
Food Frontiers

RESEARCH ARTICLE

Amauroderma rugosum Extract Improves Brain Function in
d-Galactose-Induced Aging Mouse Models via the
Regulatory Effects of Its Polysaccharides on Oxidation, the
mTOR-Dependent Pathway, and Gut Microbiota
Panthakarn Rangsinth1 Chengwen Zheng1 Polly Ho-Ting Shiu1 Wen Wang1 Tsz Ching Kwong2
Chi Tung Choy3 Susan Wai-Sum Leung1 Tewin Tencomnao4 Siriporn Chuchawankul5 Anchalee Prasansuklab6
Timothy Man-Yau Cheung7 Yiu-Wa Kwan2 Priya Kannan8 Jingjing Li8 George Pak-Heng Leung1

1Department of Pharmacology and Pharmacy, The University of Hong Kong, Hong Kong SAR, China 2School of Biomedical Sciences, The Chinese University
of Hong Kong, Hong Kong, China 3Microbiome Research Centre, BioMed Laboratory Company Limited, Hong Kong, China 4Department of Clinical
Chemistry, Faculty of Allied Health Sciences, Chulalongkorn University, Bangkok, Thailand 5Department of Transfusion Medicine and Clinical Microbiology,
Faculty of Allied Health Sciences, Chulalongkorn University, Bangkok, Thailand 6College of Public Health Sciences, Chulalongkorn University, Bangkok,
Thailand 7Tian Ran Healthcare Limited, Hong Kong, China 8Department of Rehabilitation Sciences, Faculty of Health and Social Sciences, Hong Kong
Polytechnic University, Hong Kong SAR, China

Correspondence: Jingjing Li (kim07.li@polyu.edu.hk) George Pak-Heng Leung (gphleung@hku.hk)

Received: 7 September 2024 Revised: 2 December 2024 Accepted: 15 December 2024

Funding: This study was supported by the Partnership Research Program of the Innovation and Technology Fund (Project PRP/100/20FX).

Keywords: aging models | Amauroderma rugosum | antioxidation | gut microbiota | mTOR pathway | neuroprotective | polysaccharides

ABSTRACT
The pharmacological effects of Amauroderma rugosum (AR), an edible mushroom found mainly in Southeast Asia, are not well
studied, particularly its neuroprotective properties. This study investigated the neuroprotective effects of AR aqueous extract
(ARW) in a d-galactose-induced accelerated aging mouse model and senescent SH-SY5Y neuronal cells. Behavioral tests (open
field, Morris water maze, Y-maze, and rotarod) demonstrated that d-galactose-induced aging mice exhibited impaired cognitive
function, memory loss, anxiety, and reduced locomotor ability, all of which were alleviated by ARW treatment. Histological
analysis showed that ARW reduced neuropathological lesions in the hippocampus. In SH-SY5Y neuronal cells, ARW and
AR polysaccharide extract (ARP) enhanced cell viability and decreased intracellular reactive oxygen species (ROS) levels in a
concentration-dependent manner. ARW and ARP also reduced cellular senescence and apoptosis in d-galactose-treated cells.
Western blot analysis indicated that ARW and ARP upregulated the phosphorylation of mTOR and increased the expression of
antioxidant enzymes, including superoxide dismutase 1 and heme-oxygenase-1. Additionally, ARW altered the gut microbiota,
increasing the relative abundance of beneficial bacteria such as Lactobacillus reuteri and decreasing harmful bacteria like
Clostridium scindens. These findings suggest that AR exerts neuroprotective effects primarily through its polysaccharides by
modulating oxidative stress, activating the mTOR-dependent pathway, and influencing the gut microbiota. Consequently, AR
could serve as a potential dietary supplement for the prevention and treatment of neurodegenerative diseases.
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1 Introduction

Aging is a natural yet intricate process characterized by gradual
alterations in multiple physiological functions and the onset
of various chronic illnesses. Brain aging is key because of its
prominent role in impairing the nervous system throughmemory
decline, amnesia, cognitive disorders, and dementia, which can
significantly hinder normal functioning. Donepezil, rivastigmine,
galantamine, and memantine are widely prescribed for the
treatment of Alzheimer’s disease (AD).However, prolonged high-
dose treatment may lead to adverse effects (Kose et al. 2023).
Therefore, there is anurgent need to developnewdrugs to prevent
and treat neurodegenerative diseases.

Neurons cannot undergo cell division; therefore, neuronal death
is permanent, and the changes that occur in neurons due to aging
cannot be reversed. Oxidative stress, a condition characterized by
an imbalance between the production of reactive oxygen species
(ROS) and the ability of cells to detoxify them, is increased in brain
cells due to aging. This phenomenon has been recognized as a
crucial factor in the progression of age-related neurodegenerative
diseases (Goldsteins et al. 2022). Thus, improving the brain’s
ability to counteract oxidative stress may be a logical approach
to preserving optimal function during aging. Several natural
products, such as vitamin A, vitamin C, vitamin E, polyphenols,
and carotenoids, have been recommended for the management
of age-related diseases because of their antioxidant properties,
which either directly neutralize free radicals or improve the
performance of antioxidant enzymes (Mani et al. 2023).

Amauroderma rugosum (AR), a group of basidiomycetes, belongs
to the Ganodermataceae family. Its geographical distribution
encompasses China, the South Pacific, the South Atlantic,
Indonesia, Taiwan, Equatorial Guinea, and Australia and is
predominantly cultivated in tropical and subtropical climates.
The appearance of AR is unique. The cap of the AR fruiting body
exhibits a color gradient from taupe to black, featuring either
blunt or thin edges, a tomentose texture, and irregular wrinkles.
The surface of the AR gills is white, but it becomes dark red
upon scratching. Therefore, AR is also called “Blood Lingzhi” in
Chinese due to its “bleeding” properties when scratched. AR is
utilized in traditional Chinesemedicine to treat acute and chronic
nephritis and dyspepsia. Although limited pharmacological stud-
ies exist on AR, it possesses antioxidant, anti-inflammatory,
anti-cancer, anti-hyperlipidemic, anti-epileptic, gastric protec-
tive, and antimicrobial properties (Zheng, Cheung, and Leung
2022). Interestingly, the antioxidant effect of AR surpasses that
of other extensively researched mushrooms in the Ganodermat-
aceae family, including Ganoderma lucidum and Ganoderma
sinense (Xiao, Liu, and He 2017; Zheng, Cheung, and Leung
2022). The remarkable antioxidant properties of AR may render
it beneficial for the treatment and prevention of age-related
issues, including neurodegenerative diseases. Our previous study
has shown that AR aqueous extract (ARW) protects PC12 and
SH-SY5Y neuronal cells from oxidative stress, mitochondrial
dysfunction, and apoptosis triggered by 6-hydroxydopamine (Li
et al. 2021; Rangsinth et al. 2024). However, the neuroprotective
efficacy of AR has not yet been substantiated in animal models.

Hence, this study used a d-galactose-induced aging mouse model
to investigate the neuroprotective effects of AR in vivo. d-

Galactose-induced senescence in SH-SY5Y cells was used to
examine the effects of AR on oxidative stress,mitochondrial func-
tion, and apoptosis. The effect of AR on the intestinal flora, which
may indirectly affect brain function through the microbiota–gut–
brain axis, was also explored, along with the active ingredients
and mechanisms underlying the neuroprotective effects of AR.

2 Materials andMethods

2.1 Materials

The fruiting bodies of AR were provided by Tian
Ran Healthcare Ltd. (Hong Kong, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), 4′,6-diamidino-2-phenylindole (DAPI), penicillin–
streptomycin, and 0.25% (w/v) trypsin containing 1 mM
ethylenediaminetetraacetic acid, CM-H2DCFDA, 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide
(JC-1), Annexin V-conjugated fluorescein isothiocyanate (FITC),
and propidium iodide (PI) were purchased from Invitrogen
(Carlsbad, CA, USA). The bicinchoninic acid assay kit was
acquired from Boster Biological Technology Co. Ltd. (Pleasanton,
CA, USA). All the antibodies used for western blotting were
purchased from Cell Signaling Technology (Danvers, MA, USA).
All other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

2.2 Preparation of Water Extracts of ARW and
Amauroderma rugosum Polysaccharides (ARP)

The samples were dried and ground into powder. A reflux system
was used to prepare the ARW. Two grams of the powder were
extracted with 50 mL of distilled water at 95◦C ± 2◦C for 60 min.
The crude extract was centrifuged at 4000 × g for 20 min.
The supernatant was collected, and the sample residue was re-
extracted twice using the abovementioned steps. Subsequently, all
extracts were pooled, filtered, and concentrated to 80 mL using
a rotary evaporator. ARP was prepared from ARW via ethanol
precipitation, with a final ethanol percentage of 80. The ARP
was lyophilized using a freeze-dryer. ARW and ARP were stored
at −20◦C until further use. The extracts were diluted to suitable
concentrations and filtered throughmembrane filters with a pore
size of 0.22 µm before experiments.

2.3 Measurement of Polysaccharide, Triterpene,
Total Phenolic Compound, and Protein Content

The amounts of polysaccharides, triterpenes, and total phenolic
compounds were quantified by phenol-sulfuric acid, vanillin-
perchloric acid, and the Folin–Ciocalteu method, respectively
(Li et al. 2021). The standards used for the chemical analysis
of polysaccharides, phenolic compounds, flavonoids, and triter-
penes were glucose (GE), gallic acid (GAE), quercetin (QE), and
oleanolic acid (OA), respectively.
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2.4 d-Galactose-Induced Accelerated-Aging
Mouse Model

All animal experiments were approved by the Committee on
the Use of Live Animals in Teaching and Research of the
University of Hong Kong (protocol number: 6038-22). C57/BL6J
mice (8 weeks old, both male and female) were supplied by
the Center for Comparative Medicine Research of the University
of Hong Kong. The mice were kept in disinfected cages in a
temperature-controlled room (16◦C–26◦C) with a 12 h light/dark
cycle and had free access to distilled water and standard diet
chow. After a 7-day adaptation period, the mice were randomly
divided into five groups: (1) control (n = 10), (2) d-galactose
(n = 10), (3) d-galactose with 50 mg/kg ARW (n = 10), (4) d-
galactose with 100 mg/kg ARW (n = 10), and (5) d-galactose
with 50 mg/kg vitamin C (n = 10). Equal numbers of male
and female mice were assigned to each treatment group. Aging
was induced by intraperitoneal injection of 200 mg/kg of d-
galactose daily for 12 weeks, whereas mice in the control group
were injected with 0.9% saline. During the 12 weeks, ARW and
vitamin C were administered daily by oral gavage. Vitamin C
served as a positive control in this study because of its capacity
to diminish oxidative stress, inflammation, senescence, and the
development of protein spongiosis and tangles in brain cells (Lin
et al. 2021; Nam et al. 2019; Reshma et al. 2022). Besides, the
oral administration of vitamin C inhibits d-galactose-induced
impairment of hippocampal neurogenesis by enhancing cellular
proliferation, neuronal differentiation, and neuronal maturation
(Nam et al. 2019). Vitamin C also restores the expression of
synaptic plasticity-related markers in d-galactose-treated mice
brains (Nam et al. 2019). Additionally, vitamin C enhances
locomotor activities in d-galactose-treated mice, as evidenced by
the open field and rotarod tests (Reshma et al. 2022), and improves
memory function in the novel location recognition test (Namet al.
2019).

2.5 Open Field Test

The mice were subjected to an open field test to estimate
their locomotion and anxiety-like behavior. Individual mice were
allowed tomove freely in an open field box (length, 40 cm; width,
40 cm; height, 40 cm) for 10 min. An area of 20 × 20 cm2 in
the middle was defined as the center zone, and the rest was
defined as the corner zone. Videos were recorded to monitor the
movement of the mice. Data on the total distance moved, speed,
and time spent in the center zone of the field were analyzed using
the SMART video tracking software (version 3.0; Panlab S.L.U.,
Barcelona, Spain).

2.6 Morris Water Maze Test

The Morris water maze test was used to assess memory and
cognitive functions. Briefly, mice were trained to find a hidden
circular platform (10 cm) in a pool (120 cm in diameter) with
distal cues on the pool wall. The pool was filled with tap water
mixed with non-toxic white paint. Each mouse underwent three
acquisition trials daily for 5 days of cued training. During the
training step, mice were introduced into the water near the edge
of the pool facing thewall. Theywere then placed on a submerged

platform for 1 min. They were guided gently if they failed to find
the platform within 1 min. The mice stayed on the platform for
10 s and then were taken from the pool. The mice repeated the
trial with at least a 1 h interval between each repetition. Although
the start position was changed with every trial, the location of the
platform remained stationary. Acquisition testingwas initiated on
Day 6. The platform was removed from the pool, and the mice
were introduced into thewater from a novel entry point. Themice
were allowed to swim freely for 1 min, and the SMART video
tracking software was used to track and analyze escape latency,
quadrant preference, and swimming speed.

2.7 Y-Maze Test

The Y-maze test was used to assess spatial working memory and
employed a Y-maze apparatus (length: 30 cm; width: 8 cm per
arm). In the training session, one arm was closed and assigned as
a hidden arm, and two open armswere freely accessed. Individual
mice were placed facing the center in one of the open arms and
allowed to move freely (12-min sessions). After a 1-h interval,
the hidden arm was opened. During the test run, the mice were
placed in the same arm and allowed to explore the maze freely
for 5 min. Videos were recorded and analyzed using the SMART
video tracking software.

2.8 Rotarod Test

The rotarod test was used to evaluate motor skill learning and
coordination. The mice were trained to familiarize themselves
with the rotarod (Panlab, Harvard Apparatus, MA, USA) at 5
rotations per minute (rpm) for at least 1 min. If the mice failed
to remain on the rotating rod for less than 1 min, training was
restarted until they remained on the rotating rod for 1minwithout
falling. Five minutes after the training session, they were tested
on a rotating rod with an auto-accelerating speed ranging from 4
to 40 rpm over 300 s. The latency and rotating speed required to
maintain balance on the rotarod for each mouse were recorded
across three trials at 5-min intervals.

2.9 Histological Examination of Tissue
Morphology

Brain tissues were fixed in 4% formaldehyde, embedded in
paraffin, sectioned (4-µm slices), and stained with hematoxylin
and eosin. Hippocampal morphology was examined under a
microscope.

2.10 Fecal Sample Collection and 16S rRNA
Sequencing

Fecal samples were collected from the mice and promptly stored
in 2 mL of preservation buffer at 4◦C. Microbial genomic DNA
was extracted using a QIAamp PowerFecal Pro DNAKit (Qiagen,
Hilden, Germany). The 16S rRNA sequences were analyzed as
previously described (Kwong et al. 2023). Briefly, a Nextera
XT DNA Library Preparation Kit was used to amplify the V3–
V4 region of the 16S rRNA gene. Paired-end sequencing was
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performed on the NovaSeq platform (Illumina, San Diego, CA,
USA) using Novogene (Hong Kong, China). Before downstream
analysis, index barcodes and adapter sequences were trimmed
from paired-end demultiplexed reads.

2.11 Sequencing Data and Bioinformatics
Analysis

Sequencing data were analyzed using the Quantitative Insights
into Microbial Ecology (QIIME) 2-2023.2. Demultiplexed reads
were quality-controlled and denoised using DADA2 to retrieve
exact amplicon sequence variants (ASVs). All ASVs were aligned
using MAFFT, and a phylogenetic tree was generated using
fastree2 via the q2-phylogeny plugin. Taxonomic annotation of
the resulting ASV was conducted using the q2-feature-classifier
plugin and a pre-trained Naïve Bayes classifier, which was
based on the SILVA v138 taxonomic reference database with 99%
similarity. The six metrics used to indicate α diversity were as
follows: observed operational taxonomic units (OTUs), Chao1
Index (Chao1), ACE Index (ACE), Shannon Diversity Index
(Shannon), Simpson Index (Simpson), and Faith’s phylogenetic
diversity (PD). In addition, β diversity was calculated on the basis
of cosine, Hamming, Jaccard, Bray–Curtis, weighted UniFrac,
and unweighted UniFrac distance metrics. The PERMANOVA
test for β diversity was used to comparemicrobial community dis-
similarities across groups. A differential abundance analysis was
conducted using ANCOM with bias correction (ANCOM-BC).

2.12 Cell Culture

Human neuroblastoma SH-SY5Y cells were obtained from the
American Type Culture Collection (Manassas, VA, USA). The
cells were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 µg/mL streptomycin and main-
tained at 37◦C in a humidified atmosphere containing 5% CO2.
The cells were differentiated through 48-h incubation with 10 µM
retinoic acid before conducting subsequent studies.

2.13 Cell Viability Assay

Cell viability was measured using the MTT assay according to
themanufacturer’s protocol. Briefly, after drug treatment, the cell
culturemediumwas replacedwith anMTT solution (0.5mg/mL),
and the cells were incubated for an additional 3 h at 37◦C. The
MTT solution was discarded, and 100 µL of DMSO was added
to each well to dissolve the violet formazan crystals formed
within the cells. Absorbance at 560 nm was measured using
a SpectraMax M5 Multi-Mode Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA).

2.14 Measurement of Intracellular ROS

The cells were washed with phosphate-buffered saline (PBS)
and stained with 2 µM CM-H2DCFDA at 37◦C for 15 min. After
washing with PBS to remove unbound dyes, the cells were
detached from the culture plates using 0.25% trypsin. The cells
were then resuspended and examined by flow cytometry (BD

Biosciences) to detect 10,000 cells in each sample. The data were
analyzed using the FlowJo software (version 10.4).

2.15 Assessment of Cell Apoptosis

Apoptosis was assessed using Annexin V/PI double staining.
After drug treatment, the cells were washed twice with cold PBS.
The cellswere then suspended in the binding solution and stained
with Annexin V-FITC and PI (1.0mg/mL) for 20min. The stained
cells were promptly evaluated using flow cytometry, and 10,000
events were recorded for each sample. The data were analyzed
using the FlowJo software.

2.16 Assessment of the β-Galactosidase Level

The aging marker β-galactosidase was detected using a Senes-
cence Assay Kit (Abcam), following the manufacturer’s instruc-
tions. Briefly, the SH-SY5Y cells were washed with PBS, after
which fresh media containing senescent dye was added. The
cells were then incubated for 1 h at 37◦C in an atmosphere of
5% CO2. The SH-SY5Y cells were trypsinized and resuspended.
The stained cells were promptly evaluated using flow cytometry,
and 10,000 events were recorded for each sample. The data were
analyzed using the FlowJo software.

2.17 Western Blot Analysis

Proteins were extracted from the SH-SY5Y cells, and western
blotting was carried out as described previously (Rangsinth et al.
2024). The membranes were probed with primary antibodies
targeting mTOR, phospho-mTOR (Ser2448), Akt, phospho-Akt
(Ser473), superoxide dismutase (SOD)-1, catalase (CAT), or heme-
oxygenase (HO)-1. The optical density values for different bands
of the blots were normalized to those of β-actin.

2.18 Data and Statistical Analyses

Data are expressed as mean ± standard deviation (SD). Statistical
analyses were performed using one-way ANOVA, followed by
Tukey’smultiple comparison tests (two ormore groups) using the
GraphPad Prism software (version 6.0; GraphPad Software Inc.,
San Diego, CA, USA). p < 0.05 was considered significant.

3 Results

3.1 Effects of the ARW on theWeights of the
Body, Brain, Liver, and Spleen of Mice

As shown in Figure 1A and Table 1, the body weights of male
and female mice in all groups increased by approximately 11
and 7 g, respectively, during the 12-week experimental period.
No significant differences were observed among the control and
treatment groups (p > 0.05), indicating that d-galactose, vitamin
C, and ARW, at the doses used in the study, had no significant
effects on the body weight of mice. Additionally, the weights of
organs, including the brain, liver, and spleen,weremeasured after
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FIGURE 1 Effect of Amauroderma rugosum extract (ARW) treatment on body weight, general locomotor activity, anxiety, and
willingness to explore in d-galactose-induced aging mice. The mice were treated with d-galactose for 12 weeks with different doses of ARW. Mice
that received no treatment were used as the control group. The vitamin C–treated group was used for comparison. An open field test was performed
after treatment. (A) The body weight of the mice was recorded every week during the treatment period. (B) Number of entries in the center area, (C)
time spent in the center area, (D) distance in the center area, (E) total distance traveled by the animal, and (F) the path of movement were measured for
all experimental groups. Bars represent the mean ± standard deviation of 10 independent experiments.
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themicewere sacrificed, and no statistical differences were found
among the groups (p > 0.05; Table 1). The weights of the liver and
spleen serve as indicators of drug toxicity, and on the basis of the
findings, ARW was proven to be non-toxic.

3.2 Effects of the ARW on General Locomotor
Activity Levels, Anxiety, andWillingness to Explore
in Aging Mice

The results of the open field test showed that the d-galactose-
induced aging mice spent less time in the central area of the open
field box when compared to the mice in the control group (from
55.17 to 45.80 s) (Figure 1C). However, after treatment with the
ARW (100mg/kg), themicewith d-galactose-induced accelerated
aging were more willing to walk and explore the central area
(72.06 s; Figure 1C). Although a statistically significant difference
could not be achieved, this trend suggests that the ARW may
enhance locomotor activity and reduce anxiety during aging.
Further, there was no difference between the male and female
mice (Figure S1).

3.3 Effects of ARW onMemory and Cognitive
Function in Aging Mice

As reflected by the number of platform crossings (Figure 2D),
latency in the platform zone and platformquadrant (Figure 2E,F),
and distance traveled in the platform zone and target quadrant
(Figure 2G,H) in theMorris water maze test, d-galactose-induced
aging mice apparently spent less time in the platform zone,
indicating impaired memory and cognitive functions. Although
a statistically significant difference could not be reached, there
was a trend that the above parameters were improved when the
mice were treated with the ARW (Figure 2D–G). Specifically,
the latency in the platform zone decreased from 2.28 to 1.32 s
after the mice were treated with d-galactose (Figure 2E), whereas
the time was increased to 2.98 s after treatment with 100 mg/kg
ARW. In addition, the d-galactose-induced aging mice traveled at
a slower speed, decreasing from 18.75 to 15.16 cm/s (Figure 2B),
indicating that their locomotor function was also reduced. The
speed increased to 16.80 cm/s after treatment with 100 mg/kg
ARW. There was no difference between themale and femalemice
(Figure S2).

3.4 Effect of the ARW on the Spatial Reference
Memory Function in Aging Mice

The results of the Y-maze test showed that the number of novel
arm entries, distance traveled, and time spent in the novel arm
were significantly lower than in the control group (Figure 3).
However, after treatment with 100 mg/kg ARW, d-galactose-
induced aging mice traveled longer and spent more time in the
novel arm (Figure 3B,C). Specifically, the average distance in
the novel arm decreased from 362.83 to 249.60 cm when the
mice were treated with d-galactose but increased to 394.00 cm
when the agingmicewere simultaneously treatedwith 100mg/kg
ARW. Similarly, the time spent in the novel arm decreased
from 101.26 to 51.61 s after treatment with d-galactose. However,
the time increased to 107.96 s when d-galactose-treated mice
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FIGURE 2 Effect of Amauroderma rugosum extract (ARW) treatment on memory and cognitive functions in d-galactose-induced
aging mice. The mice were treated with d-galactose for 12 weeks with different doses of the ARW. Mice that received no treatment were used as the
control group. The Morris water maze test was performed after treatment. (A) Latency to target, (B) speed, (C) latency to first enter the platform zone,
(D) number of platform crossings, (E) latency in the platform zone, (F) latency in the target quadrant, (G) distance traveled in the platform zone, and
(H) distance in the target quadrant were measured for all experimental groups. (I) The moving trajectory of mice in each group. The gray circle indicates
the platform zone, whereas the blue lines indicate the platform quadrant. Bars represent the mean ± standard deviation of 10 independent experiments.
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FIGURE 3 Effect ofAmaurodermarugosum extract (ARW) treatment on spatial referencememory ind-galactose-inducedagingmice.
The mice were treated with d-galactose for 12 weeks with different doses of ARW. Mice that received no treatment were used as the control group. The
Y-maze test was conducted after treatment. (A) The number of novel arm entries, (B) distance traveled in the novel arm, and (C) time spent in the
novel arm were measured. (D) The moving trajectories were recorded in all experimental groups. Bars represent the mean ± standard deviation of 10
independent experiments. #p < 0.05 indicates a statistically significant difference compared with the values of the control group. *p < 0.05 indicates a
statistically significant difference compared with the values of the d-galactose-treated group.

were administered 100 mg/kg ARW. These findings suggest that
ARW could improve spatial working memory, which requires
interaction across several brain regions, such as the hippocampus
and prefrontal cortex. There was no difference between the male
and female mice (Figure S3).

3.5 Effect of the ARW onMotor Skill Learning
andMotor Coordination in Aging Mice

The results of the rotarod test showed that the amount of time
the d-galactose-induced aging mice remained on the rotarod was
shorter than that of the control group (Figure 4A). In addition,
the d-galactose-induced aging mice fell more easily, even when
the rotary speed was lower (Figure 4B). After treatment with
100mg/mLARW, the fall latencywas longer (from 43.06± 11.61 to
58.24 ± 5.07 s; Figure 4A), and the mice could stay on the rotarod
with a faster rotary speed (from 8.63 ± 1.56 to 11.60 ± 2.15 rpm;
Figure 4B). These findings indicate that ARW can improve motor
skill learning and coordination during aging.Moreover, therewas
no difference between the male and female mice (Figure S4).

3.6 Effect of the ARW on Brain Nerves in the
Hippocampus of Aging Mice

Karyopyknosis (irreversible condensation of chromatin in the
nucleus of a cell undergoing necrosis or apoptosis) is a process
that occurs prior to cell death. An increase in karyopyknosis is an
indicator of neurodegenerative disease. Histological examination

showed that d-galactose-induced karyopyknosis mainly occurred
in the dentate gyrus (Figure 5B) but not in the cornu ammonis 1 in
the hippocampus (Figure 5C). The dentate gyrus is considered the
“gateway” to the hippocampus and plays a crucial role in spatial
memory formation. d-Galactose-induced karyopyknosis in the
dentate gyrus was inhibited by the ARW in a dose-dependent
manner (Figure 5B). In addition, as shown in Figure 5D, the
brain neurons of the mice in the control group showed a rounded
central vesicular nucleus with a prominent nucleolus. The
cytoplasm contained prominent basophilic granules. However,
in d-galactose-treated mice, the signs of neuronal injuries and
histological changes were present. There were several hyperchro-
matic and pyknotic nuclei, along with a vacuolated cytoplasm.
Signs of neuronal necrosis, also known as ghost cells, including
neuronal cytoplasmic shrinkage, were also predominant. After
treatment with 100 mg/mL ARW, the signs of neuronal injuries
were reduced.

3.7 Protective Effects on ARW and Its
Ingredients Against d-Galactose-Treated SH-SY5Y
Cells

The viability of the SH-SY5Y cells was decreased after exposure
to 300 mM d-galactose. The ARW and its ingredients, including
polysaccharides, ganoderic acid A, ganoderic acid D, ganoderic
acid J, oleamide, GAE, uridine, and guanosine, inhibited the
viability of the d-galactose-treated SH-SY5Y cells to varying
degrees. When administered at 0.5 mg/mL, the ARW and
ARP increased the proportion of viable d-galactose-treated cells
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FIGURE 4 Effect of Amauroderma rugosum extract (ARW) treatment on motor skill learning and motor coordination in the d-
galactose-induced agingmice. Themice were treated with d-galactose for 12 weeks with different doses of ARW.Mice that received no treatment were
used as the control group. The vitamin C-treated group was used for comparison. The rotarod test was performed after treatment. (A) Latency to fall
and (B) speed required for the mice to fall (rotation per minute, RPM) were measured for all experimental groups. Bars represent the mean ± standard
deviation of 10 independent experiments. #p< 0.05 indicates a statistically significant difference comparedwith the values of the control group. *p< 0.05
indicates a statistically significant difference compared with the values of the d-galactose-treated group.

from 47.86% to 65.85% and from 53.04% to 71.94%, respectively
(Figure 6A,B). The application of GAE at concentrations below
10 µM had no effect. Still, concentrations exceeding 50 µM had
a protective effect on the d-galactose-treated SH-SY5Y cells,
resulting in a notable increase in cell viability from 49.72% to
70.93% at 50 µM (Figure 6C). Ganoderic acid J below 1 µM
did not affect the cell viability, but 10 µM ganoderic acid J
increased the amount of d-galactose-treated SH-SY5Y cells from
48.14% to 60.63% (Figure 6D). Ganoderic acid A, ganoderic acid
D, oleamide, uridine, and guanosine did not affect the viability
of d-galactose-treated SH-SY5Y cells even though 100 µM was
used.

3.8 Antioxidant Effects of the ARW and Its
Ingredients on the d-Galactose-Treated SH-SY5Y
Cells

The antioxidant properties of the ARW and ARP were investi-
gated in the d-galactose-treated SH-SY5Y cells. Flow cytometry
revealed a 3.9-fold increase in the ROS levels in the d-galactose-
treated SH-SY5Y cells. However, applying d-galactose only
resulted in a modest elevation in ROS levels, with an increase of
1.9- and 1.5-fold when the cells were pretreated with 2 mg/mL of
ARWandARP, respectively (Figure 6E,F). Gallic acid, guanosine,
and uridine reduced intracellular and d-galactose-induced ROS
levels by 23%, 26%, and 20%, respectively, when the concentration
was higher than 100 µM; however, no effect was observed
when the concentration was lower than 100 µM. Ganoderic
acid A, ganoderic acid D, ganoderic acid J, and oleamide did
not affect intracellular ROS levels even when 100 µM was
used.

3.9 Anti-Senescent and Antiapoptotic Effects of
ARW and ARP on the d-Galactose-Treated SH-SY5Y
Cells

The intracellular activity of β-galactosidase is a classic marker
of cellular senescence. Therefore, β-galactosidase activity in

cells was detected using flow cytometry. The results revealed
a 63.80% ± 6.41% increase in β-galactosidase activity in the
d-galactose-treated SH-SY5Y cells. However, the increase in β-
galactosidase activity was suppressed to 29.10% ± 9.91% and
14.51%± 7.84%when the cellswere pretreatedwith 2mg/mLARW
and ARP, respectively, for 48 h (Figure 7A).

The antiapoptotic effects of the ARW on the SH-SY5Y cells
were investigated using Annexin V-FITC/PI double labeling and
flow cytometry. Treatment with 300 mM d-galactose increased
the proportion of apoptotic cells from 18.70% ± 5.26% to
47.95% ± 7.99%; however, the proportion of apoptotic cells only
increased to 27.15% ± 6.23% and 23.36% ± 7.92% when the d-
galactose-treated cells were treated with 2mg/mLARWandARP,
respectively, for 48 h (Figure 7B).

3.10 Effects of ARW and ARP on the Expression
of the mTOR/Akt Protein and Pro/Antioxidant
Enzyme Levels in the d-Galactose-Treated SH-SY5Y
Cells

The mTOR/Akt-dependent signaling pathways play a significant
role in modulating neuronal cell death. Treatment with 300 mM
d-galactose substantially increased the protein expression ratios
of phospho-mTOR/mTOR and phospho-Akt/Akt in the SH-SY5Y
cells by 447% and 1175%, respectively (Figure 8B). The ratio of
phospho-mTOR/mTOR decreased when the SH-SY5Y cells were
pretreated with ARW and ARP. In contrast, the ratio of phospho-
Akt/Akt was decreased by the ARW but was not significantly
affected by the ARP (Figure 8C).

d-Galactose treatment did not significantly alter the protein
expression of SOD-1, CAT, or HO-1. However, treatment with
2mg/mLARWor ARP enhanced the protein expression of SOD-1
from 24% to 26% (Figure 8E). Neither the ARW nor ARP altered
the protein expression levels of CAT (Figure 8F). The ARW and
ARP (2 mg/mL) increased HO-1 expression by 68% and 26%,
respectively (Figure 8G).
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FIGURE 5 Effect of Amauroderma rugosum extract (ARW) on structural damage in the hippocampus of d-galactose-induced aging
mice. The mice were treated with d-galactose for 12 weeks with or without different doses of the ARW.Mice that received no treatment were used as the
control group. The vitamin C treatment was used for comparison. Brain sections were stained with hematoxylin and eosin. (A) Images are presentative
of 10 experiments. The percentages of karypyknosis in (B) dentate gyrus (DG) and (C) cornu ammonis (CA) 1 in the hippocampus were quantified. (D)
Histological changes predominantly presented in d-galactose-treated groups, including pyknosis (thin arrow), vacuolated cells (thick arrow), and ghost
cells (white arrow). The bar graphs represent the mean ± standard deviation of five independent experiments.
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FIGURE 6 Effects of Amauroderma rugosum extract (ARW) and its constituents on viability and reactive oxygen species levels
of d-galactose-induced SH-SY5Y cells. SH-SY5Y cell viability was measured using the MTT assay. The cells were pre-incubated with different
concentrations of (A) ARW, (B) ARP, (C) gallic acid, and (D) ganoderic acid J for 2 h, followed by treatment with 300 mMd-galactose for 24 h. Untreated
cells served as controls. To measure the ROS, the SH-SY5Y cells were pretreated with different concentrations of (E) ARW and (F) ARP for 24 h and
then treated with 300 mM d-galactose for 48 h. Untreated cells served as controls. The SH-SY5Y cells were subjected to CM-H2DCFDA staining, and
fluorescence signals were quantified using flow cytometry. Data are presented as percentages relative to the values of the control group (mean± standard
deviation of three independent experiments). #p < 0.05 indicates a statistically significant difference compared with the values of the control group.
*p < 0.05 indicates a statistically significant difference compared with the values of the d-galactose-treated group. ARP, AR polysaccharide.
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FIGURE 7 Effects of Amauroderma rugosum extract (ARW) and AR polysaccharide (ARP) on β-galactosidase activity and apoptosis
in d-galactose-induced SH-SY5Y cells. SH-SY5Y cells were pretreated with different concentrations of ARW and ARP for 2 h and then treated with
300mMd-galactose for 24 h. Untreated cells served as controls. (A) β-Galactosidase activity and (B) apoptosis were detected by staining with Senescence
Dye and Annexin V-FITC and P, respectively. The stained cells were quantified using flow cytometry. Data are presented as percentages relative to the
control group values (mean ± standard deviation of three independent experiments). #p < 0.05 indicates a statistically significant difference compared
with the values of the control group. ∗p < 0.05 indicates a statistically significant difference compared with the values of the d-galactose-treated group.
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FIGURE 8 Effects of Amauroderma rugosum extract (ARW) and AR polysaccharide (ARP) treatment on TOR, Akt, and antioxidant
enzyme protein levels in SH-SY5Y cells. SH-SY5Y cells were treated with different concentrations of the ARW and ARP for 2 h and then treated with
300 mM d-galactose for 24 h. Untreated cells served as controls. (A) Protein expression levels of mTOR, p-mTOR, Akt, and p-Akt were determined by
western blot analysis. The ratios of (B) p-mTOR/mTOR and (C) in ARW andARP-treated groups were quantified. (D) Protein expression levels of SOD-1,
CAT, and HO-1 in SH-SY5Y cells were determined by western blot analysis. The levels of (E) SOD-1, (F) CAT, and (G) HO-1 were quantified. Data are
presented as the mean ± standard deviation of three independent experiments. #p < 0.05 indicates a statistically significant difference compared with
the values of the control group. *p < 0.05 indicates a statistically significant difference compared with the values of the d-galactose-treated group.

3.11 Significant Differences in Microbial
Diversity After Treatment With ARW

No significant difference in α diversity was observed among
the different groups, irrespective of sex, in terms of ACE,
Chao1, Faith’s PD, observed OTUs, Shannon, or Simpson indices
(Figure 9A). The β diversity of different groups was significantly
different in terms of Bray–Curtis, cosine, Hamming, and Jaccard
distances (p < 0.01, PERMANOVA), which was demonstrated
by the distinctive clustering in the principal coordinate analysis

(PCoA) biplot (Figure 9B). For the Firmicutes/Bacteroidetes ratio,
a marginally significant difference was observed among the five
groups (Figure 9C; p = 0.0834, Mann–Whitney U test).

A total of 1910 unique ASVs were identified, of which 51
were categorized as rare ASVs, with one count in the dataset
(Figure 9E,F). After alignment, the ASVs were assigned to
21 phyla, 35 classes, 66 orders, 98 families, 171 genera, and
272 species. The most abundant phyla were Firmicutes and
Bacteroidetes (Figure 9D).
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FIGURE 9 Effect of ARW on the intestinal flora in d-galactose-induced accelerated-aging mice. The mice were treated with d-galactose
with or without 50 mg/kg ARW (ARW LD), 100 mg/kg ARW (ARWHD), or 50 mg/kg vitamin C. (A) α Diversity in terms of ACE, Chao1, and Faith PD,
observed OTUs, Shannon, and Simpson. (B) β-diversity analysis biplot based on Bray–Curtis, cosine, Hamming, and Jaccard distances (PERMANOVA,
999 permutations). (C) Boxplot of the Firmicutes/Bacteroidetes (F/B) ratio (Mann–Whitney U test). (D) Relative abundance of the dominant phyla
(Firmicutes, Proteobacteria, Actinobacteria, Verrucomicrobiota, and Bacteroidetes) among different groups. (E) Venn diagram of all the ASVs among
different groups. (F) Venn diagram of the ASVs (excluding rare ASVs) among different groups. ARW, Amauroderma rugosum extract.
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3.12 Effects of the ARW on Differential
Abundance

Differential abundance at the ASV level was analyzed using
ANCOM-BC. TenASVswere differentially expressed in theARW-
treated group (p < 0.001, Mann–Whitney U test) (Table 2).
Lactobacillus reuteriwas themost differentially abundant species,
with 4.1- and 4.0-fold increases in the ARW-treated group than in
the control and d-galactose-treated groups, respectively. A higher
abundance of Flavonifractor plautii, Muribaculum intestinale,
Vampirovibrio chlorellavorus, and an unidentified species in
the Clostridium genus was also observed in the ARW-treated
group, with at least a 2-fold increase compared with that in the
control and d-galactose-treated groups. In contrast, the ARW-
treated group had a lower relative abundance of Clostridium
scindens, Adlercreutzia caecimuris, and Kineothrix alysoides than
the control and d-galactose-treated groups. A high relative
abundance of Anaerobacterium chartisolvens and Paludihabitans
psychrotolerans was found in the d-galactose-treated group than
in the control group. The d-galactose-induced increase in these
bacteria was suppressed by ARW treatment.

4 Discussion

Several empirical studies have indicated the potential effective-
ness of dietary antioxidants in the prevention and treatment of
neurodegenerative disorders (Andrade et al. 2019). An example
is G. lucidum, a renowned edible and medicinal fungus in Asia.
G. lucidum extract alleviates MPTP-induced parkinsonism and
protects dopaminergic neurons fromoxidative stress inmice (Ren
et al. 2019). It also protects against mitochondrial dysfunction
and death in hippocampal neurons in rodent models (Zhou
et al. 2021). Similar to G. Lucidum, AR belongs to the Gano-
dermataceae family. Our previous research showed that ARW
exhibits antioxidant andmitochondrial protective properties in 6-
hydroxydopamine-treated PC12 and SH-SY5Y cells (Li et al. 2021;
Rangsinth et al. 2024). Given that oxidation and mitochondrial
dysfunction are significant indicators of aging, we investigated
the neuroprotective effects of AR in a mouse model.

This study employed a d-galactose-induced aging mouse model
rather than a naturally aging mouse model for two reasons.
First, it enabled us to replicate aging-like effects in a shorter
time. Second, d-galactose-induced aging mice exhibit a higher
survival rate when compared with naturally aging mice during
the experimental duration, which is advantageous for preserving
uniform study conditions. A prior study has demonstrated that
administering d-galactose injections could lead to brain aging
in mice, which closely resembles the aging process observed
in the human brain. This includes various effects such as
mitochondrial dysfunction, heightened oxidative stress, reduced
ATP production, apoptosis, neuronal degeneration, and cogni-
tive impairments (Shwe et al. 2018). d-Galactose induces the
activation of NF-κB, which, in turn, increases the expression of
neuroinflammation markers, resulting in memory impairment
(Daroi, Dhage, and Juvekar 2022). In addition to impairments
in learning and memory, mice treated with d-galactose also
display symptoms of depression and anxiety (Samad, Hafeez, and
Imran 2022). Consistent with previous reports (Daroi, Dhage, and
Juvekar 2022; Samad, Hafeez, and Imran 2022), our findings from

the open field,Morris watermaze, Y-maze, and rotarod tests indi-
cated that d-galactose-induced aging mice exhibited cognitive
dysfunction, memory decline, anxiety, and decreased locomotor
capacity. The ARW effectively mitigated all the manifestations of
aging. Neurodegeneration can be induced in the hippocampus,
leading to cognitive dysfunction, which is closely associated with
the pathological advancement of AD (Kadar et al. 1998). In this
context, our histological study revealed that ARW decreased
neuropathological damage in the hippocampus of aging mice
brains, confirming the neuroprotective effect of ARW.

Our previous LC–MS analysis identified ganoderic acid A, gan-
oderic acid D, ganoderic acid J, oleamide, uridine, guanosine,
and GAE in the ARW (Shiu et al. 2022). In this study, none
of the compounds, except GAE, exhibited both antioxidant
and protective properties in d-galactose-treated SH-SY5Y cells.
Gallic acid is regarded as a promising candidate for treating
various neurological disorders (Bhuia et al. 2023). Gallic acid
increased the levels of total thiols and glutathione peroxidase
while reducing malondialdehyde levels in the hippocampus and
striatum in a rat model of Parkinson’s disease (Mansouri et al.
2013). The administration of GAE to the APP/PS1mousemodel of
cerebral amyloidosis effectively resolved behavioral impairments,
improved cerebral amyloidosis, and decreased the abundance of
β-amyloid (Mori et al. 2020). Furthermore, the administration
of GAE protected the structural and functional integrity of the
hippocampus in rats with AD (Hajipour et al. 2016). Although
ganoderic acid J reduced the d-galactose-induced toxicity in the
SH-SY5Y cells, the antioxidant effects were not significant. The
only reported pharmacological effect of ganoderic acid J is its
anti-inflammatory effect on BV2microglial cells (Jiao et al. 2016).
The neuroprotective effects of ARW on d-galactose-treated SH-
SY5Y cells were observed at concentrations exceeding 0.5mg/mL.
The ARW (0.5 mg/mL) contains GAE at a concentration of only
3.5 µM (Shiu et al. 2022). The concentration of ganoderic acid J
in AR is 4.08 µg/g (unpublished data); therefore, 0.5 mg/mL of
ARW contains only 4 nM of ganoderic acid J. Similarly, although
uridine and guanosine showed antioxidant effects ond-galactose-
induced SH-SY5Y cells, the concentrations of guanosine and
uridine in 0.5 mg/mL ARW were only 2.03 and 2.3 µM, respec-
tively (Shiu et al. 2022). The low levels of GAE, ganoderic acid
J, guanosine, and uridine in 0.5 mg/mL ARW were insufficient
to decrease the mortality and ROS levels in d-galactose-induced
SH-SY5Y cells. This suggests that theymay not have substantially
contributed to the neuroprotective effects of ARW.

Polysaccharides may protect the nervous system. For instance,
polysaccharides obtained from G. lucidum can reduce the pro-
duction of pro-inflammatory cytokines induced by lipopolysac-
charides or β amyloids in microglia (Cai, Li, and Pei 2017). Fur-
thermore, the neuroprotective advantages of Poria cocos polysac-
charides have been observed in rats withAD. The observed effects
are ascribed to its capacity to alleviate oxidative stress, apoptosis,
and inflammation, aswell as to inhibit theMAPK/NF-κBpathway
(Zhou et al. 2021). To confirm the neuroprotective properties
of the polysaccharides in ARW, we generated a polysaccharide-
enrichedARP extract via ethanol precipitation.Our study showed
that the ARP had a slightly higher antioxidant activity than
the ARW. Furthermore, the ability of ARP to reduce viability,
senescence, ROS levels, and apoptosis in d-galactose-treated
SH-SY5Y cells was comparable to that of ARW. Notably, ARP
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treatment enhanced the expression of antioxidant enzymes SOD-
1 and HO-1. This effect may also contribute to preserving redox
homeostasis in aging brain microenvironments. Taken together,
these results suggest that polysaccharides found in AR possess
neuroprotective properties.

The application of plant-derived secondary metabolites to
manage and/or treat various neuronal disorders via the
PI3K/Akt/mTOR signaling pathway has been proposed
as a promising strategy for neuroprotection (Fakhri et al.
2021). Abnormal activation of the Akt/mTOR pathway is
linked to neurodegenerative disorders. Akt is recruited to the
cell membrane after activating PI3K and phosphorylating
phosphatidylinositol 4,5-bisphosphate (PIP2). Akt then
phosphorylates GSK-3β, which plays a crucial role in
neurodegenerative diseases. It also affects inflammatory
mediators (ILs, COX, NF-κB), apoptotic pathways (e.g., Bax/Bcl-
2, caspases), and oxidative factors (e.g., ROS, Nrf2, SOD-1, CAT,
HO-1) in neurodegenerative disorders (Zarneshan et al. 2020).
mTORC1, one of two complexes of mTOR, suppresses autophagy
by phosphorylating and inhibiting key autophagy-related
proteins like Atg13 and ULK1 (Vucicevic et al. 2020). Therefore,
overactivity of mTORmay impair the autophagy process, leading
to the accumulation of toxic protein aggregates like β-amyloid
in AD and alpha-synuclein in Parkinson’s disease. It has been
reported that the AKT/mTOR signaling pathway is upregulated
during natural aging (Zhong et al. 2024) and d-galactose-induced
accelerated aging in mice (Chen et al. 2019). Phospho-mTOR
protein expression is increased in d-galactose-induced senescent
neuronal stem cells (Chen et al. 2018). Consistent with this
finding, our study showed that d-galactose increased the
expression of phospho-mTOR. This effect of d-galactose was
attenuated by both ARW and ARP, suggesting that they may
exert a neuroprotective effect through the inactivation of the
mTOR-dependent pathway.

Polysaccharides are large molecules with a restricted ability to
pass through the blood–brain barrier. This poses a potential hin-
drance to using polysaccharides for therapeutic purposes in brain
disease. Additional studies are required to determine the optimal
molecular size. The gut–brain axis has emerged as a prominent
area of brain disease research over the past few decades. Aging
significantly influences gut microbiota imbalance, leading to the
proliferation of numerous bacteria that trigger inflammation,
which contributes to the progression of neurodegenerative dis-
orders (Giovannini et al. 2021). Recent research has indicated
that polysaccharides can serve as prebiotics, potentially restoring
the balance of the gut microbiota, thus providing benefits in
alleviating neurodegenerative symptoms (Gao, Liang, and Liu
2024).

In view of that, the effect of ARW on the mouse microbiome
was assessed. Owing to the small sample size, this analysis was
primarily exploratory. However, the ARW affected the compo-
sition of the intestinal flora, which may introduce a novel field
of investigation in the study of aging. For instance, L. reuteri
was more prevalent in ARW-treated mice. Administration of L.
reuteri can mitigate the activation of pro-inflammatory signaling
pathways, endoplasmic reticulum stress, and autophagy in the
hippocampus of rats fed a high-fat and fructose diet (Mazzoli
et al. 2024). L. reuteri also mitigates the detrimental effects of

diabetes on the hippocampus (Lin et al. 2023). Administration of
a symbiotic supplement containing Corni fructus and L. reuteri
led to significant enhancement in cognitive function inmice with
DSS-induced behavioral disorders (Lee et al. 2022). An increase in
L. reuteri in the intestine may contribute to the neuroprotective
effects of ARW. The molecular mechanism of neuroprotective
action of L. reuterimay be multifaceted. First, L. reuteri is capable
of synthesizing neurotransmitters such as GABA and serotonin,
which play critical roles in mood regulation, cognition, and
neural communication (Yong et al. 2020). It is not implausi-
ble that L. reuteri may produce substances to reduce chronic
neuroinflammation, which is a hallmark of many neurodegen-
erative diseases, including AD and Parkinson’s diseases. For
instance, lipoteichoic acid derived from L. reuteri can exert anti-
inflammatory effects by promoting anti-inflammatory cytokines
like IL-10 while reducing pro-inflammatory cytokines like IL-6
and TNF-alpha (Lu et al. 2022). In addition, L. reuteri produces
metabolites such as short-chain fatty acids, including butyrate,
propionate, and acetate, which are capable of histone deacetylase
inhibition (Arpaia et al. 2013; Luu et al. 2019). Inhibition of
histone deacetylase may increase the acetylation of genes and
influence gene transcription related to neuroprotection. Fur-
thermore, short-chain fatty acids maintain gut barrier integrity
by increasing the expression of tight junction proteins (Huang
et al. 2024). A stronger gut barrier can prevent the infiltration of
pro-inflammatory molecules and pathogens into the brain, thus
protecting against neurodegenerative damage.

C. scindens is also a bacterium that may be related to neu-
rodegeneration. According to previous reports, consumption of
polysorbate 80, a commonly used substance that helps mix
ingredients in food and medicine, can lead to an increase of C.
scindens in the gut andworsen the decline in cognitive function in
senescence-accelerated mice (Zhang et al. 2024). This bacterium
metabolizes cholic acid to deoxycholic acid, which is a secondary
bile acid. Recent research has indicated a connection between bile
acid metabolism disorders and central nervous system diseases
(Grant andDeMorrow 2020).Multiple studies have demonstrated
that bile acidmetabolism can affect learning, memory, and cogni-
tive functions (Liu et al. 2024). At the molecular level, secondary
bile acids may interact with various receptors in the brain, such
as farnesoid X receptors, leading to neuroinflammatory responses
and triggering signaling cascades that can damage neural cells
(Sabahat et al. 2024; McMillin et al. 2016). Owing to the harmful
effects of secondary bile acids on brain function, it is speculated
that the reduced presence of C. scindens may be beneficial in
preventing neurodegenerative diseases.

As a natural product, AR has numerous advantages. It is easily
cultivated, and thus, its production cost is relatively low. The
standard dosage of AR in traditional Chinese medicine is 10–15 g
per decoction (Zheng, Cheung, and Leung 2022). The long-term
medical and dietary records did not report any adverse effects or
toxicities associated with its consumption. Furthermore, a study
conducted on live Sprague–Dawley rats found that even with a
dose of 2 g/kg of AR mycelial powder, there were no changes in
bodyweight or pathological changes in various organs (Fung et al.
2017). Moreover, the viability of PC-12 and SH-SY5Y cells, as well
as the lifespan of C. elegans, remained unaffected when exposed
to 2mg/mLARW (Li et al. 2021; Rangsinth et al. 2024). Therefore,
AR is considered safe.
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5 Conclusions

This study provides the first evidence that the ARW protects
hippocampal neurons, leading to enhanced learning, memory,
and locomotor abilities in d-galactose-induced aging in mice. In
addition, the ARW protects neuronal cells by reducing oxidative
stress and apoptosis. The molecular mechanisms are likely
mediated through the mTOR-dependent signaling pathway and
the upregulation of the antioxidant enzymes SOD-1 and HO-1.
The neuroprotective effects of the ARW are primarily attributed
to the presence of polysaccharides as the main active ingredient.
The ARW also alters the microbial diversity in the intestine,
which may contribute to its neuroprotective effect through the
microbial–gut–brain axis. These findings suggest that AR has
the potential to be used as a beneficial food and medicine for
the prevention and treatment of age-related neurodegenerative
diseases.
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