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Abstract. Alzheimer's disease (AD) is the most common 
form of dementia among the aging population. It is patho-
logically characterized by synaptic impairment, accumulation 
of neurofibrillary tangles and amyloid-β (Aβ) deposition. 
MicroRNA-26b (miR-26b) has been observed to be upregu-
lated in the human temporal cortex in AD, however, the 
function of miR‑26b has not been verified. Reverse transcrip-
tion-quantitative polymerase chain reaction was conducted to 
investigate the expression levels of miR-26b in a double trans-
genic mouse model of AD. Following transfection of miR-26b 
or an miR-26b inhibitor, western blot analysis, enzyme-linked 
immunosorbent assay and luciferase assays were performed. 
The present study demonstrated that the expression levels 
of miR-26b were upregulated in a double transgenic mouse 
model of AD. It was also demonstrated that upregulation of 
miR-26b in N2a/APP cells downregulated the insulin-like 
growth factor 1 (IGF-1) protein expression level and promoted 
Aβ production, whereas inhibition of miR-26b in N2a/APP 
cells upregulated the IGF-1 protein level and suppressed Aβ 
production. Furthermore, miR-26b target sites in IGF-1 were 
confirmed using a luciferase assay in HEK293 cells. The 
present study may be useful in the development of effective 
therapeutic strategies against AD.

Introduction

Alzheimer's disease (AD), a progressive neurodegenerative 
disorder, is the most common form of dementia among the 
aging population (1). More than 3.5 million individuals world-
wide have been diagnosed with AD and the proportion of 

people being diagnosed with AD after 85 years of age exceeds 
1 in 3 (2). AD is clinically characterized by cognitive impair-
ment leading to dementia, immobility, and eventually mortality 
(usually within a decade following the initial diagnosis) (3). 
The histopathological changes that occur in AD include wide-
spread loss of neurons, and formation of senile plaques and 
neurofibrillary tangles (4). The predominant theory for the 
molecular mechanism underlying AD is the amyloid cascade 
hypothesis (5). Extracellular aberrant generation and/or inad-
equate clearance of amyloid-β (Aβ), which originates from 
the amyloid precursor protein (APP), are considered to be 
responsible for the death of neurons and dementia in AD. An 
increased level of APP may increase the risk of AD (6-8). 
However, the underlying mechanisms of neurodegeneration, 
and the molecular and pathological components of the disease 
remain to be elucidated (9).

A number of microRNAs (miRs) have been implicated in 
AD (10-12). miRs are endogenous and evolutionarily conserved 
non-coding small RNA molecules (length, 21-25 nt). They form 
partially complementary base pairs within the 3'-untranslated 
regions (UTR) of protein-encoding mRNAs, resulting in 
the degradation of target transcripts or inhibition of transla-
tion (13,14). miRs have been observed in various biological 
processes, including embryogenesis, the immune response, 
developmental timing, differentiation and organogenesis, 
cell-cycle control, proliferation and apoptosis (15-20). Multiple 
miRs have been observed to be aberrantly expressed in patients 
with AD (21). The dysregulation of miRs may participate 
in the progression of AD by influencing the expression and 
functions of their targets (22). For example, miR-339-5p and 
miR‑153 are significantly downregulated in AD specimens, 
and may inhibit the expression of APP and BACE1. Thus, the 
identification of the targets of miRs is critical to understand 
the function of miRs in the development and progression of 
AD. It also suggested that miRs may provide a target for thera-
peutic strategies for AD.

miR‑26b was observed to be significantly upregulated in 
the human temporal cortex in AD (23); however, the function 
of miR‑26b has not been verified. In the present study, miR‑26b 
was upregulated in a double transgenic mouse model of AD. 
It was also demonstrated that upregulation of miR-26b in 
N2a/APP cells downregulated the insulin-like growth factor 1 
(IGF-1) protein level and promoted Aβ production, whereas 
inhibition of miR-26b in N2a/APP cells upregulated the IGF-1 
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protein level and suppressed Aβ production. Furthermore, 
miR‑26b target sites in IGF‑1 were confirmed by a luciferase 
assay in HEK293 cells. The results of the present study may 
aid in the development of effective therapeutic strategies 
against AD.

Materials and methods

Transgenic mice and sacrifice. A total of nine APP/PS1 
double-transgenic mice, aged 3, 6 or 9-months-old, and nine 
age-matched controls, were purchased from the Model Animal 
Research Center of Nanjing University (Nanjing, China), 
originally obtained from The Jackson Laboratory (Bar 
Harbor, ME, USA). They were maintained at 19‑23˚C under a 
12-h light/dark cycle with ad libitum access to sterile food and 
water, and all animal handling was conducted in accordance 
with institutional guidelines. The present study was approved 
by the ethics committee of Yantai Yuhuangding Hospital 
(Yantai, China).

The mice were sacrificed by intraperitoneal injection 
with pentobarbital overdose (50 mg/kg; Beyotime Institute of 
Biotechnology, Haimen, China), followed by the removal and 
dissection of the brain tissues. The cortexes of the brains were 
frozen in liquid nitrogen for further RNA extraction.

Cell culture and transfection. The HEK293 human embryonic 
kidney cell line was purchased from the Shanghai Institute of 
Biochemistry and Cell Biology (Shanghai, China). N2a/WT 
and N2a/APP cells were a gift from the Tianjin Medical 
University (Tianjin, China). HEK293 cells were cultured in 
Opti‑MEM medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). N2a/WT 
and N2a/APP cells were cultured in medium containing 50% 
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher 
Scientific, Inc.), and 45% Opti‑MEM supplemented with 5% 
FBS. All cell lines were incubated in a humidified air atmo-
sphere of 5% CO2 at 37˚C.

Cells were transfected with miR-26b mimic, negative 
control (NC), miR-26b inhibitor or NC inhibitor (Shanghai 
GenePharma, Co., Ltd., Shanghai, China), at a final concentra-
tion of 50 nM, using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's proto-
cols.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from tissues 
using mirVana miRNA Isolation kit (Ambion; Thermo 
Fisher Scientific, Inc.) and DNase I (Ambion; Thermo Fisher 
Scientific, Inc.), and treated according to the manufacturer's 
protocol to obtain DNA-free RNA. Equal quantities of RNA 
were subjected to cDNA synthesis using the miScript 
Reverse Transcription kit (Qiagen, Inc., Valencia, CA, USA). 
RT-qPCR for miR-26b was performed in a Lightcycler (Roche 
Diagnostics GmbH, Mannheim, Germany), according to the 
SYBR Green detection protocol, and all reactions were run 
in triplicate. Each reaction was performed in a final volume 
of 20 µl. The PCR cycling conditions were as follows: 95˚C 
for 15 min, followed by 40 cycles of 94˚C for 15 sec, 55˚C 
for 30 sec and 70˚C for 30 sec. Primers for mature miR-26b 

and U6 snRNA were purchased from Qiagen, Inc. Expression 
was determined in 18 mice (six APP/PS1 mice and six control 
mice). Relative expression levels were calculated using the 
2-ΔΔCq method (24). Every sample was replicated three times.

Western blot analysis. Cells were washed with ice-cold 
phosphate-buffered saline (PBS) and solubilized in cold radio-
immunoprecipitation lysis buffer (RIPA; Beyotime Institute of 
Biotechnology) 72 h after transfection. Cells were incubated at 
0˚C for 15 min and centrifuged at 2,000 x g for 10 min at 4˚C. 
The supernatants were collected, and the protein concentra-
tion was measured using a bicinchoninic acid protein assay kit 
(Beyotime Institute of Biotechnology). Samples were boiled for 
5 min in loading buffer (Beyotime Institute of Biotechnology) 
and then equal quantities of the proteins (40 µg) were separated 
by 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (Beyotime Institute of Biotechnology) and then transferred 
to a polyvinylidene difluoride membrane (Beyotime Institute of 
Biotechnology). The membrane was blocked with 5% non-fat 
dry milk for 2 h, followed by an overnight incubation at 4˚C with 
primary mouse anti-human IGF-1 (1:1,000; sc-74116; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human 
β-actin (1:1,000; sc-130301; Santa Cruz Biotechnology, Inc.) 
monoclonal antibodies. Following washing with PBS three times 
(for 5 min each time), the membrane was incubated for 1 h at 
room temperature with goat anti-mouse horseradish peroxidase 
(HRP)-conjugated secondary antibody (1:500; sc-2005; Santa 
Cruz Biotechnology, Inc.) in Tris-buffered saline with Tween 20 
(Beyotime Institute of Biotechnology). The blot was detected 
with an ECL kit (Pierce Biotechnology, Inc., Rockford, IL, USA) 
and images were captured using a FluorChem imaging system 
(ProteinSimple, San Jose, CA, USA). The protein intensities 
were quantified using the AlphaEaseFC 4.1.0 software (Alpha 
Innotech, San Leandro, CA, USA).

Enzyme‑linked immunosorbent (ELISA) assay. Aβ42 levels 
in cell lysates were quantified using a mouse ELISA assay 
according to the manufacturer's protocols (Abcam, Cambridge, 
UK), as described previously (25). Aβ42 in samples was captured 
with G2‑11, a monoclonal antibody specific for Aβ42 (Abeta 
GmbH, Heidelberg, Germany). Aβ42 was then probed specifi-
cally with the antibody Biotin-Wo2 (Abeta GmbH) overnight 
at 4˚C, and finally developed with NeutrAvidin‑HRP (Pierce 
Biotechnology, Inc.). The HRP activity was measured with the 
TMP Microwell Peroxidase system (KPL, Inc., Gaithersburg, 
MD, USA).

Target Prediction of miR‑26b. TargetScan 5.2 (http://www.
targetscan.org/) was used to predict the target genes of miR-26b.

Luciferase assay. The luciferase reporter plasmid and 
the wild-type (WT)-pGL3-IGF-1-3'UTR Wt and mutant 
(Mut)-pGL3-IGF-1-3'UTR expression vectors, were obtained 
from Shanghai GenePharma. The HEK293 human embryonic 
kidney cells were plated at ~90% confluence and transfected 
with the reporter plasmid, miR-26b mimics or NC in a 12-well 
plate using Lipofectamine 2000, according to the manufactur-
er's protocol. The Renilla and the firefly luciferase activity were 
measured following 48-h incubation using the Dual-Luciferase 
Reporter assay system (Promega Corporation, Madison, 
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WI, USA). The firefly and Renilla luciferase activities were 
measured with a luminometer (Tecan Group, Ltd., Männedorf, 
Switzerland). The firefly luciferase activity was normalized to 
Renilla luciferase activity for each transfected well. Each assay 
was replicated three times.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation and compared using Student's t-test in Stata, 
version 10.0 (StataCorp LP, College Station, TX, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

Expression of miR‑26b in APP/PS1 double‑transgenic mice. 
In previous miR profiling experiments, miR‑26b was observed 
to be upregulated in human brains from patients with AD (23). 
In the present study, APP/PS1 double-transgenic mice and 

age-matched controls were used to investigate the expression 
levels of miR-26b by RT-qPCR. Results of the present study 
demonstrated that the expression levels of miR-26b were 
increased in 3, 6 and 9-month-old APP/PS1 double-transgenic 
mice compared with the age-matched controls (Fig. 1). The 
results indicated that miR-26b was upregulated in APP/PS1 
double-transgenic mice.

Figure 1. Expression of miR-26b in APP/PS1 double-transgenic mice and 
age-matched controls. miR-26b was increased in 3, 6 and 9-month-old 
APP/PS1 double-transgenic mice compared with age-matched controls. 
Data are presented as the mean ± standard deviation. *P<0.05 vs. the control. 
miR-26b, microRNA-26b.

Figure 2. (A) TargetScan 5.2 determined that IGF-1 mRNA contained a 
nmiR-26b seven-nucleotide seed match at position 3689-3695 of the IGF-1 
3'-UTR. (B) IGF-1 is a direct target of miR-26b in vitro. Overexpression of 
miR-26b suppressed IGF-1 3' UTR-luciferase activity by 48% in HEK293 
cells. Data are presented as the mean ± standard deviation. *P<0.05 vs. the 
control. UTR, untranslated region; miR-26b, microRNA-26b; WT, wild-type; 
Mut, mutant; IGF-1, insulin-like growth factor 1.

Figure 3. IGF‑1 protein expression levels were significantly downregulated, 
as compared with that in N2a/WT cells transfected with NC. By contrast, 
treatment with the miR‑26b inhibitor led to a significant increase in the 
expression level of the IGF-1 protein compared with that of the N2a/WT 
cells transfected with an NC inhibitor. Data are presented as the mean ± stan-
dard deviation. *P<0.05 vs. the control. NC, negative control; miR-26b, 
microRNA-26b; WT, wild-type; IGF-1, insulin-like growth factor 1.

Figure 4. miR-26b increases Aβ42 production by targeting IGF-1. The level 
of Aβ42 in N2a/APP cell lysates was significantly increased following trans-
fection with miR-26b, whereas 50 ng/ml IGF-1 supplementation reversed 
this upregulation. By contrast, the level of Aβ42 in the lysates of N2a/APP 
was downregulated following transfection with an miR-26b inhibitor. Data 
are presented as the mean ± standard deviation. *P<0.05 vs. the control. NC, 
negative control; DMSO, dimethyl sulfoxide; IGF-1, insulin-like growth 
factor 1; miR-26b, microRNA-26b.

A

B
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IGF‑1 is a direct target of miR‑26b. In a previous study, 
the protein expression level of IGF-1 was significantly 
lower in APP/PS1 double-transgenic mice, as compared 
with control mice; however, no significant difference was 
observed in the mRNA expression level of IGF-1 between 
the APP/PS1 double-transgenic and control mice (23). These 
findings suggested that the regulation of IGF-1 expression 
occurred at the post-transcriptional level in APP/PS1 mice. In 
order to further confirm the association between IGF‑1 and its 
regulators in APP/PS1 mice, as compared with control mice, 
the present study used TargetScan 5.2 to assess the comple-
mentarity of miR-26b to the IGF-1 3'-UTR. As presented in 
Fig. 2A, one binding site of miR-26b was observed within the 
3'-UTR of IGF-1. In addition, luciferase reporter assays were 
performed to investigate whether IGF-1 is a direct target of 
miR-26b. As presented in Fig. 2B, the luciferase activity was 
significantly inhibited in cells co-transfected with miR-26b 
and WT-3'-UTR compared with the control vector group, 
whereas Mut-3'-UTR luciferase activity changed only margin-
ally, this suggests that IGF-1 may be a direct target of miR-26b 
in vitro.

miR‑26b reduces the level of IGF‑1. To directly investigate 
whether miR-26b reduces the expression of IGF-1, western 
blot analysis was performed. As presented in Fig. 3, the IGF-1 
protein level was significantly downregulated compared with 
that in N2a/WT cells transfected with the NC. By contrast, 
treatment with the miR-26b inhibitor led to a significant 
increase in the level of IGF-1 protein compared with that in 
N2a/WT cells transfected with NC inhibitor.

miR‑26b increases Aβ production by targeting IGF‑1. To 
investigate the role of miR-26b in AD, ELISA analysis was 
performed to observe the level of Aβ42 in lysates of N2a/APP 
cells. As presented in Fig. 4, the level of Aβ42 in N2a/APP 
cell lysates was significantly increased following transfection 
with miR-26b, whereas addition of 50 ng/ml IGF-1 supple-
mentation reversed this upregulation. By contrast, the level 
of Aβ42 in the lysates of N2a/APP cells was downregulated 
following transfection with an miR-26b inhibitor. These data 
indicate that miR-26b negatively regulates IGF-1 translation 
and induces Aβ production in vitro.

Discussion

Previous studies have demonstrated that miR-26b is 
frequently downregulated in various tumors, including breast 
cancer (26), nasopharyngeal carcinoma (27), hepatocellular 
carcinoma (28), squamous cell carcinoma of the tongue (29), 
primary squamous cell lung carcinoma (30) and squamous cell 
carcinoma of glioma (31). It has been reported to be a critical 
regulator in carcinogenesis and tumor progression by acting as 
a tumor suppressor gene in various types of cancer (27,31,32). 
miR-26 has been observed to be upregulated in the human 
temporal cortex in AD (23). In the present study, miR-26b 
was observed to be upregulated in APP/PS1 double-transgenic 
mice, suggesting that miR-26b may function in the develop-
ment of AD.

The potential benefit of the analysis of miRs in the diag-
nosis and treatment of numerous diseases, including cancer, 

infection and neurodegenerative disease, has been previously 
evaluated in numerous studies (9,11,33). The expression of 
miRs is known to be altered in multiple regions of the brain 
in AD, however, the cause and consequence in the pathology 
of the disease remains to be elucidated (8). Downregulation 
of IGF-1 associated with accelerated accumulation of Aβ 
in the brain is a feature of AD (34). In the present study, it 
was demonstrated that upregulation of miR-26b in N2a/APP 
cells downregulated the IGF-1 protein level and promoted 
Aβ production, whereas inhibition of miR-26b in N2a/APP 
cells upregulated the IGF-1 protein level and suppressed Aβ 
production. Furthermore, miR-26b target sites in IGF-1 were 
confirmed by a luciferase assay in HEK293 cells. These results 
suggested that miR-26b may be considered a novel therapy for 
patients with AD.

AD is the most common form of dementia in the elderly. It is 
pathologically characterized by synaptic impairment, accumu-
lation of neurofibrillary tangles, and Aβ deposition (35). IGF-1 
is a member of the insulin family of hormones (36), and-1 is 
part of an evolutionarily conserved signaling pathway. It is 
involved in neuronal growth, survival and differentiation, and 
it promotes neurite outgrowth, migration, protein synthesis, 
neuronal cytoskeletal protein expression, and nascent synapse 
formation (37-41). Previous studies have demonstrated the 
role of IGF-1 signaling in AD-pathogenesis using various 
animal and human models of AD (42-44); the serum IGF-1 
levels were significantly downregulated in patients with 
AD, as compared with patients with vascular dementia or 
age-matched non-demented elderly subjects (43,44). IGF-1 
may contribute to the regulation of τ phosphorylation, amyloid 
precursor protein (APP) cleavage, Aβ transport and degrada-
tion, memory formation, aging and longevity in AD (45).

The major neuropathological finding in AD is considered 
to be the presence of high levels of Aβ in the brain samples. 
These peptides are neurotoxic and form amyloid plaques (46). 
The association between serum IGF-1 and brain amyloidosis 
was established by a previous study indicating a potential role 
of IGF-1 in the clearance of Aβ from the brain (34). Systemic 
IGF-1 administration proved effective in lowering brain Aβ 
levels, while blockade of systemic IGF‑1 action was sufficient 
to induce brain amyloidosis (34,47). Furthermore, reduced 
IGF-1 input lowers neuronal resistance to Aβ peptide toxicity, 
increases cellular susceptibility to cell death signals and leads, 
ultimately, to the accumulation of Aβ in the brain (48). The 
findings of these previous studies suggest that IGF-1 is a 
potential therapeutic target in AD. Upregulation of IGF-1 may, 
therefore, provide neuroprotection, facilitate Aβ clearance, 
antagonize the deleterious effects of tumor necrosis factor-α 
and inhibit certain features of the inflammatory reaction (49). 
miR‑based therapy is expected to be more efficient than the 
traditional single target therapy, since miRs regulate multiple 
target genes simultaneously (50). The results of the present 
study may aid the development effective therapeutic strategies 
against AD.

In conclusion, this is the first study to demonstrate that 
miR-26b was downregulated in APP/PS1 double-transgenic 
mice and negatively regulated the expression of IGF-1 in vitro. 
As IGF-1 is critical in Aβ formation, increasing IGF-1 expres-
sion levels is suggested as a potential therapeutic strategy 
for AD. Results of the present study suggest that miR-26b is 
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a potential therapeutic target for the downregulation of Aβ 
formation. However, further studies in vivo are required to 
address the delivery of the miR-26b inhibitor into the mouse 
hippocampus using adenoviruses to determine whether this 
upregulates IGF-1 protein levels and reduces Aβ formation.
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