lifespan, maximum lifespan and median survival of the flies were statistically analyzed
and plotted on a survival curve. The mean lifespan of the last 10 flies in each group was
considered as the maximum lifespan.

2.4. Hydrogen Peroxide (H2O2) Challenge Assay

To induce oxidative stress, flies were exposed to H2O2. After 20 days of being fed
with either the basic medium or one of the experimental media (AA, BB, or AB), a total of
800 male and female flies were gathered and then randomly distributed into four groups,
each consisting of 200 flies (half male and half female). These flies were then transferred
into culture tubes containing filter paper soaked with 200 µL of a 30% H2O2 solution in
a 6% glucose solution. The volume of solution added was adequate to saturate the filter
paper without any excess liquid. The number of deceased flies was recorded every three
hours until all flies had perished. Subsequently, the mean lifespan, maximum lifespan,
and median survival of the flies were subjected to statistical analysis and plotted on a
survival curve.

2.5. Climbing Ability Assay

A total of 240 male and female flies were randomly assigned to four groups, each
group containing 60 flies (half male and half female). The groups were fed different diets,
including a control group (NC) and three experimental groups (AA, BB, and AB). The flies
were placed in an incubator at 25 ◦C for either 10 or 30 days. After the incubation period,
the flies were subjected to a climbing assay under reversed gravity conditions. The assay
involved transferring the flies to dry flat-bottomed tubes and tapping the tubes to make the
flies fall to the bottom. The count of flies that reached a pre-established 8 cm mark within a
span of 10 s was documented. The process was repeated five times with intervals of at least
1 min between each measurement. A higher climbing index indicated stronger climbing
ability against gravity. The fly climbing ability index was calculated accordingly.

Climbing ability index = (number of flies successfully climbing to 8 cm/total number
of flies).
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2.6. Animals and Treatment

Six-week-old male Kunming mice were procured from Wu’s Laboratory Animal Co.
Ltd. in Fuzhou, China. The mice were handled and cared for in accordance with the
Guidelines for the Care and Use of Laboratory Animals. All animal experiments were
conducted following the ethical guidelines and procedures approved by the Academic
Committee of Fujian Agriculture and Forestry University (ACFAFU32033). The mice were
housed at a temperature of 22 ± 2 ◦C and a 12-h light-dark cycle, with ad libitum access to
food and water. After a one-week adaptation period, the mice were randomly divided into
five groups, each comprising 10 mice, and treated for 8 consecutive weeks. The groups and
treatments were as follows: the normal control group (NC), the aging model control group
(MC), the group orally administered AAPS at a dose of 400 mg/kg·bw/day (AA), the group
orally administered Bb-12 at a concentration of 109 CFU/mL/day (BB), and the group orally
administered a combination of AAPS (400 mg/kg·bw/day) and Bb-12 (109 CFU/mL/day)
(AB). With the exception of the NC group, all other groups were subcutaneously injected
with D-galactose dissolved in normal saline (0.9%, w/v) at a dose of 120 mg/kg·bw once
daily for 8 weeks to induce the aging model. At the end of the experiment, all animals were
euthanized, and their serum, brain, and cecal contents were collected for future use.

2.7. Biochemical Analysis

Following a 30-day treatment with various media, flies from each group were col-
lected, euthanized by freezing, and homogenized with normal saline. The homogenate
was then centrifuged, and the supernatant was utilized for protein content and antioxidant
activity measurements (T-SOD activity, CAT activity, GSH-Px activity, and MDA content).
Blood samples were centrifuged to obtain the serum supernatant. The brain tissues were
homogenized and centrifuged, and the resulting supernatant was collected. The levels
of aging biomarkers (iNOS, telomerase, and AGEs) and antioxidative capacities (T-SOD
activity, CAT activity, GSH-Px activity, and MDA content) were determined using commer-
cially available kits according to the manufacturer’s protocols. Protein determination in
the sample was conducted using the Bradford method. Protein molecules contain -NH3+

groups, and when the brown-red Coomassie Brilliant Blue G-250 dye was added to the
sample, the anions on the dye bound to the protein -NH3+ groups, causing the solution to
turn blue. The protein content was calculated by measuring the absorbance.

2.8. Intestinal Microbiota Analysis

DNA was isolated from the cecal content of mice using the MoBio Power DNA extrac-
tion kit. High-quality DNA samples were chosen for library construction and sequencing.
The samples were diluted to a concentration of 1 ng/µL with sterile water. The V3-V4
region of the 16S rRNA gene was amplified using general primers and Trans Start Fast
pfu DNA polymerase. Paired-end amplicon sequencing of the amplified DNA templates
was performed using the Illumina MiSeq-PE250 system. The resulting sequencing data
were analyzed using the RStudio (Auckland, New Zealand) and Majorbio I-Sanger Cloud
Platform (Shanghai, China). Species information and abundance distribution were ob-
tained based on the operational taxonomic unit (OTU) clustering results. Alpha diversity
analysis of the OTUs was conducted to evaluate species abundance and evenness within
samples. Multiple sequence alignment of the OTUs allowed for further analysis of com-
munity structure differences among different groups. Beta diversity analysis was carried
out to assess the microbial community composition of different samples, and the results
were visualized using PCA plots. Correlation analysis with environmental factors was
performed to identify significant factors influencing inter-group community variations.

2.9. Data Analysis

The results were expressed as mean ± standard error of mean (Mean ± SEM). Data vi-
sualization and statistical analysis were performed using GraphPad Prism 9.5 software. Sur-
vival analysis was carried out using the log-rank test to assess differences in life expectancy
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significance. The normal distribution of the data was evaluated using the D’Agostino and
Pearson test, and the parametric Student’s t-test was conducted accordingly. A p-value less
than 0.05 or 0.01 was considered statistically significant for mean differences.

3. Results
3.1. Effect on the Longevity of D. melanogaster

D. melanogaster, commonly known as the fruit fly, is frequently employed to investigate
anti-aging activity and mechanisms in animals owing to its brief lifespan, rapid reproduc-
tive rate, uncomplicated feeding conditions, and metabolic pathways and aging genes that
are similar to those in humans [18]. When comparing the impacts of dietary interventions,
it was discovered that the median survival time, mean lifespan, and maximum lifespan
of both male and female flies in the AB group were significantly greater than those in the
NC group (p < 0.05) (Table 1). The mean lifespan of male and female flies in the AB group
was extended by 8.42% and 9.79%, respectively. The median survival time of male flies in
the AA, BB, and AB groups was extended by 4, 2, and 5.5 days, and the median survival
time of female flies was extended by 6.5, 3.5, and 5.5 days, respectively. All three groups
significantly extended the maximum lifespan of flies, with the AB group showing the best
extension effect. By comparing male and female groups, it was observed that the mean
lifespan, maximum lifespan, and median survival time of female flies were higher than
those of male flies in almost all cases, which might be due to genetic differences between
female and male flies and their different sensitivities to the tested drugs. The Kaplan-Meier
survival curves (Figure 1A,B) showed during the early growth stage of flies (0–40 days)
that there was no significant difference in survival rate between the NC group and the
experimental groups. However, the experimental groups had a higher survival rate than the
NC group after 50 days, with the AB group showing the most pronounced longevity effect.

Table 1. Effects of AAPS and Bb-12 on the lifespan of D. melanogaster.

Group Mean Lifespan
(d)

Maximum
Lifespan (d)

Median
Survival (d)

Prolongation of Mean
Lifespan (%)

Male

NC 50.72 ± 1.45 66.20 ± 0.19 55.50 -
AA 53.83 ± 1.60 71.40 ± 0.32 ** 59.50 6.13
BB 52.14 ± 1.43 67.80 ± 0.42 ** 57.50 2.80
AB 54.99 ± 1.52 * 71.60 ± 0.47 ** 61.00 8.42

Female

NC 51.59 ± 1.39 67.20 ± 0.24 55.50 -
AA 55.61 ± 1.45 * 71.00 ± 0.32 ** 62.00 7.79
BB 53.39 ± 1.50 71.10 ± 0.33 ** 59.00 3.45
AB 56.64 ± 1.49 ** 74.80 ± 0.27 ** 61.00 9.79

Note: Data are presented as the means ± SEM (n = 100 per group). * p < 0.05 vs. NC group. ** p < 0.01 vs. NC
group. AA, 9 mg/mL AAPS; BB, 109 CFU/mL Bb-12; AB, a combination of 9 mg/mL AAPS and 109 CFU/mL
Bb-12; (n = 100 per group).
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3.2. Effect on H2O2-Induced Intensive Oxidative Stress in D. melanogaster

Diet interventions that extend lifespan usually helped enhance the organism’s resis-
tance to various forms of physiological stress. In order to determine whether the mechanism
by which AAPS combined with Bb-12 extends lifespan was related to improved stress
resistance, the impacts of this combination on the lifespan under oxidative stress conditions
were evaluated. Results showed that the median survival time, mean lifespan, and maxi-
mum lifespan of both male and female flies in the AA and AB groups were significantly
higher than those in the NC group (p < 0.05) (Table 2). Specifically, the mean lifespan of
male and female flies in the AB group was extended by 12.15% and 10.21%, respectively
(p < 0.05). While the mean lifespan of the BB group did not change significantly, the maxi-
mum lifespan was extended (p < 0.05). The median survival time of male and female flies in
the AA and AB groups was extended by 3 h compared to the NC group. The Kaplan-Meier
survival curves in Figure 2A,B showed that the combination of AAPS and Bb-12 shifted
the survival curve to the right, indicating an extension of the survival time of flies under
oxidative stress conditions. These results suggested that AAPS combined with Bb-12 might
play a beneficial role in intervening in the antioxidant defense mechanism of flies, thereby
extending their lifespan.

Table 2. Effects of AAPS and Bb-12 on the lifespan of H2O2 treated D. melanogaster.

Group Mean Lifespan
(h)

Maximum Lifespan
(h)

Median Survival
(h)

Prolongation of Mean
Lifespan (%)

Male

NC 17.04 ± 0.51 23.10 ± 0.43 18.00 -
AA 18.93 ± 0.59 ** 25.50 ± 0.47 ** 21.00 11.09
BB 17.31 ± 0.50 24.00 ± 0.00 * 18.00 1.58
AB 19.11 ± 0.58 ** 26.40 ± 0.38 ** 21.00 12.15

Female

NC 17.34 ± 0.46 24.00 ± 0.00 18.00 -
AA 18.90 ± 0.62 * 27.30 ± 0.51 ** 21.00 9.00
BB 17.46 ± 0.40 22.80 ± 0.46 * 18.00 0.69
AB 19.11 ± 0.61 * 27.90 ± 0.43 ** 21.00 10.21

Note: Data are presented as the means ± SEM (n = 100 per group). * p < 0.05 vs. NC group. ** p < 0.01 vs.
NC group.
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3.3. Effect on the Climbing Ability of D. melanogaster

Behavioral decline was a common characteristic of aging in animals, and it could be
observed in the climbing assay designed for flies based on their locomotor abilities. The
climbing index was used to evaluate their locomotor ability, and it typically decreases
with age [19]. The average climbing index of the experimental groups on the 10th day
was slightly higher than that of the NC group, although the difference was not significant
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(Figure 3A). However, on the 30th day, both the AA and AB groups exhibited significantly
higher climbing indices compared to the NC group (Figure 3B). Two-way ANOVA-Tukey
analysis showed a significant difference in climbing ability between male and female fruit
flies on the tenth and thirtieth days (p < 0.01). Furthermore, significant differences in
climbing ability were also observed on the 30th day due to different dietary interventions
(p < 0.01). These findings suggested that the combination of AAPS and Bb-12 could effec-
tively enhance the climbing ability of 30-day-old flies, indicating a potential positive impact
of this combination on the locomotor ability of naturally aging flies.
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AA, 9 mg/mL AAPS; BB, 109 CFU/mL Bb-12; AB, a combination of 9 mg/mL AAPS and 109 CFU/mL
Bb-12; (n = 30 per group). Data are presented as the means ± SEM. * p < 0.05 vs. NC group.

3.4. Effect on the Level of Antioxidant Activities in D. melanogaster

Oxidative stress occurs when the antioxidant system was unable to effectively clear
free radicals and toxic metabolites due to various internal and external factors. In the
H2O2-induced experiment, it was observed that treatment with AAPS combined with
Bb-12 extended the survival time of flies under oxidative stress conditions, indicating a
beneficial role of intervening in the antioxidant defense mechanism of flies. After 30 days of
AAPS combined with Bb-12 treatment, significant improvements in antioxidant activities
were observed (Figure 4). Both male and female flies in the AA and AB groups exhibited
significantly higher T-SOD activity compared to the NC group, and female flies in the BB
group also showed a significant improvement (p < 0.05) (Figure 4A). As shown in Figure 4B,
although the average CAT levels in each experimental group were higher than the NC
group, only the CAT activity in male flies of the AA and AB groups and in female flies
of the BB and AB groups was significantly enhanced (p < 0.05). While the mean level
of GSH-Px was higher in the treatment groups compared to the NC group, statistically
significant improvement was observed only in the AB group of male flies, not in the
other groups (Figure 4C). Figure 4D demonstrates that the MDA levels in female flies
of the AA and AB groups were significantly lower than the NC group, indicating that
AAPS combined with Bb-12 had a delaying effect on the increase of MDA levels in the
body. When comparing male and female flies, it was observed that the changes in MDA
levels induced by AAPS combined with Bb-12 were more pronounced in female flies. This
could be attributed to the larger body size and higher lipid content in female flies, leading
to higher levels of lipid peroxidation and more significant changes. Compared to the
individual interventions of AAPS or Bb-12, the combined intervention demonstrated the
most effective enhancement in antioxidant activity. The 2-way ANOVA-Tukey analysis
showed that different dietary interventions resulted in significant differences in antioxidant
capacity across all antioxidant indicators (p < 0.05). However, gender did not have a
significant impact on the antioxidant indicators (p > 0.05). This could happen by regulating
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the antioxidant defense system, decreasing the buildup of oxidative damage in the body,
and thereby prolonging the lifespan of flies.
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3.5. Effect on the Level of Antioxidant Activities and Aging Biomarkers in Mice

Table 3 presents the impact of AAPS combined with Bb-12 on the levels of aging
biomarkers in mice. The MC group displayed a significant decrease in T-SOD, GSH-Px,
and CAT activities in both serum and brain tissue compared to the NC group (p < 0.01).
However, all diet intervention groups exhibited a significant increase in T-SOD activity in
both serum and brain tissue compared to the MC group (p < 0.01). The AA and AB groups
showed higher CAT and GSH-Px activities in both serum and brain tissue compared to
the MC group (p < 0.05), while the brain tissue of the BB group did not show significant
changes (p > 0.05). The MDA levels in both serum and brain tissue significantly decreased
in all diet intervention groups (p < 0.05). These findings indicated that AAPS combined
with Bb-12 enhanced antioxidant activity in mice.

Regarding the levels of aging biomarkers, Table 3 demonstrates that the MC group ex-
hibited significant alterations in all aging biomarkers compared to the NC group (p < 0.01).
All diet intervention groups showed a significant decrease in iNOS compared to the MC
group (p < 0.01). The AB group also displayed a significant decrease in AGEs (p < 0.05),
while the changes in other groups did not reach statistical significance (p > 0.05). The
changes in telomerase activity were not significant across all diet intervention groups
(p > 0.05). These results suggested that AAPS combined with Bb-12 influenced the levels
of certain aging biomarkers in mice, but the activity of telomerase might be influenced by
multiple factors. Therefore, while the mean values of telomerase showed improvement,
they did not exhibit statistical significance. The 2-way ANOVA-Tukey analysis showed
that different dietary interventions did not result in significant differences in the anti-aging
and antioxidant indicators in mice. However, the Student’s t-test analysis yielded slightly
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different results. This may be due to differences in statistical analysis methods, as the
Student’s t-test focuses more on differences between the two indicators, while the Two-way
ANOVA-Tukey analysis places more emphasis on overall differences. This also proved from
another perspective that dietary intervention can only improve the antioxidant activity and
aging indicators in animals to a certain extent. Dietary intervention should be combined
with other methods to make the body healthier.

Table 3. Levels of aging biomarkers and antioxidant activity of aging mice.

NC MC AA BB AB

Aging biomarkers
AGEs (ng/gprot) 623.44 ± 30.89 878.00 ± 125.55 ## 763.64 ± 84.36 ## 750.00 ± 127.71 # 735.58 ± 86.46 *##

iNOS (U/mgprot) 0.56 ± 0.04 0.77 ± 0.10 ## 0.57 ± 0.07 ** 0.60 ± 0.07 ** 0.61 ± 0.06 **#

Telomerase (nU/mgprot) 69.61 ± 3.97 57.10 ± 6.92 ## 61.47 ± 4.42 ## 60.25 ± 1.88 ## 62.28 ± 5.53 #

Antioxidant activity in brain
T-SOD (U/mgprot) 351.12 ± 15.40 287.61 ± 16.00 ## 335.15 ± 26.44 ** 333.88 ± 22.48 ** 336.64 ± 20.41 **
CAT (U/mgprot) 40.73 ± 0.72 37.16 ± 1.74 ## 39.35 ± 0.63 *# 38.65 ± 1.22 # 39.28 ± 1.48 *

GSH-Px (U/mgprot) 707.22 ± 31.20 619.59 ± 56.82 ## 688.71 ± 39.94 * 671.21 ± 33.01 # 681.65 ± 46.45 *
MDA (nmol/mgprot) 13.25 ± 1.08 19.99 ± 1.93 ## 16.99 ± 2.25 *## 16.29 ± 2.64 *# 14.73 ± 0.83 **#

Antioxidant activity in serum
T-SOD (U/mL) 82.23 ± 4.96 58.66 ± 4.28 ## 71.83 ± 4.80 **## 69.07 ± 3.02 **## 72.32 ± 3.55 **##

CAT (U/mL) 29.29 ± 1.65 22.42 ± 2.59 ## 25.16 ± 2.43 **# 25.00 ± 1.88 *## 27.43 ± 2.80 **
GSH-Px (U/mL) 358.41 ± 19.33 295.88 ± 33.99 ## 345.29 ± 21.81 ** 332.13 ± 26.28 * 339.55 ± 20.00 *
MDA (nmol/mL) 4.80 ± 0.26 8.38 ± 1.61 ## 6.03 ± 1.29 *# 6.46 ± 0.54 *## 6.19 ± 0.67 **##

Note: Data are presented as the means ± SEM (n = 10 per group). * p < 0.05 vs. MC group, ** p < 0.01 vs. MC
group; # p < 0.05 vs. NC group, ## p < 0.01 vs. NC group.

3.6. Effect on the Gut Microbiota Composition of Mice

The assessment of species abundance and evenness in the gut microbiota included two
different alpha diversity indices (Shannon and Simpson), which reflected the complexity of
the sample community. The results from Figure 5 revealed significant differences (p < 0.1)
in the two alpha diversity indices between the MC group and the NC group. In the diet
intervention groups, the Simpson index was significantly higher in the BB and AB groups
compared to the MC group (p < 0.001). This indicated that the diet intervention of AAPS
and Bb-12 had a moderating effect on gut microbiota.
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At the phylum level, the top five species with the highest abundance in mice intestine
were Bacteroidetes, Firmicutes, Proteobacteria, Deferribacteres, and Actinobacteria (Figure 6A).
Compared to the NC group, the MC group exhibited a decrease in abundance of Firmicutes
and Actinobacteria, while the abundance of Bacteroidetes and Deferribacteres increased. The
diet intervention effectively reversed these changes. Figure 6B indicates that diet inter-
vention had a significant impact on the genus-level composition of the gut microbiota in
aging mice. The abundance of Lactobacilli in the NC group, BB group, and AB group was
significantly higher than that in the MC group.
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Figure 6. Effects of AAPS and Bb-12 on relative abundance of the topmost dominant intestinal
bacterial among groups. (A) Level of phylum classification. (B) Level of genus classification. (n = 10
per group).

The similarities and differences in microbial evolution among various groups were
visualized using PCoA analysis. As shown in Figure 7A, the sample area range of the
NC group was larger and significantly different from the other groups, showing that the
abundance and diversity of the gut microbiota in mice underwent significant changes
under the influence of D-lactose injection. Although there was some overlap between the
samples from the diet intervention group and the MC group, the range was significantly
expanded, indicating that the diet intervention with AAPS combined with Bb-12 partially
restored the gut microbiota.

To study the correlation between changes in gut microbiota and physiological and
biochemical indicators in mice after diet intervention, a Spearman correlation heatmap was
created (Figure 7B). The relative abundance of Cyanobacteria was significantly positively
correlated with the level of telomerase in the brain, GSH-Px in serum, and CAT in the
brain, and significantly negatively correlated with the level of MDA in serum. The relative
abundance of Tenericutes was significantly positively correlated with the level of T-SOD in
serum, GSH-Px in the brain, CAT in the brain, and telomerase in the brain. The relative
abundance of Saccharibacteria was significantly positively correlated with the level of T-SOD
in serum and CAT in the brain, and significantly negatively correlated with the level of
iNOS in the brain. The relative abundance of Fusobacteria was significantly positively
correlated with the level of telomerase in the brain.
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Figure 7. Beta diversity analysis of gut microbiota and correlation analysis between the relative
abundance of gut microbiota and biomarkers. (A) Principal component analysis (PCA) on phylum
level based on Bray-Curtis metrics. Points of different colors or shapes represent samples from
different groups. The closer two sample points are, the more similar the compositions of the two
sample species. Using circles to enclose most of scatter plots corresponding to samples of the same
group, the size of the circle indicated the degree of dispersion of the samples in the same group.
(B) Spearman correlation heatmap analysis between the relative abundance of gut microbiota and the
biomarkers, * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.

4. Discussion

Edible plants are known to contain various natural bioactive compounds, which serve
as the material basis for their biological activity and health benefits. Fungal polysaccharides
are derived from edible fungi. β-glucans, the primary polysaccharides in most mush-
rooms, including AAPS, are resistant to hydrolysis by mammalian digestive enzymes [20]
Intestinal microorganisms contain a variety of carbohydrate-active enzymes that degrade
polysaccharides and oligosaccharides, fermenting them to produce short-chain fatty acids
(SCFAs) [21]. Wu et al. reported that the SCFA content in the cecum of mice injected with
D-galactose was lower than that of the healthy group [14]. After AAPS and Lactobacillus
rhamnosus GG dietary intervention, the content of SCFA slightly recovered but there was no
significant improvement. Fungal polysaccharides exert diverse regulatory and protective
effects on the gut microbiota, enhancing intestinal integrity, reducing mucosal damage,
promoting the growth of beneficial bacteria, and increasing SCFA production [22,23].

Age is closely linked to the composition of the gut microbiota, and elderly individuals
typically exhibit increased numbers of harmful microorganisms in their gut microbiota [24].
Studies have shown that improving the composition, metabolic products, and functions
of the gut microbiota through the supplementation of probiotics and prebiotics could
enhance the health status of elderly individuals and alleviate age-related damage [25–27].
Synbiotics, which combine probiotics and prebiotics, are a type of bioproduct that can
promote the colonization, growth, and reproduction of both exogenous and endogenous
bacteria in the gut, thereby exerting dual effects [28,29]. This leads to increased survival
rates of beneficial exogenous bacteria, which, in turn, inhibits the growth of intestinal
pathogens and improves the structure of the gut microbiota, ultimately enhancing the
body’s immune system. Polysaccharides serve as excellent prebiotics for probiotics, and
the two can complement each other and work synergistically. AAPS is extracted from
Agrocybe aegerita mushrooms. Research on AAPS suggests that it might possess better
antioxidant and anti-aging activities when used as a prebiotic [14]. The results of this study
demonstrated that the combined use of AAPS and Bb-12 could prolong the lifespan of flies,
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effectively improve the antioxidant levels in flies and mice, and enhance the gut microbiota
of aging mice.

Aging is a natural process marked by a decrease in bodily functions, disturbance
of the internal environment, diminished stress resistance, and irreversible degenerative
alterations in the structure and function of organisms as time passes. Lifespan is the primary
indicator for evaluating the impact of dietary interventions on the aging rate of flies. In
this study, AAPS, Bb-12, and their combination were added to the culture medium used for
feeding flies. By measuring the average, median, and maximum lifespan, we found that
the combined use of AAPS and Bb-12 had the optimal longevity effect (Figure 1). During
the short lifespan of flies, their physical abilities, such as flight and climbing, gradually
decline with age. Previous studies had shown that the time required for a 45-day-old fly
to climb 17.5 cm was twice that of a 5-day-old fly [30]. Furthermore, within 5 to 50 days
after eclosion, flies experienced a 40–60% decrease in climbing speed [31]. Measuring
the climbing ability of flies reflected the integrated function of neurons and muscles [32].
Results in this study showed that, although the combination of AAPS and Bb-12 had no
significant improvement on the climbing ability of 10-day-old flies (p > 0.05), it significantly
enhanced the climbing ability of 30-day-old flies, which might be related to the antioxidant
and neuroprotective effects of AAPS combined with Bb-12 (Figure 3).

As molecular biology and life sciences have advanced, numerous theories on the
mechanisms of aging have been proposed by scholars, with the free radical theory being
one of the most important representative theories [33,34]. Free radicals are formed by
the breaking of covalent bonds in elements or compounds. Oxygen free radicals are the
primary free radicals in organisms, and the body normally maintains a dynamic equilibrium
between the production and elimination of free radicals [35]. When this dynamic balance
is disrupted, cellular functions are altered or even lost, thereby accelerating the aging
process. D-Galactose is an isomer of glucose that has reducing properties and can react
with glucose to produce lactate, regulating energy conversion and substance metabolism.
For healthy adults, the recommended maximum daily dose of galactose is 50 g, and within
approximately 8 h after ingestion, most galactose can be metabolized and excreted from the
body [36]. However, in cases of excessive intake or abnormal body conditions, under the
catalysis of galactose oxidase, it can be converted into aldehydes and hydrogen peroxide,
causing oxidative damage [37]. Inducing aging with D-galactose involves continuously
injecting animals with D-galactose for a certain period of time, increasing the concentration
of D-galactose in the body, causing the accumulation of D-galactose alcohol, disrupting
osmotic pressure, disrupting metabolism, depleting antioxidant substances, damaging cells,
and accelerating aging. Many studies have confirmed that the D-galactose-induced aging
mouse model could be used for the activity evaluation of anti-aging drugs [38,39].

It is widely believed that longevity requires the enhancement of the body’s protection
against oxidative stress and its byproducts. Endogenous antioxidant cellular defenses
include enzymes and non-enzymatic molecules distributed in the cytoplasm and organelles.
In this study, the combination of AAPS and Bb-12 not only extended the lifespan of flies
but also enhanced their resistance to oxidative damage. Under the H2O2-induced oxidative
stress, the combination of AAPS and Bb-12 resulted in longer survival time (Figure 2).
Furthermore, AAPS combined with Bb-12 upregulated the levels of T-SOD, CAT, and
GSH-Px in flies, which helped enhance the body’s antioxidant system (Figure 4). This was
consistent with the conclusions obtained in our D-galactose-induced aging mice experiment
(Table 3). The oxidative system in aging mice was significantly improved under diet
intervention. The continuous regulation of the production, localization, and inactivation
of ROS was maintained by the delicate balance between the oxidation and antioxidant
mechanisms. Endogenous antioxidants and exogenous antioxidants, together, constituting
an indispensable detoxification system for ROS [40]. However, when various factors both
inside and outside the body prevent the antioxidant system from clearing free radicals and
toxic metabolites, oxidative stress occurs. The body’s ability to remove free radicals is an
important factor determining the speed of aging. SOD is a metal enzyme that initiates the



Foods 2023, 12, 4381 13 of 18

transformation of superoxide radicals into hydrogen peroxide and oxygen. It serves as
the primary defense against oxidative damage induced by ROS [41]. Its activity is closely
related to aging and gradually decreases with age. GSH-Px often works in conjunction with
SOD to maintain the body’s internal environment. GSH-Px is susceptible to inactivation by
superoxide radicals, but the metal elements in SOD can react with these radicals to protect
GSH-Px from oxidation. SOD is susceptible to inactivation by hydrogen peroxide, but
GSH-Px can catalyze the decomposition of hydrogen peroxide, thereby protecting SOD.
The decline in GSH-Px activity weakens the ability to remove free radicals and increases
lipid peroxidation. This result is consistent with the “oxidative excess” theory of aging
caused by D-galactose, confirming that the imbalance in the metabolism of ROS leads
to aging. CAT acts similarly to SOD and can eliminate free radicals in the body, thereby
reducing the production of peroxides. The formation of MDA can be induced by non-
enzymatic or enzymatic reactions of ROS [42]. The former can induce lipid peroxidation
reactions in cell membranes, leading to the accumulation of lipid peroxides, which can
exacerbate oxidative damage to cell membranes. This study found that the antioxidant
level of the MC group of mice was significantly lower than that of the NC group, indicating
that the MC group experienced severe oxidative damage under the action of D-galactose
(Table 3). Compared to the MC group, the combination of AAPS and Bb-12 exhibited strong
antioxidant activity. The T-SOD, CAT, and GSH-Px levels in the AA and AB groups were
significantly higher than those in the MC group, and MDA was significantly reduced. This
may be due to the upregulation of mRNA expression levels related to antioxidant enzymes,
which eliminates the production of lipid peroxides by inhibiting oxygen free radicals and
enhances the activity of antioxidant enzymes, thereby regulating the antioxidant defense
system, reducing the accumulation of oxidative damage in the body, and delaying aging.

This study found that the complex of AAPS and BB12 had positive effects on aging
biomarkers in addition to enhancing the antioxidant enzyme activity in the body. Compared
to the MC group, the AA and AB groups showed significant reductions in AGEs, iNOS,
and lactic acid (p < 0.01) (Table 3). AGEs accumulate continuously in the serum or tissues of
humans and animals as they age. Under physiological conditions, AGEs that are not easily
degraded can bind to tissues and cells in the body and activate multiple signaling pathways.
This induces oxidative damage, mitochondrial dysfunction, chronic inflammation, protein
denaturation, and cell apoptosis, affecting the normal structure and function of tissue cells
and disrupting the homeostatic balance of the internal environment. Ultimately, this leads
to degenerative diseases in organs such as the liver, brain, and kidneys [43,44]. Under
normal physiological conditions, only a small amount of iNOS is expressed in tissue cells.
However, when the internal environment is subjected to oxidative stress and the induction
of inflammatory reactive factors, its activity is significantly increased. The complex of
AAPS and BB12 significantly reduced the levels of AGEs, iNOS, and lactic acid in mice
modeled with D-galactose (Table 3). This indicated that the complex of AAPS and BB12
has a protective effect on the brain tissue of mice and alleviates oxidative stress-induced
damage. Telomerase is a reverse transcriptase that carries repetitive sequences containing
nucleotides to maintain telomere length [45]. Each time a cell divides, the telomere length
shortens. When it reaches a certain degree of shortening, the cell no longer divides and
undergoes aging and apoptosis. Although the dietary intervention of AAPS and Bb-12
could increase the levels of telomerase in mice to some extent, there was no significant
difference compared to the MC group. This might be due to the influence of multiple
factors on telomerase, making it difficult to achieve a significant change.

The human gut is a complex ecosystem that contains approximately 10–100 trillion
organisms, including bacteria, eukaryotes, and archaea, collectively known as the gut
microbiota. The composition and structure of the gut microbiota are closely related to
age [46–48]. Gut diversity represents the species diversity and quantity in the gut mi-
crobiota. In this study, the results of alpha diversity analysis (Figure 5) showed that, in
the D-galactose-induced aging mouse model, compared to the NC group, Shannon and
Simpson index were significantly changed, while the dietary intervention regulated gut
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microbiota diversity compared to the aging group. Therefore, regulating gut microbiota
diversity can promote the body’s antioxidant capacity, but further research is needed to
support this mechanism. The gut microbiota structure in elderly individuals is significantly
different from that of young people. With age, the abundance of Firmicutes decreases in
elderly subjects [49,50]. These findings were consistent with our research results. Results in
this study showed that dietary intervention with AAPS combined with Bb-12 effectively
promoted the increase in the abundance of Firmicutes, Proteobacteria and Actinobacteria in
the gut, while reducing Bacteroidetes and Deferribacteres (Figure 6A).

By promoting the proliferation of beneficial bacteria and the production of SCFAs, fun-
gal polysaccharides can lower the pH in the intestines, inhibit the activation of the transcrip-
tion factor NF-kB and immune inflammatory responses, and thereby suppress pathogenic
bacteria while reducing the proportion of harmful intestinal microorganisms [22]. Members
of the Lactobacillus family are recognized as beneficial host-associated groups in the human
and animal microbiota. Changes in the abundance of gut Lactobacilli have been associated
with oxidative stress and various diseases, including liver fibrosis, adipose tissue home-
ostasis and hypertension [51–54]. Supplementing or adjusting Lactobacilli can be used as
a therapeutic intervention for human health and disease [55]. Kong. [56] suggested that
Lactobacilli regulated the body’s antioxidant stress through the Keap1/Nrf2/ARE signaling
pathway. Finamore et al. [57] found that Lactobacillus casei reduced oxidative stress-induced
membrane barrier damage. Li et al. [58] demonstrated that Lactobacilli had good free radical
scavenging and anti-aging abilities both in vitro and in vivo. In this study, adding Bb-12
and a mixture of AAPS and Bb-12 to the diet significantly increased the abundance of Lacto-
bacilli in the gut microbiota of aging mice (Figure 6B). Based on the results of this experiment,
dietary intervention with AAPS and Bb-12 effectively reduced the abundance of intestinal
inflammation-related bacteria such as uncultured_f__Lachnospiraceae, Anaerotruncus, uncul-
tured_f__Ruminococcaceae, and Proteus (Figure 6B). Uncultured_f__Lachnospiraceae was posi-
tively correlated with dextran sodium sulfate-induced ulcerative colitis [59]. Anaerotruncus
was believed to be associated with cognitive impairment in peritoneal dialysis patients [60].
Proteus had many potential virulence factors related to the gastrointestinal pathogenicity
and the ability to acquire antibiotic resistance. Proteus was a low-abundance symbiont in
the intestinal tract with significant pathogenic potential [61]. Therefore, AAPS combined
with Bb-12 selectively promoted the proliferation of beneficial bacteria in the intestines,
suppresses the abundance of harmful bacteria in the intestines, and optimizes the intestinal
microecological environment. In recent published literature, in HFD-induced animal mod-
els, Sarcodon aspratus polysaccharides were found to increase the abundance of Lactobacillus
and Bacteroides [62]. Similarly, oral Ganoderma lucidum polysaccharides had been reported to
alleviate gut microbiota imbalance by reducing the abundance of Proteus [63] Furthermore,
seleno-lentinan had been shown to enhance the relative abundance of beneficial bacteria,
such as Lactobacillus, and prevent the progression of chronic pancreatic inflammation and
fibrosis in mice [64]. In vitro studies have also demonstrated that Pleurotus ostreatus and
Pleurotus eryngii polysaccharides support the growth of probiotic bacteria, particularly
Lactobacillus [65]. Zhao et al. (2018) conducted a study to investigate the impact of six
common edible fungi on the composition of fecal flora during in vitro anaerobic fermenta-
tion, in which it was found that Flammulina velutipes, Lentinus edodes, and Pleurotus eryngii
stimulated the growth of Actinobacteria [66]. The results indicated that Flammulina velutipes,
Lentinus edodes, and Pleurotus eryngii stimulated the growth of Actinobacteria. Additionally,
the supplementation of Agaricus bispours was found to increase the abundance of Acti-
nobacteria and Firmicutes, while decreasing that of Bacteroidetes. Additionally, Ganoderma
lucidum polysaccharide had been found to elevate the level of Bifidobacterium and Lacto-
bacillus at the genus level in feces [23]. These findings were consistent with our research
results. They collectively suggested that polysaccharides from various sources had the
potential to modulate the gut microbiota and might offer therapeutic benefits in the context
of various health conditions. However, some traditionally considered probiotics, such as
Mucispirillum, Alloprevotella, and pathogenic bacteria Alistipes, Helicobacter did not show the
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expected changes; the reason for this is currently unclear and requires further research in
the future.

Beta Diversity analyzed the composition of microbial communities in different groups.
PCoA analysis in Figure 7A demonstrates that the composition of microbial communities
in the NC group differed significantly from that of the D-galactose induced aging group,
indicating a strong association between microbial composition and aging. However, the
intervention of AAPS and Bb-12 was able to partially modify this situation, suggesting that
the intervention had a positive impact on the gut microbiota and potentially mitigated the
effects of aging. Spearman correlation heatmap was used to investigate the relationship be-
tween changes in gut microbiota and physiological and biochemical indicators (Figure 7B).
This further confirmed that AAPS and Bb-12 might delay aging by regulating the structure
and abundance of the gut microbiota in aging organisms, increasing the beneficial bacteria
content, and further affecting oxidative stress and inflammation associated with aging.

Although the combined use of AAPS and Bb-12 had demonstrated some progress
in research on functional activities such as antioxidation and anti-aging, the molecular
mechanisms of anti-aging, the target effects of drug combination, the enzymatic degra-
dation steps and intermediate products of gut microbiota, and the nutritional symbiosis
of substances with microbial interactions were still unclear. In the future, more research
should focus on combining metabolomics, molecular biology, and enzymology methods to
reveal the molecular mechanisms of how AAPS, combined with Bb-12, affects the body’s
antioxidation and anti-aging functions.

5. Conclusions

This study investigated the effects of AAPS combined with Bb-12 on both D. melanogaster
and D-galactose-induced aging mice. The findings revealed that the combination extended
the lifespan of naturally aging D. melanogaster, improved their resistance to hydrogen per-
oxide oxidative stress, enhanced climbing ability, boosted antioxidant enzyme activity in
both D. melanogaster and mice, regulated aging biomarker levels in mice, restored gut micro-
biota diversity and structure in mice intestines, promoted beneficial bacteria proliferation,
suppressed harmful bacteria abundance, and optimized the intestinal microecological envi-
ronment. These experimental results illustrated the remarkable antioxidant and anti-aging
properties of AAPS combined with Bb-12, laying a theoretical groundwork for its potential
use as a functional food additive and in pharmaceuticals.
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