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Abstract

Interest in histone deacetylase (HDAC)-based therapeutics as a potential treatment for stroke has 

grown dramatically. The neuroprotection of HDAC inhibition may involve multiple mechanisms, 

including modulation of transcription factor acetylation independent of histones. The transcription 

factor Nrf2 has been shown to be protective in stroke as a key regulator of antioxidant-responsive 

genes. Here, we hypothesized that HDAC inhibition might provide neuroprotection against mouse 

cerebral ischemia by activating the Nrf2 pathway. We determined that the classic HDAC inhibitor 

trichostatin A increased neuronal cell viability after oxygen-glucose deprivation (from an OD 

value of 0.10±0.01 to 0.25±0.08) and reduced infarct volume in wild-type mice with stroke (from 

49.1±3.8 to 21.3±4.6%). In vitro studies showed that HDAC inhibition reduced Nrf2 suppressor 

Keap1 expression, induced Keap1/Nrf2 dissociation, Nrf2 nuclear translocation, and Nrf2 binding 

to antioxidant response elements in heme oxygenase 1 (HO1), and caused HO1 transcription. 

Furthermore, we demonstrated that HDAC inhibition upregulated proteins downstream of Nrf2, 

including HO1, NAD(P)H:quinone oxidoreductase 1, and glutamate-cysteine ligase catalytic 

subunit in neuron cultures and brain tissue. Finally, unlike wild-type mice, Nrf2-deficient mice 

were not protected by pharmacologic inhibition of HDAC after cerebral ischemia. Our studies 

suggest that activation of Nrf2 might be an important mechanism by which HDAC inhibition 

provides neuroprotection.
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Introduction

Stroke, resulting from occlusion or hemorrhage of blood vessels, is still the leading cause of 

morbidity and mortality in humans. It is generally accepted that the mechanisms of stroke 

damage involve multiple processes, including oxidative stress, excitotoxicity, ionic 

imbalance, inflammation, and apoptosis [1]. Oxidative stress, the consequence of reactive 

oxygen species (ROS) production, in particular plays a critical role in stroke pathogenesis 

and contributes to brain infarction and excitotoxicity [2]. Specific antioxidative enzymes, 

including NAD(P)H:quinine oxidoreductase 1 (NQO1), heme oxygenase 1 (HO1), 

glutathione peroxidases, glutathione S-transferase, and glutamate cysteine ligase, protect 

cells from the deleterious effects of ROS. The genes for these enzymes each contain 

antioxidant response elements (AREs) in their promoter regions that enable their regulation 

by the transcription factor Nrf2 [3].

Nrf2 is a broadly expressed transcription factor and a key regulator of antioxidant-responsive 

genes and phase II detoxifying enzymes. Under basal conditions, Nrf2 is bound to its 

inhibitor, Kelch-like ECH-associated protein 1 (Keap1), which promotes its proteasomal 

degradation. Stress-induced modification of cysteine residues in Keap1 causes the release of 

Nrf2, which translocates from the cytosoplasm into the cell nucleus, where it binds to AREs 

in genes that encode antioxidant enzymes that protect the cell from the deleterious effects of 

ROS [3]. The Nrf2 signaling pathway has been shown to be protective in many pathological 

conditions, including ischemia and inflammation in the central nervous system (CNS) [4]. 

Many natural and synthetic compounds, such as resveratrol [5], Ginkgo biloba extract (EGb 

761) [6], and 1,2-dimethoxy-4,5-dinitrobenzene (LAS0811) [7], can activate Nrf2 and 

increase expression of antioxidative genes. Nrf2 activity also can be regulated by a variety of 

other pathways. For example, protein kinase C has been suggested to phosphorylate Nrf2 at 

Ser40 and cause its release from Keap1, thereby increasing its activity [8]. Acetylation is 

probably the best understood form of transcriptional regulation: hyperacetylation leads to an 

increase in the expression of particular genes, and hypoacetylation has the opposite effect 

[9]. A recent study has also demonstrated that Nrf2 can be acetylated within its Neh1 DNA-

binding domain by p300/CBP. This acetylation increases its DNA-binding capacity and 

downstream gene expression [10], suggesting that Nrf2 acetylation may provide cell 

protection.

Histone deacetylases (HDACs), which prevent acetylation of histones, have been recognized 

as potentially useful therapeutic targets for a number of human disorders, including CNS 

diseases. HDAC inhibition leads to hyperacetylation of chromatin proteins and alterations in 

gene expression that are known to induce growth arrest, differentiation, or apoptosis of 

cancer cells [11]. Over the years, many different types of HDAC inhibitors have been 

developed, ranging from complicated structures of bacterial or fungal origin [trichostatin A 

(TSA), trapoxin] to the very simple butyrate. Each is capable of inhibiting HDACs with 

varying efficiency [9]. Pharmacological manipulation with small-molecule HDAC inhibitors, 

which may restore transcriptional balance to neurons and affect immune responses, has been 

beneficial in several experimental models of CNS disorders. For example, valproic acid 

[12,13], sodium butyrate [12], and TSA [14], which have differing degrees of HDAC 
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inhibitory activity, have been shown to possess neuroprotective properties after stroke 

damage.

The present study was undertaken to investigate whether postin-sult treatment with the 

HDAC inhibitor TSA protects against brain injury and neurological deficits after cerebral 

ischemia in mice and whether HDAC inhibition-induced neuroprotection is associated with 

Nrf2 activation.

Materials and methods

Animals

Six- to eight-week-old wild-type (WT) mice (Jackson Laboratory) and Nrf2-deficient 

(Nrf2−/−) C57BL/6 male mice (with permission from Dr. Yamamoto Masayuki) were used in 

this study. Mice were housed in a pathogen-free facility with 12-h light and dark cycles and 

continuous access to food and water. Mice were acclimatized for at least 4 days before any 

experiment. They were fasted overnight before any procedure. All experiments were 

conducted in accordance with the National Institutes of Health and Johns Hopkins Animal 

Care and Use Committee guidelines.

Drugs

For in vivo experiments, TSA (Sigma-Aldrich) was dissolved in 100% ethanol to a 

concentration of 1 mg/mL and stored at −20 °C as a stock solution. Before administration to 

mice, the working solution was made by diluting the TSA stock 10 fold with saline. For cell 

culture experiments, a TSA stock solution was made with 100% ethanol at a concentration 

of 1 mg/L and diluted directly into cell culture medium. Sodium butyrate (Sigma-Aldrich) 

was used at a final concentration of 5 mg/L. A stock solution of MS275 (Cayman Chemical 

Co.) was made in DMSO and used at a final concentration of 10 μmol/L. Ginkgo biloba leaf 

extract EGb 761 (IPSEN Laboratories) was dissolved in DMSO and added directly to the 

culture media to achieve different final concentrations (3, 10, 30, or 100 mg/L).

Permanent middle cerebral artery occlusion (pMCAO) and neurological deficit scoring

The pMCAO model is recognized as an alternative focal cerebral ischemic model that has 

high clinical relevance for testing neuroprotective agents [15,16]. Before the surgery, WT 

and Nrf2−/− mice were randomly placed into two groups each: vehicle-treated (n=9 per 

group) and TSA-treated (n=10 per group). Briefly, with the mice under halothane anesthesia, 

a 1.0-cm vertical skin incision was made between the right eye and the ear. The temporal 

muscle was moved, and the temporal bone was exposed. Under a surgical microscope, a 2.0-

mm burr hole was made just over the middle cerebral artery (MCA), visible through the 

temporal bone. The main trunk of the distal part of the MCA was directly occluded with a 

bipolar coagulator, and complete interruption of blood flow at the occlusion site was 

confirmed by severance of the occlusion site of the MCA. Core body temperature was 

maintained between 36.5 and 37.5 °C during and after the procedures. A successful 

occlusion was confirmed by placing the laser-Doppler probe above the temporal ridge to 

establish that the blood flow into this region was terminated. TSA (1 mg/kg) or vehicle 

(saline) was administered to mice intraperitoneally immediately after and at 6 h after the 

Wang et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2018 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surgery based on previous studies [12,17–19] and our preliminary studies in which we found 

that one injection immediately after pMCAO plus a second injection at 6 h thereafter 

protected mice against cerebral ischemic brain damage (data not shown).

Neurological deficits were assessed 48 h after pMCAO by an experimenter blinded to the 

groups using a robust 28-point scoring system [20]. The tests were divided into motor and 

sensory functions. Motor function tests included: (1) spontaneous activity, (2) symmetry of 

walking, (3) head/neck movement when suspended by tail, (4) symmetry of forelimbs when 

suspended by tail, (5) climbing at a 45° angle, and (6) balance on a rod. Sensory function 

was measured with the vibrissae test, in which the whiskers were stimulated with a cotton-

tipped applicator. Each of the seven tests was graded from 1 to 4, establishing a maximum 

deficit score of 28. After completion of the behavioral tests, the mice were euthanized and 

the brains harvested.

Quantification of infarct volume after pMCAO

Mice were deeply anesthetized, and brains were harvested and cooled in a −20 °C freezer. 

Five coronal sections of 2-mm thickness were cut and then incubated in 1% 2,3,5-triphenyl-

tetrazolium chloride (TTC) in saline for 15 min at 37 °C. The area of infarct, which remains 

white, was measured on the rostral and caudal surfaces of all five slices and numerically 

integrated across the thickness of the slice to obtain an estimate of infarct volume by 

SigmaScan software (SPSS Inc.). Infarct volume was calculated as a percentage of the 

contralateral cortex with correction for swelling.

Cell cultures and related materials

Cortical neuronal cells were isolated from 17-day embryos of timed pregnant mice and 

cultured onto poly-D-lysine-coated 24-well dishes at a density of 5×105 cells/well in serum-

free, high-glucose, Neurobasal medium (Invitrogen) supplemented with B27 minus 

antioxidant (Invitrogen) and Hepes (Sigma-Aldrich) as described previously [21]. Cells were 

maintained in growth medium at 37 °C in a 95% air/5% CO2 humidified atmosphere. Half of 

the initial culture medium was removed at Day 4 and replaced with fresh medium. All 

experiments were performed after 14 days in vitro.

The mouse macrophage cell line RAW 264.7 (American Type Culture Collection TIB-71) 

was grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum and penicillin/streptomycin, as detailed before [22]. The cells were used in 

experiments after 80–90% confluence had been reached.

Oxygen/glucose deprivation (OGD) and cell viability

Serum-free primary neuronal cultures were treated with different concentrations of TSA (3, 

10, or 30 ng/mL) for 1 h after 8 to 10 days in vitro and then were subjected to OGD for 150 

min in a balanced salt solution at pO2 < 2 mm Hg. After OGD, the cells were assessed for 

viability as described previously [23]. The condition of cells at various TSA concentrations 

was determined morphologically by phase contrast microscopy. Then, cell viability was 

evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 

assay. Furthermore, the trypan blue (TB) staining experiment was performed to support 
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MTT assay. After each treatment, cells were stained with 0.4% TB (Sigma-Aldrich). 

Unstained cells were regarded as viable, and stained cells were regarded as dead. Total cell 

number and number of TB-positive cells were counted via a light microscope under 

magnification×200 by an independent, blinded investigator. Survival value was calculated by 

using the formula: detected unstained cells/detected whole cells shortly before treatment 

[24]. Experiments were repeated with at least three separate batches of cultures.

Furthermore, the trypan blue staining assay was performed to confirm MTT assay results. 

After each treatment, cells were stained with 0.4% TB (Sigma-Aldrich). Unstained cells 

were regarded as viable, and stained cells were regarded as dead. Total cell number and the 

number of TBA-positive cells were counted via a light microscope in a blinded way. 

Survival value was calculated by using the formula: number of stained cells/number of total 

cells×100%

Immunoprecipitation and Western blot

For immunoprecipitation [25], 15 μL of antibody (anti-Nrf2 or anti-Keap1, Santa Cruz 

Biotechnology) was added to 300 μg of total protein in a volume of 500 μL. The mixture 

was rotated overnight at 4 °C, incubated with 30 μL of glutathione Sepharose 4B beads (GE 

Healthcare) for 4 h, spun down at 500 g, and washed four times with lysis buffer (RIPA 

buffer, Sigma-Aldrich). The beads were collected and combined with 25 μL of loading 

buffer (LDS sample buffer 4X, Invitrogen). For Western blot, equal amounts of protein were 

separated by SDS-PAGE on 4–12% Bis-Tris gels, transferred to nitrocellulose membranes, 

and incubated in primary antibodies overnight at 4 °C. The antibodies used were anti-Keap1 

(1:1000, Santa Cruz), anti-Nrf2 (1:1000, Santa Cruz), anti-HO1 (1:1000, Stressgen 

Biotechnologies), anti-NQO1 (1:1000, Novus Biologicals), anti-glutamate cysteine ligase 

catalytic (GCLC) subunit (1:1000, Santa Cruz), anti-β-actin, (1:3000, Sigma), and anti-

acetylation (1:500, Cell Signaling). Subsequently, the membranes were incubated for 1 h 

with the corresponding secondary antibodies. Protein bands were detected with ECL 

reagents (GE Healthcare).

Chromatin immunoprecipitation (ChIP)

RAW 264.7 cells were plated in 6-well plates. One day later, formaldehyde solution was 

added to the cells (1% final concentration), and the culture was incubated at 37 °C for 10 

min to crosslink the protein and DNA. Then 100 μL of 10X glycine was added, and the plate 

was incubated at room temperature for 5 min. The cells were washed twice with 1X cold 

phosphate-buffered saline (PBS), resuspended in 200 μL of SDS lysis buffer [1% SDS, 10 

mM EDTA, 50 mM Tris-HCl (pH 8.0)] containing phenylmethylsulfonyl fluoride (PMSF) 

and complete protease inhibitor cocktail (Roche), and sonicated on ice. ChIP was then 

carried out with the lysates by using a ChIP assay kit from Millipore according to the 

manufacturer’s instructions. The crosslinks were reversed by adding 20 μL of 5 M NaCl and 

heating at 65 °C for 5 h; DNA was recovered by phenol-chloroform extraction and ethanol 

precipitation. Relative amounts of DNA in the complex were quantified by PCR [26]. The 

PCR primers for 4 K and 10 K HO1 enhancers and GAPDH control were as follows: 4 K 

enhancer, 5′-GCGATATCTGCCTGCCTGTCAGAGGG-3′ (forward) and 5′-

GCGATATCTGCAGAGCCCCACTGGAG-3′ (reverse); 10 K enhancer, 5′-
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GGCAGGGTCCACCAGATCAC-3′ (forward) and 5′-

CCTGCCTTTAAGGGCTGTATCTGAACC-3′ (reverse); GAPDH (control), 5′-

AGGCCCGGTGCTGAGTATGTC-3′ (forward) and 5′-TGCCTGCTTCACCACCTTCT-3′ 
(reverse). The products were separated by electrophoresis on a 1 to 1.5% agarose gel.

Nuclear extraction and electrophoresis mobility shift assay (EMSA)

RAW 264.7 cells (approximately 5×107) were washed with ice-cold PBS and incubated on 

ice in PBS containing 5 mM diisopropyl-fluorophosphate (Sigma-Aldrich) for 15 min. The 

cells were then resuspended in buffer containing (in mM) 60 KCl, 15 NaCl, 5 MgCl2, 10 

Tris (pH 7.4), 300 sucrose, 1 dithiothreitol (DTT), 2 benzamidine, 0.5 spermidine, and 0.4 

PMSF, as well as 1% nonfat dried milk and complete protease inhibitor cocktail. After 5 

min, Nonidet P-40 (NP-40) was added to 0.05% (v/v). After an additional 5 min, the 

released nuclei were pelleted at 850 g for 5 min and resuspended in 1 mL of the buffer 

without NP-40. The nuclei were centrifuged at 16,000 g for 5 min and collected into 0.6 mL 

of buffer solution containing 1 mM DTT, 2 mM benzamidine, 0.5 mM spermidine, 0.4 mM 

PMSF, and protease inhibitors. The extracts were rocked at 4 °C for 30 min, centrifuged at 

16,000 g for 15 min, separated into aliquots, snap-frozen in liquid nitrogen, and stored at 

−80 °C. Protein concentrations were assessed by the Bradford assay (Bio-Rad). EMSA was 

carried out with a radiolabeled oligonucleotide containing the murine HO1 ARE sites as 

described previously [22]. For oligonucleotide competitions, unlabeled or mutated 

competitors were added 5 min before the radiolabeled probes.

Reverse transcription-PCR (RT-PCR)

Total RNA was isolated from cultured cells with Trizol reagent (Invitrogen). Reverse 

transcription was performed with an iScript cDNA synthesis kit (170-8890, BioRad) 

according to the manufacturer’s instructions, and PCR were carried out with a PCR kit 

(Advantage 2 PCR Kit, 639201, Clontech) based on previously established protocols. The 

PCR parameters were 95 °C for 5 min, 94 °C for 30 s, and 68 °C extension for 1 min for a 

total of 30 cycles. PCR primers used were as follows: HO1, 5′-

GTAACAGACTTGCCACACTCATA-3′ (forward) and 5′-

GCGTCGACGACGCTCCTTCACCGGACTG-3′ (reverse); GAPDH (control), 5′-

AGGCCCGGTGCTGAGTATGTC-3′ (forward) and 5′-TGCCTGCTTCACCACCTTCT-3′ 
(reverse).

Statistical analysis

All values are expressed as means±SEM. Statistical analysis among groups was performed 

with one-way analysis of variance followed by the Student-Newman-Keuls multiple-range 

test. Differences were considered significant at P<0.05.

Results

TSA protects neurons from OGD and mice from cerebral ischemic damage

To test whether HDAC inhibition induced by TSA protects neurons from OGD through 

activation of Nrf2, we first performed the MTT assay and trypan blue staining on cultured 

mouse neurons that had been treated with different concentrations of TSA and were 
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subjected to OGD. In MTT assay, TSA reduced OGD-induced cell damage in a dose-

dependent manner, but only 30 ng/mL of TSA significantly enhanced cell viability 

compared with the control group (Fig. 1A). Meanwhile, the TB staining showed that 30 or 

60 ng/mL of TSA significantly increased cell viability after OGD exposure, although there 

was no significant difference between these two doses (Fig. 1B), which was consistent with 

the MTT assay results. To further confirm the results in vivo, we examined whether TSA 

provided neuroprotection in WT mice after pMCAO. At 48 h after pMCAO, vehicle-treated 

mice had an average cortical infarct volume of 49.1±3.8%, but TSA-treated mice had an 

average cortical infarct volume of only 21.3± 4.6% (P<0.01; Fig. 1C). Mice administered 

TSA also had lower neurological deficit scores than mice in the control group (6.87±0.21 vs 

8.46±0.45, P<0.05; Fig. 1D). Therefore, our data confirmed that the HDAC inhibitor TSA is 

neuroprotective against cerebral ischemic damage.

TSA and other HDAC inhibitors suppress Nrf2 inhibitor Keap1 expression

To evaluate how HDAC inhibition influences Nrf2 activation, we first investigated whether 

TSA affects intracellular Nrf2 inhibitor Keap1 in RAW 264.7 cells. EGb 761 was used as a 

relevant control because it is known to induce Nrf2 activation and enhance HO1 expression 

[27]. We found that TSA (10, 30, and 100 ng/mL) but not EGb 761 (3, 10, 30, and 100 

μg/mL) reduced Keap1 protein level (Fig. 2A). The inhibition of Keap1 protein expression 

caused by 30 ng/mL of TSA was greatest at 16 h (Fig. 2B). Based on these results and those 

shown in Fig. 1A, we chose 30 ng/mL TSA, 100 μg/mL EGb 761, and 16 h of exposure for 

the remaining in vitro experiments.

Next, using RT-PCR, we determined that TSA also reduced Keap1 mRNA levels (Fig. 2C), 

suggesting that TSA might affect Keap1 transcription or stabilization of its mRNA. 

Additional investigation will be needed to verify the mechanism. To determine whether TSA 

affects Keap1 expression via inhibition of HDAC, we tested two other commonly used 

HDAC inhibitors, sodium butyrate and MS275. Both compounds inhibited Keap1 protein 

expression in a manner similar to that of TSA after 16 h treatment (Figs. 2D and E), 

suggesting that the ability of TSA to suppress Keap1 expression might result from its 

inhibition of HDAC. We subsequently treated cells with TSA, EGb 761, or both and 

immuno-precipitated cell lysates with antibodies to Keap1 or Nrf2, and then immunoblotted 

the lysates with anti-acetylation antibody. We could not detect Keap1 acetylation after 

TSA/EGb 761 treatment (data not shown); however, the data showed a trend toward 

enhancement of Nrf2 acetylation by TSA and TSA plus EGb 761 compared to vehicle 

control (Fig. 2F), suggesting that TSA might induce acetylation of Nrf2.

TSA activates Nrf2 and enhances Nrf2-ARE binding

Based on the ability of TSA to inhibit expression of Keap1, we hypothesized that TSA might 

activate Nrf2, enhance Nrf2-ARE binding, and consequently increase downstream gene 

expression. Through this mechanism, TSA might provide neuroprotection after permanent 

ischemia. To test our hypothesis, we first examined the effect of TSA on Nrf2 activation. 

Using coimmunoprecipitation of RAW 264.7 cell lysates that had been treated with TSA, 

EGb 761, or both for 4 h, we found that TSA and cotreatment of TSA and EGb 761 reduced 

the association of Keap1 and Nrf2 (Fig. 3A). Examination of Nrf2 nuclear translocation by 
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immunoblotting revealed that TSA and TSA plus EGb 761 increased Nrf2 translocation 

from the cytoplasm to the nucleus (Fig. 3B). EMSA results showed that TSA and EGb 761 

each enhanced nuclear protein Nrf2 binding to AREs in the HO1 enhancer and that 

cotreatment promoted more binding than treatment with either individual agent. This 

binding specificity was confirmed by the competition of radiolabeled probes with excess 

cold probes or with mutant probes that had mutated Nrf2-binding sites (Fig. 3C). 

Additionally, to test whether nuclear Nrf2 actually bound to the HO1 enhancer region, we 

employed the ChIP assay. We used anti-Nrf2 antibody to immunoprecipitate DNA fragments 

from cells that had been treated with TSA, EGb 761, or both. Then we amplified these DNA 

fragments by PCR using specific primers for HO1 enhancers at −4 K and −10 K. Our results 

suggested that TSA and EGb 761, applied individually or together, induced Nrf2 association 

with HO1 enhancers located at both −4 K and −10 K and that the association was specific, 

as Nrf2 did not bind to HO1 proximal promoters with non-Nrf2-binding sites (Fig. 3D). 

Finally, to determine whether nuclear Nrf2 could actually transactivate the downstream 

genes, we constructed a reporter plasmid that contained a fragment with multiple Nrf2-

binding sequences from the HO1 enhancer followed by a luciferase reporter gene. The 

plasmid was transfected into cells that were treated with TSA, EGb 761, or both for 16 h. 

The luciferase assay showed that individual or cotreatment increased luciferase activity and 

that cotreatment resulted in more activity than either drug individually (Fig. 3E). Taken 

together, the results suggest that TSA might activate transcription factor Nrf2 and its 

downstream reactions and that these effects might be enhanced by EGb 761.

TSA upregulates expression of Nrf2 downstream proteins

Because TSA was able to activate transcription factor Nrf2 and provide neuroprotection in 

cerebral ischemia, we hypothesized that TSA might regulate the Nrf2 downstream pathway. 

Therefore, we tested the effect of TSA on expression of antioxidative proteins downstream 

of Nrf2. We found that TSA alone induced HO1 expression in both RAW 264.7 cells (Fig. 

4A) and in primary neuronal cells (Fig. 4B) and enhanced EGb 761-induced HO1 expression 

(Figs. 4A and B). TSA also induced the expression of two other Nrf2-regulated proteins, 

NQO1 and GCLC, in cultured neuronal cells (Fig. 4C) and in brain tissue (Fig. 4D). 

Furthermore, TSA enhanced the effect of EGb 761 on NQO1 and GCLC expression (Fig. 

4C). These results indicate that the HDAC inhibitor TSA induces expression of Nrf2 

downstream proteins through activation of Nrf2.

TSA protection against cerebral ischemia is abolished in Nrf2-deficient mice

To determine whether Nrf2 activation by TSA contributes to the neuroprotection after 

cerebral ischemia, we evaluated infarct volume and neurological deficit scores in Nrf2-

deficient mice subjected to pMCAO. The mice were treated with vehicle or TSA 

immediately after and at 6 h after pMCAO. As reported previously, at 48 h post-pMCAO, 

Nrf2-deficient mice had significantly larger infarct volume (61.3±7.2% vs 49.1±3.8%, 

P<0.05) and more neurological deficits (9.55±1.50 vs 8.46±0.45, P>0.05) than WT mice in 

the absence of TSA (Figs. 5A and C). However, TSA treatment had no protective effect in 

Nrf2-deficient mice on both infarct volume (61.3±7.2% vs 54.8± 5.1%, P>0.05) and 

neurological deficits (9.55±1.50 vs 9.10±2.30, P>0.05) (Figs. 5B and D), suggesting that 

Nrf2 is needed for HDAC inhibition-mediated neuroprotection.
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Discussion

In this study, we have shown that HDAC inhibition contributes to enhancement of neuronal 

cell viability after OGD and reduction of cerebral ischemic injury in WT mice subjected to 

permanent ischemic stroke. Our in vitro mechanistic studies provide evidence that this 

HDAC inhibition-related neuroprotection may occur through activation of the transcription 

factor Nrf2. Three HDAC inhibitors—TSA, sodium butyrate, and MS275—reduced 

expression of the Nrf2 suppressor, Keap1, which might contribute to the dissociation of Nrf2 

from Keap1 [28]. HDAC inhibition with TSA also activated Nrf2 by promoting Keap1/Nrf2 

dissociation, Nrf2 nuclear translocation, and Nrf2–ARE binding in the HO1 enhancer. In 

addition, TSA increased HO1 transcription activity and upregulated the expression of Nrf2 

downstream proteins HO1, NQO1, and GCLC in mouse cell cultures (macrophage RAW 

264.7 cells and cortical neurons) and brain tissue. Finally, in contrast to WT mice, Nrf2-

deficient mice were not protected from cerebral ischemia after TSA treatment. It has been 

demonstrated that Nrf2 gene function is not necessary for overall mouse development, 

growth, and fertility. Furthermore, no detectable developmental defects have been found in 

Nrf2−/− mice [29]. Taken together, our studies reveal at least a partial contribution of Nrf2 to 

the neuroprotection by HDAC inhibition, offer underlying mechanisms for this 

neuroprotection, and suggest a promising therapeutic strategy for ischemic stroke.

Therapeutic benefits for diverse CNS diseases sometimes may be achieved by interfering 

with a set of common targets or pathways. Beginning with cancer therapy, the superfamily of 

HDACs has been recognized for its therapeutic possibilities in a broad range of human 

disorders. Now, the potential for use of HDAC-based therapeutics in CNS disorders has 

grown dramatically. HDACs have been implicated as direct or indirect regulators of 

neuronal-specific, immune-specific, and other tissue-specific gene expression patterns in 

brain. Furthermore, genetic evidence suggests crucial roles for HDACs in the maintenance 

of CNS homeostasis and in mutations of genes of histone-binding proteins that underlie 

neurological disorders [30]. HDAC inhibitors have emerged as a promising therapeutic 

intervention in neurodegenerative diseases based on their ability to raise histone acetylation 

levels, alter the transcription of associated genes, and provide neuroprotection.

Small molecule HDAC inhibitors include hydroxamates, short-chain fatty acids, cyclic 

peptides, and benzamides. TSA, an example of a hydroxamate, was first isolated in 1976 as 

an antifungal antibiotic [31]. It is a highly potent, specific, and reversible HDAC inhibitor, 

but it has not yet been developed for clinical use. However, multiple TSA analogues are 

being developed, and more potent HDAC inhibitors are now in early clinical trials [32]. 

Interestingly, a TSA-related hydroxamic acid, suberoylanilide hydroxamic acid (SAHA, also 

referred to as vorinostat), was recently approved by the FDA for the treatment of cutaneous 

T cell lymphoma. Although we had no way to measure TSA levels in plasma and CNS 

tissue, we observed no evidence of intoxication, and animal behavior after TSA treatment 

appeared normal.

In recent years it has been demonstrated that HDAC inhibitors attenuate brain damage from 

neurodegenerative diseases, including Huntington’s disease [33], amyotrophic lateral 

sclerosis [34], and experimental autoimmune encephalitis [35]. Importantly, some studies 
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have shown that HDAC inhibitors provide neuroprotection in animal models of stroke 

[12,14] and intracerebral hemorrhage [13]. In a model of transient cerebral ischemia, 

treatment with SAHA reduced infarct volume by 30–40%, indicating that it efficiently 

counteracted postischemic brain damage [36]. In agreement with those findings, we 

demonstrated that the HDAC inhibitor TSA ameliorated mouse cerebral ischemic damage in 
vitro and in vivo. The protective effects of TSA were evidenced by an increase in neuronal 

viability after OGD in vitro and by a decrease in infarct volume and neurological deficits in 

mice with permanent ischemia. Yildirim et al. [14] previously reported that treatment with 

TSA does not influence physiological parameters such as systemic blood pressure and blood 

gases; therefore, these parameters do not contribute to the protective effects. We did not 

investigate whether the neuroprotection of TSA extends over several days or weeks after 

injury and plan to address this question in future studies.

The neuroprotective effects of HDAC inhibitors may involve multiple mechanisms. HDAC 

inhibitors not only regulate gene expression directly via promoter hyperacetylation but also 

selectively modulate transcription factors via hyperacetylation that is independent of 

histones [37]. For example, HDAC inhibitors acetylate the neuroprotective transcription 

factor Sp-1 [38], as well as glucose-regulated protein 78 [39]. Additionally, these drugs 

inhibit the excitotoxicity-induced nuclear accumulation of glyceraldehyde-3-phosphate 

dehydrogenase [40], which has been shown to have a proapoptotic role in neurons. HDAC 

inhibitors also induce brain-derived neurotrophic factor in rat brain neurons [41] and glial 

cell-derived neurotrophic factor in cultured astrocytes from rat midbrain, causing robust 

neurite outgrowth [42].

Some studies have suggested that the neuroprotection against cerebral ischemia provided by 

HDAC inhibitors is due to their antiapoptotic effects. Indeed, HDAC inhibitors have shown 

anti-inflammatory effects in vitro and in vivo that result from inhibition of cytokines and key 

transcription factors (NF-kB and STAT) and from proliferation or differentiation of normal 

cells (synoviocytes and colonic epithelial cells) [43]. In addition, it has been demonstrated 

that HDAC inhibitor-induced neuro-protection in the ischemic brain involves prevention of 

apoptotic processes. In the rodent MCAO model, HDAC inhibitors suppressed ischemia-

induced p53 expression as well as neuronal caspase-3 activation and increased the 

expression of HSP70 and Bcl-2, both of which have been shown to protect against ischemic 

neuronal death [12,36]. Furthermore, the pMCAO-induced reduction in Akt phosphorylation 

was blocked by TSA and sodium butyrate [12]; this finding is relevant because Akt is 

considered to have antiapoptotic activity [44]. Moreover, HDAC inhibition can activate the 

ERK pathway [45] to reduce proapoptotic molecules and increase antioxidant enzymes [35] 

and HSP70 levels [36].

ARE is a nucleotide sequence located on the enhancer region of genes that encode phase II 

detoxifying enzymes, such as NQO1, HO1, and GCLC [46]. When cells are subjected to 

oxidative or xenobiotic stress, Nrf2 activates the expression of several dozen such 

cytoprotective genes [47] by binding to the ARE. Thus Nrf2 increases the production of 

downstream proteins that protect cells from endogenous and exogenous injuries. Our new 

findings suggest that HDAC inhibition with TSA might significantly activate Nrf2 and 

induce expression of its downstream genes. Since HDAC inhibitors may modulate the 
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transcription factor via acetylation independent of histone, and some researchers have 

reported that acetylation of Nrf2 augments promoter-specific DNA binding, thereby 

inducing Nrf2-mediated antioxidant genes [10], we suspect that HDAC inhibition by TSA 

might partially contribute to Nrf2 pathway regulation.

Interestingly, our data showed that TSA treatment with or without EGb761 increased Nrf2 

acetylation in vitro, activated Nrf2, and upregulated protein expression downstream of Nrf2, 

including. Correa et al. demonstrated that valproic acid and TSA elevated histone acetylation 

levels and restored Nrf2 protein expression and Nrf2-inducible antioxidant defense [48]. 

This study supports the premise that HDAC inhibition increases Nrf2 activity and is 

consistent with our results. Two previous reports showed that HO1 gene transcription, 

compared with that of NQO1 or GCLM, was less or not affected byNrf2 acetylation [10], or 

TSA even reduced HO1 expression in a bronchial epithelia cell line [49]. These 

discrepancies might be caused by the fact that acetylation of Nrf2 contributes to its ability to 

discriminate among different ARE sequences, as ARE sequences have considerable 

flexibility and variability among different genes and species/cells. Also we used EGb761 to 

stimulate Nrf2 pathway that is a different stimulator than others. The HO1 gene, unlike other 

Nrf2 target genes, is highly activated by Nrf2 independent of Nrf2 acetylation; modulation 

of Keap1 inhibition or Nrf2 phosphorylation can also selectively regulate the binding of 

Nrf2 to AREs.

A variety of studies have shown that Ginkgo biloba extract induces HO1 expression through 

Nrf2 activation in vitro and in vivo [6,50,51]. Although Ginkgo biloba is not an HDAC 

inhibitor, we used it here as a relevant control to investigate the associated mechanisms by 

which TSA might provide neuroprotection against cerebral ischemia. We found that EGb 

761 enhanced the ability of TSA to activate Nrf2 and induce HO1 in vitro without affecting 

the expression of Keap1. The results suggest that EGb 761 and TSA activate Nrf2 and EGb 

761 might amplify the Nrf2 activation produced by HDAC inhibition. In the future, we will 

test the possibility that the two agents might be applied together to produce additional 

protection after cerebral ischemia.

Our results suggest that HDAC inhibition induced by TSA may promote neuroprotection by 

suppressing Keap1 expression and thereby activating the transcription factor Nrf2. Although 

the various effects of HDAC inhibitors and proof of their clinical efficacy for the treatment 

of neurodegenerative diseases remain to be verified, our findings indicate that HDAC 

inhibition might represent a promising new possibility for pharmacologic intervention after 

ischemic stroke.
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ChIP chromatin immunoprecipitation

CNS central nervous system

DMEM modified Eagle’s medium

DTT dithiothreitol

EMSA electrophoresis mobility shift assay

GCLC glutamate cysteine ligase catalytic

HDAC histone deacetylase

HO1 heme oxygenase 1

Keap1 Kelch-like ECH-associated protein 1

LAS0811 1,2-dimethoxy-4,5-dinitrobenzene

MCA middle cerebral artery

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

NaB sodium butyrate

NP-40 Nonidet P-40

NQO1 NAD(P)H:quinine oxidoreductase 1

Nrf2−/− Nrf2-deficient

OGD oxygen/glucose deprivation

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

pMCAO permanent middle cerebral artery occlusion

PMSF phenylmethylsulfonyl fluoride

ROS reactive oxygen species

RT-PCR reverse transcription polymerase chain reaction

SAHA suberoylanilide hydroxamic acid

SDS sodium dodecyl sulfate

TSA trichostatin A

TTC 2,3,5-triphenyl-tetra-zolium chloride

WT wild-type
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Fig. 1. 
The HDAC inhibitor TSA protects neurons from OGD and mice from cerebral ischemic 

damage. (A, B) Primary cortical neurons were treated with 3, 10, 30, or 60 ng/mL TSA 

solution or DMSO (control) for 1 h and then subjected to 150 min of oxygen/glucose 

deprivation (OGD). The MTT assay and TB staining were used to evaluate cell viability. The 

number of viable neurons significantly decreased after OGD compared to control group. 

TSA treatment (30 or 60 ng/mL) significantly improved cell viability after OGD but did not 

affect the viability of control cells that were not exposed to OGD. (C, D) Mice were 

subjected to pMCAO and then administered either vehicle (Veh) or TSA (1 mg/kg) 

immediately after the procedure and at 6 h. Infarct volume and neurological deficits were 

evaluated after 2 days. (B) Infarct volume was significantly larger in the vehicle-treated 

group than in the TSA-treated group. (C) Mice that received TSA had lower neurological 

deficit scores than did mice in the vehicle-treated group. n=9 per group; *P<0.05, **P<0.01.
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Fig. 2. 
TSA and other HDAC inhibitors suppress Nrf2 inhibitor Keap1 expression. Different 

concentrations of TSA (10, 30, and 100 ng/mL), EGb 761 (3, 10, 30, and 100 μg/mL), or 

both were applied to mouse RAW 264.7 cells for 16 h. Then Keap1 protein levels were 

measured by Western blot analysis. (A) TSA and TSA+EGb 761, but not EGb 761 alone, 

decreased Keap1 expression at all doses tested. (B) TSA (30 ng/mL) significantly reduced 

Keap1 protein level at 16 h. (C) TSA (30 ng/mL) and TSA+EGb 761 (100 μg/mL) reduced 

Keap1 mRNA levels as measured by RT-PCR. (D, E) Commonly used HDAC inhibitors 

sodium butyrate (NaB, 5 mg/L) and MS275 (10 μmol/L) decreased Keap1 expression in the 

presence or absence of EGb 761 after 16 h of treatment. (F) Treatment with TSA (30 ng/mL) 

or TSA+EGb 761 (100 μg/mL) produced a trend toward Nrf2 acetylation. Ac-Nrf2, 

acetylated Nrf2; T-Nrf2, total Nrf2.
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Fig. 3. 
TSA activates Nrf2 and enhances Nrf2–ARE binding. (A) RAW 264.7 cells were treated 

with TSA (30 ng/mL), EGb 761 (100 μg/mL), or TSA+EGb 761 for 16 h. Coimmuno-

precipitation showed that antibodies to Keap1 and Nrf2 precipitated significantly less of the 

other protein after treatment with one or both drugs, indicating a reduction in interaction 

between Nrf2 and Keap1. Total Keap1 and total Nrf2 were used as protein loading controls. 

(B) Nrf2 protein expression was assessed in nuclear and cytosolic fractions. Nrf2 expression 

was unchanged in the cytosolic fraction, but it was significantly increased in the nuclear 

fraction after TSA treatment and cotreatment with TSA and EGb 761. (C) Based on EMSA, 

Nrf2–ARE-binding activity was enhanced after TSA treatment and substantially increased 

after treatment with TSA+EGb 761. Competition with excess cold (nonradioactive) probes 

markedly suppressed Nrf2–ARE binding, but mutant probes were unable to disrupt this 

binding. (D) In a chromatin immunoprecipitation assay, treatment with TSA alone or with 

EGb 761 induced Nrf2 association with HO1 enhancers at both −4 K and −10 K; Nrf2 did 

not bind to HO1 proximal promoters with non-Nrf2-binding sites. GAPDH was a loading 

control. (E) The luciferase assay showed that TSA or TSA+EGb 761 induced luciferase 

activity; TSA+EGb 761 increased transcription more than either drug individually. *P<0.05, 

**P<0.01 vs no drug.
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Fig. 4. 
TSA upregulates the expression of proteins downstream of Nrf2. TSA (30 ng/mL) and EGb 

761 (100 μg/mL) increased HO1 expression in mouse RAW 264.7 cells (A) and in primary 

neuronal cells (B). TSA further enhanced EGb 761-induced HO1 expression (A, B). 

Additionally, immunoblotting showed that the expression of two other Nrf2-regulated 

proteins, NQO1 and GCLC, was elevated by TSA treatment in cultured neuronal cells (C) 

and in brain tissue (D). TSA further increased NQO1 and GCLC expression induced by EGb 

761 in neurons (C). Actin was used as a loading control.
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Fig. 5. 
TSA protection against cerebral ischemia is absent in Nrf2-deficient mice. Nrf2−/− mice had 

increased infarct volume compared to WT counterparts in the absence of TSA (A), and also 

had more neurological deficits than WT mice, but no statistical significance (C). TSA 

treatment (1 mg/kg) had no effect on cortical infarct volume or neurologic deficit scores in 

Nrf2−/− mice compared to vehicle-treated controls (B and D); n=10 per group.
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