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Abstract

Background Neurodegenerative diseases show various phenotypes of molecular and cellular malfunction including mito-
chondrial dysfunction and neuroinflammation. These molecular dynamics are based on the epigenetic regulation of the
gene expression in the cells, which are vulnerable to progressive neurodegeneration. Histone deacetylases (HDAC) are the
enzymes that remove acetyl group from histones or non-histone proteins for the transcriptional control. Thus, HDAC inhibi-
tors (HDAC1) have been proposed as prominent drugs for neurodegenerative diseases.

Objectives In this study, we explain the molecular targets of the HDACI in the processes of neurodegeneration and
neuroprotection.

Results Treatment with HDAC: altered the expression of specific genes that are associated with mitochondrial bioenergetics
and neuroinflammation.

Conclusions Mitochondrial bioenergetics- and neuroinflammation-related molecular targets of HDACi may be the key to
the use of HDACI therapy for neurodegenerative diseases.

Purpose of review We aimed to discover molecular targets of HDACI in progressive neurodegeneration and to use these
targets in potential therapeutics to induce neuroprotection.

Recent findings HDAC: reverse cellular pathology in a mechanism involving mitochondrial bioenergetics and neuroinflam-
mation, and the result is alleviation of pathologic phenotypes of neurodegenerative diseases.
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Introduction

Neurodegenerative diseases such as Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), Huntington’s dis-
ease (HD), and amyotrophic lateral sclerosis (ALS) are
progressively developed with multifactorial pathogenic
mechanisms and complex molecular dynamics. The patho-
genic factors include abnormal protein processing, mito-
chondrial dysfunction, and neuroinflammation; these are
closely associated with aging (Wang et al. 2019; Yan et al.
2020b). None of the neurodegenerative diseases are cur-
rently curable, and the limited available treatments only
manage the symptoms. Because neurodegenerative dis-
eases impose significant personal burdens and social costs,
it is important to discover the patho-physiological mecha-
nisms and potential therapeutic targets of these diseases.
Recent studies have shown that neuroinflammation and
bioenergetics are linked to the progressive pathology of
neurodegenerative diseases (Lin and Beal 2006). Neuroin-
flammation is induced by activation of microglia and astro-
cytes by molecules released from damaged cells in the
neurodegeneration process. Through neuroinflammation,
proinflammatory cytokines and chemokines are released
peripherally and into the brain. At the molecular level,
neuroinflammation is mainly dependent on the redox status
of glial cells; reactive oxygen species (ROS) are produced
by microglia after microglial activation (Kierdorf and
Prinz 2013). Abnormal activation of microglia also leads
to the production of ROS, proinflammatory cytokines,
and related functional proteins that lead to the neurode-
generation process. An abnormal increase of ROS pro-
duction affects intracellular redox status and induction of
the expression of proinflammatory cytokines (Rojo et al.
2014). ROS are generated as the result of mitochondrial
action, and mitochondria respond to ROS induced by the
other associated cellular mechanisms (Handy and Loscalzo
2012). Thus, mitochondrial bioenergetics has been sug-
gested as an emerging therapeutic target in neurodegen-
erative diseases. Mitochondria generate more than 90%
of the body’s energy in the form of ATP. This occurs by
the electron transport process that utilizes mitochondrial
respiratory complexes I-IV for oxidative phosphorylation
(OXPHOS). Mitochondrial dysfunction is associated with
alteration of neuro-metabolic coupling and neural func-
tional networking. This explains the high susceptibility
of neurons to the bioenergetic deficits observed in neu-
rodegenerative diseases (Uittenbogaard and Chiaramello
2014). The entire pathological neurodegenerative process
including neuroinflammation and mitochondrial dysfunc-
tion can be explained by failure of the proper regulation
of specific genes in the degenerating vulnerable neu-
rons. For example, Yang et al., suggested that controlling

@ Springer

mitochondrial bioenergetics reduced ROS production by
histone modification (Yang et al. 2019). In addition, previ-
ous study showed that mitochondrial homeostasis by his-
tone modification improved neuronal function (Weyemi
et al. 2019).

Histone modification regulates chromatin dynamics and
gene accessibility by covalent attachment or detachment of
certain histone tail functional groups. Histone acetylation by
histone acetyltransferase (HAT) and histone deacetylation by
histone deacetylase (HDAC) are important epigenetic regu-
lation steps for directing specific gene expression (Fig. 1).
HDAC changes the affinity of histones for DNA, increasing
accessibility of transcription factors to the cis-regulatory ele-
ments of DNA (Icardi et al. 2012; Rousseaux and Khochbin
2015). Abnormal regulation of these processes is implicated
in the cellular mechanisms of a variety of disease processes,
and control of HDAC-associated gene expression by new
neurodegenerative disease therapies is a focus of scientific
investigation (Huang et al. 2023; Zhou et al. 2023). HDAC
inhibitors (HDACI) are potential therapies for treatment
of neurodegenerative diseases, and some HDAC: that tar-
get multiple classes or specific types of HDAC have been
reported to improve the pathological symptoms of neuro-
logical diseases (Chuang et al. 2009; Gupta et al. 2020).

Identifying the molecular targets of the HDAC:i to under-
stand the cellular processes that overcome disease symptoms
is a particularly important area of research. In this review,
we address the main targets of small molecule inhibitors of
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Fig. 1 Functions of histone acetylation and deacetylation in transcrip-
tional regulation



Molecular & Cellular Toxicology

HDAC:S in neurodegeneration and neuroprotection, focusing
on neuroinflammation and bioenergetics.

Histone deacetylases (HDACs) as epigenetic
controllers in neurodegeneration
and neuroprotection

The neurodegenerative disease process is progressive; neu-
ronal function declines over time and neurons ultimately die
(Lamptey et al. 2022). Emerging research has uncovered
that epigenetic alterations are a potential molecular target
for treatment of neurodegenerative diseases (Berson et al.
2018; Coppede 2014). HDAC is an important epigenetic
regulation step for the specific gene expression pattern for
neural function (Fig. 1). HDACs remove acetyl groups from
histone and non-histone proteins (Seto and Yoshida 2014),
leading to changes in gene expression by triggering the chro-
matin de-condensation process. Deacetylation of histone or
non-histone proteins have been studied in many cellular pro-
cesses (Hubbert et al. 2002).

Eighteen types of HDACs have been identified in mam-
mals. These are classified into four categories depending on
primary sequence homology and structural similarities to
yeast proteins (Fig. 2) (Yang and Seto 2008). Class  HDACs
(HDACI, 2, 3, and 8) show a similar sequence to the yeast
transcription regulator Rpd3, and class I HDACs have simi-
lar sequences to the yeast Hdal protein. Class | HDACs are
found in ubiquitously in human tissues and mainly reside in
the nucleus. Class I, II, and IV HDACs have a variety of his-
tone deacetylase functions, activities, and substrate specifici-
ties. Class | HDACs have an entirely conserved deacetylase
domain compared to the other classes. Class I HDACs are
subdivided into two subclasses, Class Ila (HDAC4, 5, 7,
and 9), and class IIb (HDAC6 and 10), depending on their
domain compositions. Class Ila HDACs have unique N-ter-
minal domains that regulate binding affinity and locations.
Class IIb HDACs contain characteristically long c-terminal
domains that consist of a second deacetylase domain and a
zinc finger ubiquitin binding domain (HDAC®6) or leucine-
rich repeat domain (HDAC10). HDAC11, which has simi-
lar homology to both class I and class II HDACs, is in a
separate class, class IV. Class I, II, and IV HDACs are the
classical HDACs and have common zinc-dependent catalytic
mechanisms that can be the targets of their inhibitors (Zhang
et al. 2018a). In contrast, class IIl HDACs have nicotinamide
adenine dinucleotide (NAD")-dependent sites with similar
sequences to the yeast Sir2 protein also known as Sir2-like
protein (sirtuins); SIRT1-SIRT7 are included in this class.

HDAC inhibitors (HDACi): structure and function

HDAC inhibitors (HDACi) are small natural or synthetic
chemical compounds that inhibit the enzyme activities of
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Fig.2 Classification of histone deacetylases (HDAC) with their
molecular structures and inhibitors

HDACSs. HDAC: usually consist of a metal-binding moiety
or functional group, a capping group and a linker. Metal-
binding moieties promote the binding of catalytic metals to
the active site of the HDAC enzymes. The capping group
interacts with the amino acid of the lysine binding site, and
a linker with a structural similarity interacts with the carbon
chain in the acetyl-lysine substrate that connects the metal-
binding moiety and capping groups (Shukla and Tekwani
2020). HDAC: have different chemical structures, includ-
ing hydroxamic acids, cyclic peptides, electrophilic ketones,
short-chain fatty acids, benzamides, boronic acid-based
compounds, benzofuranone- and sulfonamide-containing
molecules, and o/ peptide structures. The hydroxamic acid
class of HDACi generally have common structural charac-
teristics like an opposing capping group; zinc-binding moi-
ety (ZBM) in the catalytic pocket; and straight-chain alkyl,
vinyl, or aryl linkers (Marks 2010).

The potential of HDACI as an effective treatment for
neurodegenerative diseases by causing in hyperacetylation
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of histones and activation and/or inhibition of the expres-
sion of various gene subsets has been discussed (Choud-
hary et al. 2009; Lin et al. 2006). SAHA (vorinostat)
is an HDACI that structurally belongs to the group of
hydroxamic acids that potently inhibit class I HDACs
(HDAC 1, 2, and 3), class Il HDACs (HDAC6 and 7) and
the class IV HDAC (HDAC11). CI-994 (tacedinaline) is
a benzamide that inhibits class I HDACs (Zhang et al.
2018b). Short-chain fatty acids HDACI, sodium butyrate
(SB) inhibits class I and Ila HDACs and readily cross the
BBB (Park and Sohrabji 2016). RGFP109 is a specific
HDACI and 3 (class I) inhibitor that also penetrates the
BBB with potential neuroprotective effects (Paraskevo-
poulou et al. 2021). ACY-738 is potent, selective HDAC
6 inhibitor that also has the ability to penetrate the BBB
(Burg et al. 2021). Tubacin selectively targets HDAC6 and
deacetylation of a-tubulin. MS-275 (entinostat) is a potent
benzamide HDAC: for class I HDACs (Fig. 2).

Functional recovery by HDACi
under a neurodegeneration

Previous studies have shown that HDACi administration
improved neural function. SAHA administration improved
spatial reference memory in aged mice and APP/PS1-21
mice compared to the vehicle group (Benito et al. 2015).
ACY-738 treatment restored histone acetylation and attenu-
ated the ALS disease phenotype in wild-type FUS mice,
which presented with hypoacetylation of histones (Rossaert
et al. 2019). CI-994, a class I HDACI, enhanced synaptic
plasticity, increased transcription of some learning-related
genes in the hippocampus, and maintained long-term mem-
ory retention in contextual fear conditioning (CFC) (Burns
et al. 2022). Administration of SB alleviated the neurode-
generative phenotype of presenilin-1 and -2 conditional dou-
ble knockout (¢cDKO) mice, improved contextual memory
deficits, enhanced neonatal neuronal differentiation in the
cortex of cDKO mice, and significantly reduced phospho-
rylated tau. MS-275, an HDACI inhibitor, improved cog-
nitive decline of AD mice. Valproic acid (VPA) adminis-
tration significantly improved PD-like motor behaviors in
LRRK?2R1441G transgenic mice (Kim et al. 2019).

Sung et al. demonstrated that W2, a mercaptoacetamide-
based class II HDACI, significantly decreased mRNA lev-
els of y-secretase components (Psenl, Psen2, and Nicas-
trin) and increased Mmp2 expression that is involved in Af
degradation in an AD model of primary cortical neurons.
12, a hydroxyamide-based class I and II HDACI, signifi-
cantly repressed expression of -secretase (BACE1) and
y-secretase components (Nicastrin and Psen2) and upregu-
lated AP degradation-related expression of genes such as
Nep, Ecel, Mmp2, Ctsd, and Ctsb (Sung et al. 2013).
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Molecular targets of HDACi in neuroinflammation

Neuroinflammation is a key pathological feature of neuro-
logical disorders and is mediated by central nervous system
(CNS) immune cells, microglia and astrocytes. AD model
5xFAD mice showed decreased protein levels of proinflam-
matory cytokines (TNF-a, IL-6, and IL-1p) and decreased
phosphorylated NF-«xB level (Jiang et al. 2021). Previous
studies suggested the functions and molecular targets of
HDAC:I in the cellular mechanism of neuroinflammation.
For example, SB, an HDAC:i for class I and ITa HDACs,
alleviated the abnormal expression of genes related to
immune and inflammatory responses in cDKO mice. SB
also decreased the expression of GFAP, a marker of inflam-
mation in the cortex and hippocampus of cDKO mice. Also,
SB treatment rescued dysregulation of acetylated histone
3 (H3Ac) expression in cDKO mice (Cao et al. 2018) and
reduced proinflammatory cytokine production, including
production of TNF-a, IL-6, and IL-1p, in 5XFAD AD mice
(Jiang et al. 2021). In another study, SB inhibited the expres-
sion of S100a9 and Ccl4 in cDKO mice (Cao et al. 2018).
In microarray and RT-PCR analysis, the expression level of
chemokine receptor 6 (Ccr6), which is critical in traffick-
ing of T helper 17 (Th17) cells to the CNS, was decreased
with HD and increased with HDACi 4b NKL22 treatment,
a benzamide-type HDAC inhibitor that targets HDAC1 and
HDAC3 (Thomas et al. 2008). MS-275, an HDAC] inhibi-
tor, induced cognitive decline of AD APP/PS1 mice, and
reduced the mRNA expression levels of IL-1f, iNOS, and
TNFa in LPS-induced, activated RAW 264.7 cells (Zhang
and Schluesener 2013). Benito et al. (2015) used a genome-
wide approach to investigate the molecular basis of HDACi
therapy and found that CLK1 (CDC-like kinasel) is down-
regulated in an aged mouse model and is fully restored after
SAHA administration. CLK1 is a protein kinase essential
for phosphorylation of serine/arginine-rich (SR) proteins
that are involved in gene splicing regulation. The four CLK
family members CLK1/STY, CLK2, CLK3, and CLK4 are
commonly used as a target for diseases caused by gene mis-
splicing. Cao et al. (2018) have found that SB treatment
inhibited the upregulation of inflammation-related genes
such as S100a9 (S100 calcium binding protein A9), GFAP,
and Ccl4 in the brains of cDKO mice. Ccl4, inflammatory
chemokine (C—C motif) ligand 4, is a gene that encodes a
mitogen-inducible monokine. Those encoded proteins are
involved in inflammation/immune processes and cytokine-
cytokine receptor interactions. Compound 106, a derivative
of the HDAC: 4b inhibitor (NKL22), induced negative regu-
lation of Rnf35, a member of the tripartite motif (TRIM)
protein family, in ataxia model KIKI mice. Compound 106
also decreased antigen-binding and immunoglobulin recep-
tor binding activity with Igh-6, an immunoglobulin heavy
locus and positive regulator of B cell proliferation (Rai et al.
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2008). In 6-OHDA mice and 6-OHDA-treated neuroblas-
toma SH-SYSY cells, tubastatin A, an HDACG6 inhibitor,
decreased the inflammatory cytokines and inflammasome
related gene expression including that of NLRP3, IL-18,
IL-1p and IL-6 (Yan et al. 2020a) (Fig. 3).

Molecular targets of HDACi in bioenergetic
metabolism

Accumulating evidence indicates that dysregulated lipid
metabolism and altered cholesterol homeostasis have strong
associations with protein aggregation and progression of
neurodegeneration (Estes et al. 2021). After treatment with
SB, VPA, and TSA, the CYP46A1 gene involved in cer-
ebral cholesterol catabolism was significantly upregulated
(Nunes et al. 2010). The CYP46A1 gene encodes choles-
terol 24-hydroxylase that is involved in a major mechanism
of conversion of cholesterol into 24S-hydroxycholesterol to
achieve cholesterol clearance in neurons (Lund et al. 1999).
Hudry et al. (2010) demonstrated that overexpression of the
CYP46A1 gene before or after the onset of amyloid plaques
significantly reduced AP pathology in a mouse model of
AD. TSA treatment also altered cholesterol metabolism in
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neuronal cells by upregulating the expression of ABCA1
genes, that involved cholesterol efflux and by downregulat-
ing the expression of HMGCS, HMGCR, MVK and LDLR
that are involved in cholesterol synthesis and uptake (Nunes
et al. 2013).

The effects of HDAC inhibition on lipid metabolism were
also studied using non-targeted liposome analysis combined
with transcriptomic analysis in the spinal cords of FUS mice.
Abnormal levels of glycerophospholipids, sphingolipids, and
cholesterol esters, were found in FUS mouse model com-
pared with normal mice. Abnormal alterations in these lipids
were completely or partially rescued by ACY-738 in FUS
mice. ACY-738 treatment significantly restored transcription
factors that are associated with lipid metabolism in FUS mice
(Burg et al. 2021). ACY-738 treatment partially restored
reduced levels of genes associated with fatty acid and cho-
lesterol biosynthesis (7-Dhcr, Sqle) and p-oxidation (Acsl6,
Acadl1), and upregulated mRNA expression levels of genes
associated with glycolysis, the pentose phosphate pathway
(PPP) (Hk2, Pdk4), and lipid transport (Apod, Apoe, Fabp4)
(Burg et al. 2021). ACY-738 treatment significantly induced
downregulation of Plalax, Pla2g3, Pla2g4e, and Pnpla7, and
upregulation of Pla2g4a transcription factors in FUS mice.
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Fig.3 Molecular mechanisms of HDACi functions in neuroinflammation and bioenergetics
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The elevated levels of cholesterol esters and dysregulation
of phospholipids is observed in ALS FUS mouse model.
Plalax, Pla2g3, Pla2g4a, Pla2g4e, and Pnpla7 are genes that
encode phospholipases that function in lipid metabolism.
ACY-738 administration partially restored the expression
of metabolic genes and substantially saved metabolic dis-
orders in FUS mice. (Rossaert et al. 2019). ACY-738 also
significantly induced downregulation of the transcription
factor expression of Ppara, Pparg, Rxra, Srebfl, and Tfap2b
and upregulation of the expression of Srebf2, another tran-
scription factor; these transcription factors are all involved
in lipid metabolism (Burg et al. 2021). Peroxisome prolifer-
ator-activated receptor (PPAR) isoforms including PPARG,
PPARA, and PPARD belong to a nuclear receptor family.
PPARG has the highest expression in the central nervous
system and functions as a lipid sensor throughout the body.
Each member of the PPAR family regulates a unique sub-
set of genes responsible for lipid and carbohydrate energy
metabolism and also regulates a variety of cellular processes
such as AP degradation and mitochondrial activation (Khan
et al. 2019; Rudko et al. 2020). ACY-738 also significantly
repressed the expression of Kruppel-like factor 5 (KLFS5)
and nuclear respiratory factor 1 (NRF1). KLF transcriptional
factors regulate various biological processes, including cell
proliferation and differentiation and axon growth of CNS
neurons in vitro and in vivo (Moore et al. 2009). Previous
studies have shown that KLF5 has an important function in
controlling metabolism at the cellular, tissue, and systemic
levels (Oishi and Manabe 2018). The NRF1 gene encodes a
homodimeric transcription factor that activates the expres-
sion of several key metabolic genes that regulate mitochon-
drial DNA transcription and replication (Fig. 3).

Molecular targets of HDACi in other mechanisms
of neurodegeneration

HDAC inhibition has been reported to alter other pathologi-
cal processes including the function of transcription factors.
Using RNA-sequencing (RNA-seq) and chromatin immuno-
precipitation-sequencing (ChIP-seq) technologies, previous
studies reported that SAHA partially restored physiological
gene expression and improved synaptic function and memory
formation in aged mice. SAHA completely or partially restored
the expression of genes associated with RNA processing that
were downregulated in the aged CA1 region of APP/PS1-21
mice (Benito et al. 2015). SAHA rescued downregulation
of genes involved in functional pathways related to synaptic
plasticity in the CA1 region neurons (Hanson et al. 2013).
Recently, Benito et al. used the GWAS approach to investigate
the molecular basis of HDACi therapy and found that genes
associated with RNA processing and splicing were affected in
CA1 neurons of the aged mice. Downregulation of these genes
is associated with decreased H4K12ac level in neuron. After
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SAHA administration, some of these genes such as CLK1,
Srsf10, Srsf7, Tra2a, and Srsf3, were fully restored (Benito
et al. 2015). CI-994, a selective inhibitor of HDACs 1, 2, and
3, enhances synaptic plasticity, increases transcription of some
learning-related genes in the hippocampus, and maintains
long-term memory retention. When comparing all enhancer
acetylation and bulk and single-nucleus RNA sequencing tran-
scriptional change datasets, the results suggested that the main
epigenetic and transcriptional targets of HDACi therapy may
be the genes involved in synaptic communication and MAPK
signaling (Burns et al. 2022).

In transcriptomic analysis of HD and ataxia model mice,
Scnlla, voltage-gated sodium channels, were upregulated in
both diseases, and downregulated by HDACi (HDACi 4b and
compound 106). The mRNA expression level of chloride intra-
cellular channel 6 (Clic6) was decreased in HDAC:i 4b treated
HD mice (Thomas et al. 2008). CI-994, a class I HDAC1, com-
bined with CFC functions as a molecular facilitator for the
synaptic and intracellular communication including Kcnal
(voltage-gated potassium channels) (Burns et al. 2022). RGF-
109, a selective inhibitor of HDAC1 and 3 improved motor
control and reduced transcriptional dysregulation in HD mice
including that of Neurod2 and Nr4a2 in R6/1 HD model
mice (Hecklau et al. 2021). HDAC6 modulates amyloid beta-
induced cognitive dysfunction in rats by regulating protein
tyrosine kinase 2 beta (PTK2B), a tyrosine kinase involved in
calcium-induced regulation of ion channels (Liu et al. 2020).

RGFP966, HDAC3 inhibitor, was administered to HD
model Hdh?”!! knock-in mice and decreased the H3K9ac
in the hippocampus and striatum. Arc (activity-regulated
cytoskeleton-associated protein) and Nr4a2 (nuclear recep-
tor 4A2; Nurrl) expression levels in hippocampus were
detected by RT-PCR and western blot. The transcriptional
levels of Arc and Nrd4a2 were decreased in knock-in mice,
and these gene expression levels in the RGFP966-treated
group were indistinguishable from those of wild-type mice
(Suelves et al. 2017). HDAC inhibitor 4b increased the level
of Mobp, an actin-binding and myelin-processing protein,
that is decreased in HD mice. SB alleviated the neurodegen-
erative phenotype of cDKO mice, enhanced neonatal neu-
ronal differentiation in the cortex, and significantly reduced
the level of phosphorylated tau in cDKO mice (Cao et al.
2018). HDAC: 4b inhibitor significantly increased frataxin
(FXN) mRNA expression level in the cerebellum, cortex,
and striatum of R6/2 HD mice (Herman et al. 2006; Lai et al.
2019; Thomas et al. 2008).

Conclusion

An understanding of the progressive pathology of neuro-
degenerative diseases requires an understanding of the epi-
genetic regulation of the gene expression in specific cells
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Fig.4 Understanding of the pathological mechanism of neurodegen-
erative diseases focusing on neuroinflammation and bioenergetic fail-
ure and the potential therapeutic candidates for neurodegeneration

in the nervous system. HDACs remove acetyl groups from
histones to provide access to DNA for transcription. In this
review, we focused on the molecular targets of HDACs in
disease development with the assumption that knowledge
of these targets may be useful in the development of new
neurodegenerative disease therapies. Many small molecules
that regulate HDACs have been the focus of neurodegenera-
tion and neuroprotection research. HDACi reverse cellular
pathology by modulating mitochondrial bioenergetics and
neuroinflammation, leading to alleviation of neurodegenera-
tive diseases (Fig. 4). However, the functional mechanisms
of these small molecules are not fully understood yet. For
instance, the efficiency of blood—brain barrier (BBB) pene-
tration of these small molecules cannot be fully explained for
the neuroprotective effects in the progressive neurodegenera-
tion. As previously reported, HDACi showed differential lev-
els of BBB crossing with region-specific changes of rodent
histone acetylation (Hooker et al. 2010). In conclusion, the
molecular targets of HDACi modulate the neuroinflamma-
tion and bioenergetics including lipid metabolism. HDACi
may be neuroprotective and may have potential as therapies
for neurodegenerative disorders.
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