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Abstract Many population-based epidemiological stud-

ies have unveiled an inverse correlation between intake of

herbal plants and incidence of stroke. C. nutans is a tra-

ditional herbal medicine widely used for snake bite, viral

infection and cancer in Asian countries. However, its role

in protecting stroke damage remains to be studied. Despite

of growing evidence to support epigenetic regulation in the

pathogenesis and recovery of stroke, a clear understanding

of the underlying molecular mechanisms is still lacking. In

the present study, primary cortical neurons were subjected

to in vitro oxygen–glucose deprivation (OGD)–reoxy-

genation and hypoxic neuronal death was used to

investigate the interaction between C. nutans and histone

deacetylases (HDACs). Using pharmacological agents

(HDAC inhibitor/activator), loss-of-function (HDAC

siRNA) and gain-of-function (HDAC plasmid) approaches,

we demonstrated an early induction of HDAC1/2/3/8 and

HDAC6 in neurons after OGD insult. C. nutans extract

selectively inhibited HDAC1 and HDAC6 expression and

attenuated neuronal death. Results of reporter analysis

further revealed that C. nutans suppressed HDAC1 and

HDAC6 transcription. Besides ameliorating neuronal

death, C. nutans also protected astrocytes and endothelial

cells from hypoxic-induced cell death. In summary, results

support ability for C. nutans to suppress post-hypoxic

HDACs activation and mitigate against OGD-induced

neuronal death. This study further opens a new avenue for

the use of herbal medicines to regulate epigenetic control

of brain injury.
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Introduction

Stroke (cerebrovascular accident, CVA) is caused by either

lacking of blood flow (ischemic) or leakage of blood (he-

morrhage) in brain parenchyma, leading to rapid neuron

cell death and loss of brain functions. Stroke is the third

leading cause of death and the leading cause of adult dis-

ability worldwide. It is estimated that around 6.4 million

people in USA suffer stroke with 85 % ischemic stroke and

15 % hemorrhagic stroke. Ischemic stroke (or cerebral

ischemia) triggers a complex series of biochemical and

molecular mechanisms involving excitotoxicity, calcium

overload and oxidative stress leading to impaired neuro-

logic functions, breakdown of cell integrity, cell death and

development of infarction (Mehta et al. 2007).

Cerebral ischemia is known to alter the expression of a

myriad of genes, suggesting that epigenetic modifications

may play an important role in the pathogenesis and

recovery of stroke (Fessler et al. 2013; Schweizer et al.

2013; Ziemka-Nalecz and Zalewska 2014).

Advances in the field of epigenetics have opened a new

avenue for stroke treatment (Aune et al. 2015). Unlike
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simple genetics based on changes in DNA sequence (the

genotype), epigenetic modifiers have been demonstrated to

influence the expression of groups of genes through post-

translational modification of histones or DNA. These

modifications can include acetylation, methylation, phos-

phorylation, ubiquitination and citrullination. Among them,

modulation of histone acetylation appears to be well

studied. Histones are acetylated by histone acetyl trans-

ferase (HAT) enzymes, and histone deacetylases (HDACs)

remove these modifications. Many compounds with known

anti-inflammatory and neuroprotective functions, such as

trichostatin (TSA) and valproic acid, have HDAC inhibi-

tory activity. There is evidence that HDAC inhibitors

possess anti-inflammatory as well as neuroprotective

actions in experimental stroke models, suggesting that they

may offer therapeutic potential for ameliorating CNS dis-

orders (Fessler et al. 2013; Schweizer et al. 2013; Ziemka-

Nalecz and Zalewska 2014;).

Multicenter clinical trials and large population epi-

demiological studies have focused on use of herbal

medicine for treatment of stroke (Chen et al. 2012). Cli-
nacanthus nutans Lindau (C. nutans), also known as Sabah

snake grass, Belalai gajah (Malay) and憂遁草 (Mandarin),

is a herbal plant used for snake and insect bites, skin rashes

and cancer due to its analgesic, anti-inflammatory, antiviral

and antioxidant properties (Pongphasuk and Khunkitti

1996; Daduang et al. 2005; Sakdarat et al. 2006;

Uawonggul et al. 2006; Yong et al. 2013). However, pos-

sible use of this herb to ameliorate stroke injury has not

been investigated. A recent study by Tan et al. (2015)

demonstrated regulation of cytosolic phospholipase A2

(cPLA2) mRNA expression by epigenetic factors and

effects of C. nutans to modulate cPLA2 mRNA expression

(Tan et al., submitted this issue). In the present study, we

examined effects of C. nutans on the expression of HDAC

isomers and their causal relationship on cell viability using

primary cortical neurons subjected to transient hypoxic

insult.

Materials and Methods

Plant Materials and Plant Extracts

The leaves extract of Clinacanthus nutans (CN) was pro-

vided by Prof. Ong Wei-Yi (National University of

Singapore). In brief, the leaves (778 g) were rinsed with

distilled water and soaked in 80 % ethanol (2 L) for 1 h.

The leaves were blended using a homogenizer (Wiggen

Hauser D-500), and the mixture was left to stand for 1 h.

The ethanol extract was then filtered under vacuum (Gast

USA DOA-PIO4-BN) using 90-mm glass microfiber filter

membranes (Whatman, Little Chalfont, Buckinghamshire,

UK). The filtrate was concentrated in a rotary evaporator at

50 °C (Buchi Labortechnik AG, Postfach, Switzerland).

The resultant dark green condensate was subjected to

freeze-drying (Christ Gamma 1-16 LSC) for 1–2 days.

After drying, the resultant solid residue (27.02 g) appeared

as a dark green powder and was stored for long-term usage

at −80 °C. The extract yield (w/w) from 778 g of fresh SSG

leaves was approximately 3.5 %. Prior to usage, the powder

extract was dissolved in dimethyl sulfoxide (DMSO), and

the final concentration of DMSO in each reaction is less

than 0.1 %, which showed no toxic effect on primary

cortical neurons (PNs).

Cell Cultures and Oxygen–Glucose Deprivation
(OGD) Model

Primary cortical neurons (PNs) were prepared from E15.5

mouse embryos and cultured in neurobasal plus B27

medium (Gibco, Grand Island, NY) containing 2 mM

L-glutamine, 10 μM glutamate, 1.6 % FBS, 0.4 % HS and

penicillin/streptomycin. On days in vitro (DIV) 3, the cells

were treated with 1 µM cytosine arabinoside (Ara-C) for

72 h to prevent glial proliferation and then maintained in

serum-free neurobasal plus B27 medium at 37 °C in a

humidified 5 % CO2 incubator. Experiments were con-

ducted on DIV 8–10 (Huang et al. 2015). Cerebral

astrocytes were obtained from newborn mice (C57BL6;

postnatal day 1) following methods described previously

with modifications (Yin et al. 2006). In brief, the dissected

cerebral cortices were mechanically triturated in glia cul-

ture medium [DMEM/F12 (Invitrogen) with 10 % FBS,

100 U/ml penicillin and 100 μg/ml streptomycin], filtered

through a 40-μm cell strainer, and the filtered cells were

plated in 10-mm cell culture dishes coated with poly-

L-lysine and grown in glia culture medium for 10 days

followed by orbital shaking at 100 rpm in 37 °C for 6 h to

remove the residual microglia and oligodendrocyte pre-

cursor cells. The final attached cells, mostly astrocytes,

were used for experiments at day 3 after final seeding, and

the purity was 95 %, as determined by GFAP immunos-

taining. Mouse cerebral endothelial cells (CECs) were

prepared as described previously (Hu et al. 2006; Wu et al.

2014). CECs were grown to 70 % confluence in DMEM

supplemented with 10 % FBS in a humidified 5 % CO2

atmosphere.

CN, trichostatin A (TSA; Sigma-aldrich, St. Louis,

MO), MS275 (Sigma-aldrich), theophylline (Sigma-

aldrich), MC1568 (Sigma-aldrich), NU9056 (Santa Cruz

Bio, Santa Cruz, CA) and ITSA-1 (Sigma-aldrich) were

added into cells either alone or in different combinations

for 1 h prior to OGD treatment (Goldberg and Choi 1993;

Huang et al. 2015). All chemicals were dissolved in DMSO

(final concentration ≤0.1 %). In brief, OGD was conducted

Neuromol Med (2016) 18:274–282 275

123



in a temperature-controlled (37 °C ± 1 °C) anaerobic

chamber (Model 1025, Forma Scientific, Marietta, OH,

USA) containing a gas mixture of 5 % CO2, 10 % H2, 85 %

N2 and 0.02–0.1 % O2. Primary neurons on DIV 10 or cells

grown to 70 % confluence were washed with deoxygenated

glucose-free Hanks’ balanced salt solution (HBSS,

GIBCO-BRL) and then transferred to an anaerobic cham-

ber for 30 min. After OGD, cells then underwent

reoxygenation by adding equal volume of oxygenated

glucose-containing HBSS and returned to the normoxic

5 % CO2/95 % air incubator for various times. Cell via-

bility was determined by use of the cell counting kit 8

(CCK-8) (Dojindo Molecular Technologies, Kumamoto,

Japan).

RNA Isolation, Reverse Transcription (RT)
and Polymerase Chain Reaction (PCR)

RNA isolation was performed as previously described (Wu

et al. 2009). Total RNA (4 μg) was incubated with Rev-

ertAid™ H Minus First Strand cDNA Synthesis Kit

(Fermentas, Vilnius, Lithuania). The reaction mixture was

incubated at 65 °C for polydT oligomer annealing and then

extension in buffer, dNTP, reverse transcriptase and RNase

inhibitor in a final volume of 20 μl at 42 °C for 1 h and then

70 °C for 5 min to inactivate the enzyme. Finally, a total of

80 μl DEPC-treated water was added to the reaction mix-

ture before storage at −80 °C. One to 2 μl of the RT

reaction solution was used in the PCR. PCR was carried out

in a 25 μl final volume containing 0.2 mM dNTP, 0.1 μM
of each primer and 1 unit of Tag polymerase (NEB,

Ipswich, MA). The mixture was subjected to PCR ampli-

fication for 25–30 cycles and incubated at 72 °C for 10 min

then cooled to 4 °C (PE, Norwalk, CT). Primer sequences

for HDAC1 to HDAC11 are: HDAC1: F 5′-gagacggcattgac
gacgaatcctat-3′, R 5′-tgcgtttatcagaggagcagatggag-3′; HDAC2:
F 5′-tacaacagatcgcgtgatgaccgt-3′, R 5′-agcaacattcctacgacctc
cttcac-3′; HDAC3: F 5′-caatgtgcccttacgagatggcattg-3′, R 5′-cac
cacagaggtgacaaggaactctt-3′; HDAC4: F 5′-agaggctgaatgtgag
caagatcctc-3′, R 5′-acgcaggagtgatacgggtaagtttc-3′; HDAC5: F
5′-gactgcattcaggtcaaggatgagga-3′, R 5′-ccatggtgaatatcccagtc
cacgat-3′; HDAC6: F 5′-gaagtggaagaagccgtgctagaaga-3′,
R 5′-cataccggtgcagggacacgtataat-3′; HDAC7: F 5′-caagaaatcc
ctggagagacgcaaga-3′, R 5′-actccctatgttccaggccatcattc-3′;
HDAC8: F 5′-cctgggaatattacgattgcgacgga-3′, R 5′-aaccgcttg
catcaacacactgtc-3′; HDAC9: F 5′-aggagcacatcaaggaacttc
tagcc-3′, R 5′-acaccttgtctgagcatctgtgtctc-3′; HDAC10: F

5′-ggccagggcatccagtatatcttcaa-3′, R 5′-tcaagactgacccttcttgatg-
gagc-3′; andHDAC11: F 5′-aaggaagaaggaagctgggattctcc-3′, R
5′-gaaggacactatgaaggctgtgggaa-3′ (Chen et al. 2012) by

MDBIO, INC. (Taipei, Taiwan).

Western Blot analysis

Western blot analysis of proteins was performed as

described (Wu et al. 2015) with HDAC1 (1:3000), HDAC6

(1:3000) and GAPDH (1:2000) antibodies from GeneTex

Inc. (San Antonio, TX). Protein bands were visualized by

enhanced chemiluminescence system (Merck Millipore;

Billerica, MA, USA). Subcellular fractions of primary

neurons were prepared using the ProteoJET Cytoplasmic

and Nuclear Protein Extraction Kit (Fermentas, Burlington,

ON, Canada).

Small Interference RNA (siRNA) Transient
Transfection

SiRNA and scramble RNA (scRNA, control) were pur-

chased MDBIO, INC (Taipei, Taiwan; HDAC1, scRNA).

mRNA-In® Neuro (MTI-GlobalStem, Gaithersburg, MD,

USA) was used as transfection carrier; in brief, 1.5 µl of
mRNA-In® Neuro and 20 pmol siRNA was mixed in 50 µl
of Optimedium and then added into 24-well dish contain-

ing 2.5 9 105 primary neurons/well. At 5 h after

transfection, the medium was replaced by culture medium

containing neurobasal plus B27 medium and cultured for

an additional 19 h before OGD treatment. Transfection

efficiency (70 %) was evaluated by transfection of FAM-

labeled siRNA (MDBio), and enhanced green fluorescent

protein in primary neurons was measured by flow cytom-

etry and fluorescence microscopy.

Plasmid Constructs, Transient Transfection
and Reporter Assay

HDAC1 plasmid p181 pK7-HDAC1 (GFP) and p182 pK7-

HDAC1 mut (GFP) were gift from Ramesh Shivdasani

(Addgene plasmid # 11054 & 11055, Cambridge, MA; Tou

et al. 2004). HDAC1 reporter constructs were prepared by

cloning a mouse promoter sequence into the pGL4-Luc

vector (Promega, Madison, WI, USA) as previously

described (Wu et al. 2014).

For cloning HDAC1 (m) promoter, 5′-flanking region of

mouse genomic sequence was synthesized by PCR using

the following primers: (1) p1000-Luc (−1000 to 1), F: 5′-tt
tggtacccgtcccccccaaacaacaactta-3′, R: 5′-tttctcgagcctcccgt
cagtctgtccg-3′; (2) p520-Luc (−520 to 1), F: 5′-tttggtaccagc
acataaaggtcttgcccca-3′, R: 5′-tttctcgagcctcccgtcagtctgtccg-
3′; and (3) p240-Luc (−240 to 1), F: 5′-tttggtaccttctctaag
ctgcccttgccc-3′, R: 5′-tttctcgagcctcccgtcagtctgtccg-3′. For

cloning HDAC6 promoter, 5′-flanking region of mouse

genomic sequence was synthesized by PCR using the fol-

lowing primers: (1) p1000-Luc (−1000 to 1), F: 5′-
tttggtaccttttccttcctcggtccacc-3′, R: 5′-tttctcgagatctcccgc
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ccagcca-3′. PCR products were cloned into pGL4 lucifer-

ase reporter. A minimal cytomegalovirus promoter pCMV-

β-galactosidase (β-Gal) plasmid (Promega) was used as an

internal control of transfection. Cells were lysed with

reporter lysis buffer (Promega), and the luciferase activity

was then determined by mixing 50 μL of the cell lysate

with 50 μL of the luciferase assay reagent.

Transfection protocol for mouse primary cortical neurons

was adopted from N2A neuroblastoma cells as previously

described with modifications (Wu et al. 2015). In briefly,

1.25 μL of DNA-In®Neuro (MTI-GlobalStem) and 0.5ug of

DNA were mixed in 30 μL of Opt medium and then added

into 24-well dish containing 2.7 9 105 neuronal cells/well.

Three hours after transfection, 0.5 ml medium was added to

each well and incubated for an additional 21 h prior to OGD

treatment. Transfection efficiency (25 %) was evaluated by

transfection of pENGF-N1, and measurement of enhanced

green fluorescent protein in cells by flow cytometry, reporter

activity/fluorescence microscopy, western blot and confocal

microscope.

Statistical Analysis

ANOVA was used to compare the expression of proteins,

mRNA or infarct volumes. Differences between groups

were further analyzed by post hoc Fisher’s protected t test
by use of GB-STAT 5.0.4 (Dynamic Microsystems, Silver

Springs, MD). P\0.05 was considered significant. We use

at least n = 3 in triplicates for in vitro studies and n ≥ 6 for

in vivo studies.

Results

A. C. nutans (CN) protects mouse primary cortical neu-

rons (PNs), astrocytes and endothelial cells (CECs)

from hypoxia-induced cell death

In this study, PNs, astrocytes and CECs were subjected to a

protocol involving 0.5-h OGD and 24-h reoxygenation

(H0.5R24). All three cell types showed decrease in cell

viability after OGD insult (Fig. 1). While only

37.3 ± 4.5 % of PNs remained viable at 24 h of reoxy-

genation, pretreatment of 5 μg/ml CN significantly

increased PNs viability to 58 ± 5.6 % (Fig. 1). Similar

degrees of protection were also noted in astrocytes (38.2–

56.3 %) and CECs (40.9–57 %) (Fig. 1).

B. C. nutans (CN) protects mouse primary cortical

neurons (PNs) from hypoxia-induced cell death via

inhibiting HDAC1/6 transcription

To investigate whether epigenetic regulation is involved

in the protective function of CN, PNs were incubated with

TSA (HDAC class I & II inhibitor; 10 μM), TSA + ITSA-1

(TSA inhibitor; 1 mM), MS275 (HDAC class I inhibitor;

1 μM), MC1568 (HDAC class II inhibitor; 20 μM),

MU9056 (HAT inhibitor; 1.25 μM), CN (5 μg/ml),

CN + TSA or CN + ITSA-1 for 1 h prior to subjecting to

H0.5R24. Cell viability analysis indicated that PNs via-

bility was decreased to 37 % after H0.5R24. TSA and

MS275 significantly increased cell viability to 52 and

Fig. 1 C. nutans (CN) protects brain neural cells from OGD-induced

cell death. Primary cortical neurons (PNs), astrocytes and endothelial

cells (CECs) are pretreated with 5 μg/ml CN for 1 h before subjected

to 0.5-h OGD and 24-h reoxygenation (H0.5R24) and subsequently

for cell viability analysis. H0 refers to no OGD normal control. Data

are mean ± SD of at least three independent experiments performed

in triplicate. **P \ 0.01 versus vehicle control (Con)

Fig. 2 C. nutans (CN) attenuating OGD-induced neuronal death is

mediated by HDACs. PNs are pretreated with 10 μM TSA, 10 μM
TSA + 1 mM ITSA-1, 1 μM MS275, 20 μM MC1568, 1.25 μM
NU9056, 5 μg/ml CN, CN + TSA or CN + ITSA-1 for 1 h and then

subjected to H0.5R24 for cell viability analysis. H0 refers to no OGD

normal control. Data are mean ± SD of at least 3 independent

experiments performed in triplicate. **P \ 0.01 versus H0.5R24

vehicle control (Con)
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50 %, respectively, while no visible changes in cell via-

bility were noted in PNs treated with MC1568 or NU9056

(Fig. 2). Meanwhile, the protective effect of TSA was

neutralized in the presence of its inhibitor ITSA-1 (39 %

viability). CN significantly increased cell survival to 61 %.

Intriguingly, TSA did not further enhance the protective

effects of CN (59 % survival), whereas ITSA-1 abolished

the beneficial effect of CN. These results suggest that CN

and TSA may share same signaling mechanisms for their

beneficial effect and likely to involve HDACs.

Histone deacetylases (HDACs) are divided into 4

groups: class I isomers (HDAC1, 2, 3 and 8) are localized

to the nucleus; class IIa isomers (HDAC4, 5, 7 and 9) are

found in both nucleus and cytoplasm; class IIb isoforms

(HDAC6 and 10) are confined to the cytoplasm; class IV

isoform (HDAC11) has properties of both class I and class

II; and class III isoforms (or sirtuins) form a structurally

distinct class of NAD-dependent and TSA-insensitive

enzymes, which are different from the Zn-dependent and

TSA-sensitive HDACs (Thiagalingam et al. 2003).

To ascertain whether the beneficial effect of CN is

HDAC dependent, we examine the mRNA levels of the

TDA-sensitive HDAC1 to 11, after hypoxic insult (Fig. 3).

A significant increase in the level of HDAC1, 2, 3, 6 and 8

was noted in PNs after H0.5R4 challenge. Among them,

only HDAC1 and HDAC6 mRNA levels were repressed by

CN (Fig. 3).

We then examined the temporal profile for CN on

HDAC1 and HDAC6 expression following transient

hypoxia insult. When PNs were subjected to 30-min OGD

followed by different reoxygenation times, there was a

transient induction of both HDAC1 and HDAC6 mRNAs,

which was already maximal at 30 min after OGD (R0), and

then gradually declined (Fig. 4a, b). CN pretreatment

protected PNs from the transient increase in HDAC1 and

HDAC6. In addition, OGD not only changed mRNA,

HDAC1 and HDAC6 protein levels were also marked

increased 4 h after H0.5R4 insult, and pretreatment of CN

nearly completely abrogated the increase due to OGD

(Fig. 4c, d).

The aforementioned data suggested CN might regulate

HDAC1 and HDAC6 at the transcription level. To test this

hypothesis, we sub-cloned 5′-flanking regions of mouse

HDAC1 genome into pGL4 luciferase reporter vector: (1)

p1000-Luc, a 1000-bp (−1000 to 1); (2) p520-Luc, a

520-bp (−520 to 1); and (3) p240-Luc, a 240-bp (−240 to 1)
5′ region of HDAC1 genome, as well as mouse HDAC6

gene: (4) p1000-Luc, a 1000-bp (−1000 to 1) 5′ region of

HDAC6 genome (Fig. 5). To determine the role of CN on

HDAC1 and HDAC6 transcription, the reporter constructs

were transfected to PNs 24 h before subjected to H0.5R24

(Fig. 5). HDAC1 p1000-Luc reporter was turn on after

H0.5R24 challenge, while CN attenuated hypoxia-induced

reporter activation. CN’s reporter inhibitory effect was not

observed when PNs were transfected with truncated

p520-Luc and p240-Luc reporter, suggesting −1000 to

−520 region harbored critical site(s) for HDAC1 tran-

scription. Similarly, HDAC6 p1000-Luc reporter was also

turned on after H0.5R24 challenge, and reporter activation

was inhibited by CN (Fig. 5).

Fig. 3 C. nutans (CN) selectively inhibited OGD-induced HDAC1

and HDAC6 mRNAs upregulation in primary cortical neurons. PNs

are pretreated with 5 μg/ml CN for 1 h and then subjected to H0.5R4

for isoforms of HDAC mRNA analysis. Representative RT-PCR

mRNA bands are semi-quantified by densitometry and normalized to

that of β-actin. H0 refers to no OGD normal control. Data are

mean ± SD of at least 3 independent experiments performed in

triplicate. *P \ 0.05, **P \ 0.01 versus vehicle control (Con)
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C. HDAC1 siRNA knockdown ameliorates, while

HDAC1 activation or overexpression exaggerates

hypoxia-induced neuron death after H0.5R24 insult

In order to study the impact of HDAC1 on cell survival,

PNs were transfected with HDAC1 siRNA for 24 h and

then subjected to OGD–reoxygenation. Pretreatment of

HDAC1 siRNA decreased HDAC1 protein level (Fig. 6a),

and this was marked by a reciprocal increase in the via-

bility of PNs after H0.5R24 (Fig. 6b). On the other hand,

when PNs were pretreated with 10 μM theophylline, a

known HDAC1 activator, expression of HDAC1 was

enhanced (Fig. 6c), but this condition led to a decrease in

cell viability as compared with control group (Fig. 6d).

Similarly, increased HDAC1 mRNA was observed when

theophylline was added to cells pretreated with CN, and the

presence of theophylline abrogated the effects of CN

(Fig. 6c, d). Furthermore, the beneficial effect of CN was

abrogated in PNs transfected with wild-type HDAC1, but

not with mut-HDAC1 plasmid after H0.5R24 insult

(Fig. 6e). In addition, PNs transfected with wild-type

HDAC 1 plasmid showed less viability than transfected

with mut-HDAC1 plasmid at H0.5R24 (Fig. 6e).

Discussion

There is evidence that cerebral ischemia is marked by a

general decrease in histone acetylation suggesting possible

activation of histone deacetylases (HDACs) or subsequent

Fig. 4 C. nutans (CN) time-dependently suppressed OGD-induced

HDAC1 and HDAC6 mRNAs upregulation in primary cortical

neurons. PNs are pretreated with 5 μg/ml CN for 1 h and then

subjected to 0.5-h OGD and various reoxygenation periods for

HDAC1 and HDAC6 mRNAs (a, b) and proteins (c, d) analysis.

Representative mRNA or protein bands are semi-quantified by

densitometry and normalized to that of β-actin or GAPDH, respec-

tively. H0 refers to no OGD normal control. H0 refers to no OGD

normal control. Data are mean ± SD of at least three independent

experiments performed in triplicate. *P \ 0.05, **P \ 0.01 versus

vehicle control (Con)
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transcription repression (Fessler et al. 2013; Schweizer

et al. 2013; Ziemka-Nalecz and Zalewska 2014; Aune et al.

2015). These findings led to use of pan-HDAC inhibitors

(HDACi), such as trichostatin/TSA and valproic acid/VPA,

to reduce ischemic damage (Fessler et al. 2013; Schweizer

et al. 2013; Aune et al. 2015). Others reported that

knocking-in HDAC4 and HDAC5 can protect neurons

from OGD injury and HDAC9 SNP is associated with large

vessel ischemic stroke (Bellenguez et al. 2012; He et al.

2013; Aune et al. 2015). Thus, despite implication of

HDACs in ischemic stroke, the exact mechanism remains

elusive.

In the present study, we showed that primary cortical

neurons subjected to OGD–reoxygenation led to a transient

induction of HDAC1/2/3/8 (class I) and HDAC6 (class IIb)

and demonstrated for the first time that knockdown of

HDAC1 increased cell viability, while HDAC1 overex-

pression decreased cell survival. Our findings are in line

with previous report that HDAC3 and HDAC6 were

increased during the early phase of experimental stroke,

while HDAC3/6 knockdown increased neuronal survival

(Chen et al. 2012); in addition, HDAC6 inhibition allevi-

ated stroke-induced brain infarction and functional deficits

(Wang et al. 2016). Whether induction of HDAC2/8 also

contributes to neuronal death deserves further

investigation.

Recent epidemiological studies showed that some nat-

ural herbs can confer prophylactic effects against stroke

incidence (Chen et al. 2012). Despite the use of C. nutans

in treating snake bite and viral infection, and recently for

cancer therapy, whether this herbal plant may exert pro-

tective effects on injury of the central nervous system has

not been explored in detail. In the present study, we

demonstrated for the first time that ethanol extract of leaves

from C. nutans protected not only neurons but also astro-

cyte and endothelial cells from hypoxia-induced cell death.

Results further show that C. nutans attenuated neuronal

death via inhibiting hypoxia-induced early HDAC1 and

HDAC6 transcription. C. nutans extract is known to con-

tain many components including lupeol, vitexin, orientin

and cerebrosides and has been reported to have anti-in-

flammatory effects (Saleem 2009; Loizou et al. 2010;

Borghi et al. 2013; Mandal et al. 2014; Zhou et al. 2014).

Further studies are needed to identify the active ingredient

(s) responsible for the neuroprotective effects. Once the

key components are identified, it will be important to fur-

ther investigate the transcription factor(s) responsible for

inhibiting HDAC gene expression.

In summary, the present study provided evidence that

inhibitors of epigenetic regulator HDACs can confer mul-

tifaceted neuroprotective actions. In this study, we further

provide initial findings that C. nutans, a medicinal herb,

can act as a HDACs inhibitor to attenuate the transcrip-

tional activity of HDAC1 and HDAC6 and subsequent

ameliorate hypoxic neuronal death. This neuroprotective

signaling cascade brings this herb to a new horizon and

opens a new avenue for possibility to use this product to

treat ischemic brain injury.

Fig. 5 C. nutans (CN) silences OGD-activated HDAC1 and HDAC6

transcription. PNs are transfected with 0.5 μg of serial deleted

HDAC1 or HDAC6 reporter plasmids for 24 h, incubated with 5 μg/
ml CN for another h and then subjected to H0.5R24 for reporter

analysis. Reporter activity is expressed as relative light unit (RLU)

with β-gal (b-Gal) as normalization control. H0 refers to no OGD

normal control. Data are mean ± SD of at least three independent

experiments performed in triplicate. **P \ 0.01 versus vehicle

control (Con)
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