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Abstract

TMP269 is a selective class ITA histone deacetylase inhibitor that has a protective effect on the central nervous system, whose specific mecha-
nism of action is unclear. We aimed to reveal the optimal concentration of TMP269 for protecting against cerebral ischemia/reperfusion injury
and its neuroprotective mechanism. Male Sprague-Dawley rats were randomly divided into sham, ischemia/reperfusion, and 1, 4, 10 and 16
mg/kg TMP269 groups. Cerebral ischemia/reperfusion injury was induced by middle cerebral artery occlusion. TMP269 was intraperitoneally
administered at different doses 0.5 hours before ischemia induction. Western blot assay and immunohistochemistry were used to detect effects
of TMP269 on histone 2 acetylation. The results showed that the level of histone 2 acetylation was increased 24 hours after TMP269 injection.
2,3,5-Triphenyltetrazolium chloride staining was utilized to examine effect of TMP269 on infarct volume. The results found that different doses
of TMP269 could reduce the infarct volume. Western blot assay, immunohistochemistry and Evans blue staining were employed to measure the
effect of TMP269 on blood-brain barrier. The results showed that TMP269 counteracted the abnormal endothelial cell permeability changes
caused by cerebral ischemia/reperfusion. Western blot assay and immunohistochemistry were used to determine the effect of TMP269 on tissue
kallikrein. The results found that TMP269 up-regulated the expression of tissue kallikrein. Western blot assay further determined the optimal
concentration to be 4 mg/kg. In conclusion, TMP269 plays a neuroprotective role by up-regulating the level of histone 2 acetylation, alleviating
endothelial cell injury after cerebral ischemia/reperfusion, and up-regulating the expression of tissue kallikrein. The experimental protocol was
approved in 2014 by the Department of Laboratory Animal Science, Fudan University, China (approval No. 20140143C001).
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Introduction

Ischemic stroke is a refractory disease that seriously endan-
gers human life (Mendis et al., 2015; Evans et al., 2017; Wang
et al., 2019). Stroke pathogenesis is highly complex and the
demand for neuroprotective treatments has not been met
(Cheng et al., 2004). The only pharmacological treatment
currently approved for ischemic stroke is tissue plasminogen
activator in the effective time window, which at 4.5 hours
is relatively narrow (Grossman and Broderick, 2013). The
treatment of stroke is intensively studied, with epigenetic
changes that occur during cerebral ischemia of particular
interest. For example, histone deacetylation modification is
closely associated with stroke pathophysiology (Lanzillotta
etal, 2010, 2013).

Histone deacetylases (HDAC:s) are divided into four class-
es according to structure, function and similarity to yeast
homologs. They include class I (HDACI, 2, 3 and 8), class
II (HDAC 4, 5, 6, 7, 9 and 10), class III (Sirtuins, SIRT1-7)
and class IV (HDACI11). These enzymes can remove acetyl
groups from histones and they play a vital role in embryonic
development and differentiation of neural cells (Arcidiacono
et al., 2018; Vecera et al., 2018). HDAC inhibitors can block
dysregulated activity of HDACs by binding to the active
enzymatic sites of class I, IT and IV HDACs (Zhang et al,,
2018b).

HDAC inhibitors can have a significant effect on many
diseases, such as cardiovascular diseases (Rawal et al., 2017;
Milan et al,, 2018), kidney diseases (Aggarwal et al., 2017;
Orillion et al., 2017; Pili et al., 2017), and rheumatic diseases
(Oh et al., 2017; Angiolilli et al., 2018). Furthermore, a vari-
ety of HDAC inhibitors, used at different times, can protect
against ischemic damage or improve long-term functional
outcome after stroke (Aune et al., 2015; Kassis et al., 2016).
TMP269 is a novel and selective class IIa histone deacetylase
inhibitor with IC50s of 126/80/36/9 nM for HDAC 4/5/7/9,
respectively (Lobera et al., 2013). We have previously shown
that behavioral outcomes, infarct volume, and brain edema
in cerebral ischemia/reperfusion injury rats were improved
by treatment with TMP269 (Kuang et al., 2018). However,
the mechanism of TMP269 action is not fully understood.
Our previous investigations were limited to one tight junc-
tion protein, occludin, which was not sufficient to confirm
the effect of TMP269 on the blood-brain barrier. In addition,
we only studied one concentration of TMP269, which did
not allow pharmacodynamic studies of the drug. Therefore,
here, we examined different concentrations of TMP269 to
determine the optimal concentration for neuroprotection.
We also studied the effects of TMP269 on three tight junc-
tion proteins and explored the effects of TMP269 on the
blood-brain barrier using Evans blue staining. Lastly, we in-
vestigated changes in tissue kallikrein expression in response
to TMP269 to explore the mechanism of TMP269 action.

As we can see, after cerebral ischemia-reperfusion injury,
the entire system including tissue kallikrein is activated,
leading to a protective effect on nerve damage. Maybe,
TMP269 can further enhance its activation after cerebral
ischemia-reperfusion injury given its neuroprotective effect.
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Materials and Methods

Animals

Adult male Sprague-Dawley rats weighing 250-300 g (n
= 108) were obtained from Shanghai Jiesijie Animal Cor-
poration, Shanghai, China. The experimental protocol
was approved in 2014 by the Department of Laboratory
Animal Science, Fudan University, China (approval No.
20140143C001).

Animal model of ischemia/reperfusion (I/R)

Ischemia was induced by left middle cerebral artery occlu-
sion. Anesthesia was intraperitoneally induced with 10%
choral hydrate (350 mg/kg) and the body temperature was
kept at 37°C with an electric blanket. A nylon thread with a
silicone tip (Beijing Cinontech Co., Ltd., Beijing, China) was
advanced from the external carotid artery into the internal
carotid artery. Ninety minutes later, the nylon thread was
withdrawn to allow reperfusion. After surgery, rats were in-
dividually housed and given access to food and water. Once
animals recovered from anesthesia, they were scored based
on Bederson’s scale (Bederson et al., 1986). Rats with a score
below 2 were excluded. Bederson’s scale is divided into four
functional grades: 0, no symptoms of neurological damage;
1, in the tail suspension test the contralateral forepaw does
not fully extend indicating mild forelimb weakness; 2, the
forelimb does not resist contralateral push indicating severe
forelimb weakness; 3, compulsory circling behavior.

After reperfusion for 24 hours, rats were anesthetized
again and euthanized for further experiments. The sham
group was treated the same as the experimental group except
that the nylon thread was not inserted into the internal ca-
rotid artery.

Group allocation and TMP269 administration

Rats were randomly divided into sham (n = 24), I/R (cere-
bral I/R, n = 24), 1 mg/kg TMP269 (cerebral I/R combined
with 1 mg/kg TMP269, n = 12), 4 mg/kg TMP269 (cerebral
I/R combined with 4 mg/kg TMP269, n = 24), 10 mg/kg
TMP269 (cerebral I/R combined with 10 mg/kg TMP269, n
= 12), and 16 mg/kg TMP269 (cerebral I/R combined with
16 mg/kg TMP269, n = 12) groups. TMP269 (Selleck, Hous-
ton, TX, USA) was intraperitoneally administered half an
hour before induction of ischemia.

Western blot assays

Ipsilateral cortical tissue surrounding the ischemic zone was
harvested from euthanized animals. Cortical protein was ex-
tracted and western blot assays were performed as previously
described (Yi et al., 2004). Proteins were separated by 10% or
12% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membranes.
After blocking for 1 hour, the membranes were incubated
overnight with primary antibodies in primary antibody
dilution buffer (Beyotime) at 4°C overnight. The following
primary antibodies were used: rabbit polyclonal anti-histone
2 acetylation (H2A) (acetyl) (Cat#177308; 1:1000; Abcam,
Cambridge, MA, USA), rabbit monoclonal anti-B-actin
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(Cat#179467; 1:1000; Abcam), rabbit polyclonal anti-oc-
cludin (Cat#710192; 1:1000; Thermo Fisher, Waltham, MA,
USA), rabbit polyclonal anti-claudin-5 (Cat#34-1600; 1:1000;
Thermo Fisher), rabbit polyclonal anti-ZO-1 (Cat#61-
7300; 1:1000; Thermo Fisher), rabbit polyclonal anti-tissue
kallikrein (Cat#131029; 1:1000; Abcam). Membranes were
then washed and incubated with a goat anti-rabbit IgG sec-
ondary antibody (1:2000; Sigma, St. Louis, MO, USA), at
room temperature for 1 hour. An electro-chemi-lumines-
cence kit was used to treat the membranes and develop the
signal. Finally, Bio-Rad imaging system (Bio-Rad, CA, USA)
was used for detection. Gray values were analyzed by Image]
software (Bethesda, MD, USA).

Immunohistochemistry

After anesthesia, rats were perfused through the heart with
4% paraformaldehyde and the brains were then dissected.
Paraffin sections were prepared and then dewaxed and hy-
drated. Sections were washed three times with phosphate
buffered saline (PBS), incubated with 3% hydrogen peroxide
at room temperature for 10 minutes, and then rinsed three
times with PBS. After heat-induced antigen retrieval, sec-
tions were treated with normal bovine serum in PBS for 30
minutes at room temperature. Primary antibodies were then
added and incubated at 4°C for 18 hours. After rinsing three
times with PBS, the secondary antibody was added and incu-
bation continued for 20 minutes. Sections were then washed
three times with PBS. Staining was visualized using DAB
and the sections were then observed. Finally, sections were
further dyed and sealed with hematoxylin. Antibodies used
were rabbit polyclonal anti-H2A acetyl (Cat#45152; 1:500;
Abcam), rabbit polyclonal IgG anti-tissue kallikrein (1:500;
Cat#131029; Abcam), goat anti-rabbit antibody (1:200; Sig-
ma) and rabbit anti-rat antibody (1:500; Sigma). To display
the results more intuitively, the average optical density of
positive areas (40x) was calculated using Imagepro Plus 6
software (Media Cybermetics, Sliver Spring, MD, USA).

Evans blue staining

One hour before rats were euthanized, 2% Evans blue phys-
iological saline (4 mL/kg) was injected into the femoral
vein. After opening the chest and infusing, the brain was
dissected and 20 pm thick frozen sections were prepared on
glass slides. The slides were dried in the dark and sealed with
PBS-buffered glycerin. Leakage of Evans blue in brain tissue
was observed using a fluorescence microscope (Olympus,
Center Valley, PA, USA) with green light excitation.

Lesion analysis

Twenty-four hours after I/R, cerebral infarction volumes
were measured by 2,3,5-triphenyltetrazolium chloride (T'TC)
staining. Brains were dissected and stained with TTC. Start-
ing 3 mm from the frontal pole, continuous 2 mm thick
coronal slices were cut from front to back. Brain slices were
soaked in 2% TTC phosphate buffer at 37°C for 15 minutes
away from light. Normal brain tissue was stained rose red
and infarct areas were white. After staining, sections were

photographed and infarct size was calculated (Ding et al.,
2006). The red and white areas were measured using a mul-
timedia image analysis system, and the infarct volume per-
centage was calculated by the following formula: Infarction
ratio = (Ve — VI)/(Vc x 2) x 100%; Vc = diameter X YAc (Ac:
contralateral volume); V1 = diameter x YAl (Al ipsilateral
volume) (Numagami and Ohnishi, 2001; Bora and Sharma,
2011).

Statistical analysis

Statistical analyses were performed using SPSS 17.0 statis-
tical software (SPSS, Chicago, IL, USA). Group differences
were analyzed using a one-way analysis of variance followed
by Duncan’s (Duncan’s new multiple range) post hoc test.
Statistical significance of physiological variables was deter-
mined with an independent sample ¢-test. P values < 0.05
were considered statistically significant.

Results

Level of histone H2A acetylation in the motor cortex
increases after TMP269 injection

Histone H2A acetylation was measured by western blot as-
says. TMP269 up-regulated H2A acetylation compared with
the I/R group (P < 0.001), and the optimal concentration was
4 mg/kg (Figure 1A). In addition, immunohistochemistry
showed that the number of positive cells in the infarct area
was increased and the nucleus was more deeply stained in the
4 mg/kg TMP269 group compared with the I/R group (Figure
1B). Quantitative analysis confirmed that acetyl-H2A was
significantly upregulated in the 4 mg/kg TMP269 group com-
pared with the I/R group (P < 0.001; Figure 1B).

Different concentrations of TMP269 ameliorate cerebral
injury after ischemic stroke to varying degrees

Ischemia in the left hemisphere was induced by middle ce-
rebral artery occlusion and infarct size was determined at 24
hours after reperfusion. TTC assay results demonstrated that
infarct volume was reduced by TMP269 compared with the
I/R group (P < 0.001) and that 4 mg/kg TMP269 produced
the biggest reduction in infarct size (Figure 2).

TMP269 counteracts abnormal endothelial cell
permeability
TMP269 increased expression of the tight-junction proteins,
Z0-1, Occludin and Claudin-5 compared with the I/R group
(P < 0.01; Figure 3A). Blood-brain barrier integrity was as-
sessed by observing the extravasation of Evans blue which is
found in the brain when the blood-brain barrier is not intact
(Figure 3B). Under green excitation, Evans blue produces
bright red fluorescence. Almost no red fluorescence was ob-
served in the sham group. The I/R group had the highest flu-
orescence intensity, and TMP269 groups showed decreased
fluorescence intensity compared with the I/R group.
Immunohistochemistry showed positive neurofilament
staining after I/R, which was still present but weaker in the
TMP269 group (Figure 3C) compared with the I/R group (P
<0.001).
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Figure 1 Acetylation of histone H2A increases in the motor cortex of rats after TMP269 treatment.

(A) Western blot assay of histone H2A acetylation in the ischemic cerebral hemisphere of rats under different concentrations of TMP269 after
reperfusion. (B) Immunohistochemistry images and quantitative analysis of mean optical densities show that the number of positive cells in the
infarct area was increased and the nucleus was deeply stained in the TMP269 group. The red arrows indicate the nucleus; histone H2A is ex-
pressed in nucleus; and the deeper the staining, the more expression of acetylation of histone H2A. Data are expressed as the mean + SD (n = 6;
one-way analysis of variance followed by Duncan’s post hoc test). *+*xP < 0.001, vs. I/R group; ##P < 0.01, ###P < 0.001, vs. sham group. Scale bars:
100 um. I/R: Ischemia/reperfusion.
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Figure 2 Measurement of infarct volume.

The white zone represents damaged brain areas resulting from ischemia. The red zone represents normal brain tissue. Infarct volume was calcu-
lated in ischemic rats after 1.5 hours of middle cerebral artery occlusion and 24 hours of reperfusion (I/R). Data are expressed as the mean + SD
(n = 6; one-way analysis of variance followed by Duncan’s post hoc test). *#kP < 0.001, vs. I/R group; ###P < 0.001, vs. sham group. I/R: Ischemia/
reperfusion.
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Figure 3 TMP269 improves I/R-induced abnormal endothelial cell permeability.

(A) Representative western blots and quantified data showing tight-junction protein levels in ischemic rats after 1.5 hours of middle cerebral ar-
tery occlusion and 24 hours of reperfusion (I/R). (B) Immunofluorescence images of brain sections after injection of Evans blue compared with
the sham group. (C) Immunohistochemistry images and quantitative analysis of mean optical density showing neurofilament staining in different
groups. The white arrows indicate the nerve fiber network; IgG leaked into the nerve fiber network of the extravascular space after brain injury.
The darker the coloration, the more severe the damage. Scale bar: 100 pm. Data are expressed as the mean + SD (n = 6). **P < 0.01, ***P < 0.001,
vs. I/R group; ##P < 0.01, ###P < 0.001, vs. sham group. I/R: Ischemia/reperfusion.
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TMP269 regulates tissue kallikrein expression

Tissue kallikrein expression was increased in the TMP269
groups compared with the I/R group (P < 0.01; Figure 4A).
In addition, immunohistochemistry showed an increased
number of positive cells in the infarct area and deeply
stained plasma in the 4 mg/kg TMP269 group (Figure 4B).
Quantitative analysis demonstrated significant upregulation
of tissue kallikrein in the 4 mg/kg TMP269 group compared
with the I/R group (P < 0.001; Figure 4B).

Discussion

The pathophysiological mechanism of ischemic stroke is
characterized by neuronal death, inflammation, blood-brain
barrier destruction and other tissue damage (Rana et al.,
2018; Zhang et al., 2018a). Currently, there is no effective
therapeutic drug (Smith, 2004). A large number of studies
have shown that protein acetylation levels are decreased in
the brain after ischemic stroke and HDAC inhibitors are of
increasing interest in stroke research.

Class IIa HDACs play an important role in brain devel-
opment (Sugo et al., 2010; Sando III et al., 2012). TMP269,
a selective class IIa HDAC inhibitor, can improve behavior-
al outcomes and reduce infarct size in cerebral ischemia/
reperfusion injury rats. However, the specific mechanism
for this action has not been verified. The effective concen-
tration curve of TMP269 has not been determined and it is
not known whether TMP269 truly improves endothelial cell
abnormalities.

In this study, we examined acetylation changes of histone
H2A in the cerebral cortex before and after inhibitor treat-
ment and found that TMP269 can up-regulate the expression
of H2A acetylation, especially at a concentration of 4 mg/kg.
In addition, TTC staining indicated that the protective effect
was most significant at 4 mg/kg. The possible reasons for this
being the most effective dose are that TMP269 is dissolved in
dimethyl sulfoxide and its toxicity increases as the injection
dose increases. Alternatively the metabolism of TMP269
may be relevant; however, further investigation into TMP269
pharmacokinetics is needed to clarify this possibility.

Dysfunction of the vascular endothelium plays an import-
ant role in the pathogenesis of many human diseases, such
as stroke, cardiovascular disease and chronic kidney failure
(Rajendran et al., 2013). In particular, brain endothelial cells
are the structural basis of the blood-brain barrier, which
can restrict the entry of molecules and immune cells from
the systemic circulation into the central nervous system (Si-
erra et al., 2011). Tight junctions between endothelial cells
are essential for maintaining blood-brain barrier integrity.
The tight junction complex is composed of transmembrane
proteins, cytoplasmic attachment proteins, and cytoskeletal
proteins. Transmembrane proteins include three complete
membrane proteins, Occludin, Claudin-5, and junctional
adhesive molecule. Previously, we only studied the effect of
TMP269 on occludin. In this study, we also studied clau-
din-5 and ZO-1 and performed Evans blue staining. Our
results confirm that TMP269 improves the abnormal perme-
ability of endothelial cells.
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An important component of the kallikrein-kinin system is
tissue kallikrein, a serine proteinase capable of cleaving kini-
nogen to produce the nonapeptide bradykinin, which binds
to the constitutively expressed bradykinin 1 and 2 receptors.
Exogenous tissue kallikrein can protect against hypogly-
cemia-induced glutamate excitotoxicity and neurotoxicity
caused by acidosis through extracellular signal-regulated ki-
nases 1/2 in primary cultured neurons (Liu et al., 2009, 2011;
Su et al., 2011). In addition, exogenous tissue kallikrein has
achieved a positive clinical effect by intravenous administra-
tion in the acute phase. However, the regulation of endoge-
nous tissue kallikrein is poorly understood. In this experi-
ment, TMP269 up-regulated the expression of endogenous
tissue kallikrein in the motor cortex. This provides a rationale
for novel treatment strategies combining TMP269 with en-
dogenous tissue kallikrein. Further investigation of TMP269
pharmacokinetics is needed and in future we will explore the
effects of TMP269 on rats at different time points.

In conclusion, TMP269 counteracted endothelial cell in-
jury and histone H2A is a critical protein that links ischemic
cerebral injury to upregulated tissue kallikrein in experimen-
tal stroke. TMP269 has mainly been investigated on a cell
biology basis (Sinnett-Smith et al., 2014; Kikuchi et al., 2015)
and few animal experiments and no clinical trials have been
reported concerning TMP269 in I/R injury. Taken together,
our experiments provide evidence for the clinical potential
of TMP269 and the relationship between endogenous tissue
kallikrein and TMP269 may provide a new target for stroke
treatment. In the future, improved understanding of the
mechanism of TMP269 action may also indicate new strate-
gies for the treatment of stroke.
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(A) Western blot analysis of tissue kallikrein. (B) Immunohistochemistry images and quantitative analysis of mean optical density. The number
of positive cells in the infarct area increased and the plasma was deeply stained in the TMP269 group. The red arrows indicate cytoplasm; tissue
kallikrein is expressed in cytoplasm; and the darker the color, the more expression of tissue kallikrein. Scale bar: 100 um. Data are expressed as the
mean + SD. #%P < 0.01, ***kP < 0.001, vs. ischemia/reperfusion (I/R) group; ###P < 0.001, vs. sham group.
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