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Abstract

Brain-derived neurotrophic factor (BDNF) and microRNAs (miRNAs) play a significant role in the pathogenesis of acute
ischemic stroke (AIS). The present study investigates the elevated expression of BDNF and miR-124 in AIS patients. In the
present study, serum samples from AIS patients and healthy controls were collected to determine the regulatory role and
mechanism of operation of BDNF and to determine the regulatory miRNAs involved in AIS. Using bioinformatics analysis,
we identified putative and regulatory miR-124. The effect of miR-124 on BDNF expression was examined in human neuronal
cell lines. Moreover, the function of miR-124 in regulating BDNF was analyzed by assessing the serum level of BDNF in
both AIS patients and healthy controls. The results indicate that the BDNF level of AIS patients is very low compared with
that of controls. In contrast, real-time polymerase chain reaction (RT-PCR) data revealed a very high serum level of miR-
124 in AIS patients relative to healthy individuals. The associations of the National Institutes of Health (NIH) stroke scale
(NIHSS) score with BDNF and BDNF-related miR-124 serum levels were calculated using Pearson’s/Spearman’s correlation
coefficient. The findings revealed a negative correlation between NIHSS score and BDNF level, whereas a positive correla-
tion was observed between NIHSS score and miR-124. In addition, the relationship between serum BDNF and miR-124 was
negative in AIS patients. In conclusion, this study provides strong evidence that serum BDNF and the BDNF-regulatory
miR-124 may serve as molecular markers for AIS.
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Introduction

Stroke is an unexpected disease of brain cells caused by a
block in blood flow owing to a lack of oxygen. There are two
types of stroke: ischemic and hemorrhagic. A disruption in
the blood supply to the brain results in an ischemic stroke,
whereas a ruptured blood vessel results in a hemorrhagic
stroke. Brain tissues and certain populations of neurons are
highly susceptible to ischemic stroke (Mattson et al. 2001).
More than 85% of strokes are ischemic, rending this condi-
tion the world’s second and foremost cause of mortality,
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with a high prevalence of morbidity (Jickling and Sharp
2015).

Approximately 20—40% of stroke cases show rigorous
symptoms that slowly affect the quality of life of the indi-
vidual and ultimately lead to disabilities (Bonita et al. 2004).
Stroke is often related to certain therapeutic conditions,
including inflammation, depression, and myocardial infarc-
tion (Arumugam et al. 2005; Legos and Barone 2003; Muir
et al. 2007; Maddahi and Edvinsson 2010). The pathophysi-
ology of stroke is somewhat intricate and involves acidosis,
glial cell activation, disruption of the blood—brain barrier,
and leukocyte infiltration (Majno and Joris 1995; Broughton
et al. 2009).

At present, the cellular and molecular aspects of stroke
have not been completely elucidated. However, current evi-
dence indicates that altered gene expression may play an
essential role in the pathogenesis of stroke (Tu et al. 2013).
Brain-derived neurotrophic factor (BDNF) is a neurotrophin
family protein that plays a vital role in regeneration, neuronal
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developmental, and plasticity. Interestingly, reports clearly
confirm that streptozotocin induces hippocampal and hypo-
thalamic neurons by reducing BDNF secretion (Bathina et al.
2017). In addition, BDNF protects pancreatic f§ cells (RINSF)
against cytotoxic effects of streptozotocin (Bathina et al. 2016).
BDNF has also been considered to be a regulator of stroke
(Tu et al. 2013), and a low level of BDNF protein is a major
indicator of acute ischemic stroke (AIS). In addition, reports
show that inflammatory (Tuttolomondo et al. 2008) as well as
anti-inflammatory factors (such as cytokines) (Nicolas Vila
et al. 2003) were documented during AIS.

Many studies have illustrated that polymorphism of the
BDNF gene is associated with stroke-related traits. It is very
difficult to directly evaluate the BDNF level in the brain;
therefore, researchers are assessing the level of BDNF in the
serum (Meng et al. 2017). Numerous reports have indicated
that the serum BDNF level is lower in AIS patients compared
with healthy individuals (Wang et al. 2017). Interestingly,
the BDNF levels in serum are increased after the intravenous
(Jiang et al. 2017; Cooper-Kuhn 2007), nanoparticle (Harris
et al. 2016) or hydrogel (Cook et al. 2017) delivery of BDNF
to stroke patients, suggesting that serum BDNF level can be
used as a biomarker to analyze AIS and the efficiency of treat-
ing stroke.

Hence, it is necessary to identify the factor that alters the
BDNF level in the serum of AIS patients. In recent years, a sur-
prising discovery related to microRNAs (miRNAs) was made.
miRNAs are non-coding, highly conserved RNAs approxi-
mately 18-25 nucleotides in length that silence their mRNA
targets by monitoring post-transcriptional gene expression (Bar-
tel 2004). MiRNAs are further processed to mature miRNAs,
where they partially and specifically bind to the 3’ untranslated
region (UTR) of the target mRNA (Lee et al. 2003; Yi et al.
2003) and thereby repress translation (Bartel 2004) or degrade
the mRNA (Ambros 2004; Yekta et al. 2004).

Evidence related to miRNAs indicates that abnormal
expression of miRNAs plays a vital role in the pathogenesis of
AIS. miR-9 and miR-124a are highly expressed and associated
with AIS (Lagos-Quintana et al. 2002). The upregulation of
miR-147 and miR-34a has also been noted in human modulate
inflammation after stroke (Witwer et al. 2010). Together, these
findings suggest that miRNAs play a crucial role in the patho-
genesis of AIS. In this context, the present study was designed
to identify the miRNA that controls the serum BDNF level and
to identify associations between miRNAs and AIS.

Materials and methods
Study population

This research received approval from the Internal Insti-
tutional Ethical Review Board, Ethical Committee, and
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Research Advisory Committees of the affiliated hospi-
tal and research institute. All the applicable guidelines
and regulations of each institution were followed. Proper
written consent was acquired from both the patients and
the spectators before sample collection. The study pro-
tocols were explained thoroughly. Forty patients aged
50-75 years were diagnosed with AIS based on mag-
netic resonance imaging and were enrolled in the current
study. Patients were diagnosed by a neurologist using the
National Institutes of Health (NIH) stroke scale (NIHSS)
within 24 h after the onset of stroke. Patients suffering
from a malignant tumor, an autoimmune disorder, or
another unidentified disease as well as those with a short
survival time were excluded. Forty normal controls that
underwent yearly medical checkups at the affiliated insti-
tute were also enrolled. The clinical characteristics of con-
trols and AIS patients are presented in Table 1.

Detection of BDNF in serum

Blood samples were collected from both AIS patients and
healthy individuals and subjected to centrifugation. The
serum was collected and stored at 80 °C. The serum BDNF
level was analyzed using an enzyme-linked immunosorb-
ent assay (ELISA). Serum samples were incubated in a
96-well plate, and a rabbit anti-human antibody against
BDNF (AV41970; Sigma-Aldrich, St. Louis, MO, USA)
was added. The binding efficiency was detected using a
horseradish peroxidase (HRP) labeled secondary antibody.
The color developed was read spectrophotometrically at
450 nm using an ELISA reader (Bio-Tek Instruments Inc.,
Winooski, VT, USA) according to the manufacturer’s
instructions.

Real-time polymerase chain reaction (RT-PCR)

MiRNA was isolated from serum samples using a mirVana™
miRNA Kit (Ambion, Inc., Foster City, CA, USA) accord-
ing to protocol guidelines. From RNA samples, cDNA was
transcribed at 37 °C for 30 min followed by inactivating the
reverse transcriptase at 95 °C for 10 min. The primers used
for miR-124 were (forward) 5'-CATACCTAAGGCACGCGG

Table 1 Clinical characteristics of the AIS and normal samples

Parameter AIS patients (n=40) Normal (n=40)
Age (median) 63 (50-75) 63 (50-75)

Sex (M/F) 22/18 21/19

BDNF (ng/ml) 19.14 +4.87 27.34+4.28
miR-124 (10° copies/ml) ~ 0.56 0.11

NIHSS 10 (5-15) 0
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-3"and (reverse) 5'-GTCGGTGGGCATTCACC-3'. Reverse
transcription (RT)-PCR was performed by initial denaturation
(95 °C) followed by annealing (52 °C) and extension (72 °C).
The expression of miR-124 was detected by means of the
Quantitect SYBRGreen Kit (Qiagen, Hilden, Germany), and
fluorescence was read at 585 nm. The experiments were per-
formed in triplicate to obtain accurate data.

Cell culture and transfection

Human neuroblastoma cell lines were purchased and cultured
in DMEM/F12 medium supplemented with 10% fetal calf
serum and 100 pl/ml penicillin—streptomycin. miR-124 was
chemically synthesized by means of small interfering RNA.
Cells were transfected with 0.5 mg miRNA according to the
manufacturer’s protocol.

Western blot analysis

Protein lysates were prepared from transfected cell lines and
resolved by 10% SDS-PAGE. The resolved protein samples
were transferred to a PVDF membrane and blocked with 5%
skim milk for 2 h. The membrane was washed three times
with Tris-buffered saline containing Tween 20 (TBST) and
incubated with the anti-human BDNF primary antibody
(AV41970; Sigma-Aldrich) overnight at 4 °C. The membrane
was washed again with TBST and incubated with the HRP-
labeled secondary antibody for 1 h, and signals were visualized
using DAB (3,3’-diaminobenzidine; Sigma-Aldrich). Actin
served as a loading control.

Statistical analysis

The results were analyzed using the F test and are presented
as mean =+ standard deviation (SD). Student’s ¢ test, Pearson’s
correlation coefficient, and Spearman’s rank test were used to
evaluate the normality of the distributions of BDNF levels,
NIHSS scores, and miR-124 values. A P value less than 0.05
was considered statistically significant in all analysis.

Results
Clinical analysis of AlS patients and controls

Eighty individuals were enrolled in the current study: 40
were AIS patients, and the remaining 40 were healthy con-
trols. In total, 53% were male, and 46% were female. Sub-
jects ranged in age from 50 to 75 years. The NIHSS assigns
scores to stroke patients based on seriousness: 0 indicates
stroke symptoms, 1—4 indicates minor stroke, 5—15 indicates
moderate stroke, 1620 indicates moderate to severe stroke,
and 21-42 indicates severe stroke. This study included

individual with moderate stroke (5-15), with a median
NIHSS score of 10. The clinical parameters were tabulated
and are presented in Table 1.

Serum BDNF levels in AIS patients and controls

The serum BDNF levels in AIS patients and controls were
determined by ELISA. The mean serum BDNF level of
AIS patients was significantly higher (19.14 +4.87 ng/ml)
than that of healthy controls (27.34 +4.28 ng/ml) (Fig. 1).
These results suggest that BDNF can be used as a molecular
marker for AIS.

BDNF-related miRNAs in AlS patients and controls

To clarify the relationship between BDNF and miRNA, it is
essential to characterize the specific miRNA that standard-
izes the level of BDNF. Using miRNA analysis software,
we performed a comprehensive analysis (http://www.micro
rna.org/microrna/getMirnaForm.do) to identify the specific
miRNAs that target specific genes. Based on this computa-
tional analysis, we determined that miR-124 was targeted by
the 3' UTR of BDNF mRNA.

The functional characteristic of miR-124 in associa-
tion with BDNF was examined using cell lines. Cells were
transfected with miR-124, and the expression of BDNF
was analyzed by Western blot. The BDNF level was lower
in miR-124-treated cells compared to controls (Fig. 2).
These findings suggest that miR-124 plays a crucial role
in regulating BDNF expression.

To confirm these findings, real-time PCR was carried
out in human trials by analyzing the serum level of BDNF-
regulating miR-124. AIS patients had a higher serum level
of miR-124 (0.56 x 10° copies/ml; n =40) than healthy
controls (0.11x 10? copies/ml; n=40; P<0.01) (Fig. 3).
These results confirm that miR-124 is the putative target

BDNF

Control AIS

Fig. 1 Serum BDNF concentration. BDNF levels in patients and con-
trol individuals. The BDNF levels in the serum of AIS patients were
significantly decreased when compared with controls
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that regulates the expression of BDNF, which may be
causative of AIS.

Serum BDNF level and its regulatory miRNA,
miR-124

The serum BDNF level was lower and the BDNF-related
miR-124 level was higher in AIS patients than in healthy
controls. The correlation between BDNF and miR-124 was
analyzed by Spearman’s coefficient. The data revealed a
negative correlation between serum BDNF level and miR-
124 (Spearman rs =—0.418; P=0.007) in AIS patients
and healthy controls (Fig. 4).

Serum level of BDNF-related miR-124 and NIHSS
score

To determine whether this miRNA can be used as a diag-
nostic tool in AIS, an association between the serum level of
miRNA and the NIHSS score was examined by Pearson’s or
Spearman’s coefficient. The results indicated a negative cor-
relation (Pearson r=—0.538; P=8.75E-05) between serum
BDNF and NIHSS score in both AIS patients (n=40) and
healthy controls (n=40) (Fig. 5a). In contrast, a positive
correlation (Spearman rs =0.374; P=0.002) between serum
miR-124 and NIHSS score was noted in all 80 individu-
als (Fig. 5b). This finding suggests that the serum level of

A
miR-124 - - +

Control - - -

BDNF "8 s s

Actin ————

25 A

5

BDNF

Control miR-124

Fig.2 Regulation of miR-124 in expressing BDNF using western
blot. a Expression of BDNF in miR-124 transfected human neuronal
cell lines. b Relative intensity of the blot in graphical form
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Fig.3 Detection of serum miR-124 by real time PCR. Serum miR-
124 in AIS and healthy control. RT-PCR analysis illustrated that the
level of serum miR-124 in AIS patients was higher than the normal.
P value <0.01

miRNA is associated with the NIHSS score, which may aid
in AIS diagnosis.

Discussion

The present study characterized the regulation of BDNF and
its associated miRNA and evaluated their functions related
to the pathogenesis of AIS. BDNF, a member of the neu-
rotrophin family, plays a vital role in cell differentiation,
proliferation, and synapsis regulation (Tu et al. 2013). Using
a bioinformatics approach, we identified the putative BDNF-
regulatory miR-124. Using human neuronal cell lines, we
validated the negative regulation of BDNF. AIS patients
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Fig.4 Correlation among BDNF in serum and its related miR-124.
Spearman coefficient analysis showed a negative correlation among
serum BDNF and miR-124 in AIS and controls
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Fig.5 Correlation among serum BDNF-related miR-124 and NIHSS
score. a Pearson coefficient analysis showed a negative correlation
among serum BDNF and NIHSS score in AIS patients along with

exhibited a marked decrease in serum BDNF level com-
pared with healthy controls. Interestingly, the serum miR-
124 level was higher in AIS patients than in controls. The
statistical analysis revealed a negative correlation between
BDNF/miR-124 and BDNF level/NIHSS score in both AIS
patients and controls. Furthermore, a positive correlation
between miR-124/NIHSS score was noted in AIS patients
and healthy controls.

As AIS is such a serious condition, it is essential to
identify a molecular marker for its early diagnosis. Several
reports have indicated that the serum BDNF level is low in
stroke patients (Wang et al. 2017). These findings are con-
sistent with ours, which revealed decreased serum BDNF
levels in AIS patients relative to healthy controls. Moreo-
ver, we identified a negative correlation between BDNF
and NIHSS score in both AIS patients and healthy controls.
Therefore, we conclude that serum BDNF can be used as a
molecular marker for AIS.

Previous studies have reported decreased BDNF levels in
neurodegenerative disorders, such as schizophrenia (Ikeda
et al. 2008) and Alzheimer’s disease (Yasutake et al. 2006).
However, these results have not aided in diagnosis. Hence, in
the current study, we investigated BDNF-related miRNA and
serum BDNF level to increase the possibility of diagnosing
AIS through the BDNF-regulated miRNA.

Numerous miRNAs are expressed in both neuronal and
non-neuronal cells; however, their expression may vary under
different conditions (Anacker et al. 2011). miR-124 and miR-9
are expressed in neurons, whereas miR-26 and miR-23 are
more strongly expressed in astrocytes (Smirnova et al. 2005).
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control. b Spearman coefficient analysis showed a positive correlation
between serum miR-124 and NIHSS score in AIS patients and control

Several studies have determined that miRNAs, such as miR-
14, miR-107, and miR-21 (from plasma and peripheral blood
samples), are highly expressed in stroke patients (Long et al.
2013; Peng et al. 2015); however, only a limited number of
miRNAs are brain-specific. miR-124 expression is abundant
in the brain (Laterza et al. 2009). miR-9 is also expressed in
the developing as well as the adult brain. Moreover, previ-
ous reports have noted miR-9 expression in stroke patients
(Coolen et al. 2013). A recent study demonstrated an elevated
level of serum exosomal miR-124 and miR-9 in AIS patients.
A positive correlation between the levels of miRNAs and the
NIHSS scores was also observed (Ji et al. 2016). Similarly,
our findings confirm that miR-124 is elevated in AIS patients,
whereas transfection of miR-124 in human neuronal cells
decreases BDNF expression.

Conclusion

From this study, we conclude that, miR-124 is the putative
miRNA target that plays a crucial role in the regulation and
expression of BDNF in serum. Although the miR-124 level
of AIS patients was very high compared to that of healthy
controls, we observed marked decrease in the serum BDNF
level in AIS patients. These findings strongly suggest that
BDNF and its associated miRNA (miR-124) play a vital
role in the pathogenesis of AIS. We also recommend that
BDNF be used as a molecular biomarker for AIS diagnosis.
Additional studies are necessary to obtain more conclusive
results.
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