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组蛋白去乙酰化酶6抑制剂治疗缺血性脑卒中的研究进展
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摘  要：组蛋白乙酰化酶(histone acetyltransferases, HATs)和组蛋白去乙酰化酶(histone deacetylases, HDACs)主导的蛋白质乙酰

化修饰在神经系统的发育、成熟中具有重要地位。HDAC6属于II类HDACs，能够调节神经细胞的存活、分化和成熟，参与

脑认知和情绪调控，在神经系统发育中具有重要作用，并且参与脑缺血损伤的多个病理环节。本文总结了近年来国内外最

新研究成果，阐述了HDAC6抑制剂通过降低细胞兴奋性毒性、减轻氧化应激损伤、抑制炎症介质释放、抑制神经细胞凋亡

以及促进神经再生和血管新生等多种方式对缺血性脑卒中发挥有效的神经保护作用。
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Research progress of histone deacetylase 6 inhibitors in the therapy of ischemic 
stroke
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Abstract: The protein acetylation by histone acetyltransferases (HATs) and histone deacetylases (HDACs) plays a significant role in 
the development and maturation of the nervous system. HDAC6, belonging to class II HDACs, by regulating the survival, differentiation 
and maturation of neural cells, plays an important role in the development of the nervous system and participates in multiple pathological 
processes of cerebral ischemic injury. In addition, HDAC6 participates in the regulation of cognition and emotion of the brain. This 
article summarized the latest research results in recent years and expounded that HDAC6 inhibitors could produce a positive and 
effective neuroprotective effect on ischemic stroke by reducing the neuronal damage induced by excitotoxicity and oxidative stress, 
depressing the release of inflammatory mediators, inhibiting the apoptosis of neurons and promoting the growth of nerve and blood 
vessel.
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综　述

脑卒中是脑组织血液循环障碍导致局部神经功

能缺失的急性神经系统疾病，缺血性脑卒中是指由

于脑供血动脉的狭窄、闭塞或血栓形成引起的脑供

血不足导致的脑组织坏死的总称。缺血性脑卒中是

临床最常见的类型，约占脑卒中总发病的 60%~80%[1]。

在我国，随着人口老龄化发展，脑血管病的发病率

逐年上升，缺血性脑卒中因其高发病率、高致残率

及高致死率给患者家庭和社会造成了沉重的负担。

缺血性脑卒中发病机制至今尚未被完全阐明，

但糖尿病、高血压、肥胖、吸烟和酗酒等已被公认

为是脑卒中发病的主要独立危险因素 [2–6]。短时间

内不完全或轻度缺血将导致可逆性的脑部功能障

碍，长时间完全或严重缺血则会引起大面积脑梗死

甚至坏死。目前临床上普遍在缺血早期使用溶栓剂
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活血化瘀，抗血小板聚集，使用脱水剂降低颅内压

进行对症支持治疗，以帮助恢复组织供血，减轻神

经损伤，但效果十分有限，且存在再灌注损伤及出

血增加的风险，很多患者接受溶栓治疗后仍遗留神

经功能缺陷 [7–11]。

1  组蛋白去乙酰化酶6 (histone deacetylase 6, 
HDAC6)与缺血性脑卒中

1.1  组蛋白修饰及组蛋白去乙酰化酶(histone deacety-
lases, HDACs)

近年来大量研究显示，表观遗传机制与中枢神

经系统的发育有关，其相关信号通路在脑缺血损伤

修复过程中亦扮演重要角色 [12–14]。表观遗传是指

DNA 序列不发生变化，而基因表达却发生可遗传

改变的现象，包括 DNA 甲基化、组蛋白修饰、染

色质重塑、非编码 RNA 这 4 个主要调控机制。其

中组蛋白修饰主要包括乙酰化与去乙酰化、甲基化

与去甲基化、泛素化与去泛素化、磷酸化与去磷酸

化。由组蛋白乙酰化酶 (histone acetyltransferases, 
HATs) 和 HDACs 主导的蛋白质乙酰化修饰对于神

经系统的发育、成熟具有重要意义。大量研究表明

HDACs 参与调控脑缺血的损伤修复 [15–19]、神经退

行性疾病 [20–22]、肿瘤的发生和转移 [23–26]、微生物及

病毒感染 [27–29]、自身免疫性疾病 [30–33] 等。

目前人们已在哺乳动物中发现 18 个 HDACs 成
员，根据同源性将它们分为 I、II、III、IV 类。I 类
包括 HDAC1、2、3、8，主要定位于胞核，参与调

控基因转录和细胞增殖分化 [34–37] 等； II 类包括

HDAC4、5、6、7、9、10，可调控组蛋白和非组

蛋白乙酰化修饰 [38–42] ； III 类包括 SIRT1~7，依赖烟

酰胺腺嘌呤二核苷酸 (nicotinamide adenine dinucleo-
tide, NAD+) 发挥作用 [43, 44] ；IV 类目前只有一种，

即 HDAC11，是最小的 HDACs 亚型，其通常表达

于脑和睾丸组织中，但在各种癌细胞中表达上调，

HDAC11 也是抗原呈递细胞中白细胞介素 -10 
(interleukin-10, IL-10) 生成的负调节因子 [45–47]。

1.2  HDAC6与缺血性脑卒中的关系

HDAC6 在大脑、心脏、肝、肾等器官高表达，

主要定位于胞浆及核周 [48]，是 HDACs 的 II 类家族

中最独特的成员。HDAC6 拥有两个完整的催化结

构域，它们高度同源且各自均在 C 末端有一个可以

跟泛素结合的锌指结构，具备双重催化反应功能和

独立的酶活性 [49, 50]。HDAC6 不仅具有很强的组蛋

白去乙酰化酶活性，而且能够介导非组蛋白 ( 例如：

14-3-3ζ) 的脱乙酰化进程 [51]。HDAC6 参与了细胞

内的多种生理过程，其主要作用底物有 α- 微管蛋

白 (α-tubulin)、Bax、热休克蛋白 90 (heat shock protein 
90, HSP90)、HIF1α、GRK2、p300、皮层肌动蛋白

(cortactin)[52–57] 等。它还可与 VCP、NF-κB、Foxp3、
tau、PP1、Ku70、PCKα 等相互作用，参与调控细

胞形态、自噬、迁移及氧化应激保护等相关功能 [58–62]。

HDAC6 调节神经细胞的存活、分化和成熟，

参与大脑认知形成和情绪调控，在神经系统的发育

中具有重要作用 [63–65]。研究表明，在创伤、缺血、

毒素及基因突变引起的氧化应激模型中，HDAC6
可对神经细胞胞体或轴突中的一个或多个未知蛋白

去乙酰化，从而促进神经细胞的凋亡。HDAC6 参

与脑缺血损伤的多个病理环节，包括前期的兴奋性

毒性、氧化应激反应，后期的炎症反应和细胞凋亡。

研究显示，缺血再灌注损伤可使 HDAC6 在术后 3 h
先出现明显上升，随后下降的趋势；而选择性沉默

HDAC6 基因可显著减少缺血脑组织皮层神经元细

胞凋亡率，提高细胞对缺氧的耐受性 [66]，说明缺血

早期出现变化的 HDAC6 是参与神经细胞凋亡的重

要因素。Rivieccio 等人在氧化应激的原代神经元中

诱导 HDAC6 表达 [67]，结果显示，HDAC6 的表达

在神经元氧化应激 12 h 后达到峰值，表明 HDAC6
的表达与氧化应激呈时间依赖性关系，HDAC6 可

能被氧化应激反应调节或在病理信号中起作用。

Yuan 等人对大鼠皮质神经元的氧 - 葡萄糖剥夺

(oxygen-glucose deprivation, OGD) 模型的研究结果

表明，OGD 诱导培养的大鼠皮质神经元出现坏死，

且 HDAC6 在神经元中的表达上调 [68]，该研究进一

步表明 HDAC6 通过调节活性氧 (reactive oxygen 
species, ROS) 和乙酰化微管蛋白的水平参与缺血再

灌注过程中神经元坏死的形成。脑缺血损伤发生后

的继发性损伤与神经可塑性可共存数天至数周，可

能为扩大治疗窗口提供机会。研究表明，HDAC2
的表达在小鼠脑中风发生后 5~7 d 上调，通过减少

梗死周围神经元的存活和神经可塑性以及增加神经

炎症来介导继发性功能丧失。脑卒中损伤发生后

HDAC6 和 HDAC2 水平都上调，但 HDAC6 上调的

时间要早于 HDAC2[69]。

脑缺血损伤发生后 HDAC6 的表达上调，导致

了一系列生物大分子的去乙酰化，包括：α-tubulin
的去乙酰化破坏微管稳定性，加速微管解聚 [57, 70] ；
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cortactin 的去乙酰化使细胞内部结构趋于稳定，抑

制神经元迁移和轴突生长 [57, 71] ；分子伴侣 HSP90
的去乙酰化促进热休克转录因子 1 (heat shock tran-
scription factor-1, HSF-1) 释放并增加应激反应 [52, 72] ；

过氧化物酶 peroxiredoxin-1 (Prx-1) 和 peroxiredoxin-2 
(Prx-2) 的去乙酰化加剧氧化损伤 [73, 74] 等 ( 图 1)。
这些生物大分子的去乙酰化促进了脑卒中的发生。

2  HDAC6抑制剂治疗缺血性脑卒中的机制

HDACs 抑制剂最初是作为抗肿瘤新药引起人

们关注的，其中辛二酰苯胺异羟肟酸 (suberoylanilide 
hydroxamic acid, SAHA) 与罗米地辛 (Romidepsin, 
FK228) 已分别于 2006、2009 年获美国食品药物

管理局 (FDA) 批准用于临床治疗皮肤 T 细胞淋

巴瘤 [75]。目前已上市的 HDACs 抑制剂有 5 种，包

括广谱的 HDACs 抑制剂 ：vorinostat、belinostat、
panobinostat 和靶向 I 类 HDACs 抑制剂：romidepsin
和 chidamide[76]。后来研究者在体内外缺血模型中

均发现 HDAC6 的表达明显上调，便开始将 HDAC6
抑制剂引入缺血性脑卒中的防治领域进行研究，结

果表明：在脑缺血早期，HDAC6 抑制剂可维持甚

至提高损伤脑组织的组蛋白乙酰化水平，显著减少

脑梗死面积，抑制神经细胞凋亡 [19, 64] ；在缺血后期

则可刺激神经营养因子的分泌 [77]，帮助神经元和突

触重塑，促进缺血组织的神经和血管发生，促进损

伤组织的再生修复。选择性小分子 HDAC6 抑制剂

较广谱的 HDACs 抑制剂疗效更佳且毒副作用小 [78]，

目前研究较多的选择性小分子 HDAC6 抑制剂主要

有 Rocilinostat (ACY-1215)、Tubacin、Tubastatin 
A[79] 等。目前的研究表明，HDAC6 抑制剂通过降

低细胞兴奋性毒性、减轻氧化应激损伤、抑制炎症

介质释放、抑制神经细胞凋亡以及促进神经再生和

血管新生等多种方式对缺血性脑卒中发挥有效的神

经保护作用 ( 表 1)。
2.1  降低兴奋性毒性

兴奋性毒性是脑缺血病理的首要触发事件，也

是脑卒中治疗的首要靶点。脑缺血引起白质损伤后，

神经元过度释放具兴奋毒性的谷氨酸，造成大量的

Na+、Cl− 和水分子内流，导致神经细胞肿胀、溶解，

甚至变性坏死，而 Ca2+ 超载则使得胞浆内的 Ca2+

依赖性酶类和磷脂酶类大量激活，引起细胞膜的分

解和细胞骨架的破坏，激活血小板形成血栓，增加

脑缺血面积 [80, 81]。研究显示，在大脑中脑动脉栓塞

(middle cerebral artery occlusion, MCAO) 大鼠模型

缺血损伤 24 h 后给予广谱 HDACs 抑制剂丙戊酸

(valproic acid, VPA)，可提高谷氨酸转运体 (glutamate 
transporter, GLT) 的表达，降低兴奋性毒性，减轻脑

损伤 [82]。HDAC6 抑制剂 Trichostatin A 可减轻 1-
甲基 -4- 苯基吡啶 (1-methyl-4-phenylpyridine, MPP)
诱导的 GLT 损伤，增加卒中后缺血周围灶中谷氨

图   1. HDAC6与缺血性脑卒中的关系示意图

Fig. 1. Relationship between HDAC6 and ischemic stroke.
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酸转运蛋白1 (glutamate transporter 1, GLT1)的表达，

增强星形胶质细胞对谷氨酸的摄取，降低脑缺血后

的兴奋性毒性作用 [83]。

2.2  减轻氧化应激损伤

脑缺血发生后，受损部位分泌大量过氧化物和

自由基等高活性物质，引起核酸主链断裂和蛋白降

解，严重破坏细胞膜结构，最终导致神经细胞的功

能紊乱甚至死亡。这种氧化应激损伤是缺血后脑神

经损伤的重要因素。HDAC6 表达的上调使得过氧

化物酶 Prx-1 和 Prx-2 去乙酰化，加剧氧化应激损伤。

研究显示 MCAO 大鼠脑组织的丙二醛 (malondial-
dehyde, MDA) 含量显著增加，而过氧化物歧化酶

(superoxide dismutase, SOD) 的水平则明显下降，说

明过氧化应激损伤是脑缺血发生和发展的重要因

素 [84]。对缺血缺氧的小鼠模型给予 HDACs 抑制剂

处理，可抑制真核翻译起始因子 2 (eukaryotic initia-
tion factor 2, eIF2) 的磷酸化从而降低 elF-2α 介导的

凋亡前体 C/EBP 同源蛋白的表达，减轻内质网的氧

化应激损伤 [85]。

2.3  抑制炎症介质的释放

脑缺血发生后，损伤的神经元可释放白细胞介

素 -1β (interleukin-1β, IL-1β)、肿瘤坏死因子 -α (tumor 
necrosis factor-α, TNF-α) 等炎症介质，以及血管细胞

黏附分子 -1 (vascular cell adhesion molecule-1, VCAM-1)、
细胞间黏附分子 -1 (intercellular adhesion molecule-1, 
ICAM-1)、内皮细胞黏附分子 (endothelial cell adhesion 
molecules, ECAM)、单核细胞趋化蛋白 -1 (monocyte 
chemotactic protein, MCP-1)、环氧合酶 -2 (cycloox-
ygenase-2, COX-2) 等。这些炎症介质及细胞因子的

表达上调使得血管壁通透性增加，并诱导外周中性

粒细胞、淋巴细胞等穿透血管壁浸润脑实质，进一

步激发炎症反应。研究显示，艰难梭菌毒素 A 可激

活 HDAC6，降低 α-tubulin 的乙酰化程度而加速微

管解聚，介导急性炎症的发生
[86]。在大鼠 MCAO

模型中应用广谱 HDACs 抑制剂丁酸钠 (sodium 
butyrate, SB)、VPA 和曲古抑菌素 A (Trichostatin A, 
TSA) 均可下调炎症介质一氧化氮合酶 (nitric oxide 
synthase, NOS) 和 COX-2 的表达，从而发挥其神经

保护作用 [87]。HDAC6 抑制剂 Tubastatin A 可乙酰

化 α-tubulin，激活脂多糖 (lipopolysaccharide, LPS)
诱导的 p38 激酶信号通路，刺激抗炎介质 IL-10 的

分泌而发挥抗炎作用 [88]。此外，HDAC6 抑制剂还

表1. HDACs抑制剂治疗缺血性脑卒中的机制

Table 1. Mechanism of HDACs inhibitors for ischemic stroke
Classification Name Mechanism Effect
Broad spectrum HDACs inhibitors VPA GLT↑ Reduce excitotoxicity[82]

  NOS, COX-2↓ Anti-inflammation[87]

  TFs, HIF-1α,  Angiogenesis[92]

  VEGF, MMP ↑ 
 Sodium butyrate NOS, COX-2 ↓ Anti-inflammation[87]

 Trichostatin A NOS, COX-2↓ Anti-inflammation[87]

  GLT1↑ Reduce excitotoxicity[83]

 SAHA Inhibit p53 Inhibit neuronal apoptosis[90]

 LB-205 NGF↑,  Nerve nutrition[93]

  Activate TrkA pathway 
Selective HDAC6 inhibitors Tubastatin A α-Tubulin acetylation↑, Inhibit neuronal apoptosis[19]

  FGF-21↑ 
  α-Tubulin acetylation↑, Anti-inflammation[88]

  IL-10↑ 
 Tubacin α-Tubulin acetylation↑, Inhibit neuronal necrosis[68]

  ROS↓ 
  Prx-1 and -2 acetylation↑ Reduce oxidative stress damage[73,74]

  Cortactin acetylation↑ Promote nerve cell growth[57]

VPA: valproic acid; SAHA: suberoylanilide hydroxamic acid; GLT: glutamate transporter; NOS: nitric oxide synthase; COX-2: 
cyclooxygenase-2; TFs: transcription factors; HIF-1α: hypoxia inducible factor-1α; VEGF: vascular endothelial growth factor; MPP: 
1-methyl-4-phenylpyridine; NGF: nerve growth factor; FGF-21: fibroblast growth factor-21; IL-10: interleukin-10; ROS: reactive 
oxygen species; TrkA: tyrosine kinase receptor type 1; Prx-1: peroxiredoxin-1; Prx-2: peroxiredoxin-2.
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可能通过抑制 Caspase-3、上调热休克蛋白 70 (heat 
shock protein, HSP70) 的表达而减少炎症反应，发

挥神经保护作用 [89]。

2.4  抑制神经细胞凋亡

脑缺血损伤后，兴奋性毒性、Ca2+ 超载、线粒

体功能障碍、自由基的产生以及炎症反应等都可对

细胞造成严重损伤。Caspases、p53、Bcl-2、Bax 等

基因被激活，在缺血梗死区引起细胞坏死，而在缺

血半暗带区则引发细胞凋亡。研究显示，在大鼠

MCAO 模型脑缺血损伤 24 h 后给予 HDAC6 抑制

剂处理，可上调具有神经保护作用的蛋白 HSP70
和 Bcl-2 的表达，抑制神经细胞凋亡 [90]。而在大鼠

短暂性 MCAO 模型中应用 HDAC6 抑制剂，则可

下调促凋亡因子 Caspase-3 的表达，增加凋亡蛋白

Bcl-2/Bax 的比值，减轻脑损伤 [89]。另有研究表明，

神经细胞凋亡可能与核内 p53 过表达有关，HDACs
抑制剂 SAHA 可抑制 p53，同时增加磷酸化 PKB
的表达，发挥神经保护作用。而在小鼠 MCAO 模

型中应用 HDAC6 抑制剂 Tubastatin A 抑制 HDAC6
的去乙酰化活性，可增加 α-tubulin 乙酰化水平，上

调成纤维细胞生长因子 -21 (fibroblast growth 
factor-21, FGF-21) 的表达，从而减少细胞死亡，改

善神经功能 [19]。在大鼠 OGD 模型中应用 HDAC6
抑制剂 Tubacin 抑制 HDAC6 活性，可以降低 ROS
的水平从而提高神经元的存活率 [68]。

2.5  促进神经细胞再生与血管新生

脑缺血损伤后，位于纹状体室管膜下层 (sub-
ventricular zone, SVZ) 和海马颗粒下层 (subgranular 
zone, SGZ) 的神经干细胞被激活并增殖，随后迁移

至颗粒细胞层分化为神经元，促进神经再生。抑制

HDAC6 可增加脑源性神经营养因子 (brain derived 
neurotrophic factor, BDNF) 的释放和运输，激活

BDNF-TrkB 信号通路，促进神经干细胞的增殖和

分化，帮助修复受损脑组织 [91]。广谱 HDACs 抑制

剂 VPA 可上调转录因子 (transcription factors, TFs)、
低氧诱导因子 1α (hypoxia-inducible factor-1α, HIF-
1α)、血管内皮生长因子 (vascular endothelial growth 
factor, VEGF) 和基质金属蛋白酶 (matrix metallopro-
tein, MMP) 的表达，刺激血管内皮细胞增生，改善

局部血液供应，促进神经功能修复 [92]。小分子

HDACs 抑制剂 LB-205 具有锌结合部分，可抑制依

赖于锌的 I 类和 II 类 HDACs，促进神经生长因子

(nerve growth factor, NGF) 分泌，激活酪氨酸激酶受

体 (tyrosine kinase receptor type 1, TrkA) 通路，发挥

营养神经的作用 [93]。此外，HDAC6 抑制剂可增加

cortactin 的乙酰化，促进轴突生长，增强皮层神经

元的迁移，促进神经细胞的功能恢复 [57]。

3  总结与展望

HDAC6 在神经系统发育中具有重要作用，是

神经细胞存活、分化、成熟的重要调节者，参与缺

血性脑卒中的病理过程，是脑损伤发生和发展的一

个重要蛋白。随着脑缺血损伤引起的神经化学级联

反应机制被逐渐阐明，HDAC6 作为一个极具潜力

的药物靶点引起广泛关注。以 HDAC6 为作用靶点

的抑制剂可以作用于缺血性脑卒中多个病理环节，

如兴奋性毒性、氧化应激损伤、炎症反应、细胞凋亡、

神经细胞再生及血管新生等，发挥多靶点抗缺血性

脑损伤的作用。作为一类新兴的药物，选择性

HDAC6 抑制剂已被广泛研究用于各种临床治疗目

的，包括癌症、神经退行性疾病和自身免疫疾病

等 [94]。目前，有效的 HDAC6 抑制剂很少，新发现

的 HDAC6 抑制剂还处于试验阶段。现有的 HDAC6
抑制剂也存在着一定的不足，比如 Tubacin，作为

一种研究工具很有用，但由于其亲脂性高，在体内

代谢快，合成繁琐，并不适合作为药物用于临床治

疗 [95]。未来对选择性 HDAC6 抑制剂的研究应该更

加关注体内生物学、药代动力学和药物性质的评估。

我们期望安全低毒且具有良好血脑屏障通透性的选

择性 HDAC6 抑制剂被开发出来，用于治疗缺血性

脑卒中、癌症、神经退行性疾病等。

*                    *                 *

致谢：本综述受广东省科技计划项目 (No. 2015A02021- 
4020) 和东莞市社会科技发展项目 (No.  2014108101049)
资助。

参考文献

1 Tsai CF, Thomas B, Sudlow CL. Epidemiology of stroke and 
its subtypes in Chinese vs white populations: a systematic 
review. Neurology 2013; 81(3): 264–272.

2 Varona JF, Guerra JM, Bermejo F, Molina JA, Gomez de la 
Cámara A. Causes of ischemic stroke in young adults, and 
evolution of the etiological diagnosis over the long term. Eur 
Neurol 2007; 57(4): 212–218.

3 Tan RY, Markus HS. Monogenic causes of stroke: now and 
the future. J Neurol 2015; 262(12): 2601–2616.



生理学报 Acta Physiologica Sinica, June 25, 2018, 70(3): 301–309 306

4 Zhong LL, Ding LS, He W, Tian XY, Cao H, Song YQ, Yu L, 
Sun XY. Systolic hypertension related single nucleotide 
polymorphism is associated with susceptibility of ischemic 
stroke. Eur Rev Med Pharmacol Sci 2017; 21(12): 2901–
2906.

5 Wang J, Wen X, Li W, Li X, Wang Y, Lu W. Risk factors for 
stroke in the Chinese population: a systematic review and 
meta-analysis. J Stroke Cerebrovasc Dis 2017; 26(3): 509–
517.

6 Norton J, Portet F, Gabelle A, Debette S, Ritchie K, Touchon 
J, Berr C. Are migraine and non-migrainous headache risk 
factors for stroke in the elderly?  Findings from a 12-year 
cohort follow-up. Eur J Neurol 2016; 23(9): 1463–1470.

7 Zi W, Wang H, Yang D, Hao Y, Zhang M, Geng Y, Lin M, 
Wan Y, Shi Z, Zhou Z, Wang W, Xu H, Tian X, Lv P, Wang 
S, Liu W, Wang Z, Liu X, Guo F, Zheng D, Li H, Tu M, Jin 
P, Xiao G, Liu Y, Xu G, Xiong Y, Liu X. Clinical effective-
ness and safety outcomes of endovascular treatment for 
acute anterior circulation ischemic stroke in China. Cerebro-
vasc Dis 2017; 44(5–6): 248–258.

8 Jeon JP, Kim SE, Kim CH. Endovascular treatment of acute 
ischemic stroke in octogenarians: A meta-analysis of obser-
vational studies. Clin Neurol Neurosurg 2017; 161: 70–77.

9 Wyszomirski A, Szczyrba S, Tomaka D, Karaszewski B. 
Treatment of acute basilar artery occlusion: Systematic 
review and meta-analysis. Neurol Neurochir Pol 2017; 
51(6): 486–496.

10 Wei D, Mascitelli JR, Nistal DA, Kellner CP, Fifi JT, Mocco 
JD, De Leacy RA. The use and utility of aspiration throm-
bectomy in acute ischemic stroke: a systematic review and 
meta-analysis. AJNR Am J Neuroradiol 2017; 38(10): 1978–
1983. 

11 Soto VA, Morales IG, Grandjean BM, Pollak WD, Del CCC, 
Garcia FP, Von Johnn AA, Riquelme GA. Intravenous 
thrombolysis for acute ischemic stroke: A four years’ experi-
ence in a Chilean public hospital. Rev Med Chil 2017; 
145(4): 468–475.

12 Zhao H, Han Z, Ji X, Luo Y. Epigenetic regulation of oxida-
tive stress in ischemic stroke. Aging Dis 2016; 7(3): 295–
306.

13 Narne P, Pandey V, Phanithi PB. Interplay between mito-
chondrial metabolism and oxidative stress in ischemic 
stroke: An epigenetic connection. Mol Cell Neurosci 2017; 
82: 176–194.

14 Picascia A, Grimaldi V, Iannone C, Soricelli A, Napoli C. 
Innate and adaptive immune response in stroke: Focus on 
epigenetic regulation. J Neuroimmunol 2015; 289: 111–120.

15 Zhou X, Guan T, Li S, Jiao Z, Lu X, Huang X, Ji Y, Ji Q. 
The association between HDAC9 gene polymorphisms and 

stroke risk in the Chinese population: A meta-analysis. Sci 
Rep 2017; 7: 41538.

16 Qingxu G, Yan Z, Jiannan X, Yunlong L. Association 
between the gene polymorphisms of HDAC9 and the risk of 
atherosclerosis and ischemic stroke. Pathol Oncol Res 2016; 
22(1): 103–107.

17 Yuan H, Denton K, Liu L, Li X J, Benashski S, Mccullough L, 
Li J. Nuclear translocation of histone deacetylase 4 induces 
neuronal death in stroke. Neurobiol Dis 2016; 91: 182–193.

18 Liu J, Zhou X, Li Q, Zhou SM, Hu B, Hu GW, Niu X, Guo 
SC, Wang Y, Deng ZF. Role of phosphorylated HDAC4 in 
stroke-induced angiogenesis. Biomed Res Int 2017; 2017: 
2957538.

19 Wang Z, Leng Y, Wang J, Liao H M, Bergman J, Leeds P, 
Kozikowski A, Chuang DM. Tubastatin A, an HDAC6 
inhibitor, alleviates stroke-induced brain infarction and func-
tional deficits: potential roles of alpha-tubulin acetylation 
and FGF-21 up-regulation. Sci Rep 2016; 6: 19626.

20 Naftelberg S, Ast G, Perlson E. Phosphatidylserine improves 
axonal transport by inhibition of HDAC and has potential in 
treatment of neurodegenerative diseases. Neural Regen Res 
2017; 12(4): 534–537.

21 Ganai SA. Small-molecule modulation of HDAC6 activity: 
The propitious therapeutic strategy to vanquish neurodegen-
erative disorders. Curr Med Chem 2017; doi: 10.2174/09298
67324666170209104030.

22 Ganai SA, Ramadoss M, Mahadevan V. Histone deacetylase 
(HDAC) inhibitors - emerging roles in neuronal memory, 
learning, synaptic plasticity and neural regeneration. Curr 
Neuropharmacol 2016; 14(1): 55–71.

23 Gradilone SA, Radtke BN, Bogert PS, Huang BQ, Gajdos 
GB, Larusso NF. HDAC6 inhibition restores ciliary expres-
sion and decreases tumor growth. Cancer Res 2013; 73(7): 
2259–2270.

24 Rey M, Irondelle M, Waharte F, Lizarraga F, Chavrier P. 
HDAC6 is required for invadopodia activity and invasion by 
breast tumor cells. Eur J Cell Biol 2011; 90(2–3): 128–135.

25 Bolden JE, Shi W, Jankowski K, Kan CY, Cluse L, Martin 
BP, Mackenzie KL, Smyth GK, Johnstone RW. HDAC 
inhibitors induce tumor-cell-selective pro-apoptotic tran-
scriptional responses. Cell Death Dis 2013; 4: e519.

26 Bae HJ, Jung KH, Eun JW, Shen Q, Kim HS, Park SJ, Shin 
WC, Yang HD, Park WS, Lee JY, Nam SW. MicroRNA-221 
governs tumor suppressor HDAC6 to potentiate malignant 
progression of liver cancer. J Hepatol 2015; 63(2): 408–419.

27 Zhang L, Ogden A, Aneja R, Zhou J. Diverse roles of 
HDAC6 in viral infection: Implications for antiviral therapy. 
Pharmacol Ther 2016; 164: 120–125.

28 Li Y, Zhao T, Liu B, Halaweish I, Mazitschek R, Duan X, 



张琛琛等：组蛋白去乙酰化酶6抑制剂治疗缺血性卒中的研究进展 307

Alam HB. Inhibition of histone deacetylase 6 improves long-
term survival in a lethal septic model. J Trauma Acute Care 
Surg 2015; 78(2): 378–385.

29 Wang D, Meng Q, Huo L, Yang M, Wang L, Chen X, Wang J, 
Li Z, Ye X, Liu N, Li Q, Dai Z, Ouyang H, Li N, Zhou J, 
Chen L, Liu L. Overexpression of Hdac6 enhances resis-
tance to virus infection in embryonic stem cells and in mice. 
Protein Cell 2015; 6(2): 152–156.

30 Hancock WW, Akimova T, Beier UH, Liu Y, Wang L. 
HDAC inhibitor therapy in autoimmunity and transplanta-
tion. Ann Rheum Dis 2012; 71 Suppl 2: i46–i54.

31 Regna NL, Vieson MD, Gojmerac AM, Luo XM, Caudell 
DL, Reilly CM. HDAC expression and activity is upregulated 
in diseased lupus-prone mice. Int Immunopharmacol 2015; 
29(2): 494–503.

32 Regna NL, Vieson MD, Luo XM, Chafin CB, Puthiyaveetil 
AG, Hammond SE, Caudell DL, Jarpe MB, Reilly CM. 
Specific HDAC6 inhibition by ACY-738 reduces SLE patho-
genesis in NZB/W mice. Clin Immunol 2016; 162: 58–73.

33 Royce SG, Karagiannis TC. Histone deacetylases and their 
inhibitors: new implications for asthma and chronic respira-
tory conditions. Curr Opin Allergy Clin Immunol 2014; 
14(1): 44–48.

34 Miller KM, Tjeertes JV, Coates J, Legube G, Polo SE, Britton 
S, Jackson SP. Human HDAC1 and HDAC2 function in the 
DNA-damage response to promote DNA nonhomologous 
end-joining. Nat Struct Mol Biol 2010; 17(9): 1144–1151.

35 Ye F, Chen Y, Hoang T, Montgomery RL, Zhao XH, Bu H, 
Hu T, Taketo MM, van Es JH, Clevers H, Hsieh J, 
Bassel-Duby R, Olson EN, Lu QR. HDAC1 and HDAC2 
regulate oligodendrocyte differentiation by disrupting the 
beta-catenin-TCF interaction. Nat Neurosci 2009; 12(7): 
829–838.

36 Ma P, Schultz RM. HDAC1 and HDAC2 in mouse oocytes 
and preimplantation embryos: Specificity versus compensa-
tion. Cell Death Differ 2016; 23(7): 1119–1127.

37 Gao J, Ruan H, Qi X, Tao Y, Guo X, Shen W. HDAC3 but 
not HDAC2 mediates visual experience-dependent radial 
glia proliferation in the developing Xenopus tectum. Front 
Cell Neurosci 2016; 10: 221.

38 Tang BL. Class II HDACs and neuronal regeneration. J Cell 
Biochem 2014; 115(7): 1225–1233.

39 Jagirdar R, Drexel M, Bukovac A, Tasan RO, Sperk G. 
Expression of class II HDACs in two mouse models of tem-
poral lobe epilepsy. J Neurochem 2016; 136: 717–730.

40 Zhou J, Yang Z, Zhang F, Luo H B, Li M, Wu R. A salt 
bridge turns off the foot-pocket in class-II HDACs. Phys 
Chem Chem Phys 2016; 18(31): 21246–21250.

41 Mannaerts I, Eysackers N, Onyema OO, Van Beneden K, 

Valente S, Mai A, Odenthal M, van Grunsven LA. Class II 
HDAC inhibition hampers hepatic stellate cell activation by 
induction of microRNA-29. PLoS One 2013; 8(1): e55786.

42 Moresi V, Williams AH, Meadows E, Flynn JM, Potthoff 
MJ, Mcanally J, Shelton JM, Backs J, Klein WH, Richardson 
JA, Bassel-Duby R, Olson EN. Myogenin and class II 
HDACs control neurogenic muscle atrophy by inducing E3 
ubiquitin ligases. Cell 2010; 143(1): 35–45.

43 Vaquero A, Sternglanz R, Reinberg D. NAD+-dependent 
deacetylation of H4 lysine 16 by class III HDACs. Oncogene 
2007; 26(37): 5505–5520.

44 Koltai E, Szabo Z, Atalay M, Boldogh I, Naito H, Goto S, 
Nyakas C, Radak Z. Exercise alters SIRT1, SIRT6, NAD 
and NAMPT levels in skeletal muscle of aged rats. Mech 
Ageing Dev 2010; 131(1): 21–28.

45 Thole TM, Lodrini M, Fabian J, Wuenschel J, Pfeil S, 
Hielscher T, Kopp-Schneider A, Heinicke U, Fulda S, Witt 
O, Eggert A, Fischer M, Deubzer HE. Neuroblastoma cells 
depend on HDAC11 for mitotic cell cycle progression and 
survival. Cell Death Dis 2017; 8(3): e2635.

46 Woods DM, Woan KV, Cheng F, Sodre AL, Wang D, Wu Y, 
Wang Z, Chen J, Powers J, Pinilla-Ibarz J, Yu Y, Zhang Y, 
Wu X, Zheng X, Weber J, Hancock W W, Seto E, Villagra A, 
Yu XZ, Sotomayor EM. T cells lacking HDAC11 have 
increased effector functions and mediate enhanced alloreac-
tivity in a murine model. Blood 2017; 130(2): 146–155.

47 Sahakian E, Chen J, Powers JJ, Chen X, Maharaj K, Deng 
SL, Achille AN, Lienlaf M, Wang HW, Cheng F, Sodre AL, 
Distler A, Xing L, Perez-Villarroel P, Wei S, Villagra A, Seto 
E, Sotomayor EM, Horna P, Pinilla-Ibarz J. Essential role for 
histone deacetylase 11 (HDAC11) in neutrophil biology. J 
Leukoc Biol 2017; 102(2): 475–486.

48 Li M, Zhuang Y, Shan B. Analysis of expression and func-
tions of histone deacetylase 6 (HDAC6). Methods Mol Biol 
2016; 1436: 85–94.

49 Hai Y, Christianson DW. Histone deacetylase 6 structure and 
molecular basis of catalysis and inhibition. Nat Chem Biol 
2016; 12(9): 741–747.

50 Zhang Y, Gilquin B, Khochbin S, Matthias P. Two catalytic 
domains are required for protein deacetylation. J Biol Chem 
2006; 281(5): 2401–2404.

51 Mortenson JB, Heppler LN, Banks CJ, Weerasekara VK, 
Whited MD, Piccolo SR, Johnson WE, Thompson JW, 
Andersen JL. Histone deacetylase 6 (HDAC6) promotes the 
pro-survival activity of 14-3-3zeta via deacetylation of 
lysines within the 14-3-3zeta binding pocket. J Biol Chem 
2015; 290(20): 12487–12496.

52 Jimenez-Canino R, Lorenzo-Diaz F, Jaisser F, Farman N, 
Giraldez T, Alvarez de la Rosa D. Histone deacetylase 



生理学报 Acta Physiologica Sinica, June 25, 2018, 70(3): 301–309 308

6-controlled Hsp90 acetylation significantly alters mineralo-
corticoid receptor subcellular dynamics but not its transcrip-
tional activity. Endocrinology 2016; 157(6): 2515–2532.

53 Kaluza D, Kroll J, Gesierich S, Yao TP, Boon RA, Her-
genreider E, Tjwa M, Rossig L, Seto E, Augustin HG, Zeiher 
AM, Dimmeler S, Urbich C. Class IIb HDAC6 regulates en-
dothelial cell migration and angiogenesis by deacetylation of 
cortactin. EMBO J 2011; 30(20): 4142–4156.

54 Li G, Jiang H, Chang M, Xie H, Hu L. HDAC6 alpha-tubu-
lin deacetylase: a potential therapeutic target in neurodegen-
erative diseases. J Neurol Sci 2011; 304(1–2): 1–8.

55 Liu Y, Peng L, Seto E, Huang S, Qiu Y. Modulation of his-
tone deacetylase 6 (HDAC6) nuclear import and tubulin 
deacetylase activity through acetylation. J Biol Chem 2012; 
287(34): 29168–29174.

56 Park Y, Lee KS, Park SY, Kim JH, Kang EY, Kim SW, Eom 
KY, Kim JS, Kim IA. Potential prognostic value of histone 
deacetylase 6 and acetylated heat-shock protein 90 in early- 
stage breast cancer. J Breast Cancer 2015; 18(3): 249–255.

57 Ran J, Yang Y, Li D, Liu M, Zhou J. Deacetylation of 
alpha-tubulin and cortactin is required for HDAC6 to trigger 
ciliary disassembly. Sci Rep 2015; 5: 12917.

58 Balliu M, Guandalini L, Romanelli MN, D'Amico M, Paoletti 
F. HDAC-inhibitor (S)-8 disrupts HDAC6-PP1 complex 
prompting A375 melanoma cell growth arrest and apoptosis. 
J Cell Mol Med 2015; 19(1): 143–154.

59 Boyault C, Gilquin B, Zhang Y, Rybin V, Garman E, Meyer- 
Klaucke W, Matthias P,  Muller  CW, Khochbin S. 
HDAC6-p97/VCP controlled polyubiquitin chain turnover. 
EMBO J 2006; 25(14): 3357–3366.

60 Cook C, Gendron TF, Scheffel K, Carlomagno Y, Dunmore J, 
Deture M, Petrucelli L. Loss of HDAC6, a novel CHIP sub-
strate, alleviates abnormal tau accumulation. Hum Mol Genet 
2012; 21(13): 2936–2945.

61 Yang C J, Liu YP, Dai HY, Shiue YL, Tsai CJ, Huang MS, 
Yeh YT. Nuclear HDAC6 inhibits invasion by suppressing 
NF-kappaB/MMP2 and is inversely correlated with metastasis 
of non-small cell lung cancer. Oncotarget 2015; 6(30): 
30263–30276.

62 Li Y, Shin D, Kwon SH. Histone deacetylase 6 plays a role 
as a distinct regulator of diverse cellular processes. FEBS J 
2013; 280(3): 775–793.

63 Du G, Jiao R. To prevent neurodegeneration: HDAC6 uses 
different strategies for different challenges. Commun Integr 
Biol 2011; 4(2): 139–142.

64 Rivieccio MA, Brochier C, Willis DE, Walker BA, D'Anni-
bale MA, Mclaughlin K, Siddiq A, Kozikowski AP, Jaffrey 
SR, Twiss JL, Ratan RR, Langley B. HDAC6 is a target for 
protection and regeneration following injury in the nervous 

system. Proc Natl Acad Sci U S A 2009; 106(46): 19599–
19604.

65 Fukada M, Hanai A, Nakayama A, Suzuki T, Miyata N, 
Rodriguiz RM, Wetsel WC, Yao TP, Kawaguchi Y. Loss of 
deacetylation activity of Hdac6 affects emotional behavior in 
mice. PLoS One 2012; 7(2): e30924.

66 Chen YT, Zang XF, Pan J, Zhu XL, Chen F, Chen ZB, Xu Y. 
Expression patterns of histone deacetylases in experimental 
stroke and potential  targets for neuroprotection. Clin Exp 
Pharmacol Physiol 2012; 39(9): 751–758.

67 Rivieccio MA, Brochier C, Willis DE, Walker BA, D'Anni-
bale MA, Mclaughlin K, Siddiq A, Kozikowski AP, Jaffrey 
SR, Twiss JL, Ratan RR, Langley B. HDAC6 is a target for 
protection and regeneration following injury in the nervous 
system. Proc Natl Acad Sci U S A 2009; 106(46): 19599–
19604.

68 Yuan L, Wang Z, Liu L, Jian X. Inhibiting histone deacetylase 
6 partly protects cultured rat cortical neurons from oxygen-
glucose deprivationinduced necroptosis. Mol Med Rep 2015; 
12(2): 2661–2667.

69 Lin YH, Dong J, Tang Y, Ni HY, Zhang Y, Su P, Liang HY, 
Yao MC, Yuan H J, Wang DL, Chang L, Wu HY, Luo CX, 
Zhu DY. Opening a new time window for treatment of stroke 
by targeting HDAC2. J Neurosci 2017; 37(28): 6712–6728.

70 Zilberman Y, Ballestrem C, Carramusa L, Mazitschek R, 
Khochbin S, Bershadsky A. Regulation of microtubule 
dynamics by inhibition of the tubulin deacetylase HDAC6. J 
Cell Sci 2009; 122(Pt 19): 3531–3541.

71 Zhang X, Yuan Z, Zhang Y, Yong S, Salas-Burgos A, 
Koomen J, Olashaw N, Parsons JT, Yang XJ, Dent SR, Yao 
TP, Lane WS, Seto E. HDAC6 modulates cell motility by 
altering the acetylation level of cortactin. Mol Cell 2007; 
27(2): 197–213.

72 Fujimoto M, Takaki E, Hayashi T, Kitaura Y, Tanaka Y, 
Inouye S, Nakai A. Active HSF1 significantly suppresses 
polyglutamine aggregate formation in cellular and mouse 
models. J Biol Chem 2005; 280(41): 34908–34916.

73 Choi H, Kim HJ, Kim J, Kim S, Yang J, Lee W, Park Y, 
Hyeon SJ, Lee DS, Ryu H, Chung J, Mook-Jung I. Increased 
acetylation of Peroxiredoxin1 by HDAC6 inhibition leads to 
recovery of Abeta-induced impaired axonal transport. Mol 
Neurodegener 2017; 12(1): 23.

74 Parmigiani RB, Xu WS, Venta-Perez G, Erdjument-Bromage 
H, Yaneva M, Tempst P, Marks PA. HDAC6 is a specific 
deacetylase of peroxiredoxins and is involved in redox regu-
lation. Proc Natl Acad Sci U S A 2008; 105(28): 9633–9638.

75 Shabason JE, Tofilon PJ, Camphausen K. HDAC inhibitors 
in cancer care. Oncology (Williston Park) 2010; 24(2): 180–
185.



张琛琛等：组蛋白去乙酰化酶6抑制剂治疗缺血性卒中的研究进展 309

76 Gryder BE, Sodji QH, Oyelere AK. Targeted cancer therapy: 
giving histone deacetylase inhibitors all they need to 
succeed. Future Med Chem 2012; 4(4): 505–524.

77 Xu X, Kozikowski AP, Pozzo-Miller L. A selective histone 
deacetylase-6 inhibitor improves BDNF trafficking in hippo-
campal neurons from Mecp2 knockout mice: implications 
for Rett syndrome. Front Cell Neurosci 2014; 8: 68.

78 Dallavalle S, Pisano C, Zunino F. Development and thera-
peutic impact of HDAC6-selective inhibitors. Biochem 
Pharmacol 2012; 84(6): 756–765.

79 Butler KV, Kalin J, Brochier C, Vistoli G, Langley B, Kozi-
kowski AP. Rational design and simple chemistry yield a su-
perior, neuroprotective HDAC6 inhibitor, tubastatin A. J Am 
Chem Soc 2010; 132(31): 10842–10846.

80 Rostas J, Spratt NJ, Dickson PW, Skelding KA. The role of 
Ca2+-calmodulin stimulated protein kinase II in ischaemic 
stroke - A potential target for neuroprotective therapies. Neu-
rochem Int 2017; 107: 33–42.

81 Yokobori S, Nakae R, Yokota H, Spurlock MS, Mondello S, 
Gajavelli S, Bullock RM. Subdural hematoma decompres-
sion model: A model of traumatic brain injury with isch-
emic-reperfusional pathophysiology: A review of the litera-
ture. Behav Brain Res 2018; 340: 23–28.

82 Liu XS, Chopp M, Kassis H, Jia LF, Hozeska-Solgot A, 
Zhang RL, Chen C, Cui YS, Zhang ZG. Valproic acid 
increases white matter repair and neurogenesis after stroke. 
Neuroscience 2012; 220: 313–321.

83 Wu JY, Niu FN, Huang R, Xu Y. Enhancement of glutamate 
uptake in 1-methyl-4-phenylpyridinium-treated astrocytes by 
trichostatin A. Neuroreport 2008; 19(12): 1209–1212.

84 Davis AS, Zhao H, Sun GH, Sapolsky RM, Steinberg GK. 
Gene therapy using SOD1 protects striatal neurons from 
experimental stroke. Neurosci Lett 2007; 411(1): 32–36.

85 Qi X, Hosoi T, Okuma Y, Kaneko M, Nomura Y. Sodium 
4-phenylbutyrate protects against cerebral ischemic injury. 
Mol Pharmacol 2004; 66(4): 899–908.

86 Nam HJ, Kang JK, Kim SK, Ahn KJ, Seok H, Park SJ, 
Chang JS, Pothoulakis C, Lamont JT, Kim H. Clostridium 
difficile toxin A decreases acetylation of tubulin, leading to 
microtubule depolymerization through activation of histone 
deacetylase 6, and this mediates acute inflammation. J Biol 
Chem 2010; 285(43): 32888–32896.

87 Kim HJ, Rowe M, Ren M, Hong JS, Chen PS, Chuang DM. 
Histone deacetylase inhibitors exhibit anti-inflammatory and 
neuroprotective effects in a rat permanent ischemic model of 
stroke: multiple mechanisms of action. J Pharmacol Exp 
Ther 2007; 321(3): 892–901.

88 Wang B, Rao Y H, Inoue M, Hao R, Lai C H, Chen D, 
Mcdonald SL, Choi MC, Wang Q, Shinohara ML, Yao TP. 
Microtubule acetylation amplifies p38 kinase signalling and 
anti-inflammatory IL-10 production. Nat Commun 2014; 5: 
3479.

89 Ren M, Leng Y, Jeong M, Leeds PR, Chuang DM. Valproic 
acid reduces brain damage induced by transient focal cere-
bral ischemia in rats: potential roles of histone deacetylase 
inhibition and heat shock protein induction. J Neurochem 
2004; 89(6): 1358–1367.

90 Faraco G, Pancani T, Formentini L, Mascagni P, Fossati G, 
Leoni F, Moroni F, Chiarugi A. Pharmacological inhibition 
of histone deacetylases by suberoylanilide hydroxamic acid 
specifically alters gene expression and reduces ischemic 
injury in the mouse brain. Mol Pharmacol 2006; 70(6): 
1876–1884.

91 Kim H J, Leeds P, Chuang DM. The HDAC inhibitor, sodium 
butyrate, stimulates neurogenesis in the ischemic brain. J 
Neurochem 2009; 110(4): 1226–1240.

92 Wang Z, Tsai LK, Munasinghe J, Leng Y, Fessler EB, Chi-
bane F, Leeds P, Chuang DM. Chronic valproate treatment 
enhances postischemic angiogenesis and promotes function-
al recovery in a rat model of ischemic stroke. Stroke 2012; 
43(9): 2430–2436.

93 Lu J, Frerich JM, Turtzo L C, Li S, Chiang J, Yang C, Wang 
X, Zhang C, Wu C, Sun Z, Niu G, Zhuang Z, Brady RO, 
Chen X. Histone deacetylase inhibitors are neuroprotective 
and preserve NGF-mediated cell survival following traumatic 
brain injury. Proc Natl Acad Sci U S A 2013; 110(26): 
10747–10752.

94 Seidel C, Schnekenburger M, Dicato M, Diederich M. His-
tone deacetylase 6 in health and disease. Epigenomics 2015; 
7(1): 103–118.

95 Benoy V, Vanden BP, Jarpe M, Van Damme P, Robberecht W, 
Van Den Bosch L. Development of improved HDAC6 inhib-
itors as pharmacological therapy for axonal charcot-marie- 
tooth disease. Neurotherapeutics 2017; 14(2): 417–428.


