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Acetylation of a-tubulin restores endothelial cell injury and
blood-brain barrier disruption after intracerebral hemorrhage

in mice
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Damage to endothelial cells (ECs) is a key factor in blood-brain barrier (BBB) disruption after intracerebral hemorrhage (ICH). While
microtubules are essential for EC structure, their role in BBB injury remains unclear. Here we investigated the role of acetylated a-
tubulin (a-Ac-Tub) in BBB integration after ICH. Using an autologous blood injection model in the striatum, we showed that the
expression of a-Ac-Tub and MEC17, an a-tubulin acetyltransferase, significantly decreased along the vessels around the hematoma
after ICH. Conditional MEC17 knockout in ECs further reduced a-Ac-Tub levels and exacerbated BBB leakage, brain edema,
hematoma expansion, inflammation and motor dysfunction. Conversely, selective a-Ac-Tub upregulation in ECs via intravenous
delivery of AAV-BI30-MEC17-GFP alleviated BBB dysfunction and improved motor recovery. Similarly, the HDAC6 inhibitor
tubastatin A enhanced a-Ac-Tub levels, mitigating BBB damage and neurological deficits. Mechanistically, a-Ac-Tub deficiency in
ECs reduced tight junction proteins (ZO-1 and Claudin5) and increased F-actin stress fibers through RhoA activation. Together, our
findings highlighted a-Ac-Tub as a therapeutic target for restoring BBB function and reducing brain injury after ICH.
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INTRODUCTION

Intracerebral hemorrhage (ICH) represents one of the most severe
forms of stroke, with an estimated annual mortality of approxi-
mately 2.8 million individuals. The acute-phase mortality rate can
reach up to 40%, and more than 90% of survivors endure varying
degrees of neurological impairment'~. After ICH, the rupture of
the blood-brain barrier (BBB) surrounding the hematoma engages
in brain edema and neuroinflammation, both of which are critical
contributors to hematoma expansion and further neurological
damage’. Therefore, early preservation of the BBB is crucial for
mitigating secondary damage after ICH.

The BBB is composed of microvascular endothelial cells (ECs)
interconnected by tight junction proteins, along with pericytes,
astrocytic endfeet and the basement membrane®. As the primary
cellular component of the BBB, ECs not only compartmentalize blood
but also interact with the brain parenchyma via surface receptors
and secreted cytokines. After a stroke, damage to ECs within the BBB
disrupts the structural and functional integrity of the neurovascular
unit, thereby contributing to unfavorable patient outcomes’.
Previous research has demonstrated that the reorganization of the
endothelial cytoskeleton plays a critical role in BBB disruption after a
stroke. The rapid formation of stress fibers induces endothelial
contraction and the degradation of tight junction proteins, ultimately

widening intercellular gaps between ECs and increasing BBB
permeability®”. In addition to actin filaments, ECs receive and
integrate various mechanical stimuli through cell surface receptors
and utilize microtubules—another critical cytoskeletal component
with mechanosensing properties—to transmit signals®. Microtubule-
associated proteins help to regulate microtubule stability and protect
cellular structures from stress”'®. However, the role of microtubules
in ICH-induced EC injury remains largely unexplored.

Microtubules undergo a range of posttranslational modifica-
tions, including acetylation and tyrosination, with each modifica-
tion playing a distinct role in regulating microtubule
functionality''. Among these, acetylation is the sole modification
that occurs within vascular microtubules and serves as an
indicator of microtubule stabilization'?. Mechanistically, acetylated
a-tubulin (a-Ac-Tub) is regulated by MEC17 and HDAC6/SIRT2,
maintaining the dynamic equilibrium of microtubule assembly/
disassembly in normal cells'®'®. Recent studies have demon-
strated that microtubule assembly enhances EC resistance to
mechanical stress, highlighting its role in preserving the structural
integrity and function of ECs in ICH'>'®, In addition, microtubule
assembly is reported to inhibit stress fiber formation, potentially
mitigating the degradation of tight junction proteins and thereby
reducing BBB damage'”.
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The current study focused on elucidating specific roles and
underlying mechanisms of a-Ac-Tub in ECs in the context of BBB
impairment after ICH. Our results revealed that reduction of a-Ac-
Tub in ECs exacerbates BBB permeability by disrupting the
expression of tight junction proteins and facilitating the formation
of stress fibers through activating RhoA after ICH. By contrast, the
preservation of a-Ac-Tub levels in ECs through conditional
overexpression of MEC17 in ECs and treatment with tubastatin A
(TBA), a HDAC6 inhibitor, mitigates BBB damage and functional
impairment after ICH by inhibiting stress fiber formation.
Collectively, our findings suggest a-Ac-Tub as a potential target
for restoring BBB function after ICH.

MATERIALS AND METHODS

Animals

Adult mice C57 weighing approximately 20-25 g and 8-10 weeks old were
used in this study. Cdh5 Cre®™® mice and MEC171M1* mice were
purchased from Cyagen Biosciences and mated to produce Cdh5
Cre™:MEC17"" mice. Tamoxifen (75 mg/kg body weight; 10540-29-1,
Sigma) was dissolved in corn oil and intragastrically administered once
every 24 h for five consecutive days to induce gene recombination in 4-
week-old Cdh5 Cre®:MEC17"" mice. Randomization was performed by
randomly grouping the mice. The mice were maintained in a humidity-
controlled room (with a temperature maintained at 25+ 1°C, and a 12-h
light/dark cycle) with food and water ad libitum. All the performed
experiments were compliant with the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines. The protocols used in this study
were subjected to approval from the Laboratory Animal Welfare and Ethics
Committee of Third Military Medical University (AWUWEC20210675). The
experiments were performed in accordance with the guidelines of the
Guide for the Care and Use of Laboratory Animals. The experimental
design is shown in Supplementary Fig. 1.

ICH model and treatment

To establish the ICH model, the mice were anesthetized using a 2%
mixture of isoflurane and air (1-21/min). Under stereotactic guidance
(RWD Life Science), a small cranial burr hole was made above the
striatum (Bregma coordinates: anteroposterior +0.8 mm, mediolateral
2 mm). The autologous arterial blood was obtained by puncturing the
central tail artery with a sterile needle (26 gauge) and collecting blood
into an unheparinized capillary tube. The blood sample (25ul) was
transferred quickly into the glass barrel of a sterile syringe (33 gauge;
Hamilton). The blood was injected into the right striatum (Bregma
coordinate: dorsoventral —3 mm) at a rate of 2 pl/min with a microinfu-
sion pump (Harvard Apparatus)'®'®. The following animals were
excluded from the analysis: (1) anesthesia-related mortality (6 mice were
excluded due to deaths associated with the anesthesia process) and (2)
post-ICH mortality (22 mice were excluded due to deaths after ICH). TBA
(SML0044, Sigma) was first dissolved in dimethyl sulfoxide to form a
10 mg/ml stock solution, which was further diluted with saline. The mice
were then administered TBA (25 mg/kg, intraperitoneally) or a corre-
sponding equivalent of the vehicle 1% dimethyl sulfoxide) immediately
after ICH?°?'. In addition, to overexpress MEC17 (NM_001142744), the
AAV-BI30-MEC17-GFP (100 l, titer 1x 10" copies/ml; BrainVTA) was
intravenously injected via the tail vein 3 weeks before the induction of
ICH. The control group received a corresponding equivalent of the AAV-
BI30-GFP. The brain tissue around the hematoma was collected at
different time points after ICH for morphological and biochemical
experiments in a double-blind manner.

Cell culture, lentivirus transduction and drug treatment

Primary human brain microvessel ECs (HBMECs) were purchased from Cell
Systems (ACBRI 376). HBMECs were grown in Clonetics EGM-2 MV medium
(CC-3202, Lonza), and only up to eight passages were used for
experiments. Recombinant lentivirus (rLV) vectors (rLV-Ef1a-Puro, rLV-
Ef1a-MEC17-Puro and rLV-Efla-shRNA(MEC17)-Puro) (BrainVTA) were
stably transduced into HBMECs for upregulating or downregulating the
expression of MEC17. Transfected HBMECs were selected with puromycin
(2 pg/ml solution) for 2 days, after which they were used for subsequent
experiments. To mimic the ICH model, hemin (50 uM, HY-19424,
MedChemExpress) was added into the culture medium for 24 h (ref. 22,
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The efficiency of interfering and overexpression of rLV was determined
through evaluating MEC17 expression using immunoblotting. In addition,
rhosin (40 uM, HY-12646, MedChemExpress) was added into the culture
medium to inhibit the RhoA-GTPase, for 24 h.

Immunofluorescence staining

The mice in each group were deeply anesthetized and perfused
transcardially with 0.01 M phosphate-buffered saline (PBS) followed by
4% paraformaldehyde in 0.01 M PBS. The whole brain was isolated, post-
fixed in 4% paraformaldehyde for 24-48 h and then stored in 30%
sucrose in 0.01M PBS solution for 48h for cryoprotection. After
embedding and freezing with optimal cutting temperature compound,
brains were sectioned into 30-um-thick slices using a cryostat (Leica).
Brain slices or HBMEC slides post-fixed were incubated with a 3% bovine
serum albumin blocking solution for 1 h, then incubated with primary
antibodies overnight at 4 °C, followed by incubation with Alexa Fluor
secondary antibodies for 1 h at room temperature. Nuclei were stained
with DAPI (Sigma-Aldrich) for 10 min, and images were captured with a
confocal microscope (Carl Zeiss, Jena) and analyzed using ZEN
2011 software (Carl Zeiss) with an installed anti-fade agent (Santa Cruz
Biotechnology, sc-24941). First antibodies for immunofluorescence
included rabbit anti-a-Ac-Tub (Abcam, ab179484, 1:1000); rabbit anti-
MEC17 (Abcam, ab184778, 1:200); mouse anti-CD31 (Abcam, ab9498,
1:500); rabbit anti-CD31 (Abcam, ab28364, 1:500); rabbit anti-ZO-1
(Invitrogen, 61-7300, 1:50); anti-Claudin5 (Abcam, ab131259, 1:100);
rabbit anti-laminin (Sigma, L9393, 1:100); mouse anti-F-actin (Abcam,
ab205, 1:100); rat anti-NG2 (Invitrogen, MA5-24247, 1:100); chicken anti-
GFAP (Invitrogen, PA1-10004, 1:1000); rabbit anti-IBA1 (Abcam,
ab178846, 1:1000).

Immunoblotting

Total protein from HBMECs treated with hemin and with overexpres-
sion or knockdown of MEC17, as well as brain tissues around
hematoma in each group, were lysed in cold RIPA buffer (Sigma-
Aldrich) and protease inhibitor cocktail (Roche). Protein concentrations
were measured with the enhanced BCA Protein Assay Kit (Beyotime).
Subsequently, 20 ug of protein from each sample was separated on a
10% SDS-PAGE gel and then transferred to polyvinylidene fluoride
membranes (Roche). The membranes were first incubated at room
temperature in TBST with bovine serum albumin and 0.05% Tween 20
for 2h, followed by an overnight incubation at 4°C with primary
antibodies as follows: rabbit anti-MEC17 (Abcam, ab184778, 1:1,000);
rabbit anti-MEC17 (Proteintech Group, 28828-1-AP, 1:1,000); rabbit anti-
a-Ac-Tub (Abcam, ab179484, 1:1,000); rabbit anti-ZO-1 (Invitrogen, 61-
7300, 1:1,000); anti-Claudin5 (Abcam, ab131259, 1:1,000); mouse anti-a-
tubulin  (CST, 3873, 1:2,000); mouse anti-F-actin (Abcam, ab205,
1:1,000); rabbit anti-B-actin (CST, 4970, 1:2,000); rabbit anti-RhoA
(CST, 8789, 1:1,000), and subsequently with HRP-conjugated secondary
antibodies at room temperature for 1 h. Protein bands were detected
using the ChemiDoc XRS* Imaging System (Bio-Rad) and the Western
Bright ECL kit (Advansta). Densitometry for each membrane was
performed using Image Lab software (Bio-Rad).

In vitro BBB model and BBB permeability assay

The in vitro BBB model was established in cell culture inserts as
described previously’. The transwell polyethylene terephthalate mem-
branes (0.4-mm pore, 11-mm diameter; Corning) were coated with
collagen (15 mg/ml) and fibronectin (30 mg/ml). HBMECs were seeded
onto the membrane at a density of 2.5x10° cells per membrane.
Cultures were maintained at 37 °C in humidified 95% air and 5% CO, for
4 days to reach confluence. To assess paracellular permeability after
hemin treatment, Alexa 555 cadaverine (0.95kDa), tetramethylrhoda-
mine isothiocyanate (TRITC)-dextran (4.4 kDa; Sigma-Aldrich) or fluor-
escein Isothiocyanate (FITC)-dextran (70kDa; Sigma-Aldrich) were
added into the luminal chamber at a concentration of 1puM/ml in
500 ul medium. Fluorescence intensity was measured with a fluores-
cence reader at 1, 2, 3, 4 and 6 h by removing 50 pl medium from the
lower (abluminal) chamber. The concentrations of tracers in samples
were calculated from a standard curve fit using known concentrations
of tracers. Fifty microliters of fresh medium was added after each
reading. Paracellular permeability was calculated by measuring the
diffusion rate of tracers from the luminal to the abluminal chamber. The
diffusion rate of tracers was expressed as pmol/mm?/min.
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Trans-endothelial electrical resistance

The barrier properties of ECs were assessed by measuring trans-endothelial
electrical resistance (TEER) across confluent monolayers using an electrical
cell-substrate impedance sensing device (Applied Biophysics), as pre-
viously outlined”. In brief, brain ECs were cultured on small gold
microelectrodes (eight-well chamber slides, ECIS, Applied Biosystem) in
endothelial growth medium supplemented with 5% FBS. Before experi-
mentation, the growth medium was replaced with serum-free medium,
and then a 4,000-Hz a.c. signal with 1-V amplitude was applied across the
cell monolayers. Once the electrical resistance stabilized at approximately
1,000 Q, the endothelial monolayers were monitored for 24 h. The total
electrical resistance was dynamically measured across the monolayers,

encompassing the resistance between the basal surface of the cells and
the electrode, which reflects focal adhesion, as well as the resistance
between the cells.

Behavioral tests

Accelerated rotarod test. The accelerated rotarod test, as previously
described by Yang et al.>*, was conducted to assess grip strength in mice.
The speed of the rotarod gradually increased from 5 to 45rpm over
2.5 min. The time taken for the mice to fall (or cling onto and complete
three full rotations with the rod) was recorded for statistical analysis. Each
mouse underwent three trials, with a 10-min interval between trials.
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Fig. 1 Changes in the expression of a-Ac-Tub and MEC17 after ICH. a The expression of a-Ac-Tub and MEC17 was evaluated in tissues

around hematoma by WB at 6 h, 12 h, day 1, day 3 and day 7 after ICH. a-Tubulin was used as an internal loading control. Blots of a-Ac-Tub and
MEC17 were quantified and expressed relative to the sham group (n =4 animals per group). b Representative immunofluorescence pictures
and statistical analysis of a-Ac-Tub (red) and the endothelial marker CD31 (green) in each group at day 3 after ICH. MFI of a-Ac-Tub was
quantified and expressed relative to the sham group (n = 6 animals per group). Scale bar, 5 pm. c Representative immunofluorescence pictures
and statistical analysis of MEC17 (red) and CD31 (green) in each group at day 3 after ICH. MFI of MEC17 was quantified and expressed relative
to the sham group (n = 6 animals per group). Scale bar, 5 pm. Data are shown as the mean + s.e.m. ***P < 0.001. One-way ANOVA followed by
the Tukey’s post-hoc test for a, and two-tailed Student’s t-tests for b and c.
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Irregular ladder walking. In this test, mice from various groups were
allowed to traverse a horizontal ladder measuring 100 cm in length, 19 cm
in height and 10 cm in width, with irregular spacing between the rungs,
following previously described procedures®’. To prevent mice from
memorizing the pattern, the irregular spacing between rungs was altered
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Days post ICH

Days post ICH

in different trials. Videos of the trials were recorded and analyzed by
blinded observers. Results were expressed as the percentage of
contralateral limb slips divided by the total steps. Baseline measurements
were obtained by allowing the mice to walk on the ladder. Mice with more
than 10 erroneous steps per 50 steps were excluded from the analysis.
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Fig. 2 Conditional knockout of MEC17 in ECs aggravates BBB leakage, hematoma volume and motor dysfunction. a Representative MRI
images showing the location and volume of hematoma in each group at day 3 after ICH. Hematoma volume was quantified and expressed as
a percentage of the whole brain volume (n = 6 animals per group). b Representative Evans blue leakage images in each group at day 3 after
ICH. MFI of Evans blue around hematoma was quantified and expressed relative to the sham™'”" group (n = 6 animals per group). Scale
bar, 10 pm. ¢ Evans blue extravasation around hematoma was measured using spectrophotometer in each group at days 1 and 3 after ICH
(n=6 animals per group). d The water content of the ipsilateral half-brain was measured in each group at days 1 and 3 after ICH (n=6
animals per group). e The expression of Claudin5 and ZO-1 was evaluated in tissues around hematoma by WB at day 3 after ICH. a-Tubulin was
used as an internal loading control. Blots of Claudin5 and ZO-1 were quantified and expressed relative to the shamMECT7A/A group (n=3
animals per group). f Representative immunofluorescence pictures of Claudin5 (green, top), ZO-1 (green, bottom) and the endothelial marker
CD31 (red) in each group at day 3 after ICH (n = 3 animals per group). g Latency to fall on the rotarod, slip ratio of contralateral limbs on beam
walking and irregular ladder walking were measured in each group at days 1, 3 and 7 after ICH (n = 6 animals per group). Data are shown as
the mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant. Two-way ANOVA followed by the Tukey’s post-hoc test for a—e. Two-way
repeated-measures ANOVA followed by the Tukey’s post-hoc test for g.

Beam walking. Similar to irregular ladder walking test, beam walking is
also used to assess the capacity of precise paw placement. Beam walking
was performed on a narrow beam (0.6 cm wide, 120 cm long and 60 cm
high). During training and assessments, the mice were recorded by a video
camera, and paws slipping down the horizontal surface of the beam were
identified as foot faults. The number of contralateral forelimb and hindlimb
foot faults within 50 steps were counted and analyzed after ICH.

The following two exclusion criteria were used to exclude mice from the
analysis of behavioral data. In the evaluation before ICH surgery, mice that
slipped more than 10 times per 50 steps in beam walking and ladder rung
walking were excluded because they were unable to learn the behavioral
tasks. In the evaluation after ICH, mice that walked fewer than 50 steps
were excluded because they failed to complete these behavioral tests. All
the experiments were conducted in a blind manner.

BBB leakage examination in vivo
Evans blue extravasation was performed to investigate BBB permeability at
24 and 72 h after ICH as described previously?®. In brief, Evans blue dye
(2%; 4 ml/kg, Sigma-Aldrich) was infused >2 min into blood circulation
through the left femoral vein. After 2 h, mice were euthanized via perfusion
with 50 ml PBS through the left ventricle under anesthesia. Then, brains
were removed and divided into left and right cerebral hemispheres for
homogenate preparation. Each sample was weighed and homogenized in
saline solution. After centrifugation (15,000g, 30 min), an equal volume of
trichloroacetic acid was added to the resultant supernatant. The samples
were centrifuged at 15,000g for 30 min after incubation overnight at 4 °C,
and absorbance was quantified at 615 nm by a spectrophotometer.

Morphology of Evans blue leakage was observed on the slides using a
confocal microscope (Zeiss, LSM780) equipped with a 633-nm HeNe laser
as previously described®. In brief, the administration of Evans blue was the
same as described above, the mice (n =6, per group) were perfused with
PBS and brains were removed. Frozen brain slices were prepared for
coronal brain sections (30 um) for observation after fixation in 4%
paraformaldehyde at 4°C for 24 h. Image) was used to measure the
relative fluorescence intensity of Evans blue extravasation.

Moreover, FITC-dextran (70 kDa; Sigma-Aldrich) was perfused to visualize
the vascular structure in the cortex and striatum of MEC17" and Cdh5
Cre®:MEC1 7Y™ mice.

Hematoma volume detection

Three days after ICH, the surviving mice in each group were imaged by a
Bruker Biospec 7.0T small-animal magnetic resonance imaging (MRI)
scanner, with ADVANCE Il hardware and software. Hematoma volume was
measured by T2-weighted images and calculated using ImageJ software.
Standard analysis methods were used to compute the images.

Brain water content

At 24 and 72h post-cerebral hemorrhage model creation, mice were
anesthetized with a 2% mixture of isoflurane and air (1-2 1/min).The whole
brain tissue was rapidly obtained, and the olfactory bulbs, cerebellum and
brainstem were removed. Surface blood and water were absorbed with filter
paper. Brain tissue was divided into left and right hemispheres, placed into
preweighed Eppendorf tubes and weighed on an analytical balance (accuracy
of 0.1 mg) to determine wet weight, then dried in an 80 °C incubator for 48 h
to constant weight (error within 0.2 mg). After weighing the dry weight, the
brain water content was calculated using the Elliot formula: brain water
content = ((wet weight — dry weight)/wet weight) x 100%.
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RhoA-GTP assay

HBMECs were washed on ice with cold PBS and homogenized to ice-cold
lysis buffer. The active RhoA was assessed utilizing a pull-down assay kit
(#BK036S, Cytoskeleton) in accordance with the manufacturer’s instruc-
tions. The quantification of RhoA-GTP was performed through western blot
(WB) analysis using an anti-RhoA antibody.

Quantification for immunofluorescence staining and
immunoblotting

To quantify and compare the mean fluorescence intensity (MFI) of
MEC17, a-Ac-Tub, F-actin, NG2 and GFAP along the vessel, we first
outlined the vessel’s contour and designated it as the region of interest
(ROI). To quantify and compare the MFI of Evans blue extravasation
in vivo, as well as Claudin5, ZO-1 and F-actin in cultured HBMECs, we
similarly defined the field of view as the ROIl. Densitometric measure-
ments were then obtained using Image) software, after background
subthresholding and area normalization. The number of IBA1- and GFAP-
positive cells surrounding the hematoma was quantified and compared
per field. All images used for analysis under multiple conditions were
captured using the same optical parameters to avoid saturation. Stained
tissue specimens were calculated using ImagelJ in five randomly selected
microscopic fields.

To analyze the band intensity values obtained from immunoblotting, we
used a systematic approach utilizing ImageJ software for quantification.
Specific ROIs were defined to accurately measure the intensity of each
band as well as the background. The net intensity of each band was
calculated by subtracting the background density from the band density.
To account for variations in protein loading and transfer efficiency, the net
intensity of each target band was normalized to the intensity of a-tubulin
or B-actin. Finally, the control or sham group was assigned a value of 1, and
the normalized intensity values of the other experimental groups were
calculated relative to this control group. The normalized values were
subsequently subjected to statistical analysis to assess significance
between groups.

Statistical analysis

Statistical analysis was performed using SPSS 18.0 software and GraphPad
Prism 8.0 software. Data were expressed as the mean * s.e.m. Comparisons
between two groups were analyzed using two-tailed Student’s t-tests.
Behavioral data collected at repeating time points were analyzed using
two-way repeated-measures analysis of variance (ANOVA), followed by the
Tukey's post-hoc test. Other data were analyzed using one-way or two-way
ANOVA followed by Tukey’s post-hoc test. A P value <0.05 was considered
statistically significant.

RESULTS

The expression of a-Ac-Tub and MEC17 was significantly
decreased in ECs after ICH

To investigate the role of a-Ac-Tub, a marker of stable
microtubules, in maintaining EC structure and BBB function, we
examined a-Ac-Tub levels in perihematomal tissues 6, 12 and 24 h
and 3 and 7days after ICH (Fig. 1a). WB analysis showed a
significant decrease in a-Ac-Tub expression starting at 12 h after
ICH, reaching its lowest point at day 3 (P<0.001 versus sham
group), followed by a slight recovery by day 7 (Fig. 1a).
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Consistently, immunofluorescence staining revealed a signifi-
cant reduction in MFI of a-Ac-Tub- and CD31-positive ECs along
the vessels around the hematoma at day 3 after ICH compared
with the sham group (Fig. 1b, P < 0.001; Supplementary Fig. 2a,b,
P <0.001). To evaluate the damage to the neurovascular unit, we
also analyzed the MFI levels of two additional critical compo-
nents of the BBB surrounding the vessels. NG2-positive pericytes
exhibited a marked reduction (Supplementary Fig. 2a,c, P < 0.01),
while GFAP-positive astrocytes demonstrated an increase in
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expression (Supplementary Fig. 2d,e, P<0.05), indicative of
astroglial scar formation. Because microtubule acetylation is
mediated by MEC17, an acetyltransferase that specifically
acetylates a-tubulin at the K40 site’*?%, we went further to
examine impacts of ICH on MEC17. Both WB and immunofluor-
escence analysis revealed significant reductions in MEC17
compared with the Sham group (Fig. 1a, c). These findings
indicate a substantial decrease in both a-Ac-Tub and MEC17 in
perihematomal ECs.
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Fig. 3 MEC17 overexpression alleviates barrier leakage and degradation of endothelial tight junction proteins after hemin treatment in
an in vitro BBB model. a A schematic of the in vitro BBB model composed of HBMEC monolayers. b Quantification of TEER and expressed
relative to the control of each group (n =4 independent culture per group). ¢ An HBMEC monolayer seeded on top of a membrane in the cell
culture insert was subjected to hemin. The paracellular permeability was determined by measuring the luminal to abluminal diffusion rates of
the 0.95-kDa Alexa 555 cadaverine (left), the 4.4-kDa TRITC-dextran (middle) or the 70-kDa FITC-dextran (right) before (Pre) and 1-6 h after
hemin treatment (n=4 independent culture per group). *P <0.05, **P < 0.01, ***P <0.001 for MEC17°+hemin versus hemin. *P < 0.05,
*p < 0.01, *¥P < 0.001 for MEC17°"+hemin versus hemin. d HBMECs were infected with control empty lentivirus (Control), or lentiviral vectors
carrying MEC17 (MEC17°%) or lentiviral vectors carrying MEC17-shRNA (MEC17°"). Synchronously, HBMECs were treated with vehicle or hemin.
Representative immunofluorescence pictures and statistical analysis of Claudin5 (red, left) and the ZO-1 (green, right) in each group at 6 h
after hemin treatment (n =5 independent culture per group). The MFI of Claudin5 and ZO-1 was quantified and expressed relative to the
control group. Scale bar, 20 pm. e The expression of a-Ac-Tub, ZO-1 and Claudin5 was evaluated in each group by WB at 6 h after hemin
treatment. a-Tubulin was used as an internal loading control. Blots of a-Ac-Tub, ZO-1 and Claudin5 were quantified and expressed relative to
the control group (n =3 independent culture per group). Data are shown as the mean +s.e.m. *P<0.05, **P<0.01, ***P <0.001. ns, not
significant. One-way ANOVA followed by the Tukey’s post-hoc test for a, d and e. Two-way repeated-measures ANOVA followed by the Tukey's

post-hoc test for c.

Conditional knockout of MEC17 in ECs exacerbates BBB
leakage, brain edema, inflammation, hematoma volume and
motor dysfunction after ICH

Our previous study showed that MEC17 knockout reduces a-Ac-
Tub levels by approximately 85% (ref. %7). To explore the link
between reduced a-Ac-Tub in ECs and BBB leakage, we crossed
endothelial-specific Cdh5 Cre™ " mice?® with MEC17"" mice to
conditionally knock out MEC17 in ECs (Cdh5 Cre™":MEC17"M)
Post-knockout analysis showed a significant reduction of MEC17
and o-Ac-Tub in CD31-positive vessels (Supplementary Fig. 3a,
P <0.001). WB of isolated ECs confirmed decreases in MEC17 and
a-Ac-Tub to 16.1% and 24.2%, respectively (Supplementary Fig.
3b, P < 0.001). The residual MEC17 may be due to limited purity of
the extracted ECs. Vascular structure visualization using dextran-
FITC and BBB leakage assessment with Evans blue showed no
significant differences between the Cdh5 CrefR:MEC17"" group
and the MEC17™f group under normal conditions (Supplementary
Fig. 3c-e, P>0.05). These results confirmed that MEC17 was
successfully ablated in ECs without affecting BBB function in
normal conditions.

After ICH, MRI analysis revealed significantly larger hematoma
volumes in Cdh5 CrefR:MEC17"" mice compared with the
MEC17" mice (Fig. 2a, P < 0.05). To further assess BBB disruption,
we examined Evans blue extravasation from the peripheral
circulation into the brain. Compared with MEC17"" mice, Cdhs
Cre®R:MEC17"" mice exhibiting significantly greater Evans blue
extravasation revealed worsened BBB disruption in Cdh5 Cre®f":
MEC17™" mice (Fig. 2b,c, P<0.01), leading to more severe brain
edema, as shown by increased water content (Fig. 2d, P < 0.001).

In the BBB, tight junction proteins between ECs are essential for
maintaining barrier integrity and regulating tissue homeostasis**°.
To investigate the impact of ICH on these proteins, we analyzed
the expression of Claudin5 and ZO-1 in perihematomal tissues at
day 3 after ICH. WB results revealed significant reductions in both
proteins after ICH (Fig. 2e, P < 0.01 for Claudin5, P < 0.05 for ZO-1),
with further degradation observed in Cdh5 CrefR:MEC17"" mice
(Fig. 2e, P<0.05 for Claudin5 and ZO-1). Consistently, immunos-
taining showed a significant reduction in Claudin5 and ZO-1
expression after ICH, although the majority remained co-localized
with CD31-positive ECs (Fig. 2f). In animals with MEC17 knockout
in ECs, however, Claudin5 and ZO-1 expression was further
decreased, appearing as punctate structures with minimal co-
localization with ECs (Fig. 2f). These findings suggested that
MEC17 in ECs not only regulates the expression of tight junction
proteins but also influences their spatial distribution along ECs. In
addition, knockout mice also exhibited more Eronounced
inflammatory responses compared with the MEC17"" mice, with
increased microglia and astrocyte activation (Supplementary Fig.
4a, P <0.05 for microglia, P < 0.01 for astrocytes).

Finally, to determine whether MEC17 deficiency in ECs affects
neurological function in ICH mice, we assessed motor
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performance using the rotarod test, beam walking test and
irregular ladder walking test at days 1, 3 and 7 after ICH.
Compared with the MEC17"" group, deficiency of MEC17 in ECs
led to exacerbated motor dysfunction, as indicated by a shortened
latency to fall in the rotarod test (Fig. 2g; day 1, P<0.01; day 3,
P <0.001; day 7, P<0.01), an increased slip ratio of contralateral
limbs both in beam walking test (Fig. 2g; day 1, P<0.01; day 3,
P<0.01; day 7, P<0.05) and an irregular ladder walking test (Fig.
2g; day 1, P> 0.05; day 3, P<0.01; day 7, P < 0.01). These findings
suggest that MEC17 and a-Ac-Tub deficiencies in ECs exacerbate
BBB injury, brain edema, inflammation, hematoma volume and
motor dysfunction after ICH, highlighting their potential as
therapeutic targets for BBB protection.

Overexpression of MEC17 mitigates BBB injury by increasing
the expression of tight junction proteins

To further investigate the mechanisms underlying ICH-induced
BBB disruption, we adopted an in vitro BBB model using a
monolayer of HBMECs (Fig. 3a). The expression of MEC17 in
HBMECs was either increased or decreased with lentivirus-
mediated manipulations (Supplementary Fig. 5a, P<0.001 for
MEC17°" versus control, P<0.01 for MEC17°F versus control).
Correspondingly, the MFI of a-Ac-Tub was significantly reduced in
the MEC17°" group (Supplementary Fig. 5b, P < 0.001 for MEC17°"
versus control) and increased in the MEC17°F group (Supplemen-
tary Fig. 5b, P < 0.01 for MEC17°F versus control).

After validating the model, we administrated a 24-h hemin
treatment to mimic ICH conditions and evaluated its impact on
barrier integrity and permeability. Hemin significantly reduced
TEER (Fig. 3b, P < 0.001), one of the most widely used indicators to
quantify the barrier integrity of endothelial layers***'. Silencing of
MEC17 exacerbated the injury of TEER (Fig. 3b, P <0.001), while
overexpression of MEC17 alleviated the injury of TEER (Fig. 3b,
P <0.001). We then assessed luminal-to-abluminal permeability
using fluorescent tracers of varying molecular weights. Compared
with non-hemin-treated cultures, hemin induced a progressive
increase in barrier permeability, as indicated by increased diffusion
rates. In particular, the two small-size tracers (0.95 kDa cadaverine
and 4.4 kDa dextran) crossed the EC barrier within 1 h after hemin
treatment, whereas the larger tracer (70 kDa dextran) remained
restricted for the first 3 h but crossed by 4-6 h (Fig. 3c). MEC17
overexpression significantly reduced, but did not entirely prevent,
the leakage of small tracers (1-6 h) and the large tracer (4-6 h),
whereas MEC17 silencing further aggravated barrier permeability
(Fig. 3c). These findings revealed that endothelial MEC17 and a-
Ac-Tub play a critical role in attenuating hemin-induced BBB
leakage to both small- and large-size macromolecules in vitro.

To confirm this further, we performed immunofluorescence
staining and WB to assess Claudin5 and ZO-1 expression in the
HBMEC monolayer. Compared with the control group, hemin
treatment significantly reduced the expression of Claudin5

Experimental & Molecular Medicine (2025) 57:1064 - 1077
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Fig.4 MEC17 overexpression alleviates BBB leakage, hematoma volume and motor dysfunction after ICH. a Representative MRl images to
show the location and volume of hematoma in each group at day 3 after ICH. Hematoma volume was quantified and expressed as percentage
of the whole brain volume (n =6 animals per group). b Representative Evans blue leakage and EC-GFP images in each group at day 3 after
ICH. MFI of Evans Blue around hematoma was quantified and expressed relative to the AAV-BI30-GFP group (n =6 animals per group). Scale
bar, 20 pm (top) and 50 pm (bottom). ¢ Evans blue extravasation around hematoma was measured using spectrophotometer in each group at
days 1 and 3 after ICH (n = 6 animals per group). d The water content of the ipsilateral half-brain was measured in each group at days 1 and 3
after ICH (n =6 animals per group). e Latency to fall on the rotarod, slip ratio of contralateral limbs on beam walking and irregular ladder
walking were measured in each group at days 1, 3 and 7 after ICH (n = 6 animals per group). Data are shown as the mean + s.e.m. *P < 0.05,
**P < 0.01, ***P < 0.001. ns, not significant. Two-tailed Student’s t-tests for a-d. Two-way repeated-measures ANOVA followed by the Tukey’s
post-hoc test for e.

(Fig. 3d,e, P < 0.001) and ZO-1 (Fig. 3d, P < 0.01; Fig. 3¢, P < 0.001).
Overexpression of MEC17 mitigated hemin-induced tight junction
degradation, significantly preserving Claudin5 (Fig. 3d, P<0.01;
Fig. 3e, P<0.001) and ZO-1 (Fig. 3d, P<0.05; Fig. 3e, P<0.001)
expression. Conversely, MEC17 silencing exacerbated tight junc-
tion protein loss, further reducing Claudin5 (Fig. 3d, P<0.01;
Fig. 3e, P < 0.05) and ZO-1 (Fig. 3d, P < 0.05; Fig. 3e, P < 0.05) levels
compared with the hemin-treated group. Thus, MEC17

overexpression protects against hemin-induced barrier injury by
preserving tight junction protein expression.

Conditional overexpression of MEC17 in ECs using AAV-BI30
effectively alleviates BBB leakage, brain edema, inflammation,
hematoma volume and motor dysfunction after ICH

For potential clinical translation, we next used AAV-BI30 for gene
manipulations, which efficiently labels brain microvascular ECs in
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mouse via intravenous injection®2. Our findings demonstrated an
approximately 80% co-localization rate of AAV-BI30-GFP with
laminin-labeled microvessels 3 weeks after injection (Supplemen-
tary Fig. 6ab). In addition, injection of AAV-BI30-MEC17-GFP

SPRINGER NATURE

significantly increased MEC17 expression compared with the AAV-
BI30-GFP group (Supplementary Fig. 6¢,d, P < 0.05).

We next examined the therapeutic effects of MEC17 over-
expression in ECs for treating ICH. MRI results revealed a

Experimental & Molecular Medicine (2025) 57:1064 - 1077
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Fig. 5 TBA treatment alleviates barrier injury in vivo and in vitro, decreases hematoma volume and improves motor function after ICH.
a Representative immunofluorescence pictures and statistical analysis of Claudin5 (red, left) and the ZO-1 (green, right) in each group at 6 h
after hemin treatment. The MFI of Claudin5 and ZO-1 was quantified and expressed relative to the control group (n =5 independent culture
per group). Scale bar, 20 um. b The expression of a-Ac-Tub, Claudin5 and ZO-1 was evaluated in each group by WB at 6 h after hemin
treatment. a-Tubulin was used as an internal loading control. Blots of a-Ac-Tub, Claudin5 and ZO-1 were quantified and expressed relative to
the control group (n = 3 independent culture per group). ¢ Representative MRl images to show the location and volume of hematoma in each
group at day 3 after ICH. Hematoma volume was quantified and expressed as percentage of the whole brain volume (n =6 animals per
group). d Representative Evans blue leakage images in each group at day 3 after ICH. MFI of Evans blue around hematoma was quantified and
expressed relative to the ICH group (n = 6 animals per group). Scale bar, 10 um. e Evans blue extravasation around hematoma was measured
using a spectrophotometer in each group at days 1 and 3 after ICH (n = 6 animals per group). f The water content of the ipsilateral half-brain
was measured in each group at days 1 and 3 after ICH (n =6 animals per group). g Latency to fall on the rotarod, slip ratio of contralateral
limbs on beam walking and irregular ladder walking were measured in each group at days 1, 3 and 7 after ICH (n = 6 animals per group). Data
are shown as the mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by the Tukey’s post-hoc test for a and b. Two-tailed
Student’s t-tests for c—f. Two-way repeated-measures ANOVA followed by the Tukey's post-hoc test for g.

significant reduction in hematoma volume in AAV-BI30-MEC17-
GFP mice compared with AAV-BI30-GFP mice (Fig. 4a, P <0.001).
The MFI of Evans blue in perilesional tissue was also lower in AAV-
BI30-MEC17-GFP mice (Fig. 4b, P < 0.001). Furthermore, compared
with AAV-BI30-GFP mice, Evans blue extravasation (Fig. 4c,
P <0.001) and brain water content (Fig. 4d, P < 0.01) in perihema-
tomal tissues significantly decreased at days 1 and 3 after ICH in
AAV-BI30-MEC17-GFP mice. Overexpression of MEC17 also
reduced the number of activated microglia and astrocytes in
perihematomal tissues (Supplementary Fig. 4b, P<0.05 for
microglia, P < 0.001 for astrocytes).

Finally, MEC17 overexpression in ECs lengthened the latency to
fall in the rotarod test (Fig. 4e; day 1, P> 0.05; day 3, P < 0.01; day
7,P <0.01) and reduced the slip ratio of contralateral limbs in both
the beam walking test (Fig. 4e; day 1, P < 0.05; day 3, P < 0.01; day
7, P<0.05) and the irregular ladder walking test (Fig. 4e; day 1,
P<0.01; day 3, P<0.001; day 7, P<0.05). Collectively, these
findings indicate that MEC17 overexpression in ECs mitigates BBB
injury, brain edema, inflammation, hematoma volume and motor
dysfunction after ICH.

TBA intervention attenuated BBB disruption and motor
dysfunction by preventing tight junction protein degradation
To further investigate whether a-Ac-Tub mediates MEC17-induced
protection of ECs, we used TBA (an HDAC6 inhibitor), the
deacetylase responsible for modulating a-Ac-Tub levels?®33,

In vitro, immunofluorescence and WB analyses showed that TBA
treatment significantly increased a-Ac-Tub expression (Fig. 5a,b,
P <0.001) and mitigated hemin-induced degradation of Claudin5
and ZO-1 (Fig. 5a,b) compared with the control group.

In vivo, MRI analysis showed a significant reduction in
hematoma volume in the ICH + TBA group compared with the
ICH group (Fig. 5¢, P<0.001). The MFI of Evans blue in the
perilesional tissue (Fig. 5d, P <0.001), Evans blue extravasation
(Fig. 5, P<0.01) and brain water content (Fig. 5f, P<0.01 for
day 1, P<0.05 for day 3) in perihematomal tissues were
significantly decreased in the ICH+ TBA group. Furthermore,
TBA treatment significantly reduced the number of activated
microglia and astrocytes in perihematomal tissues (Supplemen-
tary Fig. 4b, P <0.01 for microglia, P < 0.001 for astrocytes). As a
result, motor function was significantly improved in ICH mice
treated with TBA. Compared with the ICH group, TBA treatment
increased the latency to fall in the rotarod test (Fig. 5g; day 1,
P<0.01; day 3, P<0.001; day 7, P <0.001) and decreased the slip
ratio of contralateral limbs in both the beam walking test (Fig.
5g; day 1, P<0.05; day 3, P<0.01; day 7, P<0.05) and the
irregular ladder walking test (Fig. 5g; day 1, P<0.001; day 3,
P<0.001; day 7, P<0.05). Mechanistically, TBA treatment
significantly rescued the expression of a-Ac-Tub and CD31
along the vessels but had minimal impact on the surrounding
NG2-positive pericytes and GFAP-positive astrocytes (Supple-
mentary Fig. 2a-e). Together, these findings suggest that the
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TBA-induced increase in a-Ac-Tub effectively reduces BBB
leakage, brain edema, inflammation, hematoma volume and
motor dysfunction by preventing the degradation of tight
junction proteins after ICH.

a-Ac-Tub protects BBB function by preventing stress fiber
formation

Aberrant actin polymerization, forming stress fibers (F-actin), is
known to rapidly occur after cerebral ischemia, contributing to
structural damage in ECs and BBB disruption®’. To assess F-actin
dynamics after ICH, we analyzed its expression in perihematomal
tissues at multiple time points using WB (Fig. 6a). Our results
showed that its expression increased significantly from 6h,
peaking at day 1 after ICH (Fig. 6b; 6 h, P<0.05 versus sham;
12h, P<0.001 versus sham; day 1, P<0.001 versus sham; day 3
and 7, P<0.05 versus sham). Morphologically, robust F-actin
expression was detected in CD31-positive ECs around the
hematoma (Fig. 6¢,d, P<0.001) and in HBMECs after hemin
treatment (Fig. 6e,f, P < 0.001). These results confirmed that F-actin
expression rapidly increases in ECs after ICH.

Previous studies have shown that a-Ac-Tub overexpression
inhibits TNF-induced microtubule disassembly and subsequent
actin stress fiber formation in ECs after pulmonary edema**3>.
However, the relationship between a-Ac-Tub and F-actin after
ICH remains unclear. To investigate this, we first examined
F-actin expression in MEC17°" and MEC17°% HBMECs. Compared
with the control group, F-actin MFI was significantly increased in
the MEC17°" group (Supplementary Fig. 5b, P < 0.01 for MEC17°"
versus control) and decreased in the MEC17°F group (Supple-
mentary Fig. 5b, P <0.001 for MEC17°F versus control), indicat-
ing an inverse relationship between a-Ac-Tub and F-actin. Next,
we examined F-actin expression after TBA and AAV-BI30-MEC17-
GFP treatments in both in vivo and in vitro models. Interestingly,
both TBA and AAV-BI30-MEC17 significantly reduced F-actin
expression in CD31-positive ECs around the hematoma after ICH
compared with the ICH group (Fig. 6¢,d, P<0.05 for ICH + TBA
versus ICH, P<0.01 for ICH+ AAV-BI30-MEC17 versus ICH).
Similarly, F-actin expression was signiﬁcantly decreased in
HBMECs treated with TBA or MEC17°F after hemin exposure
compared with the hemin group (Fig. 6ef, P<0.001). These
findings suggest that a-Ac-Tub plays a key role in suppressing
actin stress fiber formation after ICH, thereby potentially
contributing to BBB protection.

Previous studies have shown that microtubule disassembly
promotes actin cytoskeletal remodeling and increases EC
permeability by releasing microtubule-bound Rho GTPase-
specific guanine nucleotide exchange factors (GEFs)*®3”. To
investigate how a-Ac-Tub regulates F-actin stress fibers, we used
rhosin, a specific RhoA inhibitor that blocks RhoA-GEF interac-
tions®®, Our results demonstrated that MEC17 silencing exacer-
bated the hemin-induced elevation of RhoA-GTP (Fig. 6g,
P<0.05) and F-actin (Fig. 6g, P<0.001) in cultured HBMECs,
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accompanied by a further reduction in Claudin5 and ZO-1
expression (Fig. 6g, P < 0.05). Notably, rhosin treatment partially

expression of Claudin5 (Fig. 6g, P < 0.05), but not that of ZO-1
(Fig. 6g, P> 0.05). Taken together, those findings indicate that a-

reversed the increases in RhoA-GTP and F-actin levels induced
by of MEC17 silencing with hemin treatment, and restored the
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Ac-Tub protects BBB function by preventing stress fiber
formation via a RhoA-dependent pathway.
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Fig. 6 a-Ac-Tub alleviates BBB injury through inhibiting the stress fiber formation. a The expression of F-actin was evaluated in tissues
around hematoma by WB at 6 h, 12 h, 1 day, 3 days and 7 days after ICH. p-Actin was used as an internal loading control. b The blot of F-actin
was quantified and expressed relative to the sham group (n =3 animals per group). ¢ Representative immunofluorescence pictures of F-actin
(green) and CD31 (magenta) in each group at day 3 after ICH. Scale bar, 5 pum. d The MFI of F-actin was quantified and expressed relative to the
sham group (n = 6 animals per group). e, HBMECs were treated with vehicle, hemin or hemin+TBA or infected with lentiviral vectors carrying
MEC17 (MEC17°E). Representative immunofluorescence pictures of F-actin in each group at 6 h after hemin treatment. Scale bar, 10 pm. f The
MFI of F-actin was quantified and expressed relative to the control group (n = 6 independent culture per group). g The expression of RhoA-
GTP, RhoA, F-actin, Claudin5 and ZO-1 was evaluated in each group by WB at 24 h after hemin treatment. Total RhoA was used as an internal
loading control of RhoA-GTP; -actin was used as an internal loading control for other proteins. Blots of RhoA-GTP, F-actin, Claudin5 and ZO-1
were quantified and expressed relative to the hemin group (n =3 independent culture per group). Data are shown as the mean +s.e.m.
**P < 0.01, ***P < 0.001. One-way ANOVA followed by the Tukey’s post-hoc test.

DISCUSSION

This study characterizes early BBB disruption in an experimental
ICH model, elucidates the underlying mechanisms and investi-
gates the role of a-Ac-Tub in the injury of ECs. The major findings
of the present study include the following. (1) We identified a
remarkable decrease in a-Ac-Tub, a marker of stable microtubules,
in ECs after ICH. Conditional knockout of MEC17 in ECs further
suppressed a-Ac-Tub expression, exacerbating BBB leakage.
Conversely, overexpression of MEC17 via AAV-BI30-MEC17
increased a-Ac-Tub levels, reducing BBB leakage and brain injury
by enhancing tight junction protein expression. (2) Inhibition of
HDAC6 with TBA, a deacetylase of a-Ac-Tub, mitigated BBB
leakage, reduced secondary brain injury and improved neurolo-
gical recovery. (3) Mechanistically, a-Ac-Tub protects BBB function
by preventing actin stress fiber formation via a RhoA-dependent
pathway.

BBB destruction is a pivotal contributor to secondary brain
injuries after ICH, leading to brain edema, inflammatory responses,
neuronal death and neurological deficits. As ECs serve as the
primary defense of the BBB, understanding the regulation of their
permeability under pathological conditions is critical for identify-
ing the mechanisms of microvascular dysfunction and developing
clinical prevention strategies. The structural integrity of the
endothelial barrier is maintained through a complex interplay of
cytoskeletal elements, cell-substrate focal adhesions and adhesive
cell junctions®®. Changes in endothelial permeability, mediated by
various agonists, are directly linked to the reorganization of the
actomyosin  cytoskeleton®>*°™** This process leads to cell
contraction and the opening of intercellular gaps or the
enhancement of the cortical actin cytoskeleton, strengthening
the endothelial barrier. Recent studies highlight the essential role
of microtubules in regulating endothelial permeability, influencing
cytoskeletal organization, actomyosin contractility, paracellular
gaps and stress fiber formation®™>. However, the impact of
microtubules on EC injury after ICH remains largely unexplored
and underestimated. In this study, we demonstrated that
decreased expression of a-Ac-Tub, one marker of stable micro-
tubules, aggravated BBB leakage by reducing tight junction
proteins in vitro and in vivo. This reduction further exacerbated
secondary brain injury, leading to increased hematoma size, brain
edema, neuroinflammation and impaired neurological function. By
contrast, pharmacological or genetic overexpression of a-Ac-Tub
in ECs alleviated BBB damage and improved functional recovery
after ICH, underscoring the crucial role of microtubule stability in
maintaining EC and BBB integrity. In this regard, another study
found that inhibitors of microtubule polymerization such as
nocodazole directly increase endothelial permeability, an effect
that can be prevented by pretreatment with the microtubule
stabilizer paclitaxel®.

The microtubule cytoskeleton serves as a central framework for
intracellular signaling, with its dynamic complexity and functional
versatility driven primarily by posttranslational modifications such
as acetylation, detyrosination and SUMOylation*®™*8, Acetylation
of a-tubulin at Lys-40, a highly conserved modification, enhances
the microtuble flexibility and durability. This process is mediated
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by MEC17, an acetyltransferase that specifically acetylates a-
tubulin at the K40 site’>?®. MEC17 deletion results in a significant
reduction of a-Ac-Tub***°, but whether it contributes to BBB
damage via alternative pathways remains an open question. In
this study, MEC17 knockout in ECs downregulated a-Ac-Tub,
exacerbating BBB damage. Notably, TBA, an HDAC6 inhibitor?®*",
restored ao-Ac-Tub levels, reducing BBB leakage, minimizing
secondary brain injury and improving neurological recovery,
highlighting a-Ac-Tub’s critical role in BBB integrity after ICH.

AAV gene therapy has emerged as a focal point in gene therapy
research, with its clinical applications progressively maturing. In
this context, AAV-BI30, capable of efficiently and specifically
labeling cerebral ECs*?, has garnered our attention. Using AAV-
BI30, we achieved targeted overexpression of MEC17 and a-Ac-
Tub in ECs. This intervention mitigated BBB leakage, decreased
secondary brain injury and promoted neurological recovery after
ICH, aligning with the beneficial effects observed with TBA
treatment. Interestingly, TBA demonstrated a more pronounced
therapeutic effect compared with AAV-BI30-MEC17 treatment,
possibly due to its broader impact on both ECs and surrounding
neurons near the hematoma. Despite the promising therapeutic
potential of MEC17, the absence of specific inhibitors has limited
further exploration of its functions. However, a recent bioscreen-
ing has identified potential MEC17 inhibitors®?, paving the way for
further investigation into MEC17’s role and potential therapeutic
applications.

While maintaining a-Ac-Tub in ECs reduces BBB damage, the
exact regulatory mechanisms are not fully understood. Research
has highlighted the importance of actin cytoskeleton remodeling
in regulating the endothelial barrier following ICH. Recent studies
have shown that actin cytoskeleton remodeling plays a key role in
endothelial barrier regulation after ICH, with persistent actin
polymerization driven by ROCK-MLC signaling contributing to
early BBB disruption’. HSP27 prevents early BBB leakage induced
by ischemia-reperfusion by inhibiting actin polymerization and
junctional protein disassembly in cerebral ECs®. However, the role
of microtubules in this process is less well explored. It appears that
microtubule disassembly is an early event in thrombin-induced
endothelial barrier disruption, leading to increased EC perme-
ability and the release of microtubule-bound Rho GTPase-specific
GEFs, which activate a Rho-dependent pathway for actin
cytoskeletal remodeling®’. GEF-H1, a Rho-specific GEF, is a crucial
signaling molecule linking microtubules and actin cytoskele-
ton®®*3, Mechanistically, Stathmin promotes microtubule depoly-
merization by dephosphorylation, which releases Rho-specific
GEF-H1 from microtubules®*. This, in turn, activates Rho, increases
p-MLC levels and promotes stress fiber formation®*. Nocodazole, a
microtubule inhibitor, further supports the role of microtubules in
maintaining endothelial integrity by demonstrating increased EC
permeability upon treatment™>.

Accumulating evidence suggested that hemin, a hemoglobin
breakdown product, significantly contributes to endothelial barrier
dysfunction after ICH by inducing actin polymerization and
cytoskeletal reorganization®®™®, Interestingly, our study demon-
strated that reduced a-Ac-Tub levels in ECs after ICH and hemin
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treatment promote stress fiber formation and tight junction
disassembly via a RhoA-dependent pathway. Targeting a-Ac-Tub
with gene intervention and TBA treatment increased a-Ac-Tub
expression in ECs, which helped to maintain the stability of the
endothelial microtubule structure. These approaches inhibited
stress fiber formation and tight junction disassembly, slowing the
progression of EC damage and preserving vascular permeability.

This study has several limitations. First, while MEC17 and TBA
interventions highlight the role of a-Ac-Tub in endothelial barrier
integrity, we did not directly target the K40 site of a-Ac-Tub.
Future studies should focus on this specific modification to
provide more direct evidence of its functional significance.
Second, although our findings suggest that RhoA mediates the
effects of a-Ac-Tub on F-actin dynamics, RhoA may also regulate
microtubule dynamics®®, warranting further mechanistic explora-
tion. Third, behavioral assessments were limited to 7 days;
extending the observation period would provide deeper insights
into the long-term effects of a-Ac-Tub on endothelial function and
BBB integrity.
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