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Abstract

Intracerebral hemorrhage (ICH) or hemorrhagic stroke is a major public health problem with no
effective treatment. Given the emerging role of epigenetic mechanisms in the pathophysiology of
ICH, we tested the hypothesis that a class 1 histone deacetylase inhibitor (HDACI), Entinostat,
attenuates neurodegeneration and improves neurobehavioral outcomes after ICH. To address this,
we employed a preclinical mouse model of ICH and Entinostat was administered intraperitoneally
one-hour post induction of ICH. Entinostat treatment significantly reduced the number of
degenerating neurons and TUNEL-positive cells after ICH in comparison to vehicle-treated
controls. Moreover, Entinostat treatment significantly reduced hematoma volume, T2-weighted
hemorrhagic lesion volume and improved acute neurological outcomes after ICH. Further,
Entinostat significantly reduced the hemin-induced release of proinflammatory cytokines in vitro.
Consistently, the expression of proinflammatory microglial/macrophage marker, CD16/32, was
remarkably reduced in Entinostat treated group after ICH in comparison to control. Altogether, the
data implicate the potential of class 1 HDACI, Entinostat, in improving acute neurological function
after ICH warranting further investigation.
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1. Introduction

Intracerebral hemorrhage (ICH) is a severe subtype of stroke resulting from spontaneous
rupture of blood vessels and subsequent accumulation of blood components in the brain [1].
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In comparison to other stroke subtypes, ICH is associated with the highest mortality and
morbidity rates. The mortality rate of ICH is approximately 40% at 1 month and
approximately 74 % of the survivors remain functionally dependent 12 months after the ictus
[2]. Currently, the worldwide incidence of ICH is 2 million cases per year [2], with
approximately 120,000 cases per year in the United States [3-5]. However, the incidence of
ICH is expected to have doubled by 2050 [6] due to aging and the spreading use of
anticoagulants [7]. Despite recent advances in clinical and preclinical research, there is no
effective treatment for ICH implicating the need to develop effective therapeutic strategies
that could benefit the patient population.

The pathophysiological mechanisms of ICH involve both primary injury and secondary
brain injury owing to the mass effect of hematoma and blood component-induced oxidative
and inflammatory stress, respectively. In contrast to primary brain damage, the mechanisms
underlying secondary brain damage are regarded as amenable to therapeutic intervention [8,
9]. Further, given the enormous potential of blood components in inducing neurotoxicity
after ICH [10], strategies to limit the hematoma volume or enhance hematoma resolution are
highly needed since it could improve functional outcomes after ICH.

Epigenetic mechanisms such as histone acetylation have been increasingly explored after
several neurological disorders [11]. We previously reported that ICH results in the
hypoacetylation of histones in the ipsilateral brain region in the acute phase of injury and
SAHA or vorinostat, an HDACI (histone deacetylase inhibitor), improved acute neurological
outcomes after ICH [12] suggesting a critical role of epigenetic mechanisms in the
pathophysiology of ICH [12]. HDACi modulate the activities of histone deacetylases and
regulate the acetylation status of both histone and non-histone proteins [13], resulting in the
activation and/or repression of gene expression [14, 15]. SAHA is a broad spectrum and
first-generation HDACI which inhibits both class 1 and class 2 HDACs (histone
deacetylases) [16, 17]. However, it remains unknown which enzyme class contributes to
ICH-induced brain damage. To this end, given the emerging role of class | HDACSs in brain
pathology [11], herein, we question whether Entinostat, a class 1 HDAC inhibitor, attenuates
neurodegeneration and improves acute neurological outcomes in a pre-clinical model of
ICH.

2. Results

2.1 Entinostat attenuated neurobehavioral deficits after ICH

To test whether Entinostat confers neuroprotection after ICH, a well-established and pre-
clinical model of ICH was employed. Entinostat is a class 1 HDAC inhibitor (HDACI) and
in a cell-free system, Entinostat inhibited class 1 HDAC enzymes, HDAC1, HDAC2 and
HDAC3 with 1C50 of 0.46, 1.29 and 1.57 micromoles, respectively (Figure 1). ICH was
induced in male CD1 mice by striatal injection of collagenase, as detailed in the methods
section. Entinostat/vehicle was administrated intraperitoneally 1 hour post-ICH. Compared
to vehicle-treated control, the Entinostat-treated group exhibited significant improvement in
neurological outcomes on day 1 and day 3 post-ICH. Of note, Entinostat treatment
significantly reduced the sensorimotor deficits score by 34.9% and 43.8% on day 1 and day
3, respectively in comparison to controls (Figure 2A & 2B).
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2.2 Entinostat attenuated proinflammatory response both in vitro and in vivo

Given the emerging role of HDACI in mitigating neuroinflammatory response, we next
questioned whether Entinostat attenuated hemin-induced inflammatory response in a murine
macrophage cell line, RAW 264.7. Hemin is a hemoglobin metabolite, which accumulates in
the brain after ICH and is partly responsible for proinflammatory activation of microglia and
secondary brain damage [18]. Importantly, treatment with Entinostat significantly reduced
the release of proinflammatory cytokines, TNF-a and IL-6 from RAW 264.7 cells upon
hemin treatment as estimated by ELISA (Figure 3A & 3B). Consistently, treatment with
Entinostat remarkably reduced the expression of CD16/32, a marker of proinflammatory
microglia/macrophages in comparison to control on day 3 following ICH (Figure 4A), a time
point that exhibited very prominent glial activation, a characteristic feature of
neuroinflammatory response [19]. The stereotactic cell counting revealed 28.9% decrease in
CD16/32 positive cells upon Entinostat treatment in comparison to control (Figure 4B).

2.3 Entinostat attenuated acute neurodegeneration after ICH

ICH results in profound neurodegeneration [20] and we next questioned whether Entinostat-
mediated attenuation of inflammation is concomitant with the reduction in
neurodegeneration after ICH. Along these lines, the brain sections from Entinostat/vehicle-
treated animals on day 3 post-ICH were subjected to Fluro-Jade B, a marker of degenerating
neurons. Of note, Entinostat treatment significantly reduced Fluro-Jade B positive cells after
ICH in comparison to controls (Figure 5A). The number of Fluoro-Jade B positive cells was
reduced by 29.9% in comparison to controls (Figure 5B). In addition, Entinostat treatment
reduced the number of apoptotic cells after ICH. Along these lines, Entinostat treatment
significantly reduced TUNEL -positive cells on day 3 post-ICH (Figure 5C) and the number
of TUNEL positive cells was reduced by 33.8% compared to control (Figure 5D).

2.4 Entinostat attenuated hematoma and lesion volume after ICH

Hematoma volume is a key predictor of poor patient outcome after ICH [21] and brain
inflammation contributes to hematoma expansion [22]. Therefore, we next questioned
whether Entinostat treatment could modulate the hematoma volume after ICH. To estimate
brain hematoma volume, we employed hemoglobin assay as well as SW-MRI
(susceptibility-weighted magnetic response imaging), which is exquisitely sensitive in
detecting brain hemorrhage [23]. Of note, Entinostat treatment significantly reduced
hemoglobin content in the ipsilateral brain region (Figure 6A) and hematoma volume as
estimated by SW-MRI on day 3 post-ICH in comparison to vehicle-treated controls (Figure
6B& 6C). In addition, Entinostat treatment resulted in the reduction of lesion volume as
estimated by Cresyl violet staining (Figure 7A & 7B) and T2-weighted MR imaging on day
3 post-ICH in comparison to control (Figure 7C & 7D).

3. Discussion

Herein, we report for the first-time that administration of Entinostat improved acute
neurological outcomes after ICH implicating a novel role of class | HDACs in the
pathophysiology of ICH. Entinostat is a second-generation HDAC inhibitor which inhibits
Class | HDACs (HDAC 1, 2 and 3) with no significant activity against class Il HDACs [24].
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Second generation HDACI typically contain a benzamide head group that chelates the zinc
ion within the active site of HDACs, resulting in HDAC inhibition [25, 26]. In contrast to
first-generation HDACI, the second generation HDACI exhibits greater HDAC selectivity
and show slow on/slow off binding kinetics, thereby conferring a long-lasting effect [27].
Consistently, the improvement in neurological outcomes were evident three days post
administration of Entinostat after ICH.

Neuroinflammation is a key regulator of ICH-induced brain damage and the
proinflammatory response after ICH correlates with cell death, hematoma expansion,
neurological deterioration, secondary brain damage and poor functional recovery [22,
28-34]. Entinostat-mediated improvement in neurological outcome after ICH was associated
with a reduction in the number of proinflammatory M1 microglia/macrophages that produce
largely deleterious proinflammatory cytokines [35, 36] that contribute to ICH-induced
secondary brain injury and loss of neurological function [7, 37, 38]. Importantly, a recent
clinical study reported an independent correlation between a reduction in M1- like
macrophages and favorable outcome on day 90 post-ICH [39]. Further, Entinostat treatment
significantly attenuated hemin-induced release of proinflammatory cytokines, IL-6 and
TNF-a from macrophages. This is consistent with the anti-inflammatory potential of
Entinostat [40-43], implicating that attenuation of neuroinflammation could partly be
responsible for Entinostat-mediated neuroprotective effects after ICH. Further, Entinostat
treatment attenuated ICH-induced neurodegeneration and apoptotic cell death after ICH.
Apart from anti-inflammatory effects, class 1 HDACI are potent inhibitors of oxidative
stress-induced neuronal death [44], which could also be contributing to Entinostat-mediated
improvement in neurological outcomes after ICH warranting further investigation. Also,
further studies are required to determine whether Entinostat can exert neuroprotection in a
manner that is independent of epigenetic mechanisms.

In clinical practice, the neurological outcome is positively associated with the rate of
hematoma absorption/resolution [2]. Therefore, strategies that could prevent hematoma
expansion or attenuate hematoma volume are highly warranted and it may reduce blood-
component induced oxidative as well as inflammatory neurotoxicity after ICH [10]. To this
end, Entinostat-mediated attenuation of hematoma volume, an independent determinant of
neurological outcomes after ICH [2] offers promising and novel strategy. Though
neuroinflammation correlates with hematoma expansion after ICH [22], the precise
molecular mechanism by which Entinostat attenuates hematoma volume requires further
investigation. Altogether, the data suggest the efficacy of Entinostat in attenuating
neurodegeneration, hematoma volume and improving acute neurological outcomes after
ICH.

HDAC:I are in clinical trials for various pathological conditions and the expression of
HDACSs varies with neuropathological conditions, including stroke [45] together making
HDACSs a potential target for therapeutic intervention. Although, HDACI are generally well-
tolerated in clinical settings, their adverse effects in humans include gastrointestinal
symptoms, fatigue, thrombotic events, and cardiotoxicity [40]. Given the efficacy of broad
spectrum HDACI in improving acute neurological outcomes after ICH [12], this study was
designed as a proof-of-concept study to test the role of class 1 HDACs and hence, only one
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dose of Entinostat was used and only acute neurological outcomes were analyzed, which are
study limitations HDACs comprise a large family of proteins, with 18 HDAC isoforms
currently identified in humans [46] and it has become clear that individual HDAC enzyme
play different biological roles in the brain [47]. Therefore, it is critical to identify the
isoform of HDACs that are important for the amelioration of disease phenotypes. Therefore,
future studies from our laboratory will focus on identifying the isoform of HDAC that is
responsible for HDACi-mediated neuroprotection and will also determine whether HDACI
can confer long-term neuroprotection and can improve neurological outcomes after ICH in a
gender and age-independent manner.

4. Experimental Procedure

4.1 Induction of ICH

All animal studies were performed according to protocols approved by the Institutional
Animal Care and Use Committee in accordance with the NIH and USDA guidelines. ICH
was induced in adult male CD-1 mice (Charles River; 8-12 weeks), as reported previously
[48-50]. Briefly, mice were anesthetized and placed on a stereotaxic head frame and a burr
hole (0.5 mm) was made on the skull 2.2 mm lateral to bregma with a high-speed drill. This
was followed by the injection (3 mm deep) of 0.04 U of bacterial type 1V collagenase
(Sigma, St. Louis, MO) into the left striatum under stereotaxic guidance using a 26-G
Hamilton Syringe. Throughout the procedure, the rectal temperature was maintained at 37 +
0.5°C.

4.2 Drug treatment

Entinostat was purchased from Sigma (St. Louis, MO, USA). Entinostat (10 mg/kg),
prepared in DMSO (25mM stock), was administered intraperitoneally in a total volume of
200 pl in PBS at 1h post-induction of ICH and the control mice received an equal volume of
vehicle (DMSO) in PBS. The dose and route of administration of Entinostat were based on
previous studies, which demonstrated that this method increased the brain acetylation status
[19, 51].

4.3 HDAC inhibition assay

4.4 ELISA

The HDAC inhibition assay was performed with a Fluorogenic HDAC Assay kit (BPS
Bioscience, San Diego, CA, USA). Briefly, the respective human recombinant HDAC
enzymes were incubated with various concentrations of Entinostat and a pro-fluorogenic
substrate. The deacetylation reaction was stopped by the addition of the HDAC Stop
Solution and the fluorescence was measured using a BioTek synergy plate reader. Nonlinear
regression was used to fit the data to the log (inhibitor concentration) vs. activity (%) using
GraphPad.

A mouse macrophage cell line, RAW264.7, was incubated on a 24 well plate for 48 hours in
DMEM containing 5% FBS (Fetal Bovine Serum), 5% BGS (Bovine Growth Serum), and
1% Penicillin/Streptomycin. Cells were then pre-treated with Entinostat (0.25 or 0.5 uM;
Sigma Aldrich, St. Louis, MO) for one hour and exposed to both Entinostat (0.25 or 0.5 uM)
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and hemin (30 uM) for 18 hours. Subsequently, the supernatant was collected and used for
the estimation of cytokines, TNF-a and IL-6 by ELISA (Max Deluxe Kit; Bio legend, San
Diego, CA), as per the manufacturer’s instructions. Following an overnight immobilization
on polystyrene wells with a capture antibody and blocking for an hour, the cell culture
supernatant was added to the wells and incubated at room temperature for 2 hours. Wells
were then washed to remove any unbound materials, and a detection antibody solution was
added and incubated at room temperature. After washing, 100 pl of Avidin- HRP solution
was added for a 30-minute incubation at room temperature and the substrate solution was
added to the wells and left for color development for 15 minutes. A stop solution was then
added and the plate was read at 450 nm using a microtiter plate reader (Bio-Tek, Epoch).

4.5 Fluoro-Jade B staining

Brain sections were hydrated and then incubated with 0.06% potassium permanganate
solution for 15 minutes. Sections were then washed with distilled water and incubated with
0.001% Fluoro-Jade B solution in acetic acid for 30 minutes. Sections were then air-dried,
washed in xylene and cover-slipped using DPX mounting media. Using a Zeiss 780 upright
confocal microscope, the Fluoro-Jade B staining was analyzed with an excitation
wavelength of 488 nm.

4.6 TUNEL staining

To estimate the number of TUNEL positive cells, a commercially available apoptosis kit
(Apoptag in situ: Millipore, S7110) was used. As per the manufacturer’s instruction, the
brain sections were fixed in ethanol: acetic acid solution and then incubated in equilibration
buffer. This was followed by incubation with the Terminal deoxynucleotidyl Transferase
(TdT) enzyme. After an hour, the reaction was stopped using a stop buffer. Sections were
washed with PBS, incubated with an anti-digoxigenin-Fluorescein conjugate solution for 30
minutes and cover-slipped using a mounting media. Using a Zeiss 780 upright confocal
microscope, the fluorescence was determined and images were captured.

4.7 Estimation of Fluoro Jade B and TUNEL Positive Cells

To estimate the number of Fluoro jade B or TUNEL positive cells, we used six coronal
sections (two from the collagenase injection site and two each from 0.25 mm anterior and
0.25 mm posterior to the injection site) per animal. Fluoro jade B or TUNEL positive cells in
the perihematomal region in the striatum were counted manually with the aid of a
fluorescence microscope and average number of cells per brain section is provided. The
Fluoro jade B or TUNEL positive cells in the perinematomal region were observed starting
from the edge of the hematoma to a maximum distance of approximately 500 microns.

4.8 Immunohistochemistry

Anesthetized mice were transcardially perfused with PBS and the brain was collected,
placed in 4% paraformaldehyde overnight and cryoprotected in 30 % sucrose. The brain
tissue was then snap frozen on liquid Nitrogen and cut into coronal sections (25 uM) using a
cryostat. Brain section mounted on glass slides were incubated with 10% donkey serum for
2 hours at room temperature and exposed to respective primary antibody (anti-CD 16/32;
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1:100; rat monoclonal; BD Biosciences, CA, USA; Catalogue No: 553142) overnight at 4°C.
Sections were then washed and incubated with the corresponding Alexa fluor-tagged
secondary antibody (Alexa Fluor 594 conjugated donkey anti-Rat 1gG; 1:1000; Invitrogen/
Life Technologies, USA,; Catalogue No: A-21209) for one hour at room temperature and the
immunostaining was visualized using a Zeiss 780 upright confocal microscope. The number
of immunopositive cells in the perihnematomal region was quantified as detailed earlier [49].

4.9 Neurobehavior Analysis

Mice were subjected to neurobehavioral analysis using a 24-point scale as described
previously by our laboratory and others[12, 20, 52]. This comprehensive neurobehavioral
testing which measures the sensorimotor deficits includes six different testings; climbing,
beam walking, circling, bilateral grasp, whisker response, and compulsory circling. Each of
the six different tests was then graded from 0 (no impairment) to 4 (severe impairment) and
the six individual test scores were then added together to obtain the composite neurological
deficit score with a maximum deficit score of 24.

4.10 Cresyl Violet staining

Brain sections were rehydrated with ethanol and stained with 0.5% Cresyl Violet solution.
Sections were then dehydrated, treated with xylene and images were captured. For
estimating brain lesion volume, six non-consecutive sections per mouse were subjected to
cresyl violet staining and the area of the hematoma was quantified using Image J software
(NIH, USA). The hematoma volume was then calculated by multiplying the sum of the areas
by the interslice distance as reported earlier [53].

4.11 Magnetic Resonance Imaging (MRI)

Anesthetized mice were subjected to MRI using 7 Tesla small animal imaging system from
Bruker (Bruker Biospin USR 70/20) as reported earlier [54]. Briefly, after positioning the
mouse using a triplanar FLASH sequence, T2-weighted and susceptibility-weighted MR
(SW-MR) images were obtained to quantify hemorrhagic lesion volume and hematoma
volume, respectively as reported earlier [55]. T2 weighted images were obtained with
parameters, FOV 24x24, matrix 256x256, TE=35 ms, TR=2500 ms and 20 slices with a slice
thickness of 0.5 mm. The susceptibility-weighted sequences were obtained with parameters
TR=624.7 ms, TE=15 ms, 35° flip angle, 24x24 FQOV, 256x256 matrix, 20 slices with a slice
thickness of 0.5 mm and NEX = 2. The volume of the hemorrhagic lesion and hematoma
was estimated from T2 and SW-MR images, respectively using Image J software. The
lesioned or hemorrhagic area was outlined with the help of Image J and volume (in mm3)
was determined by integration of the lesioned area in each section over the slice thickness.

4.12 Hemoglobin assay

Hemoglobin assay was conducted as a measure of hematoma volume, as described earlier
[56]. Briefly, anesthetized mice were subjected to transcardial perfusion and the ipsilateral
brain tissue was collected, homogenized and centrifuged at 10,000 g for 15 min at 4°C . The
supernatant was subjected to hemoglobin assay using a Hemoglobin Colorimetric Assay Kit
(Cayman, Ann Arbor, USA), as per the manufacturer’s instructions.
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4,13 Statistical Analysis

M

ice were randomly assigned to the experimental groups, and all analyses were performed

by an investigator-blinded manner. Data were analyzed using unpaired two-tailed #test or
one-way analysis of variance followed by Student-Newman-Keuls post hoc test, as

ap

propriate and are expressed as mean + SE. The neurobehavioral data were analyzed using

the nonparametric Mann-Whitney test. A p-value of <0.05 was considered significant.
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Highlights
. Class 1 HDACI, Entinostat attenuated acute neurobehavioral deficits after
ICH.
. Entinostat treatment reduced proinflammatory response both in vitro and in
Vivo.
. Entinostat reduced neurodegeneration and hematoma volume after ICH.
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The efficacy of Entinostat in inhibiting the deacetylase activity of recombinant human class |
HDACSs 1, 2, and 3 was determined and the 1C50 values were calculated using GraphPad.
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Figure 2.
Entinostat treatment attenuated acute neurobehavioral deficits after ICH. Mice were

administered with Entinostat/vehicle 1 hour post induction of ICH and subjected to
composite neurobehavioral analysis as detailed in methods. Entinostat significantly reduced
sensorimotor deficits after ICH on A) day 1 (n=10/group) and B) day 3 post-ICH ( ICH+
vehicle; n=9 and ICH+ Entinostat; n=10) in comparison to control.
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Figure 3.

Entinostat attenuated proinflammatory response in vitro. For in vitro studies, Raw
264.7cells, a macrophage-like cell line, were pre-treated with Entinostat (0.25uM or 0.5 uM)
for 1 hour and that was followed by an 18-hour co-treatment with hemin (30 uM) and the
supernatant was collected. The level of proinflammatory cytokines, TNF-a. (A), and IL-6
(B), were quantified using ELISA, as detailed in methods. Both TNF-a. and IL-6 levels were
significantly reduced with Entinostat treatment in comparison to respective control. (* p <
0.05, ** p <0.01, ***p<0.001 vs. hemin alone (control; n=4, hemin; n=8 and hemin
+Entinostat; n=4).
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Figure 4.

Entinostat attenuated proinflammatory activation of microglia/macrophages on day 3 post-
ICH. Coronal brain sections were immunostained with M1 microglial/macrophage marker,
CD 16/32 and a nuclear marker, DAPI and confocal images were captured. The number of
CD 16/32 positive cells was counted and the average number of cells per 0.1mm2 is
demonstrated. (B). Entinostat treatment significantly reduced the number of CD 16/32
positive cells after ICH in comparison to controls (ICH+ vehicle; n=3 and ICH+ Entinostat;
n=4).
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Figure 5.

Entinostat treatment reduced neurodegeneration and apoptotic cell death on day 3 post-ICH .
Brain sections were stained with Fluoro jade B (A) or TUNEL (C), as detailed in methods
and confocal images were captured. The number of Fluoro jade B (ICH+ vehicle; n=3 and
ICH+ Entinostat; n=6) or TUNEL positive cells (ICH+ vehicle; n=3 and ICH+ Entinostat;
n=6) were counted and the average number of positive cells per brain section is provided (B,
D). Entinostat significantly reduced the number of both Fluoro jade B and TUNEL-positive
cells after ICH in comparison to control.
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Figure 6.
Entinostat treatment attenuated hematoma volume on day 3 post-ICH. To assess hematoma

volume, the brain hemoglobin content and SW-MRI were performed at 72 h post-ICH as
described in methods. Entinostat treatment significantly reduced the (A) ipsilateral brain
hemoglobin content (ICH+ vehicle; n=3 and ICH+ Entinostat; n=4) and (B&C) hematoma
volume as assessed by SW-MRI (n= 4/group).
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Figure 7.
Entinostat treatment attenuated brain lesion volume on day 3 post-ICH. Coronal brain

sections were stained with Cresyl violet (A) and the lesion volume was estimated (B) as
described in methods. Entinostat significantly reduced the lesion volume in comparison to
control (ICH+ vehicle; n=3 and ICH+ Entinostat; n=4). (C) Entinostat treatment attenuated
T2-weighted hemorrhagic lesion on day 3 post-ICH. Mice were subjected to T2-weighted
MRI after ICH and hemorrhagic lesion volume was estimated, as detailed in methods. (D)
Entinostat significantly reduced the hemorrhagic lesion volume after ICH in comparison to
control (n= 4/group).
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