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A B S T R A C T

Abnormal gene expression, including mRNAs, and microRNAs (miRNA), have been identified in the
development of Alzheimer's disease (AD). Although mitofusin2 (mfn2) has been found to be down-regulated
in the neurons from hippocampus and cortex in AD patients, little is known about its roles and the regulatory
mechanisms in the pathogenesis of AD. This study was performed to investigate the roles of mfn2 protein and
its upstream regulatory mechanism in the progression of AD using a senescence accelerated mouse prone-8
(SAMP8) model. The results of quantitative real-time PCR and western blot revealed that mfn2 expression
displayed a consistent decrease with aging in the hippocampus of SAMP8 than did age-matched SAMR1 mice.
The luciferase activity assay combined with mutational analysis confirmed the binding site of miR-195 to the 3′
-untranslated region (3′-UTR) of mfn2 mRNA. Furthermore, miR-195 inhibitor or antigomir induced the
higher level expression of mfn2 protein in vitro and in vivo. In addition, exogenous expression of miR-195
decreased the mitochondrial membrane potential (MMP) of the HT-22 cells by targeting mfn2. In conclusion,
these results indicated that deregulation of mfn2 might be involved in mitochondrial dysfunction during the
progression of AD, and its decreased expression was regulated at least in part by miR-195 in AD mice. The
abnormal expression of miR-195 played a potential role in mitochondrial disorder by targeting mfn2 in
hippocampus of SAMP8 mice. Therefore, upregulation of mfn2 protein by inhibiting miR-195 might be a
potential new therapeutic strategy for treatment of AD.

1. Introduction

Alzheimer's disease (AD), a complex age-related neurodegenerative
disease, is characterized by a variable degree of progressive loss of
cognitive function. Although the precise mechanism of neurodegenera-
tion in AD is not clear, there is a complex etiology is likely involved in
multiple environmental, age-related, genetic, epigenetic, and inflam-
matory factors (Colangelo et al., 2002). Recent studies have shown that
gene expression was deregulated in the hippocampus and cortex of AD
patients and animal models during ageing, resulting in structural and
functional damages (Liu et al., 2012; Manczak et al., 2011).

Mitofusin2 (mfn2), a mitochondrial fusion protein, is expressed
mainly in tissues with high energetic requirements, such as brain,
skeletal muscle, and heart (Chen et al., 2004). Several lines of evidence
have demonstrated that mfn2 was not only involved in the modulating
of mitochondrial shape and mitochondrial metabolism but also con-

vinced to participate in the control of proliferation and apoptosis of
various cells (Bucha et al., 2015; Chen et al., 2004; Guo et al., 2007;
Wang et al., 2015). In addition, mfn2 is associated with the regulation
of cell cycle progression, organelle shape and autophagy (Hailey et al.,
2010). Multiple studies have established a link between the deregulated
expression or mutation of mfn2 with some diseases, such as diabetes,
cancer, and Charcot-Marie-Tooth diseases (Gao et al., 2012;
Montecchiani et al., 2016; Wang et al., 2015). Our previous studies
have demonstrated that the mRNA and protein levels of mfn2 were
increased in the vascular smooth muscle cells (VSMC) during the cell
redifferentiation (Zhang et al., 2010). More importantly, Manczak et al.
reported that mfn2 mRNA and protein levels were down-regulated in
the frontal cortex brain specimens from the patients at all Braak stages
of AD progression (Manczak et al., 2011). Similarly, mfn2 protein
levels were decreased in neurons from hippocampus of postmortem AD
patients (Wang et al., 2009) and primary hippocampal cultures from
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triple-transgenic (3×Tg) AD mice compared to nontransgenic (NTg)
mouse neurons (Chen et al., 2016). The normal function of neurons
requires mitochondrial synaptic terminals, which depending on the
mitochondrial membrane dynamic properties. As one of the dynamin-
related fusion proteins, mfn2 is involved in the maintenance of the
dynamic balance of mitochondrial fusion and fission (Hollenbeck and
Saxton, 2005). Moreover, it has been confirmed that mfn2 mutations
disrupt axonal mitochondrial positioning and promote axon degenera-
tion (Misko et al., 2012). The imbalance of mitochondrial fission/
fusion has also been observed in the neurodegenerative diseases, such
as AD (Corrado et al., 2012; Manczak et al., 2011). These reports
suggested that mfn-2 is a key functional protein with regulatory and
structural nature in brain, and plays an important role in the
pathogenesis of AD. However, the upstream regulatory mechanisms
of mfn2, especially at posttranscriptional level, still remain unclear.

MicroRNAs (miRNAs) have been implicated as important biological
regulators of genes that regulate gene expression post-transcriptionally
by translational repression or degradation of target mRNAs (Guo et al.,
2010). It is estimated that more than one-third of all protein-coding
genes are regulated by miRNAs in animals (Bartel, 2009). Although
several researches have been focused on miRNA mediated regulation of
mfn2 in human derived neuroblastoma cells and C2C12 myoblast
(Bucha et al., 2015; Zhang et al., 2013), but there were no studies have
been performed on the upstream regulation of mfn2 by miRNAs in the
progression of AD.

Senescence accelerated mouse (SAM) is a murine model of accel-
erated aging, originally developed from breeding pairs of the AKR/J
series. Of the senescence-accelerated mouse-resistant (SAMR) sub-
strains, SAMR1 serves as a control exhibiting normal aging phenotype.

Among the substrains of senescence-accelerated mouse-prone (SAMP),
SAMP8 possesses the deficits in age-related learning and memory and
shares phenotypes that resemble the symptoms of late-onset and age-
related sporadic AD patients (Takeda et al., 1997). Therefore, SAMP8
mice are usually used as plausible aging-related neurodegeneration
animal model to investigate the fundamental mechanisms of AD
pathogenesis. Other and our studies have identified several AD-
associated miRNAs using different strains of senescence accelerated
mice (Liu et al., 2012; Zhang et al., 2014).

In the present study, we aimed to investigate whether mfn2
deregulation occurred in the development of AD, and whether such
deregulation caused by post transcriptional regulation of miRNAs,
using the senescence-accelerated mouse prone 8 (SAMP8). Our results
suggested that mfn2 played an important role in the process of AD, and
its downregulation was modulated by miR-195. This study might
provide a potential new therapeutic strategy for treating AD by
targeting mfn2.

2. Results

2.1. Expression of mfn2 in the cortex and hippocampus of SAMP8
mice

To determine the expression of mfn2 in the progression of AD, the
mRNA and protein levels of mfn2 were firstly examined in the cortex
and hippocampus of the SAMP8 mice aged 3-, 6-, and 9-month. As the
characteristic feature of SAMR1 mouse was normal aging, so age-
matched SAMR1 mice were used as control strain. The results from
quantitative real-time PCR assay showed that the mfn2 mRNA levels

Fig. 1. Detection of mfn2 mRNA and protein levels in the cortex and hippocampus of SAMP8 and SAMR1 mice. Quantitative real-time RT-PCR analysis of the mfn2 mRNA levels in the
cortex (A) and hippocampus (B) from 3-, 6-, and 9-month-old SAMP8 and SAMR1 mice. GAPDH was used as a control for the normalization of samples. Western blot analysis of mfn2
protein levels in cortex (C) and hippocampus (D) from 3-, 6-, and 9-month-old SAMP8 and SAMR1 mice. The β-Actin was used as a loading control. The values are the mean ± S.D.
(n=6). *P < 0.05 vs. SAMR1 group.
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were increased in the cortex of SAMP8 mice compared to SAMR1 mice
at 3-months of age and decreased at 9-months of age (P < 0.05,
Fig. 1A). However, western blot analysis showed that there were no
significant changes in the levels of mfn2 protein in the cortex of 3-, 6-,
and 9-month-old SAMP8 mice compared with age-matched SAMR1
mice (P > 0.05, Fig. 1C). In the hippocampus, both mfn2 mRNA and
protein levels displayed a consistent decrease with aging in SAMP8
than did in age-matched SAMR1 mice (P < 0.05, Fig. 1B and D). To
address the regional and cell-type specific distribution of mfn2 protein
in the hippocampus, the tissue sections were subjected to immunohis-
tochemical analysis. The results revealed a large number of cells that
were immunoreactive for the mfn2 protein located in the CA3 subfield
and a very small number of immunostained cells were observed in the
CA1 and DG subfields in 6-month-old SAMP8 and SAMR1 mice (Fig. 2
upper). In addition, 6-month-old SAMP8 mice exhibited significant
lower mfn2 levels than did the age-matched SAMR1 mice in the CA3
subfield of hippocampus (Fig. 2 lower)...

2.2. Initial screening of miRNAs targeting mfn2 in the hippocampus
of SAMP8 mice

It was speculated in present study that the decrease of mfn2 protein
levels in the hippocampus of SAMP8 mice with ageing might be due in
part to the posttranscriptional regulation by miRNAs. In the initial
screening of miRNAs targeting mfn2, we combined our previous
microarray data and the results of prediction algorithms from
Targetscan (www.targetscan.org) and miRanda (www. microrna.org)
to predict the potential regulators of mfn2. The results of microarray
showed that miR-195 and miR-15b were up-regulated in the
hippocampus of SAMP8 mice (data not shown), as well as both of
them got a higher predictive scores in the prediction algorithms.
However, the results from quantitative real-time PCR assay showed
that the miR-195 levels were increased (P < 0.05, Fig. 3A) in the
hippocampus of 3- and 6-month-old SAMP8 mice compared with that
in age-matched SAMR1 mice, whereas the miR-15b levels were

Fig. 2. Distribution of mfn2 protein in the hippocampus of senescence accelerated mice. Representative photos (upper) and quantitation of the signal levels (lower) of
immunohistochemical staining of the mfn2 protein in the hippocampus from 6-month-old SAMR1 and SAMP8 mice. Negative: hippocampal sections from 6-month-old SAMR1
mice were immunohistochemical stained with preimmune rabbit IgG (1:500). The bar corresponds to 50 µm. *P < 0.05 vs SAMR1 group (n=6).
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decreased (P < 0.05, Fig. 3B) in hippocampus of 3-, 6-, and 9-month-
old SAMP8 mice compared with that in age-matched SAMR1 mice..

2.3. mfn2 was targeted by miR-195 through the predicted binding
site

The results of bioinformatic analysis revealed that the 3′-UTR of
mfn2 mRNA harbors one potential targeting site of miR-195. To
confirm the direct binding of miR-195 to 3′-UTR of the mfn2 mRNA,
the luciferase reporter plasmids were generated containing the miR-
195-binding site (WT vector) and its mutant sequence (MT vector).
Then these reporter plasmids were cotransfected into 293A cells with
miR-195 mimics, miR-195 inhibitor, or a scramble control, respec-
tively. As expected, transfection with miR-195 mimics led to a
significant reduction of luciferase reporter activity compared with
scramble control (P < 0.05). When an inhibitor of miR-195 was used
in place of miR-195 mimics, an increase was observed in luciferase
activity (P < 0.05, Fig. 4A). However, the mutated sequences of mfn2
3′-UTR abrogated the repressive effect of miR-195 on the activity of its
target 3′-UTR as measured by luciferase assay. Similarly, mutation of
the predicted miR-195 binding site in the 3′-UTR of mfn2 abrogated
the stimulative effects of miR-195 inhibitor on the luciferase reporter
activity (P > 0.05, Fig. 4B). Scramble control elicited no effects on the
luciferase reporter activity compared with the WT group or MT group
(P > 0.05, Fig. 4A and B). These results indicated that miR-195 directly
bound to 3′-UTR sequences of mfn2 mRNA..

2.4. miR-195 regulated the expression of mfn2 at post-transcriptional
level in HT-22 cells and hippocampal neurons

To further validate whether miR-195 could regulate the expression
of mfn2 at post-transcriptional level, we transfected miR-195 mimics,
miR-195 inhibitor, or scramble control into HT-22 cells. The results
showed that transfection of miR-195 mimics led to a significant
increase of miR-195 levels compared with the scramble control (P <

0.05, Fig. 5A). In parallel, transfection of miR-195 inhibitor signifi-
cantly decreased miR-195 levels compared with the scramble control
(P < 0.05, Fig. 5B). However, mfn2 mRNA levels in HT-22 cells were
not affected by the tansfection of miR-195 mimics or miR-195 inhibitor
(P > 0.05, Fig. 5C and D). Meanwhile, mfn2 protein levels were
decreased significantly by miR-195 mimics and increased by miR-
195 inhibitor in HT-22 cells compared with scramble group (P < 0.05,
Fig. 5E and F). To determine whether miR-195 could regulate the
expression of mfn2 at post-transcriptional level in the animal model,
mfn2 mRNA and protein levels were detected in the hippocampus of 6-
month-old SAMP8 mice which were infused with the miR-195 anti-
gomir or scramble into the lateral ventricle by quantitative real-time
RT-PCR and western blot analysis, respectively. As expected, infusion
of the miR-195 antigomir decreased the miR-195 levels (P < 0.05,
Fig. 6A) and increased mfn2 protein levels (P < 0.05, Fig. 6C), but did
not change the mfn2 mRNA levels in hippocampus of SAMP8 mice (P
> 0.05, Fig. 6B), indicating that miR-195 inhibited the translation of
mfn2 mRNA in vivo...

2.5. Effects of miR-195 on the mitochondrial membrane potential
(MMP) in the HT-22 cells

Furthermore, the effects of miR-195 mimics on MMP in HT-22 cells
were determined by using the JC-10 staining. The results showed that
the ratio of JC-10 red to green fluorescence in HT-22 cells was
significantly decreased after the transfection of miR-195 mimics (P <Fig. 3. Expression patterns of miR-195 and miR-15b in the hippocampus of SAMP8 and

SAMR1 mice. Validation results of miR-195 (A) and miR-15b (B) in the hippocampus of
3-, 6-, and 9-month-old SAMP8 and SAMR1 mice by real-time RT-PCR analysis. *P <
0.05 vs SAMR1 group (n=6). U6-snRNA was used as a control for normalization of the
samples.

Fig. 4. MiR-195 directly targeted the 3′-untranslated region (UTR) of mfn2 mRNA. (A)
Luciferase reporter assay in 293 A cells, showing the repressive effect of miR-195 mimics
as well as the stimulative effect of miR-195 inhibitor on the activities of the mfn2 3′-UTR.
*P < 0.05 vs WT or scramble group (n=3). (B) Mutation of the predicted miR-195
binding site in the mfn2 3′-UTR abrogated the repressive effect of miR-195mimics as
well as the stimulative effect of miR-195 inhibitor on the activities of the mfn2 3′-UTR.
*P < 0.05 vs MT or scramble group (n=3).
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0.05, Fig. 7), indicating miR-195 resulted in the loss of MMP in HT-22
cells. No effects were found after transfection with scrambled miRNAs.
The positive control carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) significantly decreased the ratio of JC-10 red to green
fluorescence. However, transfection of miR-195 mimic together with
AD-mfn2 infection prevented the loss of MMP induced by miR-195
mimics (P < 0.05, Fig. 7)..

3. Discussion

Alzheimer's disease (AD) is a complex neurodegenerative disorder.
While the cause of AD remains unclear, an increasing body of evidences
have identified that gene expression is deregulated in the development
of AD. So it is necessary to identify the altered expression of genes in
the neurons of different brain regions in AD patient or animal model
for searching the diagnostic or therapeutic targets of AD. In this study,
we found that the levels of mfn2 mRNA were decreased in the cortex
and hippocampus of SAMP8 mice, however its protein levels were only
decreased in the hippocampus of SAMP8 mice. These results indicated
that the downreguolation of mfn2 protein has a very close relationship
with the hippocampus-dependent cognitive function in AD process.
Based on the results of bioinformatic analysis and our previous array

data (Zhang et al., 2014), we selected two predicted miRNAs, miR-195
and miR-15b, to validate their levels of expression in the hippocampus
of SAMP8 and SAMR1 mice, because of their higher predictive scores
obtained from bioinformatic analysis. At last, we focused on miR-195
for its contrary expression trend to mfn2 in hippocampus of SAMP8. It
was further confirmed that mfn2 was a direct target gene of miR-195
and the loss of MMP induced by miR-195 was dependent on the
decreased expression of mfn2 protein in HT-22 cells.

It is generally accepted that mitochondrial dysfunction is a promi-
nent feature of neurodegenerative diseases, including AD. A growing
body of literatures supported that frequent fission and fusion are
important for the maintenance of normal mitochondrial function
(Hollenbeck and Saxton, 2005). Therefore, impairment of the mito-
chondrial fission and fusion balance has been regarded as a new
mechanism of neurodegeneration (Knott and Bossy-Wetzel, 2008;
Wang et al., 2009). More importantly, mitochondrial fusion has been
reported to protect against neurodegeneration in the cerebellum (Chen
et al., 2007). Mfn2, a dynamin-related protein with GTPase activity,
affects the mitochondrial structure and mediates the mitochondrial
function by regulating mitochondrial fusion (Bach et al., 2003;
Martorell-Riera et al., 2014). In addition, mfn2 participates in the
process of oxidative stress injury, an important pathologic mechanism

Fig. 5. MiR-195 negatively regulated the expression of mfn2 in HT-22 cells. HT-22 cells were transfected with miR-195 mimics or inhibitor for 24 h before harvesting. The levels of
miR-195 (A and B) and mfn2 mRNA (C and D) in HT-22 cells following transfection. U6-snRNA or GAPDH was used as a control for the normalization of samples for quantitative real-
time RT-PCR analysis. *P < 0.05 vs control or scramble. The mfn2 protein levels in HT-22 cells following transfection with miR-195 mimics (E) or miR-195 inhibitor (F). HT-22 cells
were transfected with miR-195 mimics or inhibitor for 24 h; then, the cell lysates were subjected to western blotting antibodies against mfn2 and β-actin. β-Actin was used as a loading
control. The values are the means ± S.D. (n=3). *P < 0.05 vs control or scramble group.
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for AD. It was reported that mfn2 expression was decreased when
Neuro-2a (N2a) cells exposed to Aβ oligomers (AβOs)-mediated
oxidative stress, and over-expression of mfn2, but not mfn1, signifi-
cantly inhibited the AβO-mediated neuronal cells death pathway (Park
et al., 2015). Similarly, treatment cells with antioxidant probucol
significantly increased mfn2 protein levels in AD cybrids compared to
the vehicle-treated cells (Gan et al., 2014). Besides, a number of reports
suggested that mfn2 played important roles in autophagy and apopto-
sis (Guo et al., 2007; Zhao et al., 2012), which closely related to the
development of AD. These observations have allowed us to propose
that mfn-2 plays a relevant role in the etiology of AD. In this study, it
was confirmed that mfn2 was down-regulated in the hippocampus of
SAMP8 mice, and mfn2 protein mainly located in the CA3 subfield of
the hippocampus, an area that is closely related to modulation of
learning and memory. Since the importance of hippocampus has been
universally recognized in the modulation of cognitive function, the
decreased expression of mfn2 protein in the hippocampus might play a
key role in the development of AD. Thus, it is necessary to reveal the
molecular mechanisms by which mfn-2 expression is regulated during

the progression of AD.
Our previous study has reported that mfn2 expression was activated

by the interaction of Krüppel-like factor 4 with p300 in VSMC (Zhang
et al., 2010). Other people’s studies have shown PGC-1α coactivated by
ERR-α, participated in the stimulation of mfn2 expression in skeletal
muscle cells (Soriano et al., 2006). MicroRNAs (miRNAs) are a class of
small non-coding RNA molecules that regulate gene expression post-
transcriptionally by translational repression or degradation of target
mRNAs. MiR-106b and miR-214 have been found to target the 3′ -UTR
of mfn2 (Bucha et al., 2015; Zhang et al., 2013). Some evidence
indicates that miRNAs participate in the processes of synaptic plasticity
and memory (Earls et al., 2012; Gao et al., 2010). We have identified a
number of miRNAs, including miR-329, miR-193b, miR-20a miR-296,
and miR-130b, were deregulated in H2O2-induced primary hippocam-
pal neurons and different strains of AD model mice (Zhang et al.,
2014). In addition, based on our results of microarray, miR-206 and
miR-132 have been further identified as novel circulating biomarkers
for early diagnosis of aMCI patients (Xie et al., 2015). Several lines of
evidence have recently been presented to demonstrate that deregula-
tion of miR-195 expression was related with the neurodegenerative
diseases (Ding et al., 2016; Mortuza et al., 2014; Zhu et al., 2012). Ding
et al. found the serum miR-195 was up-regulated in samples from
sporadic PD patients and it might be a non-invasive biomarker for PD
diagnosis (Ding et al., 2016). In AD, miR-195 could downregulate
amyloid-β production by targeting BACE1 (Zhu et al., 2012). SIRT1,
which is indispensable for normal learning, memory, and synaptic
plasticity (Xie et al., 2015), has been confirmed to be regulated by miR-
195 in human retinal and dermal microvascular ECs following ex-
posure to 25 mmol/l glucose (Mortuza et al., 2014). In this study,
among the possible regulators of mfn2 predicted by bioinformatic
analysis, the up-regulated miRNAs which had been identified by
microarray were further validated by quantitative RT-PCR analysis.
As a result, it had been confirmed that the expression of miR-195 was
up-regulated in the hippocampus of SAMP8. Finally, we have also
revealed that miR-195 directly interacted with the mfn2 3′-UTR and
down-regulated mfn2 protein abundance at the post-translational level
in vitro. These results indicated that miR-195 was an upstream
regulator of mfn2 expression in the progression of AD at least in part.

Both miR-195 and miR-15b belong to miR-16/15/195/424/497
family, which has been shown to play important roles in tumorigenesis
and diabetes. Their trends of expression were consistent or opposite
under different conditions. For example, puerarin attenuated cardiac
hypertrophy and increased miR-15b and miR-195 expression in the

Fig. 6. Down-regulation of miR-195 increased mfn2 protein levels in the hippocampus
of SAMP8 mice in vivo. The levels of miR-195 (A), mfn2 mRNA (B) and mfn2 protein (C)
in the hippocampus of 6 month-old SAMP8 mice following infusion of miR-195
antigomir. The mice were sacrificed 48 h after the infusion of miR-195 antagomir, the
levels of miR-195, mfn2 mRNA and mfn2 protein were detected by quantitative real-time
RT-PCR and western blot analysis, respectively. U6-snRNA was used as a control for the
normalization of samples for quantitative real-time RT-PCR analysis. The β-Actin was
used as a loading control for western blot analysis. The values are the means ± S.D.
(n=6). *P < 0.05 vs control or scramble group.

Fig. 7. Effect of miR-195 mimics on mitochondrial membrane potential (MMP) in the
HT-22 cells. After transfection with scramble controls, miR-195 mimics, or the
combination of miR-195 mimics and AD-mfn2 or treatment with Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) for 24 h, the MMP in HT-22 cells was assessed by using
JC-10. The ratio of red/green fluorescence intensity was used to determine the values of
MMP. CCCP was used as a positive control for the loss of MMP. Data were expressed as
mean ± SEM. *P < 0.05 vs control or scramble group; #P < 0.05 vs miR-195 mimic group
(n=3).
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mouse cardiac hypertrophy model and in primary cardiomyocytes
(Zhang et al., 2016). However, miR-195 was up-regulated, whereas
miR-15b was down-regulated in serum from 106 sporadic PD patients
(Ding et al., 2016). In this study, the results of microarray showed that
miR-195 and miR-15b were up-regulated in the hippocampus of
SAMP8 mice. But the quantitative real-time PCR results showed that
the miR-195 levels were increased and miR-15b levels were decreased
in hippocampus SAMP8 mice. We speculated that the following
reasons lead to inconsistent results in microarray and quantitative
real-time PCR: (1) The accuracy of real time quantitative PCR is better
than that of the microarray. (2) There might be some individual
differences in animal models.

As mentioned above, mitochondrial dysfunction has been involved
in the pathogenesis of AD. Accumulating data in the literature have
suggested that mfn2 deficiency reduced MMP, an indicator of mito-
chondrial function (Martorell-Riera et al., 2014; Sebastian et al., 2012).
Some studies have indicated mitochondrial ATP content and mito-
chondrial GSH content decreased gradually in the hippocampi of
SAMP8 mice (Shi et al., 2010). Other study showed an increased
mitochondrial DNA deletion in the brain of SAMP8 (Fujibayashi et al.,
1998). In addition, dissociated brain cells isolated from SAMP8 mice
showed significantly reduced MMP and ATP levels (Eckert et al., 2013).
We have found the expression of mfn2 was decreased in the hippo-
campus of SAMP8 mice, and miR-195 was a regulator for mfn2. Thus,
whether the deregulation of miR-195 could affect mitochondrial
dysfunction by down-regulation of mfn2? The results of fluorescent
probe JC-10 staining confirmed that miR-195 induced the loss of MMP
in HT-22 cells. Moreover, the reduction of MMP depended on the
down-regulated expression of mfn2 protein. These results indicated
that deregulation of miR-195 participated in mitochondrial dysfunc-
tion by targeting mfn2.

It should be mentioned that mfn2 expression might be regulated by
other miRNAs in hippocampus as one mRNA could be targeted by
multiple miRNAs. So, further investigations are needed to explore
whether other miRNAs could co-regulate the expression and function
of mfn2 in AD development. In addition, another limitation of the
present study was the absence of experiments to investigate the effect
of miR-195 on the cognitive functions by targeting mfn2 in vivo.
Anyway, our results indicated that mfn2 is a key protein modulated by
miR-195 in the development of AD.

In summary, the present study demonstrated that deregulation of
mfn2 played a critical role in the mitochondrial disorder during the
progression of AD, and its decreased expression was regulated at least
in part by miR-195. Therefore, upregulation of mfn2 expression by
decreasing the level of miR-195 might be a potential new therapeutic
strategy for treatment of AD.

4. Materials and methods

4.1. Animals

SAMP8 and SAMR1 mice aged 3-, 6- and 9- months were obtained
from the Animal Center of Beijing University Medical Department.
Animals were kept under constant environmental conditions (tempera-
ture, 22 ± 2 °C; humidity, 55 ± 5%; 12-/12-h light/dark cycle) with free
access to food and water. All experimental procedures were approved
by the Animal Care and Use Committee of the First Hospital of Hebei
Medical University.

4.2. Cell culture

HT-22 hippocampal neuronal cells and human embryonic kidney
293A cells were purchased from Life Technologies (Waltham, MA,
USA) and American Type Culture Collection (ATCC, Manassas, VA,
USA), respectively. Cells were cultured in complete Dulbecco's
Modification of Eagle's Medium (DMEM) supplemented with 10%

fetal bovine serum.

4.3. Quantitative real-time RT-PCR

Total RNAs were isolated from hippocampus of SAMR1 and
SAMP8 mice or culture cells with TRIZOL regent (Invitrogen,
Burlington, ON, Canada). Reverse transcription reactions were per-
formed using the FastQuant RT Kit (with gDNase) (Tiangen, Beijing,
China). Real-time qPCR assay was performed with SuperReal PreMix
Plus (SYBR Green) (Tiangen, Beijing, China) using the ABI 7500
sequence detection system (Applied Biosystems, USA), and the data
were normalized to the housekeeping gene GAPDH.

MiRNAs were extracted from the hippocampus of SAMR1 and
SAMP8 or culture cells with miRcute miRNA Isolation Kit (Tiangen,
Beijing, China). Reverse transcription reactions were performed using
the miRcute miRNA First-Strand cDNA Synthesis Kit and miRNA
specific RT primer (Tiangen, Beijing, China). Real-time qPCR assay
was performed with miRcute miRNA qPCR Detection kit (SYBR Green)
(Tiangen, Beijing, China) using the ABI 7500 sequence detection
system (Applied Biosystems, USA), and the data were normalized to
U6 snRNA.

4.4. Protein extraction and western blot analysis

Total protein from tissue samples or HT-22 cells transfected with
miR-195 mimics/inhibitor were extracted with protein lysis buffer
(150 mM NaCl, 1% NP-40 and 50 mM Tris-HCl, pH 8.0) supplemented
with a protease inhibitor cocktail (2 μg/mL phenylmethanesulfonyl
fluoride, 2 μg/mL pepstain, 2 μg/mL aprotinin, and 2 μg/mL leupep-
tin). After being lysed on ice for 30 min, lysates were centrifuged at
12,000 rpm for 20 min, and the supernatant was collected. The protein
concentration was measured with a BCA kit. Lysates (50 μg) were
resolved by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), and the gel was transferred onto a nitrocellulose
membrane. The protein on the membranes was detected with rabbit
anti-mfn2 (Cat.ab56889, abcam; diluted 1:1000 in PBS) or a mouse
monoclonal β-actin antibody (Cat. A5441, Sigma; diluted 1:1000 in
PBS) as a loading control. The membranes were then incubated for 1 h
at room temperature with a 1: 5000 dilution of anti-mouse/horseradish
peroxidase (Santa Cruz Biotechnology, USA) and developed with the
Chemiluminescence Plus Western Blot Analysis kit (Santa Cruz
Biotechnology, USA).

4.5. Immunohistochemistry

The hippocampal tissue sections were immunohistochemically
stained for mfn2 using rabbit primary anti-mfn2 antibody (1:100;
Cat.ab56889, abcam USA) and secondary goat anti-rabbit IgG (DBA,
Milan, Italy). These methods have been previously described (Kelso
et al., 2011). The optical density was measured using Image-Pro Plus
6.0.

4.6. Transfection with miRNA mimic or inhibitor

HT-22 cells were transfected with miR-195 mimic (100 nmol/L) or
inhibitor (100 nmol/L) (Guangzhou, China) using Lipofectamine2000

(Invitrogen). Scrambled controls were used in parallel. The mfn2
adenovirus was a gift from Dr Song GY (Department of Internal
Medicine, Hebei General Hospital).

4.7. Construction of 3′-UTR reporter plasmid and dual luciferase
assay

The luciferase vectors including 3′-UTR of mfn2 mRNA (1, 983 bp)
(WT-mfn2 or MT-mfn2 vector) were purchased from NorClone Biotech
(shanghai, China). Scrambled controls, miR-195 mimic, miR-195
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inhibitor, and miR-195 antagomir were obtained from Ribo Bio
(Guangzhou, China). Plasmid DNA (WT-mfn2 or MT-mfn2 vector)
and miR-195 mimic, miR-195 inhibitor, or scrambled controls were
co-transfected into 293A for 24 h. Luciferase activity was measured
using the Dual Luciferase Reporter Assay System (Promega, Madison,
WI, USA). The experiments were performed in triplicate.

4.8. In vivo miRNA transfer

Six-month-old SAMP8 mice (n =12; 6 in each group) underwent
infusion with 3 nmol miR-195 antigomir or a scramble control in the
lateral ventricle by use of a dental drill. The stereo position of the brain
was used to access the exact location of the lateral ventricle. SAMP8
mice anesthetized with 10% chloral hydrate (4 mL/kg) were fixed in a
stereotaxic apparatus. The scalp was deflected and a hole drilled
through the skull over the injection site. The injection coordinates for
the ICV injection were 0.5 mm posterior to the bregma and 1.0 mm to
the right or left of the sagittal suture. A 30 gauge needle was dropped to
2.0 mm and a 2 μl mix of miR-195 antagomir and Lipofectamine2000

was given over 60 s. The needle was removed, the scalp was closed and
the mice were returned to their cages. Mice were sacrificed 48 h after
the infusion for detection of gene expression (Cheng et al., 2007).

4.9. Measurement of mitochondrial membrane potential (MMP)

After transfected with miR-195 mimic, scrambled controls, or the
combination of miR-195 mimic and AD-mfn2 for 24 h, the mitochon-
drial membrane potential was assessed by Mitochondria Membrane
Potential Kit (Cat. MAK159, Sigma, USA) according to the manufac-
turer's instructions.

4.10. Statistical analysis

Statistical analyses were performed by SPSS software version 16.0
(SPSS, Inc., Chicago, IL, USA). Data are expressed as the means ± SD of
at least three independent experiments. Comparisons were made using
ANOVA for three parametric groups. Student's t test was used for two
parametric groups. Differences were considered statistically significant
at P < 0.05.
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