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Abstract
Vascular dementia (VaD) is the second most common cause of dementia, but the 
treatment is still lacking. Although many studies have reported that histone dea-
cetylase inhibitors (HDACis) confer protective effects against ischemic and hypoxic 
injuries, their role in VaD is still uncertain. Previous studies shown, one HDACi 
protected against cognitive decline in animals with chronic cerebral hypoperfusion 
(CCH). However, the underlying mechanisms remain elusive. In this study, we tested 
several 10,11-dihydro-5H-dibenzo[b,f]azepine hydroxamates, which act as HDACis 
in the CCH model (in vivo), and SH-SY5Y (neuroblastoma cells) with oxygen-glucose 
deprivation (OGD, in vitro). We identified a compound 13, which exhibited the best 
cell viability under OGD. The compound 13 could increase, in part, the protein levels 
of brain-derived neurotrophic factor (BDNF). It increased acetylation status on lysine 
14 residue of histone 3 (H3K14) and lysine 5 of histone 4 (H4K5). We further clarified 
which promoters (I, II, III, IV or IX) could be affected by histone acetylation altered 
by compound 13. The results of chromatin immunoprecipitation and Q-PCR analysis 
indicate that an increase in H3K14 acetylation leads to an increase in the expression 
of BDNF promoter II, while an increase in H4K5 acetylation results in an increase in 
the activity of BDNF promoter II and III. Afterwards, these cause an increase in the 
expression of BDNF exon II, III and coding exon IX. In summary, the HDACi com-
pound 13 may increase BDNF specific isoforms expression to rescue the ischemic 
and hypoxic injuries through changes of acetylation on histones.
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1  | INTRODUC TION

Vascular dementia (VaD) is the most common of cognitive disorders 
in elderly persons after Alzheimer disease (AD). The causes of VaD 
are diverse and its pathophysiology is complicated.1–4 Significant 
progress has been achieved in reducing stroke risk, but there re-
mains a lack of effective treatment for VaD after stroke. Although 
numerous pre-clinical drugs have been tested, currently, only the 
use of intravenous thrombolytic agents in the ultra-acute stage5 is 
approved by the FDA for stroke treatment because the mechanisms 
underlying chronic ischemia and hypoxia are not fully understood. 
Chronic cerebral hypoperfusion (CCH), which is a major cause of 
VaD, has been shown to involve amyloid accumulation and inflam-
mation.1 Further clarification of the role in these pathophysiologic 
changes play in VaD and the development of a related therapy are 
warranted.

Epigenetic modification plays an important role in the patho-
physiology of many diseases. Histone deacetylases (HDACs), along 
with histone acetyltransferases (HATs), regulate chromatin remod-
elling and subsequent gene transcription by controlling the status 
of histone acetylation. Histone deacetylation removes acetyl groups 
from histones and induces condensed chromatin conformation con-
tributing to the suppression of gene transcription.6 This phenom-
enon is involved in diverse physiological processes. In some brain 
disorders, such as ischemic stroke and AD, HDACs are dysregulated 
and play a role in the pathophysiology of these diseases.7–11 This 
suggests that HDACs might be potential targets for the treatment of 
brain disorders. Recently, HDAC inhibitors (HDACis) have been used 
in therapy for acute brain injury and neurodegenerative diseases.12

The administration of HDACis in the animal model of acute stroke 
was shown to reduce infarction size, suppress neuroinflammation 
and improve neurological deficits. It also decreased oedema and 
improved blood-brain barrier (BBB) disruption by inhibiting NF-κB 
activation and matrix metallopeptidase expression.13 Moreover, 
HDACis could be given either before or even 3-h after ischemic in-
jury.14 In addition to stroke, a prior study pointed out that pan-HDA-
Cis (Trichostatin) could effectively improve outcome in the animal 
model of multiple sclerosis by mitigating the inflammatory response, 
demyelination, and nerve or axonal damage. However, the effects of 
HDACis during post-stoke vascular cognitive impairment still needs 
to be investigated.

The manipulation of HDACis might serve as a novel therapeutic 
strategy to promote stroke recovery. For example, in a prospective 
human study, sodium valproate, which is a non-specific inhibitor of 
HDAC9 activation, was associated with a reduced risk of recurrent 
ischemic stroke.15

Furthermore, knockdown of HDAC2 promoted the recovery of 
motor dysfunction by enhancing neuronal survival, increased neu-
roplasticity of surviving neurons, and reduced neuroinflammation. 
Meanwhile, overexpression of HDAC2 may worsen stroke-induced 
functional impairment.16 All of these findings support the idea that 
inhibition or enhancement of HDACs exerts a protective or detri-
mental effect in ischemic diseases, respectively.

Histone acetylation decreases along with ageing. This can 
cause abnormal synaptic plasticity and subsequent hippocam-
pus-dependent memory decline.17,18 The dysregulation of HDACs 
can also disrupt chromatin remodelling, which is associated with 
AD.19,20 HDAC can regulate DNA expression and modify some pro-
teins, such as amyloid precursor protein and amyloid-beta; in other 
words, it has an essential role in AD pathogenesis.21 These data 
show that HDAC inhibition is involved in a variety of neuroprotec-
tive mechanisms in the ischemic brain and that HDAC inhibition 
is used as a therapeutic agent for the treatment of post-ischemic 
brain damage.

HDAC inhibition increases neurotrophic factors, brain-derived 
neurotrophic factor (BDNF) expression, and dendritic spine density 
during ethanol withdrawal.22 This implies that BDNF activation may 
be beneficial in synaptic plasticity or memory consolidation. BDNF, 
a secreted protein of the neurotrophin family, binds to two differ-
ential receptors, TrkB and p75, which is followed by activation of 
respective downstream signalling pathways.23,24 In addition to play-
ing a role in synaptic plasticity, BDNF is critical for long-term poten-
tiation, which makes it critical in learning and memory. One major 
study indicated that exogenous BDNF expression protects brain 
slices against oxygen-glucose deprivation (OGD).25 Furthermore, 
lipophilic statin pitavastatin treatment exerts its neuroprotection 
in cultured cerebral neurons after OGD involving the BDNF-TrkB 
signalling pathway.26 The regulation of BDNF expression has been 
proved to be associated with numerous neurodegenerative diseases, 
mood disorders and ageing but is not fully understood in relation to 
VaD diseases.

CCH is closely associated with vascular cognitive impairment 
and VaD.27–29 We have established a mouse model to induce CCH 
by occlusion of the bilateral common carotid artery (modified 
BCCAO). This model shows cognitive decline, hippocampal atro-
phy and chronic neuroinflammation. By contrast, OGD is widely 
used to study the cell model of stroke and is a simple but useful 
technique for not only elucidating the molecular mechanisms of 
ischemic injury but for developing neuroprotective drugs. In this 
study, we synthesized a series of 10,11-dihydro-5H-dibenzo[b,f]az-
epine hydroxamates as HDACis. These compounds were designed 
to confer the structural characteristics of the HDAC, including 
the zinc-binding domain, linker domain and hydrophobic-capping 
group. We screened and synthesized these HDACis by using OGD 
and identified compound 13, which was tested in CCH animals. This 
study also explored the possible mechanisms of VaD, focusing on 
the role of BNDF.

2  | MATERIAL S AND METHODS

2.1 | Animals

Male C57bl/6j mice (16 weeks old, weighing 25-35 g, Bio-
Lasco Taiwan Co., Ltd) were used for all the experiments and 
placed under controlled temperature (22 ± 1°C) and humidity 
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(55% ± 10%) with a 12-hour light/dark cycle (lights on at 07:00). 
Food and water were given ad libitum to all mice throughout the 
experiments. Animal care and experimental procedures in this 
study were performed in accordance with the guidelines for the 
Care and Use of Laboratory Animals from the Ethics Committee of 
Taipei Medical University.

2.2 | BCCAO surgery

The modified-BCCAO surgery was performed by ligating the com-
mon carotid artery (CCA), with some modification to a previous 
procedure.30 Briefly, a sagittal midline incision (approximately 1 cm 
in length) was made to expose the parietal skull to measure the 
baseline CBF using laser doppler flowmetry. Then, a cervical mid-
line neck incision (approximately 1 cm in length) was made, both 
CCAs were carefully separated, and the right CCA was occluded. 
One week later, the procedure was repeated for the left CCA. The 
steps were similar, except there was transient ligation of the left CCA 
for 30 minutes by tightening the silk sutures. The CBF was meas-
ured to ensure that there was a reduction of CBF by 80%–90% from 
the baseline. The procedure of sham surgery was similar to BCCAO 
but involved no ligation of both CCAs. DMSO or compounds were 
given intraperitoneally (25 mg/mL) once every 2 days for either 1 
or 3 months, beginning 2 days after CCA ligation. The mice were 
grouped as sham-control (n = 12), DMSO with BCCAO (n = 12) and 
compound 13 or SAHA with BCCAO (n = 12).

2.3 | Cell culture

The human neuroblastoma cell line SH-SY5Y was cultured in 
Dulbecco's modified Eagle medium/F12 (Thermo Fisher Scientific) 
containing 10% foetal bovine serum at 37°C in a humidified atmos-
phere containing 95% air and 5% CO2. Cells were rendered quiescent 
by serum starvation for 24 hours before all experiments. Hypoxic 
injury was induced by hypoxia for 6 hours (ie incubation in OGD 
medium containing 2.3 mmol/L CaCl2, 5.6 mmol/L KCl, 154 mmol/L 
NaCl, 5 mmol/L Hepes, and 3.6 mmol/L NaHCO3 [pH 7.4] and under 
an atmosphere of 5% CO2, 95% N2 and <0.1% O2). The DMSO or 
HDAC inhibitor was treated with OGD medium. The neutralizing an-
tibody of BDNF (1, 3 or 10 µg/mL) was treated for 24 hours before 
OGD condition.

2.4 | 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)

Following incubation and treatment with different HDACis under con-
trol or H conditions for differential time, cell viability was tested by in-
cubation with MTT reagent (Sigma-Aldrich) at a final concentration of 
0.5 mg/mL and a temperature of 37°C for 4 hours. The optical density 
of the purple MTT formazan product was measured at 570 nm using 

an enzyme-linked immunosorbent assay reader. The absorbance of 
cells transfected with NC was regarded as indicating 100% viability.

2.5 | Real-time quantitative polymerase chain 
reaction (qPCR)

The expression of genes was examined through real-time qPCR 
using G3PDH as internal control. The extracted total RNA was then 
reverse transcribed into cDNA. The reverse transcripts contain-
ing exon (I-IX, II-IX, III-IX, IV-IX or IX) were measured.

2.6 | Western blot analysis

Proteins were resolved on the basis of molecular weight through 
electrophoresis on 8%, 10% and 12% polyacrylamide gels, followed 
by transfer to a polyvinylidene difluoride membrane. The membrane 
was blocked and incubated with antibodies for acetylated proteins 
(ac-H3 or ac-H4), neurotrophic factor (BDNF) or beta-actin. Protein 
levels were analysed using an enhanced chemiluminescence detec-
tion kit (GE Healthcare).

2.7 | Immunohistochemistry

At 3 months after the BCCAO or sham surgery, the mice were anaes-
thetized and intracardially perfused with phosphate-buffered saline 
(PBS), followed by 4% paraformaldehyde. The brains were removed, 
post-fixed overnight in 4% paraformaldehyde at 4°C, and stored in 30% 
sucrose in 0.1 mol/L PBS (pH 7.4). Serial coronal sections (30 μm) that 
spanned from the anterior of the corpus callosum (bregma 0.26 mm) 
to the anterior of the hippocampus (bregma 0.94 mm; adjusted accord-
ing to the mouse brain atlas)31 were cut using a cryostat. Coronal sec-
tions were treated with 3% H2O2 in 0.01 mol/L PBS and pre-incubated 
in 5% normal donkey serum. Subsequently, the sections were incu-
bated in a primary Ab solution overnight at 4°C. After washing, the 
samples were incubated in a secondary Ab solution containing donkey 
anti-rabbit or donkey anti-goat biotinylated IgG (1:200, Zhongshan 
Biotechnology) for 1 hour at RT. Finally, the sections were incubated 
in HRP-streptavidin (1:200, Zhongshan Biotechnology) for 1 hour at 
RT, and the colour was developed using the conventional reaction of 
diaminobenzidine with H2O2. All images were acquired using fluores-
cence microscopy (Olympus IX70) or light microscopy (Olympus).

2.8 | BDNF promoter chromatin 
immunoprecipitation assay (ChIP)

A chromatin immunoprecipitation assay was used to study the in-
teraction between intracellular DNA and protein. In this study, we 
used a ChIP assay kit (Abcam) to survey the relationship between 
the target gene promoter and the acetylated histone residue. Briefly, 
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after cross-linking the DNA and proteins by adding formaldehyde 
into the medium, the efficiency of formaldehyde was quenched by 
adding 0.125 mol/L glycine. Then, the DNA in cells was sheared into 
the average fragment (size: 200-1000 bp) through lysis buffer and 
sonication. The antibody for the acetylated protein was used to im-
munoprecipitate the target DNA, and the DNA was eluted for real-
time PCR, ChIP or sequencing.

3  | RESULTS

3.1 | HDACi protects SH-SY5Y cells against OGD 
injury

To examine the possible protection or injury attributable to treat-
ment with compounds 3-13 under the OGD condition, SH-SY5Y 
cell viability was evaluated with an MTT assay. Cell viability was 
significantly reduced in the OGD condition in each group com-
pared with the control group. In addition, the data showed that 
cell viability decreased significantly in cells treated with the tested 
compounds at 10 μmol/L (8:43.47% ± 3.93%, 9:24.51% ± 1.27%, 
10:17.23% ± 1.17%, 13:44.74% ± 1.43%) vs DMSO (62.93% ± 3.89%; 
P < 0.05 for each group [n = 4]) (Figure 1F-H,K). Furthermore, 
cells treated with compound 9 at 5 μmol/L (39.98% ± 1.21%) also 
decreased the cell viability compared with those in the DMSO 

control group (Figure 1G). However, while cell viability decreased 
at higher concentrations of some tested compounds, there were 
no changes in cells treated with compounds 3-7, 11 or 12, com-
pared with the DMSO group (Figure 1A-E,J). In short, MTT activ-
ity of SH-SY5Y cells following OGD-induced injury was decreased 
by treatment with the synthesized compounds. The MTT activity 
dramatically increased in cells treated with compound 13 at 1 or 
5 μmol/L (86.72% ± 3.60% or 86.85% ± 7.19%) in conditions of 
OGD (Figure 1K), and as a result, compound 13 was selected for 
further investigation.

3.2 | Western blotting analysis identifies BDNF up-
regulation by HDACi (compound 13) in the neuronal 
cells under OGD condition and hippocampus of 
ischemic brain

To test the underlying mechanism of the protective effect of 
HDACis in cognitive functioning, hippocampal volume (data not 
shown) and cell viability (Figure 1), we next clarified which molecules 
were involved in these processes. As can be seen from Figure 2, 
the content of BDNF in hypoxic cells was slightly increased, with 
compound 13 at 1 μmol/L, and the level of BDNF protein signifi-
cantly increased at 5 μmol/L by treatment of compound 13 under 
the OGD condition for 24 hours compared with the DMSO group. 

F I G U R E  1   SH-SY5Y neuroblastoma cells were subjected to OGD (hypoxia) injury in the presence of different concentrations of DMSO 
(control) and/or compounds 3-13. A-K, Relative cell viability was assessed through MTT assays. Data are presented as the mean ± standard 
error of the mean (SEM) of four experiments. *P < 0.05 compared with the group treated with DMSO under OGD condition

A B
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G H
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K

J
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Compound 13 (5 μmol/L) also effectively protected cells from hy-
poxia (Figure 2A,B). We found that the increase in BDNF levels in 
hypoxic cells with compound 13 was a potential mechanism provid-
ing neuroprotective effects against OGD. Therefore, we also consid-
ered whether compound 13 can increase the protein levels of BDNF 
in a CCH brain to protect against VaD. Although compound 13 does 
not significantly increase BDNF content on the left or right side of 
the cortex in a CCH mouse (Figure 2C), it is noteworthy that in the 
hippocampus, compound 13 significantly increases the protein lev-
els of BDNF. As we know, suberoylanilide hydroxamic acid (SAHA) 
has a protective effect on ageing animals, and its effect is related 
to the increment of trophic factors.32 However, in our CCH animals, 
SAHA did not increase BDNF content under CCH-induced injury 
(Figure 2C,D). The data showed that BDNF, a potent autocrine/

paracrine neurotrophic factor, has a neuroprotective effect, which is 
induced by HDAC inhibitor, on ischemia/OGD injuries. We examined 
the possibility that treatment with HDACis might modulate BDNF 
expression and proved that BDNF expression was significantly up-
regulated in SH-SY5Y cells subject to OGD with respect to mRNA 
expression and the protein level of such expression. Furthermore, to 
clarify that the effect of compound 13 was mediated through BDNF 
activation, we examined whether cell viability in the up-regulation 
of BDNF by compound 13 protects cells from OGD. Specifically, SH-
SY5Y cells were treated with compound 13 in the presence of differ-
ential concentrations of the neutralizing antibody of BDNF (1, 3 or 
10 µg/mL). We found that treatment of the BDNF antibody (10 µg/
mL) significantly reversed the protective effect of compound 13 in 
cell viability under OGD conditions compared with cells not treated 

F I G U R E  2   Effect of compound 13 
on the protein levels of BDNF in the 
SH-SY5Y cells under OGD condition 
(A-B), cortex (right cortex, CR; left 
cortex, CL) (C) or hippocampus (H) (D) of 
CCH mice. The protein levels of BDNF 
were measured after BCCAO for 3 mo. 
β-actin served as the loading control. 
The densities were normalized to β-actin, 
and each bar represents the mean ± SEM 
of four independent experiments 
(n = 4, *P < 0.05, **P < 0.01 vs indicated 
group). The viability of cells treated with 
compound 13 in the presence or not of a 
neutralizing antibody of BDNF was noted. 
E, The cell viability was examined through 
MTT assay in cells exposed to OGD 
treated with compound 13 in the presence 
of a neutralizing antibody of BDNF (1, 3 
or 10 µg/mL). Data are presented as the 
mean ± SEM of four experiments (n = 4, 
*P < 0.05 vs indicated group)
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with the BDNF antibody (Figure 2E). Thus, BDNF might exert its role 
in mediating the protective role of HDAC inhibitor under hypoxia.

3.3 | HDACi upregulates protein levels of H3K14 or 
H4K5 acetylation in OGD cells

We further showed that the increased expression of BDNF induced 
by compound 13 could be because of the activation of the endog-
enous TrkB receptor. Data have shown that HDACis can significantly 
increase the protein levels of BDNF in the presence of cellular hy-
poxia and the CCH mouse model. However, we studied this phenom-
enon more closely to determine which lysine residue acetylation to 
increase, and on which histone, to achieve this effect. According to 
our literature review, histone acetylation could occur on histone 3 
(K4, K9, K14, K23, K27, K36, K79…) or histone 4 (K5, K8, K12, K16…). 
Our unpublished data showed that compound 13 suppresses class I 
HDAC (eg HDAC1, HDAC2 or HDAC8) activity, and another major 
study found that the acetylation of H3K14 and H4K5 are related to 
class I HDACis.33 Thus, we have been suggested that compound 13 
might increase the acetylation of H3K14 and H4K5. The data here 
showed that the expression of acetylated H3K14 and acetylated 
H4K5 was not significantly changed in cells after OGD compared 
with those of cells in the control group. However, treatment with 
compound 13 (5 μmol/L) significantly increased the protein levels of 
acetylated H3K14 (Figure 3A,B) and acetylated H4K5 (Figure 3C,D) 
compared with the DMSO group (P < 0.05). There was no significant 
difference in acetylated H3K14 and acetylated H4K5 expression 

between the compound 13 (1 μmol/L)-treated groups and the DMSO 
group.

3.4 | HDACi upregulates BDNF promoter 2 around 
H3K14 and promoter 2 or 3 around H4K5

Histone acetylation increases transcription. Furthermore, neuro-
scientists have argued that the protective effect of HDACis in neu-
rodegenerative diseases through incremental acetylation results in 
enhanced transcription of memory-related genes. Data also show 
that HDACis can increase histone acetylation, followed by incre-
mental increases of BDNF levels, which protect from OGD-induced 
injury. However, the gap between histone acetylation and the pro-
tein levels of BDNF remains to be studied. Here, we used chroma-
tin immunoprecipitation (IP) to investigate which BDNF promoter 
expression was increased around H3K14 or H4K5 after acetylation 
with HDACi treatment. The BDNF gene consists of eight 5′ non-cod-
ing exons (exon I to VIII) and one 3′ coding exon (exon IX). One of the 
eight non-coding exons conjugates with exon IX to form transcripts 
after RNA alternative splicing. Timmusk and colleagues34 indi-
cated that not all BDNF transcripts would be transcripted accord-
ing to neuronal activity. Thus, we proposed that histone acetylation 
might allow the transcription factor to bind to a differential BDNF 
promoter and proceeded to study BDNF promoter expression with 
qPCR under hypoxic conditions with HDACis. The data showed that 
the expression of BDNF P1 around H3K14 was slightly increased, but 
not significantly in cells treated with compound 13 compared with 

F I G U R E  3   Effect of compound 
13 on histone acetylation (H3K14 or 
H4K5) in the cells exposed to OGD 
injury. The levels of histone acetylation 
(Ac-H3K14 (A, B) and Ac-H4K5 (C, D)) 
were studied after OGD for 24 h with 
the Western blotting analysis. β-actin 
served as the loading control. The 
densities were normalized to β-actin, and 
each bar represents the mean ± SEM of 
four independent experiments (n = 4, 
*P < 0.05, **P < 0.01 vs indicated group)
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the DMSO group (Figure 4A). However, H3K14 acetylation by com-
pound 13 increased the expression of BDNF P2 (Figure 4B). There 
were no changes in BDNF P1, P3, P4 or P9 expression in the cells 

treated with compound 13 (Figure 4A,C-E). The expression of BDNF 
P2 and P3 also increased around H4K5 in compound-13-treated 
OGD cells (Figure 4G,H).

F I G U R E  4   Effect of compound 
13 on the BDNF promoter (I, II, III, IV 
or IX) around H3K14 or H4K5 in the 
cells exposed to OGD injury. A-J, The 
expression of BDNF promoters was 
studied with chromatin IP, followed 
by qPCR analysis after OGD for 24 h. 
Fold expression was normalized to 
input control, and each bar represents 
the mean ± SEM of four independent 
experiments (n = 4, *P < 0.05, **P < 0.01 
vs indicated group)
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3.5 | HDACi increases the expression of BDNF exon 
II, III and IX

We further proved that the increased expression of BDNF P1 and P2 
around H3K14 and of BDNF P2 and P3 around H4K5 resulted in the 
increase of relative transcripts. We designed the forward primer to 
complement one of the non-coding exon sequences and the reverse 
primer to complement exon IX. Differential BDNF transcript expres-
sion was studied subsequently using qPCR. The data showed that 
the expression of BDNF exon II-IX, III-IX or IX could be increased 
(Figure 5B,C,E) but that of exon I-IX or IV-IX could not in the com-
pound 13 group (Figure 5A,D).

4  | DISCUSSION

This is, to our knowledge, the first study to apply HDACis in the 
treatment of CCH animals and examine the molecular mechanisms 

in which BDNF is involved. One HDACi in particular, compound 13, 
increases the acetylation status in histones 3 and 4, which further 
react with specific promotors of BDNF and up-regulate its protein 
levels (Figure 6).

HDACis usually comprise three structural features: a cap, linker 
and zinc-binding group. We utilized the diphenyl core as the cap, and 
various linkers to connect the central core to the hydroxamic acid 
motif, which yielded a series of diphenyl hydroxamates. We synthe-
sized different HDACis (compounds 3-13) and modified their struc-
tures using SAHA. The reason we used SAHA as the base is because 
studies on SAHA have documented its promotion of anti-apoptosis 
and anti-inflammation in ischemic animals. However, no study has 
reported the effects of SAHA itself or its derivatives on the cogni-
tive functioning or underlying mechanisms of the CCH model.

A considerable body of literature has indicated that HDACis have 
a protective effect on ischemia animals and hypoxic cells, but there 
is a lack of research on CCH-induced VaD animals, the underlying 
mechanism of HDACis, and confirmation of the reaction between 

F I G U R E  5   Effect of compound 13 
on BDNF exon (I-IX, II-IX, III-IX, IV-IX or 
IX) in the cells exposed to OGD injury. 
A-E, The expression of BDNF exons was 
studied with qPCR analysis after OGD for 
24 h. The fold expression was normalized 
to GAPDH, and each bar represents 
the mean ± SEM of four independent 
experiments (n = 4, *P < 0.05, **P < 0.01 
vs indicated group)
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HDACis and the target genes. Evidence has indicated that HDAC 
inhibition works both transcriptionally and non-transcriptionally to 
increase the expression of neurotrophic factors and stabilize micro-
tubule proteins, respectively, which then increase vesicular trans-
port.12 Compound 13 was selected because it was superior among 
HDACis in the OGD experiments (Figure 1). In this study, we focused 
on the effects of the transcriptional regulation of HDACis, but we 
cannot exclude the possibility that compound 13 achieved its ef-
fect by regulating non-histone targets, which may include proteins 
involved in cytoplasmic signalling, hormone receptors, transcription 
factors or cytoskeletal proteins.31,35–37

HDACis may be used to treat various brain diseases based on 
three possible mechanisms: (a) by reducing the anti-inflammatory 
effects involving inflammatory factors, such as TNF-alpha or IL-
1beta,38 (b) by reducing the neurotoxicity of β-amyloid-beta and 
other neurotoxic molecules,39 or (c) by increasing neuroprotective 
proteins such as glial cell-derived neurotrophic factor or BDNF.40 
Numerous studies have shown that the administration of HDACis 
increased the acetylation and transcription of some memory-re-
lated genes and led to enhancement of hippocampus-dependent 
memory.41–43 For example, HDACi (sodium butyrate) treatment 
also increased the phosphorylation of the cAMP-response ele-
ment-binding protein (CREB) and BDNF after ischemic injury.43 
However, the underlying mechanism of these HDACis remained 
unclear. Moreover, evidence suggests the screen of HDACis from 
the in-house epigenetic library could modulate BDNF expression 
and neurogenesis-related neurite outgrowth in human neural 
progenitor cells.44 Here, we demonstrated that the BDNF gene 
responded to epigenetic regulation, particularly HDACis and spe-
cifically hydroxamic acid-based HDACis, under CCH and OGD 
conditions (Figure 2). Therefore, the compound obtained from 
our screening may provide a new treatment option for neurode-
generative diseases. Contrary to our data, some HDACis can in-
hibit BDNF expression, dendritic spine density and the excitatory 
quantal transmitter released in the neurons of the hippocampal 

CA1 region.45 In summary, the inhibition of HDAC resulted in 
changes of expression levels of BDNF, but the specific effects of 
HDACis on BDNF need further investigation.

The protective effects of BDNF in VaD are supported by the fol-
lowing evidence. L-butylphthalide betulinic acid, found in the bark 
of plants, is used as an anti-inflammatory drug,46 and dehydroepi-
androsterone is an endogenous steroid hormone and functions in 
the biosynthesis of sex steroids.47 Both of these increased the ex-
pression levels of BDNF and cured the cognitive impairment mea-
sured by behavioural analysis in the BCCAO-induced VaD rat model. 
In addition to drug delivery, both involuntary exercise induced by 
functional electrical stimulation and voluntary exercise increased 
the number of BDNF-positive cells in the hippocampal CA1, CA2, 
CA3, and dentate gyrus regions and alleviated cognitive deficits in 
ischemic rats.48 In vitro data also showed that HDACi-valproic acid 
and trichostatin A increased neuroprotection and BDNF expres-
sion.49 In short, the functions of BDNF in neurodevelopment, neu-
rite outgrowth, synaptic plasticity and neuroprotection have been 
well established. In this study, we further confirmed the neuropro-
tective effects of BDNF through inhibition of BDNF using a BDNF-
neutralizing antibody (Figure 2E).

The knowledge gap on the relationship between HDACis and 
BDNF expression involving HDAC activity and acetylation of ly-
sine residue on histones needs to be closed. Many studies have 
found that HDACis mitigate different HDAC isoform activities. 
Analyses of the HDAC isoform activity profiles of SAHA have re-
vealed that SAHA inhibits mainly class I HDACis (HDAC1, 2, 3 and 
8) and that subsequent neuroprotection in ischemic or aged ani-
mals was found.15,50–52 HDAC6, belonging to the members of the 
class II HDAC family (HDAC IIa-4, -5, -7, or -9, IIb-6 and -10), is also 
inhibited by SAHA.53 These pre-clinical data suggest that the inhi-
bition of class I HDAC isoforms could be an avenue for the treat-
ment of neurodegenerative disease54; similarly, our unpublished 
data showed that inhibition of HDAC1, 2 or 8 activity by com-
pound 13 effectively mitigated CCH-induced cognitive impair-
ment. Furthermore, Johnsson et al55 demonstrated that HDACis 
working on HDAC class I can increase the acetylation of H3K14, 
which is consistent with our finding that compound 13 increases 
the acetylation of both H3K14 and H4K5 (Figure 3). Moreover, 
two key studies have indicated that hyperacetylation in histone 3 
could increase synaptic plasticity and improve long-term memory 
formation. This was proved by the increased LTP and long-term 
memory formation after the administration of HDACis.56 A prior 
report is also compatible with our findings showing that amy-
loid-beta or ApoE4 increased HDAC translocation to the nucleus, 
thereby decreasing histone acetylation and BDNF expression.57 
Contrariwise, ApoE3 promoted histone acetylation and increased 
BDNF expression. Moreover, with ChIP assay, the synaptic fac-
tor is decreased, resulting from the low expression of H3K9Ac 
and H3K14Ac during prolonged hypoxia. For example, SNAP-25, 
which is involved in regulating fusion between the synaptic vesi-
cle and plasma membranes, and its promoter are silenced during 
hypoxia.58,59

F I G U R E  6   A proposed mechanism by which HDACi protects 
from injuries via BDNF expression
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Regarding transcription, BDNF has 9 exons (I-IX) in humans 
and rodents, including eight 5′ non-coding exons (exons I to VIII) 
and one 3′ coding exon (Exon IX). Each exon contains its own 
promoter, resulting in more than 20 transcripts because of alter-
native splicing and different polyadenylation sites.60–63 How the 
different BDNF mRNA transcripts express temporally and spatially 
is dependent on its various promoters, which ultimately leads to 
the regulation of synaptic plasticity and spinal development in 
dendrites.64–67 A great obstacle to the treatment of degenerative 
diseases is that the disease has often seriously progressed at the 
time of discovery, which makes the available treatments less effec-
tive. However, therapeutic interventions that act through synaptic 
repair have a broader window of action time and can therefore be 
successfully used in the later stages of disease, which offers con-
siderable hope for novel and effective treatment modalities. One 
study showed that HDAC2 inhibits the BDNF exon IV promoter, 
reduces BDNF expression, and thus terminates the late stage of 
memory consolidation.68 Elsewhere, researchers have found that 
valproic acid, an HDAC inhibitor, enhances BDNF P1 and P4 around 
histone H4 acetylation and enhances extinction training.69 This im-
plies that HDACis could inhibit HDAC2 activity and might enhance 
BDNF promoter expression. We found that compound 13 inhibited 
HDAC1, 2, 6, and 8 activity and increased lysine residue 14 of his-
tone 3 acetylation around BDNF P2 or lysine residue 5 of histone 
4 acetylation around BDNF P2 and P3 (Figure 4B,G,H). We did not 
exclude the possibility that other lysine residues of histones could 
be acetylated or that other HDAC activity could be affected, re-
sulting in other BDNF promoter expression. Although BDNF P2 and 
P3 activity was increased, we found that the expression of BDNF 
exons II, III and IX were up-regulated (Figure 5B,C,E). This may have 
been caused by exon IX, which is a common coding exon that is 
conjugated by all other exons. Therefore, our findings suggest an 
intricate regulatory mechanism for the BDNF gene, which provides 
a new concept for the regulation of BDNF in subcellular locations.

There are some limitations in this study, such as the pharma-
ceutical therapy of HDACis. This includes questions concerning the 
capacity of HDACis to pass through the BBB, the effectiveness of 
HDACis over a given period of time, and the specificity of HDACis. 
Because there is a BBB, it is worth determining whether these hy-
droxamic acid-derived compounds can pass through to the brain. 
Our data showed that compound 13 increased the acetylation of 
H3K14 and H4K5 in a CCH brain, implying that this compound can 
pass through the BBB. Compound 13 should be administrated once 
every 2 days for a consecutive 30 or 90 days. As it is a complicated 
procedure, the development of forms of HDACis should be per-
formed with more comprehensive and long-term studies. Finally, 
HDACis often inhibit diverse HDAC activity, and they are not spe-
cific and may cause side effects. A study to clarify the inhibition of 
a specific HDAC by HDACis for VaD-related disease is warranted.

ACKNOWLEDG EMENTS
We thank the technical staff at the Small Animal-based Magnetic 
Resonance Imaging Service, Taipei Medical University for their 

technological assistance. This work was supported by Taipei 
Medical University and Shuang Ho Hospital (107TMU-SHH-16, 
108TMU-SHH-12).

CONFLIC T OF INTERE S T
The authors declare no potential conflicts of interest with respect to 
the research, authorship and/or publication of this article.

AUTHORS’  CONTRIBUTIONS
Yao-Ching Fang and Lung Chan designed the experiments and 
wrote the manuscript. Chin-I Chen prepared the manuscript figures. 
Amelia Nur Vidyanti performed the stroke surgeries. Jing-Ping Liou, 
Mei-Jung Lai, Chin-I Chen, Yong-Kwang Tu collected and analysed 
the data. Yao-Ching Fang, Hsueh-Yun Lee and Chaur-Jong Hu con-
tributed in critical revision of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in fig share at https://doi.org/10.6084/m9.figsh are.11635 317.v1.

ORCID
Chaur-Jong Hu  https://orcid.org/0000-0002-4900-5967 

R E FE R E N C E S
 1. Duncombe J, Kitamura A, Hase Y, Ihara M, Kalaria RN, Horsburgh 

K. Chronic cerebral hypoperfusion: a key mechanism leading to vas-
cular cognitive impairment and dementia. Closing the translational 
gap between rodent models and human vascular cognitive impair-
ment and dementia. Clin Sci. 2017;131:2451-2468.

 2. Jinglong T, Weijuan G, Jun L, Tao Q, Hongbo Z, Shasha L. The mo-
lecular and electrophysiological mechanism of buyanghuanwu de-
coction in learning and memory ability of vascular dementia rats. 
Brain Res Bull. 2013;99:13-18.

 3. Ueno M. Elucidation of mechanism of blood-brain barrier dam-
age for prevention and treatment of vascular dementia. Rinsho 
Shinkeigaku (Clin Neurol). 2017;57:95-109.

 4. Zhou WB, Lin L, Li ZY, et al. Study on active ingredient and mech-
anism in preventing vascular dementia of Tianzhusan coming 
from Tujia medicine. Zhongguo Zhong Yao Za Zhi. 2015;40:2668- 
2673.

 5. Kaur H, Prakash A, Medhi B. Drug therapy in stroke: from preclini-
cal to clinical studies. Pharmacology. 2013;92:324-334.

 6. Selnes OA, Vinters HV. Vascular cognitive impairment. Nat Clin 
Pract Neurol. 2006;2:538-547.

 7. Alagiakrishnan K, McCracken P, Feldman H. Treating vascular risk 
factors and maintaining vascular health: is this the way towards suc-
cessful cognitive ageing and preventing cognitive decline? Postgrad 
Med J. 2006;82:101-105.

 8. Chabriat H, Bousser MG. Vascular dementia: potential of antiplate-
let agents in prevention. Eur Neurol. 2006;55:61-69.

 9. Gorelick PB, Scuteri A, Black SE, et al. Vascular contributions to 
cognitive impairment and dementia: a statement for healthcare 
professionals from the American heart association/American 
stroke association. Stroke. 2011;42:2672-2713.

 10. Thiel A, Cechetto DF, Heiss WD, Hachinski V, Whitehead SN. 
Amyloid burden, neuroinflammation, and links to cognitive decline 
after ischemic stroke. Stroke. 2014;45:2825-2829.

 11. Zlokovic BV. Neurovascular mechanisms of Alzheimer's neurode-
generation. Trends Neurosci. 2005;28:202-208.

https://doi.org/10.6084/m9.figshare.11635317.v1
https://orcid.org/0000-0002-4900-5967
https://orcid.org/0000-0002-4900-5967


6976  |     FANG et Al.

 12. Farlow MR. Use of antidementia agents in vascular dementia: be-
yond Alzheimer disease. Mayo Clin Proc. 2006;81:1350-1358.

 13. Schmidt H, Freudenberger P, Seiler S, Schmidt R. Genetics of sub-
cortical vascular dementia. Exp Gerontol. 2012;47:873-877.

 14. Baum L, Lam LC, Kwok T, et al. Apolipoprotein E epsilon4 allele 
is associated with vascular dementia. Dement Geriatr Cogn Disord. 
2006;22:301-305.

 15. Brookes RL, Crichton S, Wolfe CDA, et al. Sodium valproate, a his-
tone deacetylase inhibitor, is associated with reduced stroke risk 
after previous ischemic stroke or transient ischemic attack. Stroke. 
2018;49:54-61.

 16. Arancibia SA, Beltran CJ, Aguirre IM, et al. Toll-like receptors are key 
participants in innate immune responses. Biol Res. 2007;40:97-112.

 17. Brea D, Blanco M, Ramos-Cabrer P, et al. Toll-like receptors 2 and 4 
in ischemic stroke: outcome and therapeutic values. J Cereb Blood 
Flow Metab. 2011;31:1424-1431.

 18. Caso JR, Pradillo JM, Hurtado O, Lorenzo P, Moro MA, Lizasoain 
I. Toll-like receptor 4 is involved in brain damage and inflammation 
after experimental stroke. Circulation. 2007;115:1599-1608.

 19. Wu D, Lee YG, Liu HC, et al. Identification of TLR downstream path-
ways in stroke patients. Clin Biochem. 2013;46:1058-1064.

 20. Wu D, Sheu JS, Liu HC, et al. Increase of toll-like receptor 4 
but decrease of interleukin-8 mRNA expression among isch-
emic stroke patients under aspirin treatment. Clin Biochem. 
2012;45:1316-1319.

 21. Ikram MA, Bersano A, Manso-Calderon R, et al. Genetics of vas-
cular dementia—review from the ICVD working group. BMC Med. 
2017;15:48.

 22. You C, Zhang H, Sakharkar AJ, Teppen T, Pandey SC. Reversal of 
deficits in dendritic spines, BDNF and Arc expression in the amyg-
dala during alcohol dependence by HDAC inhibitor treatment. Int J 
Neuropsychopharmacol. 2014;17:313-322.

 23. Naumenko VS, Kulikov AV, Kondaurova EM, et al. Effect of ac-
tual long-term spaceflight on BDNF, TrkB, p75, BAX and BCL-XL 
genes expression in mouse brain regions. Neuroscience. 2015;284: 
730-736.

 24. Rostami E, Krueger F, Plantman S, et al. Alteration in BDNF and its 
receptors, full-length and truncated TrkB and p75(NTR) following 
penetrating traumatic brain injury. Brain Res. 2014;1542:195-205.

 25. Ye X, Yu L, Zuo D, et al. Activated mGluR5 protects BV2 cells against 
OGD/R induced cytotoxicity by modulating BDNF-TrkB pathway. 
Neurosci Lett. 2017;654:70-79.

 26. Cui X, Fu Z, Wang M, Nan X, Zhang B. Pitavastatin treatment in-
duces neuroprotection through the BDNF-TrkB signalling pathway 
in cultured cerebral neurons after oxygen-glucose deprivation. 
Neurol Res. 2018;40:391-397.

 27. Shibata M, Ohtani R, Ihara M, Tomimoto H. White matter lesions 
and glial activation in a novel mouse model of chronic cerebral hy-
poperfusion. Stroke. 2004;35:2598-2603.

 28. Shibata M, Yamasaki N, Miyakawa T, et al. Selective impairment of 
working memory in a mouse model of chronic cerebral hypoperfu-
sion. Stroke. 2007;38:2826-2832.

 29. Washida K, Ihara M, Nishio K, et al. Nonhypotensive dose of telmis-
artan attenuates cognitive impairment partially due to peroxisome 
proliferator-activated receptor-gamma activation in mice with 
chronic cerebral hypoperfusion. Stroke. 2010;41:1798-1806.

 30. Dichgans M, Leys D. Vascular cognitive impairment. Circ Res. 
2017;120:573-591.

 31. Minucci S, Pelicci PG. Retinoid receptors in health and disease: 
co-regulators and the chromatin connection. Semin Cell Dev Biol. 
1999;10:215-225.

 32. Jia M, Liu WX, Sun HL, et al. Suberoylanilide hydroxamic acid, a 
histone deacetylase inhibitor, attenuates postoperative cognitive 
dysfunction in aging mice. Front Mol Neurosci. 2015;8:52.

 33. Herman D, Jenssen K, Burnett R, Soragni E, Perlman SL, Gottesfeld 
JM. Histone deacetylase inhibitors reverse gene silencing in 
Friedreich's ataxia. Nat Chem Biol. 2006;2:551-558.

 34. Timmusk T. Neuronal-activity regulated gene expression: emphasis 
on BDNF. Springerplus. 2015;4:L38.

 35. Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of his-
tone deacetylase inhibitors. Nat Rev Drug Discov. 2006;5:769-784.

 36. Dokmanovic M, Clarke C, Marks PA. Histone deacetylase inhibitors: 
overview and perspectives. Mol Cancer Res. 2007;5:981-989.

 37. Graff J, Tsai LH. Histone acetylation: molecular mnemonics on the 
chromatin. Nat Rev Neurosci. 2013;14:97-111.

 38. Wu Y, Dou J, Wan X, et al. Histone deacetylase inhibitor MS-275 
alleviates postoperative cognitive dysfunction in rats by inhibiting 
hippocampal neuroinflammation. Neuroscience. 2019;417:70-80.

 39. Meng J, Li Y, Camarillo C, et al. The anti-tumor histone deacetylase 
inhibitor SAHA and the natural flavonoid curcumin exhibit syner-
gistic neuroprotection against amyloid-beta toxicity. PLoS ONE. 
2014;9:e85570.

 40. Wu X, Chen PS, Dallas S, et al. Histone deacetylase inhibitors 
up-regulate astrocyte GDNF and BDNF gene transcription and 
protect dopaminergic neurons. Int J Neuropsychopharmacol. 
2008;11:1123-1134.

 41. Han A, Sung YB, Chung SY, Kwon MS. Possible additional antide-
pressant-like mechanism of sodium butyrate: targeting the hippo-
campus. Neuropharmacology. 2014;81:292-302.

 42. Jaworska J, Zalewska T, Sypecka J, Ziemka-Nalecz M. Effect of the 
HDAC inhibitor, sodium butyrate, on neurogenesis in a rat model 
of neonatal hypoxia-ischemia: potential mechanism of action. Mol 
Neurobiol. 2019;56:6341-6370.

 43. Kim HJ, Leeds P, Chuang DM. The HDAC inhibitor, sodium butyr-
ate, stimulates neurogenesis in the ischemic brain. J Neurochem. 
2009;110:1226-1240.

 44. Bagheri A, Habibzadeh P, Razavipour SF, et al. HDAC inhibitors in-
duce BDNF expression and promote neurite outgrowth in human 
neural progenitor cells-derived neurons. Int J Mol Sci. 2019;20:1109.

 45. Calfa G, Chapleau CA, Campbell S, et al. HDAC activity is required 
for BDNF to increase quantal neurotransmitter release and den-
dritic spine density in CA1 pyramidal neurons. Hippocampus. 
2012;22:1493-1500.

 46. Kaundal M, Zameer S, Najmi AK, Parvez S, Akhtar M. Betulinic 
acid, a natural PDE inhibitor restores hippocampal cAMP/cGMP 
and BDNF, improve cerebral blood flow and recover memory defi-
cits in permanent BCCAO induced vascular dementia in rats. Eur J 
Pharmacol. 2018;832:56-66.

 47. Sakr HF, Khalil KI, Hussein AM, Zaki MS, Eid RA, Alkhateeb M. 
Effect of dehydroepiandrosterone (DHEA) on memory and brain 
derived neurotrophic factor (BDNF) in a rat model of vascular de-
mentia. J Physiol Pharmacol. 2014;65:41-53.

 48. Lin Y, Lu X, Dong J, et al. Involuntary, forced and voluntary exer-
cises equally attenuate neurocognitive deficits in vascular de-
mentia by the BDNF-pCREB mediated pathway. Neurochem Res. 
2015;40:1839-1848.

 49. Hasan MR, Kim JH, Kim YJ, et al. Effect of HDAC inhibitors on neu-
roprotection and neurite outgrowth in primary rat cortical neurons 
following ischemic insult. Neurochem Res. 2013;38:1921-1934.

 50. Park MJ, Sohrabji F. The histone deacetylase inhibitor, sodium bu-
tyrate, exhibits neuroprotective effects for ischemic stroke in mid-
dle-aged female rats. J Neuroinflammation. 2016;13:300.

 51. Patnala R, Arumugam TV, Gupta N, Dheen ST. HDAC inhibitor so-
dium butyrate-mediated epigenetic regulation enhances neuropro-
tective function of microglia during ischemic stroke. Mol Neurobiol. 
2017;54:6391-6411.

 52. Ruess DA, Probst M, Marjanovic G, et al. HDACi valproic acid 
(VPA) and suberoylanilide hydroxamic acid (SAHA) delay but fail 



     |  6977FANG et Al.

to protect against warm hepatic ischemia-reperfusion injury. PLoS 
ONE. 2016;11:e0161233.

 53. Lee JY, Kuo CW, Tsai SL, et al. Inhibition of HDAC3- and HDAC6-
promoted survivin expression plays an important role in SAHA-
induced autophagy and viability reduction in breast cancer cells. 
Front Pharmacol. 2016;7:81.

 54. Kilgore M, Miller CA, Fass DM, et al. Inhibitors of class 1 his-
tone deacetylases reverse contextual memory deficits in a 
mouse model of Alzheimer's disease. Neuropsychopharmacology. 
2010;35:870-880.

 55. Johnsson A, Durand-Dubief M, Xue-Franzen Y, Ronnerblad M, 
Ekwall K, Wright A. HAT-HDAC interplay modulates global histone 
H3K14 acetylation in gene-coding regions during stress. EMBO Rep. 
2009;10:1009-1014.

 56. Bach SV, Tacon PR, Morgan JW, Hegde AN. Proteasome reg-
ulates transcription-favoring histone methylation, acetylation 
and ubiquitination in long-term synaptic plasticity. Neurosci Lett. 
2015;591:59-64.

 57. Sen A, Nelson TJ, Alkon DL. ApoE4 and Abeta oligomers reduce 
BDNF expression via HDAC nuclear translocation. J Neurosci. 
2015;35:7538-7551.

 58. Cai F, Chen B, Zhou W, et al. SP1 regulates a human SNAP-25 gene 
expression. J Neurochem. 2008;105:512-523.

 59. Park SJ, Jung YJ, Kim YA, Lee-Kang JH, Lee KE. Glucose/oxy-
gen deprivation and reperfusion upregulate SNAREs and com-
plexin in organotypic hippocampal slice cultures. Neuropathology. 
2008;28:612-620.

 60. Fukuchi M, Nii T, Ishimaru N, et al. Valproic acid induces up- or 
down-regulation of gene expression responsible for the neuronal 
excitation and inhibition in rat cortical neurons through its epigen-
etic actions. Neurosci Res. 2009;65:35-43.

 61. Hara D, Miyashita T, Fukuchi M, et al. Persistent BDNF exon I-IX 
mRNA expression following the withdrawal of neuronal activity in 
neurons. Biochem Biophys Res Commun. 2009;390:648-653.

 62. Ishimaru N, Fukuchi M, Hirai A, et al. Differential epigene-
tic regulation of BDNF and NT-3 genes by trichostatin A and 

5-aza-2′-deoxycytidine in Neuro-2a cells. Biochem Biophys Res 
Commun. 2010;394:173-177.

 63. Wong J, Webster MJ, Cassano H, Weickert CS. Changes in al-
ternative brain-derived neurotrophic factor transcript expres-
sion in the developing human prefrontal cortex. Eur J Neurosci. 
2009;29:1311-1322.

 64. Cohen-Cory S, Kidane AH, Shirkey NJ, Marshak S. Brain-derived 
neurotrophic factor and the development of structural neuronal 
connectivity. Dev Neurobiol. 2010;70:271-288.

 65. Garraway SM, Huie JR. Spinal plasticity and behavior: BDNF-
induced neuromodulation in uninjured and injured spinal cord. 
Neural Plast. 2016;2016:9857201.

 66. Groth R, Aanonsen L. Spinal brain-derived neurotrophic factor 
(BDNF) produces hyperalgesia in normal mice while antisense di-
rected against either BDNF or trkB, prevent inflammation-induced 
hyperalgesia. Pain. 2002;100:171-181.

 67. Pezet S, Malcangio M, McMahon SB. BDNF: a neuromodulator in 
nociceptive pathways? Brain Res Brain Res Rev. 2002;40:240-249.

 68. Bambah-Mukku D, Travaglia A, Chen DY, Pollonini G, Alberini 
CM. A positive autoregulatory BDNF feedback loop via C/
EBPbeta mediates hippocampal memory consolidation. J Neurosci. 
2014;34:12547-12559.

 69. Bredy TW, Wu H, Crego C, Zellhoefer J, Sun YE, Barad M. Histone 
modifications around individual BDNF gene promoters in prefron-
tal cortex are associated with extinction of conditioned fear. Learn 
Mem. 2007;14:268-276.

How to cite this article: Fang Y-C, Chan L, Liou J-P, et al. 
HDAC inhibitor protects chronic cerebral hypoperfusion and 
oxygen-glucose deprivation injuries via H3K14 and H4K5 
acetylation-mediated BDNF expression. J Cell Mol Med. 
2020;24:6966–6977. https://doi.org/10.1111/jcmm.15358

https://doi.org/10.1111/jcmm.15358

