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Abstract
Oxidative stress impairs functional recovery after intracerebral hemorrhage (ICH). Histone deacetylase 6 (HDAC6) plays an 
important role in the initiation of oxidative stress. However, the function of HDAC6 in ICH and the underlying mechanism of 
action remain elusive. We demonstrated here that HDAC6 knockout mice were resistant to oxidative stress following ICH, as 
assessed by the MDA and NADPH/NADP+ assays and ROS detection. HDAC6 deficiency also resulted in reduced neuronal 
apoptosis and lower expression levels of apoptosis-related proteins. Further mechanistic studies showed that HDAC6 bound to 
malate dehydrogenase 1 (MDH1) and mediated-MDH1 deacetylation on the lysine residues at position 121 and 298. MDH1 
acetylation was inhibited in HT22 cells that were challenged with ICH-related damaging agents (Hemin, Hemoglobin, and 
Thrombin), but increased when HDAC6 was inhibited, suggesting an interplay between HDAC6 and MDH1. The acetylation-
mimetic mutant, but not the acetylation-resistant mutant, of MDH1 protected neurons from oxidative injury. Furthermore, 
HDAC6 inhibition failed to alleviate brain damage after ICH when MDH1 was knockdown. Taken together, our study showed 
that HDAC6 inhibition protects against brain damage during ICH through MDH1 acetylation.

Keywords  Hemin · Collagenase VII · Acetyl-mimetic mutants · Non-acetylatable mutants · AAV9 administration · 
Lentiviral administration
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Bax	� Bcl-2-associated X protein
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Co-IP	� Co-immunoprecipitation
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HDACs	� Histone deacetylases
HDAC6	� Histone deacetylases 6
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mNSS	� Modified neurological severity score
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NADPH	� Nicotinamide adenine dinucleotide phosphate
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Introduction

Intracerebral hemorrhage (ICH), an acute cerebrovascu-
lar disease caused by ruptured blood vessels within the 
brain, is associated with high morbidity and mortality 
[1–3]. Hitherto, there is no effective treatment for ICH. 
Accumulating evidence suggests that oxidative stress is 
important in brain injury following ICH [4–7]. Neurons 
are susceptible to oxidative stress and are predisposed to 
apoptosis upon oxidative challenge [8, 9]. Therefore, tar-
geting the oxidative stress response is an important thera-
peutic strategy for ICH.

Histone deacetylase 6 (HDAC6), a member of the his-
tone deacetylase family, is found to play an important role 
in the response toward oxidative stress [10, 11]. Tubastatin 
A (TubA), a selective inhibitor of HDAC6, inhibits oxi-
dative stress and apoptosis in acute kidney injury (AKI) 
mice [12]. Tubacin, another HDAC6 inhibitor, ameliorates 
endothelial cell injury caused by low-density lipoprotein-
induced oxidative stress [13]. The role of HDAC6 in the 
central nervous system (CNS) has been reported recently. 
Treatment with TubA or interference with HDAC6 expres-
sion by siRNA significantly alleviates oxidative stress, and 

reduces neuro-apoptosis and cerebral infarction volume 
in mice with experimental stroke [14, 15]. The current 
study aims to determine whether HDAC6 mediates oxida-
tive stress and subsequent neuronal apoptosis during ICH.

Malate dehydrogenase 1 (MDH1) is one of the key 
enzymes in biological glucose metabolism and plays an 
important role in oxidative stress. MDH1 participates in 
the malate-aspartic acid shuttle, and coordinates glycolysis 
and mitochondrial respiration, thereby reducing coenzyme 
II (NADPH)/oxidized coenzyme (NADP+) ratio and cel-
lular reactive oxygen species (ROS) activity [16, 17]. The 
oxidative stress is enhanced when MDH1 expression or 
activity is decreased but reduced when MDH1 activity is 
upregulated by post-translational acetylation. A study by 
Kim EY et al. demonstrate that the increased activity of 
MDH1 after acetylation promotes fatty acid synthesis via 
increased acetyl CoA and NADPH generation [16]. These 
studies suggest that MDH1 acetylation acts as a negative 
regulator of oxidative stress.

In the present study, we demonstrated that knockout 
of HDAC6 alleviated brain damage by protecting against 
oxidative stress-induced neuronal apoptosis following 
ICH. Further examination of the mechanism of action 
revealed that HDAC6 bound to and mediated-MDH1 

Table 1   List of oligonucleotides 
used in this study

Primers used for the mutant MDH1 vectors and shRNAs against MDH1 were listed

Name Sequence

Myc-MDH1K118R F 5′-gggcacagccttggagAGAtacgccaagaaatcag-3′
Myc-MDH1K118R R 5′-ctgatttcttggcgtaTCTctccaaggctgtgccc-3′
Myc-MDH1K121R F 5′-ccttggagaaatacgccAGAaaatcagttaaggtcattgt-3′
Myc-MDH1K121R R 5′-acaatgaccttaactgatttTCTggcgtatttctccaagg-3′
Myc-MDH1K298R F 5′-gatcaagaataagacctggAGAtttgttgaaggcctccccat-3′
Myc-MDH1K298R R 5′-atggggaggccttcaacaaaTCTccaggtcttattcttgatc-3′
Myc-MDH1K121Q F 5′-ggcacagccttggagaaatacgccCAGaaatcagttaagg-3′
Myc-MDH1K121Q R 5′-ccttaactgatttCTGggcgtatttctccaaggctgtgcc-3′
Myc-MDH1K298Q F 5′-caagaataagacctggCAGtttgttgaaggcc-3′
Myc-MDH1K298Q R 5′-ggccttcaacaaaCTGccaggtcttattcttg-3′
Myc-MDH13KR F1 5′-gcacagccttggagAGAtacgccAGAaaatcagttaaggtcattgttgtggg-3′
Myc-MDH13KR R1 5′-acaacaatgaccttaactgatttTCTggcgtaTCTctccaaggctgtgccc-3′
Myc-MDH13KR F2 5′-gatcaagaataagacctggAGAtttgttgaaggcctccccat-3′
Myc-MDH13KR R2 5′-atggggaggccttcaacaaaTCTccaggtcttattcttgatc-3′
Myc-MDH12KR F1 5′-ccttggagaaatacgccAGAaaatcagttaaggtcattgt-3′
Myc-MDH12KR R1 5′-acaatgaccttaactgatttTCTggcgtatttctccaagg-3′
Myc-MDH12KR F2 5′-gatcaagaataagacctggAGAtttgttgaaggcctccccat-3′
Myc-MDH12KR R2 5′-atggggaggccttcaacaaaTCTccaggtcttattcttgatc-3′
Myc-MDH12KQ F1 5′-ggcacagccttggagaaatacgccCAGaaatcagttaagg-3′
Myc-MDH12KQ R1 5′-ccttaactgatttctgggcgtaTTTctccaaggctgtgcc-3′
Myc-MDH12KQ F2 5′-caagaataagacctggCAGtttgttgaaggcc-3′
Myc-MDH12KQ R2 5′-ggccttcaacaaaCTGccaggtcttattcttg-3′
shMDH1 F 5′-ccggggatcttactgcaaaggaactctcgagagttcctttgcagtaagatcctttttg-3′
shMDH1 R 5′-attcaaaaaggatcttactgcaaaggaactctcgagagttccttggcagtaagatcc-3′
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deacetylation at lysine 121 and 298. MDH1 acetylation 
promoted NADPH generation and reduced ROS levels, 
hence protecting neurons from oxidative damage. TubA 
treatment failed to rescue brain damage following ICH 
in MDH1 knockdown mice. These results suggest that 
HDAC6 inhibition ameliorates neuronal injury after ICH 
through enhancing MDH1 acetylation.

Materials and methods

Animals

Dr. YAO (Duke University) provided the HDAC6 knockout 
mice (HDAC6−/−) on a C57 BL/6J background. The ani-
mals used in this experiment were male wild-type mice (C57 
BL/6J) and HDAC6−/− mice at the age of 2–3 months, which 
were sex and age matched. The experiment procedures were 
approved by the Institutional Animal Use and Care Commit-
tee of Xuzhou Medical University. Mice had access to water 
and food ad libitum.

Cell culture

HT22 or HEK293T cells were obtained from the Chinses 
type culture collection. Both cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum, 120 U/ml penicillin, and 100 mg/l 
streptomycin in a 37 °C incubator containing 5% CO2.

ICH model

ICH model was established as previously described [18]. 
Briefly, mice were anesthetized intraperitoneally with pento-
barbital sodium (50 mg/kg), and collagenase VII (0.045 U 
in 1 μl of sterile saline) (Sigma-Aldrich, Germany) was 
injected at a rate of 0.2 μl/min into the right striatum, which 
was located 0.2 mm anterior, 2.5 mm lateral, and 3.5 mm 
deep relative to the bregma. The sham mice received similar 

procedures with an injection of the sterile saline instead of 
collagenase VII.

In vitro ICH model

To mimic ICH-like condition in vitro, HT22 cells were 
stimulated with hemin at a concentration of 10 μM for 24 h, 
according to our previous study [18].

Expression vectors and plasmids’ transfection

The plasmids used in the study were purchased from San-
gon Bioengineering (Shanghai, China), and the plasmids 
were as follows: Myc-tagged MDH1 and Flag-tagged 
HDAC6 vectors were generated using the corresponding 
full-length sequences of wild-type MDH1 and HDAC6, 
respectively. Myc-MDH1K118R, Myc-MDH1K121R, Myc-
MDH1K298R, and MDH13KR mutant vectors were gener-
ated by replacing lysine with arginine at K118, K121, 
and K298 sites individually or simultaneously. Myc-
MDH1K121Q and Myc-MDH1K298Q mutant vectors were 
generated by replacing lysine with glutamine at K121 and 
K298 sites individually. Non-acetylate MDH12KR (K to R) 
and acetyl-mimetic MDH12KQ (K to Q) constructs were 
generated via mutations at both the K121 and K298 sites. 
The plasmids were transiently transfected using the rea-
gent lipofectamine 2000 according to the manufacturer’s 
instructions. The primers used for the indicated mutant 
plasmids are shown in Table 1 (the capital letters denote 
the mutation sites).

siRNA and transfection

The HDAC6 small interfering RNA (siRNA) used in this 
study was purchased from GenePharma (Suzhou, China) 
and transfected into cells with lipofectamine 2000 reagent 
according to the manufacturer’s protocols. The HDAC6 
siRNA sense chain was 5′-GCU​UCU​AAC​UGG​UCC​ACU​

Table 2   List of primary 
antibodies used in this study

Primary antibodies used for WB assay were listed

Antibody Company Lot number Dilution ratio

Rabbit anti-BAX Cell signaling technology #14796 1:1000
Rabbit anti-cleaved-caspase-3 Cell signaling technology #9661 1:1000
Rabbit anti-HDAC6 antibody Cell signaling technology #7558 1:1000
Rabbit anti-MDH1 antibody Abcam ab180152 1:20000
Mouse anti-Myc Abcam ab32 1:20000
Rabbit anti-Flag Abcam ab205606 1:20000
Mouse anti-GAPDH antibody Cell signaling technology #51332 1:5000
Rabbit anti-tubulin antibody Cell signaling technology #2128 1:10000
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ATT-3′ and the antisense chain 5′-UAG​UGG​ACC​AGU​
UAG​AAG​CTT-3′.

AAV9, lentiviral, and administration

Flag-MDH1WT/Flag-MDH12KR Adeno-Associated virus 9 
(AAV9) and MDH1 lentiviral were obtained from Sangon 
Bioengineering (Shanghai, China). The primer applied for 
shRNA against MDH1 is shown in Table 1.

AAV9 or lentiviral was administered into the brain 
through intracerebroventricular injection. The administra-
tion site was located at 0.1 mm anterior, 1.0 mm lateral, and 
3.0 mm deep relative to the bregma.

Behavior analyses

Modified Neurological Severity Score (mNSS) [19], which 
includes motor, sensory, balance, and reflex tests, was 
employed to evaluate neurological deficits before and 3 days 

post ICH. mNSS scores range from 0 to 18, with 1 point indi-
cating an inability to perform one task. The higher the score, 
the more severe the mice's loss of ability. The corner-turning 
test is also a key index of neurological dysfunction, which was 
performed under a condition with an angle of 30 °C. The right 
or left turn made by the mouse was recorded when the mouse 
walked deep into the angle. The percentage of right turns was 
then calculated to indicate neurological dysfunction [20].

Determination of brain water content

Brain water content was analyzed as previously described 
[18]. Briefly, brains of experimental mice were removed and 
divided into three parts as follows: the ipsilateral, contralat-
eral hemisphere, and the cerebellum. These different parts 
were first weighed to determine the wet weight, and then, 
the dry weight was determined after drying the samples at 
100 °C for 24 h. Brain water content was determined using 
the formula: (wet weight-dry weight)/wet weight*100%.

Nissl and TUNEL staining

After successively transcardial perfused with PBS and 
4% paraformaldehyde (PFA), brains were harvested and 
post-fixed with 4% PFA at 4 °C overnight. Furthermore, 
coronal mouse brain specimens were cut serially into 
40–50-μm-thick slices from the frontal lobe to the visual 
cortex for Nissl and TUNEL staining.

Nissl staining was conducted as described previously 
[18]. Briefly, the sections were first incubated in 100, 95, 
and 80% ethanol for 30 s and then treated with FD Cresyl 
Violet SolutionTM (FD Neoro Technologies, Columbia, 
MD, USA) for 2 min, followed by dehydration through a 
series of alcohol concentrations (70, 80, 90, and 100%) for 
30 s, and finally sealed with neutral resin.

Apoptotic neuron cells were detected using a TUNEL 
Apoptosis Detection Kit according to its manufacturer’s 
instructions (Roche, Germany). Briefly, slices were perme-
abilized with 0.5% Triton X-100 in PBS (0.5% PBST) and 
blocked with 10% goat serum for 1 h before being incubated 
in a TUNEL Reaction Mixture for 1 h at 37 °C in a light-
resistant container. Thereafter, the slices were co-incubated 
with a rabbit anti-NeuN antibody (ab177487, 1:500, Abcam, 
UK) overnight at 4 °C and followed by incubation with an 
Alexa Fluor 488 secondary antibody (1:500, abcam, USA) 
at 37 °C for 2 h. Finally, the images of NeuN and TUNEL 
positive immunostaining from three different peri-hematoma 
fields in each slice were taken with an Olympus Inverted 
fluorescence microscope (Olympus America, Center Val-
ley, PA, USA) or Zeiss LSM880 confocal microscope 
(Zeiss, Germany). All images were analyzed and quantified 
in ImageJ software (NIH) by 2 independent observers in a 
blind manner. Positively stained cells and NeuN+/TUNEL+ 
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Fig. 1   Knockout of HDAC6 alleviates brain damage following ICH. 
A–B HDAC6−/− mice had defects in HDAC6 gene amplification 
and HDAC6 protein expression compared with WT mice. At day 3 
following ICH, C–D Nissl staining and analysis were employed to 
evaluate hematoma volume (n = 6 mice/group), E–F mNSS score 
and corner turn test were applied to detect neurological dysfunction 
(n = 10 mice/group), and G brain water content analysis was used 
to assess cerebral edema (n = 6 mice/group). *P < 0.05, **P < 0.01, 
***P < 0.001
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co-labeling cells were counted automatically with ImageJ 
software. The mean number counts of positively stained 
cells were calculated from three separate microscopic fields 
of perilesional areas of each section on high-power images 
(×200 magnification). Three section per sample (n = 6 sam-
ples/group) were used for quantitative analysis. The numbers 
of positive cells and the ratio of NeuN+/TUNEL+ positive 
cells among all NeuN+ cells and among all TUNEL+ cells 
per 0.1 mm2 were calculated.

Hemorrhagic injury volume analysis

A series of adjacent 40 μm-thick coronal sections were sub-
jected to Nissl staining for injury volume assessment as pre-
viously described [19, 21]. Seven brain sections were traced 
by the Global Laboratory Image analysis system (Data 
Translation). Injury volume was determined by subtraction 
of the ipsilateral nondamaged regional volume from the con-
tralateral regional volume. The regional injury volume was 
presented as a percent of the injury volume that with respect 
to the contralateral region.

Western blot analysis

Proteins isolated from peri-hematoma tissues and hemin-
induced HT22 cells were employed for western blot analysis. 
Briefly, these tissues were lysed with RIPA (Beyotime Bio-
technology, China) buffer for 10 min and centrifuged at 4 °C 
at 13,000g for 30 min, and the proteins in the supernatant 
were then collected for western blot analysis. Equal amounts 
of protein were separated by electrophoresis and transferred 
to nitrocellulose membranes (Merck Millipore, Germany) 
and blocked with 5% non-fat milk. The target membranes 
were then incubated with the primary antibodies that listed 
in Table 2 and exposed to enhanced chemiluminescence kit 
(ECL) (ThermoFisher Scientific, USA) for image develop-
ment after incubation with the corresponding second antibod-
ies at room temperature. Protein band densities from three 
independent biological replicates were analyzed using ImageJ 
software. Quantitation of protein expression was performed 
by densitometry of the representative bands of the immuno-
blots and normalized with respect to interior reference band 
(such as GAPDH, Tubulin) and then normalized against the 
sham control group for all quantitative comparisons.

Co‑immunoprecipitation and immunoblotting 
assays

Brain tissues or HT22 cells or 293T cells were lysed with 
Nonidet P-40 lysis buffer for 10 min and then centrifuged 
at 13,000g at 4 °C for 30 min to obtain the soluble proteins. 
A total of 1 mg protein was precipitated using 1 μg of indi-
cated primary antibodies at 4 °C overnight, and followed by 

incubated with 30 μl of protein G agarose beads (Sigma Tech-
nology, Germany) at 4 °C for 4 h. Rabbit IgG was used as a 
control. Subsequently, the mixture was centrifuged at 13,000g 
at 4 °C to obtain immunoprecipitants, which were then eluted 
and boiled in 30 μl of loading buffer following thrice washes 
with ice-cold PBS buffer. The immunocomplexes were finally 
subjected to WB assay. The primary antibodies used are listed 
in Table 2. A total of 100 μg of the lysates without precipita-
tion with antibodies were analyzed directly by WB assay fol-
lowing normalization of total protein content.

Cell immunofluorescence staining

Cells were plated on coverslips and fixed with 4% paraform-
aldehyde for 20 min at room temperature. Furthermore, cells 
were permeabilized and blocked with a mixture of 0.5% Tri-
ton X-100 and 10% goat serum for 1 h at room temperature. 
Cells were then incubated with a rabbit anti-Myc antibody 
(#2272, 1:500, Cell signaling technology) or a mouse anti-
Flag antibody (ab18230, 1:500, Abcam) at 4 °C overnight. 
Cells were washed and incubated with a secondary anti-
body conjugated with anti-rabbit Alexa 488 (ab150077, 
1:500, Abcam) or anti-mouse Alexa 594 (ab150108, 1:500, 
Abcam) at room temperature for 1 h. Images of the cells 
were acquired using Zeiss LSM880 confocal microscope 
(Zeiss, Germany).

Malondialdehyde (MDA) and NADPH/NADP+ assay

Perihematomal tissues were isolated and washed with cold 
PBS on day 3 post-ICH, followed by homogenization with 
1 ml/0.1 g pre-cooled lysis buffer. Homogenized samples 
were centrifuged at 13,000g at 4 °C for 10 min. The superna-
tant was obtained for determination of the concentration of 
MDA and NAPDH/NADP+ using the corresponding MDA 
and NADPH/NADP+ assay kits (Beyotime Biotechnology, 
China) following the manufacturer’s instructions.

ROS analysis

HT22 cells were cultured in 96-well plates, and HDAC6 
siRNA or the indicated MDH1 plasmids were transfected 
into the cells when cell density reached 70–80%. The cells 
were then subjected to hemin 12 h later and followed by 
oxidant-sensitive probe DCFH-DA labeled ROS detection, 
using a relative assay kit (Beyotime Biotechnology, China) 
according to the manufacturer’s instructions.

Statistical analysis

All data were presented in the form of mean ± standard 
deviation (mean ± SD). Graphpad Prism 8.0 was performed 
to statistical analysis of the data in our study. Comparisons 
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among multiple groups were analyzed by one-way ANOVA 
with Tukey’s post hoc test. The T test was used to compare 
difference between the two groups. Statistical significance 
was determined as P < 0.05.

Results

HDAC6 knockout alleviates brain damage 
following ICH

To investigate the role of HDAC6 in ICH-induced brain 
damage, we employed HDAC6 knockout (HDAC6−/−) mice 
in comparison to WT control mice. It was revealed that the 
HDAC6−/− mice had no functional HDAC6 gene as indi-
cated by gene identification assay (Fig. 1A) and no HDAC6 
protein as detected by western blot (WB) analysis (Fig. 1B), 
indicating that the HDAC6 gene had been entirely knocked 
out. Using Nissl’s staining, the injury volume was compared 
between WT and HDAC6−/− mice at 3 days following ICH. 
As shown in Fig. 1C, D, when HDAC6 was knocked out, the 
injury volume caused by ICH was significantly decreased 
compared with WT mice. In addition, our findings indicated 
that HDAC6 knockout greatly ameliorated neurological dys-
function at 3 days following ICH, as seen by a reduction in 
the mNSS score and right turn percentage compared with 
WT mice (Fig. 1E, F). Similarly, when HDAC6 was knocked 
out, the resulting cerebral edema caused by ICH was sig-
nificantly reduced compared to WT mice at 3 days follow-
ing ICH (Fig. 1G). Taken together, our findings indicated 
that HDAC6 knockout protected against ICH-induced brain 
damage.

HDAC6 knockout alleviates oxidative stress 
and neuro‑apoptosis following ICH

We investigated the involvement of HDAC6 in oxidative 
stress. At 3 days after collagenase VII injection, WT and 
HDAC6−/− mice were subjected to oxidative stress tests 
(Fig. 2A). Our findings confirmed that when WT mice 
were exposed to ICH, their malondialdehyde (MDA) lev-
els increased significantly, but markedly decreased in 
HDAC6−/− mice (Fig. 2B). In comparison with WT mice, 
the ratio of NADPH/NADP+ was markedly elevated in 
HDAC6−/− mice following ICH (Fig.  2C). We further 
assessed intracellular ROS generation in HT22 cells using 
the oxidant-sensitive probe 2′,7′-Dichlorodihydrofluorescein 
diacetate (DCFH-DA). We first transfected HDAC6 siRNA 
into HT22 cells for 12 h to knockdown HDAC6, which was 
confirmed by WB analysis (Fig. 2D), and then exposed the 
cells to hemin for 24 h before collecting the samples for 
ROS tests. The results showed that when HT22 cells were 
challenged with hemin, the level of ROS increased consider-
ably, but decreased when HDAC6 was knocked down using 
HDAC6 siRNA (Fig. 2E, F). Taken together, these findings 
indicated that HDAC6 knockdown could ameliorate the oxi-
dative stress response during ICH.

Given that oxidative stress contributes to neuronal apop-
tosis, we further investigated the role of HDAC6 in neu-
ronal apoptosis at 3 days following ICH. In vivo, TUNEL 
staining showed that the number of dead/dying neurons 
was considerably lower in HDAC6−/− mice compared 
with WT mice, and the total number of neuron between 
WT and HDAC6−/− mice showed no significant difference 
(Fig. 2G–L). Moreover, the apoptosis-associated proteins, 
including cleaved-caspase-3 and Bax, were significantly 
increased in WT mice 3 days after ICH; however, there was 
a marked reduction in the above proteins when HDAC6 
was knockout (Fig. 2M). In vitro, immunoblotting analysis 
showed a significant increase in Bax and cleaved-caspase-3 
expression in response to hemin, but a significant decrease 
after HDAC6 knockdown by HDAD6 siRNA (Fig. 2N). 
Taken together, our study demonstrated that knocking out 
HDAC6 can alleviate neuro-apoptosis induced by ICH.

Interaction between HDAC6 and MDH1

Since HDAC6 is a deacetylase, we determined potential sub-
strates of HDAC6 by mass spectrometry to investigate the 
underlying mechanism of oxidative stress. Among the 11 
substrates identified by mass spectrometry, MDH1 was cho-
sen for this study due to its reported role in oxidative stress. 
The co-immunoprecipitation (coIP) technology in vitro 
showed that Myc-MDH1 protein can be precipitated by 
anti-Flag antibody in immunoprecipitation assays of 293T 
cells with both Flag-HDAC6 and Myc-MDH1 transfection. 

Fig. 2   Knockout of HDAC6 alleviates oxidative stress following ICH. 
A In  vivo experimental design for results presented in Fig.  2B–C. 
B–C Malondialdehyde (MDA) level and NADPH/NADP+ ration 
in HDAC6−/− and control WT mice at day 3 following ICH (n = 6/
group). D The effect of HDAC6 siRNA was verified by WB assay 
(n = 3/group). E Representative fluorescence images showing DCFH-
DA labeled ROS levels at 24 h following hemin exposure. F Quanti-
tation of ROS content in the group of E (n = 6/group). G Representa-
tive images of neuron death shown by double TUNEL and NeuN 
staining in the peri-hematoma zone of HDAC6−/− and control WT 
mice at day 3 following ICH (neuron: green and TUNEL: red) and 
magnified images of NeuN+/TUNEL+ staining were indicated with 
white dashed line squares. Scale bars: 50 μm. H–L Quantitative anal-
ysis of H total NeuN+ cells, I total TUNEL+ cells, J double NeuN+/
TUNEL+ cells, K the ration of NeuN+/TUNEL+ cells among total 
NeuN+ cells, and L the ratio of NeuN+/TUNEL+ cells among total 
TUNEL+ cells in all groups of G (n = 6/group). M Representative 
western blot (WB) images and quantitative analysis of cleaved cas-
pase-3 and Bax proteins at day 3 following ICH in vivo (n = 3/group). 
N Representative WB images and quantitative analysis of cleaved 
caspase-3 and Bax protein at 24 h following hemin exposure (n = 3/
group). *P < 0.05, ***P < 0.001

◂
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Flag-HDAC6 can similarly be precipitated by anti-Myc anti-
body (Fig. 3A). Additionally, we observed an in vivo inter-
action between endogenous HDAC6 and MDH1. Figure 3B 
shows that the MDH1 protein existed in the anti-HDAC6 
antibody specific immunoprecipitates from WT mice brain 
extracts, but was absent in the control IgG immunoprecip-
itates. Similarly, we found that HDAC6 protein was also 
present in the anti-MDH1 antibody-specific immunopre-
cipitates. In addition, we co-transfected Flag-HDAC6 and 
Myc-MDH1 plasmids into both 293T and HT22 cells, and 
immunofluorescence confocal assay found that HDAC6 co-
localized with MDH1 (Fig. 3C). Therefore, our findings sug-
gested that HDAC6 could interact with MDH1.

Next, we investigated whether HDAC6 deacetylated 
MDH1. We found that when 293T cells were co-treated with 
MDH1 and HDAC6, MDH1 acetylation was significantly 
decreased compared to when 293T cells were treated with 
MDH1 alone (Fig. 3D). Second, as shown in Fig. 3E, when 
293T cells were treated with TubA rather than DMSO, there 

was a considerable increase in MDH1 acetylation. We fur-
ther conducted validation experiments in vivo. Immunopre-
cipitation with anti-acetyl-lysine antibody showed that the 
level of MDH1 acetylation was significantly upregulated in 
HDAC6 knockout mice compared to WT mice (Fig. 3F). 
Therefore, we concluded that HDAC6 was capable of dea-
cetylating MDH1.

HDAC6 negatively regulates MDH1 acetylation 
in response to ICH

Since the enzymatic activity of MDH1 can be enhanced 
by acetylation, we investigated whether the ICH-related 
damaging agents affected MDH1 acetylation. As shown 
in Fig. 4A–C, the damaging agents (Hemin, Hemoglobin, 
Thrombin) significantly decreased MDH1 acetylation in 
HT22 cells. We further examined whether HDAC6 altered 
the degree of MDH1 acetylation during ICH. Immunopre-
cipitation analysis showed that the level of acetylated MDH1 
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Fig. 3   Interaction between HDAC6 and MDH1. A 293T cells were 
single-transfected with Flag-HDAC6 plasmid or con-transfected with 
Myc-MDH1 plasmid. A total of 1 mg cell samples were immunopre-
cipitated by 1 μg of anti-Flag or anti-Myc antibody 24 h after trans-
fection. Immunoprecipitants were then subjected to WB analysis with 
the indicated antibodies. B Brain samples of WT mice were subjected 
to IP assays with control anti-IgG or anti-HDAC6 or anti-MDH1 anti-
body, followed by WB analysis with the indicated antibodies. C Typi-
cal confocal images for HDAC6 (red) and MDH1 (green) in 293T and 

HT22 cells that co-transfected with Flag-HDAC6 and Myc-MDH1 
plasmids. D Cell lysates of 293T cells transfected with Myc-MDH1 
plasmid alone or combined with Flag-HDAC6 plasmid were precipi-
tated by anti-acetyl-lysine antibody. WB analysis of acetylated MDH1 
level was then conducted. E 293T cells transfected with Flag-HDAC6 
were treated with 10  μM TubA. Cells were further subjected to IP 
assay to determine ac-MDH1 level. F Immunoprecipitation of brain 
tissue lysates of WT and HDAC6−/− mice using anti-acetyl-lysine 
antibody, followed by WB analysis of ac-MDH1 level
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was significantly decreased following hemin induction com-
pared to the control group, but significantly increased fol-
lowing HDAC6 siRNA knockdown (Fig. 4D). Additionally, 
we examined the effect of TubA on the level of acetylated 
MDH1 following ICH in mice. As shown in Fig. 4E, TubA 
treatment can significantly increase the level of acetylated 
MDH1 during ICH when compared to the DMSO-treated 
group. Consistently, the level of MDH1 acetylation was sig-
nificantly increased in HDAC6−/− mice compared to WT 
mice in the presence of ICH (Fig. 4F). Collectively, the vivo 
and in vitro findings revealed that HDAC6 inhibition sig-
nificantly increased the level of acetylated MDH1 following 
ICH.

To obtain additional insight into the role of HDAC6 in the 
ICH-induced decrease in MDH1 acetylation, we explored 
whether the ICH state affected the interaction between 
HDAC6 and MDH1. CoIP assay revealed that when mice 

were subjected to ICH surgery (Fig.  4G), the interac-
tion between HDAC6 and MDH1 was enhanced, whereas 
decreased upon TubA treatment. Therefore, this study sug-
gested that the decreased interaction between HDAC6 and 
MDH1 resulted in an increase in MDH1 acetylation when 
HDAC6 was inhibited.

HDAC6 deacetylates MDH1 at the K121 and K298 
residues

To identify the specific lysine residues in MDH1 that may 
be acetylated by HDAC6, we first used the lysine residues 
prediction site (http://​www.​unipr​ot.​org/) and a relevant pub-
lished article, which showed the potential acetylation sites 
of MDH1 may be in Lys 118 (K), Lys 121 (K), and Lys 298 
(K). To examine if HDAC6 acts on these MDH1 residues, 
we generated Lys-to-arginine mutants in these sites either 

Fig. 4   HDAC6 negatively regulates MDH1 acetylation in response 
to ICH. A–C IP and WB analysis of the ac-MDH1 in HT22 cells at 
24 h following treated with A Hemin, B Hemoglobin, and C Throm-
bin. D IP assay performed to determine ac-MDH1 level in the indi-
cated group (n = 3/group). E IP assay determined to examine acety-
lation level of MDH1 in the indicated group (n = 3/group). F IP and 

WB analysis of the acetylation level of MDH1 in HDAC6−/− and 
WT mice at day 3 after subjection to ICH surgery (n = 3/group). G 
coIP assay of the interaction between HDAC6 and MDH1 at day 3 
after ICH surgery or under 30  mg/kg TubA treatment in WT mice. 
*P < 0.05, ***P < 0.001

http://www.uniprot.org/
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separately or simultaneously. Our findings indicated that 
mutations in K121, K298 rather than K118 could signifi-
cantly reduce MDH1 acetylation, and that acetylation was 
completely lost due to mutations in the three lysine resi-
dues (3KR) (Fig. 5A). Additionally, the coIP assay showed 
that the interaction between HDAC6 and MDH1 was sig-
nificantly impaired or hardly detectable when lysine resi-
dues 121 or 298 were mutated alone or co-mutated at the 
three 118, 121, 298 lysine residues compared with wild-
type MDH1, but not when lysine 118 was mutated alone 
(Fig.  5B). Therefore, we concluded that HDAC6 may 
deacetylate lysine residues 121 and 298 of MDH1. Lev-
els of acetylated MDH1 were indeed markedly decreased 
in 293T cells transfected with the acetyl-mimetic mutants 
(Myc-MDH1K121Q, Myc-MDH1K298Q) and non-acetylata-
ble mutants (Myc-MDH1K121R, Myc-MDH1K298R), further 
confirming the acetylation sites of MDH1 (Fig. 5C). We 
next generated Myc-tagged MDH1 acetyl-mimetic mutants 
(Myc-MDH1 2KQ) and non-acetylatable mutants (Myc-
MDH1 2KR), in which the mutations in the two lysine resi-
dues K121 and K298 were substituted with glutamine (Q) 
or arginine (R), respectively. The IP assay showed that the 
acetylation of MDH1 was lost when the lysines in 121 and 
298 sites were replaced with arginine or glutamine (Fig. 5D, 
E). Our findings collectively revealed that HDAC6 deacety-
lated MDH1 at the K121 and K298 residues.

Acetylated MDH1 reduces oxidative stress 
and neuro‑apoptosis

We examined whether acetylated MDH1 affected oxidative 
stress during ICH. First, we conducted a study in vitro. Our 
results showed that ROS was overproduced when HT22 cells 
were stimulated with hemin, but was significantly reduced 
following wild-type MDH1 or MDH12KQ treatment. In con-
trast, the MDH12KR treatment failed to exhibit a defense effect 
against ROS production by hemin (Fig. 6A). This finding 
revealed that acetylation of MDH1 played a critical role in 
decreasing ROS generation in vitro. We further established a 
model with MDH1 protein overexpression in the WT mouse 
by injecting MDH1 AAV9 virus (Flag-MDH1WT, Flag-
MDH12KR) with or without the corresponding green-fluores-
cent protein (GFP) into brain; autofluorescence without pri-
mary antibody labeling suggested that MDH1 AAV9 could 
be successfully injected into brain (Fig. 6B), and western blot 
analysis suggested that WT-MDH1WT and MDH12KR overex-
pression could be detected in the intracranial cavity (Fig. 6C, 
D). As shown in Fig. 6E, when WT mice were subjected to 
ICH surgery, the level of MDA was significantly increased, but 
markedly decreased when Flag-MDH1WT was overexpressed 
rather than Flag-MDH12KR. The ratio of NADPH/NADP+, 
that significantly decreased following ICH, was found to be 
markedly increased when treated with wild-type MDH1, but 
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Fig. 5   HDAC6 deacetylates lysine residues of MDH1 at position 121 
and 298. A 293T cells were transfected with wild-type and mutated 
plasmids of Myc-MDH1 (K118R, K121R, K298R, 3KR) for 24  h, 
and then subjected to IP and immunoblotting assay with the indicated 
antibodies. B 293T cells were co-transfected with Flag-HDAC6 and 
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not with MDH12KR (Fig. 6F). Overall, our findings revealed 
that acetylation of MDH1 played an important role in reducing 
oxidative stress following ICH.

We further investigated the role of acetylated MDH1 in 
neuro-apoptosis during ICH in vivo and vitro. Immunoblot-
ting of samples from the indicated groups in vitro revealed 
that the hemin-induced group had significantly higher Bax and 
cleaved-caspase-3 levels than the control group. However, the 
MDH1WT or MDH12KQ treated group, but not the MDH12KR, 
displayed significant decrease in Bax and cleaved-caspase-3 
protein levels (Fig. 6G). In vivo, intracranial targeted over-
expression of Flag-MDH1WT (wild-type MDH1-AAV9 vec-
tor) significantly reduced the increased expression of Bax 
and cleaved-caspase-3 induced by ICH in mice, while Flag-
MDH12KR-AAV9 treatment failed to exert a protective effect 
(Fig. 6H). In addition, the neuronal death (NeuN+/TUNEL+) 
induced by ICH was significantly reduced when mice treated 
with Flag-MDH1WT, but not Flag-MDH12KR (Fig. 6I–N). 
Taken together, our findings indicated that acetylation MDH1 
may help protect against neuro-apoptosis.

Protective function of HDAC6 inhibition 
is acetylated MDH1 dependent

To elucidate the underlying mechanism of the protective role 
of HDAC6 inhibition, we established MDH1 knockdown 
mice by injecting MDH1 lentivirus for 2 weeks and then 
subjected them to ICH surgery (Fig. 7A). Autofluorescence 
and WB analysis revealed that 2 weeks after intraventricular 
injection, intracranial MDH1 protein could significantly be 
reduced by the MDH1 lentivirus (Fig. 7B, C). Following 
that, we used TubA to determine if TubA's effect on brain 
protection was acetylated MDH1 dependent. Nissl’s staining 
revealed that TubA treatment significantly reduced hema-
toma volume following ICH in WT mice. However, TubA 
exhibited a weakened protective effect on hematoma volume 
reduction when MDH1 protein was knocked down using 
lentivirus (Fig. 7D, E). In addition, administration of TubA 
significantly alleviated brain edema and improved neurologi-
cal dysfunction, but failed to exhibit this protective effect 
when MDH1 knockdown (Fig. 7F–H). Therefore, our find-
ings indicated that HDAC6 inhibition exerted its protective 
effect in an acetylated MDH1-dependent manner.

Discussion

The identification of HDAC6 as a regulator of oxidative 
stress sheds light not only on the possible mechanism under-
lying ICH-induced brain damage but also on the develop-
ment of novel ICH therapies. In this study, we found that 

HDAC6 depletion protected against ICH-induced brain 
damage via oxidative stress and neuronal apoptosis defense. 
Mechanically, HDAC6 was found to interact with and 
deacetylate MDH1 at lysine residues 121 and 298. In the 
present study, we also demonstrated that the depletion of 
HDAC6 increased MDH1 acetylation, and protected neurons 
against oxidative stress damage. Moreover, the protective 
effect of the HDAC6 inhibitor TubA in ICH was weakened 
with MDH1 knockdown (Fig. 7I). Collectively, targeting 
HDAC6/MDH1 signaling may provide a potential thera-
peutic approach for ICH treatment.

Oxidative stress characterized by excessive production 
of reactive oxygen species (ROS) is a vital pathophysiologi-
cal event after intracerebral hemorrhage [5, 6]. Excessive 
ROS production results in DNA damage and protein and 
lipid oxygenation, which alters cell signaling pathways and 
eventually results in neuronal death. Thus, reducing the oxi-
dative stress response is an important target for intracerebral 
hemorrhage treatment. Numerous studies have established 
the critical role of HDAC6 in oxidative stress. For exam-
ple, in diabetes and Alzheimer's disease (AD), inhibiting 
HDAC6 expression can reduce elevated ROS and Ca2+ levels 
[22, 23]. Zhang et al. have demonstrated that AC-1215, an 
HDAC6 inhibitor, can protect liver cells from necrosis in 
mice with acute liver failure (ALF) by reducing the produc-
tion of granulose-dependent ROS [24]. Additionally, Yuan 
et al. found that tubacin, a specific HDAC6 inhibitor, could 
reduce neuronal necrosis and increase neuronal survival by 
regulating the level of ROS in a rat cortical neuron model 
of oxygen–glucose deprivation [25]. Butler et al. also found 
that TubA administration preserved neuronal survival in an 
oxidative stress-induced model [26]. In line with these stud-
ies, our present study demonstrated that HDAC6 knockout 
reduced oxidative stress response and the neuron-apoptosis 
following ICH mouse model.

HDAC6 has been shown to regulate a variety of criti-
cal biological processes, such as ciliary disassembly [27], 
DNA repair [28], and axon growth [29] by deacetylating 
of its specific substrates. We hypothesized that HDAC6 
may exert its oxidative stress effect by mediating the dea-
cetylation of some certain substrates associated with oxi-
dative stress. Our current study determined an interaction 
between HDAC6 and Malate dehydrogenase 1 (MDH1), and 
found that HDAC6 can modify the level of MDH1 acetyla-
tion during ICH. ICH-associated damaging agents (hemin, 
hemoglobin, and thrombin) reduced MDH1 acetylation in 
an HDAC6-dependent manner. MDH1, a dehydrogenase 
subtype, predominantly expressed in tissues with high aero-
bic metabolic demands, including brain [30–32]. Previous 
studies have showed that MDH1 involved in oxidative stress 
by regulating the NAPDH/NADP+ ratio and cellular ROS 
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activity [33]. Additionally, a reduction in MDH1 activity 
may induce pancreatic ductal adenocarcinoma (PDAC) cells 
death via enhanced oxidative stress and the corresponding 
damaged mitochondria [34]. More importantly, it is accepted 
that post-translational can be used to modulate MDH1 func-
tion [16]. Cumulative studies have indicated that MDH1 
deeply involved in the central nervous system diseases, such 
as aging [35], somatic retardation, epilepsy, and progressive 
microcephaly [17], and rather than being confined to tumors 
[33, 36]. However, the involvement of MDH1, particularly 
its acetylation in the development of oxidative stress during 
intracerebral hemorrhage remains unknown. In this study, 
we determined that acetylation of lysine residues in MDH1 
were K121 and K298 (2K), and that mutants altered MDH1 
acetylation and the association between HDAC6 and MDH1. 
We further demonstrated the wild-type or the acetylation-
mimetic 2KQ mutant, but not the acetylation-resistant 2KR 
mutant treatment significantly decreased the ROS levels and 
apoptosis proteins (Cleaved-caspase-3 and Bax) expression 
in HT22 cells challenged with hemin. Additionally, we 
demonstrated in vivo that AAV-mediated overexpression 
of non-acetylation mutant MDH1 rather than acetylation-
resistant MDH1 can significantly reduce oxidative stress 
response and neuronal apoptosis following intracerebral 
hemorrhage. Yi-Ping Wang et al. have reported that the 
arginine methylation of MDH1 by CARM1 (another post-
translational modification of MDH1) was negatively regu-
lated by MDH1-dependent antioxidant stress activities [34]. 
Thus, our findings showed that MDH1 acetylation plays a 

critical role in cellular ROS defense and neuronal protection 
during ICH. We speculate that the manipulation between 
HDAC6 and MDH1 will facilitate the investigation of novel 
anti-oxidative mechanisms during ICH.

We further demonstrated that the inhibition of HDAC6 
protected against ICH-induced brain damage through ele-
vating the acetylation of MDH1. This conclusion is based 
on the following observation. TubA treatment signifi-
cantly alleviated brain damage during ICH, as measured 
by decreased hematoma volume, cerebral edema, and neu-
rological dysfunction score. However, the protective effect 
of TubA against brain damage was significantly weakened 
in the presence of MDH1 lentiviral knockdown. TubA's 
inability to execute its protective role was hypothesized 
to be due to its failure to enhance the MDH1 acetylation 
level in ICH when MDH1 was knocked down. However, a 
specific knockdown of the MDH1 acetylation site in mice 
to investigate the effect of MDH1 acetylation on oxidative 
stress levels will be a more effective approach.

Although the current study revealed a protective effect 
of HDAC6 on neuro-apoptosis in ICH, potential effects 
on other cells cannot be excluded. For example, HDAC6 
has been shown to regulate LPS tolerance in astrocyte 
[37]. Additionally, HDAC6 inhibition reverses long-term 
doxorubicin-induced cognitive dysfunction by restoring 
microglia homeostasis and synaptic integrity [38]. Indeed, 
as shown in Fig. 2 in our study, quite a few TUNEL+ cells 
are not neurons. Therefore, HDAC6 is likely to play a role 
on the death of other types of cells in response to ICH. 
Further studies are warranted to explore the additional cel-
lular targets of HDAC6. In addition, the DNA fragmenta-
tion identified by the TUNEL staining occurs characteristi-
cally, but not exclusively, in apoptotic cells. Other forms 
of cell death, such as pyroptosis [39, 40] and necrosis [41, 
42], also happen after ICH and can trigger inflammatory 
responses. Some studies have demonstrated that targeting 
HDAC6 alleviates macrophage pyroptosis [39] and inhibits 
inflammatory response in astrocyte [43]. It is thus possible 
that HDAC6 inhibition reduces the non-apoptotic death of 
microglia or astrocyte, thereby alleviating brain damage. 
Further studies are necessary to elucidate the modalities 
of cell death in astrocyte, microglia, or other types of cells 
mediated by HDAC6 during ICH.

In summary, this study established here support an 
important role for HDAC6 inhibition in preventing neu-
rons from oxidative stress damage and promoting neuronal 
survival after an acute intracerebral hemorrhage insult, 
and the protective effects of HDAC6 inhibition were 
related to MDH1 acetylation. This study may open a new 
perspective for interventions of ICH.

Fig. 6   Acetylated MDH1 alleviated oxidative stress and neuro-apop-
tosis following ICH. A Representative fluorescence images show-
ing DCFH-DA labeled ROS levels in the indicated groups. B–C 
Results for green-fluorescent protein (GFP)-MDH1 AAV9 virus 
(Flag-MDH1, Flag-MDH12KR) in the brain as identified by B auto-
fluorescence without primary antibody staining and C WB assay. D 
WB results of MDH1 AAV9 virus without GFP labeling in the brain. 
E–F MDA level and NADPH/NADP+ ratio were assayed using rela-
tive assay kit (n = 6/group). G HT22 cells were transfected with WT-
MDH1 and its mutant MDH1 (2KR, 2KQ), respectively, for 12 h and 
then subjected to hemin for 24  h. Expression of cleaved caspase-3 
and Bax protein was assayed by WB (n = 4/group). H WT mice were 
transfected with Flag-MDH1-AAV9 and Flag-MDH12KR-AAV9 for 
21d, and then subjected to ICH surgery. Expression of cleaved cas-
pase-3 and Bax level was assayed by WB at day 3 following ICH 
(n = 4/group). I Representative images and quantitative analysis of 
neuron death in the peri-hematoma zone of indicated groups (neuron: 
green and TUNEL: red). Magnified images of NeuN+/TUNEL+ stain-
ing were indicated by white dashed line squares. Scale bar: 50  μm. 
J–N Quantitative analysis of J total NeuN+ cells, K total TUNEL+ 
cells, L double NeuN+/TUNEL+ cells, M the ration of NeuN+/
TUNEL+ cells among total NeuN+ cells, and N the ratio of NeuN+/
TUNEL+ cells among total TUNEL+ cells in all groups of I (n = 6/
group). *P < 0.05, **P < 0.01, ***P < 0.001
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