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Abstract
Reduced myelin stability observed in the early stages of Alzheimer's disease leads to spatial learning and memory impair-
ment. Exercise has been shown to protect nerves, reduce the risk of Alzheimer's disease, and strengthen synaptic connectivity. 
However, the underlying mechanisms of how exercise can promote myelin repair and coordinate inflammation and prolifera-
tion are still uncertain. In this study, we conducted histological and biochemical assays of cortical lysates after behavioral 
testing to detect pathological changes, myelin sheath thickness, and mRNA and protein levels. It is notable that D-galactose 
model mice exhibited elevated miRNA-34a levels, overactive astrocytes, decreased myelin staining scores, increased apop-
tosis, and decreased synaptic plasticity in the brain. Significantly, after eight weeks of exercise, we observed improvements 
in LFB scores, NeuN( +) neuron counts, and myelin basic protein (MBP) expression. Additionally, exercise promoted the 
expression of oligodendrocyte markers Olig2 and PDFGR-α associated with brain proliferation, and improved spatial cogni-
tive function. Furthermore, it decreased the inflammation caused by astrocyte secretions (TNF-α, Cox-2, CXCL2). Interest-
ingly, we also observed downregulation of miR-34a and activation of the TAN1/PI3K/CREB signaling pathway. Our data 
shed light on a previously unsuspected mechanism by which exercise reduces miR-34a levels and protects neuronal function 
and survival by preventing excessive demyelination and inflammatory infiltration in the CNS.
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Abbreviations
miR-34a	� MicroRNA-34a
D-Gal	� D-galactose
AD	� Alzheimer's disease
NFTs	� Neurofibrillary tangles
LFB	� Luxol Fast Blue

MWM	� Morries water maze
Cox-2	� Cyclooxygenase-2
CXCL2	� C-X-C Motif Chemokine Ligand 2
PDGFR	� Platelet derived growth factor receptor alpha
MBP	� Myelin basic protein
TAN1	� Translocation-associated notch protein TAN-1
PTEN	� Phosphatase and tensin homolog deleted on 

chromosome ten

Introduction

Aging is a spontaneous phenomenon characterized by the 
accumulation of cellular damage and fragmentation. It is 
well-recognized that aging is a key causative factor in several 
neurodegenerative diseases and contributes to the develop-
ment of neurodegenerative pathologies [1]. Brain aging has 
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become a primary concern due to the increasing number of 
elderly individuals worldwide. Alzheimer's disease (AD) is 
characterized by the presence of amyloid deposits and neu-
rofibrillary tangles (NFTs), which lead to abnormal cortical 
neuronal loss and cognitive impairment [2]. However, the 
exact link and underlying mechanisms between aging and 
neurodegenerative diseases such as AD are still uncertain.

miRNAs are small non-coding RNAs, typically consist-
ing of 19–24 peptides in length, thatregulate gene stability 
and protein expression [3]. Approximately 50% of known 
miRNAs are found in the brain cortex and Hippocampus. 
Numerous studies have confirmed that miRNAs play essen-
tial roles in inflammation, mitochondrial function, and 
synaptic plasticity [4]. Furthermore, it has been observed 
that neurodegenerative disease processes can influence the 
expression of miRNAs [5]. The up-regulation of miR-34a 
in the brain has been associated with neuronal apoptosis in 
age-related diseases like AD [6]. Recent, studies have also 
recognized the role of miR-34a in regulating neurophysiol-
ogy and neuropathology [7]. However, there is limited data 
on the association between exercise and miR-34a signaling 
pathways.

In recent years, there has been a growing focus on study-
ing the mechanism of aging and AD by examining the 
damage to the Hippocampus and cortex [8]. MRI images 
have revealedthat the cortex plays a crucial role inmemory 
storage and long-term memory formation. Clinical evi-
dences have shown that demyelination, astrocyte activa-
tion, and reduced myelin sheath thickness in the brains of 
aging patients [9–11]. Additionally, multimodal imaging 
have demonstrated changes in brain microstructure, includ-
ing a decrease in synaptic density and myelin thickness in 
individuals with Alzheimer's disease [12]. These findings 
suggesta link between myelin stability and AD, indicating 
that reducing demyelination and promoting myelin regenera-
tion could be a reliable strategy for treating aging and AD 
and other neurodegenerative diseases. Furthermore, it was 
demonstrated that astrocyte hyperactivation induces neuro-
inflammation aggravating myelin shedding [13]. It is well 
recognized that AD is a neurodegenerative disease involving 
multiple systems such as immune, cardiovascular, and lipid 
metabolism. Given its complex pathological mechanisms, 
there is no clinical non-pharmacological intervention that 
can slow down the pathogenesis and pathological deteriora-
tion of AD. Therefore, identifying appropriate therapeutic 
therapies and potential targets is crucial for the treatment 
of AD.

Exercise  is a non-pharmacological treatment that 
improves health during aging and is a valuable vehicle for 
diagnosing aging-related diseases. Recent studies have 
revealed that exercise is vital in promoting neural network 
connections, boosting autophagy and Neurogenesis in the 
brain [14], mitigating oxidative stress-induced mitochondrial 

dysfunction, preventing neuronal apoptosis [6], and improv-
ing behavioral performance. Despite the fact that aging and 
neurodegenerative disease processes are commonly asso-
ciated with upregulated miR-34a and neuroinflammation, 
it is unclear if exercise can slow down the aging process 
by modulating miR-34a-mediated neuroinflammation and 
decreased myelin stability.

Experimental Procedures

Experimental Animals

The study protocol was approved by the the School of Med-
icine of Hunan Normal University. Forty-two SPF-grade 
8-week-old male C57/BL6 mice (18–22 g) were purchased 
from Hunan Slake Jingda Experimental Animal Co., Ltd. 
(Changsha, China) with the certificate number SCXK 
(Xiang) 2009–0004. Mice were randomly distributedinto 
three groups: the normal control group (NCL, n = 14), the 
D-gal aging model sedentary group (DAM + SED, n = 14), 
and the D-gal aging model exercise group (DAM + EX, 
n = 14). Separate cages were used to house mice in the ani-
mal room of the Hunan Provincial Key Laboratory of Physi-
cal Fitness and Exercise Rehabilitation. Water and food are 
available at a constant temperature of 24 °C to 26 °C in the 
animal room. Animal feeding follows the relevant national 
standards (GB14924.3–2010, China). Experiments were 
performed in strict accordance with the regulations of the 
Animal Ethics Committee throughout the process (Ethics 
Sect. 2021 No. 365).

Animals Handling and Drug‑Dosing

Mice in the DAM + SED, DAM + EX groups were injected 
intraperitoneally with 150 mg/kg of D-gal once daily for 
9  weeks. The NCL group mice were injected with the 
same dose of saline.Furthermore, DAM + EX mice were 
given a subsequent exercise intervention, NCL, while the 
DAM + SED group remained sedentary during the treatment.

Exercise Paradigms

Excessive or high-intensity exercise is harmful to the body, 
such as promoting ROS releaseand organ failure. Take inspi-
ration from Sung-Eun Kim et al. 's exercise scheme [15] 
and make modifications. We established a treadmill training 
protocolwith increasing load intensity (Fig. 1A).

Morris Water Maze Test

Morris Water Maze (MWM) test was used to assess spa-
tial learning and memory [16]. The water maze device is 
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composed of a circular pool with a diameter of 110 cm, 
which is filled with 23 °C water. A platform with a diam-
eter of about 8 cm is placed in the designated quadrant, and 
the platform is hidden 1.5 cm below the water surface. The 
hidden platform (from day 1 to day 5) and probe trial (on 
day 6) was performed. It was considered a success of the 
experiment when the mice managed to ascend the platform 
within 60 s. Beyond 60 s, mice were guided to the platform 
and stayed on it for 10 s. After the positioning and navi-
gation experiment is completed, the platform will be dis-
mantled. The number of times the mice crossed the plat-
form in the aquarium, swimming time, and distance in the 

aquarium were tracked and recorded. The swimming dis-
tance between the platform disk and the entire aquarium 
is 60 s. All data were recorded by the automatic camera 
system.

Brainsample Preparation

All mice were anesthetized with sodium pentobarbital injec-
tion (50 mg/kg) and decapitated on the following day after 
the behavioral assay was completed. Brain tissue was rap-
idly peeled off on ice boxes and placed in centrifuge tubes 
containing 4% paraformaldehyde for paraffin embedding for 

Fig. 1   Treadmill exercise improved phenotypic characteristics, his-
topathological deterioration and behavioral performancein aging 
mice. A Treadmill exercise program (Created by Figdraw). B Rep-
resentative images of mice were observed epigenetic after 8  weeks. 
C Representative images of HE Staning in cortex. D Representative 
images of NeuN immunofluorescence in cortex and dentate gyrus. 
E Number of NeuN ( +) neurons in cortex. F Number of NeuN ( +) 

neurons in dentate gyrus. G Latency escape in each groups. H The 
mean swimming speed of each group of mice. I The number of pal-
form crossings in each groups. J The percentage of time in the pal-
form quadrant. K Total swimming distances. L Swimming trajecto-
ries of mice in space exploration experiments. Data were expressed as 
mean ± standard error (n = 6 or 12 per group). *P < 0.05, **P < 0.01, 
and ***P < 0.001vs. NCL group; #P < 0.05vs. DAM + SED group



1108	 Neurochemical Research (2024) 49:1105–1120

qRT-PCR, immunofluorescence, immunohistochemistry, 
histopathology and TUNEL assays.

Hematoxylin and Eosin (HE) Staining

To evaluate the damage to mice brain tissues, sections 
were stabilized in 4% paraformaldehyde solution, clarified, 
embedded into 4 μm paraffin sections, and stained with 
hematoxylin–eosin (HE). Sections were visualized with a 
light microscope (Motic BA210), and images were captured 
with Olympus cellSens standard 1.13 software.

Luxol Fast Blue (LFB) Staining

The wax blocks were cut at 10 µm slices. Sections were 
stained with Luxol fast blue at 58 °C. Paraffin sections were 
dewaxed and rehydrated to 95% ethanol, and then placed 
in 0.1% LFB in a 56 °C oven over overnight. The next day, 
excess dye was removed with 95% ethanol, rinsed with dis-
tilled water, and the sections were then fractionated with 
0.05% lithium carbonate, followed by washing, dehydration, 
and sealing. Myelin densities on LFB-stained photographs 
were quantified using a procedure based on a modification 
of that described by Bao et al. [17]. The percentage of LFB 
staining area was evaluated using Image J 8.0 as a quantita-
tive criterion to quantify myelin damage.

TUNEL Staining

Apoptotic cells in mice brain tissue were identified by 
TUNEL assay using In Situ Cell Death Detection Kit, Fluo-
rescein (Roche, Rotkreuz, Switzerland). Briefly, the assay 
was based on the detection of DNA fragmentation caused by 
apoptotic signaling cascades by labeling DNA strand breaks 
using terminal deoxynucleotidyl transferase.

Real Time‑PCR Detection

The brain tissue was removed from the -80 °C refrigerator. 
Total RNA was extracted from the cortex using the Ultra 
Pure Total RNA Extartion Kit (Simgen, Hangzhou, China). 

Mir-X miRNA First-Strand Synthesis Kit and PrimeScript™ 
RT reagent Kit with gDNA Eraser (Takara Biomedical Tech-
nology (Wuhan) Co., Ltd., Wuhan, China) were applied to 
miRNA and mRNA reverse transcription reactions, respec-
tively. The primer sequences are shown in Table 1. Products 
were measured by a RT-qPCR fluorescence analysis sys-
tem (CFX96, Bio-Rad, Hercules, CA, USA). The relative 
mRNA expression was calculated by the 2 − ΔΔCt method. 
The U6 served as the reference gene to normalize miR-34a 
expression.

Protein Quantitation

The protein was separated by SDS-PAGE gel electropho-
resis and subsequently transferred to the PVDF membrane. 
5% skimmed milk powder closed for 1.5 h, TBST washed 
4 times, 5 min each time. The membrane was incubated 
overnight at 4 °C with primary antibodies. The next day, 
the membrane was washed with TBST and incubated with 
the secondary antibody in a shaker for 1–2 h at room tem-
perature. After rinsing, bands were visualized by enhanced 
chemiluminescence (Servicebio, Wuhan, China) with Tanon 
5200 chemiluminescence imaging system (Tanon, Shanghai, 
China). The grayscale value of the protein band was semi-
quantitatively calculated using ImageJ software, β-actin as 
internal reference.

Immunohistochemistry

Brain sections were subjected to standard dewaxing proce-
dures, followed by incubation with a 3 g/L hydrogen perox-
ide solution at room temperature in the dark. Subsequently, 
high-pressure antigen retrieval was performed, and rabbit 
anti-rat antibodies targeting Bax (at a dilution of 1:200), 
GFAP (at a dilution of 1:400), and Bcl2 (at a dilution of 
1:200) were applied and allowed to incubate overnight at 
4 °C. Following theincubation and washing steps, secondary 
antibodies were added dropwise, and DAB develops color. 
Set up positive and negative controls, replacing primary anti-
bodies with PBS as negative controls. Sections were photo-
graphed with an ordinary fluorescence microscope and three 

Table 1   Primer sequences Gene Forward primer pReverse primer

miR-34a TGC​GCT​GGC​AGT​GTC​TTA​GCTG​ CCA​GTG​CAG​GGT​CCG​AGG​TATT​
U6 CGC​TTC​GGC​AGC​ACA​TAT​AC AAA​TAT​GGA​ACG​CTT​CAC​GA
Olig2 TTG​ATG​AGA​CCG​GGT​TCC​CT GTC​CGT​GGA​CGT​TTG​CTT​CTT​
MBP CAG​AGC​CGG​AGC​CCT​CTG​CCC​TCT​ CCC​TCG​GCC​CCC​TTC​CCT​TGGGA​
CXCL2 CCA​ACC​ACC​AGG​CTA​CAG​ TTT​GAC​CGC​CCT​TGA​GAG​
GAPDH CAT​GGC​CTT​CCG​TGT​TCC​TA CCT​GCT​TCA​CCA​CCT​TCT​TGAT​
FDGFR-α G T G G C T G T G A A G A T G C T C A A T C C T T T C G G A T G A T G A C T C C
TNF-α ATC​TTT​TGG​GGT​CCG​TCA​ACT​ CCT​CAC​ACT​CAG​ATC​ATC​TTCT​
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fields of view were randomly selected from each group to 
count the number of positive cells.

Prediction of Target Genes for miR‑34a

The potential target genes of miR-34a were predicted by 
four online tools, including miRDB (http://​www.​mirdb.​org/), 
miRwalk (http://​mirwa​lk.​umm.​uni-​heide​lberg.​de/), and 
miRTarBase (http://​mirta​rbase.​mbc.​nctu.​edu.​tw/​php/​index.​
php), ENCORI (http://​starb​ase.​sysu.​edu.​cn/​index.​php). The 
miRDB, miRwalk, and miRTarBase databases were param-
eterized with "Search for target gene", and "Mouse" species, 
and the final results are exported as "miRNA Find". For 
ENCORI, it was necessary to execute the "miRNA-mRNA" 
command first, and then repeated the above operation to 
export the target gene results. Finally, we used Veeny 2.1.0 
to visualize and analyze the overlapping genes.

mirPath for Go and KEGG Analysis

A comprehensive suite of tools is provided by mirPath 
(http://​www.​micro​rna.​gr/​miRPa​thv3), enabling research-
ers to fathom large lists of genes and their biological func-
tions [18]. The miR-34a family and its downstream target 
genes were analyzed by Gene Ontology (GO) enrichment 
analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis using the mirPath 
database. The results were visualized using the "ggplot2" 
package from the R project, with statistical significance set 
at P < 0.05.

Protein–Protein Interaction (PPI) Network 
Construction

The PPI network was structured by utilizing the STRING 
database [19]. The confidence limit for the PPI analysis was 
set to 0.4 and considered statistically significant. Cytoscape 
3.8.2 was applied to visualize the PPI network [20]. The 
Cytoscape plug-in MCODE was used to filter the significant 
modules in the PPI network.

Immunofluorescence Staining

Sections of 50 μm thickness were cut along the coronal 
plane. Immunofluorescence staining was performed to 
observe the expression of NeuN, PSD-95, phosphorylated 
AKT, and phosphorylated CREB proteins. Rabbit anti-
NeuN (#MAB377, Millipore), Rabbit anti-PSD95 (ab13552, 
Abcam), rabbit anti-phosphorylated AKT (ab81283, 
Abcam), rabbit anti-phosphorylated CREB (ab254107, 
Abcam), and secondary anti-Alexa Fluor® 488 AffiniPure 
goat anti-rabbit IgG (H + L) (111–545-003, Jackson Immu-
noResearch, West Grove, PA, USA) for PSD-95, p-AKT, 

and p-CREB were utilized in the incubation procedure. The 
immunofluorescence images were obtained using an auto-
mated scanning system (C13210-01; Hamamatsu Photonics, 
Hamamatsu, Japan).

Statistical Analysis

All data in graphs and tables expressed as mean ± standard 
deviation were analysed using Graph Prism 8.0 Software 
package. One-way analysis of variance (ANOVA) was used 
for comparison between groups and LSD-T test for compari-
son within groups. P < 0.05 was defined as the cutoff level 
for significant difference.

Results

Effects of Exercise on the Epigenetics 
and Histopathology

Figure 1B depicts the epigenetic-resulting changes observed 
in the mice. When compared to NCL, D-gal leads to typical 
features of aging such as lusterless hair, hair loss, and gray-
ing of the coat. Whereas, exercise significantly improved 
this deteriorating performance. In addition, treadmill exer-
cise remarkablydecreased the cortical interstitial space, 
increased the number of NeuN ( +) neurons in the cortex 
and dentate gyrus, and improved the capacity of brain pro-
tein synthesis (Fig. 1C–F). The above results indicated that 
our aging model was successfully constructed and exercise 
significantly ameliorated nerve damage and delayed disease 
progression.

Exercise Improved Spatial Cognitive Performance

Throughout the whole experiment, all groups of mice exhib-
ited a consistent decline in escape latency. Beginning on 
the third day, the escape latency of mice in the DAM + SED 
group was significantly increased compared to the NCL 
group. Timepoints when exercise significantly reduced 
escape latency occurred at the beginning of the water maze 
experiment on days 4, 5, and 6 (Fig. 1G). D-gal treatment 
significantly decreased the number of platform crossing in 
the DAM + SED compared with the NCL group (P < 0.05). 
Alternatively, treadmill exercise increased the number of 
platform crossings in the DAM + EX group of mice, but 
there was not a significant difference (Fig. 1I). In addi-
tion, exercise increased the residence time of mice in the 
target quadrant (P < 0.05, Fig. 1J). Notably, exercise did 
not dramatically affect the mean swimming speed and total 
swimming distance of the mice (Fig. 1H, K). These results 
indicated that exercise improved cognitive memory in aging 
mice, but did not affect swimming capability.

http://www.mirdb.org/
http://mirwalk.umm.uni-heidelberg.de/
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://starbase.sysu.edu.cn/index.php
http://www.microrna.gr/miRPathv3
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Fig. 2   Treadmill exercise attenuated the deterioration of demyeli-
nation and promoted myelin regeneration. A Typical LFB stained 
Images showing myelin sheath modifications in the cortex. B Posi-
tive expression of GFAP measured by immunohistochemistry. C 
Average optical density values of LFB, GFAP. The scale of the 
LFB average optical density corresponds to the range of 0–70%. D 

The relative mRNA expression levels of olig2, MBP, and PDGFR-α 
were detected by RT-qPCR. E, F The protein expression level of 
Cox-2 was detected by Western Blot. G Relative expression levels of 
TNF-α, CXCL2 were detected by RT-qPCR. Data were expressed as 
Mean ± SD (scale bar: 50 μm). *P < 0.05, **P < 0.01vs. NCL group; 
#P < 0.05vs. DAM + SED group
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Fig. 3   Treadmill exercise 
alleviated neuronal apoptosis 
in the cortex from aging mice. 
A TUNEL staining of cortical 
sections of mice. B Bax ( +) and 
Bcl-2 ( +) cells were labeled 
by immunohistochemistry. C 
TUNEL-positive cell counts for 
each group of mice, Number 
of Bax and Bcl-2-positive cells 
in sections of three groups of 
mice. Data were expressed as 
Mean ± SD (n = 3 per group, 
scale bar: 50 μm). *P < 0.05, 
**P < 0.01vs. NCL group; 
#P < 0.05vs. DAM + SED group
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Exercise Reduced Demyelination and Promoted 
Oligodendrocyte‑Mediated Cortical Myelin 
Regeneration

Research showed that age-related changes in neuron, such 
as mitochondrial alterations, an increase in oxidative 
stress, and disruption of paracrine junctional connections, 
can also affect the integrity of myelin sheaths [9]. Corti-
cal myelin sheath (CMS) was stained using Luxor Fast 
Blue (LFB) and qRT-PCR for myelin basic protein (MBP). 
Compared with NCL, mice treated with D-gal showed a 
38 ± 2% decrease in cortical LFB staining intensity and a 
21 ± 1% decrease in relative MBP mRNA expression lev-
els. Nevertheless, after exercise, the intensity of cortical 
LFB staining and the relative mRNA expression level of 
MBP were elevatedin the DAGM + EX group when com-
pared with the DAM + SED group (P < 0.05, Fig. 2A,C).

We also assayed the mRNA level of Olig2, an oligo-
dendrocyte marker, and PDGFR-α, a marker of oligoden-
drocyte precursor cells (OPC) in cortical lysates. Olig-2 
but not PDGFR-α mRNA relative expression was notably 
decreased in DAM + SED, while mRNA relative expres-
sion with both markers were significantly increased in 
DAM + EX (P < 0.05, Fig. 2D).

Exercise Attenuated Astrocyte Hyperactivation 
and Inflammatory Infiltration

Aberrant activation of astrocytes has been linked to neu-
ronal demyelination injury [13]. We measured the level 
of GFAP expression, an astrocyte-specific marker, using 
immunohistochemistry, verifying data on LFB staining. 
Compared to NCL, GFAP labeling intensity increased by 
41 ± 1.6% in the DAM + SED group, whereas treadmill 
exercise decreased the GFAP labeling intensity (P < 0.05, 
Fig. 2C). Furthermore, we also examined astrocyte-asso-
ciated inflammatory factors. Our findings revealed that 
Key pro-inflammatory factors including TNF-α, Cox-2, 
and CXCL2 expression were increased in the DAM + SED 

group, while treadmill exercise reversed the inflammatory 
infiltration in the DAM + EX group (P < 0.05, Fig. 2E–G).

Exercise Alleviated Mitochondria‑Dependent 
Neuronal Apoptosis

Elevated oxidative stress leads to apoptosis of neurons in 
brain [21]. To analyze the effect of treadmill exercise on 
neuronal apoptosis, we applied the TUNEL assay. As illus-
trated in Fig. 4A, TUNEL ( +) cells increased by 24 ± 1.5% 
following D-gal treatment compared to NCL. However, the 
data also indicated that aerobic exercise reduced apoptotic 
neurons in the DAM + EX group (P < 0.05, Fig. 3A, C).

In addition, we also measured the expression of apopto-
sis-related proteins using immunohistochemistry. As pre-
sented in Fig. 3B, Bax ( +) cells were strikinglyincreased 
in DAM + SED, while cells with Bcl-2 ( +) were increased. 
However, treadmill exercise significantly reversed this trend 
(P < 0.05, Fig. 3B, C).

Exercise Enhanced Synaptic Plasticity in the Cerebral 
Cortex

Previous studies have demonstrated the beneficial effects 
of treadmill exercise on neurons, and it is well-known that 
synapses are the cornerstone of learning and memory abili-
ties [8]. To further evaluate the effect of myelin thickness 
restoration on neuronal function in the mice brain, we quan-
tified the expression of synaptic plasticity-related proteins. 
BDNF, a key brain-derived neurotrophic factor, has been 
shown to protect neurons and promote neurogenesis and 
synaptic plasticity during Alzheimer's disease. To evaluate 
the effects of exercise on synaptic connectivity after D-gal 
treatment, Brain-derived neurotrophic factor (BDNF), PSD-
95 (Postsynaptic membrane dense material), GAP43 (the 
crucial component of axonal outgrowth), Synaptophysin 
(SYP, presynaptic marker) were examined by immunofluo-
rescence and Western Blot. As depicted in Fig. 4A–D, the 
relative expression levels of PSD-95, BDNF, and GAP-43 
were decreased in the DAM + SED (P < 0.05, P < 0.01), 
whereas SYP levels remained unchanged. Surprisingly, exer-
cise increased the expression levels of SYP, PSD-95, BDNF, 
and GAP-43 (P < 0.05, P < 0.01). These findings suggested 
that exercise may be positively associated with increasing 
synaptic plasticity.

Results of GO and KEGG Enrichment Analysis 
of miR‑34a

The results of GO analysis of miR-34a-5p target genes 
were shown in Fig. 4E. We observed significant enrich-
ment in terms related to biological processes and cellular 

Fig. 4   Exercise enhanced synaptic plasticity by increasing the expres-
sion of PSD-95, BDNF, GAP43, and SYP in mice. A Immunofluo-
rescence for labeling PSD95. B Fluorescence intensity of PSD95. 
C Representative protein bands of BDNF, GAP43, SYP detected by 
Western Blot. D Relative expression levels of BDNF, GAP43, SYP 
Assayed in cortical lysates. All data were expressed as Mean ± SD 
(n = 3 per group, scale bar: 20  μm). Go and KEGG enrichment 
analysis of miR-34a target genes was performed using the mirPath 
database. E Go term analysis of the miR‐34a‐5p target genes. F, G 
Biological pathways (KEGG database) shared by miR-34a-5p target 
genes as annotated by the KEGG pathway database. H Expression of 
miR-34a in three groups of mice assayed by RT-qPCR. G *P < 0.05, 
**P < 0.01vs. NCL group; #P < 0.05, ##P < 0.01vs. DAM + SED 
group

◂
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components. Specifically, the enriched functional processes 
included biosynthetic processes, cell death, protein com-
plexes, and immunological synapses. In KEGG analysis, 
we found that the KEGG enrichment pathway was strongly 
involved in cell growth, development and regeneration as 
well as the nervous system. Among the numerous signifi-
cantly enriched pathways, some play a major role in neu-
rological damage during aging and neurodegenerative dis-
eases, such as TNF-a, Notch, and NF-KB signaling pathways 
(Fig. 4F, G). All items for GO and KEGG analysis were 
shown in Table S1.

Treadmill Exercise SuppressedmiR‑34a in the Brains 
of Model Mice

To investigate the functional role of miR-34a in regulat-
ing brain aging-related lesions, we initially examined the 
changes in miR-34a expression in the brain after D-gal treat-
ment. Obvious upregulation of miR-34a was observed in the 
cortex, an in vivo model of aging.

In contrast, it has been previously reported that miR-34a 
expression decreased in AD model mice's brain tissue after 
exercise training [6]. In the present study, we further investi-
gated the regulatory effect of exercise on miR-34a in a mice 
regular treadmill exercise model. Interestingly, we observed 
that treadmill exercise significantly suppressed miR-34a 
expression (P < 0.05, Fig. 4H). These data suggested that 
exercise can effectively inhibit miR-34a expression, prompt-
ing us to further explore the downstream targets and sign-
aling pathways associated with miR-34a's involvement in 
ameliorating brain function.

Translocation‑Associated Notch Protein (TAN1) 
is a Target for miR‑34a

We employed four murine-derived database algorithms (Tar-
getscan, ENCORI, miRDB, and miRwalk) to predict the tar-
get genes of miR-34a-5p. This analysis aimed to elucidate 
the molecular mechanisms underlying the amelioration of 
demyelination and apoptosis by miR-34a-5p. By determin-
ing the overlap of the predicted results from all sites, as 
shown in Fig. 5A, it was found that six genes (TAN1, Sirt1, 
Foxp1, Sema4b, Bcl2, and Ywhag) were potentially suscep-
tible to miR-34a-5p targeting. We also analyzed the binding 
sites of the potential candidate gene TAN1 and found con-
served sites (Fig. 5B).

The TAN1/PI3K/CREB Signaling Axis Essential 
for Functional Preservation from Exercise

To further investigate the potential mechanism by which 
exercise inhibits the progression of aging-associated 

lesions by regulating miR-34a, we performed the pro-
tein interaction network analysis using String. Through 
this analysis, we identified a tight association between 
TAN1 and PTEN, an crucial inhibitor of the PI3K path-
way (Fig. 5C). Here, our study demonstrated that D-gal 
induction resulted in elevated PTEN protein expression 
and significantly decreased p-PI3K/PI3K, p-AKT/AKT 
ratio, and CREB protein expression in mice. Notably, 
treadmill exercise significantly decreased PTEN protein 
expression, increased p-PI3K/PI3K, p-AKT/AKT ratio, 
and CREB protein expression, and promoted CREB 
phosphorylation as well as nuclear localization, which 
was further verified by subsequent immunofluorescence 
(P < 0.05, Fig. 5D, E). The above results confirmed that 
exercise contributed to the activation of the PI3K/AKT/
CREB signaling pathway.

Exercise Promoted CREB Phosphorylation 
and Cytosolic Translocation

CREB phosphorylation and nuclear translocation promote 
myelination and neuronal survival. Therefore, immuno-
fluorescence was used to verify whether nucleocytoplasmic 
shuttling occurs with p-CREB. Our findings revealed that 
D-gal remarkably reduced the accumulation in the nucleus 
of p-CREB to maintain its activity. Nevertheless, treadmill 
exercise reversed D-gal-induced deficits in p-CREB phos-
phorylation and nuclear localization (P < 0.05, Fig. 6A, B).

Discussion

Currently, there is no non-pharmacological approach to 
intervene in the treatment of Alzheimer's disease, high-
lighting the urgent need to explore new potential targets for 
the development of target-driven therapies. Exercise and its 
regulated molecules have shown protective effects against 
age-related brain damage in neurodegenerative diseases [22]. 
Among a few dysregulated miRNAs, miR-124, miR-125b, 
miR-34a, miR-155, and miR-21 have been found to exhibit 
significant alterations in biological fluids and biopsy speci-
mens from AD patients [23]. Nevertheless, the mechanisms 
of whether exercise would be involved in regulating miR-
34a expression and how it affects the altered pathological 
characteristics of AD remain unclear. In the present study, 
we demonstrated that treadmill exercise reduced apopto-
sis, promoted myelin formation, synaptic regeneration, and 
improved cognitive function in aged mice. These effects 
were associated with the downregulation of miR-34a-related 
pathways.
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The brain is the organ most susceptible to aging, is often 
affected in terms of cognitive memory capacity, information 
processing, and transmission [24]. Numerous studies have 
proved that the D-gal-induced animal AD model is primar-
ily caused by high doses of D-gal, which leads to glucose 
metabolism disorders in animals. Consequently, the model 
exhibits key features of aging, such as cognitive decline, 

oxidative stress, mitochondrial damage, neuronal loss, etc. 
[6]. This animal model effectively simulates both the path-
ological and behavioral changes observed in AD patients, 
making it commonly utilized in studying the pathogenesis 
of AD, as well as in drug discovery and development [25]. 
In ourstudy, we observed that a severe deterioration of corti-
cal pathology in aging mice, characterized by a significant 

Fig. 5   Exercise activated the TAN1/PI3K/AKT/CREB signaling 
pathway. A Venn diagram showing the Genes predicted by four dif-
ferent algorithms to target miR-34a. B Putative binding sequence of 
miR-34a-5p in the 3′UTR of Notch1 by TargetScan. C Protein pro-
tein interaction network analysis of TAN1. D Representative images 

of Western Blot of TAN1, PTEN, PI3K, p-PI3K, AKT, p-AKT, 
CREB. E The protein levels of TAN1, PTEN, PI3K, p-PI3K, AKT, 
p-AKT, CREB assessed in cortical lysates. All data were expressed 
as Mean ± SD (n = 3 per group). *P < 0.05, **P < 0.01vs. NCL group; 
#P < 0.05vs. DAM + SED group
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decrease in NeuN ( +) cells. Furthermore, our findings sug-
gest that D-gal treatment impairs behavioral performance 
in aging mice, further supporting the notion that cognitive 
decline accompanies aging, consistent with previous studies.

Frontal lobe lesions and astrocyte and oligodendrocyte 
synergistic axes in Alzheimer affect myelin catabolism. 
Furthermore, numerous studies have indicated that myelin 
stability deteriorates with aging, and age-related demyeli-
nation is associated with increased apoptosis and dysfunc-
tional nerve regeneration [17]. A study demonstrated that 
exercise can prevent cognitive deficits and demyelination in 
APP/PS1 transgenic AD mice [26]. Therefore, the present 
experiment used LFB staining and qRT-PCR techniques to 
observe the demyelination among the different groups. As 
we expected, LFB staining showed significant demyelination 
in the DAM + SED group. MBP is currently the only known 
myelin structural protein necessary for the formationof mye-
lin sheaths [26]. Aerobic exercise attenuates abnormal mye-
lination and oligodendrocyte differentiation while promoting 
brain MBP expression in 3xTg-AD mice [27]. Similarly, the 
relative expression of MBP mRNA was decreased in the 
DAM + SED group compared to NCL. These findings indi-
cated that aging may lead to memory and cognitive deficits, 
resulting in decreased MBP expression and myelin sheaths 
thickness in brain tissues, which is consistent with Dan Qiu 
et al. [26]. Numerous data suggest that physical exercise is 
important in maintaining homeostasis in the brain environ-
ment and ameliorating aging-related pathologies [28, 29]. 
Additionally, a recent study has confirmed that running exer-
cise can improve cognitive performance and delay the patho-
logical progression of demyelination of brain nerve fibers in 
APP/PS1 mice [26]. Rather, our findings also demonstrated 
that myelin thickness and MBP expression levels were sig-
nificantly higher in the DAM + EX group than those in the 
DAM + SED group, providing further support for the ben-
eficial effects of exercise in delaying demyelinating lesions.

While the hippocampus has been the focus of memory 
research for the past six decades, recent studies have con-
firmed that cortical integration serves as the foundation of 
spatial cognition. The cortex integrates information before 

transmitting it to the hippocampus for processing and the 
formation of memories, which is known as the cortical-hip-
pocampal network [30]. It is widely known that synapses 
are fundamental to cognitive function and myelin plays a 
role in the excitatory transmission of nerve fiber axons [31]. 
Previous studies have demonstrated that exercise enhances 
neuronal synapse density in AD mice [8]. Here, we further 
investigated the effects of exercise on brain PSD-95, SYP, 
GAP-43, and BDNF, providing additional evidence for the 
neuroprotective effects of treadmill exercise on the brains of 
D-gal-induced mice.

Myelin abnormalities, oligodendrocyte damage, and con-
comitant glia activation are commonly observed in demyeli-
nating diseases of the central nervous system (CNS). A type 
of cell that plays a role in regulating neuroinflammation is 
the astrocyte. Astrocyte activation is primarily characterized 
by the acquisition of a response phenotype, which leads to 
excitotoxicity, loss of synaptic plasticity, and dysregulation 
of calcium regulation [32]. In another study, it was found 
that prednisone alleviated astrocyte activation and attenu-
ated demyelinating lesions, directly illustrating the inverse 
relationship between the LFB index and the strength of the 
GFAP immune response [33]. Several studies have reported 
that Aβ deposition in the brains of patients in the early stages 
of AD and animal models of AD is associated with aber-
rant activation of microglia and astrocytes, as well asele-
vated expression of their markers, IBA-α, GFAP [27, 34]. 
Overactivation of astrocytes can accelerate demyelinating 
injury of nerve fibers [35]. Meanwhile, astrocyte depletion 
in brassinosterone-induced demyelination results in reduced 
microglia/macrophage activation, leading to the persistence 
of myelin debris and reduced myelin regeneration [36]. It 
is optimal to maintain GFAP at moderate levels, and com-
bining the existing conditions, we hypothesized that the 
inverse relationship between GFAP and LFB indicators 
may be related to a specific inflammatory response caused 
by astrocyte overactivation. Therefore, we examined GFAP 
and representative products of astrocyte activation including 
TNF-α, Cox-2, and CXCL2. Interestingly, treadmill exercise 
can achieve its neuroprotective function by effectively inhib-
iting astrocyte activation and the subsequent secretion of 
inflammatory factors TNF-α, Cox-2, and CXCL2 in D-gal-
treated cortex.

Nevertheless, there is a paucity of studies on changes in 
miRNAs profiles in human AD models and a deficiencyof 
studies translating the regulation of miRNAs into potential 
therapeutics. Consequently, it is crucial to expedite research 
on neuronal and miRNAs, primarily those linked to myelin 
disorders, as demyelinating lesions are connected with AD 
susceptibility, cognitive deficits, and pathology [23]. Pre-
vious studies have shown the upregulation of miR-34a in 
various age-related neurodegenerative diseases, including 
AD [37, 38]. More conclusive proof comes from a study 

Fig. 6   Treadmill exercise enhanced CREB phosphorylation and 
nucleus accumulation. A Representative immunofluorescence images 
of p-CREB (red), p-AKT (green), and DAPI (blue) in the cortex. B 
Average fluorescence density of p-CREB in nucleis. **P < 0.01vs. 
NCL group; #P < 0.05vs. DAM + SED group. All data were expressed 
as Mean ± SD (n = 3 per group, scale bar: 20  μm). C Diagram for 
exercise to alleviate D-gal-induced demyelination of aging mice brain 
cells through down-regulation of miR-34a (Created by Figdraw). 
License ID: IOASY9a4a4. Treadmill exercise activates the TAN1/
PI3K/AKT/CREB signaling pathway by down-regulating miR-34a 
levels in the brains of senescent mice, reduces the abnormal activa-
tion of astrocytes, improves demyelination and synaptic plasticity, 
and inhibits neuronal apoptosis, thereby alleviating senescence-like 
lesions and cognitive dysfunction

◂
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showing that Sera miR-34a, miR-29b, and miR-181c serve 
as a potential novel diagnostic biomarker panel for Alzhei-
mer's in the Egyptian population [39]. Additionally, a study 
demonstrated that over-expression of miR-34a triggers cog-
nitive impairment and Alzheimer's disease-like pathology 
[6]. Based on the above findings, we detected the expression 
of miR-34a in the brain of model mice. Interestingly, our 
findings indicated that miR-34a expression was significantly 
elevated in the DAM + SED group, which is compatible 
with previous studies, suggesting that elevated miR-34a is 
involved in the pathological events of brain aging. Strikingly, 
exercise intervention notably reversed the D-gal-induced up-
regulation of miR-34a, promoting us to further investigate 
the downstream genes of miR-34a in the process of exer-
cise therapy for ameliorating brain aging. Nonetheless, the 
underlying mechanisms still deserve to be explored thor-
oughly, especially the signaling pathways involved in the 
regulation of miR-34 in AD pathology.

We demonstrated again using online bioanalytical data-
bases that TAN1 is downstream of miR-34a. Reduced 
TAN1 signaling in mice cortex and hippocampus is asso-
ciated with aging, a natural process of neurodegeneration 
[40]. A study revealed that the TAN1 signaling pathway was 
repressed in the cortex of Aβ 42-induced Alzheimer model 
rats [41]. Studies have indicated that TAN1could ameliorate 
ischemia–reperfusion injury and cardiomyocyte apoptosis 
by down-regulating PTEN, thereby deregulating the inhi-
bition of the PI3K/AKT signaling pathway [42, 43]. The 
phosphorylation AKT promotes the CREB phosphorylation 
and nuclear transcription of CREB, which is associated with 
enhanced synaptic plasticity, inhibition of neuronal apopto-
sis, and delayed demyelinating lesions [44, 45]. In addition, 
it has been found that exercise improves synaptic plasticity 
and improves spatial cognition by modulating AKT, CREB, 
and BDNF [46]. In the present study, treadmill exercise 
significantly increased the relative expression of TAN1, 
p-PI3K/PI3K, p-AKT/AKT, and CREB and decreased the 
expression of PTEN in mice. Moreover, exercise increased 
CREB phosphorylation and nucleus clustering. The above 
findings indicated that delayed demyelination after exercise 
may be associated with activation of the PI3K/AKT/CREB 
signaling pathway.

There is a strong correlation between oligodendrocyte 
apoptosis and demyelinating lesions in aging [47]. Cell 
death and survival responses are mediated by PI3K/AKT/
CREB signaling. Exercise appears to have an anti-apoptotic 
effect on hippocampal neurons, as our earlier research has 
shown, though its effect on the cortex is unknown [48]. 
The  current investigation verified  that  the DAM + EX 
group's TUNEL ( +) counts were considerably reduced 
by treadmill exercise. To learn more about  the  apop-
totic pathways, it  was quantified using Bcl-2  and Bax 

immunohistochemistry. The findings demonstrated a sig-
nificant increase in cortical Bax ( +) counts and a decrease 
in Bcl-2 ( +) counts following D-gal treatment. On the other 
hand, treadmill exercise reversed this trend. By prevent-
ing oligodendrocyte precursor cell (OPC) migration and dif-
ferentiation and causing oligodendrocyte death, astrocytes 
aid in the process of demyelination [49]. Myelin synthesis 
and renewal are greatly aided by oligodendrocytes [50]. The 
field's attention has recently been drawn to the roles played 
by oligodendrocyte-specific markers Olig2 and PDGF-α 
in controlling myelination [24, 51]. Here, we report that 
aging mice express less PDGFR-α and Olig2. On the 
other hand, Olig2 and PDGFR-α expression in aging mice 
decreased, a trend that  treadmill training  reversed. We 
hypothesized that the miR-34a/TAN1/PI3K/AKT/CREB 
pathway plays a significant role in improving myelin thick-
ness and preventing apoptosis. The above results showed that 
training increases myelinating and decreases apoptosis.

To summarize, TAN1/PI3K/AKT/CREB pathway, which 
is mediated by miR-34a and plays a protective role in the 
cognitive deficits linked to D-gal, is what triggers exercise 
(Fig. 6C). The underlying mechanisms may be related to 
the fact that exercise promotes increased myelin thickness, 
and inhibits astrocyte hyperactivation, apoptosis, and down-
regulation of miR-34a, which lays the theoretical foundation 
and support for the use of exercise as a non-toxic treatment 
against aging and its correlated neurodegenerative diseases.
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