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Abstract. Alzheimer's disease (AD) is a common worldwide 
progressive neurodegenerative disease. The dysregulation 
of miRNA is crucial in neurodegenerative diseases and 
neuron apoptosis during AD and is closely associated 
with the MAPK pathway. By bioinformatic website, we 
found that there was target inhibiting relationship between 
microRNA (miR)‑132 and MAPK1. Therefore, the current 
study speculated that miR‑132 could improve the cognitive 
function of rats with AD by inhibiting MAPK1 expression. 
To verify our hypothesis, 10 normal rats and 60 rats with AD 
were selected and divided into model, Ad‑miR‑132 negative 
control (NC), Ad‑miR‑132, Ad‑small interfering (si)MAPK1 
NC, Ad‑siMAPK1 and Ad‑miR‑132 + Ad‑MAPK1 groups. 
Rats were evaluated for learning by performing morris water 
maze tests and pathological changes of the hippocampus were 
assessed via HE staining. Additionally, hippocampus cell 
apoptosis was determined using a TUNEL assay and levels of 
acetylcholinesterase (AChE), reactive oxygen species (ROS), 
malondialdehyde (MDA), superoxide dismutase (SOD) and 
glutathione peroxidase (GSH‑Px) were evaluated in sera via 
ELISA. The mRNA and protein expression of miR‑132, iNOS, 
MAPK1 and phosphorylated (p)‑MAPK1 was determined in 
hippocampus tissues via reverse transcription‑quantitative 
PCR and western blotting, respectively. Compared with 
normal mice, rats with AD had significantly decreased 
learning abilities, increased cell apoptosis rates, increased 

levels of AChE, iNOS, ROS, MDA, MAPK1 and p‑MAPK1 
and decreased levels of SOD, GSH‑Px and miR‑132. 
Upregulation of miR‑132 group improved the above indictors 
and silencing MAKP1 worsened the condition of rats. miR‑132 
upregulation therefore reversed the negative effects caused by 
MAPK1 silencing in rats with AD. In conclusion, miR‑132 
inhibited hippocampal iNOS expression and oxidative stress 
by inhibiting MAPK1expression to improve the cognitive 
function of rats with AD.

Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative 
disease that impacts ~50 million people per year, worldwide. 
In addition, AD it is the most common form (60‑80%) of 
dementia (1). Two major risk factors for AD are traumatic brain 
injury and cerebrovascular diseases (2). Decreased function 
of the central cholinergic system leads to impaired cognitive 
ability that is positively correlated with acetylcholinesterase 
(AchE) activity, which reflects the state of cellular metabolism 
and the activity of cholinergic neurons (3). Currently, there is 
no cure for Alzheimer's disease (AD). Acetylcholinesterase 
inhibitors and N‑methyl‑D‑aspartate receptor antagonists 
are the main drugs used for the clinical treatment of AD (4). 
The mean age of AD patients was over 70 years old, and they 
would die without effective treatment within 10 years after 
diagnosis (5,6).

Eukaryotes have an evolutionary defense system against 
the destructive effect of reactive oxygen species (ROS) over‑
production, which is considered crucial for brain health (7,8). 
Malondialdehyde (MDA), superoxide dismutase (SOD) and 
glutathione peroxidase (GSH‑Px) are common indicators of 
oxidative Stress (9). Nitric oxide synthase (iNOS) is a gas 
intercellular signaling carrier. Jiang et al found that inhibiting 
iNOS could reduce the risk of Alzheimer's disease in rat (10). 
In the last few decades, great progresses have been made in 
understanding early onset familial and delayed sporadic AD at 
molecular levels (11‑14).

Numerous biological processes and >60% human genes 
are regulated by microRNAs (miR) than can be found in most 
body tissues, including brain tissues, cerebrospinal fluid and 
serum (15). Dysregulation of miRNA is therefore crucial in 
neurodegenerative diseases (16). Previous in vitro and in vivo 
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studies have explored the role of miRNAs in the pathogenesis 
of AD, and demonstrated that miR‑92a‑3p, miR‑181c‑5p and 
miR‑210‑3p, miRNA‑132, miRNA‑107 are in abnormal high or 
low expression level in the brains of patients with AD (17‑19). 
miRNA‑22 over‑expression may be neuroprotective for neuro‑
degenerative diseases as well as neurodevelopmental disorders 
by inhibiting apoptosis (20). For instance, miR‑132 contributes 
to dendritic growth of newborn neurons in the hippocampus 
of adult mice  (21). Furthermore, deletion of miR‑132 and 
miR‑212 results in induction of tau aggregation and impair‑
ment of cognitive skills in mice (22). In addition, expressions of 
miR‑212 and miR‑23a are upregulated in post‑mortem frontal 
cortex tissues of patients with AD or with mild cognitive 
impairment (23).

Neuron apoptosis during AD is closely associated with 
MAPK pathway (24). MAPKs are serine‑threonine kinases that 
are naturally highly expressed in the central nervous system. 
Cellular activity includes proliferation, differentiation, survival, 
death, and transformation (25). The mammalian MAPK family 
consists of p38 MAPK, ERK and c‑Jun NH2‑terminal kinases. 
The p38 signaling pathway is involved in the increase of inflam‑
mation and apoptosis subsequent to the overproduction of ROS 
during oxidative stress, and MAPK1 is one of the important 
members of the family (26).

Therefore, we hypothesized that miR‑132 may be able to 
downregulate the expression of MAPK1, thus inhibiting the 
p38 signaling pathway and protecting the brain tissues of rats 
with AD from inflammatory injury and apoptosis.

Materials and methods

Animals. A total of 70 SPF Sprague‑Dawley rats (weight, 
235±5  g) were purchased from the Experimental Animal 
Center of Capital Medical University. A rat model of AD was 
established by intracerebroventricular administration of 20 µg 
Aβ25‑35 (4 µg/µl, 5 µl; purity ≥97%, Sigma) as previously 
described (27). Briefly, rats were anesthetized with intraperito‑
neal injection of 3% pentobarbital sodium (30 mg/kg) and their 
head was fixed in the table by stereotaxic device (Ruiwode Life 
Technology Co., Ltd, China) for later injection. Subsequently, 
a hole was drilled on the right parietal bone (anteroposteriorly, 
1mm; laterally right, 1.5 mm; dorsoventrally, 4 mm). Model 
rats were received intracerebroventricular injection of 5 µl of 
Aβ25‑35 solution (4 µg/µl) at the speed of 1 µl/min and the 
normal rats were injected with normal saline by same method. 
The Aβ25‑35 solution was incubated at 37˚C for 96 h to induce 
aggregation before usage. The rats were free to move and eat 
after surgery.

Rats were separated into seven groups of 10 rats as follows: 
Normal group (untreated rats), model group (rat model of 
AD), Ad‑miR‑132 negative control (NC) group (rats injected 
with negative control of miR‑132 adenovirus vector in the 
hippocampal CA1 region), Ad‑miR‑132 group (model rats 
injected with miR‑132 adenovirus vector in the hippocampal 
CA1 region), Ad‑small interfering (si)MAPK1 NC (model 
rats injected with negative control of siRNA adenovirus 
vector of MAPK1 gene in the hippocampal CA1 region), 
Ad‑siMAPK1 (model rats injected with siRNA adenovirus 
vector of MAPK1 in the hippocampal CA1 region), and 
Ad‑miR‑132 + Ad‑MAPK1 group (model rats injected with 

miR‑132 adenovirus vector and overexpressing adenovirus 
vector of MAPK1 in the hippocampal CA1 region). The 
adenoviral vectors used in this experiment were purchased 
from Tianjin Saierbio Biotechnology Co., Ltd.. After one 
week, rats were anesthetized with intraperitoneal injection 
of 3% pentobarbital sodium (30 mg/kg) and, after removal 
of eyeballs, 0.5 ml of blood samples were collected from the 
ophthalmic vein, and brains were harvested. Brain tissues and 
venous blood of five rats per group were used for detection 
of AChE, ROS, MDA, SOD and GSH‑Px in serum. A part 
of hippocampus tissue was fixed with 10% neutral formalin 
solution at room temperature for 24 h, dehydrated by gradient 
alcohol (30‑100%), and then embedded in paraffin. The 
remaining part of brain tissue was stored in liquid nitrogen for 
further experiments.

Rats were euthanized in the following situations: i) During 
the study, a rat showed weight loss (rapid loss of 20% of the 
original weight), loss of appetite (complete loss of appetite for 
24 h or 50% loss of appetite for 3 days), would not voluntary eat 
or drink, or failed to or were reluctant in standing; ii) euthanasia 
was performed for tissue collection and subsequent experiments. 
Rats were sacrificed by rapid cervical dislocation following 
anesthesia with intraperitoneal injection of 3% pentobarbital 
sodium (30 mg/kg). The death of rats was confirmed by the 
absence of breath and heartbeat and when rats showed pupil 
dilation. The experiment was conducted in accordance with the 
3R principles and approved by the Animal Ethics Committee of 
Beijing Tiantan Hospital, Capital Medical University.

Dual‑luciferase reporter assay. The binding site of miR‑132 
to the 3'‑UTR of the MAPK1 gene was analyzed via the 
biological prediction website microRNA.org (http://www.
microrna.org/microrna/home.do). The screening of 3'‑UTR 
on this website was mainly analyzed from three aspects: The 
sequence matching, the thermal stability of the double strand 
of miRNA and the mRNA and the conservation of target sites. 
Subsequently, the targeting relationship between miR‑132 and 
MAPK1 was verified by dual‑luciferase reporter assay. The 
3'‑UTR of the MAPK1 gene and the 3'‑UTR of the mutated 
MAPK1 gene were inserted into the luciferase reporter gene 
vector pGL3‑Basic and named PGL3‑MAPK1 wild-type (WT) 
and PGL3‑MAPK1 mutant (MUT) respectively (Shanghai 
GenePharma Co., Ltd.). The Renila Luciferase internal refer‑
ence plasmid and the two reporter vectors were co‑transfected 
into HEK 293T cells (American Type Culture Collection) with 
Ad‑miR‑132 and Ad‑miR‑132 NC by Lipofectamine 3000 
(Thermo Fisher Scientific, USA). After 24 h transfection, dual 
luciferase assay was performed. Protein of cells in each group 
was extracted using RIPA (cat. no. R0010; Beijing Solarbio 
Science & Technology Co., Ltd.) containing PMSF (0.1 mM). 
The detection of luciferase activity was performed using a kit 
from Promega Corporation according to the manufacturers' 
instructions. The relative luciferase activity=firefly luciferase 
activity/Renilla luciferase activity (15).

Reverse transcription quantitative (RT‑q) PCR. Total RNA 
was extracted from brain tissues using TRIzol (Thermo Fisher 
Scientific, Inc.). RNA was reverse transcribed into cDNA 
using TaqMan MicroRNA Assays Reverse Transcription 
Primer (Thermo Fisher Scientific, Inc.). Quantitative PCR was 
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performed using SYBR® Premix Ex Taq™ II Kit (Takara). 
The following components were added in the mixture: 25 µl 
of SYBR® Premix Ex Taq™ II (2x), 2 µl of PCR upstream 
and downstream primers, 1 µl of ROX Reference Dye (50x), 
4  µl of DNA template and 16  µl of ddH2O. Fluorescence 
quantitative PCR was performed with ABI PRISM® 7300 
(Kunke Equipment Co., Ltd., Shanghai, China). The reac‑
tion conditions were as follows: 10 min pre‑denaturation at 
95˚C, followed by 32 cycles at 95˚C for 15 sec and 60˚C for 
30 sec, and 72˚C for 1 min. The relative expression levels were 
normalized to endogenous control U6 and were expressed as 
2‑ΔΔCq and calculated as follows (28): ΔCt=Ct (target gene)‑Ct (U6) 
and ΔΔCt=ΔCt (experimental group)‑ΔCt (control group). The sequences of 
the primers used are present in Table І.

Western blotting. Total protein was extracted from brain 
tissues using RIPA (cat. no. R0010; Beijing Solarbio Science 
& Technology Co., Ltd.) containing PMSF (0.1 mM). The 
protein concentration was determined using BCA kit (Thermo 
Fisher Scientific, Inc.). The sample was mixed with the 
loading buffer and heated at 100˚C in a water bath for 10 min. 
Proteins (50 µg) were separated by 10% SDS‑PAGE and trans‑
ferred onto a PVDF membrane (cat. no. ISEQ00010; EMD 
Millipore). Membranes were blocked using 5% skim milk at 
4˚C for 2 h and washed with 0.1% TBST. Membranes were 
incubated with primary antibodies against phosphorylated 
(p) p38MAPK (ab31828; 1:1,000; Abcam), MAPK1 (ab31828; 
1:5,000; Abcam), iNOS (ab213987; 1:5,000; Abcam) and 
GAPDH (ab22555; 1:2,000; Abcam) overnight at 4˚C. After 
three washes with TBST for 6 min, membranes were incu‑
bated with the secondary HRP‑labeled goat anti‑rabbit IgG 
antibody (TA140003; 1:5,000; OriGene Technologies, Inc.) 
at room temperature for 2 h. Membranes were washed three 
times with TBST for 6 min and placed into TBS. Enhanced 
chemiluminescence reagent (BB‑3501; Cytiva) was used to 
detect the signal on the membrane. Images were acquired 
on a Bio‑Rad image analysis system (Bio‑Rad Laboratories, 
Inc.). The data were analyzed via densitometry using 
ImageJ software V2.1.4.7 (National Institutes of Health) and 
normalized to expression of the internal control GAPDH.

Morris water maze. The water maze is a circular pool 
(150 cm in diameter and 60 cm in height) filled with water 
at the temperature of 20‑25˚C. The pool was divided into 
four quadrants as follows: Lower right, upper right, lower left 
and upper left, with a platform installed in the lower right 
quadrant. After 5 days of navigation training, the rats were 
placed in water and the time to find the platform within 2 min 
(escape latency) was recorded. If the rat failed to locate the 
platform within 2 min, they would be guided to the platform 
and allowed to stay on it for 10 sec (recorded as 2 min). On 
the 5th day, the platform in the water was removed to conduct 
the space exploration experiment. Each rat was placed in the 
same place of the pool and the time spent in the lower right 
quadrant, along with the number of times the rat swum by the 
original platform position were recorded, which corresponds 
to the number of times passing through the platform.

Hematoxylin and eosin (H&E) staining. The brain tissues were 
fixed in 10% neutral formalin solution at room temperature for 

24 h, dehydrated with gradient alcohol (30‑100%), dewaxed 
with xylene, embedded in a wax bath and sliced (4‑6 µm). 
Sections were dewaxed with xylene, hydrated with gradient 
alcohol (100‑70%), washed with distilled water for 1 min, 
stained with hematoxylin for 3 min and then rinsed with tap 
water. Sections were immersed in 0.5% hydrochloric acid for 
10 sec, immersed in water for 10 min and stained in eosin 
solution for 5 min. Slices were conventionally dehydrated 
and dewaxed again, and mounted by neutral gum. Sections 
were were observed under an optical microscope (XP‑330; 
Shanghai Bingyu Industry Co., Ltd.). Five fields per section 
were randomly selected and the number of pyknotic nerve 
cells was determined.

TUNEL assay. Paraffin embedded sections were dewaxed, 
rehydrated by 100‑70% gradient alcohol, immersed in 3% 
H2O2 for 12 min and incubated with proteinase K (20 µg/ml 
in Tris/HCl) for 30 min at room temperature. Sections were 
washed three times with PBS for 6 min and sections were 
incubated with 20 µg/ml proteinase K without DNase (ST533; 
Beyotime Institute of Biotechnology) at 37˚C for 15 min. Then, 
TUNEL reaction mixture was added and incubated at 37˚C for 
1 h in a wet box (C1088; Beyotime Institute of Biotechnology). 
Samples were washed three times with PBS for 6 min and 
observed under a fluorescence microscope (ECLIPSE Ti; 
Nikon Corporation) and cells exhibiting green fluorescent were 
TUNEL‑positive cells. The apoptotic index was calculated as 
follows: Apoptotic rate=number of TUNEL‑positive cells/total 
number of cells x100.

Detection of AChE and iNOS in brain tissues and ROS, 
MDA, SOD and GSH‑Px in serum. The levels of iNOS and 
AChE in brain tissues were determined using ELISA kits 
(cat. nos. 69‑98762 and 69‑30132, respectively; Merck KGaA). 
The blood sample were stand at room temperature for 2 h and 
centrifuged at 10,000 x g for 10 min to obtain serum. The 
levels of MDA and SOD in serum were measured with the use 
of ROS (cat. no. E004‑1‑1), MDA (cat. no. A003‑1‑2), GSH‑Px 
(cat. no. A006‑2‑1), and SOD (cat. no. A001‑3‑3) kits from 
Nanjing Jiancheng Bioengineering Institute.

Statistical analyses. All data were analyzed using SPSS v21.0 
statistical software (IBM Corp.). Data were expressed as the 

Table І. Sequences of the primers used for reverse transcrip‑
tion quantitative PCR.

Name	 Sequences

miR‑132
  Forward	 5'‑TGGATCCCCCCCAGTCCCCGTC
	 CCTCAG‑3'
  Reverse	 5'‑TGAATTCGGATACCTTGGCCGG
	 GAGGAC‑3'
U6
  Forward	 5'‑CTCGCTTCGGCAGCACA‑3'
  Reverse	 5'‑AACGCTTCACGAATTTGCGT‑3'
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means ± standard deviation. The comparison among multiple 
groups was performed using one‑way analysis of variance 
followed by Tukey post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑132 inhibits MAPK1 gene expression. The biological 
prediction site microrna.org (http://www.microrna.
org/microrna/home.do) predicted that miR‑132 and MAPK1 
had specific binding sites (Fig. 1A). The results from the 
dual‑luciferase reporter assay demonstrated that the luciferase 
activity in the subgroup PGL3‑MAPK1 WT of Ad‑miR‑132 
group was significantly lower compared with that in the 
Ad‑miR‑132 NC group (P<0.05). However, the luciferase 
activity in the subgroup PGL3‑MAPK1 MUT did not change 
significantly (P>0.05; Fig. 1B). miR‑132 could inhibit the 
expression of MAPK1.

Expression of miR‑132, MAPK1, p‑MAPK1 and iNOS. To 
further verify the results of dual‑luciferase reporter assay, 
miR‑132 expression level was detected by RT‑qPCR and 
the expression of MAPK1, p‑MAPK1 and iNOS was evalu‑
ated by western blotting in hippocampus tissue of rats with 
AD (Fig.  2). Compared with the Normal group, miR‑132 
expression level was significantly downregulated in model 
group, and expression of MAPK1, p‑MAPK1 and iNOS was 
significantly upregulated (P<0.05). Compared with the Model 
group, miR‑132 expression was significantly increased in the 
Ad‑miR‑132 group and the Ad‑miR‑132 + Ad‑MAPK1 group 
(P<0.05). The other groups had similar levels of miR‑132 

expression (Fig. 2A). Furthermore, the expression of MAPK1, 
p‑MAPK1 and iNOS in Ad‑miR‑132 NC group, Ad‑siMAPK1 
NC group and Ad‑miR‑132 Ad‑MAPK1 group was similar to 
that of the Model group (P>0.05). However, the expression 
of MAPK1, p‑MAPK1 and iNOS in Ad‑miR‑132 group and 
Ad‑siMAPK1 group were significantly decreased compared 
with the Model group (all P<0.05). In addition, compared with 
Ad‑miR‑132 group, the expression of MAPK1, p‑MAPK1 and 
iNOS in Ad‑miR‑132 + Ad‑MAPK1 group was significantly 
increased (P<0.05, Fig. 2B and C).

Learning and memory ability. The results from the water 
maze test demonstrated that compared with the Normal group, 
the escape latency of rats in all other groups was significantly 
elevated, and the number of times passing through the rings was 
significantly decreased (P<0.05; Fig. 3A and B). Furthermore, 
compared with the Model group, there was no significant 
difference in Ad‑miR‑132 NC group, Ad‑siMAPK1 NC group 
and Ad‑miR‑132 + Ad‑MAPK1 group in the two experiments 
(P>0.05; Fig. 3A and B). However, the Ad‑miR‑132 group 
and Ad‑siMAPK1 group had significantly decreased escape 
latency and significantly elevated number of times passing 
through the rings compared with the Model group (P<0.05; 
Fig. 3A and B). In addition, compared with the Ad‑miR‑132 
group, the Ad‑miR‑132 + Ad‑MAPK1 group had significantly 
elevated escape latency and significantly decreased number of 
times passing through the rings (P<0.05; Fig. 3A and B).

Pathological changes of brain tissues. The pathological 
changes of rat hippocampus tissues were detected by HE 
staining (Fig. 4). The hippocampus tissue of Normal group 

Figure 1. miR‑132 targeting negative regulation of MAPK1 gene in HEK 293T cells (n=3). (A) Sequence of the 3'‑UTR segment of miR‑132 binding to MAPK1. 
(B) Luciferase activity detected by dual luciferase assay. *P<0.05 vs. Ad‑miR‑132 NC group. wt, wild-type; mut, mutant; miR, microRNA; NC, negative control.
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showed regular structure and no obvious pathological damage 
(irregular structure, neuronal shrinkage and deep staining 
color). However, other groups presented with different 
degrees of pathological damage, which were less severe in the 
Ad‑miR‑132 group and the Ad‑siMAPK1 group. The quanti‑
fication results were consist with above description (Fig. 4B).

Apoptosis of brain neurons in rats. The apoptosis of hippo‑
campal neurons was detected by TUNEL staining (Fig. 5). 
The results demonstrated that the apoptosis rate of hippo‑
campus neurons was significantly in all groups compared 
with the Normal group (P<0.05). Compared with the Model 
group, there were no statistical difference in the apoptotic 

rate in the Ad‑miR‑132 NC group, Ad‑siMAPK1 NC group 
and Ad‑miR‑132 + Ad‑MAPK1 group (P>0.05). However, the 
Ad‑miR‑132 group and Ad‑siMAPK1 group had significantly 
decreased apoptosis rate compared with the Model group 
(P<0.05). In addition, compared with Ad‑miR‑132 group, the 
apoptosis rate of hippocampus neurons in the Ad‑miR‑132 + 
Ad‑MAPK1 group was significantly elevated (P<0.05).

Levels of AChE, ROS, MDA, SOD and GSH‑Px in serum of 
rats. The levels of AChE, ROS, MDA, SOD and GSH‑Px in 
the serum of rats from each group are presented in Fig. 6. 
Compared with the Normal group, all groups had presented 
significantly decreased serum levels of SOD and GSH‑Px, as 

Figure 2. Expression of miR‑132, MAPK1, p‑MAPK1 and iNOS (n=5). (A) Expression level of miR‑132 in rat brain tissues. (B) Protein expression of MAPK1, 
p‑MAPK1 and iNOS in rat brain tissues. (C) Relative protein expression of MAPK1, p‑MAPK1 and iNOS from (B). *P<0.05 vs. Normal group; #P<0.05 vs. 
Model group; %P<0.05 vs. Ad‑miR‑132 NC group; &P<0.05 vs. Ad‑miR‑132 group; $P<0.05 vs. Ad‑siMAPK1 NC group; @P<0.05 vs. Ad‑siMAPK1 group. 
iNOS, inducible nitric oxide synthase; NC, negative control; miR, microRNA; p, phosphorylated; si, small interfering.

Figure 3. Learning and memory ability of rats from different groups (n=10). (A) Latency time in water maze test. (B) Number of times passing through the 
rings. *P<0.05 vs. Normal group; #P<0.05 vs. Model group; %P<0.05 vs. Ad‑miR‑132 NC group; &P<0.05 vs. Ad‑miR‑132 group; $P<0.05 vs. Ad‑siMAPK1 NC 
group; @P<0.05 vs. Ad‑siMAPK1 group. NC, negative control; miR, microRNA; si, small interfering.
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well as significantly elevated AChE, ROS and MDA levels 
(P<0.05). There were no difference in the serum levels of 
AChE, ROS, MDA, SOD and GSH‑Px between the Model 
group, Ad‑miR‑132 NC group, Ad‑siMAPK1 NC group and 
Ad‑miR‑132 + Ad‑MAPK1 group (P>0.05). Furthermore, 
compared with the Model group, the Ad‑miR‑132 group and 
Ad‑siMAPK1 group presented significantly elevated levels 
of serum SOD and GSH‑Px, and decreased levels of AChE, 
ROS and MDA (P<0.05). In addition, compared with the 
Ad‑miR‑132 group, the Ad‑miR‑132 + Ad‑MAPK1 group had 
significantly decreased serum levels of SOD and GSH‑Px, and 
elevated serum levels of AChE, ROS and MDA (P<0.05).

Discussion

AD is a progressive neurodegenerative disease characterized 
by loss of memory and cognitive function and is considered 
as a major cause of dementia  (27). Recently, numerous 
potential biomarkers have been used in combination with 
therapeutic targets for the treatment of AD (29). For example, 

Lin et al  (30) used Osthole to upregualte miRNA‑101a‑3p. 
Several miRNAs have been reported to be involved in a variety 
of diseases (16‑19). Because of their stability and endogenous 
nature, miRNAs may be used as treatment options in AD (31).

Certain miRNAs can control the formation, maturation and 
function of synapse, and their abnormal expressions might be 
the basis of synaptic dysfunction (32). Furthermore, a number 
of specific miRNAs are dysregulated in patients with AD, 
including the miRNAs of key genes of AD, such as amyloid 
precursor protein or beta‑secretase 1, or of neuronal functions, 
such as glutamate receptors (33). Che et al (34) demonstrated 
that miR‑132 can regulate the angiogenesis of patients with 
cerebral ischemia through NF‑κB and vascular endothelial 
growth factor pathways, and reported that overexpression 
of miR‑132 in vitro could decrease iNOS expression. In the 
present study, specific binding sites of miR‑132 and MAPK1 
were found through bioinformatics analysis, and dual‑lucif‑
erase reporter assay confirmed that miR‑132 can negatively 
target MAPK1 gene. This study therefore hypothesized that 
miR‑132 may be involved in the occurrence and development 

Figure 5. Apoptosis of hippocampal neurons in each group of rats (n=5; 400X). (A) Pathological changes of brain tissues detected by TUNEL staining. 
Magnification, x200. (B) Apoptosis rate of rat brain tissues according to (A). *P<0.05 vs. Normal group; #P<0.05 vs. Model group; %P<0.05 vs. Ad‑miR‑132 
NC group; &P<0.05 vs. Ad‑miR‑132 group; $P<0.05 vs. Ad‑siMAPK1 NC group; @P<0.05 vs. Ad‑siMAPK1 group. NC, negative control; miR, microRNA; si, 
small interfering.

Figure 4. Pathological of rat brain tissue from different groups (n=5). (A) Representative hematoxylin and eosin staining images of rat brain tissues in each 
group. Brain tissues from the Normal group showed regular structures without obvious pathological damage, whereas the other groups demonstrated patho‑
logical damage of varying degrees, with pyknosis of nerve cells (indicated by arrows). Damage degree was less severe in Ad‑miR‑132 group and Ad‑siMAPK1 
group. Magnification, x200. Scale bar, 25 µm. (B) Quantitative results of pathological damages. *P<0.05 vs. Normal group; #P<0.05 vs. Model group; %P<0.05 
vs. Ad‑miR‑132 NC group; &P<0.05 vs. Ad‑miR‑132 group; $P<0.05 vs. Ad‑siMAPK1 NC group; @P<0.05 vs. Ad‑siMAPK1 group. NC, negative control; miR, 
microRNA; si, small interfering.
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of AD by regulating MAPK signaling pathway, which may 
provide a promising new pathway for the treatment of AD.

In the present study, rats were treated with miR‑132 
analogs and siMAPK1, and the results demonstrated that after 
p38 signaling pathway was disturbed, the learning ability, 
memory and brain tissue disorder of AD rats were significantly 
improved, the apoptosis of nerve cells was decreased, and the 
serum levels of AChE was significantly decreased. Previous 
studies on neural and non‑neuronal cells have demonstrated 
that p38 regulates apoptosis through a variety of mechanisms, 
including activation of p53, as well as phosphorylation of 
c‑JUN and c‑fos, induction of Bax transposition, and involve‑
ment in Fas‑FasL‑mediated apoptosis, enhancement of c‑myc 
expression and activation of caspase‑3 (35,36). In addition, 
p38 MAPK can enhance the expression of TNF‑α, thereby 
activating p38‑induced apoptosis  (37). ERK is involved in 
cell activation and migration and plays an important role in 
synaptic plasticity and memory in vivo (38). Amyloid beta has 
been reported to induce JNK activation and cell death (39). 
Therefore, miR‑132 may improve learning ability and memory, 
improving brain disorder in rats with AD and protecting nerve 
cells from apoptosis by inhibiting the p38 signaling pathway.

Numerous studies have reported that miRNAs can regulate 
oxidative stress (40‑42). Increased oxidative stress can lead 
to cell apoptosis and serves a key role in neurodegenerative 

diseases, such as AD (42). In the present study, rats treated 
with miR‑132 analogs and siMAPK1 presented with decreased 
serum levels of ROS and MDA, elevated serum levels of SOD 
and GSH‑Px and downregulated iNOS. Overall, these results 
suggested that oxidative stress was decreased and that the 
antioxidant defense systems were stimulated. Che et al (34) 
reported that miR‑132 overexpression in vitro inhibited iNOS, 
which is consistent with the present results. Subsequently, inhi‑
bition of p38 signaling pathway may improve brain damage, 
decrease oxidative stress and improve cognitive dysfunction.

In conclusion, the present study demonstrated that miR‑132 
inhibit iNOS expression in brain tissue, decreased oxidative 
stress and ameliorated the cognitive function in AD rats 
through p38 signaling pathway These findings may help 
understanding the pathogenesis of AD and may serve the 
development of novel clinical treatment. However, the asso‑
ciation between miR‑132 signaling pathway and AD are not 
fully understood, and the downstream molecules of the p38 
signaling pathway need to be further investigated. In addition, 
since miR‑132 and miR‑212 are both related to AD, the role of 
miR‑212 in AD requires further investigation.
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