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Neuroprotection of histone deacetylase
inhibitor TMP269 in cerebral ischemia/reperfusion rat
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Abstract: Ischemia stroke is an important clinical problem with few efficient treatments. Histone deacetylase has
been considered to be associated with ischemic stroke. Studies have identified a variant in HDAC9 associated with
large-vessel ischemic stroke. Therefore, HDAC9 inhibitors may function as therapeutic drugs to prevent neurological
ischemia. It was also reported that HDAC9 contributed to brain microvessel endothelial cell injury, through increas-
ing inflammatory responses and reducing the expression of tight-junction proteins including occludin. TMP269 is
a selective HDAC inhibitor, but it remains poorly characterized in field of stroke. Therefore, we tested TMP269 in a
rat model of transient middle cerebral artery occlusion (tMCAO). Sprague-Dawley rats (male, 250-280 g) were ran-
domly assigned to three groups: ischemia/reperfusion (I/R, n=22), ischemia/reperfusion with TMP269 treatment
(TMP269, n=23), and sham surgery (sham, n=18). TMP269 was injected one hour before induction of ischemia.
Rats were evaluated for neurological functional outcomes 24 hours after MCAO (n=6/group), and then were sac-
rificed for HDAC9, and occludin protein quantification by Western blot. Other rats were sacrificed to assess infarct
volume and edema rate by 2,3,5-triphenyltetrazolium chloride (TTC) staining (n=6/group), and to investigate histo-
logical changes by hematoxylin and eosin (H&E) staining (n=6/group). The results showed that TMP269 improved
neurological status and infarct volume, increased occludin protein levels after MCAO, suggesting that TMP269 may
provide neuroprotection.
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Introduction transcription [4, 5]. HDACs are categorized into
four classes based on structure, function, and
similarity to yeast orthologues, including class |
HDACs (HDAC1, 2, 3, and 8), class Il HDACs
(HDAC4, 5, 6, 7,9, and 10), class lll HDACs, and

class IV HDAC (HDAC11) [6-9].

Stroke is a most common disease affecting the
quality of life worldwide [1]. Each year, about 15
million people experience a stroke [2]. Any
treatment that could decrease the incidence of
this disease would have significant economic
and patient benefits. The determination of the
pathogenesis of cerebral ischemia and the
development of better therapeutic targets to
prevent ischemia is current challenges in neu-
rology. Increased understanding of epigenetic
mechanisms such as histone modifications,
DNA methylation, chromatin remodeling, and
regulation by non-coding RNAs (ncRNAs) have
attracted increasing attention in the pathogen-
esis of stroke [3]. Of these factors, histone

Previous studies have showed the regulating
effect of HDAC9 on ischemia. HDAC9 is a mem-
ber of the class lla HDACs (HDAC4, 5, 7, 9), and
is ubiquitously expressed, with high levels of
expression in cardiac tissue, muscle, and the
brain [10]. HDAC9 is involved in lipid meta-
bolism, glucose metabolism, and angiogenesis
[11-13]. A recent Genome-Wide Association
study (GWAS) study [14] reported that HDAC9
was associated with large-vessel ischemic

deacetylase (HDACs)-mediated epigenetic me-
chanisms seem to play an essential regulatory
role.

HDACs are a group of enzymes that act in the
homoeostasis of histone acetylation and gene

stroke [14]. Shi et al observed that HDAC9 was
significantly up-regulated in the ischemic brain
[15]. This study also demonstrates that HDAC9
contributes to endothelial cell injury and indi-
cates that HDACO9 is a vital component of a sig-
nal transduction pathway in ischemic cerebral
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injury, suggesting the potential of HDAC9 inhibi-
tors (HDACis) to serve as new therapeutic inter-
vention strategies for ischemic stroke.

Over the past decades, many HDACis related to
neurological diseases have been extensively
researched. The best-studied HDACis in expe-
rimental ischemic stroke are small molecular
compounds with high blood brain barrier per-
meability. Either pretreatment or post injury
administration with these compounds has be-
en proved to reduce infarct volume in experi-
mental animal stroke models [16-18]. However,
available HDACis may inhibit multiple HDAC
proteins. TMP269 [19] is a novel and selective
class lla histone deacetylase inhibitor with me-
asured IC50s of 126/80/36/9 nM for HDAC
4/5/7/9, respectively. Based on this, we pre-
dicted that TMP269 should be able to inhibit
HDAC9 at low concentrations, but there were
no previous reports testing TMP269 in vivo.

In the present study, we tested TMP269 in a rat
model of middle cerebral artery occlusion. We
hypothesized that TMP269 would reduce neu-
rological damage during cerebral ischemia.

Materials and methods
Animals and experimental groups

The animal experimental protocols were based
on the guidelines of the Committee for the
Care and Use of Laboratory Animals at Fudan
University. Healthy male Sprague-Dawley rats
(Jiesijie Lab Animal Ltd, Shanghai, China) were
used, weighing 250-280 g. They were housed
at 24°C with free access to water and standard
rat chow. Animals were randomly assigned to 3
experimental groups: sham surgery, ischemia/
reperfusion (I/R), or ischemia/reperfusion with
TMP269 treatment (TMP269). TMP269 (4 mg/
kg, Selleck (China)) was administered by intra-
peritoneal injection 1 hour before ischemia.

Middle cerebral artery occlusion (MCAO)

Ischemia was induced by left middle cerebral
artery occlusion (MCAQ), as previously descri-
bed [20]. In brief, rats were anesthetized with
10% chloral hydrate (350 mg/kg, i.p.), and body
temperature was maintained at 37°C by using
a homoeothermic blanket. A nylon monofila-
ment with a silicone tip (Bejing Cinontech
Co.LTD) was advanced from the external carot-
id artery into the lumen of the internal carotid
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artery. After 90 minutes of cerebral ischemia,
the monofilament was withdrawn to allow re-
perfusion. After 24 hours of reperfusion, the
rats were anaesthetized again and then sacri-
ficed. In the sham group, rats underwent the
same surgical procedure but without MCAO.
Once animals recovered from anesthesia, they
were scored based on a four-point scale [21] as
follows: O, no neurological symptoms: 1, unable
to completely extend the front contralateral
paw; 2, rotating while crawling and falling to
the contralateral side; 3, unable to walk without
assistance; and 4, unconsciousness (did not
recover). Rats with scores of 1-3 points were
considered successful models and were includ-
ed in the study. When the procedures were
finished, the animals were returned to their
cages and again allowed free access to food
and water. Overall, the number of mice used in
this study for data collection and analysis was
six per experimental treatment.

Evaluation of neurological status

The final neurological status was assessed in
rats 24 h after MCAO in a blinded fashion by
using a seven-point scale [22] as follows: 0, no
deficit; 1, failure to extend right forepaw fully; 2,
decreased grip of the right forelimb when held
by tail; 3, spontaneous movement in all direc-
tions, but torso turning to right when held by
tail; 4, circling or walking to the right; 5, walking
only in response to tactile stimulation; 6, no
spontaneous activity; and 7, dead. The person
who made the evaluation was blinded to group
assignment.

Beam-walking test

We used the beam-walking test to assess coor-
dination and integration of motor movement in
rats after ischemia. The rats were trained for 3
days to traverse the beam before ischemia
induction and were tested the day before sur-
gery to establish a baseline measure. The ani-
mals were next tested 24 h after ischemia
induction. The beam-walking apparatus con-
sisted of a square beam (2.5 cm x 140 cm x 42
cm) connected to a box (40 cm x 25 cm x 25
cm). The performance of the beam-walking
task was video recorded and 3 trials were
recorded for each analysis. Performance was
rated as follows [23]: the rat was not able to
stay on the beam, O points; the rat did not
move, but was able to stay on the beam, 1
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Figure 1. Western blot analysis of HDAC9 in the cor-
tex ipsilateral to MCAO. Compared with the sham
group, the expression of HDAC9 was increased sig-
nificantly in both the I/R and TMP269 groups. The
level of HDAC9 in the TMP269 group was lower than
the level in the I/R group. Data represent the mean
+ SEM (n=6). *P < 0.05 versus I/R group, #P < 0.05
versus sham.

point; the rat tried to traverse the beam, but
fell, 2 points; the rat traversed the beam with
more than 50% footslips of the affected hind-
limb, 3 points; the rat traversed the beam with
more than one footslip, but less than 50%, 4
points; the rat had only one slip of the hindlimb,
5 points; the rat traversed the beam without
any slips of the hindlimb, 6 points. The person
who made the evaluation was blinded to group
assignment.

Quantification of lesions

Cerebral infarction volumes were measured by
2,3,5-triphenyltetrazolium chloride (TTC) stain-
ing. Rats (n=18, 6 per group) were anesthetized
with 10% chloral hydrate, and the brains were
dissected, washed in phosphate buffered sa-
line (PBS), incubated at -20°C for 5 minutes,
then sliced into 6 coronal sections of 2 mm
thickness. Sections were immediately placed
into 2% TTC (Sigma Co.Ltd.) in PBS at 37°C for
30 minutes. After staining, sections were pho-
tographed using a digital camera (DSC-TX10,
Sony, Japan), and infarct size was calculated
based on the photographs. To minimize the
affect introduced by brain edema, an indirect
method was used to calculate infarct volumes
[24]: ipsilateral infarct volume was calculated
as the total contralateral hemisphere area-the
noninfarcted area of the ipsilateral hemisphere.
The infarct percentage (%) was calculated as
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follows: ipsilateral infarct volume/volume of the
contralateral hemisphere x 100%. Cerebral ed-
ema was counted from sections stained by
TTC according to the formula [25]: [(ipsilateral
volume-contralateral volume)/contralateral vol-
ume] x 100%.

Hematoxylin and eosin staining

After 24 h of reperfusion, the brains were
removed and fixed in 4% paraformaldehyde
overnight at 4°C. After paraffin embedding of
coronal sections (4 um in thickness), the
sections were stained with hematoxylin and
eosin (H&E). Morphological features of the
brain damage under microscope, comparing
with changes in the gross specimen were
observed through a light microscope (Olympus)
at a magnification of x 200 and then docu-
mented by digital photography.

Western blotting

Ipsilateral cortical tissue surrounding the isch-
emic zone was harvested after the animals
were sacrificed. Cortical protein extracts and
Western blotting analysis were performed as
previously described [26]. Protein was separ-
ated by 10% sodium dodecyl sulfate-polyacr-
ylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose filter (NC) mem-
branes. After blocking for 2 hours, the mem-
branes were incubated overnight with primary
antibody in 5% skim milk powder. Membranes
were then washed and incubated with second-
ary antibodies for 1 hour at room temperature.
Finally, an Electro-Chemi-Luminescence (ECL)
kit was used to treat the membranes and devel-
op the signal, which was detected using Alpha
Innotech (Bio-Rad). The following primary anti-
bodies were purchased: rabbit polyclonal 1gG
anti HDAC9 antibody (Abcam), mouse monoclo-
nal anti-B-actin antibody (Abcam), mouse poly-
clonal 1gG anti occludin antibody (Invitrogen
Zymed).

Statistical analysis

Statistical analyses were performed using
SPSS 17.0 statistical software, (SPSS Compa-
ny, USA). Group differences were analyzed
using a one-way analysis of variance (ANOVA)
followed by post hoc tests. Statistical signifi-
cance of the physiological variables was deter-
mined with an independent sample t-test. P
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Figure 2. Neurological functional outcomes of the rats in the sham, I/R, and TMP269 groups at 24 h after reperfu-
sion. A. 7-point scale neurological score. Sham-operated rats had scores of zero, indicating normal neurological
status. After undergoing cerebral ischemia and reperfusion, rats were impaired, and TMP269 administration signifi-
cantly ameliorated neurological function, indicated by decrease of the scores in the TMP269 group. B. The beam-
walking test showed significant impairment for both the TMP269-treated rats and |/R-treated rats when compared
to the sham-treated rats. Treatment with TMP269 improved performance on the beam-walking test when compared
to I/R-treated rats at 24 h after ischemia. Data represent mean + SEM (n=6). *P < 0.05 versus I/R group, #P < 0.05
versus sham. C. Comparison of the correlation of HDAC9 with neurological deficits. R represents the Pearson’s cor-
relation coefficient. P < 0.05 was considered be a positive correlation.

values < 0.05 were considered statistically sig- pression of HDAC9 induced by ischemia-reper-
nificant differences. fusion injury.
Result Neurological status
Expression of the HDAC9 protein 24 h after MCAO, the neurological status of the
rats was assessed using a 7-point scale. As
The protein expression of HDAC9 was mea- shown in Figure 2A, the neurological status
sured by western blot. As shown in Figure 1, scores at 24 h after reperfusion in the sham
compared with the sham group, the expression group were about zero, indicating that there
of HDAC9 was increased significantly in both was no neurological deficit. After undergoing
the I/R group (p < 0.05, n=6) and the TMP269 cerebral ischemia and reperfusion, the rats
group (p < 0.05, n=6). However, the level of were impaired (I/R group, 4.33+0.34), and rats
HDAC9 in the tissue from the TMP269 group in the TMP269 group showed significant im-
was lower than the samples from the I/R group provement (3+0.26) relative to rats in I/R group
(P < 0.05, n=6). This indicated that TMP269 (P < 0.05, n=6). In addition to the 7-point
treatment could suppress the increased ex- assessment, to investigate the neurological
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Figure 3. Measurement of infarct volume and edema formation. A. At 24
h after ischemia/reperfusion injury, TTC staining showed the brain infarct
in the I/R and TMP269 groups exhibited white color, and the healthy tis-
sue appears red. B. The infarct volume was markedly diminished in the
group that received TMP269 (35.00+£1.38%) compared with the I/R
group (47.70+4.36%). C. The brain edema (%) was significantly reduced
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TMP269 volume, 35.00+1.38% (P <
0.05; n=6; Figure 3B). Com-
pared with the I/R group, the
brain edema rate was signifi-
cant reduced in the TMP269
group (P < 0.05, n=6; Figure
30C).

in the TMP269 (8.29+0.53%)-treated group compared with the I/R group

(13.01+0.99%). The data is presented as the mean + SEM of 6 animals per

group. *P < 0.05 relative to I/R.

outcomes, we used a beam-walking test to
assess the deficits in coordination and integra-
tion of motor movement in the rats after isch-
emia. The results of the test are presented in
Figure 2B. The beam-walking test showed
significant impairment for both the TMP269-
treated rats and |/R-treated rats when com-
pared to the sham-treated rats (5.67+0.21) (P
< 0.05, n=6). Treatment with TMP269 (1.00+
0.37) improved performance for the beam-
walking test when compared to the |/R-treated
rats (2.17+0.31) at 24 h after ischemia (P <
0.05, n=6).

Correlation of HDAC9 with neurological deficits

The possible correlation of the relative expres-
sion of HDAC9 and neurological deficits was
assessed by Pearson’s correlation coefficient
(R). The expression of HDAC9 was positively
correlated with the scores of neurological defi-
cits (Figure 2C). These results implied that
there might be an association or even a posi-
tive correlation between the expression of
HDAC9 and neurological deficits.
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Hematoxylin and eosin stain-
ing

After H&E staining, the cortex was observed by
light microscope (Figure 4). The brains of the
sham group showed no evident morphological
changes (Figure 4A). Obvious deformation and
swelling of the nerve cells, interstitial edema,
and tissue damage occurred in the cortex
region of I/R group (Figure 4B), but TMP269
administration ameliorated the damage caused
by reperfusion injury (Figure 4C).

Expression of the occludin protein

The protein expression of occludin was mea-
sured by western blot. As shown in Figure 5,
compared with the sham group, the expression
of occludin was decreased significantly in the
I/R group (p < 0.05, n=6). However, the level of
occludin from the TMP269 group was higher
than the samples from the I/R group (P < 0.05,
n=06).

Discussion

Currently, ischemia induced by MCAO is widely
used to investigate the effects of pre- and post-

Int J Clin Exp Med 2018;11(4):3405-3413
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Figure 4. Pathological brain tissue changes after cerebral I/R. H&E staining showed that neurons had normal mor-
phological features in the sham-operated group. The images of the I/R group showed multiple vacuolated inter-

spaces (arrow). TMP269 administration ameliorated the damage caused by reperfusion injury.
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Figure 5. Western blot analysis of occludin in the
cortex ipsilateral to MCAO. Compared with the sham
group, the expression of occludin was decreased sig-
nificantly in the I/R and groups. The level of occludin
in the TMP269 group was higher than the level in the
I/R group. Data represent the mean + SEM (n=6). *P
< 0.05 versus I/R group.

conditioning on focal cerebral ischemia in
experimental animals. As a pre-conditioning
procedure, TMP269 was administered an hour
before MCAO. In TMP269 treated rats, this
treatment provided neuro-protection against
brain ischemic injury as indicated by neurologi-
cal status scores and beam-walking test. TTC
staining revealed that TMP269 significantly
reduced the cerebral infarct volume and allevi-
ated brain edema. HE staining also revealed
the protective effect of TMP269.

HDAC9, a member of the class IIA HDAC pro-
teins, was highly expressed in the brain and
skeletal muscle. Emerging evidence has linked
HDAC9 to neuronal physiology and pathology
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[27-29]. Western blot analysis demonstrated
that HDAC9 was up-regulated in the ischemic
cerebral hemisphere after cerebral I/R injury in
rats, in agreement with the previous experi-
ment [15]. Moreover, we found that positively
correlated expression of HDAC9 with the neu-
rological deficits. Higher expression of HDAC9
corresponded to more severe neurological defi-
cits. Thus, excessive HDAC9 after stroke is del-
eterious, and treatments that suppress this
effect could present neuroprotective effects
against brain injury after MCAO.

Interestingly, we also found that the administra-
tion of TMP269 before ischemia injury inhibited
the expression level of HDAC9 compared to the
I/R group (Figure 3). One potential mechanism
for this inhibition is that TMP269 may increase
the acetylation level of HDAC9, making it more
easily degradable, resulting in decreased levels
in the TMP269 group. However, the detailed
mechanism of TMP269 action was not deter-
mined in this study.

Evidence demonstrates that HDACO contrib-
utes to brain microvessel endothelial cell injury
and the integrity of the blood brain barrier
(BBB) [15]. Our previous study showed that
HDACO regulates ox-LDL-induced endothelial
cell apoptosis by participating in inflamma-
tory reactions [30]. Those results indicate that
HDAC9 plays an important role in endothelial
function. In our study, we found that the admin-
istration of TMP269 before ischemia injury ele-
vated the expression level of occludin com-
pared to the I/R group. Occludin was key
structural protein sealing the blood brain barri-
er (BBB) and forming tight junctions [31, 32]
and they are highly enriched in brain capillaries.

Int J Clin Exp Med 2018;11(4):3405-3413



Protective effect of TMP269 in I/R

When BBB permeability increased, expression
levels of occludin may decreased. Thus, our
result suggested that TMP269, a HDAC inhibi-
tor, may protect brain function by decreasing
the permeability of BBB. However, further study
is needed to verify this point of view.

This study is the first report of the use of
TMP269 in animals. Here, we did not verify
whether the acetylation level was decreased
after using TMP269. However, the rats’ be-
havioral outcomes, infarct volume, and brain
edema were better when treated with TMP269.
Importantly, the mobility of rats in the TMP269
group indicated little drug toxicity when used as
treatment before ischemia/reperfusion injury.
Thus, we considered that TMP269 confers a
neuroprotective effect for ischemia/reperfu-
sion injury in rats.

In conclusion, this study demonstrated that
administration of TMP269 one hour prior to
ischemia resulted in better outcomes in rats.

Acknowledgements

We thank Professor Huimin Ren for supervising
this study. This work was supported by the
Ministry of Science and Technology of the
People’s Republic of China (No. 2012CB518-
602, 81501134).

Disclosure of conflict of interest
None.
Abbreviations

HDAC9, Histone deacetylase 9; tMCAO, tran-
sient middle cerebral artery occlusion; I/R,
ischemia/reperfusion; TTC, 2,3,5-triphenyltet-
razolium chloride; H&E, hematoxylin and eosin.

Address correspondence to: Drs. Xiang Han and
Qiang Dong, Department of Neurology, Huashan
Hospital, Fudan University, 12 Middle Wulumugqi
Road, Shanghai 200040, China. Tel: 86-21-5288-
7145; E-mail: hansletter@fudan.edu.cn (XH); giang_
dong@fudan.edu.cn (QD)

References
[1] Buyukvural SS, Ozbudak DS, Ekiz T and Oz-
girgin N. Effects of the bilateral isokinetic

strengthening training on functional parame-
ters, gait, and the quality of life in patients with

3411

(2]

(3]

(4]

(6]

(7]

(8]

(10]

(11]

[12]

stroke. Int J Clin Exp Med 2015; 8: 16871-
16879.

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK,
Blaha MJ, Cushman M, de Ferranti S, Despres
JP, Fullerton HJ, Howard VJ, Huffman MD, Judd
SE, Kissela BM, Lackland DT, Lichtman JH,
Lisabeth LD, Liu S, Mackey RH, Matchar DB,
McGuire DK, Mohler ER, Moy CS, Muntner P,
Mussolino ME, Nasir K, Neumar RW, Nichol G,
Palaniappan L, Pandey DK, Reeves MJ, Rodri-
guez CJ, Sorlie PD, Stein J, Towfighi A, Turan
TN, Virani SS, Willey JZ, Woo D, Yeh RW and
Turner MB; American Heart Association Statis-
tics Committee and Stroke Statistics Sub-
committee. Heart disease and stroke statis-
tics—-2015 update: a report from the American
Heart Association. Circulation 2015; 131: e29-
322.

Schweizer S, Meisel A and Marschenz S. Epi-
genetic mechanisms in cerebral ischemia. J
Cereb Blood Flow Metab 2013; 33: 1335-
1346.

Livyatan | and Meshorer E. The HDAC interac-
tion network. Mol Syst Biol 2013; 9: 671.
Gelato KA and Fischle W. Role of histone modi-
fications in defining chromatin structure and
function. Biol Chem 2008; 389: 353-363.
Kouzarides T. Chromatin modifications and
their function. Cell 2007; 128: 693-705.
Chuang DM, Leng Y, Marinova Z, Kim HJ and
Chiu CT. Multiple roles of HDAC inhibition in
neurodegenerative conditions. Trends Neuro-
sci 2009; 32: 591-601.

Yang XJ and Seto E. The Rpd3/Hdal family of
lysine deacetylases: from bacteria and yeast
to mice and men. Nat Rev Mol Cell Biol 2008;
9: 206-218.

Parra M and Verdin E. Regulatory signal trans-
duction pathways for class lla histone deacety-
lases. Curr Opin Pharmacol 2010; 10: 454-
460.

Chang S, McKinsey TA, Zhang CL, Richardson
JA, Hill JA and Olson EN. Histone deacetylases
5 and 9 govern responsiveness of the heart to
a subset of stress signals and play redundant
roles in heart development. Mol Cell Biol 2004;
24: 8467-8476.

Chatterjee TK, Idelman G, Blanco V, Blomkalns
AL, Piegore MJ, Weintraub DS, Kumar S, Ra-
jsheker S, Manka D, Rudich SM, Tang Y, Hui DY,
Bassel-Duby R, Olson EN, Lingrel JB, Ho SM
and Weintraub NL. Histone deacetylase 9 is a
negative regulator of adipogenic differentia-
tion. J Biol Chem 2011; 286: 27836-278417.
Chatterjee TK, Basford JE, Knoll E, Tong WS,
Blanco V, Blomkalns AL, Rudich S, Lentsch AB,
Hui DY and Weintraub NL. HDAC9 knockout
mice are protected from adipose tissue dys-
function and systemic metabolic disease dur-

Int J Clin Exp Med 2018;11(4):3405-3413


mailto:hansletter@fudan.edu.cn
mailto:qiang_dong@fudan.edu.cn
mailto:qiang_dong@fudan.edu.cn

[13]

(14]

[15]

(16]

[17]

(18]

3412

Protective effect of TMP269 in I/R

ing high-fat feeding. Diabetes 2014; 63: 176-
187.

Kaluza D, Kroll J, Gesierich S, Manavski Y,
Boeckel JN, Doebele C, Zelent A, Rossig L, Zei-
her AM, Augustin HG, Urbich C and Dimmeler
S. Histone deacetylase 9 promotes angiogen-
esis by targeting the antiangiogenic microR-
NA-17-92 cluster in endothelial cells. Arterio-
scler Thromb Vasc Biol 2013; 33: 533-543.
International Stroke Genetics Consortium
(ISGC); Wellcome Trust Case Control Consor-
tium 2 (WTCCC2), Bellenguez C, Bevan S,
Gschwendtner A, Spencer CC, Burgess Al,
Pirinen M, Jackson CA, Traylor M, Strange A, Su
Z, Band G, Syme PD, Malik R, Pera J, Norrving
B, Lemmens R, Freeman C, Schanz R, James T,
Poole D, Murphy L, Segal H, Cortellini L, Cheng
YC, Woo D, Nalls MA, Muller-Myhsok B, Meis-
inger C, Seedorf U, Ross-Adams H, Boonen S,
Wiloch-Kopec D, Valant V, Slark J, Furie K, Dela-
varan H, Langford C, Deloukas P, Edkins S,
Hunt S, Gray E, Dronov S, Peltonen L, Gretars-
dottir S, Thorleifsson G, Thorsteinsdottir U, Ste-
fansson K, Boncoraglio GB, Parati EA, Attia J,
Holliday E, Levi C, Franzosi MG, Goel A, Hel-
gadottir A, Blackwell JM, Bramon E, Brown MA,
Casas JP, Corvin A, Duncanson A, Jankowski J,
Mathew CG, Palmer CN, Plomin R, Rautanen A,
Sawcer SJ, Trembath RC, Viswanathan AC,
Wood NW, Worrall BB, Kittner SJ, Mitchell BD,
Kissela B, Meschia JF, Thijs V, Lindgren A, Ma-
cleod MJ, Slowik A, Walters M, Rosand J, Shar-
ma P, Farrall M, Sudlow CL, Rothwell PM, Dich-
gans M, Donnelly P, Markus HS. Genome-wide
association study identifies a variant in HDAC9
associated with large vessel ischemic stroke.
Nat Genet 2012; 44: 328-333.

Shi W, Wei X, Wang Z, Han H, Fu Y, Liu J, Zhang
Y, Guo J, Dong C, Zhou D, Zhou Q, Chen Y and
Yi F. HDAC9 exacerbates endothelial injury in
cerebral ischaemia/reperfusion injury. J Cell
Mol Med 2016; 20: 1139-1149.

Langley B, Brochier C and Rivieccio MA. Target-
ing histone deacetylases as a multifaceted ap-
proach to treat the diverse outcomes of stroke.
Stroke 2009; 40: 2899-2905.

Inoue K, Kobayashi M, Yano K, Miura M, lzumi
A, Mataki C, Doi T, Hamakubo T, Reid PC, Hume
DA, Yoshida M, Aird WC, Kodama T and Minami
T. Histone deacetylase inhibitor reduces mo-
nocyte adhesion to endothelium through the
suppression of vascular cell adhesion mole-
cule-1 expression. Arterioscler Thromb Vasc
Biol 2006; 26: 2652-2659.

Milton SG, Mathew OP, Yatsu FM and Rangan-
na K. Differential cellular and molecular ef-
fects of butyrate and trichostatin a on vascular

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

smooth muscle cells. Pharmaceuticals (Basel)
2012; 5: 925-943.

Lobera M, Madauss KP, Pohlhaus DT, Wright
QG, Trocha M, Schmidt DR, Baloglu E, Trump
RP, Head MS, Hofmann GA, Murray-Thompson
M, Schwartz B, Chakravorty S, Wu Z, Mander
PK, Kruidenier L, Reid RA, Burkhart W, Turunen
BJ, Rong JX, Wagner C, Moyer MB, Wells C,
Hong X, Moore JT, Williams JD, Soler D, Ghosh
S and Nolan MA. Selective class lla histone
deacetylase inhibition via a nonchelating zinc-
binding group. Nat Chem Biol 2013; 9: 319-
325.

ZhangY, Zhang P, Shen X, Tian S, Wu Y, Zhu Y,
Jia J, Wu Jand Hu Y. Early exercise protects the
blood-brain barrier from ischemic brain injury
via the regulation of MMP-9 and occludin in
rats. Int J Mol Sci 2013; 14: 11096-11112.
Longa EZ, Weinstein PR, Carlson S and Cum-
mins R. Reversible middle cerebral artery oc-
clusion without craniectomy in rats. Stroke
1989; 20: 84-91.

Rogers DC, Campbell CA, Stretton JL and
Mackay KB. Correlation between motor impair-
ment and infarct volume after permanent and
transient middle cerebral artery occlusion in
the rat. Stroke 1997; 28: 2060-2065, 2066.
Puurunen K, Jolkkonen J, Sirvio J, Harkdonen A,
Haapalinna A and Sivenius J. An alpha(2)-ad-
renergic antagonist, atipamezole, facilitates
behavioral recovery after focal cerebral isch-
emia in rats. Neuropharmacology 2001: 597-
606.

Ding YH, Ding Y, Li J, Bessert DA and Rafols JA.
Exercise pre-conditioning strengthens brain
microvascular integrity in a rat stroke model.
Neurol Res 2006; 28: 184-189.

Zong Y, Jiang L, Zhang M, Zhou F, Qi W, Li S,
Yang H, Zou Y, Xia Q, Zhou X, Hu X and Wang T.
Limb remote ischemic postconditioning pro-
tects cerebral ischemia from injury associated
with expression of HIF-lalpha in rats. BMC
Neurosci 2015; 16: 97.

Zhang Q, Wu Y, Sha H, Zhang P, Jia J, Hu Y and
Zhu J. Early exercise affects mitochondrial
transcription factors expression after cerebral
ischemia in rats. Int J Mol Sci 2012; 13: 1670-
1679.

Parra M. Class lla HDACs-new insights into
their functions in physiology and pathology.
FEBS J 2015; 282: 1736-1744.

Sugo N, Oshiro H, Takemura M, Kobayashi T,
Kohno 'Y, Uesaka N, Song WJ and Yamamoto N.
Nucleocytoplasmic translocation of HDACO re-
gulates gene expression and dendritic growth
in developing cortical neurons. Eur J Neurosci
2010; 31: 1521-1532.

Int J Clin Exp Med 2018;11(4):3405-3413



[29]

[30]

[31]

3413

Protective effect of TMP269 in I/R

Zhang CL, McKinsey TA, Chang S, Antos CL, Hill
JA and Olson EN. Class Il histone deacetylases
act as signal-responsive repressors of cardiac
hypertrophy. Cell 2002; 110: 479-488.

Han X, Han X, Wang Z, Shen J and Dong Q.
HDAC9 regulates ox-LDL-induced endothelial
cell apoptosis by participating in inflammatory
reactions. Front Biosci (Landmark Ed) 2016;
21:907-917.

Feldman GJ, Mullin JM and Ryan MP. Occludin:
structure, function and regulation. Adv Drug
Deliv Rev 2005; 57: 883-917.

[32] De Keulenaer GW, Ushio-Fukai M, Yin Q, Chung

AB, Lyons PR, Ishizaka N, Rengarajan K, Taylor
WR, Alexander RW and Griendling KK. Conver-
gence of redox-sensitive and mitogen-activat-
ed protein kinase signaling pathways in tumor
necrosis factor-alpha-mediated monocyte che-
moattractant protein-1 induction in vascular
smooth muscle cells. Arterioscler Thromb Vasc
Biol 2000; 20: 385-391.

Int J Clin Exp Med 2018;11(4):3405-3413



