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Abstract

Aim: The class | histone deacetylases (HDACs) implicate in microglial heterogenization
and neuroinflammation following Intracerebral hemorrhage (ICH). Ferroptosis has
also been reported in the ICH model. However, the relationship between HDAC1/2's
role in microglial heterogenization and neuronal ferroptosis remains unclear.
Methods: In both in vivo and in vitro models of ICH, we used Romidepsin (FK228),
a selective HDAC1/2 inhibitor, to investigate its effects on microglial heterogeniza-
tion and neuronal ferroptosis. In the in vitro ICH model using Hemin, a transwell sys-
tem was utilized to examine how microglia-driven inflammation and ICH-triggered
neuronal ferroptosis interact. Immunostaining, Western blotting and RT-gPCR were
used to evaluate the microglial heterogenization and neuronal ferroptosis. Microglial
heterogenization, neuronal ferroptosis, and neurological dysfunctions were assessed
in vivo ICH mice model performed by autologous blood injection.

Results: HDAC1/2 inhibition altered microglial heterogenization after ICH, as showing
the reducing neuroinflammation and shifting microglia towards an anti-inflammatory
phenotype by immunostaining and gPCR results. HDAC1/2 inhibition reduced ferrop-
tosis, characterized by high ROS and low GPx4 expression in HT22 cells, and reduced
iron and lipid deposition post-ICH in vivo. Additionally, the Nrf2/HO1 signaling path-
way, especially acetyl-Nrf2, activated in the in vivo ICH model due to HDAC1/2 inhi-
bition, plays a role in regulating microglial heterogenization. Furthermore, HDAC1/2
inhibition improved sensorimotor and histological outcomes post-ICH, offering a po-
tential mechanism against ICH.

Conclusion: Inhibition of HDAC1/2 reduces neuro-ferroptosis by modifying the het-
erogeneity of microglia via the Nrf2/HO1 pathway, with a particular focus on acetyl-
Nrf2. Additionally, this inhibition aids in the faster removal of hematomas and lessens

prolonged neurological impairments, indicating novel approach for treating ICH.
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1 | INTRODUCTION

Intracerebral hemorrhage (ICH), representing 27.9% of all stroke cases,
has experienced an increasing trend since 1990.! Research points to
substances such as heme, a by-product of hemoglobin breakdown, as
significant factors in brain damage following ICH.2"* Heme oxygen-
ase (HO) processes heme into iron, carbon monoxide, and biliverdin.
Iron, particularly when labile, is instrumental in generating lipid reac-
tive oxygen species (ROS), leading to tissue damage.>>¢

Iron is key in cell life and death, notably affecting ferroptosis‘7
Ferroptosis, an iron-dependent non-apoptotic cell death form, has
been observed in cerebrovascular disease models, including ICH,
traumatic brain injury (TBI), and middle cerebral artery occlusion
(MCAO).8!! Characterized by lethal lipid ROS, mitochondrial mor-
phology changes, and uncontrolled lipid peroxidation, ferroptosis
depends on iron-driven processes.7’12 Mitochondria, central in oxi-
dative metabolism, play a significant role in ferroptosis, evident from
specific mitochondrial changes during ferroptosis.’®

Microglia, the brain's primary immune responders, exhibit
various phenotypes, notably the pro-inflammatory and the anti-
inflammatory.’*"%¢ The pro-inflammatory phenotype exacerbates
neurological deficits post-ICH through harmful cytokine and ROS
production.}”"*® Conversely, The anti-inflammatory phenotype helps
in post-ICH recovery by producing anti-inflammatory factors and
accelerating the removal of tissue debris and cell regeneration.'’
Hence, therapies focusing on reducing inflammation and clearing
debris like hemoglobin and iron show potential for ICH.

Histone deacetylases (HDACs), key in chromatin remodeling,
are categorized into four classes, with HDAC1, HDAC2, HDAC3,
and HDACS in Class 1.>° HDACs and their inhibitors (HDACI) have
exhibited neuroprotective properties and the ability to modulate
microglia/macrophage heterogenization in cerebrovascular dis-
ease models, including ICH, TBI, and ischemic stroke.?"?°* HDAC1
and HDAC2, particularly abundant in microglia/macrophages,
respond significantly to LPS stimulation.?® Previous study con-
firmed that HDAC2 knockout can modulate microglial heterogeni-
zation and alleviate neurological deficits post-ICH.2! HDAC1 and
HDAC2, being highly similar, can substitute for each other's roles.
Blocking just one of HDAC1/2 in macrophages boosts the other's
activity, thus simultaneously inhibiting the activity of both can re-
duce LPS-caused inflammation.?” Research shows that HDAC1/2

jointly regulate microglial function, impacting disease progression.
Eliminating HDAC1/2 in microglia reduces inflammation, enhances
amyloid plaque clearance, and boosts cognition in Alzheimer's
mice.?8 Additionally, HDAC2 participated in the ferroptosis and
neuroinflammation in cauda equina injury and which were inhib-
ited by (Valproic Acid) VPA.??

The transcription factor, Neuclear factor erythroid 2-related
factor 2 (Nrf2), is crucial in protecting cells from ferroptosis, mainly
through triggering antioxidant responses and regulating iron metab-
olism.3%-35 Nrf2 is crucial in protecting cells from ferroptosis, mainly
through triggering antioxidant responses and regulating iron me-
tabolism.3¢ Furthermore, the stability of Nrf2 is bolstered through
acetylation, which enhances its translocation to the nucleus and am-
plifies its anti-inflammatory efficacy.®”*8

Romidepsin (FK228), an FDA-approved selective inhibitor
of HDAC1/2,%° shifts microglial heterogeneity towards an anti-
inflammatory phenotype and exhibits neuroprotective properties.*°
The link between HDACs and ferroptosis is established, with studies
indicating that HDAC inhibitors block ferroptosis and offer neuropro-
tection.!>*! Therefore, we hypothesize that HDAC1/2 inhibition lies
in its ability to promote microglial heterogenization, thereby reducing
neuroinflammation, inhibiting neuronal ferroptosis, and enhancing

neuronal survival, potentially leading to novel ICH treatment strategies.

2 | METHOD

2.1 | Experimental animals

C57BL/6 mice were obtained from the Slac Laboratory Animals
Center (Shanghai, China). All experimental protocols were approved
by the Department of Laboratory Animal Science, Fudan University
(approve number: 2921JS Huashan hospital-325). The mice were

provided with free access to food and water.
2.2 | Theinvivo ICH model and administration of
Romidepsin

Intracerebral injections were administered according to previously

established protocols.42 Mice were anesthetized with isoflurane

FIGURE 1 HDAC1/2 inhibition modulates the heterogenization of microglia in vitro. (A) The acetyl-H4 level of BV2 was quantified by
western blotting after 24 h of exposure to varying concentrations of FK228 (0, 2.5, 5, 10, 20, 40ng/mL). (B) LDH release in BV2 cells was
quantified after 24 h of exposure to varying concentrations of FK228 (0, 2.5, 5, 10, 20, 40ng/mL). (C) The mRNA expression levels of CD16, IL-
6, TNF-a, CD206, TGF- and IL-10 as quantified by RT-qPCR after 24 h of exposure to varying concentrations of FK228 (0, 2.5, 5, 10, 20, 40ng/
mL). (D) Representative immunofluorescence images of CD16 (green)/CD206 (red)-positive BV2 (scale bar=300pum). (E) Quantitative analysis
of the mRNA expression levels of CD16, IL-6, TNF-a, CD206, TGF-p and IL-10 in BV2 treated with vehicle or FK228. All the data are presented
as the mean+SD. One-way ANOVA test and Bonferroni post hoc (A-E). n=3 per group, *p<0.05, **p<0.01, ***p<0.001, ns: no significance.
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and positioned in a stereotaxic frame. Following the creation of a
burr hole in the skull, 30 pL of the subject's own blood was infused
into the right basal ganglia at a flow rate of 2pL/min. The needle
was kept in position for 10 min post-injection to prevent backflow.
Post-procedure, the hole was sealed and the incision sutured.
Sham-operated mice received the same procedure minus the injec-
tion. The HDAC1/2 inhibitor Romidepsin (FK228) was administered
intraperitoneally at 0.5 mg/kg immediately after ICH and biweekly

for 2weeks, while controls received a 10% DMSO injection.40

2.3 | Thein vitro ICH model

For in vitro model, BV2 and HT22 was cultured in a transwell system,
Hemin (20 uM)*® and FK228 (10ng/mL)** were added into the sys-
tem for 24 h. The following assays were performed 24 h later: LDH
activity assay for loss of membrane integrity, RT-qPCR for FTH1,
ACSL4, GPx4 in HT22 and for CD16, TNFa, IL6, CD206, TGF-p, IL10
in BV2, and immunocytochemical staining for ROS, Lipid drop, GPx4
in HT22 and for CD16 and CD206 in BV2, and western blot for GPx4
in HT22 were performed 24 h later.

2.4 | Magnetic resonance imaging (MRI)

11.7T MRI system (Bruker BioSpec, Karlsruhe, Germany), at the
Institute of Science and Technology and Brain-inspired Intelligence
in Shanghai of China, was employed to scan the mice brain on
days 1, 3, and 7 following ICH. During the 11.7T MRI scans, mice
were kept anesthetized with a 3% isoflurane/air mixture. The im-
aging protocol for all the mice included T2*weighted (repetition
time/echo time=4000/60ms; slice thickness=0.8mm) and SWI
sequences (repetition time/echo time=250/5ms; slice thick-
ness=0.5mm). The field of view was 20x20mm, and the matrix
was 256 x256 mm. A total of 25 coronal slices with a thickness of
0.5mm were obtained, covering the area from the frontal pole to
the brain stem. Afterwards, the SWI lesion volume was calculated
by ImageJ software (National Institutes of Health, Bethesda, MD,
USA). The SWI lesion, indicative of hematoma size on days 1, 3, and
7, was demarcated along the edge of the low-intensity region. The
total lesion volume was calculated by aggregating the low-intensity
areas across all slices. The T2* mapping values were assessed for
three distinct zones surrounding the hematoma and their respec-
tive mirror regions in the opposite hemisphere, showing as a per-

centage of ipsilateral / contralateralx100%.

2.5 | Behavioral tests

Behavioral tests were conducted by a researcher blinded to the ex-
perimental conditions. Sensorimotor function assessments, using
the rotarod test, foot fault test, and wire hanging test, were per-
formed from 1 to 28days after ICH. Before performing the behav-
ioral tests, all animals underwent behavior training for 3days, and

those displaying abnormal behavior were excluded.

2.6 | Immunofluorescence
Brain sections were immunohistochemically stained for, and
densitometric analysis was performed as previously described

(Supplementary Methods).*®

2.7 | Perl's blue stain and Oil red O assay
Perls' staining was used to detect iron accumulation as previously
described.* Oil Red O staining was performed to assess lipid depo-

sition in the peri-hematoma area.®¥’ (Supplementary Methods).

2.8 | FJC staining

FJC staining was performed using the FJC Ready-to-Dilute Staining
Kit (Biosensis, USA) according to manufacturer's protocol. The brain
sections were observed and photographed under a fluorescence mi-
croscope at an excitation wavelength of 450-490nm.

2.9 | TUNEL assay

Brain sections, fixed in 4% paraformaldehyde and dewaxed, under-
went TUNEL assay (Beyotime Biotechnology, China) and were exam-
ined with fluorescence microscopy.

2.10 | Measurement of mitochondrial membrane
potential (Aym)

This study used the Tissue Mitochondria Isolation Kit (C3606,
Beyotime) and Enhanced Mitochondrial Membrane Potential Assay
Kit with JC-1 (C2003S, Beyotime) for mitochondrial isolation and

FIGURE 2 HDAC1/2 inhibition mitigates the neuronal ferroptosis by modulating microglial heterogenization in vitro ICH model. (A) ROS
levels in HT22 cells treated with FK228 or vehicle (DMSO) after Hemin-induced model (scale bar=200pm). (B) Representative images of
lipid droplet staining in HT22 cells with varying treatments, providing insight into lipid metabolism changes post-Hemin exposure (scale
bar=200pum). (C) Representative images of immunofluorescence staining for GPx4 in HT22 cells (scale bar=200pum). (D) Western blotting
analysis of GPx4 protein levels in HT22 cells. (E) The mRNA expression levels of FTH1, GPx4, ACSL4 as quantified by RT-qPCR after
treatment with Hemin and FK228. All the data are presented as the mean +SD. One-way ANOVA test and Bonferroni post hoc (A-E). n=3
per group (A, D, E), n=4 per group (B, C), *p<0.05, **p<0.01, ***p <0.001, ns: no significance.
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fluorescence analysis. Fluorescence microplate reader settings were
490nm excitation/530nm emission for JC-1 monomers, and 525nm

excitation/590nm emission for JC-1 aggregates.

2.11 | Transmission electron microscopy (TEM)

TEM was performed as described previously.?* Mice were perfused
with saline and ice-cold 4% paraformaldehyde with 0.1% glutaralde-
hyde. Tissue around the hematoma was excised, fixed in 2% glutar-
aldehyde, postfixed with osmium tetroxide, dehydrated in acetone,
embedded in resin, and sectioned into 60-90nm slices. These were
stained with uranyl acetate and lead citrate and examined using a JEOL

JEM-1230 transmission electron microscope (JEOL Ltd, Tokyo, Japan).

2.12 | RNA solation and quantitation

RNA was extracted from tissues and cells around the hematoma
using TRIzol reagents (T2210; Solarbio), following the manufac-
turer's guidelines. The RNA concentration was measured using a
spectrophotometer. Reverse transcription was then conducted
using Takara's Reverse Transcription Kit (Japan) in a PCR machine,
also as per manufacturer's instructions. Subsequently, RT-qPCR was
performed using the SYBR-Green method and a fluorescence gPCR
detection system. Glyceraldehyde-3-phosphate dehydrogenase was
used as the internal control for these experiments. Primer sequences
can be found in Table S1.

2.13 | Western blotting

Cellular protein was extracted and quantified using the bicinchoninic
acid method. Afterward, 40 ug of protein was subjected to electro-
phoresis and transferred onto membranes. The membranes were
then blocked with 5% bovine serum albumin for 1h and underwent
overnight incubation at 4°C with rabbit primary antibodies against
Acetyl-Histone H4 (1:1000, 06-866; MilliporeSigma), GPx4 (1:400,
ab125066; Abcam), Keap-1 (1:1000, 10503-2-AP; Protein-tech),

Nrf2 (1:1000 16369-1-AP, Protein-tech), HO-1 (1:1000 16369-1-AP,
Protein-tech), and p-actin (1:1000, ab179467; Abcam). The next day,
the membranes were inducted again with rabbit secondary antibod-
ies (1:1000, SE238; Solarbio) at 37°C for 1h, followed by develop-
ment using enhanced chemiluminescence reagent.

2.14 | Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0
(GraphPad Software Inc., La Jolla, CA, USA). For multiple Gaussian-
distributed groups, one-way ANOVA followed by Bonferroni's test
was applied. Non-normal multiple groups were analyzed using
the Kruskal-Wallis test. Repeated measurements in groups were
evaluated using two-way ANOVA with Bonferroni's test. Results
are shown as mean+SD. p<0.05 was considered statistically
significant.

3 | RESULTS

3.1 | Inhibition of HDAC1/2 promotes
histone acetylation and modulates the microglial
heterogenization in the in vitro ICH model

Given that deletion of HDAC1/2 has been shown to reduce neuroin-
flammation mediated by microglia and improve neurological condi-
tions in Alzheimer's disease mouse models,?® our initial step was to
determine if inhibiting HDAC1/2 could similarly influence microglial
heterogeneity and neuroinflammation in an in vitro model of ICH.
Firstly, we monitored histone H4 acetylation levels as a
biomarker for HDAC1/2 inhibition efficacy (Figure 1A).48-%°
Concomitantly, BV2 cells subjected to varying concentrations of
FK228 (0, 2.5, 5, 10, 20, 40ng/mL), with cellular viability quantified
through LDH release assays. Our data revealed a dose-dependent
increase in acetyl-histone H4, with a concentration of 10ng/mL
FK228 notably enhancing acetylation, while concurrently main-
taining low cytotoxicity (Figure 1B). Intriguingly, at this concentra-

tion, FK228 appeared to induce an anti-inflammatory phenotype

FIGURE 3 HDAC1/2 inhibition reduces neuronal ferroptosis and degeneration in vivo ICH model. (A) Sampling location diagram.

(A, C) TUNEL staining was used to mark apoptosis neurons at day 3 and 7 after ICH. Representative images and quantification are shown.
n=23 for Sham; n=4 for ICH and Vehicle, n=4 for ICH and FK228. (scale bar=200pum). (B, D) FJC staining at day 3 and 7 after ICH.
Representative images and quantification are shown. n=3 for Sham; n=4 for ICH and Vehicle, n=4 for ICH and FK228. (scale bar=200 um).
(E, G) Representative image of Perls' staining and quantification of iron-positive cells. n=3 for Sham; n=5 for ICH and Vehicle, n=4 for

ICH and FK228. (scale bar=200pum). (F, H) Representative image of Qil red O staining and quantification of Qil red O-positive area.n=3

for Sham; n=>5 for ICH and Vehicle, n=4 for ICH and FK228. (scale bar=500pum). () Mitochondria membrane potential (MMP) of tissue
around the hematoma at 3 and 7 days for mice after ICH. 3d, n=4 for Sham; n=4 for ICH and Vehicle, n=4 for ICH and FK228; 7d, n=4 for
Sham; n=3 for ICH and Vehicle, n=3 for ICH and FK228. (J) Ultrastructure of neuron axons and quantification analysis of the mitochondrial
area frequency in axons on the 3 and 7 days post-ICH. n=3 for ICH and Vehicle, n=3 for ICH and FK228. Number of axon mitochondria,
3d, n=194 for ICH and Vehicle, n=181 for ICH and FK228 ICH and Vehicle; 7d, n=134 for ICH and vehicle, n=165 for ICH and FK228.
Shrunken mitochondrial can be seen (green borrow). All the data are presented as the mean+SD. One-way ANOVA test and Bonferroni post

hoc (C, D, G-I). *p<0.05, **p<0.01, ***p<0.001, ns: no significance.
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in resting microglia (Figure 1C). Subsequently, we treated HT22
cells with varying concentrations of Hemin to establish in vitro ICH
model. Following Hemin simulation, the level of ROS was upreg-
ulated (Figure S1D). Then, we evaluated LDH release, ROS levels,
and ferroptosis-specific phenotypic changes. Our findings identi-
fied 20 uM as the optimal Hemin concentration for the in vitro ICH
model (Figure S1A-C).

We further investigated the effects of FK228 on heterog-
enization of microglia in this in vitro ICH model. Employing a
combination of immunostaining and RT-gPCR techniques, we
assessed the expression of microglial heterogenization markers
post-treatment. Notably, FK228-treated BV2 exhibited a marked
decrease in CD16 protein levels, concomitant with an upregula-
tion of CD206 expression (Figure 1D). The alterations were cor-
roborated by RT-gPCR analysis, which revealed transcriptional
changes consistent with the protein expression patterns we noted
(Figure 1E).

3.2 | Inhibition of HDAC1/2 mitigates the
neuronal ferroptosis by modulating the microglial
heterogenization in the in vitro ICH model

Previous research has shown that targeting the reduction of neuro-
inflammation can inhibit neuronal ferroptosis.51 Therefore, to eluci-
date the potential of FK228 in modulating microglial influences on
Hemin-induced neuronal ferroptosis, we incorporated FK228 or a
corresponding vehicle into a transwell system.

Given the critical role of lipid peroxidation in ferroptosis, we
meticulously examined the normal lipid profile, lipid peroxidation-
specific ROS, and the involvement of glutathione peroxidase 4
(GPx4) in the lipid peroxidation process within HT22 cells.

FK228 effectively suppressed the elevated ROS levels induced
by Hemin (Figure 2A). Additionally, the lipid immunostaining data re-
vealed a notable reduction in lipid content in HT22 cells subjected to
Hemin induction, a phenomenon that was ameliorated upon FK228
treatment (Figure 2B). The expression level of GPx4 in HT22 cells
also was elevated by the FK228 treatment after the Hemin induc-
tion (Figure 2C). Complementing these findings, western blotting
analyses of HT22 cells demonstrated that FK228 treatment signifi-
cantly upregulated GPx4 expression (Figure 2D). This upregulation
was further validated by RT-qPCR, aligning with the protein results
(Figure 2E). In conclusion, our study showed that mitigating the neu-
roinflammation triggered by microglia can effectively decrease fer-

roptosis in HT22 cells.

3.3 | Inhibition of HDAC1/2 reduces neuronal
ferroptosis and degeneration in the in vivo ICH model

Then we detected the influence of HDAC1/2 inhibition in neuronal
vitality and ferroptosis characteristics following ICH. Ferroptosis,
characterized by lipid peroxidation induced by iron overload,
prompted us to explore FK228's impact on iron and lipid deposition.
Following ICH, the obvious iron and lipid droplets deposition were
observed in ICH mice (Figure S2A).

Brain sections from mice at 3, 7 days post-ICH showed reduced
neuronal death and increased surviving neurons in the FK228-
treated group, confirmed by TUNEL (Figure 3A,C) and FJC staining
(Figure 3B,D). Additionally, our research indicated that administering
FK228 notably reduced the quantity of iron-rich hematoxylin in cells
compared to the group that did not receive treatment (Figure 3E,G).
Similarly, the feature of lipid metabolism was detected. Oil Red O
staining was performed on the 1st, 3rd, and 7th days after ICH. The
obvious lipid droplets were only detected until the 7th day post-ICH
(Figure S2A). Notably, FK228 treatment led to a reduction in the
deposition area of lipid droplets (Figure 3F,H). Then, we thoroughly
examined the structure and function of mitochondria, given their
well-established role in the regulation of ferroptosis.52 To further
probe mitochondrial integrity, we evaluated mitochondrial mem-
brane potential (MMP). Post-ICH, a marked decrease in this potential
was evident, signifying mitochondrial impairment. FK228 adminis-
tration attenuated this decline (Figure 3l), hinting at its protective
influence on mitochondrial function. Further, TEM was employed to
scrutinize cellular ultrastructure alterations following ICH. We pre-
pared TEM sections from mice at 3 and 7 days post-ICH. Notably, at
both time points, we observed a significant prevalence of shrunken
mitochondria in axons at the hematoma margin (Figure 3J). Overall,
FK228 mitigated ICH-related iron and lipid metabolic disturbances,

reducing neuronal death.

3.4 | Inhibition of HDAC1/2 modulates microglial
heterogenization and restrains inflammation via Nrf2
acetylation in the in vivo ICH model

To substantiate the findings from the in vitro ICH model, we as-
sessed the impact of FK228 on microglial heterogeneity in mice with
ICH. In our investigation of ICH, we procured brain tissue at various
intervals (3, 7days post-ICH) and subjected these samples to im-
munostaining, with the aim of validating the influence of FK228 on

microglial heterogenization. Our analysis revealed a distinct shift in

FIGURE 4 HDAC1/2 inhibition modulates the heterogenization of microglia in vivo ICH model. (A) Sampling location diagram (scale
bar=1mm). (A) Representative image of microglial heterogenization at 3 and 7 days after ICH, CD16 (Red), CD206 (Green), Ibal (Gray) (scale
bar=100pm). (B) Representative images of Mac2-positive microglia at 3, 7 days after ICH, Mac2 (Red), Ibal (Gray) (scale bar=100pum).

(C, D) Quantification of CD16-positive and CD206-positive microglia at 3 and 7 days after ICH. n=3 for Sham; n=5 for ICH and Vehicle, n=5
for ICH and FK228. (E) The mRNA expression levels of INOS, Argl, CD16, CD206 of microglia were detected by RT-qPCR at 3 and 7 days
after ICH. 3d, n=4 for per group; 7d, n=3 for Sham; n=3 for ICH and Vehicle, n=4 for ICH and FK228. (F) Quantification of Mac2-positive
microglia among three groups at 3 and 7 days after ICH. n=3 for Sham; n=5 for ICH and Vehicle, n=5 for ICH and FK228. All the data are
presented as the mean +SD. One-way ANOVA test and Bonferroni post hoc (C-F). *p<0.05, **p <0.01, ***p <0.001, ns: no significance.
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microglial expression patterns, transitioning from a high expression
of CD16 to an elevated expression of CD206. Notably, the group
administered FK228 demonstrated a significantly higher expres-
sion of CD206 compared to the vehicle-treated group, suggesting
that FK228 actively facilitates this phenotypic shift (Figure 4A,C,D).
Additionally, the mRNA expression levels of Argl and CD206 were
elevated in the group treated with FK228 after ICH (Figure 4E).

It's widely recognized that swiftly removing a hematoma is essen-
tial to reduce damage and improve clinical outcomes.**>® Therefore,
to investigate the phagocytic phenotype of microglia and the FK228's
effect on it post-ICH, we employed co-immunostaining for Mac-2, a
phagocytic biomarker at 1, 3, and 7days following ICH (Figure S2B).
Post-ICH, a pronounced co-localization of Mac-2 with Iba-1 was
observed, indicating heightened phagocytic activity in microglia.
Subsequently, our focus shifted to exploring the influence of FK228
on the phagocytic characteristics of microglia. The immunostaining re-
sults revealed that administration of FK228upregulated the expression
of Mac-2 (Figure 4B,F). Indeed, the heterogenization and phagocytic
phenotype seems to be influenced after the administration of FK228.

Investigations into the Keap1/Nrf2/HO1 signaling axis, a canon-
ical antioxidant pathway, revealed its involvement in ferroptosis,
particularly in lipid peroxide formation.®° In our exploration of the
Keapl/Nrf2/HO1 signaling pathway's role in modulating oxidative
stress within the ferroptosis and inflammation framework, we lever-
aged data from an ICH mouse model (GSE206971) comprising three
ICH-affected and three control mice.’® This analysis identified 11
differentially expressed genes (DEGS), including 9 upregulated and
2 downregulated genes. Notably, key components of this pathway
Nrf2, and HO1were all upregulated post-ICH (Figure 5A). These
findings corroborate the activation of the Keap1l/Nrf2/HO1 signal-
ing pathway in response to ICH.

Normally, Nrf2 is sequestered in the cytoplasm by Keapl pro-
tein, maintaining its inactive state. Keapl promotes its degradation
by directing Nrf2 into protein degradation pathways. Following
ROS stimulation, the conformation of Keapl undergoes changes,
weakening its binding capacity with Nrf2. This allows Nrf2 to trans-
locate into the nucleus, where it exerts its antioxidative stress func-
tion.%¢ Therefore, immunofluorescence staining to co-localize Ibal
with Keap1 (Figure 5B), Nrf2 (Figure 5D), HO1 (Figure 5H) and the
western blotting (Figure 5J) to examine the expression of the three
molecular were conducted. The results revealed that the Keapl/
Nrf2/HO1 signaling pathway was activated following ICH, indeed.

Especially, the co-expression levels of Nrf2 and HO1 with Ibal were

significantly upregulated when treated with FK228 (Figure 5F,l),
and the protein expression levels of Nrf2 and HO1 were both up-
regulated (Figure 5L,M). However, the expression pattern of Keapl
seemed no difference among the three groups (Figure 5C,K).

Previous research has indicated that the acetylation of Nrf2 not
only stabilizes it but also improves its capacity to penetrate the nu-
cleus.>® Additionally, VPA upregulated the expression, activation
and nuclear translocation of Nrf2 in mice heart tissue.”® Trichostatin
A (TSA) lowered Keapl expression, promoted Keapl/Nrf2 sepa-
ration, Nrf2 nuclear translocation, and Nrf2's binding in HO1, po-
tentially leading to Nrf2 acetylation.®” Therefore, we proposed
that FK228 may regulate Nrf2 by increasing its acetylation levels.
Immunofluorescence staining to colocalize Ibal with acetyl-Nrf2
(Acetyl-Lys599) was conducted. The immunostaining results indi-
cated that Nrf2 underwent acetylation in the microglia surrounding
the hematoma following ICH (Figure 5E). Furthermore, the acetyla-
tion of Nrf2 seemed to be enhanced by FK228 (Figure 5G).

3.5 | Inhibition of HDAC1/2 accelerates the
clearance of hematoma and mitigates the neurological
deficits in the in vivo ICH model

To determine the neuroprotective potential of FK228 in the ICH
model, we performed a comprehensive analysis that included histo-
logical, radiological, and behavioral assessments Myelin Basic Protein
(MBP) is essential in the myelination process and stabilizes the myelin
sheath of neural fibers, while Neurofilament heavy protein (NF-H),
an intermediate filament in neurons, maintains axonal structure and
function, supporting axonal shape and transport.®” Therefore, we ana-
lyzed MBP and NF-H by immunofluorescence (Figure 6A). Our data
indicated that ICH led to a decrease in both MBP and NF-H fluores-
cence intensity in the striatum. This suggests a notable loss of myelin
and severe axonal damage following ICH, treatment of FK228 allevi-
ated theis damage (Figure 6B). Radiologically, we focused on the im-
pact of FK228 on hematoma resolution post-ICH. Employing SWI and
T2* sequences, we captured temporal imaging data at 1, 3, and 7 days
after ICH. The T2* sequence, sensitive to the magnetic relaxation
properties of tissue, facilitated the assessment of iron accumulation
around the hematoma. Intriguingly, SWI images revealed a consistent
reduction in hematoma volume in FK228-treated mice (Figure 6C,E).
However, T2* mapping values exhibited a unique pattern, initially

decreasing before increasing post-ICH (Figure 6D,F), indicative of a

FIGURE 5 HDAC1/2 inhibition activates the Nrf2/HO1 signaling pathway in vivo ICH model. (A) Bioinformatics analysis of DEGs
between ICH and control group. (B, C) Representative immunostaining image and quantification of Keap1 (purple) co-localized

with Ibal (green) at 7 days after ICH in vivo. n=3 for Sham; n=5 for ICH and vehicle, n=5 for ICH and FK228, (scale bar=200pm).

(D, F) Representative immunostaining image and quantification of Nrf2 (red) co-localized with Ibal (green) at 7 days after ICH in vivo. n=3
for Sham; n=5 for ICH and vehicle, n=5 for ICH and FK228, (scale bar=200pm). (E, G) Representative immunostaining image of Acetyl-
Nrf2 (green) co-localized with Ibal (red) at 7 days after ICH in vivo. n=3 for Sham; n=5 for ICH and vehicle, n=5 for ICH and FK228, (scale
bar=200um). (H, I) Representative immunostaining image of HO1 (red) co-localized with Ibal (green) at 7 days after ICH in vivo. n=3 for
Sham; n=5 for ICH and vehicle, n=5 for ICH and FK228, (scale bar=200pum). (J) Western blotting analysis of Keap1/Nrf2/HO1 at 7 days
after ICH n=4 for Sham; n=4 for ICH and vehicle, n=4 for ICH and FK228. All the data are presented as the mean+SD. One-way ANOVA
test and Bonferroni post hoc (A-M). *p <0.05, **p <0.01, ***p<0.001, ns: no significance.
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FIGURE 6 HDAC1/2 inhibition accelerates the clearance of hematoma and mitigates the neurological deficits in vivo ICH model. (A)
Sampling location diagram (scale bar=1 mm). (B) Representative immunostaining image and quantification of MBP (red) and NF-H (green) at
35days after ICH in vivo. n=4 for Sham; n=9 for ICH and Vehicle, n=9 for ICH and FK228, (scale bar=200pum). (C, E) Coronal SWI images
of radiological hematoma changes in mice after ICH, assessed by 11.7T Ultrahigh field magnetic resonance on the 1, 3 and 7 days after ICH.
n=3 for Sham; n=4 for ICH and Vehicle, n=4 for ICH and FK228. (D, F) Coronal T2* mapping images of radiological content of Iron in mice
after ICH, assessed by 11.7T Ultrahigh field magnetic resonance on the 1, 3 and 7 days post-ICH. n=3 for Sham; n=4 for ICH and Vehicle,
n=4 for ICH and FK228. (G) Fault foot, Rotarod and Wire hanging test for mice for up to 28days after ICH in vivo, n=7 for Sham; n=14 for
ICH and Vehicle, n=15 for ICH and FK228 for Rotarod and Fault foot test; n=7 for Sham; n=9 for ICH and Vehicle, n=9 for ICH and FK228
for Wire hanging test. All the data are presented as the mean+SD. One-way ANOVA test and Bonferroni post hoc (B), Two-way ANOVA

repeated measurement (E-G). **p<0.01, ***p <0.001, ns: no significance.

dynamic iron mobilization process. Importantly, FK228 treatment was
associated with lower T2* mapping values, suggesting its role in en-
hancing hematoma clearance and reducing iron deposition.

To assess the effect of FK228 on sensorimotor impairment post-
ICH, we conducted various behavioral evaluations, such as the ro-
tarod, foot fault, and wire hanging tests following ICH.. Behaviorally,
FK228 treatment correlated with notable improvements in various
neurological tests. In the wire hanging test, FK228-treated mice
exhibited enhanced muscular strength with higher score. Similarly,
Rotarod and fault-foot tests demonstrated significant motor coordi-

nation enhancements in the treated group (Figure 6G).

4 | DISCUSSION

Various Animal models of cerebrovascular diseases like ICH, TBI,
and MCAO show ferroptosis.g'10 Inflammation is associated with
the ferroptosis, and alleviating inflammation can further inhibit
ferroptosis. Class | HDACs molecules regulate microglia, with si-
multaneous HDAC1/2 inhibition showing greater effects than
targeting a single subtype.!»?”°® We demonstrated ferroptosis
following ICH, highlighting its impact on lipid metabolism and
neuronal death. Additionally, this research investigated the impact
of the selective HDAC1/2 inhibitor, FK228, on microglial diversity
and its capability to mitigate ferroptosis post-ICH. The findings
suggest FK228 as a potentially effective treatment for reducing
hemorrhagic brain injury by alleviating both inflammation and
ferroptosis.

Ferroptosis is defined by an increased build-up of lipid per-
oxidation and reactive oxygen species originating from iron me-
tabolism. Morphologically, it is characterized by unusually small
mitochondria with denser mitochondrial membranes, and a reduc-
tion or disappearance of mitochondrial cristae.”*'*33 pPost ICH,
brain injury is significantly caused by iron release from hemoglobin
breakdown in hematomas, leading to ROS production. The pres-
ence of blood components from the hematoma activates immune
cells, such as microglia, leading to an inflammatory response.®°
HDAC1/2 have been found to enhance anti-inflammatory microg-
lia, aiding in inflammation inhibition. At present, we confirmed
that inhibiting HDAC1/2 resulted in a significant upregulation of
CD206 expression. This induction of microglia anti-inflammatory
heterogenization is considered beneficial for the injured brain. The
reduction of ICH hematoma has been confirmed to correlate with

improved long-term outcomes.®%2 At this context, we utilized the
transwell system to search the link between the neuroinflamma-
tion and the ferroptosis-neurons. The ROS, lipid droplet and the
GPx4 was chosen to be the observation marks. It was discovered
that employing FK228 in the study alleviated the ICH-induced
ferroptosis, marked by aberrant lipid metabolism and modulating
microglial diversity.

Our study examined iron buildup, ROS generation, and lipid
changes in vivo, crucial in ferroptosis and cell death. The Perl's stain
findings revealed iron deposition around the peri-hematoma tissue.
Moreover, T2* mapping revealed that iron accumulation mainly oc-
curs around the hematoma, not in its core, suggesting iron depo-
sition may not solely stem from hemoglobin degradation. Beyond
that, we inspected the situation of lipid metabolism continuously at
1, 3, and 7days after ICH, the significant lipid droplet only can be
seen at 7 days near hematoma following ICH. Moreover, we meticu-
lously assessed the function and morphology of mitochondria. The
most prominent and variable morphological alterations observed in
ferroptosis include the diminution of mitochondrial size and the loss
of cristae. Following ICH, a plethora of shrunken mitochondria have
been detected within axonal structures.

The Keap1/Nrf2/HO1 signaling axis, recognized for its antioxida-
tive and anti-inflammatory properties, is well established.®®%* TSA,
an agent that inhibits histone deacetylases, downregulates the Nrf2
inhibitor Keap1, facilitating Nrf2's nuclear translocation and subse-
quent transcriptional activation of the antioxidative gene HO1.%
Furthermore, the RNA-sequence data indicated that the expression
of Nrf2 and HO1 was significantly increased after ICH. In the pres-
ent study, the expression of both also elevated highly. Besides, we
verified that Keap1, Nrf2, and HO1 are co-localized with microglia,
suggesting their role in antioxidative activities within microglia. The
expression level of Keapl had not change. Additionally, Nrf2 under-
goes various post-translational modifications, including phosphoryla-
tion, ubiquitination, and acetylation. Currently, the phosphorylation
modification of NRF2 is a widely studied area. Protein kinase C, ca-
sein kinase 2, AMP-activated kinase, and GSK-3 regulate the activity
of NRF2 through phosphorylation modifications, playing a role in its
physiological process against oxidative stress.®>%¢ A small number of
studies have reported that Nrf2 acetylation hinders its recognition
by Keap1 and subsequent ubiquitination, reducing proteasomal deg-
radation and enhancing Nrf2 stability.38'55 However, research on the
acetylation modification of Nrf2 is still relatively scarce, involving a
limited range of diseases and cell types. In our study, we found that
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the acetylation of Nrf2 occurred in microglia and observed increased
acetylation of Nrf2 in mice treated with FK228. This suggests that
FK228 might activate the Nrf2-HO1 signaling pathway by altering
Nrf2's acetylation levels. Certainly, Nrf2 may also exert its anti-
ferroptosis effects by activating other pathways, such as upregulat-
ing GPx4, which we did not explore in this study.®’

5 | CONCLUSION

Our study shows that HDAC1/2 inhibition reduces neuro-ferroptosis
by affecting microglial heterogenization. A key finding is the crucial
role of the Nrf2/HO1 pathway, particularly acetyl-Nrf2, activated
by HDAC1/2 inhibition, leading to improved neurological recovery
post-ICH.
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