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Background: Stroke is a common cause of disability and mortality worldwide; however, effective therapy remains limited. In stroke
pathogenesis, ischemia/reperfusion injury triggers gliosis and neuroinflammation that further activates matrix metalloproteinases
(MMPs), thereby damaging the blood-brain barrier (BBB). Increased BBB permeability promotes macrophage infiltration and brain
edema, thereby worsening behavioral outcomes and prognosis. Histone deacetylase 1 (HDAC1) is a repressor of epigenomic gene
transcription and participates in DNA damage and cell cycle regulation. Although HDACI is deregulated after stroke and is involved
in neuronal loss and DNA repair, its role in neuroinflammation and BBB damage remains unknown.

Methods: The rats with cerebral ischemia were evaluated in behavioral outcomes, levels of inflammation in gliosis and cytokines, and
BBB damage by using an endothelin-1-induced rat model with cerebral ischemia/reperfusion injury.

Results: The results revealed that HDAC1 dysfunction could promote BBB damage through the destruction of tight junction proteins,
such as ZO-1 and occludin, after stroke in rats. HDAC1 inhibition also increased the levels of astrocyte and microglial gliosis, tumor
necrosis factor-alpha, interleukin-1 beta, lactate dehydrogenase, and reactive oxygen species, further triggering MMP-2 and MMP-9
activity. Moreover, modified neurological severity scores for the cylinder test revealed that HDAC1 inhibition deteriorated behavioral
outcomes in rats with cerebral ischemia.

Discussion: HDACI plays a crucial role in ischemia/reperfusion-induced neuroinflammation and BBB damage, thus indicating its
potential as a therapeutic target.
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Introduction

Stroke is a common cause of disability and death worldwide. Ischemic stroke, the most common type of stroke, results
from the interruption of adequate blood and oxygen supply to the brain, leading to neuronal death and brain functional
impairment."? Approximately 14 million individuals have stroke per year; among them, 5.5 million patients die and
5 million are permanently disabled.** Currently, effective therapy for stroke remains limited.

The blood-brain barrier (BBB) is a critical interface between the brain parenchyma and vasculature and regulates the
transcellular transport of nutrients and essential components.” The BBB mainly regulates ion homeostasis,” hormone’
and transmitter movement,® blood flow, angiogenesis, neuronal development, and synaptic activity.” The BBB, a dynamic
structure that acts as a physical and metabolic barrier, is composed of cells sealed by tight junction proteins.'® The BBB

protects the brain from intrusive elements and is involved in the bidirectional transport of materials.''
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In stroke, ischemia causes immediate neuronal death due to decreased ATP synthesis. This is followed by reactive
oxygen species (ROS)-induced DNA and cell membrane damage, which leads to cell death or degeneration hours or
days after ischemic stroke. Furthermore, ATP dysfunction causes excitotoxicity that triggers cell apoptosis and ROS
accumulation.'®'* In addition, neuronal damage elicits a neuroinflammatory response from reactive microglia and
astrocytes. The gliosis mediates cytokine release, thereby contributing to neuronal loss and ischemia/reperfusion injury
or secondary injuries.'*'> Moreover, neuroinflammation during stroke pathogenesis can cause BBB damage, leading to
cytotoxic edema and increased permeability. Ischemia/reperfusion injury is associated with the restoration of blood and
oxygen supply and may progress over hours to weeks after artery occlusion.'® The reactive microglia and astrocytes
secrete inflammatory cytokines and cytotoxic compounds, such as interleukin (IL)-1p, IL-1a, tumor necrosis factor
(TNF)-a, IL-6, and nitric oxide,'”'® that disrupt the BBB and increase its permeability by intruding tight junction
proteins, such as claudin-5, occludin, and zonula occludens (ZO)-1."" Furthermore, TNF-a can trigger apoptotic
cascades and matrix metalloproteinases (MMPs) in neurons and glial cells.”* The IL-1-induced endothelial cell
reactivation and immune cell infiltration after BBB disruption additionally contribute to increases in cytokine,
chemokine, and MMP-9 levels.?' The loss of BBB tight junction integrity disturbs paracellular permeability, exacer-
bating immune cell infiltration, brain edema, and hemorrhagic transformation, resulting in worsened neurological
outcomes and mortality.”* Therefore, mechanisms underlying BBB disruption should be elucidated for the develop-
ment of novel stroke therapeutics.

Gene transcription is controlled by histone acetylation, which is antagonistically modulated by histone acetyltrans-
ferases and deacetylases (HDACs).”> HDAC1, a member of the HDAC family, modulates DNA damage and neuronal
survival in the brain under neuronal damage and degeneration conditions.>* >’ HDAC]I plays a critical role in stroke
pathogenesis. Ischemia/reperfusion injury induces HDACI1 dysfunction, which exacerbates neuronal loss and DNA
damage after stroke. This explains the poor behavioral outcomes of rats with ischemia and HDACI inhibition in some
studies.”®** However, the role of HDAC1 in ischemia/reperfusion-induced neuroinflammation and BBB damage remains
unknown, and the effect of HDACI1 on the activity of glial cells after stroke remains controversial. Therefore, we
examined the interplays of HDACI in this pathologic progress.

Materials and Methods

Animal Experiments and Drug Administration

In this study, the Institute of Animal Care and Use Committee of I-Shou University and E-Da Hospital approved the
procedures of animal experiments (IACUC-EDAH-108017, 6 August 2019; IACUC-EDAH-108037, 21 February 2021;
TACUC-ISU-108015, 8 October 2019), and we followed the Guidelines for the Care and Use of Laboratory Animals,
Council of Agriculture, Taiwan to care the animal and conduct experiments. We purchased adult male SD rats from the
Lasco biotechnology company (Taipei, Taiwan), a total of 102 male rats were used in this study. We used a rat model of
ischemia/reperfusion injury established through the stereotactic intracerebral injection of endothelin-1, a vessel con-
strictor. An HDACT selective inhibitor, N-(2-aminophenyl)-4-[N-(pyridine-3yl-methoxy-carbonyl) aminomethyl] benza-
mide (MS-275), was stereotactically injected to inhibit HDAC1 function in 8 weeks old of rats weighed 250-300 g.>’**
We randomly allocated the rats for the experimental groups as sham control, endothelin-1 cerebral microinjection, and
endothelin-1 combined MS-275 microinjection. In the cerebral ischemia/reperfusion model creation, we stereotaxic
injected 3 uL of 100 pM endothelin-1 (Sigma, E7764; St. Lois, MO, USA) into the brain followed the brain atlas® by
three coordinates: AP 0, ML + 2.5, DV —2.3; AP + 2.3, ML + 2.5, DV —2.3; AP + 0.7, ML + 3.8, DV — 7.0. HBSS was
stereotaxically injected as a sham control. MS-275 was stereotaxic injected following pre-mixed with endothelin-1;
a total of 3 puL of mixed volume in a final concentration of 100uM of MS-275 and 100 pM of endothelin-1 was
synchronized and injected into the brain. Twenty-four hours after the surgery, the experimental rats were sacrificed for

further examinations by Western blot and immunostainings.
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Evaluation of HDACs Enzymatic Activity

To detect in vivo HDACT activity, we employed a nuclear extraction kit (Active Motif; Carlsbad, CA) to isolate nuclear
protein fractions, following the manufacturer’s guidelines. In summary, dissected brain samples were homogenized in
hypotonic buffer on ice for 15 minutes, followed by centrifugation at 850 g for 10 minutes. The resulting pellet was
reconstituted in a hypotonic buffer containing 0.5% detergent and kept on ice for 15 minutes, after which centrifugation
at 14,000 g for 1 minute occurred. The nuclear protein was solubilized by adding a complete lysis buffer. For nuclear
HDACI analysis, 800 pg of fresh nuclear protein was extracted from each sample and subjected to immunoprecipitation
(IP) at 4°C overnight. The IP products were utilized to measure HDACs activity using the activity assay kits (Enzo Life
Sciences, Farmingdale, NY; BML-AK500-0001, BML-AK512, BML-AKS531, BML-AKS518), following the provided
instructions.

Evans Blue Assay

We conducted Evan's blue (EB) assay to evaluate the BBB permeability 24 h after stroke, following the previously
reported procedures. After anesthesia, 2% of EB dissolved in saline was injected for 4 mL/kg by the tail vein. The rats
were trans-cardially perfused and removed from the brain after waiting for 30 min for complete circulation.”' The brain
was sliced by a rat brain slicer (World Precision Instruments, Sarasota, FL, USA). A total of 8 brain sections were
prepared from one brain, and the EB extravasation was quantified by Image J. Values from the contralateral region were
used as control.

Immunofluorescent Staining

In the work of Immunofluorescent staining, we followed the procedure from our previous study.?® First, we anesthetized
the rats and performed trans-cardio perfusion with PBS and 4% paraformaldehyde. Then we removed the brain for post-
fixation and dehydration and embedded the tissue with an optical coherence tomography compound. The brain region
within bregma +2 to —4 mm was separated and prepared for brain sections. We collected the brain sections at ten um
per section; one of three sections was ordered and adhered to the slide to accumulate the brain samples. We performed
antibody hybridization on brain slides using the primary antibodies: Zo-1 (Genetex GTX108627; Hsinchu City, Taiwan),
Iba-1 (Genetex GTX635363), GFAP (Abclonal A0237; Xinbei City). We further adopt AlexaFluor-conjugated secondary
antibodies (Thermo; Waltham, MA) to recognize the primary antibodies. The nucleus of the tissue was stained with
DAPI and mounted by a mounting medium (Dako; Glostrup, Denmark). In quantification of the immunoreactivity
signals, we conducted a microscopic platform of high throughput screening (ImageXpress® Automated Imaging System,
Molecular Device; San Jose, CA) to acquire the high-content images from the penumbra area of injured brains and
analyzed the data by its accompanied software (MetaMorph®, Molecular Device).

Western Blots, ELISA, and Assays for ROS, LDH, and MMP Activity

Brain protein extractions were prepared from the brain tissue from the regions within bregma: +3 to —1 mm), and we
used a brain slicer to separate the brain regions. The detailed procedure of Western blots was described in our previous
study.’® The ROS and LDH assay kits were purchased from BioVision K936-100-250 and K726 (Milpitas, CA, USA)
and followed the manual’s instructions. ELISA kits for detecting IL-1B and TNF-a were acquired from R&D RLBO00 and
RTAO00 (Minneapolis, MN). In the MMP9 activity assay, we purchased the kit from Abcam AB234057 (Cambridge, UK).
We experimented and followed the manufacturer’s directions using fresh samples of brain lysates.

Behavioral Tests

We evaluated the neurological outcomes of experimental rats on PSDs 1, 3, and 7 by performing the modified
neurological severity score (mNSS). The experimental procedures and detail can reference our previous work.”’ The
evaluations include gait, climbing, body symmetry, forelimb flexion, turning ability, compulsory circling, and sensory
response. Three grades evaluated each task, and total scores were summarized as the performance assessment. In
addition, we experimented with the cylinder test following our previous work.?’ The rats were put in a transparent
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cylinder and allowed to move freely. We measured the number of using forepaws from the contralateral and ipsilateral
sides to place on the cylinder wall. The ratio of forepaw use was quantified as R/(L + R)*100%. Two days before the
surgery, we conducted a pre-preconditioning that allowed rats to stay in the cylinder for 5 min, two times, to help the rats
acclimate to the experimental condition.

Statistics

All data were confirmed with normal distribution. They were presented as the mean + SEM and were analyzed by one-
way ANOVA with post hoc Tukey’s test for multiple-group comparison or by Student’s #-test for 2-group comparison.
Differences with p < 0.05 were considered statistically significant.

Results
HDACI Inhibition Exacerbated BBB Damage in vivo

We employed Evans blue staining to assess the permeability of the blood-brain barrier (BBB) 24 hours after ischemia/
reperfusion injury induced by endothelin-1. To inhibit HDACI1 function, we utilized a neutralization approach involving
microinjection of MS-275 into the brain concurrently with endothelin-1. Previous studies have characterized the
specificity of MS-275 for HDAC1.?7* However, partial studies also indicated that MS-275 may affect other class 1
HDAC members such as HDAC 2, 3, and 8,%* in addition to the brain tissue. Therefore, we further investigated and
confirmed the specificity of MS-275 for HDACI in the brain at the current concentration, as shown in Figure SI.

At 24 hours post-surgery, the rats were euthanized, and brain slices were prepared. The level of BBB disruption was
determined by analyzing the area of the brain stained with Evans blue. The findings revealed that rats experiencing
cerebral ischemia and HDACI inhibition had higher BBB permeability (Figure 1A), which was demonstrated by
a greater stained brain area. Additionally, HDACI inhibition exacerbated the disruption of the BBB (Figure 1B), and
a statistically significant difference was observed in the stained area between rats injected with the vehicle and those
injected with MS-275, both of which had cerebral ischemia. Thus, severe extravasation of Evans blue was observed in
rats with cerebral ischemia and HDAC] inhibition following stroke, suggesting that HDACI is involved in maintaining
the integrity of the BBB after stroke.

To further confirm the role of HDACI1 in BBB damage, we employed HDAC1 siRNA through stereotactic microinjec-
tion of antisense oligomers simultaneously with endothelin-1. The data revealed an increase in BBB disruption at 24 h after
stroke when HDAC1 was knocked down (Figure S2A), supporting the crucial function of HDAC1 in BBB damage.
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Figure | HDACI dysfunction promoted BBB damage in rats 24 h after stroke. (A) The representative data of Evan’s blue staining from the cerebral ischemia rats 24 h after
surgery. (B) The quantified data for Evan's blue staining from cerebral ischemia rats. Sham n=6, Stroke+Vehicle n=8, Stroke+MS275 n=8. Data was evaluated by one-way
ANOVA, *p < 0.05, *¥*p <0.01, ***p <0.001.
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Subsequently, we investigated the effect of neuroinflammation in BBB damage at the sub-acute stage by conducting
a delayed MS-275 stereotactic injection two weeks after the stroke. The data demonstrated that stroke-induced BBB
damage remained, but no difference was observed between cerebral ischemia rats with delayed MS-275 injection and
cerebral ischemia rats only (Figure S2B). This suggests that HDAC1 plays a vital role in the acute stage of neuroinflamma-
tion. Finally, to determine whether MS-275 can directly induce BBB damage, we injected it into the rat brain. Compared to
the sham control, there was no significant difference in BBB damage in the Evans blue assay (Figure S2C). This indicates
that BBB damage is primarily mediated by ischemia/reperfusion injury in our model.

HDACI Inhibition Worsened Disruption of Tight Junction Structure

To further determine the effect of HDACI1 in BBB disruption undergoing cerebral ischemia. We performed immunofluor-
escence staining for ZO-1 (Figure 2A and C), an essential component of BBB tight junctions. Rats with cerebral ischemia
exhibited decreased ZO-1 immunofluorescence activity, indicating that ischemia/reperfusion injury disrupted BBB tight
junctions (Figure 2B). Notably, the decline in ZO-1 expression was more prominent in rats with cerebral ischemia and
HDACI inhibition (Figure 2B), suggesting that HDACT1 is essential for the maintenance of the BBB after stroke.
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Figure 2 HDACI| dysfunction decreased the expression of tight junction associated protein- ZO-| 24 h after stroke. (A) The representative figures of immunofluorescent
staining for ZO-1I in cerebral ischemia rats 24 h after stroke. The white square denotes an amplified view from the merged figure. Bar: 100 um; Bar: 400 pum in amplify (B)
The quantified data of immunofluorescent staining. (C) The red square denotes where the general view of immunostainings was captured in the brain sections. Sham n=6,
Stroke+Vehicle n=8, Stroke+MS275 n=8. Data was evaluated by one-way ANOVA, *p < 0.05, **p <0.01, ***p <0.001.
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Next, we performed Western blot analysis to evaluate the levels of ZO-1 and occludin, proteins associated with the
structural maintenance of tight junctions. We collected the brain tissue from the rats with cerebral ischemia and prepared
protein lysates 24 h after stroke. Decreased levels of ZO-1 and occludin were observed, indicating that ischemia/reperfusion
considerably damaged the BBB (Figure 3A). Furthermore, HDAC] inhibition promoted the disruption of BBB structural
proteins in rats with cerebral ischemia, leading to a further reduction in the protein levels (Figure 3A and B). Therefore,
HDACI inhibition exacerbates the destruction of tight junction proteins, further increasing BBB permeability.

HDACI Inhibition Promoted Gliosis

Neuronal damage induced by ischemia/reperfusion injury can trigger the reactivation of astrocytes and microglia, leading
to the accumulation of inflammatory cytokines and the promotion of BBB disruption in stroke pathogenesis. Therefore,
we investigated the levels of gliosis in astrocytes and microglia. The rats with cerebral ischemia and with or without
HDACIT inhibition were sacrificed and perfused to remove the brain for section preparation. Sham-operated rats were
used as control. To evaluate astrocyte gliosis, we performed immunofluorescence staining for glial fibrillary acidic
protein (GFAP) and determined the cell number in the ischemic core and penumbra (Figure 4A and C). Tissue
quantification revealed an increased number of cells in the ischemic core and penumbra, indicating that HDACI1
inhibition worsened astrocyte gliosis (Figure 4B). In addition, we performed immunofluorescence staining for ionized
calcium-binding adapter molecule 1 (Iba-1) to evaluate microglial gliosis (Figure 5A and C). An increased number of
round cells with extended protrusions was observed in rats with cerebral ischemia and HDACI inhibition (Figure 5B);
this finding indicated that HDACI inhibition increased the number of reactive microglial cells. Therefore, HDACI1
inhibition increased the reactive cell numbers of astrocytes and microglia, suggesting the essential role of HDACI in
BBB disruption through gliosis.

HDACI Inhibition Aggravated Neuroinflammation

BBB disruption is highly associated with inflammatory cytokine levels following ischemia/reperfusion-induced gliosis.
Therefore, we examined the levels of the inflammatory cytokines IL-1 and TNF-a 24 h after stroke. HDACI inhibition
increased the cytokine levels and gliosis in rats with cerebral ischemia (Figure 6A and B). In addition, we determined the
levels of lactate dehydrogenase (LDH) and ROS in the brain lysates 24 h after stroke. The results indicated that HDAC1
inhibition caused severe damage to the brain, resulting in increased levels of LDH and ROS (Figure 6C and D).
Moreover, TNF-a and IL-1p promoted BBB damage through MMP-9. Therefore, we determined the enzymatic activity
of MMP-2 and MMP-9 24 h after stroke by using the gelatinase activity assay. The results indicated that ischemia/
reperfusion injury significantly increased the activity of MMP-2 and MMP-9. Compared with vehicle-injected rats, MS-
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Figure 3 HDACI dysfunction reduced the tight junction-associated proteins in ZO-1 and occluding 24 h after stroke. (A) The representative Western blotting data for ZO-
| and occludin 24 h after stroke. B-actin served as an internal control. (B) The quantified levels of ZO-1 and occluding normalized to internal control. N=6 per group. Data
was evaluated by one-way ANOVA, *p < 0.05, *p < 0.01, **p < 0.001.
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Figure 4 HDACI dysfunction increased the astrocytic gliosis 24 h after stroke. (A) The representative figures of immunofluorescent staining for GFAP in cerebral ischemia
rats. The white square denotes an amplified view from the merged figure. Bar: 50 um; Bar: 200 pum in amplify (B) The quantified data of immunofluorescent staining for
GFAP. (C) The red square denotes where the general view of immunostainings was captured in the brain sections. Sham n=6, Stroke+Vehicle n=8, Stroke+MS275 n=8. Data
was evaluated by one-way ANOVA, *p < 0.05, ***p <0.001.

275-injected rats exhibited increased MMP-2 and MMP-9 activity (Figure 6E), suggesting that HDAC1 dysfunction
exacerbates BBB damage through gliosis-induced inflammatory cytokines and MMPs.

HDACI Inhibition Deteriorated Behavioral Outcomes After Stroke

BBB disruption considerably affects neurological outcomes and mortality. To investigate the effect of HDAC1-induced
BBB damage on the behavioral outcomes of rats with cerebral ischemia, we evaluated the modified neurological severity
score (mNSS) for neuromuscular function and cylinder tests. The results indicated that ischemia/reperfusion significantly
reduced rats’ neuromuscular ability. HDACI inhibition increased brain damage (Figure 7A), further impairing the
neuromuscular response. The cylinder test results revealed that HDACI inhibition reduced the ability of rats with
cerebral ischemia to use their contralateral forepaw (Figure 7B). Therefore, HDACI1 dysfunction negatively affects

behavioral outcomes and increases neuroinflammation and BBB disruption.

Discussion
This study evaluated the role of HDACI in stroke-induced BBB damage. The results indicated that BBB disruption is
more severe when HDACT activity is inhibited. HDACI inhibition increased neuroinflammation by increasing the levels
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Figure 5 HDACI dysfunction increased the microglial gliosis 24 h after stroke. (A) The representative figures of immunofluorescent staining for GFAP in cerebral ischemia
rats. The white square denotes an amplified view from the merged figure. Bar: 50 um; Bar: 200 um in amplify (B) The quantified data of immunofluorescent staining for
GFAP. (C) The red square denotes where the general view of immunostainings was captured in the brain sections. Sham n=6, Stroke+Vehicle n=8, Stroke+MS275 n=8. Data
was evaluated by one-way ANOVA, *p < 0.05, **p <0.01, ****p <0.0001.

of gliosis, TNF-q, IL-1B, ROS, and LDH in the brain after stroke. Cerebral ischemia and HDACT inhibition deteriorated
behavioral outcomes in rats after stroke. Our study provides novel insights into the role of HDACI in the pathogenesis of
ischemia/reperfusion injury and its involvement in neuroinflammation and BBB damage after stroke. These results may
aid in the development of therapeutic strategies for ischemia/reperfusion injury.

Although promising HDAC-based therapeutic approaches for stroke have been reported, the role of a specific HDAC
in stroke pathogenesis remains controversial. Most studies have focused on nonselective HDAC inhibitors, such as
suberoylanilide hydroxamic acid (a selective inhibitor of HDACI, 2, 3, 4, 5, 6, 7, and 9), sodium 4-phenylbutyrate (a
nonspecific HDAC inhibitor), valproic acid (VPA, a selective inhibitor of HDACI, 2, 3, and 8), and trichostatin A (TSA,
a selective inhibitor of HDACI, 4, 6, 10, and 11), that exert neuroprotective effects to ameliorate inflammation,
endoplasmic reticulum stress, excitotoxicity, oxidative stress, apoptosis, and BBB damage after stroke.** VPA protects
against the disruption of BBB tight junction proteins, such as claudin-5 and ZO-1, and attenuates NF-xB and MMP-9
levels in the brain.** In addition, the class IIA HDAC inhibitor TMP269 maintains tight junction proteins, such as ZO-1,
occludin, and claudin-5, and protects the BBB after ischemia/reperfusion injury.>®
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Figure 6 HDACI dysfunction worsened the levels of inflammation cytokines, ROS, and LDH 24h after stroke. (A and B) ELISA was conducted for inflammation cytokines in
IL-1b and TNF-a. (C and D) ROS and LDH were detected 24 h after stroke from the brain lysates of cerebral ischemia rats. (E) MMPs activity assay was conducted to
evaluate the enzymatic activity of MMP2 and MMP9 24 h after stroke. Sham n=6, Stroke+Vehicle n=8, Stroke+MS275 n=8. Data was evaluated by one-way ANOVA, *p <
0.05, ¥p <0.01, ***p <0.001.
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Figure 7 HDACI dysfunction elicited worsened behavioral outcomes in the mNSS and cylinder tests at post-stroke days (PSD) 1, 3, 7. (A) Evaluations for neuromuscular
function by modified neural severity scores (mNSS) in cerebral ischemia rats at PSD 1, 3, 7. (B) Evaluation for forepaw using ability in cerebral ischemia rats at PSD |, 3, 7.
Sham n=6, Stroke+Vehicle n=8, Stroke+MS275 n=8. Data was evaluated by one-way ANOVA, *p < 0.05, **p <0.01.

The exact role of a specific HDAC in stroke pathogenesis remains controversial, with few studies mentioning the
involvement of a specific HDAC in the pathological progression of stroke. A study reported that HDAC4 levels increased
following stroke, thereby protecting against BBB damage through the stabilization of tight junction proteins and
reduction of nicotinamide adenine dinucleotide phosphate oxidase and MMP-9 levels.’” Sodium butyrate (a selective
HDAC4 inhibitor) may exert a neuroprotective effect against BBB damage.*®** Furthermore, oxygen—glucose depriva-
tion (OGD) can upregulate HDAC9 in the endothelial cells of the brain, resulting in decreased levels of tight junction
proteins and impairment of BBB permeability.* Furthermore, OGD can upregulate HDAC3 and peroxisome proliferator-
activated receptor gamma (PPARY) in human microvascular endothelial cells, resulting in elevated BBB permeability and
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decreased tight junction protein expression. Therefore, RGFP966 (an HDAC3 inhibitor) treatment can recover para-
cellular permeability and promote claudin-5 expression through the PPARy receptor.*! This study provides insights into
the role of HDACI in stroke pathogenesis. In addition to protecting against DNA and neuronal damage, HDACI1
participated in the pathological mechanism of neuroinflammation and BBB disruption. HDAC1 dysfunction can
deteriorate pathological outcomes; therefore, HDAC1 modulation should be studied for the development of therapeutic
strategies.

Most studies developing therapeutic approaches for neuroinflammation have focused on nonspecific HDAC inhibi-
tors. For example, VPA can ameliorate microglial reactivation in LPS-induced neuroinflammation,** and TSA can reduce
the expression of GFAP in astrocytes, thus inhibiting astrocyte reactivation.*’ Additional studies on TSA, VPA, sodium
butyrate, and ginger-rhizome-derived compounds have indicated that nonspecific HDAC inhibition reduced the levels of
inflammatory cytokines, such as IL-6, inducible nitric oxide synthase (iNOS), cyclooxygenase-2, IL-1P, heat shock
protein 70, and TNF-a both in vitro and in vivo.*****® In addition, belinostat and TSA, nonspecific HDAC inhibitors,
ameliorated experimental autoimmune encephalitis—induced neuroinflammation by reducing the levels of M1 microglia,
TNF-0, and IL-1B.*”** However, the role of a specific HDAC in neuroinflammation and BBB damage remains
unexplored.

An HDAC?2-based study reported that HDAC2 overexpression activated gliosis and increased the mRNA levels of
GFAP, Ibal, and iNOS in a mouse model of retina ischemia; however, HDACI1 overexpression was not involved in the
pathological progression of retina ischemia.*’ Another study reported that HDAC3 exacerbates neuroinflammation by
activating microglia through the ¢cGAS-STING pathway.’>>' Therefore, the selective inhibition of HDAC3 through
RGF966 or knockdown ameliorated neuroinflammation levels in the mouse models of demyelination, middle cerebral
artery occlusion, and LPS-induced neuroinflammation.’®>* Similar results have been reported in studies on HDAC6 and
HDACS using the model of LPS-induced microglial activation.”>® Therefore, the inhibition of specific HDACs is
crucial for the function of cells and tissues in some diseases. Moreover, it can reduce disease severity and can be used as
a potential therapeutic approach.

In stroke pathogenesis, ischemia/reperfusion injury induces a considerable inflammatory response in the brain to
control the injured microenvironment, remove the damaged neural tissue, and repair the damaged brain. However, the
severe neuroinflammation promotes MMP activity, thereby degrading tight junction proteins, triggering BBB damage,
and worsening neurological outcomes in animal models and patients.”” In this study, the selected dose of MS-275 was
determined based on findings from our prior study, in which we confirmed its impact on behavioral outcomes.*® Thus, we
have maintained the same dosage in the current study to further assess BBB damage post-stroke. In addition, given the
limitations imposed by intracerebral injection volume, we lack information regarding whether higher doses of MS-275
could yield more significant effects on HDAC1. However, our earlier research has already established that HDACI1
dysregulation exacerbates brain damage and impairs motor function after stroke, evident in terms of infarction volume,
neuronal loss, DNA damage, and elevated inflammation cytokines.”® Remarkably, by delayed MS-275 stereotactic
injection at two weeks after stroke as the sub-acute stage, HDAC1 dysfunction-induced BBB damage was not found
(Figure S2B). This data further highlights that inflammation levels could be essential in stroke-associated BBB damage.

In our data, MS275 seems to trigger a more intense BBB damage locally as seen by increased Evan’s blue staining
intensity. In our investigation, the stroke model was induced through the stereotaxic injection of endothelin-1. This
design establishes the affected region based on the diffusion pattern of endothelin-1 post intracerebral injection. As
a result, both the extent of infarct volume and the region of BBB damage are profoundly linked to this diffusion process.
Moreover, the infiltration of monocytes can potentially escalate inflammation subsequent to BBB damage, thereby
intensifying the brain injury within the context of stroke pathogenesis.’**° Hence, based on our observations, we posit
that this insight provides a plausible explanation for the occurrence of localized BBB damage.

In a study, HDACI overexpression reduced microglia viability in an OGD model in vitro and promoted M1-type
microglial polarization and TNF-a synthesis.®* HDAC1 modulates M1-type microglial polarization by targeting the
acetylation levels of kinesin family member 4A.°! In addition, HDAC1 knockdown may reduce LPS-induced cytokine
expression in microglia in vitro.®? Unlike previous studies, we adopted a neutralization approach and inhibited HDAC].
Our data indicated that HDACI dysfunction could further worsen neuroinflammation and BBB damage. Moreover, in our
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study, HDACI inhibition triggered microglia and astrocyte reactivation, leading to a further increase in the levels of
inflammatory cytokines and MMP-9; a result contradictory to those of previous studies. The varying results may be
attributed to the difference in the study model. The results of previous studies were obtained from LPS-induced
neuroinflammation in microglia; however, we used a rat model of ischemia/reperfusion injury. In addition, the time
point of the experimental assessment may have resulted in varying results. We focused on the acute stage and evaluated
the experiments 24 h after stroke, which is difficult to reproduce in the macrophage cell line by using LPS stimulation.

This study is an extension of our previous research on stroke.”® In this study, HDACI inhibition enhanced gliosis and
IL-1B and TNF-a levels 24 h after stroke. We believe this is crucial in the pathological progression of stroke because IL-
1B amplifies the inflammatory response and promotes neutrophil infiltration after ischemia/reperfusion injury.®®
Infiltration may further activate ROS production, causing oxidative stress.®*®> In addition, the elevated TNF-a level
can trigger ROS production and exacerbate the infarct area after stroke.®® Furthermore, IL-1B, TNF-a, and ROS can
promote BBB disruption.'” TNF-a can induce MMP reactivation and promote BBB disruption,® and IL-1p can cause
endothelial reactivation and increase BBB permeability.”' Therefore, HDAC]1 plays a crucial role in stroke-induced BBB
damage, and HDAC1 dysfunction can increase BBB damage through elevated neuroinflammation after stroke.

Although our data support HDACI is essential in stroke-associated BBB damage, due to the experimental limitation,
it cannot be ruled out that the changes in neuroinflammation seen in this study are derived from a worsening of neuronal
damage or glial cell reactivation. Future studies should determine the exact role of microglia and astrocytes in
neuroinflammation-induced BBB damage. Selective HDACI1 inhibition/activation/RNA interference approaches may
be useful in elucidating mechanisms underlying BBB damage. The mechanisms include HDAC1-mediated M1/M2
microglia polarization, astrocyte activation, endothelial cell activation, and pericyte responses. Such studies would extend
insights into neuroinflammation and assist the development of specific HDAC-based therapeutic strategies.

Conclusion

HDACI plays an essential role in the modulation of BBB damage. HDACI inhibition promotes microglial and astrocyte
gliosis, increases inflammatory cytokine levels, and triggers MMP activity. Therefore, HDACI inhibition promotes the
damage to tight junction proteins, which led to worsened behavioral outcomes in rats with cerebral ischemia in this study.
These results indicate the role of HDACI1 in neuroinflammation, indicating the potential of selective-HDAC]1-based
therapeutic strategies for ischemia/reperfusion injury.
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