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ABSTRACT

Background: In view of the increasing human life and the aging of the population, the search for safe anti-
aging drugs has become a hot topic. Agaricus blazei Murrill is a rare edible fungus, with a variety of bio-
logical activities. The purpose of this study was to clarify the anti-aging effect and mechanism of ABM-A
on the aging induced by D-Galactose in mice.

Results: The result showed that ABM-A contained 87.2% of glucose, 3.3% of galactose, 3.8% mannose and
5.7% gluconic acid. The behavior of mice in the treatment group was significantly improved after admin-
istration of ABM-A. And the activity of SOD and CAT and the level of T-AOC were increased (p < 0.05), the
content of MDA and ROS was decreased (p < 0.05) in the serum of mice in ABM-A group. The results of
mechanism research showed that nine genes were screened out by functional annotation and enrichment
analysis for the verification by RT-qPCR, and the results of RT-qPCR were consistent with those of RNA-
seq. Western Blot results showed that ABM-A upregulated the expression of Hmox1, Myd88, p-c-Jun, Apc,
Bmil, Cox7a2l and Ndufv1, down-regulated the expression of Nfe2l2, Keap1, Apoe, Mapkland Atp1la3,
and decreased the phosphorylation of p38 and Jnk, suggesting that it may play an anti-aging effect by
regulating Nrf2/ARE and MAPKs superfamily signal pathways.
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Conclusions: ABM-A can reduce oxidation reaction and play an anti-aging role through Keap1-Nrf2/ARE
and MAPKs signaling pathway.
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1. Introduction

In the past century, the decline in cognitive ability has become
one of the greatest health threats to the elderly [1]. The aging is the
last stage of life, and with the occurrence of aging, the morpholog-
ical and structural deterioration and functional decline may occur
in tissues and organs of the body [2]. In recent years, many aging-
related mechanisms are proposed, such as the telomere theory, the
immune function degradation theory, the DNA damage repair the-
ory, the neurotransmitter theory, the free radical theory, the cell
apoptosis theory, the non-enzymatic glycosylation aging theory
and the metabolic imbalance theory of aging [3,4,5,6], of which
the free radical theory believes that severe pathological changes
may occur when free radicals are excessively produced or the
human body’s capacity to scavenge them is reduced, so the scav-
enging of the excess reactive oxygen free radicals has an important
physiological significance [7,8], and the research and development
of safe and effective natural anti-aging medicines has become the
focus of attention.

Agaricus blazei Murrill (Agaricus blazei, Agaricus), also known as
Brazilian mushroom, is a fungus of Agaricus campestris (Stropharia)
genus, Agaricaceae (umbelliferae), Agaricase, Hymenomycetes, Basid-
iomycotina native to coastal rainforests in Brazil, southern North
America and Peru, not only a popular food in the local area, but also
used in cancers, infections and other diseases [9,10,11]. Studies
have shown that Agaricus blazei Murrill polysaccharide has the
effect of anti-tumor, regulation of immunity, improvement of lipid
level and protection of damaged nerve [12,13,14]. Our previous
study showed that Agaricus blazei Murrill polysaccharide had an
obvious antioxidant activity and could scavenge free radicals
in vitro, but its anti-aging effect and mechanism were not clear.

In this study, an Agaricus blazei Murrill acidic polysaccharide
(ABM-A) was isolated and purified, an aging model induced by
D-galactose (D-gal) was established for the observation on the
anti-aging effect of ABM-A, and the differentially expressed genes
among aging mice treated with ABM-A were analyzed in transcrip-
tology for investigating the molecular mechanism of anti-aging
effect of ABM-A, in order to find the effective way of ABM-A to
delay aging, which may provide a theoretical basis for the develop-
ment and utilization of Agaricus blazei Murrill.

2. Materials and methods
2.1. ABM-A preparation

The Agaricus blazei that had been dried to the constant weight
was soaked at a water-to-material ratio of 20:1 overnight and
extracted 3 times at 100°C for 3 h. The extracted solution was con-
centrated and centrifuged at 4500 rpm for 10 min to obtain the
supernatant, the supernatant was precipitated with 80% ethanol,
left standing overnight, and then centrifuged at 4500 rpm for
10 min again and the sediment was collected. The sediment was
washed with 95% ethanol and absolute ethanol in turn, and dried
routinely to obtain a crude water-extracted ABM polysaccharide.
The crude water-extracted ABM polysaccharide was dialyzed in a
dialysis bag and freeze-dried to obtain the total Agaricus blazei
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polysaccharide (ABM). The ABM was loaded on an balanced
DEAE-cellulose column (7.5 x 30 cm, Cl-type) for the fraction,
eluted with 0.5 M NaCl, desalted with the hollow fiber with a
molecular weight cutoff of 3000 Da and freeze-dried to obtain
the fraction A, namely ABM-A. The monosaccharide composition
in ABM-A samples was determined according to the retention time
of the chromatographic peaks of monosaccharide standard and
mixed standard samples by Shimadzu HPLC system. ABM-A
obtained by the elution with 0.5 M NaCl was further separated
and purified by Sepharose Cl-6B chromatography column
(2.6 x 100 cm), in which the eluant was 0.15 M NaCl solution,
the elution flow rate was 0.4 mL/min, and 8 ml was collected from
each tube (20 min/tube). All the fractions were monitored with the
phenol-sulfuric acid method at 490 nm. The distribution of total
sugar was determined by phenol-sulfuric acid method, the appro-
priate elution peak was collected according to the absorbance elu-
tion curve, the dialysis bag with 3500 Da molecular weight cut-off
was used to dialyze the eluate for its desalting, and the desalted
eluate was concentrated and frozen dry to obtain the main
polysaccharide component. High performance gel performance
chromatography (HPGPC) was used to determine the molecular
weight.

2.2. The effect of ABM-A on the learning and memory of D-gal-induced
aging mice

2.2.1. Grouping and administration

Seven-week-old male ICR mice weighing 20-24.5 g were
obtained from Changchun Yisi experimental animal Co., Ltd
(Changchun, China). ICR mice were randomly divided into 4
groups, 18 mice in each group, and administered successively for
10 weeks. (1) Blank control group (CON group): the mice were
intragastrically given distilled water and subcutaneously injected
with normal saline at the back of their neck; (2) Model group
(MOD group): the mice were intragastrically given distilled water
and subcutaneously injected with 200 mg/kg D-gal at the back of
their neck; (3) Positive control group (PC group): the mice were
intragastrically given 800 mg/kg piracetam and subcutaneously
injected with 200 mg/kg D-gal at the back of their neck; (4)
ABM-A group: the mice were intrgastrically given 800 mg/kg
ABM-A and subcutaneously injected with 200 mg/kg D-gal at the
back of their neck.

2.2.2. Behavioral experiments

On the 9th week of administration, the step-through test was
carried out. 36 V 50 Hz alternating current was connected to the
electric grid at the bottom of dark avoidance instrument, and then
the mice were first trained in the instrument for 3 min. At the
beginning of the training, the mouse were put into the light cham-
ber to face to the hole between the two chambers, and the number
of times the mice entered the dark chamber and the time when
they entered the dark chamber for the first time within 5 min were
recorded, that is, the number of errors and the latency, respec-
tively. The test began after an interval of 24 h.

After the end of the step-through test, the step-down test was
carried out using a mouse step-down apparatus. At the beginning
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of the training, the mice escaped to the safety platform after an
electric shock, and then stepped down from the platform, in which
when the both feet of mice touched the electric grid to be shocked
was considered a wrong response (the number of errors), and the
latency and the number of errors within 3 min were recorded.
The test was repeated once more 24 h later. The latency and the
number of errors of mice in the training and repeated test was used
to examine the learning and memory ability of mice.

After the step-down test, the Morris water maze orientation
navigation test was carried out. Firstly, the mice were put into
the pool facing to the pool wall in the three quadrants except the
quadrant where the platform was located, and the test time was
set at 120 s, in which the time from entering the water to finding
the platform for the mice was recorded as the escape incubation
period (latency). If the mice found the platform within 120 s, they
were allowed to stay on the platform for 10 s, and if they could not
find the platform within 120 s, they were guided to the platform
and allowed to stay on it for 10 s, and the latency was recorded
as 120 s. The orientation navigation test lasted for 6 d. On the
7th day, the spatial probe test was performed, in which the plat-
form was removed, and the mice were put into the pool from the
second quadrant for 120 s, and the residence time of mice in the
third quadrant, the percentage of distance to the third quadrant,
the time of first crossing the place where the platform had been
placed and the number of crossing the place were recorded.

2.2.3. Detection of biochemical indicators in the serum and brain tissue

After the end of the mouse behavioral experiments, the body
weight of each mouse was accurately weighed and recorded. The
blood samples of mice were collected by removing their eyeballs.
After left standing for 10 min, the blood was centrifuged at
3500 rpm for 10 min, and then the serum was taken for use. The
mice were sacrificed, and their whole brain tissues were taken
out quickly on an ice platform, repeatedly washed with pre-
cooled normal saline, dried with a piece of filter paper, and the
weight of the whole brain was weighed by an electronic balance.

The brain tissue homogenate was centrifuged at 3000 rpm and
4°C for 15 min to obtain the supernatant, namely 10% brain homo-
genate. The activity of SOD and CAT, the level of T-AOC and the
content of MDA and ROS in the serum of mice were determined
strictly according to the instructions of the kits.

2.2.4. Pathological examination of brain tissue

HE staining. The hippocampal tissue was fixed at 4°C for 24 h
with 4% paraformaldehyde, then washed 3 times with PBS solution,
dehydrated with 30%, 50% and 70% ethanol gradient, respectively,
10 min for each gradient, paraffin-embedded, and sliced. The
paraffin-embedded slices were stained with HE, according to the
instructions of HE staining, and the sections were observed under
a light microscope for examining the pathological changes of brain
tissues.

Immunofluorescence double labeling staining. The mice were
intraperitoneally injected with 20% bromodeoxyuridine (BrdU) on
the last 5 d of modeling. The brain tissues were taken after the ven-
tricular perfusion and dehydrated with 4% paraformaldehyde, 20%
sucrose solution, 30% sucrose solution in turn, quickly frozen with
liquid nitrogen, and embedded to make frozen slices. The slices
were soaked in 0.1 mol-L~! PBS and rinsed, boiled in 0.01 M citric
acid buffer (pH = 6.0) for 5 min, cooled to room temperature,
soaked in PBS solution and rinsed, and added with 0.3% Triton X-
100 and left standing at room temperature for 5 min. 10% BSA/
PBS-T (0.05% NaN3) solution was dropped on the slices for 1.5 h
and then the first antibody Anti-NeuN (1:500) rabbit Anti-BrdU
(1:200) mouse was dropped on them, incubated at 4°C overnight.
The first antibody was sucked out, the mixed secondary antibody
containing 1:1000 Anti-mouse IgG-Alexa Fluor 488 and 1:1500
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Anti-Rat IgG-Alexa Fluor 594 was added on them, and kept in dark
place at 4°C overnight. The second antibody was sucked out, then
washed with PBS three times, Hoechst 33258 dye solution was
added on the slices, and the slices were kept at room temperature
for 30 min. The slices were washed three times with PBS solution
and mounted with the neutral balsam, and then the sections were
examined under a laser confocal fluorescence microscope.

2.3. Study on the mechanism of effect of ABM-A on learning and
memory of D-Gal-induced aging mice

2.3.1. Preparation of the total RNA of brain tissues

The total RNA was extracted from the hippocampus tissue of
mouse. The RNA OD values were measured at 260 nm and
280 nm wavelength by an ultra-micro nucleic acid protein analyzer
(scandrop 100), respectively. The purity standards of the sample
were OD260/0D280 = 2.1-2.2. Agarose gel electrophoresis was
used to detect the integrity of total RNA.

2.3.2. Establishment of sequencing library

After the quality inspection verified the total RNA, the eukary-
otic mRNA enriched by magnetic beads connected with Oligo
(dT) was used. The extracted mRNA was randomly interrupted into
short fragments by fragmentation buffer. The segmented mRNA
was used as the template, a single-stranded cDNA was synthesized
with six-base random hexamers, and then the buffer, dNTPs, RNa-
seH and DNA Polymerase I were added to it for the synthesis of
double-stranded cDNA. The double-stranded products were puri-
fied with AM Pure XP beads, the viscous end of DNA was repaired
to a flat end by utilizing the activities of T4 DNA polymerase and
Klenow DNA polymerase, and base A was added to the 3’ end of
DNA. After the selection of segments by AM Pure XP beads, the
final sequencing library was obtained by PCR amplification. After
the quality inspection confirmed the library, Illumina Hiseq 4000
was used for sequencing, and the sequencing read-length was
double-terminal 2*150 bp (PE150).

2.3.3. Analysis of transcriptomic data

The original data obtained by sequencing were mapped to the
mouse genome using TopHat 2.1.0 software. Cufflinks was used
to evaluate the gene expression values and normalize them. The
protein-coding genes beginning with “NM” were selected, and
FPKM (fragments per kilobase per million mapped reads) was
introduced to calculate the expression level of genes. The differen-
tially expressed genes were screened according to the criteria of
FPKM > 10, pval < 0.05, fc > 1.5 and fc < 0.6. The names of annotated
proteins and their genes were determined according to the GenelD
of differentially expressed genes and the location of TranscriptID in
the result table of protein annotation, and the cellular composition,
molecular function and biological process of differentially
expressed genes were analyzed in bioinformatics by gene ontology
(GO) classification and KEGG Pathway.

2.3.4. Differential gene mRNA expression verified by qRT-PCR

The names of differentially expressed genes and related pro-
teins were screened, and the differentially expressed genes related
to aging were selected and verified. The samples used in this veri-
fication test were the same as those used in the sequencing of tran-
scriptome. The reverse transcription for the cDNA synthesis of RNA
was carried out by using TUREscript 1st Stand cDNA SYNTHESIS Kit
(Aidlab Company, Beijing, China). The sequences of primers are
shown in Table 1.

2.3.5. Expression of differential gene proteins verified by Western Blot
The proteins of the hippocampus of the mouse were extracted
and separated by 12% SDS-PAGE gel electrophoresis, and then
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Table 1

Primer sequences used for qRT-PCR.
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Primers Tm (°C) Forward direction Reverse direction

GAPDH 58 GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
Cox7a2l 58 AGCGGACAGGTGGTGAAGT AAACCAACTGCCCACAAATAGAGG
Taok3 58 TAGAGTTGGCGGAGCGGAAG GGAGTCATTCTGAGCGATGTGGTA
Atpla3 58 CAGTCATCTTCCTCATCGGCATCA TTGGCGGTCAGCGTCAGA

Gabral 58 CCAGAGCAGAGCAGAGTATTCAG TCTTTGGACCTTCTTACCCTCTCT
Apc 58 GGAATGGTGAGTGGCATCATAAGC CTGTCTGTGGAGGAGGTGGAG
Bmil 58 GGACTGACGAATGCTGGAGAG AGGAAGAGGTGGAGGGAACA
Apoe 58 ACCGCTTCTGGGATTACCT GTGCCGTCAGTTCTTGTGT

Ank3 58 GCCGCCACAAAGAAAGGAAACAC CGTTGACATTCGCTCCGTTCGTA
Ndufv1 58 AGAGACGGCACTTATTGAATCCA GCATCCAAACACTCCCACATC

transferred onto the polypropylidenfluoride (PVDF) membranes
treated with methanol. The membranes were placed in a oscillat-
ing table and blocked with the TBS-T blocking solution containing
5% skimmed milk powder for 1 hour, and then the first antibodies
of B-actin (1:50000) and GAPDH (1: 2000), Nfe2I2 (1:500), Keap1
(1:500), Hmox1 (1:500), Apoe (1:1000), Myd88 (1:500), p-c-Jun
(1:500), Apc (1:500), Bmil (1:2000), Cox7a2l (1:100), Ndufvl
(1:100), Mapk1 (1:500), Atpla3 (1:200), Mapk14 (p38) (1:500), p-
p38 (1:1000), Mapk8 (Jnk) (1:500) and p-Jnk (1:2000) were added
onto the membranes, incubated at room temperature for 2 h. All
the antibodies used were purchased from ABclonalTechnology.
The membranes were washed 5 times with TBS-T, 15 min each
time, then the second antibodies (1:2000) were added onto the
membranes, incubated at room temperature for 1 h, washed 5
times with TBS-T again, 15 min for each time, and finally ECL chro-
mogenic solution was added onto the membranes for the color
development.

2.4. Statistical analysis

The experimental data were expressed by mean + SD, the statis-
tical data were analyzed using SPSS 17.0, and the charts were pro-
cessed using GraphPad Prism 7.0. p < 0.05 when the difference was
significant. p < 0.01 when the difference was very significant.

3. Results
3.1. ABM-A preparation

The ash was removed by a 1000 Da dialysis bag to obtain Agar-
icus blazei polysaccharide (ABM), and ABM was loaded on a DEAE-
cellulose column for ion exchange chromatography and eluted
with 0.5 M NaCl to obtain the acidic fraction ABM-A. The yield of
ABM was 4.7%, and the total sugar content of ABM was 75.1%,
the uronic acid content 1.9% and the protein content 5.6%, respec-
tively; the yield of ABM-A was 47.5%, and the total sugar content of
ABM-A was 74.1% and the uronic acid content 8.2% (Table 2). The
monosaccharide composition of ABM was 79.1% Glc, 12.4% Gal,
4.5% Man, 1.3% Fuc, and 2.7% GLcA. The monosaccharide composi-
tion of ABM-A was 87.2% Glc, 3.3% Gal, 3.8% Man, and GlcA 5.7%
(Table 3). ABM-A was further graded by Sepharose-CL-6B to get
two obvious elution peaks, and after being collected and lyophi-
lized, two fractions ABM-A-a and ABM-A-b were obtained, as
shown in Fig. 1A. The homogeneity of fraction polysaccharides

was determined by HPGPC. The results showed that the molecular
weight of ABM-A-a was about 360 KD and the molecular weight of
ABM-A-b was about 10 KD. The results are shown in Fig. 1B and C.

3.2. Effects of ABM-A on the learning and memory of D-gal-induced
aging mice

3.2.1. Effects of ABM-A on the learning and memory of D-gal-induced
aging mice (Behavioral experiments)

The step-through test showed that compared with that in CON
group, the latency was significantly shortened and the number of
errors was significantly increased in MOD group (p < 0.05), and
compared with that in MOD group, the latency was significantly
prolonged and the number of errors was significantly decreased
in ABM-A group (p < 0.05), as shown in Fig. 2A and B.

The step-down test showed that compared with that in CON
group, the latency was significantly prolonged and the number of
errors was significantly increased in MOD group (p < 0.05), and
compared with that in MOD group, the latency was significantly
shortened and the number of errors was significantly decreased
in ABM-A group (p < 0.05), as shown in Fig. 2C and D.

The results of Morris water maze test showed that the escape
latency of mice in the different groups decreased with the increase
of training time (p < 0.05), and the decreased latency was largest in
CON group and smallest in MOD group. From the second day to the
6th day, compared with that in CON group, the latency in MOD
group was significantly prolonged, and compared with that in
MOD group, the latency in ABM-A group was significantly short-
ened (p < 0.05), as shown in Fig. 2E. In the spatial probe test, com-
pared with that in CON group, the time of finding the platform
(latency) was significantly prolonged and the number of crossing
the place where the platform had been placed was significantly
decreased in MOD group, and compared with that in MOD group
(p < 0.05), the time of finding the platform (latency) was signifi-
cantly shortened and the number of crossing the place where the
platform had been placed was significantly increased in ABM-A
group (p < 0.05) (Fig. 2F and G).

3.2.2. Effects of ABM-A on biochemical indicators in D-gal-induced
aging mice

As shown in Fig. 3, compared with those in CON group, the SOD
and CAT activities and T-AOC levels were decreased (p < 0.05), and
the ROS and MDA contents were increased (p < 0.05) in the serum
of mice in MOD group significantly; compared with those in MOD

Table 2
Composition analysis of ABM and ABM-A.
Polysaccharide Yield Total sugar Uronic acid Protein Ash
(%) (%) (%) (%) (%)
ABM 4.7 75.1 1.9 5.6 5.1
ABM-A 47.5 74.1 8.2 4.8 5.1
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Table 3
Monosaccharide composition of ABM and ABM-A.
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Polysaccharide Monosaccharide composition (Mol%)

Glc Gal Man Fuc GlcA
ABM 79.1 124 4.5 13 2.7
ABM-A 87.2 33 3.8 — 5.7
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Fig. 1. Eluting curve of WABM-A. (A) Gel chromatography, (B) WABM-A-a on HPGPC, (C) WABM-A-b on HPGPC.

group, the SOD activities and T-AOC levels (p < 0.05), and the CAT
activities (p < 0. 01) were increased, and the ROS (p < 0.05) and
MDA (p < 0. 01) contents were decreased, in the serum of mice
in ABM-A group significantly.

3.2.3. Effects of ABM-A on pathological changes of the hippocampal
tissue of D-gal-induced aging mice

The HE staining showed that the neurons were closely arranged,
the layers of neurons were clear, the size of neurons was uniform,
the morphological structure of neurons was intact, and the bound-
ary was clear, with plenty of cytoplasm in the hippocampus of
mice in CON group. The hippocampal tissue of mice in MOD group
showed the typical neuropathological changes, enlarged intercellu-
lar space, disordered and loose arrangement of cells, unclear layers,
decreased number of cells, and irregular shape of some hippocam-
pal cells. In PC and ABM-A groups, the number of cells were signif-
icantly increased, the arrangement of neurons was close and
orderly, the layers of neurons were clear, and the shape and vol-
ume of neurons were normal. The results are shown in Fig. 4A.

The immunofluorescence double labeling staining showed that
Brdu/Neu N double labeled positive cells were mainly distributed
in the granular cell layer, and a few in the portal area, showing a
single or two and no cluster in the hippocampus of mice in CON
group; Compared with that in CON group, the number of Brdu/
Neu N double labeled positive cells was significantly lower in the
hippocampus of mice in MOD group (p < 0.01); Compared with
that in MOD group, the number of Brdu/Neu N double labeled pos-
itive cells was significantly higher in PC and ABM-A groups
(p < 0.05) (Fig. 4B and C).

3.3. Results of study on the mechanism of effect of ABM-A on the
learning and memory of D-gal-induced aging mice

3.3.1. Results of total RNA quality control
The RNA of the hippocampus of mice was detected by using an
ultramicro nucleic acid protein tester. A260/A280 values of RNA in
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all groups were between 2.00 and 2.20, and the concentrations
were equal to or more than 50 ng/pL, indicating that all the condi-
tions met the requirements for transcriptome sequencing.

3.3.2. Results of transcriptomic analysis

Sequencing and pre-treatment: The results of RNA-seq data
control showed that Clean Reads of 52009586, 45348742,
49179206, 47162910, 42740450 and 38538398 BP were obtained
by filtration, and the effective rate was more than 97%, Q20 and
Q30% were more than 96%, and GC contents were between 48%
and 50%, indicating that the overall quality of the transcriptome
data were good, and the downstream analysis could be carried
out, as shown in Table 4.

Functional annotation: Hisat was used to align the pretreated
valid data (Valid Data) with those of the reference genome, a total
of 34,770 genes were identified in the hippocampal tissue of mice,
and the GO functional annotation showed that a total of 922 unige-
nes were clustered to be involved in the 50 functional categories of
biological process, cellular component and molecular function,
including secretory granule, response to nicotine, response to mor-
phine, positive regulation of renal sodium excretion, positive regu-
lation of neuroblast proliferation, positive regulation of cytosolic
calcium ion concentration, peptide antigen binding, neuropeptide
hormone activity, neurohypophyseal hormone activity, MHC class
I protein complex, MHC class I protein complex, maternal aggres-
sive behavior, insulin receptor binding, hyperosmotic salinity
response, grooming behavior, f-2-microglobulin binding, axon ter-
minus, antigen processing and presentation of peptide or polysac-
charide antigen via MHC class II, antigen processing and
presentation of peptide antigen via MHC class I, and antigen pro-
cessing and presentation, totally 20 GO Term, as shown in Fig. 5A
and B. The results of the KEGG pathway enrichment analysis
showed that a total of 43 differentially expressed genes were
assigned to 95 metabolic pathways, and more genes were involved
in Neuroactive ligand-receptor interaction, Cell adhesion mole-
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cules (CAMs), Phagosome, Herpe simplex infection, Vials carcino-
genesis, and HTLV-I inflection pathway, as shown in Fig. 5C.
Screening of differentially expressed genes: edgeR was used for
the differential analysis of StringTie-assembled and quantified
genes (the threshold of significant difference was |log2foldchang
el > 1, p < 0.05). Compared with MOD group, 168 differentially
expressed genes were screened out, of which 101 of them were
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up-regulated genes and 67 down-regulated genes, in ABM-A group,
as shown in Fig. 4D and E. According to the criteria of FPKM > 10,
Pval < 0.05, FC > 1.5 and fc < 0.6, the differentially expressed genes
were screened, and then according to the Gene ID and Transcript ID
of the differentially expressed genes, the localization in the result
table of protein annotation was performed to determine the pro-
tein and gene relationship network, and 18 differentially expressed
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Table 4
Quality control and de novo assembly of RNA-Seq data.

Sample Raw data Valid Data Valid Ratio(reads) Q20% Q30% GC content%
Read Base Read Base

ABM-A1 52971374 7.95G 52009586 7.80G 98.18 99.82 96.92 48.50

ABM-A2 46318466 6.95G 45348742 6.80G 97.91 99.79 97.54 49.50

genes Ank3, Apc, Apoe, Atpla3, Atp6vOc, Atp6v1g2, Bmil, Cox7a2l,
Dpm3, Gabbr1, Hnrnpal, Igsec1, Plch2, Prkacb, Rpl24, Spcs1, Taok3
and Trim32 were obtained.

3.3.3. Effect of ABM-A on the expression of differentially expressed
gene mRNA verified by qRT-PCR

In order to verify the accuracy and reliability of RNA-seq
sequencing, nine differentially expressed genes, Cox7a2l, Taok3,
Gabral, Apoe, Ank3, Ndufv1, Atp1a3, Apc and Bmil, were selected,
and further verified by qRT-PCR. Using GAPDH as the internal ref-
erence gene, the amplification curve and dissolution curve of the
genes met the requirements. Compared with those in MOD group,
the expression levels of Cox7a2l, Ndufv1, Taok3, Gabral and Bmi1
in the hippocampal tissue of mice were significantly increased
(p < 0.05), and those of Apoe and Atpla3 were significantly
decreased (p < 0.05) in ABM-A group. The results of RT-qPCR test
were completely consistent with those of RNA-seq, demonstrating
that the results of RNA-seq were reliable. Taking GAPDH as the

37

internal reference and using 2*-AACt to plot, the relative expres-
sion levels of Cox7a2l, Taok3, Gabral, Apoe, Ank3, Ndufv1, Atp1a3,
Apc and Bmil genes in each sample were calculated (Fig. 6).

3.3.4. Effects of ABM-A on the expression of differential gene-related
proteins verified by Western Blot

The results of Western Blot (Fig. 7) showed that compared with
those in CON group, the expression levels of Nfe2l2, Hmox1,
Myd88, p-c-Jun, Apc, Bmil, Cox7a2l and Ndufv1 proteins were sig-
nificantly decreased, those of Keap1, Apoe, Mapk1 and Atp1a3 pro-
teins were significantly increased, and the phosphorylation levels
of p38/p-p38 and Jnk/p-Jnk were significantly increased in the hip-
pocampal tissue of aging mice in MOD group. Compared with those
in MOD group, the expression levels of Keap1, Apoe, Mapk1 and
Atp1la3 proteins were significantly decreased, and those of Nfe212,
Hmox1, Myd88, p-c-Jun, Apc, Bmil, Cox7a2l and Ndufv1 proteins
were significantly increased in the hippocampal tissue of mice in
PC and ABM-A group. The results of Western Blot were consistent
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with those detected by qRT-PCR, further verifying that the regula-
tory effect of ABM-A should be related to the up-regulated expres-
sion of Hmox1, Myd88, p-c-Jun, Apc, Bmil, Cox7a2l and Ndufv1, the
down-regulated expression ofNfe2l2, Keap1, Apoe, Mapkl and
Atpla3, and the decreased phosphorylationin of p38 and Jnk in
D-gal-induced aging mice.

4. Discussion
Aging is the last stage of life, a process in which various func-

tions of the body decline over time, which is closely related to
the accumulation of ROS and oxidative stress [15]. Oxidative stress
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induced by excessive ROS can adversely affect the body, leading to
the occurrence of age-related pathological diseases. D-gal, as a
physiological nutrient, is normally metabolized into glucose and
participates in the metabolism of glucose in the body, but exces-
sive D-gal cannot be metabolized and accumulate in cells, produc-
ing a large number of reactive oxygen species such as 0 and OH,
which can also affect the synthesis of proteins including antioxi-
dant enzymes due to metabolic disorders and the ability of scav-
enging free radicals to result in the production of excessive ROS,
inducing oxidative stress in which the increased lipid peroxidation
can damage cell membrane to cause metabolic disorders and cog-
nitive impairment [16]. Therefore, the oxidative damage, inflam-
mation and apoptosis caused by excessive D-gal are similar to
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the symptoms of natural aging, and D-gal can be given to rodents
in a long term to establish a good model for the study on the anti-
aging effect of drugs [17]. In this study, after the continuous
administration of excessive D-gal, the activity of mice decreased,
the hair of mice fell off and the latency was prolonged in the nav-
igation test, and the latency was shortened and the number of
errors was increased in the step-through test and step-down test
in MOD group, indicating that the long-term continuous injection
of high-dose D-gal would seriously damage the spatial learning
and memory ability of mice, and the aging model of mice was suc-
cessfully established. After the administration of ABM-A, the gen-
eral state and the learning and memory ability of mice were
significantly improved, suggesting that ABM-A could improve the
impaired learning and memory caused by aging. The detection of
biochemical indicators showed that compared with those in
MOD group, the SOD and CAT activities, and T-AOC levels
increased, the MDA and ROS contents decreased in the serum of
mice in ABM-A group, indicated that ABM-A could inhibit the con-
tinuous damage induced by H,0, to slow down the oxidative dam-
age induced by D-gal, showing a good protective effect in the aging
mice.

Hippocampus is one of the most important brain regions to reg-
ulate stress response, and it is also one of the most vulnerable
regions of nerve injury. The number of neurons in hippocampus
decreases with ageing [18,19]. The pathological examination
showed that the hippocampus of mice was damaged and the num-
ber of neurons decreased in MOD group, and the treatment of
ABM-A could significantly improve the pathological changes
induced by the excessive D-gal and increase the number of surviv-
ing neurons in the hippocampus of mice. It can be seen that the
ABM-A can be used as an antioxidant to reduce the production of
lipid peroxides in the oxidative stress induced by excessive D-gal
to improve the damage of the hippocampal tissue, with an anti-
aging effect.

As one of the important signaling pathways in oxidative stress,
Keap1-Nrf2/ARE is the main pathway for preventing the damage
caused by exogenous substances and cell oxidation, reducing the
oxidative stress and mediating the antioxidant activity of the body
[20,21]. Transcription factor Nrf2 is at the central position of oxida-
tive stress and exists in the cytoplasm, and the activated Nrf2 after
oxidation is separated from its negative regulatory factor Keapl and
transferred into the nucleus under the action of multiple phospho-
rylation of ERK-mediated p38 and p-Jnk to bind to the cis-acting
element ARE (antioxidant response element) on DNA to up-
regulate the transcription and expression of downstream gene
HO-1 [22]. The expression of Keap1 was down-regulated, and the
expression of Nrf2 and HO-1 was up-regulated after the adminis-
tration of ABM-A, indicating that the anti-aging effect of ABM-A
could be related to the activation of Keap1-Nrf2/ARE pathway.
MAPK is a central pathway involved in the Nrf2 activation and
translocation for the synthesis of highly specialized proteins,
including most readily inducible HO-1.MAPKs superfamily consists
of three subfamilies: ERK1/2, JNK/SAPK, and p38 MAPK, of which
ERK1/2 signaling pathway is mainly responsible for the transduc-
tion of cell growth, division and differentiation signals, while
JNK/SAPK and p38 MAPK signaling pathways are mainly responsi-
ble for the transduction of inflammatory cytokines and various
types of cell stress signals [23,24]. According to the STRING pro-
tein-protein relationship network, differential genes Apoe, Atp1a3,
Apc and Bmil are closely related to MAPKs signal transduction
pathway-related factors Mapk1, p38 and Jnk, of which Apoe is a
polymorphic protein involved in the transformation and metabo-
lism of lipoproteins, and its gene can regulate multiple biological
functions and neuron injury to increase the level of Apoe in the
brain [25]; the presence of Apoe4 allele reduces the neuronal
repair ability of AD patients, and it has been reported that Apoe4
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is related to spatial learning and memory impairment [26]. Atp1a3
gene encodes the o 3 subunit of Na*/K*-ATPase pump expressed in
neurons, causing alternating hemiplegia in childhood, and the
mutation of Atpla3 can lead to the attack of acute neurode com-
pensation in childhood [27]. Apc, as the key negative regulator of
Wnt pathway to connect the framework of B-catenin degradation
complex composed of Apc, glycogen synthase kinase-3P and axi,
plays an important role by regulating the cell cycle and affecting
the movement and adhesion of cells [28]. Bmil plays a role in
the self-renewal of stem cells, and the high expression of Bmil
can promote the proliferation of intestinal cells, inhibit the expres-
sion of INK4a/ARF site, regulate p53 signal pathway and then reg-
ulate cell cycle and apoptosis [29]. The Western Blot detection
further confirmed that the down-regulation of Apoe, Atpla3 and
ERK1/2, the up-regulation of Apc, Bmil, Myd88 and p-c-Jun, and
the decreased phosphorylation of p38 and Jnk after the administra-
tion of ABM-A, suggesting that the anti-aging effect of ABM-A may
be related to the inhibition of MAPKs signal pathway, and the inhi-
bition of MAPKSs signaling pathway can further reduce the translo-
cation of Nrf2 into the nucleus, thus enhancing the protective
effect of ABM-A.

In addition, the data of transcriptome showed that the expres-
sion level of Taok3, Ank3, Gabral, Cox7a2l and Ndufv1 increased
after the administration of ABM-A, in which the protein encoded
by Taok3 gene was serine-threonine protein kinase, which is the
basic activity of activating p38/MAPK14 [30]. Ank3 is a member
of encoding anchor protein family closely related to mental illness,
and may be related to the development of nerve cells induced by
anchor protein [31]. Gabral gene encodes gamma-aminobutyric
acid (GABA) receptors, GABA is the main inhibitory neurotransmit-
ter in mammal brain, and the mutation of Gabral can lead to sei-
zures in childhood and adolescence, which is related to central
nervous system diseases [32]. Cox7a2l, an IV Cox7a2 subunit-like
protein of the mitochondrial respiratory chain complex, can
change the metabolic characteristics of cells by affecting the
assembly of supercomplex [33]. Ndufv1 is the subunit encoding
NADH oxidoreducase (complex I) enzyme and the first enzyme
complex in the electron transport chain of mitochondria, and its
defects are related to encephalopathy and neurodegenerative dis-
eases [34,35], indicating that the anti-aging effect of ABM-A may
be related to the regulation of mitochondrial function, the
improvement of lipoprotein metabolism and the promotion of
neonatal neuron activities.

5. Conclusions

Agaricus blazei Murrill acidic polysaccharide (ABM-A) can
improve the brain damage induced by D-gal, increase the activity
of antioxidant enzymes, reduce the peroxidation of lipids, with
an obvious anti-aging effect. ABM-A may play a role by activating
Keap1-Nrf2/ARE and inhibiting MapKs superfamily signal path-
way. This study may provide a theoretical guidance for the applica-
tion of ABM-A as a raw material for food, medicine and health care
products, and lay a foundation for its deep development.
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