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Abstract
The irrefutable change in the expression of brain-enriched microRNAs (miRNAs) following ischemic stroke has promoted 
the development of radical miRNA-based therapeutics encompassing neuroprotection and neuronal restoration. Our previous 
report on the systems-level prediction of miR-9 in post-stroke-induced neurogenesis served as a premise to experimentally 
uncover the functional role of miR-9 in post-ischemic neuronal survival and regeneration. The oxygen-glucose deprivation 
(OGD) in SH-SY5Y cells significantly reduced miR-9 expression, while miR-9 mimic transfection enhanced post-ischemic 
neuronal cell viability. The next major objective involved the execution of a drug repositioning strategy to augment miR-9 
expression via structure-based screening of Food and Drug Administration (FDA)-approved drugs that bind to Histone 
Deacetylase 4 (HDAC4), a known miR-9 target. Glucosamine emerged as the top hit and its binding potential to HDAC4 
was verified by Molecular Dynamics (MD) Simulation, Drug Affinity Responsive Target Stability (DARTS) assay, and 
MALDI-TOF MS. It was intriguing that the glucosamine treatment 1-h post-OGD was associated with the increased miR-9 
level as well as enhanced neuronal viability. miR-9 mimic or post-OGD glucosamine treatment significantly increased the 
cellular proliferation (BrdU assay), while the neurite outgrowth assay displayed elongated neurites. The enhanced BCL2 and 
VEGF parallel with the reduced NFκB1, TNF-α, IL-1β, and iNOS mRNA levels in miR-9 mimic or glucosamine-treated cells 
further substantiated their post-ischemic neuroprotective and regenerative efficacy. Hence, this study unleashes a potential 
therapeutic approach that integrates neuronal survival and regeneration via small-molecule-based regulation of miR-9 favor-
ing long-term recovery against ischemic stroke.
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Introduction

Specific brain-enriched miRNAs fine-tune neurogenic pro-
cesses regulating neuronal proliferation and differentiation 
(Shen and Temple 2009; Shi et al. 2010; Lang and Shi 2012; 
Nampoothiri and Rajanikant 2017). Modulating the activ-
ity of these miRNAs may have therapeutic relevance in 
ischemic stroke (Khoshnam et al. 2017; Ouyang et al. 2013; 
Nampoothiri et al. 2016). Of late, there has been a paradigm 
shift from neuroprotective to neuronal restoration miRNA-
based strategies that promote long-term post-stroke recovery 
(Cramer 2018; Liu et al. 2011, 2013a, b). Given the rising 
interest in miRNA-mediated neuronal repair, our recently 
published study delved into the miRNA-regulatory network 
in ischemic stroke and predicted the association of miR-9 
and histone deacetylase-4 (HDAC4) in post-stroke-induced 
neurogenesis (Nampoothiri et  al. 2018). Therefore, we 
hypothesized that integration of neuronal survival and regen-
eration by regulating miR-9 expression would be appealing 
as a radical approach for the treatment of ischemic stroke.

miR-9 exhibits a distinct expression pattern in the brain 
and orchestrates processes involved in the development of 
the central nervous system (Coolen et al. 2013). It is essen-
tial for embryonic and adult neuronal progenitor cell differ-
entiation and maintenance (Zhao et al. 2009). miR-9 nega-
tively regulates HDAC4, stabilizing its expression through a 
positive feedback mechanism and enhances the neurogenic 
potential of neural precursor cells (Davila et al. 2014). A few 
previous reports suggest the neuroprotective role of miR-9 
in cerebral ischemia (Wei et al. 2016; Chen et al. 2017); 
however, there has been a limited insight into the function 
of miR-9 in neuronal regeneration post-ischemia.

The current study was conceptualized to delineate the role 
of miR-9 in post-ischemic neuron regeneration and survival. 
The miR-9 expression was quantified with the subsequent 
assessment of miR-9 upregulation on neuronal viability and 
neurite outgrowth in an in-vitro model for ischemic stroke. 
The study was further extended wherein computational drug 
repositioning approach was implemented to identify a suit-
able pharmacological intervention targeting HDAC4 (a class 

IIa specific HDAC and a known miR-9 target) likely to act 
as an alternative for the exogenous administration of miR-9 
mimic. To the best of our knowledge, this is the first study 
that unravels the significance of miR-9 upregulation in inte-
grating post-ischemic neuronal regeneration and survival.

Methodology

Transient Transfection of SH‑SY5Y Cells 
with miRNA‑9

SH-SY5Y cells were procured from National Centre for Cell 
Science, Pune, India, and cultured as previously described 
(Davis et al. 2018). The cells were transiently transfected 
with miR-9-5p mimic (Eurogentec, Belgium), miR-9-5p 
inhibitor (Thermo Fisher Scientific, MA, USA), and the 
corresponding negative controls (mirVana™ miRNA Mimic 
Negative Control #1 and mirVana™ miRNA Inhibitor, Nega-
tive Control #1) (Thermo Fisher Scientific, MA, USA) using 
Invitrogen™ Lipofectamine™ RNAiMAX transfection rea-
gent (Thermo Fisher Scientific, MA, USA) according to the 
manufacturer’s instructions. The transfection mixture was 
prepared in Opti-MEM™ reduced serum medium (Thermo 
Fisher Scientific, MA, USA). The cells were incubated 
with the corresponding miRNA-lipid complex for 10 h. An 
optimized final concentration of 50 nM was used for miR-9 
mimic, inhibitor, and the negative controls.

Oxygen‑Glucose Deprivation (OGD)

SH-SY5Y cells were exposed to OGD by replacing the cul-
ture medium with Earle’s balanced salt solution (EBSS) 
(Thermo Fisher Scientific, MA, USA), and the cells were 
placed in modular incubator chamber (Billups-Rothenberg, 
Del Mar, USA). The chamber was sealed and flushed with a 
mixture of 95%  N2 and 5%  CO2 for 5 min with a flow rate of 
40 L/min. Both the ports were sealed, and the chamber was 
kept in an incubator at 37 °C for 2 h. OGD was terminated 
by replacing the EBSS with DMEM/F12 medium containing 
10% FBS. The culture was then placed in the incubator for 
reoxygenation (OGD/R). The control cells were untreated 
and maintained under normoxic condition (5%  CO2 and 95% 
air) with DMEM/F12 containing 10% FBS.

miRNA Isolation and miR‑9 Expression Analysis

SH-SY5Y cells were seeded in a 6-well plate at a den-
sity of 3 × 105 cells/well. Total RNA was extracted from 
the harvested cells at 4-h and 20-h post-OGD using mir-
Vana™ miRNA Isolation Kit (Thermo Fisher Scientific, 
MA, USA) according to the manufacturer’s recommen-
dations. The isolated total RNA was quantified using a 



225Cellular and Molecular Neurobiology (2019) 39:223–240 

1 3

spectrophotometer. Total RNA was converted to cDNA 
using TaqMan™ Advanced miRNA cDNA Synthesis Kit 
(Thermo Fisher Scientific, MA, USA). Quantitative real 
time-polymerase chain reaction (qRT-PCR) analysis was 
performed using Roche LightCycler® 96 System with 
TaqMan® MicroRNA Assay kit for hsa-miR-9-5p and 
endogenous control RNU48. The total reaction volume 
was 20 µl and contained the following components: 1:10 
diluted miR-9 or RNU48 cDNA reaction product, 1  µl 
TaqMan® Advanced miRNA Assay (20×), 10 µl TaqMan® 
Fast Advanced Master Mix (2×), and 4 µl RNase free water 
(Thermo Fisher Scientific, MA, USA). qRT-PCR was then 
performed on the 96-well plate using the following proto-
col: 95 °C for 20 s, 40 cycles of 95 °C for 1 s, and 60 °C for 
20 s. The relative miR9 level was normalized to the expres-
sion of the endogenous control RNU48 for each sample and 
calculated using the  2−ΔΔCt method. The experiment was 
performed three times in triplicate.

MTT Assay

The cell viability post-OGD was measured using MTT assay. 
SH-SY5Y cells were seeded in transparent 96 multi-well 
plates at a density of 1 × 104 cells/well, and cell viability was 
measured 24 h following OGD using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) 
as previously described (Davis et al. 2018). The absorbance 
was measured at 570 nm using a microplate reader (TECAN, 
Infinite200 pro, Switzerland).

ATP Assay

SH-SY5Y cells were seeded in opaque white 96-well plates 
at a density of 1 × 104 cells/well for ATP assay. The CellTi-
ter-Glo® 3D Cell Viability Assay (Promega, Madison, WI, 
USA) was used to determine the amount of ATP in the cells 
24-h post-OGD/R according to the manufacturer’s instruc-
tions. An equal volume of CellTiter-Glo® 3D Reagent was 
added corresponding to the volume of cell culture medium 
present in each well. The contents were mixed for 5 min to 
induce cell lysis. The plate was incubated at room tempera-
ture for an additional 25 min to stabilize the luminescent 
signal, and the luminescence was recorded using microplate 
reader (TECAN, Infinite200 pro, Switzerland) with an inte-
gration time of 1 s.

Docking and Molecular Dynamics (MD) Simulation

Structure-Based virtual screening of FDA drug database 
against HDAC4 was employed to identify a small molecule 
alternative to upregulate miR-9 and repurpose drugs for 
the treatment of ischemic stroke. The crystal structure of 
the protein, HDAC4 (PDB ID: 2VQM), was retrieved from 

Protein Data Bank (PDB) (http://www.rcsb.org/pdb/home/
home.do). The zinc binding catalytic domain of HDAC4 was 
identified as the active site (Bottomley et al. 2008) to create 
a receptor grid for docking. The food and drug administra-
tion (FDA)-approved drug structures were obtained from 
DrugBank (http://www.drugb ank.ca) (Wishart et al. 2008) to 
identify the ligand binding to HDAC4. The prepared ligands 
were docked to the generated receptor grid for the protein 
HDAC4 using structure-based virtual screening module of 
Schrodinger suite, and the parameters were set as already 
described (Davis et al. 2018). The molecular weight of 
ligands to be docked to HDAC4 was set to less than or equal 
to 600. The glide score was analyzed, and the best ligand 
conformation was selected.

MD simulation renders an account of protein–ligand 
motion in a simulated biological environment at an atomic 
level. The PRODRG server (http://davap c1.bioch .dunde 
e.ac.uk/cgi-bin/prodr g) provided topologies and parameters 
for the ligand. A 20 ns MD simulation of the selected pro-
tein–ligand complex was executed using Gromacs v5.1.1 
software with Gromos53a6 force field as already described 
(Fayaz and Rajanikant 2014).

Drug Affinity Responsive Target Stability (DARTS) 
Assay

The virtually predicted glucosamine–HDAC4 interaction 
was verified using DARTS assay as previously described 
(Davis et al. 2018; Pai et al. 2015). Briefly, the protein was 
isolated using M-per Mammalian Protein Extraction Rea-
gent (Thermo Fisher Scientific, MA, USA) and centrifuged 
at 18,000 × g at 4 °C for 10 min. The protein concentration 
was measured using Pierce BCA protein assay kit (Thermo 
Fisher Scientific, MA, USA). The protein (500 µg/ml) iso-
lated from SH-SY5Y cells was treated with 300 µM of glu-
cosamine (Sigma-Aldrich, MO, USA) for 45 min at 37 °C 
and then treated with pronase (0.5 and 0.2 µg/ml) (Roche 
Holding AG, Basel, Switzerland) for 30 min at 37 °C. The 
pronase digestion was ceased by adding SDS–PAGE sample 
loading buffer and heated at 95 °C for 5 min. The protein 
samples were run on a 10% Bis-Tris gel and stained using 
Coomassie blue. The protected protein bands were further 
analyzed by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS). The experi-
mental data containing the peptide mass (m/z) values were 
analyzed using MASCOT peptide mass fingerprint.

Post‑OGD Glucosamine Treatment and Cell Viability 
Measurement

Post-ischemic neuroprotective efficacy of glucosamine was 
evaluated in SH-SY5Y cells subjected to 2 h of OGD as 
described earlier. Cells were treated with 0, 0.1, 0.5, 1, or 

http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do
http://www.drugbank.ca
http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg
http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg
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5 µM of glucosamine 1 h after the completion of OGD. The 
control cells remained untreated and were kept under a nor-
moxic condition with 5%  CO2 and 95% air in DMEM/F12 
containing 10% FBS.

Lactate Dehydrogenase (LDH) Assay

Cell death was measured 24-h post-OGD using Pierce™ 
LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific, MA, 
USA) according to the manufacturer’s protocol. The absorb-
ance was measured at 490 nm and 680 nm (reference) using 
microplate reader (TECAN, Infinite200 pro, Switzerland). 
LDH in the withdrawn culture medium was quantified, and 
the results were expressed as a percentage of cell viability.

Annexin V/Propidium Iodide (PI) Quantification

Cell death was assessed using Dead cell apoptosis kit 
Annexin V/PI (Thermo Fisher Scientific, MA, USA). SH-
SY5Y cells were seeded in opaque black 96-well plates at 
a density of 1 × 104 cells/well. The assay was performed 
according to the manufacturer’s guidelines, and the fluo-
rescence intensity was measured using microplate reader 
(TECAN, Infinite200 pro, Switzerland) at fluorescence emis-
sion of 530 nm and 575 nm.

5‑Bromo‑2′‑Deoxyuridine (BrdU) Assay

To analyze cell proliferation, 5-Bromo-2′-deoxyuridine 
Labeling and Detection Kit I (Sigma-Aldrich, MO, USA) 
was used 24-h post-OGD according to the manufacturer’s 
protocol. SH-SY5Y cells were grown on matrigel coated 
coverslips in 24-well plates at a density of 0.5 × 105 cells/
well. After labeling the cells with BrdU, the coverslips were 
mounted onto the glass slides using SlowFade™ Diamond 
Antifade Mountant with DAPI (Thermo Fisher Scientific, 
MA, USA). The number of BrdU-positive cells and total 
DAPI nuclei was counted under a 20x objective (Nikon 
Eclipse Ti, Nikon Instruments, Tokyo, Japan), and the per-
centage of BrdU/DAPI was determined.

Neurite Outgrowth Assay

SH-SY5Y cells were seeded on matrigel coated cover 
slips in 24-well plates with an initial density of 0.5 × 105 
cells/well. After 24 h and 48 h of OGD/R, neurite out-
growth was measured using Neurite Outgrowth Staining 
Kit (Thermo Fisher Scientific, MA, USA) according to 
the manufacturer’s guidelines. The cells were mounted on 
glass slides using SlowFade™ Diamond Antifade Mount-
ant with DAPI (Thermo Fisher Scientific, MA, USA) and 
visualized under a fluorescent microscope (40 ×) (Nikon 
Eclipse Ti, Nikon Instruments, Tokyo, Japan). Simple 

Neurite Tracer, an ImageJ plugin, was used to trace the 
neurites and the neurite length was measured.

Total RNA Isolation, cDNA Conversion, and qRT‑PCR 
Analysis

Total RNA was extracted from the harvested cells using 
RNAqueous™-Micro Total RNA Isolation Kit (Thermo 
Fisher Scientific, MA, USA) according to the manufac-
turer’s recommendations and quantified using a spectro-
photometer. cDNA was synthesized from the isolated total 
RNA using Verso cDNA synthesis kit (Thermo Fisher Sci-
entific, MA, USA) as instructed in the manual. Reverse 
transcription was performed at 42 °C for 30 min, 95 °C 
for 5 min followed by 4 °C hold. The converted cDNA 
was subjected to qRT-PCR using the following primers 
(Eurogentec, Liège, Belgium) to determine the expression 
level of the genes: BCL2, VEGF, NFκB1, TNF-α, IL1-β, 
and iNOS.

GAPDH Forward primers: TCA TGG TAT 
GAG AGC TGG GGA 

Reverse primers: AGT GAT GGC 
ATG GAC TGT GG

VEGF Forward primer: GCC TTT TTG 
CAG TCC CTG TG

Reverse primer: AGG CAG GCA 
GCT AGA AAC TG

NFκB1 Forward primer: TTC CCG ATC 
TGA GTC CAG GT

Reverse primer: GCT TGT CTC 
GGG TTT CTG GA

BCL2 Forward primer: TGA AAC TCC 
CTT AGC CCT GC

Reverse primer: CAG GGC GTA 
TCA AGG GAG AG

iNOS Forward primer: TAT GAA CGC 
CAG CAT GAG CC

Reverse primer: CAC CCC TGT 
TTC AAC GAC CT

IL-1β gene Forward primer: GTC TCA GCG 
TCT CCA CTG AC

Reverse primer: TCA CAC ATG 
AAC GTA GCC GT

TNF-α Forward primer: TCT GGC ACA 
CAG AAG ACA CT

Reverse primer: GGC CAG AGG 
GCT GAT TAG AG

qRT-PCR analyses were performed using DyNAmo™ 
ColorFlash SYBR Green qPCR Kit (Thermo Fisher Scien-
tific, MA, USA) on Roche Lightcycler 96 system (Roche 
Holding AG, Basel, Switzerland) according to the provided 
guidelines. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) served as the internal control, and relative gene 
expression was evaluated using  2−ΔΔCT method.
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Statistical Analysis

The data were analyzed with GraphPad Prism version 5 for 
Windows (GraphPad software, San Diego, CA, USA) and 
are expressed as mean ± standard error of the mean (SEM) in 
graphics and text representations. One-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s multiple compari-
son test was utilized to obtain the difference between three 
or more groups. Student’s t test was performed to analyze 
two independent groups. A p value of less than 0.05 was 

considered statistically significant. Each experiment was 
performed thrice in triplicate.

Results

Reduced miR‑9 Expression Following OGD

Oxygen-glucose deprivation significantly reduced miR-9 
expression following 4-h (***p < 0.001 vs control) and 20-h 
(**p < 0.01 vs control) reoxygenation when compared with 
the control group (Fig. 1). However, there was a marginal 
increase in endogenous miR-9 expression at 20-h post-OGD 
 [##p < 0.01 vs OGD/R(4 h)].

miR‑9 Upregulation Promotes Neuronal Survival 
In Vitro

To examine the effect of miR-9 in neuronal cell viability fol-
lowing OGD, SH-SY5Y cells were transfected with miR-9 
mimic, inhibitor, and the corresponding miRNA negative 
controls for 10 h before OGD (Fig. 2a). The transfection effi-
ciency of miR-9 was evaluated 24 h after OGD using qRT-
PCR (Supplemental Fig. 1). Subsequently, the cells were 
tested for viability at 24-h post-OGD using MTT assay. The 
average cell viability was significantly reduced (61.9%) in 
the vehicle group exposed to OGD/R when compared with 
the control group kept under normoxia (100%) (***p < 0.001 
vs control). The cells transfected with miR-9 mimic and 
subjected to OGD/R showed a significant increase in aver-
age cell viability (82.89%; ##p < 0.01 vs vehicle). However, 
the miR-9 antagomir and the miRNA negative control-
transfected cells did not exhibit any significant change. The 
cell viability comparison with miRNA negative controls 

Fig. 1  miR-9 expression analysis in SH-SY5Y cells subjected 
to OGD after 4-h and 20-h reoxygenation. The relative expres-
sion of miR-9 was normalized to RNU48. Data are represented as 
mean ± SEM, where ***p < 0.001, **p < 0.01 versus control, ##p < 0.01 
versus OGD/R (4 h) denoted significance. OGD/R represents oxygen-
glucose deprivation/reoxygenation

Fig. 2  miR-9 transfection and cell viability measurement a The graph 
shows the post-OGD percentage of cell viability (b) and level of ATP 
in terms of relative luminescence unit (RLU), in miR-9 mimic, inhibi-

tor, and the corresponding negative control-transfected cells. Data 
are represented as mean ± SEM, where ***p < 0.001 versus control, 
###p < 0.001, ##p < 0.01 versus vehicle were considered significant
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indicated the explicit neuroprotective role of miR-9 mimic 
following OGD.

In addition, the effect of miR-9 on cellular ATP was 
measured to determine the metabolic activity of cells. ATP 
is a marker for cell viability present in all metabolically 
active cells. ATP can induce cell proliferation and differ-
entiation arbitrating different pathophysiological functions 
based on the target cell. The ATP levels were quantified 
in terms of luminescence and miR-9 mimic-transfected 
cells displayed a significant increase in ATP, in contrast to 
OGD/R exposed cells that caused a reduction in the intracel-
lular ATP (***p < 0.001 vs control, ###p < 0.001 vs vehicle) 
(Fig. 2b). Hence, miR-9 upregulation directly enhanced ATP 
levels in cells exposed to OGD/R and further established its 
function in neuronal survival.

Glucosamine Formed Docked Complex with HDAC4

miR-9 forms a positive feedback loop with HDAC4 to stabi-
lize its expression (Davila et al. 2014). Besides, miR-9 and 
HDAC4 were predicted to be the significant regulators of 
post-stroke-induced neurogenesis (Nampoothiri et al. 2018). 
Therefore, in this study, we employed a drug repositioning 
strategy to amplify miR-9 expression through the structure-
based screening of FDA-approved drugs that target HDAC4. 
Small-molecule-mediated regulation of miRNAs is of great 
therapeutic significance and could act as an attractive alter-
native to using exogenous miRNAs (Lee et al. 2018). Dock-
ing-based virtual screening of FDA-approved drug database 
identified Glucosamine, S-Adenosylmethionine, Amoxicil-
lin, Dasatinib, and Plerixafor as the potential inhibitors 
of HDAC4. Glucosamine emerged as the top hit with the 
best docking score of − 8.73 (Table 1). The plausible bind-
ing mode of glucosamine to the active site of HDAC4 is 
depicted in Fig. 3 a, b.

MD Simulation Confirmed the Interaction 
of Glucosamine with HDAC4

MD simulation is construed as a computational micro-
scope that uncovers the interaction between atoms in a 
biomolecule with another small molecule at spatial and 

temporal scales. It enables the computation of positions, 
energies, and velocities during the interaction, which is 
otherwise challenging to deduce experimentally (Dror 
et al. 2012). Molecular docking provided a virtual rep-
resentation of glucosamine-HDAC4 interaction, and MD 
simulation extrapolated the stability of glucosamine-
HDAC4 complex by considering solvent effect and pro-
tein flexibility in a simulated biological environment. The 
root-mean-square deviation (RMSD) value provided the 
measure of the dynamic stability of the MD trajectories. 
RMSD plot showed that the interaction between glucosa-
mine and HDAC4 was stable during the course of simula-
tion. The RMSD of Glucosamine in the docked complex 
was stable at 0.5 nm (Fig. 4a). The number of H-bonds 
formed between the ligand glucosamine and the protein 
receptor HDAC4 during 20 ns of simulation is depicted 
graphically (Fig. 4b).

Table 1  Top five FDA-approved 
drugs targeting HDAC4 
obtained from molecular 
docking analysis

Generic drug name Molecular formula Molecular weight Docking score

Glucosamine C6H13NO5 179.1711 − 8.729463
S-Adenosylmethionine C15H23N6O5S 399.445 − 8.377353
Amoxicillin C16H19N3O5S 365.404 − 8.002663
Dasatinib C22H26ClN7O2S 488.006 − 7.794825
Plerixafor C28H54N8 502.782 − 7.717125

Fig. 3  Illustration of glucosamine docked to the active site of HDAC4 
a Ribbon representation of docked complex of HDAC4 and glucosa-
mine (ball and stick chemical structure) b The 3D molecular surface 
representation of HDAC4 docked to glucosamine
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DARTS Assay Validated the Glucosamine–HDAC4 
Interaction

The affinity of glucosamine–HDAC4 interaction was 
determined using DARTS assay. The assay is based on 
the reduced susceptibility of the target protein to pro-
tease-induced degradation as the protein stabilizes fol-
lowing small-molecule treatment (Pai et al. 2015). The 
glucosamine-treated cell lysate was partially digested with 
pronase to identify the proteins bound to glucosamine. 
The proteins were separated by SDS–PAGE and it was 
observed that the glucosamine-treated sample protected 
the band corresponding to 140 kDa representing HDAC4 
protein (Fig.  5a). There was no band in the pronase-
digested sample without glucosamine. The protected band 
was verified to be HDAC4 by MALDI-TOF MS. The peak 

corresponding to HDAC4 has been marked in the mass 
spectrogram (Fig. 5b).

Glucosamine Treatment Promoted Neuronal 
Survival Post‑OGD

One-hour post-OGD treatment of cells with 0.5 µM of 
glucosamine rendered the highest average cell viability of 
88.19% (###p < 0.001 vs vehicle) against vehicle-treated 
cells exposed to OGD/R (63.18%; ***p < 0.001 vs control) 
(Fig. 6a). LDH assay also substantiated that glucosamine-
treated cells (0.5 µM) significantly improved cell viability 
(###p < 0.001 vs vehicle) (Fig. 6b). Thus, the glucosamine 
concentration of 0.5 µM was chosen for the subsequent stud-
ies carried out in SH-SY5Y cells.

Glucosamine Treatment Upregulated miR‑9 
Post‑OGD

miR-9 expression was quantified in glucosamine-treated 
SH-SY5Y cells after 4 h and 20 h of OGD. At 4-h post-
OGD, glucosamine-treated cells showed a slight increase in 
miR-9 expression  [#p < 0.05 vs vehicle-treated cells exposed 
to OGD/R (4 h)] (Fig. 7a). Interestingly, glucosamine exhib-
ited a significant increase in miR-9 expression at 20 h fol-
lowing OGD [0.8125-fold, ###p < 0.001 vs vehicle-treated 
cells exposed to OGD/R (20 h)] (Fig. 7b). These results cor-
roborated that glucosamine could modulate miR-9 expres-
sion by targeting HDAC4 and could be possibly used as an 
alternative to exogenous miR-9 mimic to upregulate miR-9. 
We further compared the effect of miR-9 mimic and glucosa-
mine administration on neuronal death, neuronal prolifera-
tion, neurite outgrowth, and mRNA expression of BCL2, 
NFκB1, and VEGF.

miR‑9 Mimic and Glucosamine Alleviated Neuronal 
Apoptosis and Necrosis

To evaluate the effect of miR-9 upregulation and glucosa-
mine treatment on neuronal death, we quantified the fluo-
rescence intensity of PI- and Annexin V-stained SH-SY5Y 
cells. At 530 nm and 575 nm, glucosamine-treated and miR-
9-upregulated cells emitted significantly low fluorescence 
as opposed to the vehicle-treated OGD/R-induced cells 
(###p < 0.001 vs vehicle). This observation showed that glu-
cosamine and miR-9 mimic alleviate neuronal apoptosis and 
necrosis.

Post‑OGD BrdU Incorporation in miR‑9‑Transfected 
and Glucosamine‑Treated Cells

The effect of miR-9 upregulation and glucosamine on cel-
lular proliferation following OGD/R was further evaluated 

Fig. 4  a RMSD plots of protein–ligand complexes. RMSD of glu-
cosamine compared to the initial position in complex with HDAC4 
along 20 ns of MD simulation. b Calculation of number of H-bonds. 
Number of H-bonds formed between Glucosamine and HDAC4 dur-
ing 20 ns of MD simulation
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by labeling SH-SY5Y cells with BrdU (Fig. 9a). The cell 
proliferation reduced by 20.5% in vehicle-treated cells 
exposed to OGD/R compared with the control (**p < 0.01 
vs control). At 24-h post-OGD, miR-9 upregulation signif-
icantly increased the BrdU-stained cells by 21.15% com-
pared to the vehicle-treated OGD-induced cells (#p < 0.05 
vs vehicle), whereas miR-9 inhibition did not have any 

significant effect on cellular proliferation (p > 0.05). Glu-
cosamine treatment remarkably enhanced cell prolifera-
tion after 24 h of OGD/R with a 33.2% increase in BrdU-
positive cells (###p < 0.001 vs vehicle) (Fig. 9b). These 
results suggest the positive effect of miR-9 upregulation 
and glucosamine treatment in promoting cellular prolifera-
tion after ischemic stroke in vitro.

Fig. 5  Experimental validation of glucosamine binding to HDAC4 a 
Protein separation using DARTS assay, where black arrowhead indi-
cates the protected band corresponding to HDAC4 in glucosamine-

treated sample with optimum pronase digestion b Mass spectrogram 
confirmed the binding of HDAC4 with glucosamine

Fig. 6  Post-ischemic neuroprotection conferred by glucosamine 
in SH-SY5Y cells (a) Post-OGD percentage cell viability in cells 
treated with different concentration of glucosamine (0.1, 0.5, 1, or 
5 µM) obtained using a MTT assay b LDH assay. The cells exposed 

to OGD/R and treated with PBS represent the vehicle group. Data 
are represented as mean ± SEM, where ***p < 0.001 versus control, 
#p < 0.05, ##p < 0.01, ###p < 0.001 versus vehicle were considered sig-
nificant
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Effect of miR‑9 Mimic and Glucosamine on Neurite 
Outgrowth Post‑OGD

To assess the role of miR-9 in neurite outgrowth, SH-SY5Y 
cells were transfected with miR-9 mimic, antagomir, and 
corresponding negative controls prior to OGD exposure 
(Figs. 10, 11). At 24-h post-OGD, the vehicle-treated cells 
subjected to OGD showed stubby neurite outgrowth with 
2.79 cm average neurite length (***p < 0.001 vs control) 
while those transfected with miR-9 mimic exhibited a greater 
neurite length of 4.93 cm (###p < 0.001 vs vehicle) (Fig. 12a). 
The average neurite length further increased to 8.68 cm at 
48 h following OGD/R in miR-9 mimic-transfected cells 
(***p < 0.001 vs control, ###p < 0.001 vs vehicle), whereas 
miR-9 antagomir inhibited neurite outgrowth (***p < 0.001 
vs control, #p < 0.05 vs vehicle) (Fig. 12b). Further, we 
detected that glucosamine-treated cells promoted neurite 
outgrowth after OGD. The neurite outgrowth was measured 
at 24-h and 48-h post-OGD with an average neurite length of 
4.8 cm (###p < 0.001 vs vehicle) and 7.56 cm (**p < 0.01 vs 
control, ###p < 0.001 vs vehicle), respectively (Fig. 12 a,b).

Co‑overexpression of VEGF and BCL2 Inhibits 
Ischemic Apoptosis

OGD/R resulted in a significant reduction in BCL2 expres-
sion (0.379-fold decrease; **p < 0.001 vs control), whereas 
BCL2 expression was increased by 1.23-fold in miR-9 
mimic-transfected (###p < 0.001 vs vehicle) and 1.07-fold 
in glucosamine administered cells (###p < 0.001 vs vehicle). 
It was noted that miR-9 upregulation raised BCL2 levels 

0.692-fold greater than the control group (***p < 0.001 vs 
control). However, miR-9 inhibition further attenuated 
BCL2 gene expression in comparison with the control as 
well as OGD/R group (***p < 0.001 vs control, #p < 0.05 vs 
vehicle) (Fig. 13a).

We quantified VEGF expression in miR-9 mimic and glu-
cosamine-treated cells following OGD/R. VEGF expression 
significantly decreased in OGD group treated with vehicle 
(***p < 0.001 vs control), whereas miR-9 mimic and glucosa-
mine treatment elevated VEGF levels post-OGD (#p < 0.05 
vs vehicle). miR-9 inhibition reduced the VEGF expression 
as opposed to the control as well as OGD group (**p < 0.01 
vs control, #p < 0.05 vs vehicle) (Fig. 13b).

miR‑9 Mimic and Glucosamine Reduced 
the Expression of Pro‑inflammatory Genes

The mRNA expression of pro-inflammatory genes such as 
NFκB1, TNF-α, IL-1β, and iNOS was quantified. NFκB1 
mRNA level increased by 2.27-fold in cells subjected to 
ischemia (***p < 0.001 vs control), which was found to 
subside with miR-9 upregulation (2.01-fold decrease; 
###p < 0.001 vs vehicle) and glucosamine treatment (2.16-
fold decrease; ###p < 0.001 vs vehicle). In contrast, miR-9 
antagomir elevated NFκB1 gene expression and was statisti-
cally significant compared with the control cells (2.11-fold 
increase; ***p < 0.001 vs control) (Fig. 13c). Further, the 
levels of TNF-α (2.14-fold, ***p < 0.001), IL-1β (6.22-
fold, ***p < 0.001), and iNOS (0.585-fold, ***p < 0.001) 
increased following OGD/R compared with the control 
group. It was also observed that, miR-9 mimic as well 

Fig. 7  Glucosamine treatment upregulated miR-9 expression a 4-h post-OGD b 20-h post-OGD. Data are represented as the mean of fold change 
and error bars depict SEM. The values with ***p < 0.001 versus control, #p < 0.05, ###p < 0.001 versus vehicle were considered significant
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glucosamine treatment significantly decreased the expres-
sion of pro-inflammatory genes, TNF-α and IL-1β and iNOS 
(###p < 0.001 vs vehicle) (Fig. 13 d–f).

Discussion

The present study was conceptualized to investigate the role 
of miR-9 upregulation in neuronal proliferation and regen-
eration in response to OGD injury in vitro. Ischemic stroke 
disrupts the structural and functional integrity of brain offer-
ing multiple challenges in the development of an efficient 
neurotherapy. Only a multifaceted therapeutic approach that 
promotes neuronal repair, as well as survival, can facilitate 
long-term functional recovery against ischemic stroke. To 
accomplish this, it is essential to determine the critical miR-
NAs, the post-transcriptional and the translational regula-
tors, that coordinate neuropathological and neurodevelop-
mental processes.

In view of increasing pertinence of miRNAs in ischemic 
stroke, we computationally predicted that miR-9 and 
HDAC4 significantly modulate post-stroke-induced neu-
rogenesis (Nampoothiri et al. 2018). miR-9 is evolutionar-
ily conserved and abundantly expressed in the neurogenic 
regions of the brain with implications in the embryonic and 
adult neural progenitor differentiation (Coolen et al. 2013). 
A few recent reports have delved into the role of miR-9 in 
alleviating neuronal apoptosis following ischemic stroke 
(Wei et al. 2016; Chen et al. 2017). However, there is no 
experimental evidence signifying the vital role of miR-9 in 
post-ischemic neuronal regeneration.

The prime rationale of this study was to explore whether 
miR-9 upregulation vanguards post-ischemic neuronal 
regeneration and survival. We quantitatively assessed the 
expression of miR-9 in SH-SY5Y cells at 4 h and 20 h fol-
lowing OGD, where the miR-9 level significantly reduced 
at both the time points (Fig. 1). The slight increase in miR-9 
expression at 20-h post-OGD could be ascribed to the initia-
tion of endogenous neuronal restoration during 20-h reoxy-
genation after the cells were exposed to OGD. Furthermore, 
miR-9 mimic transfection increased the cell viability to 
82.89% against 61.9% in vehicle-treated OGD/R-induced 
cells (Fig. 2a). A previous study indicated that miR-9 level 
decreases in an in-vitro and in-vivo model of ischemic 
stroke, while miR-9 upregulation impedes neuronal apopto-
sis by targeting the pro-apoptotic gene, BCL2L11 (Wei et al. 
2016). Another report indicated the association of long non-
coding TUG1 with reduced miR-9 and increased BCL2L11 
expression following ischemic stroke (Chen et al. 2017). To 
the contrary, a recent study suggested that miR-9 upregu-
lation contributes to dementia following chronic cerebral 
hypoperfusion in rats. The authors implied that miR-9 inhi-
bition results in an increased BACE1 and reduced CREB1 

expression restoring the learning and memory impairment 
(Xie et al. 2017). However, the study contradicts the function 
of BACE1 in neuropathological abnormalities and cognitive 
deficits. Many reports support the association of upregulated 
BACE1 with hypoxia, ischemic injury, and Alzheimer’s dis-
ease (Chami and Checler 2012; Guglielmotto et al. 2009; 
Laird et al. 2005). Moreover, the increase in miR-9 expres-
sion during chronic brain injury might be associated with the 
initiation of endogenous brain repair mechanisms.

Fig. 8  Annexin V/PI assay. The cell death was evaluated by quanti-
fying the fluorescence intensity of Annexin V- and PI-stained SH-
SY5Y cells following OGD/R at a 530  nm, and b 575  nm, respec-
tively. Data are represented as mean ± SEM, where ***p < 0.001 
versus control, #p < 0.05, ###p < 0.001 versus vehicle were significant
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We further employed a structure-based screening 
approach to identify a suitable pharmacological interven-
tion that targeted HDAC4 and facilitated the consequent 
elevation of miR-9 expression. Ischemic stroke disrupts 
the acetylation of histones H3 and H4 with the increased 
activity of HDACs (Langley et al. 2009). Non-selective 
HDAC inhibitors, such as, valproic acid and trichostatin 
have been reported to confer neuroprotection in animal 
models of ischemic stroke (Ziemka-Nalecz and Zalewska 
2014). Besides, there has been a concerted effort to identify 
class-specific HDAC inhibitors as the post-ischemic mecha-
nistic action of each HDAC is different. HDAC4, a class 
IIa-specific HDAC, has been reported to shuttle between 
nucleus and cytoplasm during ischemic stroke (Bolger and 
Yao 2005). Under ischemic stress, HDAC4 translocates 
to nucleus from cytoplasm, and nuclear accumulation of 
HDAC4 mediates neuronal death (Yuan et al. 2016). Also, 
it has been reported that miR-9 negatively regulates HDAC4 
and reducing HDAC4 level raises miR-9 expression. This 

mechanism was reported to promote the neurogenic capac-
ity of neural precursor cells (Davila et al. 2014). Hence, we 
further postulated that the identification of a small molecule 
binding to HDAC4 might aid in the regulation of miR-9 
expression post-ischemia.

Drug repositioning has become one of the most sought-
after therapeutic strategies enabling the testing of generic 
drugs at the pre-clinical and clinical levels (Ashburn and 
Thor 2004). This approach reduces the cost and time of drug 
development as the physicochemical and pharmacological 
properties of these drugs are previously known (Ashburn 
and Thor 2004). In this study, 1425 FDA-approved drugs 
were virtually screened for their ability to bind to HDAC4 
and glucosamine emerged as the top hit (Fig. 3). MD simula-
tion supported the molecular docking result (Fig. 4), which 
was further corroborated using DARTS assay/MALDI-TOF 
MS (Fig. 5).

This is the first known study providing a mechanistic 
insight into the positive effect of glucosamine on HDAC4 

Fig. 9  BrdU incorporation in 
miR-9-transfected and glucosa-
mine-treated cells following 
OGD/R. a The fluorescent 
images of miR-9/glucosamine-
treated SH-SY5Y cells stained 
with BrdU (green) and DAPI 
(blue) following OGD/R (20 ×). 
A representative field for 
each experimental condition 
is shown. b The graph shows 
the average of BrdU-positive 
stained cells (%). The error bar 
indicates SEM and **p < 0.01 
versus control, ###p < 0.001, 
#p < 0.05 versus vehicle were 
significant
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serving as a premise to evaluate its role in miR-9 regula-
tion. Glucosamine occurs naturally and is ubiquitously 
synthesized from glucose in all cells to form glycoprotein 
precursors such as UDP-N-acetyl-GlcN and UDPN-acetyl-
galactosamine (Hawkins et al. 1997; Traxinger and Marshall 
1991). A previous report revealed the post-ischemic neuro-
protective efficacy of glucosamine through the suppression 
of microglial activation (Hwang et al. 2010). We showed 
that glucosamine increased cell viability post-OGD at a 

concentration as low as 0.5 µM (Fig. 6), thereby confirming 
its role in neuroprotection.

The next key objective of our study was to identify 
the effect of glucosamine treatment on miR-9 expression 
(Fig. 7). Though exogenous administration of miRNAs 
has yielded promising results, the challenges such as low 
transfection efficiency, low cellular uptake, serum instabil-
ity, and high costs, still need to be addressed (Pecot et al. 
2011). Small-molecule-mediated regulation of miRNAs 
would address these critical issues making ischemic stroke 

Fig. 10  Neurite outgrowth 24-h 
post-OGD/R. The fluorescent 
images demonstrate neurite out-
growth in miR-9/glucosamine-
treated cells exposed to OGD 
after 24 h of reoxygenation (40 
×). The cells are stained with 
DAPI (blue), viability stain 
(green), and cell membrane 
stain (red)
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therapeutics practically viable. Only a few studies have hith-
erto employed the small-molecule-mediated regulation of 
miRNAs (Young et al. 2010; Gumireddy et al. 2008; Xiao 
et al. 2014). Recently, miR-182 was upregulated using a 
small molecule to preclude ischemic-reperfusion-induced 
cardiac cell death (Lee et al. 2018). In our study, it was 
intriguing that glucosamine significantly elevated miR-9 
expression post-OGD making it a suitable small molecule 
alternative for the upregulation of miR-9.

We further focussed on comparing the effect of glu-
cosamine treatment and miR-9 mimic transfection in SH-
SY5Y cells post-OGD. The reduced fluorescence emission 
in glucosamine-treated OGD-induced cells stained with 
Annexin V/PI supported the efficacy of miR-9 upregulation 
in alleviating neuronal necroptotic cell death (Fig. 8). miR-9 
overexpression has been previously associated with the 
reduced neuronal apoptosis (Wei et al. 2016), and it could be 
deduced that miR-9 upregulation might also assuage necrotic 
cell death. Moreover, the nuclear accumulation of HDAC4 

Fig. 11  Neurite outgrowth 48-h 
post-OGD/R. The fluorescent 
images demonstrate neurite out-
growth in miR-9/glucosamine-
treated cells exposed to OGD 
after 48 h of reoxygenation (40 
×). The cells are stained with 
DAPI (blue), viability stain 
(green), and cell membrane 
stain (red)
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causes neuronal apoptosis while its inactivation attenuates 
neuronal death (Bolger and Yao 2005). Thus, the consequent 
HDAC4 inactivation by miR-9 mimic/glucosamine might 
have contributed to the reduced neuronal death following 
ischemia.

The significance of miR-9 upregulation in neuronal 
regeneration was verified by evaluating neuronal prolif-
eration and differentiation, which was compared with the 
outcome corresponding to glucosamine treatment following 
ischemia. We observed a precocious increase in neuronal 
proliferation in miR-9 mimic transfected as well as glucosa-
mine-treated group after OGD/R (Fig. 9). Loss of miR-9 
has reportedly retarded the proliferation of human and rat 
neural progenitor cells (Delaloy et al. 2010). Furthermore, 
we showed that miR-9 mimic transfection enhanced neurite 
length at 24-h and 48-h post-OGD, where the effect was 
concomitant in cells treated with glucosamine (Figs. 10, 11, 
12). The increase in neurite length might be associated with 
the inactivation of HDAC4 and the upregulation of miR-9. 
A recent study showed that the amassing nuclear HDAC4 
is associated with a stark reduction in the length and com-
plexity of neuronal dendrites (Litke et al. 2018). Moreover, 
HDAC4 inhibition is reported to restore neurite outgrowth, 
while non-specific HDAC inhibitors such as valproic acid 
(VPA) and trichostatin A (TSA) promote neurogenesis, 
neurite outgrowth, and neuroprotection (Trazzi et al. 2016; 
Hasan et al. 2013).

To further delineate the neuroprotective and regenera-
tive mechanism of glucosamine treatment and miR-9 mimic 
transfection in ischemic stroke, we quantified the expres-
sion of genes closely associated with the ischemic stroke 
pathology. miR-9 mimic transfection and glucosamine 
treatment increased BCL2 and VEGF, whereas reduced 

NFκB1, TNF-α, iNOS, IL-1β mRNA levels following 6-h 
OGD/R, indicating their decisive role in neuronal survival 
and regeneration (Fig. 13). BCL2 overexpression is known 
to impede ischemic stroke-induced neuronal death (Zhao 
et al. 2003), where miR-9 upregulation reportedly increases 
BCL2 expression resulting in increased cellular prolifera-
tion and reduced apoptosis (Wang et al. 2015). Conversely, 
NFκB1 activation occurs as an acute response to ischemic 
injury controlling the production of pro-inflammatory medi-
ators, such as TNF-α, IL-1β, and iNOS, causing inflamma-
tion and neuronal death (Harari and Liao 2010; Qian et al. 
2017). miR-9 suppresses NFκB1 expression to regulate 
innate inflammatory responses (Qian et al. 2017; Bazzoni 
et al. 2009). Moreover, miR-9 diminished local/systemic 
inflammatory response and promoted pancreatic regenera-
tion via the suppressed NFκB1 parallel with the reduced 
expression of TNF-α and IL-1β (Qian et al. 2017). Overex-
pression of miR-9 is also reported to significantly attenu-
ate IL-1β–induced TNF-α release in primary osteoarthritis 
chondrocytes (Jones et al. 2009). Therefore, the reduction 
of these pro-inflammatory gene levels implies that upregula-
tion of miR-9 might mitigate acute inflammatory responses 
causing neuronal death following OGD/R.

A significant increase in VEGF expression in miR-9 
mimic-transfected and glucosamine-treated cells post-OGD 
was also observed (Fig. 11). VEGF generates endogenous 
brain response such as neuronal survival and neurogenesis, 
resulting in neurovascular remodeling (Fournier and Duman 
2012). miR-9 overexpression has been linked to an increased 
VEGF level in SUM149 cells (Ma et al. 2010). The miR-9 
expression is fine-tuned at different stages of neural devel-
opment promising an effective neuro-regenerative therapy 
with controlled proliferation and differentiation of neurons.

Fig. 12  Quantification of average neurite length. The plot displays the average length of the neurites at a 24 h and b 48 h of OGD/R. Error bars 
indicate SEM and ***p < 0.001, **p < 0.01 versus control and #p < 0.05, ##p < 0.01, ###p < 0.001 versus vehicle
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Numerous reports support the use of SH-SY5Y cell line 
as a suitable in-vitro model to study neurological disorders 
and to monitor chief cellular events associated with neurode-
velopment, including neuronal growth and differentiation 
(Fordel et al. 2007; Jämsä et al. 2004; Xicoy et al. 2017; 
Krishna et al. 2014; Radio and Mundy 2008; Kim et al. 
1997). It has been widely used to evaluate efficacies of vari-
ous neuroprotective agents and their mechanism of action, 

with reproducible outcomes in ex-vivo and in-vivo ischemic 
stroke models (Sinoy et al. 2017; Chang et al. 2008; Iwashita 
et al. 2007). SH-SY5Y cell line also offers multiple advan-
tages over a primary neuronal culture that makes it an 
attractive model to study neuroregeneration mechanisms. 
It provides a homogenous population of cells, divides rap-
idly producing a large number of cells in a short period, 
forms functional synapses, and allows extrinsic regulation of 

Fig. 13  mRNA expression 
analysis using qRT-PCR. The 
graphs depict the fold change 
in the expression of a BCL2 
b VEGF c NFκB1 d TNF-α e 
IL-1β, and f iNOS in miR-
9-transfected and glucosamine-
treated cells exposed to OGD/R. 
Error bars indicate SEM and 
***p < 0.001, **p < 0.01 versus 
control and #p < 0.05, ##p < 0.01, 
###p < 0.001 versus vehicle
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neuronal differentiation. However, these cells may not nec-
essarily display the phenotype of the primary neuronal cell, 
and the mechanistic basis of neuronal differentiation may be 
constrained. Despite its limitations, SH-SY5Y cells have still 
proven to be useful in elucidating fundamental biological 
processes involved in neuronal differentiation and delineat-
ing the effects of exogenous agents on neurite outgrowth.

To recapitulate, our study provides evidence for the first 
time that miR-9 upregulation is conducive to neuronal sur-
vival and regeneration following ischemic stroke. Our find-
ings establish a fundamental mechanism, where HDAC4 
inactivation positively regulates miR-9 expression and 
alleviates ischemic injury in vitro. Importantly, the semi-
nal drug repurposing strategy implemented in this study for 
miR-9 upregulation might aid in overcoming the challenges 
that have jeopardized the use of miRNA-based therapies for 
ischemic stroke.
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