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Abstract

Epigenetic mechanisms control various functions throughout the body, from cell fate 

determination in development to immune responses and inflammation. Neuroinflammation is one 

of the prime contributors to the initiation and progression of neurodegeneration in a variety of 

diseases, including Alzheimer’s and Parkinson’s diseases. Because astrocytes are the largest 

population of glial cells, they represent an important regulator of CNS function, both in health and 

disease. Only recently have studies begun to identify the epigenetic mechanisms regulating 

astrocyte responses in neurodegenerative diseases. These epigenetic mechanisms, along with the 

epigenetic marks involved in astrocyte development, could elucidate novel pathways to potentially 

modulate astrocyte-mediated neuroinflammation and neurotoxicity. This review examines the 

known epigenetic mechanisms involved in regulation of astrocyte function, from development to 

neurodegeneration, and links these mechanisms to potential astrocyte-specific roles in 

neurodegenerative disease with a focus on potential opportunities for therapeutic intervention.
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Excessive neuroinflammation is one of the pathogenic hallmarks of neurodegenerative 

diseases and is thought to contribute both to the initiation and progression of 

neurodegeneration (Reviewed by [1]; and [2]). Therefore, understanding the regulatory 

mechanisms involved in components of the inflammatory response has been an intense area 

of study. Although the vast majority of research to date has focused on microglia as key 

regulators of neuroinflammation in neurodegeneration, existing and emerging data highlight 

the importance and contribution of astrocytes to the inflammation found in 

neurodegenerative diseases [3–6]. Astrocyte reactivity is a sensitive and robust response to 

many different types of pathology and is regulated by a wide array of processes, including 

epigenetic regulation. Growing evidence indicates that astrocytes are important in protection 
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of neurons, while at the same time, they can also contribute to neuroinflammation and 

neurodegeneration when converted to a reactive state. However, many of the mechanisms 

surrounding astrocyte-induced neuroprotection or neurotoxicity are still not well-established. 

Therefore, greater understanding of these factors, including epigenetic alterations that 

regulate astrocyte functions, could better elucidate the precise role of astrocytes in 

neurodegenerative diseases and provide a pathway to target astrocytes for neuroprotection.

Astrocytes are the largest population of glial cells in the CNS and were traditionally viewed 

as only structural elements supporting brain structure (Hence their name, meaning “glue” in 

Greek. [7]). However, it is now obvious that astrocytes have many other important functions 

in the CNS. Proper astrocyte function is essential for normal development, including 

developmental synapse formation and pruning through both secreted factors and direct 

contact with the synapse [8, 9]. In adults, evidence indicates that hippocampal astrocytes 

have an important role in promoting neurogenesis from adult neural stem cells [10]. 

Similarly, astrocytes exhibit extensive processes that contact neural elements, especially 

synapses and nodes of Ranvier, and astrocyte end feet cover nearly all of the brain 

microvasculature. These contacts position astrocytes as the main conduit for neuron-glia 

interactions [11]. Astrocytes, far from being merely physical support cells, actively modulate 

synaptic glutamate levels, scavenge free radicals, produce neurotrophic factors, and regulate 

the blood brain barrier [7, 12, 13]. The importance of astrocytes for neuronal survival was 

confirmed by the study that found conditional ablation of astrocytes in adult mice led to 

significant neurodegeneration [14]. Additionally, multiple reports have demonstrated that 

reactive astrocytes may exacerbate inflammatory processes that can lead to 

neurodegeneration [3, 15]. Indeed, astrocytes exposed to an inflammatory stimulus also 

produce pro-inflammatory cytokines, such as interleukin-1β (IL-1β) and TNF-α, along with 

increased production of reactive oxygen species (ROS) [16]. This response is known as 

reactive astrogliosis, and is the mechanism by which astrocytes respond to injuries such as 

trauma, infection, misfolded protein accumulation, and excitotoxicity in neurodegenerative 

disease such as Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease 

(HD) and amyotrophic lateral sclerosis (ALS) (reviewed in [17]). The cell-to-cell 

communication of astrocytes, neurons, and microglia in neurodegenerative diseases is 

detailed in Figure 1, with the factors involved in spreading these damaging factors between 

cell types.

Reactive astrogliosis is an evolutionary conserved response that is a constitutive, graded, and 

multi-staged process [18]. This reactive state is characterized by both molecular and 

morphological changes. These include increased expression of the glial fibrillary acidic 

protein (GFAP), vimentin, and nestin, accompanying a reduction in the number of primary 

branches and hypertrophy of the cell body and remaining processes [19]. Recently, Liddelow 

et al. demonstrated that pro-inflammatory microglia can induce conversion into reactive 

astrocytes, and that these reactive astrocytes are cytotoxic to neurons [20]. Complicating the 

issue however, Rappold and Tieu reported that astrocytes in vivo did not respond in a 

uniform manner, and instead represented a heterogeneous population [21], some of which 

are protective. Therefore, there is a need to elucidate the mechanisms surrounding astrocyte 

responses to different neurologic conditions and the various neurodegenerative diseases. A 

comparison of astrocyte gene expression in either a model of ischemia or an endotoxin 
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inflammatory model demonstrated that at least 50% of the injury-altered gene expression 

was disease specific [22]. These points underscore the fact that astrocytes are a complex 

CNS cell-type that exhibits a differential, heterogeneous response depending on context. 

Thus, understanding the mechanisms leading to regulation and differential responses may 

provide insight into the pathogenic process of neurodegeneration and identify novel targets 

for intervention.

Emerging data demonstrate that epigenetic mechanisms regulate the innate and adaptive 

immune response, including macrophages, T lymphocytes and microglia. For instance, tri-

methylation of histone 3 lysine 27 (H3K27) leads to an increased inflammatory phenotype 

of macrophages and microglia, also known as an M1 response, while the H3K27 histone 

demethylase jumonji-domain containing protein 3 (Jmjd3) is essential in promoting the anti-

inflammatory M2 phenotype in microglia [23]. Treatment with lipopolysaccharide (LPS) as 

an inflammatory stimulus induced hypomethylation of sites in the TNFα promoter and 

increases production of this inflammatory factor [24]. Further, PD patients show 

hypomethylation of the tumor necrosis factor alpha (TNFα) promoter, a major inflammatory 

factor found in this disease [25]. Given recent research, it is likely that the different 

responses of astrocytes in neurodegenerative diseases arise, in part, from differential 

epigenetic regulation of various functions. However, the examination of the epigenetic 

regulation of astrocyte function has not been reviewed, including the relationship of these 

epigenetic mechanisms to neurodegenerative diseases. The focus of this review is to assess 

the current state of knowledge regarding epigenetic regulation of astrocytes and the potential 

role for this process in neurodegeneration.

Epigenetics in Neurodegenerative Disease

Although the concept of epigenetic regulation of gene expression is over 70 years old, the 

field of epigenetics has recently exploded, with 98% of epigenetic research published in the 

last 15 years [26]. Many CNS functions have significant epigenetic components, including 

neural stem cell fate determination, neural plasticity, and learning and memory (Reviewed 

by [27]; and [28]). With regard to neurodegenerative disease, dysregulation of DNA 

methylation, histone modifications, and miRNAs are present in multiple neurodegenerative 

diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral 

sclerosis (ALS), and stroke [29–32]. This is not surprising, as age is the major risk factor for 

several neurodegenerative diseases, including AD and PD, and increased age has been 

associated with alterations in DNA methylation [33]. AD patients exhibited higher 

methylation of repetitive DNA elements compared to controls, which could result in altered 

global DNA methylation levels [34]. In PD, epigenetic mechanisms have been suggested to 

play a substantial role, with decreased methylation of the α-synuclein (SNCA) gene [35]. 

This could be an important contributing factor leading to the increased accumulation of α-

synuclein, which forms the basis of the Lewy bodies seen in PD patients [36]. Multiple 

studies have also investigated pharmacological intervention of epigenetic mechanisms in 

neurodegenerative diseases. For instance, Pan et al. (2016) reports that inhibiting DNA 

methyltransferases can be beneficial in Huntington’s disease [37]. Similarly, DNA 

methyltransferase inhibitors have been found to modulate the outcome in animal models of 

neurodegenerative diseases [38–41]. Histone deacylases are the most targeted epigenetic 
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mechanism for neurodegenerative diseases, with multiple histone deacetylase inhibitors 

demonstrated to be neuroprotective in animal models of aging, AD, PD, Huntington’s 

disease (HD), Multiple sclerosis (MS) and ischemia [37, 42–77]. Other epigenetic therapies 

that have demonstrated the ability to alter the disease course in animal models of 

neurodegenerative diseases include Sirtuin 1 activators [78–82] and histone acetyltransferase 

(HAT) activators [83, 84]. MicroRNAs have also been implicated in multiple 

neurodegenerative diseases, including PD and AD (reviewed by [85]), with several miRNA 

therapies tested in animal models of neurodegeneration [86–93]. Table 1 outlines the current 

epigenetic therapeutic options that have been tested in animal models of neurodegenerative 

diseases and the effects of these drugs on disease course.

Thus, epigenetic alterations may play a significant role in these complex neurodegenerative 

diseases through a variety of pathways. Understanding how epigenetic mechanisms 

contribute to the development or progression of these diseases could offer a novel approach 

to treatment. The following sections will discuss the known epigenetic mechanisms found in 

various astrocyte functions, from DNA methylation to the various histone modifications and 

finally the involvement of miRNAs. We also relate these findings to the overall role of 

epigenetics in the regulation of reactive astrocytes in neurodegenerative diseases.

Epigenetic Regulation of Astrocyte Development and Function

DNA Methylation

DNA methylation generally leads to repression of gene expression through the addition of 

methyl groups to the gene promoter which blocks binding of transcriptional enzymes [94]. A 

family of DNA methyltransferases (DNMTs) adds these methyl groups to gene promoters. 

DNMTs add methyl groups to CpG sites, or cytosine residues in DNA directly followed by a 

guanidine residue on the 3’ prime side of the same DNA strand. Regions with high numbers 

of CpG sites, at least 200bp region with higher than 60% observed-to-expected CpG ratio, 

are designated CpG islands and are mainly found in the gene promoter upstream of the 

transcription start site. Methylation of CpG islands in a gene promoter stably inhibits 

transcription of that gene. Therefore, DNA methylation is mainly viewed as a major source 

of genetic silencing.

Most of the studies focused on epigenetic regulation of astrocytes have primarily 

investigated the role of DNA methylation in astrocyte differentiation during development. 

These studies may not directly have a major impact on astrocytes in neurodegeneration, but 

this information can potentially serve as a roadmap to understand possible epigenetic 

mechanisms in astrocytes that could also appear in neurodegenerative diseases. In the 

developing brain, there is a tight regulation of fate determination for neural precursor cells 

(NPCs), and DNA methylation is one of the critical mediators that regulates their 

differentiation into astrocytes [95]. The promoter of the astrocyte specific gene GFAP is 

methylated at a specific CpG element that is known for binding of signaling transducer and 

activator of transcription 3 (STAT3) in development when astrocyte differentiation is not 

known to occur. However, in late-stage NPCs this particular cytosine is demethylated, 

allowing for leukemia inhibitory factor-induced activation of STAT3 to increase gene 

expression of GFAP, driving astrocyte differentiation [95]. Similarly, Hatada et al. found that 
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many other astrocyte specific genes are demethylated in late-stage neural precursor cells that 

can facilitate expression of these genes when astrocyte differentiation is completed [96]. 

Further, inhibition of DNMTs induces astrocyte differentiation from neural progenitor cells 

[97]. Genetic knockout of DNA methyltransferase 1 (DNMT1) in postnatal calmodulin-

kinase Iiα (CamKIIα) neuroblasts had no obvious effects [98]. However, conditional 

knockout of DNMT1 in nestin-positive NPCs induces GFAP and S100β gene expression 

along with activation of the JAK-STAT pathway, including STAT1 and STAT3 [99]. This 

indicates that DNMT1 methylates astrocyte-specific genes and regulates the JAK-STAT 

pathway in development. Similarly, conditional knockout of DNA methyltransferase 3a 

(DNMT3a) in nestin-positive cells results in neuromuscular defects and reduced postnatal 

re-methylation of the GFAP promoter in the cortex [100]. Thus, DNA methylation appears 

to be critically important in the differentiation of astrocytes from NPCs. Contrasting these 

findings however, Urayama et al. knocked out DNMT1, 3a and 3b in NPCs and found that 

hypomethylation of the GFAP promoter was not itself sufficient to induce expression, that 

differential chromatin accessibility was also involved in regulating the expression of GFAP, 

indicating that histone modifications (see next section) influences this process [101]. Further 

study is needed to reconcile these disparate findings.

The results of DNA methylation in astrocytes during development indicate that astrocytes 

express DNMTs and that astrocyte specific gene expression can be reduced via methylation. 

As these genes are differentially active in the adult brain, it is possible that similar 

mechanisms controlling gene expression in astrocytes exist in neurodegenerative diseases. 

For instance, the JAK/STAT pathway has been demonstrated to control reactive astrogliosis. 

Sriram et al. found that activation of the JAK2/STAT3 pathway in the MPTP mouse model 

of PD precedes, and likely drives, the upregulation of GFAP and reactive astrogliosis [102]. 

The activation of STAT3 following MPTP-induced neuronal damage was only found at the 

site of injury, preceded increased astrocyte reactivity, and STAT3 activation fell before the 

peak of reactive astrogliosis. The addition of the neuroprotective agent nomifensine 

significantly attenuated MPTP-induced expression of factors involved in the activation of 

STAT3 in astrocytes, including Tnf-α, Osm, Lif, and Ccl2 [103]. Further, conditionally 

knocking out STAT3 in astrocytes significantly reduced the amount of reactive astrocytes 

following MPTP [103]. These findings indicate that STAT3 is an important regulator of 

reactive astrogliosis, and the developmental data demonstrate that epigenetic mechanisms 

such as DNA methylation can influence the STAT3 pathway. Therefore, DNA methylation 

could potentially alter astrocyte reactivity and inflammatory status in neurodegenerative 

diseases through controlling the STAT3 pathway, along with other signaling pathways.

Although few studies have examined astrocyte-specific DNA methylation in CNS 

pathologies, it clearly plays at least some role in various neurodegenerative diseases. For 

instance, peroxisome proliferator-activated receptors (PPARs), which are prominently 

expressed in glial cells, have demonstrated neuroprotective properties in various in vitro and 

in vivo studies (Reviewed by [104]). PPARβ/δ-induced reduction of DNMTs in rat 

hippocampal astrocytes attenuates hypermethylation of CpG islands in the miR-181a gene, 

and the increased miR-181a can protect these cells from corticosterone-induced ER stress 

[105]. Another intriguing role concerns methylation-mediated vulnerability to 

neuroinflammation or degeneration. Peroxisome proliferator-activated receptor coactivator 
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1α (PGC-1α) is reduced in the dopaminergic neurons of PD patients compared to age-

matched controls [106]. Palmitate, a common, pro-inflammatory fatty acid postulated to 

influence neurodegeneration, induces promoter methylation of PGC-1α in major cell types 

of the brain, including astrocytes [107]. Similarly, human AD patients have decreased global 

DNA methylation specifically in pyramidal neurons and astrocytes [108]. Mechanistically 

connecting these observations may provide novel insights into disease pathogenesis and 

open new avenues for targeted therapeutics.

Another factor that implicated in neurodegenerative diseases is the inward-rectifying 

potassium channel Kir4.1, with reduced levels of Kir4.1 in AD, ALS, and ischemia. 

Astrocytes have been demonstrated to protect neurons through the buffering of potassium, 

and astrocytes regulate potassium buffering in the cortex and hippocampus through Kir4.1 

during development [109]. Some evidence indicates that expression of Kir4.1 in astrocytes is 

regulated by DNMT1-mediated DNA methylation [110]. Therefore, understanding the DNA 

methylation of Kir4.1 in disease could represent a new therapeutic option for several 

neurodegenerative diseases.

Astrocyte dysfunction has also been implicated in neuropsychiatric disorders such as major 

depression, with global methylation patterns altered in depressive patients that demonstrated 

changes in astrocyte specific genes [111]. Alcohol exposure alters neuronal plasticity in both 

the developing and mature CNS. Zhang et al. found that ethanol exposure led to altered 

DNA methylation levels in cultured primary rat astrocytes, with ethanol reducing DNMT3a 

protein level while not changing DNMT1 levels [112]. The same study found that reduced 

DNA methylation led to an increase in tissue plasminogen activator (tPA), which is known 

to modulate neuronal plasticity and is involved in complement regulation, a significant 

contributor to astrocyte reactivity in neurodegeneration [20, 113].

Overall, DNA methylation in astrocytes appears to be altered in numerous neurological 

disorders, which has broad implications for controlling both the neuroprotective and 

neurodegenerative qualities of astrocytes.

Histone modifications

Histones are nuclear proteins that are responsible for arranging DNA into euchromatin, a 

conformation that allows gene transcription, or into heterochromatin, a dense structure that 

blocks gene transcription [114]. DNA wraps around the histones to form a structure known 

as the nucleosome. There are five major classes of histones: H1/H5, H2A, H2B, H3, and H4. 

The core histones, which consist of H2A, H2B, H3 and H4, exist as dimers and form the 

complex that the DNA strand enwraps. These histone proteins contain tails that have 

residues capable of being acetylated, methylated, phosphorylated, ubiquitylated, and 

sumoylated. Depending on the site and type of modification, the histones can alter the DNA 

structure, into either euchromatin or hererochromatin, for a specific gene and change the 

expression of that gene. There are enzymes that add modifications, such as histone 

methyltransferases (HMTs), and enzymes that remove these modifications, including histone 

demethylases. A complex interplay between activating and repressing histone modifications 

is a major regulatory pathway for gene expression [115].
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Histone Methylation—Methylation of histone tails by HMTs results in either increased or 

reduced gene expression depending on the specific amino acid methylated on the histone 

tails. For instance, H3K4 tri-methylation (H3K4me3) is associated with increased 

transcription, whereas H3K9me3 results in transcription repression. Histone methylation is 

not well studied in astrocytes during CNS dysfunction, but the existing information suggests 

an important role in astrocyte function. Astrocytes express many of the known enzymes that 

control the levels of histone methylation, including both HMTs and histone demethylases, 

and have different basal levels of tri-methylation of histone 3 lysine 27 (H3K27me3) [116]. 

Ezh2, for instance, is an HMT that is mainly responsible for tri-methylation of histone 3 

lysine 27 (H3K27me3). During development Ezh2 is downregulated in neural stem cells 

during differentiation towards neurons and astrocytes, and forced expression of Ezh2 in 

recently differentiated astrocytes led to a partial de-differentiation back to neural stem cells 

[117, 118]. Similarly, mice with Ezh2 knockout specifically in the cortex demonstrated 

accelerated astrogliogenesis and astrocyte differentiation [119]. On the other hand, 

astrocytes also express histone demethylases, including the jumonji-domain containing 

proteins (Jmjds), with Jmjd3 and Jmjd5 being the most highly expressed [116]. 

Demethylases, such as jumonji-domain containing protein 2c (Jmjd2c), are also important in 

astrocyte differentiation in development, with Jmjd2c hypomorphic mutant mice had 

increased GFAP-positive cells in the developing brain [120]. Similarly, absence of the HMT 

ESET increased astrocyte formation in development and overexpression of ESET 

significantly reduced astrocyte differentiation [121].

Histone methylation is also important in astrocytes during CNS dysfunction, including 

ischemia, viral infection, and cancer. Chisholm et al. examined adult cortical astrocytes 

following an ischemic injury in rats contained higher H3K4me3 and less H3K9me3 

compared to middle-aged astrocytes with the same treatment, indicating an overall lower 

level of gene transcription in aged astrocytes following ischemia [122]. This study went on 

to examine specific genes affected by ischemia in aged cortical astrocytes by the KEGG 

pathway analysis and found increased activation of the neuroprotective VEGF pathway. 

There was no observed difference in DNMT1 expression, but along with the differences in 

histone methylation, the authors found a decrease in histone deacetylase (HDAC) 

expression. One major caveat to this study was that the levels of these epigenetic 

mechanisms were not measured in normal aging in these rats, and some of the results that 

were found in this study could have been affected in the normal aging process.

Along with ischemia, the HIV virus can induce neurodegeneration in what is termed HIV-

associated neurodegeneration (HAND). Narasipura et al. found that histone methylation is 

important for HIV latency in astrocytes, with H3K9me3 pushing HIV out of latency while 

inhibition of H3K9 methylation increasing pro-viral transcription [123]. Therefore, the 

expression of genes involved in reducing HIV pro-viral transcription is inhibited by tri-

methylation of the H3K9 residue. Similarly, astroglial tumor progression is regulated to 

some extent by histone methylation, with higher H3K9me3 in control patients and higher 

H4K20me3 in grade 2 tumor brains [124]. The cytoplasmic levels of the HMT SUV39H1 

increased in brain of astroglioma patients, whereas the nuclear levels of this HMT were 

inversely correlated with tumor grade and affected survival. Expression of the HMT Ezh2 
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positively correlates with astrocytic tumor grade, along with increased H3K27me3 and 

reduced H3K27 target gene expression [125]. The same study found that DNA methylation 

was also altered in astrocytic tumors. As it relates to astrocytes and inflammation, Li et al. 

found that the astrocyte protein S100β could increase nuclear factor kappa-light-chain-

enhancer of activated B cells (NFκB) downstream inflammatory factors by increasing 

SET7/9-induced H3K4 methylation [126]. Taken together, histone methylation occurs in 

both developing and adult astrocytes and plays an important role in several CNS 

dysfunctions. However, there is still a dearth of knowledge on astrocyte specific histone 

methylation in the most common neurodegenerative diseases, including AD and PD. For 

instance, histone methylation is involved in the inflammatory response for several cell types, 

including macrophages and microglia, and inhibiting the histone methyltransferase Ezh2 in 

microglia leads to reduction in the inflammatory response to LPS [127]. Ezh2 is involved in 

reducing astrocyte differentiation but there has been no link to adult astrocytes. Therefore, it 

is plausible that a similar mechanism could be present in astrocytes. Because astrocytes 

contribute to the exaggerated inflammatory response in neurodegenerative diseases, histone 

methylation could play a role in promoting the production of inflammatory factors in 

astrocytes.

Histone Acetylation—Unlike methylation of histone tails that can result in either 

induction or repression of gene transcription, acetylation of histone tails is solely associated 

with active gene expression. As with histone methylation, astrocytes express the enzymes 

required for adding and removing acetyl groups to the histone tails, histone 

acetyltransferases (HATs) and histone deacetylases (HDACs). Astrocytes express various 

levels of the histone deacetylases including HDAC1–11 and the sirtuin family of HDACs 

[43, 128, 129]. The interplay between these two factors is important in the differentiation of 

astrocytes in development. Cheng et al. found that the HAT p300 is required for astrocyte 

differentiation in development by acetylating H3K9 and H3K14 [130]. Similarly, inhibition 

of HDACs by the addition of trichostatin A (TSA) prevents both neuronal and astrocyte 

differentiation [131]. Zhang et al. went on to demonstrate that control of astrocyte or 

oligodendrocyte differentiation is specifically through by HDAC3, and removal of HDAC3 

induces robust astrocyte differentiation [132].

Stem cell differentiation research is another area in which regulation of astrocyte function by 

histone acetylation appears to play a key role. Mouse neuronal differentiation of embryonic 

and neural stem cells is increased with inhibition of HDACs through chemicals such as 

sodium butyrate and TSA [133, 134]. However, it becomes more complicated when studying 

human stem cells, with some indications that HDAC inhibition increases neuronal 

differentiation and other findings demonstrating that it increases astrocyte differentiation 

instead. Inhibition of HDACs by sodium butyrate and mocetinostat promoted 10 to 15-fold 

higher neural progenitor cells from induced pluripotent stem cells [135]. Majumder and co-

workers reported that treatment of human neural stem cells with the DNA methyltransferase 

inhibitor 5-Aza-2-deoxycytidine along with the HDAC inhibitor TSA and the pro-astrocyte 

differentiation factor BMP2, there is increased astrocyte differentiation [97]. The most likely 

explanation for these mixed results is that multiple interacting factors, including histone 

acetylation, are involved in neuronal and astrocyte differentiation. Nonetheless, these 
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findings generally indicate that increased histone acetylation is involved in astrocyte 

differentiation during rodent development and in cultured human stem cells, with increased 

histone acetylation or inhibition of HDACs leading to increased astrocyte differentiation.

Histone acetylation is currently the most researched epigenetic mechanism in CNS 

dysfunction and neurodegenerative diseases as it relates to astrocyte function. Similar to 

development, adult astrocytes rely on histone acetylation for various important functions, 

including filament organization, cell survival, and inflammatory response. Hsieh et al. found 

that ex vivo differentiated rat astrocytes have lower levels of global histone acetylation when 

compared to neural stem cells and neurons [133]. Interestingly, HDAC inhibition through 

sodium butyrate treatment led to a significant reduction in GFAP expression, while also 

reorganizing the entire astrocyte filament network with GFAP, vimentin and nestin 

redistributed together [136]. Specific knockdown of HDAC3 and HDAC6 by siRNA led to 

similar effects on reorganization of the astrocyte filament network and reduction of GFAP 

expression.

Reactive astrocytes in neurodegenerative diseases contribute to neuroinflammation through 

the production of inflammatory cytokines and reduced production of neurotrophic factors 

[3–6]. Conditioned media from LPS-activated microglia led to decreased total H3 and H4 

acetylation in cultured astrocytes and increased astrocyte cell death from H2O2 treatment, 

while decreasing expression of the anti-oxidant factor Nrf2. This same study reported that 

the HDAC inhibitor valproic acid (VPA) attenuated the detrimental effects from LPS-

treatment microglial conditioned media [137]. Another HDAC inhibitor suberoylanilide 

hydroxamic acid (SAHA) significantly reduced the IFNγ-induced inflammatory response in 

the human astrocytoma cell line U373-MG and primary human astrocytes by reducing 

activation of STAT3 and the chemokine I-TAC. The authors went on to determine that 

SAHA treatment led to protection of SHSY5Y neuroblastoma cell death from IFNγ-treated 

astrocyte conditioned media [138]. Although these studies did not directly identify 

epigenetic alterations, such as increased histone acetylation, reduced STAT3 activation has 

been linked to promoter acetylation of SOCS1 and SOCS3 in cancer cells, which could be 

the underlying mechanisms seen by Sadayuki et al [139]. Therefore, increased histone 

acetylation might affect reactive astrogliosis through reducing STAT3 signaling, similar to 

that seen with DNA methylation during development [95].

Additional evidence supporting a role for HDACs and HATs in the reduction of astrocyte 

inflammatory response, includes the observation that dimethyl fumarate (DMF) treatment 

reduces HDAC expression in astrocytes, and attenuates cytokine-induced HDAC gene 

expression and activity [140]. The same study went on to demonstrate that DMF treatment 

increased Nrf2 expression, possibly by increasing acetylation. Similarly, Soliman et al. 

found that sodium acetate, a product of Acetyl-CoA metabolism, treatment in primary 

mouse astrocytes resulted in H3K9 hyperacetylation and significantly reduced LPS-induced 

the pro-inflammatory cytokine TNFα while also increased IL-4 and IL-10 gene expression 

[141]. On the other hand, Beurel et al. found that specifically inhibiting HDAC6 with 

tubacin led to a reduction in LPS tolerance in cultured primary mouse astrocytes [142]. 

Endotoxin tolerance, including LPS, results from prior exposure to small amounts of the 

endotoxin that leads to a reduced effect in later exposures [143]. HDAC inhibition reduction 
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in LPS tolerance opposes other research findings that demonstrated inhibition of HDACs or 

increasing acetylation resulted in reduced astrocyte inflammatory response [140, 144], and 

could be due to the fact that it is centric on LPS and mouse astrocytes do not have the 

signaling mechanisms for an LPS inflammatory response (TLR4 and MyD88) [145]. 

Alternatively, there may be differences in specific HDAC isoforms that contribute to these 

disparate findings.

Although most of the studies have focused on astrocyte-specific histone acetylation in vitro 
very few studies have investigated the importance of histone acetylation in astrocytes in 
vivo. Bailey et al. demonstrated that reduced histone H3 acetylation is found in rat astrocytes 

in vivo following traumatic brain injury (TBI) [146]. This reduction in astrocyte-specific 

histone acetylation could be one of the mechanisms that leads to the increased inflammatory 

response found in the CNS following TBI [147]. Additionally, HDAC inhibitors can increase 

the neurotrophic factors GDNF and BDNF gene expression, contributing to increased 

neuroprotection of dopaminergic neurons [148, 149]. Overall, increased histone acetylation 

appears to reduce astrocyte inflammatory response and lead to increased neuroprotection. 

Therefore, astrocyte-specific histone acetylation could be an important mediator in 

neurodegenerative diseases, and novel therapeutics that can alter histone acetylation in 

astrocytes could have beneficial effects, such as dimethyl fumarate.

Histone Phosphorylation, Ubiquitylation and Sumoylation—Other histone 

modifications include phosphorylation, ubiquitylation and sumoylation [150]. Very little 

work has been published regarding these modifications specifically in astrocytes, but the 

existing studies indicate that astrocyte-specific histone phosphorylation, ubiquitylation and 

sumoylation could be important factors to examine in neurodegenerative diseases. Histone 

phosphorylation is typically associated with DNA damage, with increased phosphorylation 

of the histone H2AX around sites of DNA damage. For example, oxidative stress that is 

generated by a neurological insult such as cerebral ischemia can generate higher levels of 

phosphorylated histone 2AX (H2AX) [151]. The same study went on to determine that 

pretreatment with an antioxidant reduced the levels of H2AX phosphorylation and the 

neuronal death. These results indicate that non-neurotoxic levels of insults can induce 

histone phosphorylation, and this histone modification could play a role in determining the 

vulnerability of neurons to insults such as oxidative stress. Increased phosphorylation of the 

H2A histone family member H2AX occurs in astrocytes of the hippocampus and cortex in 

AD patients compared to controls [152]. This indicates that astrocytes in the affected regions 

of AD patients may have higher astrocyte-specific DNA damage, and this could lead to 

reduced support for neuronal survival that basally comes from astrocytes. Similarly, 

Enomoto et al. found that cultured human astrocytes basally express low levels of histone 

phosphorylation, but histone phosphorylation of H2A subfamilies is involved in astrocyte 

apoptosis due to saline exposure [153]. Histone phosphorylation is apparently part of the 

complex interplay between other epigenetic marks, such as histone acetylation, histone 

methylation and DNA methylation. Increased histone phosphorylation has been found to 

maintain certain histone and DNA methylation marks early in a mouse zygote [154]. 

Similarly, evidence indicates that increased histone 3 Serine 10 (H3S10) phosphorylation 

during meiosis and mitosis is related to chromatin condensation and gene repression with 
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increased methylation of H3K9 [155], but this modification can also be associated with gene 

activation in some instances. Phosphorylation of histone 3 serine 10 (H3S10), threonine 

11(T11), and serine 28 (S28), has been linked to increased histone acetylation and 

subsequent activation of gene expression when examined [156–158]. As it relates to 

inflammation, phosphorylation of H3S28 has been demonstrated to displace polycomb 

repressive complexes (PRCs) and induce demethylation of H3K27 and activating 

transcription [156]. The reduction of H3K27 tri-methylation has been linked to reduced 

inflammation in macrophages and microglia [23], and therefore H3S28 phosphorylation 

could potentially reduce the inflammatory response in multiple cell types. Cytokine-induced 

histone phosphorylation by IkappaB kinase alpha (IKKα) subsequently increases histone 

acetylation in transcription factor nuclear factor kappa B (NFκB) responsive genes, which 

include pro-inflammatory cytokines [159]. Similarly, an animal model of ischemia found 

increased IKKα-induced histone phosphorylation in cerebral endothelial cells [160]. IKKα-

induced histone phosphorylation has not been studied in astrocytes, however, these cells are 

known to produce higher levels of pro-inflammatory cytokines during neurodegenerative 

diseases and this mechanism could be partially controlled by IKKα-induced histone 

phosphorylation in NFκB responsive genes. Therefore, histone phosphorylation has been 

demonstrated to increase pro-inflammatory gene activation and astrocyte-specific histone 

phosphorylation is an emerging area for investigation in neurodegenerative disease due to 

the role of these cells in the inflammatory response.

Histone ubiquitylation is also found in response to DNA damage, however, ubiquitylation of 

H2A usually leads to gene silencing, whereas H2B ubiquitylation has been linked to gene 

activation. Histone ubiquitylation is important for regulating stem cell maintenance and 

differentiation, including neural stem cells that differentiate into astrocytes [161]. 

Unfortunately, very little is known about how histone ubiquitylation is involved in astrocytes 

as it relates to neurodegenerative diseases. Cultured epithelial cells exposed to the pro-

inflammatory cytokine TNFα displayed an overall reduction in monoubiquitylation of H2B 

(H2Bub1), and this effect preceded the induction of NFκB target genes. Decreased H2Bub1 

due to the reduction in the ubiquitylation enzyme RNF20 increased the inflammatory 

response from TNFα in mice by regulating NFκB target genes [162]. As expected, 

astrocytes express deubiquitylation enzymes and have been found to contain H2Bub1 [163]. 

Therefore, the inflammatory response of astrocytes in neurodegenerative diseases could 

partially rely on H2Bub1 and warrants further exploration of this novel mechanism.

Small ubiquitin-related modifier (SUMO) is a modification that is similar to ubiquitin, but 

does not have as large of a role in protein degradation. The majority of research into 

SUMOylation and transcription indicate that this modification can alter transcription factors 

while influencing neuronal differentiation and inflammation [164, 165]. Regulation of 

epigenetic marks by SUMOylation influences gene expression through two main functions: 

1) SUMOylating enzymes adding SUMO groups to histone tails and competing with 

acetylation, and 2) addition of this modification to particular proteins, such as HDACs, that 

can control other epigenetic marks. Similar to ubiquitin, lysine residues on histone tails can 

be SUMOylated, and all four of the core histones can be SUMOylated [166, 167]. Along 

with direct gene repression, SUMOylation can inhibit chromatin-modifying enzymes that 

would normally open up the chromatin and allow gene transcription [168]. SUMOylation 
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can also affect histone modifications through the degradation or recruitment of enzymes 

such as HDACs to act on the histone tails. The enzyme HDAC1 can be SUMOylated both in 
vitro and in vivo [169]. The same study found that SUMOylation is not required for HDAC1 

activity, but it is involved in a complex interplay with acetylation and phosphorylation of 

HDAC1. Similarly, protein SUMOylation in macrophages can alter peroxisome proliferator-

activated receptor gamma (PPARγ) binding to a complex with HDAC3 to repress 

inflammatory gene transcription [165]. Studies have also found that SUMOylation can 

repress gene transcription through opposing histone acetylation and ubiquitylation, and 

reduction of histone SUMOylation leads to higher levels of acetylation [167]. Although 

post-translational protein SUMOylation has been suggested to contribute to the pathogenesis 

of several neurodegenerative diseases, such as PD [170, 171] and AD [172], there limited 

studies on SUMOylation in any of these diseases. One of the major findings of 

SUMOylation in neurodegeneration was reported by Tao et al., who demonstrated that 

SUMOylation of HDAC1 was an endogenous protective mechanism against amyloid-β (Aβ) 

toxicity in a mouse model of AD [173]. The same study found that acute Aβ treatment in 

rats induced the expression of Protein inhibitor of activated STAT1 (PIAS1), which is a 

SUMO E3 ligase. However, this study did not go into the specific cell type responsible for 

this protection.

SUMO ligases are expressed in rat astrocytes, including SUMO-1 and PIAS1, and these 

factors are decreased with aging or exposure to the inflammatory stimulus 

lipopolysaccharide (LPS) [174]. The same study found that protein SUMOylation of the 

transcription factor CCAAT/enhancer-binding protein (C/EBP) regulates the pro-

inflammatory NOS2 gene expression, with decreased sumoylation leading to increased 

NOS2 expression in cultured astrocytes. Hoppe et al. found that β-amyloid 42 (Aβ42) 

treated mouse astrocytes contained reduced levels of SUMO-1 conjugated proteins, and that 

over-expression of constitutively active SUMO-1 halted some of the morphological effects 

from Aβ42 [175]. Similarly, SUMOylation of liver X receptors (LXRs) in cultured 

astrocytes, by the SUMO ligases PIAS1 and HDAC4, reduced the interferon gamma (IFGγ)-

induced activation of STAT1 and subsequent inflammatory response [176]. These results 

indicate that SUMOylation is involved in astrocyte gene expression and that SUMOylation 

can reduce inflammation, which points to a potential role for SUMOylation in 

neurodegeneration and suggests that it might be a possible therapeutic option to reduce CNS 

inflammation.

MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs that do not form proteins, but can alter 

gene expression through multiple mechanisms [177]. Although not directly associated with 

gene expression, microRNAs generally prevent mRNA translation into a protein by binding 

to the 3’ untranslated end of mRNA, and they can directly lead to mRNA degradation [178]. 

Therefore, miRNAs represent another epigenetic regulation by altering gene translation into 

proteins. Over 5,000 different miRNAs have been detected and each contains a particular 

sequence that it will lead to the inhibition of specific targets, although one miRNA can 

regulate over one thousand mRNA targets [179]. Several studies have examined miRNAs in 

astrocytes and found that these molecules are involved in astrocyte differentiation, 
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inflammatory response and various other mechanisms. As it relates to development, the 

miRNA-124 (miR-124) can directly downregulate Ezh2 expression and lead to increased 

neuronal differentiation over astrocyte differentiation [180]. Letzen et al. found multiple 

miRNAs that are potentially involved in astrocyte differentiation [181], including miR-16 

that has been linked to GFAP, along with miR-184 and miR-118. These miRNAs potentially 

could prevent astrocyte differentiation and promote oligodendrocyte differentiation by 

inhibiting expression of key astrocyte genes. Interestingly, Vijayaraghava et al. found that 

there are regional and age-specific differences in the miRNA expression levels of laser-

captured human astrocytes by analyzing 20 specific miRNAs related to inflammation and 

neurodegeneration or due to their proven involvement in astrocyte function [182]. This study 

went on to report that expression of certain miRNAs in astrocytes are specific to different 

regions of the human brain, including higher expression of pro-inflammatory miRNAs in 

white matter compared to grey matter. The authors also found 10 miRNAs that were more 

highly expressed in adult white matter astrocytes when compared to the fetal astrocytes, and 

that the majority of these miRNAs were involved in immune response or glutamate 

transport. One caveat of this study that the authors discuss is that the laser capture technique 

could potentially miss some astrocytes that do not highly express GFAP, and another is that 

this study is focused only on 20 known miRNAs and did not broadly examine miRNA 

expression in astrocytes. Together, these studies infer that miRNAs are important gene 

expression regulators in the differentiation of astrocytes and are differentially expressed in 

astrocytes of different brain regions.

As it relates to neurodegeneration, Ziu et al. demonstrated that several miRNAs were altered 

at different timepoints in cultured rat astrocytes following oxygen-glucose deprivation to 

simulate ischemic injury, including miR-21, 29b, 30b, 107, 137 and 210 [183]. Since some 

miRNAs are involved in inflammation, another study examined miRNA levels from rodents 

and primates following LPS and IFNγ treatment [184]. The authors found that miRNAs 

such as miR-146a, miR-146b, and miR-155 were increased in mouse cortical astrocytes 

following LPS and IFNγ treatment, whereas miR-351, 455 and 149 were decreased. These 

data indicate that there could be a miRNA component to reactive astrogliosis following an 

inflammatory stimulus. Similarly, the same study found that some miRNAs are specifically 

expressed in rodent (mouse and rat) cortical astrocytes following the inflammatory stimulus 

compared to non-human primates, and that these miRNAs focused on TNFα signaling 

pathways. Iyer et al. demonstrated that astrocytes treated with the inflammatory cytokine 

IL-1β had elevated levels of miR-146a, and downstream inflammatory factors were 

increased through miR-146a [185]. Because astrocytes secrete many factors, including 

exosomes, that can influence the health of neurons, it is interesting that the levels of 

miRNAs in astrocyte-derived exosomes can be altered in neurodegenerative diseases and 

that these miRNAs could potentially exert control on neuronal plasticity, and perhaps 

astrocyte activity [186]. In relation to PD, Song et al. found that overexpressing the stress 

protein HO-1 in astrocytes led to decreased miR-7 levels and increased α-synuclein in the 

substantia nigra and ventral tegmental area [187]. On the other hand, a recent study found 

that the miRNA content in astrocyte-derived exosomes was not altered in an ALS culture 

model, SOD1-G93A [188]. Taken together, these studies indicate that miRNAs play a 

complex role in control of astrocyte function in health and disease, but that miRNAs are 

Neal and Richardson Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



certainly involved in astrocyte inflammatory response in CNS disorders [189]. Clearly, 

further study on the alteration of the miRNA network in specific neurodegenerative diseases 

and the functions that they control could help find novel therapeutic avenues to treat these 

diseases.

Conclusion

The extent of astrocyte involvement in the development and progression of 

neurodegenerative diseases is an active area of investigation, particularly following the 

development of new tools and understanding of reactive astrocyte pathways. Under basal 

conditions astrocytes support neurons through a variety of mechanisms, including 

neurotrophic support, glutamate uptake, and potassium buffering. However, reactive 

astrogliosis found in neurodegenerative diseases results in altered astrocyte functions to 

where they no longer provide support for neurons, and could potentially secrete harmful 

factors instead [20]. Astrocytes have garnered increased interest because they can contribute 

to the neuroinflammation found in neurodegenerative diseases, including AD and PD. 

However, the mechanisms that underlie the astrocyte-specific neuroinflammation and 

neurotoxicity found in these diseases are currently unknown. The field of epigenetics is still 

relatively new, particularly as it relates to the nervous system, and there are still significant 

gaps in knowledge regarding how epigenetic mechanisms can influence different cell types 

and responses in neurodegenerative diseases. Though much of what we know about this 

topic is on astrocyte development, it is clear that astrocytes in the adult brain express the 

various enzymes required for the different epigenetic mechanisms, including DNA 

methylation, histone modifications, and miRNAs, suggesting that these factors could be 

involved in the astrocyte response to inflammation and disease. Figure 2 summarizes the 

known roles of each epigenetic mark specifically in astrocytes.

This review has focused on the roles of epigenetic mechanisms demonstrated to contribute to 

various functions of astrocytes, from astrocyte differentiation to inflammatory response. 

Many of these epigenetic changes in astrocytes have not been tied directly to the astrocyte 

response in neurodegenerative diseases, but focus more on regulation of specific astrocyte 

functions. These studies serve as a foundation that can be used to explore new avenues in the 

initiation, promotion and treatment of neurodegeneration. With the available knowledge 

regarding epigenetic mechanisms in astrocytes there is considerable evidence that these 

factors regulate astrocyte responses in neurodegenerative diseases and warrants further 

investigation.
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Highlights

1. Astrocytes are central mediators of homeostasis and neuroinflammation

2. Epigenetic mechanisms control astrocyte development and inflammatory state

3. Understanding of epigenetic regulation of astrocyte function in 

neurodegeneration may lead to new therapies
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Figure 1. Factors involved in the cell-to-cell communication between neurons, astrocytes and 
microglia in neurodegenerative diseases
Neurodegenerative diseases have several hallmarks in common, which include aggregated 

proteins and neuroinflammation. The three major cell types involved in neurodegenerative 

diseases are neurons, astrocytes and microglia. These cells communicate to each other and 

can influence the response to various factors. Neurons can be damaged by factors such as 

aggregated proteins (including amyloid β (Aβ), α-synuclein (α-syn), or mutant Huntingtin 

protein (mHTT)), toxicants, or environmental factors. These damaged neurons can signal to 

both microglia and astrocytes through aggregated proteins, ATP, reactive oxygen species 

(ROS), glutamate and Cx3cl1. Once microglia and astrocytes are exposed to damaging 

factors such as aggregated proteins or environmental toxicants they respond with increased 

inflammatory factors (such as inflammatory cytokines IL-1β, and TNFα while also 

producing reactive oxygen and nitrogen species) that can signal to the other two cells. 

Overall, the consequence of this cell-to-cell communication is that dysfunction in one of 

these cell types can lead to dysfunction in the other two as well. Astrocytes undergo reactive 

astrogliosis and microglia become activated, which along with the original damaging factor, 

can lead to increased neuronal cell dysfunction and death, and this culminates to produce the 

disease states found in neurodegenerative diseases.
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Figure 2. The different epigenetic mechanisms alter astrocyte development and functions, which 
could affect the astrocyte responses in neurodegenerative diseases
(A) DNA methyltransferases add methyl groups to the promoter region of specific genes, 

which generally leads to repression of the gene expression. DNA methylation has been 

implicated in regulating astrocyte differentiation during development and is altered in 

astrocytes during disease states. (B) MicroRNAs control gene expression through several 

mechanisms. MicroRNAs begin as a double stranded oligonucleotide, called pri-miRNA, 

enzymes cleave off the post-transcriptional modification and the complementary sequence is 

degraded, leaving only the mature miRNA. Once the miRNA finds the target sequence it can 

either lead to degradation of the mRNA strand or it can inhibit translation of the mRNA 

sequence. Different miRNAs affect gene expression in astrocytes with several known 

miRNAs that affect astrocyte differentiation or function, along with altered levels of 

miRNAs in astrocytes during disease states. (C–F) Histone tails can be modified by various 

enzymes that add marks onto particular residues, and these marks can gene activity through 

the opening or closing of the DNA reading frame and allowing the transcription machinery 

to access the specific gene. (C) Acetylation of histone tails are generally associated with 

increased gene activation, and increased histone acetylation is involved in astrocyte 

differentiation and decreased histone acetylation in astrocytes is associated with an increased 

inflammatory response. (D) The effect of histone methylation depends on the residue that is 

methylated. Increased histone methylation has been demonstrated to decrease astrocyte 

differentiation, whereas increased histone methylation has been found increase in astrocytes 

during disease states. (E) Increased histone ubiquitylation has been linked to a possible role 

in reducing astrocyte differentiation, and decreased histone ubiquitylation is associated with 

an increased inflammatory response in epithelial cells. Similarly, small ubiquitin-like 

modifier (SUMOylation) is decreased in disease states, and increased SUMOylation has 
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been found to decrease inflammation. (F) Histone phosphorylation is generally seen around 

areas of DNA damage, but also can affect gene expression. Evidence indicates that increased 

histone phosphorylation is associated with increased astrocyte apoptosis, and histone 

phosphorylation is increased in astrocytes of Alzheimer’s disease patients.
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Table 1

Epigenetic therapeutics tested in animal models of neurodegenerative diseases.

Target Therapeutic Disease Result References

DNA methylation

S-adenosylmethionine (SAM) supplementation

AD

- Attenuated vitamin B 
deficiency-induced reduction 
in PSEN1 methylation levels 
and disease progression.

- Reduced oxidative stress, and 
AD pathology in 3×Tg AD 
mice

38, 39

ALS

- Delayed the onset of motor 
neuron pathology in SOD1-
G93A mice 40

DNA methyltansferase inhibitors

HD

- Intracerebral injection of 5-
fluoro-2′-deoxycytidine 
(FdCyd) by osmotic pump 
corrected transcriptional 
deficiencies in striatum of R 
6/2 mice

37

Ischemia

- 5-Aza-′2-deoxycytidine 
induced neuroprotection and 
reduced injury in a focal 
cerebral ischemia mouse 
model

41

HDAC inhibition

Sodium Butyrate

AD

- Improved learning and 
memory in CK-p25 mice, and 
memory deficits in APP/PS1 
mice

48

PD

- Increased protective DJ-1 
expression in MPTP mouse 
model, and attenuated 
cognitive defits in a 6-OHDA 
rat model

49, 50

HD
- Attenuated motor deficits in 

the R6/2 mouse HD model 51

Phenylbutyrate

AD

- Attenuated cognitive deficits 
and reduced tau pathology in 
Tg2576 mice 52

PD

- Reduced loss of TH-positive 
neurons along with striatal 
dopamine levels in the MPTP 
mouse model

- Attenuated MPTP-increased 
expression of NF-κB and 
reactive oxygen species in 
activated glial cells of mice

- Protected against rotenone-
induced motor deficits and α-
synuclein accumulation in 
mice

53, 55, 56

ALS - Prolongued survival and 
reduced pathological 57
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Target Therapeutic Disease Result References

phenotypes, along with 
increased Bcl-2 and NFκB in a 
SOD1-G93A mouse model

HD

- Protected against motor 
deficits in the N171-82Q 
mouse model 54

Ischemia
- Reduced ER stress in a mouse 

model of hypoxia-ischemia 58

Valproate/valproic acid

AD

- Reversed contextual memory 
deficits in APP/PS1 mouse 
model 59

PD

- Attenuated rotenone-induced 
toxicity and synuclein nuclear 
translocation in a Rat PD 
model

60

ALS

- Slowed disease progression in 
SOD1-G93A mouse model of 
ALS 61

HD

- Prolongued survival and 
attenuated spontaneous 
locomotor activity deficits in 
the N171-82Q mouse model

62

Ischemia

- Decreased infarct size and 
neurological deficit scores in a 
transiet focal cerebral ishemic 
rat model

63

Trichostatin A (TSA)

AD

- Rescued contextual freezing 
performance and attenuated 
the decreased H4 acetylation 
levels in APP/PS1 mice

64

PD

- Attenuated MPTP-induced 
neuronal cell death, along with 
increased tyrosine hydroxylase 
and BDNF gene expression in 
mice

65

ALS

- Increased survival and 
prolongued disease 
progression in SOD-G93A 
SOD mice

66

Ischemia

- Reduced cerebral infarct size, 
attenuated reduction in H3 
acetylation, and protected 
motor and sensory performace 
in a MCAO mouse model

67

Suberoylanilide hydroxamic acid (SAHA) AD

- Improved associative memory 
functions in APP/PS1 mice

- Attenuated age-associated 
memory deficts when injected 
directly into the hippocampus

68, 69
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Target Therapeutic Disease Result References

PD

- Rescued loss of dopaminergic 
neurons and reduced synculein 
expression in a synuclein 
drosophila model

70

Ischemia

- Reduced ischemic injury 
following a middle cerebral 
artery occlusion in the mouse 
brain

71

HD

- Reduced disease severity and 
motor deficits in the R6/2 
mouse HD model via addition 
to drinking water

72

Sirtuin inhibitors

AD

- Sirtuin 2 inhibitor, AK-1, was 
neuroprotective in rTg4510 
mice 73

PD

- Sirtuin 2 inhibitors, AK-1 and 
AK-2, attenuated synuclein 
mediated-toxicity in a 
synuclein overexpressing 
drosophila model of PD

- AK-7 protected dopaminergic 
neurons and striatal dopamine 
levels in an MPTP mouse 
model of PD

74, 75

ALS

- Sirtuin 2 inhibitor, AK-7, was 
not neuroprotective in SOD1-
G93A mice 75

HD

- Sirtuin 2 inhibitor, AK-7, 
extended survival, reduced 
mutant huntintin aggregation, 
and reduced motor deficits in 
the R6/2 and 140CAG mouse 
models of HD

- Sirtuin inhibitor, GW5074, 
attenuated neurodegeneration 
and behavioral deficits in a 3-
nitropropionic acid toxicant 
mouse model

76, 77

Ischemia

- Sirtuin 2 inhibitor, AK-7,was 
not neuroprotective in a 
cerebral ishemia mouse model 75

Sirtuin 1 activation Resveratrol

AD

- Reduced amyloidogenic 
activity via SIRT1 activation in 
Tg2576 mice 78

PD

- Rescued motor deficits and 
reduced pathology in MPTP 
mice 79

ALS

- Prolongued survival and 
elevated motor neuron 
function in SOD1-G93A mice 80
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Target Therapeutic Disease Result References

HD

- Attenuated motor and 
cognitive deficits, along with 
biochemical benefits in 3-NP 
mice

81

Ischemia

- Reduced hippocampal 
oxidative stress after MCAO in 
mice 82

HAT activation

CBP/p300 activator AD

- Intraperitoneal injection of 
TTK21 increased total histone 
acetylation in the hippocampus 
and cortex, along with 
extension of memory duration 
in adult mice

83

SPV-106 AD

- Enhances memory for fear 
extinction and prevents fear 
removal in mice 84

miRNA therapies

miRNA delivery

PD

- Intracerebral injection of 
miR-124 nanoparticles 
improved motor function and 
increase new neurons in the 6-
OHDA mouse model

91

HD

- Exosome-mediated delivery of 
miR-124 directly into the 
striatum exhibited modest 
effects in R 6/2 mice, but 
reduced REST expression

92

Ischemia

- Lentiviral delivery of miR-210 
improved neurological 
outcomes and neurogenesis in 
MCAO mice

93

Antagomirs (Oligonucleotides that act as 
specific silencers of endogenous miRNAs)

AD

- Intracerebral injection of 
AM206, the antagomir to 
miR-206, increased memory 
and BDNF gene expression in 
Tg2576 mice

86

ALS

- Antagomir directed against 
miR-155 extended survival in 
SOD1-G93A mice

- AAV9 overexpressing a 
miRNA directed against SOD1 
extended survival and reduced 
mutant SOD1 levels and 
increased number of motor 
neuron survival

87, 88

HD

- AAV delivery of miRNA2.4 
into the striatum of N171-82Q 
mice rescued motor behavior 
and reduced huntingtin levels

89

Ischemia

- Antagomirs directed against 
miR-1 and Let7f reduced 
infarct volume and 
neurodegeneration in MCAO 
mouse model

90
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Multiple therapeutic interventions have been tested in animal models of neurodegenerative diseases with targets ranging from DNA methylation, 
histone deacetylase (HDAC) inhibition, histone deacetylase Sirt 1 activation, histone acetyltrasferase (HAT) activation, and microRNAs (miRNAs). 
Therapeutics directed to these targets have demonstrated the ability to attenuate disease phenotypes in Alzheimer's (AD), Parkinson's (PD), 
Huntington's (HD), amyotrophic lateral sclerosis (ALS) and cerebral ischemia.
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