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ARTICLE INFO ABSTRACT

Keywords: Background: Epigenetic dysregulation has been implicated in the development and progression of
H%Swne deacetylase o a variety of human diseases, but epigenetic changes are reversible, and epigenetic enzymes and
Histone deacetylase inhibitors regulatory proteins can be targeted using small molecules. Histone deacetylase inhibitors

Non-neoplastic diseases (HDACis), as a class of epigenetic drugs, are widely used to treat various cancers and other dis-

eases involving abnormal gene expression.

Results: Specially, HDACis have emerged as a promising strategy to enhance the therapeutic effect
of non-neoplastic conditions, including neurological disorders, cardiovascular diseases, renal
diseases, autoimmune diseases, inflammatory diseases, infectious diseases and rare diseases,
along with their related mechanisms. However, their clinical efficacy has been limited by drug
resistance and toxicity.

Conclusions: To date, most clinical trials of HDAC inhibitors have been related to the treatment of
cancer rather than the treatment of non-cancer diseases, for which experimental studies are
gradually underway. Discussions regarding non-neoplastic diseases often concentrate on specific
disease types. Therefore, this review highlights the development of HDACis and their potential
therapeutic applications in non-neoplastic diseases, either as monotherapy or in combination with
other drugs or therapies.

1. Introduction

Epigenetics encompasses a wide spectrum of genetic changesc in gene expression caused by environmental influences rather than
alterations in DNA sequenc [1]. The main regulatory mechanisms of epigenetics include DNA methylation, histone modification,
chromatin remodeling, and other processes [2]. Various enzymes involved in epigenetics play important roles in life processes,
includinghistone deacetylase (HDAC). HDAC, an enzyme that acetylates histones and represses gene expression, is usually tightly
controlled regarding expression and activity. Recent evidence indicates that aberrant activation or overproduction of HDACs is
frequently found in many pathological processes involving systemic non-neoplastic diseases, including neurological diseases, car-
diovascular disease (CVD), kidney disease, autoimmune diseases, inflammatory diseases, infectious diseases and rare diseases In
specific, existing reports indicate that histone hypoacetylation and transcriptional changes are associated with various
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neurodegenerative diseases [3]. Then, HDAC2 phosphorylation plays an important role in pathological processes such as cardiac
hypertrophy and heart failure [4]. Furthermore, class III HDACs modulate pathological changes in advanced diabetic nephropathy
(DN) with oxidative stress, fibrosis, and EMT in renal tubules [5-7], class I HDACs are critical in reprogramming intestinal macro-
phages to adapt to chronic microbial exposure [8], and Class Ila HDACs can reversibly shuttle between the nucleus and cytoplasm after
phosphorylation of specific serine residues [9]. Histone deacetylase inhibitors (HDACis) are compounds extensively researched over
the years. Although hematological malignancies form the majority of clinical indications for HDACis [10], they are considered to have
therapeutic potential for a wide range of other diseases, including (but not limited to) cancer, cardiovascular diseases, neurological
diseases, renal diseases, infectious diseases, inflammatory diseases, autoimmune diseases, and depression [11-13], as shown in Fig. 1.
Several phase I and phase II clinical trials involving HDACis are currently underway, and novel HDACis have improved safety, efficacy,
brain penetration capability, and selectivity, dramatically improving treatment outcomes in various non-neoplastic indications [14].

HDAGs potentially play a role in nearly every aspect of health and disease. Here, the review particularly emphasizes details on
HDACis and their potential therapeutic application and related mechanisms in various non-neoplastic diseases to understand further
the relevant changes in HDAC activity in specific diseases and the corresponding effective therapeutic measures.

2. HDAC and HDACis
2.1. Overview of HDAC

Histones are basic nuclear proteins that are the carriers of DNA in eukaryotes. Regulating gene expression through a series of post-
translational modifications, including acetylation, phosphorylation, and methylation [15]. Histone acetylation is mainly regulated by
histone acetyltransferases (HATs) and HDACs. HATs promote the acetylation of histones, loosen the chromatin structure, and promote
the binding of corresponding transcription factors, thereby promoting gene expression. In contrast, HDACs deacetylate histones leadi
to chromosome condensation and inhibition of gene transcription and translation [16]. HDAC, a common histone modification and a
type of epigenetic regulation, affects chromosome packaging and DNA transcription. HDAC is a specific enzyme that induces the
deacetylation of histone and non-histone proteins, playing an essential role in regulating physiological and pathological gene
expression. The HDAC enzyme family in humans comprises 18 members and four classes (Fig. 2). Class | HDACs (HDAC-1, -2, -3, and
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Fig. 1. HDACIis in non-neoplastic diseases. HDACis: histone deacetylase inhibitors.



C. Zhou et al. Heliyon 10 (2024) e33997
-8) are essential for cell proliferation and survival; HDAC-1, -2, and -8 are often exclusively found in the nucleus, while HDAC-3
shuttles between the cytoplasm and nucleus [17]. Class Il HDACs (HDAC4, 5, 7, and 9 [IIa]; HDAC6 and 10 [IIb]) are distributed
throughout the nucleus and cytoplasm and have roles in cell migration and the inflammatory response [18]. Class IIl HDACs (sirtuins
[Sirts]: Sirt1-7) are widely expressed and implicated in ageing, inflammation, energy metabolism, and genome stability [19]. Class IV
HDACs (HDAC11), whose function is currently unclear, contribute to the balance between immune activation, tolerance, and
evolutionary conservation [20]. Class I, II, and IV HDACs, known as “classical HDACs,” are Zinc-dependent enzymes, whereas class III
sirtuins are NAD"-dependent enzymatic HDACs [21]. Aberrant expression and activation of HDACs have been reported to be related to
tumors, and other non-neoplastic diseases, which is the focus of this review.

2.2. Overview of HDACis

Most functions of HDACs have been revealed through the application of HDACis. HDACIs, a class of natural and synthetic com-
pounds, promote histone acetylation and chromatin remodeling, thereby facilitating the correct positioning of nucleosomes and
restoring gene expression [22]. Besides histones, HDACi molecules have been found to modulate the acetylation levels of non-histone
proteins, which has potential value in treating multiple disease loci [23]. HDACis have three structural domains: a zinc-binding
domain, a surface recognition motif, and a linker region with a linear or circular structure [24], as illustrated in Fig. 3. HDACis can
be classified into four categories based on their chemical structures as shown in Table 1: 1) short-chain fatty acids, such as sodium
butyrate (NAB) and valproic acid (VPA); 2) cyclic peptides, such as Romidepsin and Trapoxin A; 3) hydroxamic acids, such as Tri-
chostatin A (TSA) and Vorinostat (SAHA); and 4) benzamides drugs, such as entinostat and mocetinostat [25]. Hydroxamic acid, as a
broad-spectrum class of HDACis, can inhibit both class I and Il HDACs with nM potency. They are the most studied and have the highest
molecular weight among the four HDACis, with short half-life but long-lasting effects [26]. Cyclic peptides are the most structurally
complex group of HDACis, including depsipeptides, apixidine, and a group of cyclic hydroxamic acid-containing peptide molecules,
which are generally considered class I HDACis. It is worth noting that the structures of such inhibitors are quite different, so their
selectivities are also different [27]. Benzamide is an orally bioavailable drug that potently and selectively inhibits class I and IV HDAC
enzymes [28]. Short-chain fatty acids seem to be the relatively moderate HDACi with some limited class I HDAC selectivity. Inter-
estingly, recent evidence has revealed that Chinese herbal medicines and active ingredients, such as curcumin [29], ginsenoside [30],
crotonin [31], cinnamic acid [32], baicalein [33], and emodin [31], also possess HDAC inhibition effects. Moreover, ketone bodies
have been shown to function as endogenous HDACis [34,35]. Currently, five HDACis have been approved by the U.S. Food and Drug
Administration for the treatment of blood cancers and certain solid tumors [36]. These five HDACs are effective but lack selectivity.
They interact with other important metalloenzymes, resulting in cell cycle arrest, apoptosis, metastasis, and differentiation, leading to
significant side effects such as nausea, vomiting, and fatigue, all of which are clinically manageable [37,38]. Although tumors have
been the main target of HDACis, they have been proven effective in treating certain non-neoplastic diseases, as indicated in Table 2.
The search for potential and selective inhibitors for the different isoforms of HDACs is currentlya major challenge, so current research
focuses on the development of selective inhibitors of 18 HDAC subtypes. Chen et al. demonstrate that the addition of chidamide, a class
I HDAC inhibitor, to a combination of the VEGFR inhibitor regorafenib and an anti-PD-1 antibody induces durable immunosuppression
in the mouse colon cancer tumor microenvironment. Tumor-specific response [39]. Secondly, Susetyo et al. discussed the effect of the
HDAC3 inhibitor RGFP966 on cerebellar morphological defects in perinatal hypothyroid mice. This inhibitor has been shown to induce
histone hyperacetylation and promote transcription of thyroid hormone-responsive gene loci, potentially becoming a novel treatment
for cerebellar abnormalities caused by hypothyroidism [40]. Another study by Wang et al. focused on the topic of selectivity and found
that BG45, as a selective HDAC3 inhibitor, has potential and extended therapeutic potential for Alzheimer’s disease (AD) by reducing
inflammation and controlling the CREB/BDNF/NF-kB pathway [41]. Another reported zinc-binding moiety, the 1,2,4 tri-
fluoromethyloxadiazole (TFMO) moiety, was used in the study of Bollmann et al. to generate class II selective compounds, and they
developed a TMFO-based Class Ila inhibitor (YAK540), and analyzed the combined effect of YAK 540 and the proteasome inhibitor
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Fig. 2. Classification of HDAC enzymes and their main roles. HDAC: Histone deacetylase.
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Table 1
Classification and chemical structure of HDACis.
Drug types Drug names Chemical structure
Short-chain fatty acids Sodium butyrate (NAB) 9
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Valproic acid (VPA) O OH
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bortezomib in inducing leukemia cell apoptosis [42]. A different mode of action was tested in the study by Darwish et al. who worked
to develop proteolytically targeting chimeras (PROTACs) of HDACS8 and study their activity against neuroblastoma. Studies have
shown that the developed PROTAC strongly degrades HDAC8 protein in neuroblastoma cells. Since inhibition of HDACS8 in neuro-
blastoma cells is known to induce signs of neuronal differentiation, such as neurite outgrowth, the most promising PROTAC was
investigated in combination with retinoic acid (ATRA), a known inducer of neuronal differentiation. Results showed that the com-
bination significantly enhanced the differentiation phenotype compared to either substance alone [43].

3. Applications of HDACis in non-neoplastic diseases
3.1. HDACis and neurological diseases

The role of HDACs in regulating brain function, neurodevelopment, and degeneration has been examined using experimental
models. For example, HDACI activity is crucial for repairing double-strand DNA breaks in neurons and has neuroprotective effects
[88], and HDAC2 overexpression negatively regulates synaptic plasticity, synapse number, and dendritic spine density, leading to
learning and memory dysfunction [89]. Class [la HDACs (HDAC4, HDACS5, and HDAC9) play important roles in brain development and
are involved in neurological functions such as long-term memory, depression, and neurological diseases [90]. HDAC11 in the
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Table 2
Research status of HDACis.

Name of Target Status Disease

HDACis

Romidepsin class I animal model, cell AD [44]; atherosclerosis [45]; arthritis [46]; COVID-19 [47]; AIDS [48]
HDAC experiment, phase 2A trial

Apicidin class I animal model; cell experiment AD [49]; PD [50]; cardiac diseases [51];
HDAC

MS-275 class I animal model AD [5]; autism [52]; RA [38]; colitis [53]; diabetes [54]
HDAC

RGFP966 HDAC3 animal model HD [55]; AD [56,57]; atherosclerosis [58]; acute kidney injury [59]; inflammatory bowel

disease [60]; allergic rhinitis [61]; hypothyroidism [62];

WK2-16 HDACS8 animal model neurodegenerative diseases [63]; sepsis [64]; heart failure [65]

TMP269 Class Ila cell experiment stoke [66]; depression [67]; acute kidney injury [68]; autoimmune thyroid diseases [69];
HDAC rabies [70];

LMK235 HDAC4/5 animal model PD [71]; heart disease [72]; sepsis [73]; trigeminal neuropathic pain [74]

T2943 HDAC5 animal model Depression [75]

Tubacin HDAC6 cell experiment, PD [76]; hypertension [77]; Japanese encephalitis virus [78]

CKD-504 HDAC6 animal model AD [13,79]; HD [79]

Resveratrol SIRT1 phase I clinical trials; animal PD (NCT03095092, NCT03093389, NCT03095105, NCT03091543, NCT03094156 and

model; NCT03097211); AD [80]; systemic lupus; diabetic kidney disease [81]; erythematosus [82];
arthritis [83];
Honokiol SIRT3 animal model AD [17]; PD [84]; heart disease [85]
FT895 HDAC11 animal model depression [86]; systemic lupus erythematosus [87]

hippocampus suggests that it may play an important role in learning and memory formation [91] Under pathological conditions,
HDAG:s can directly or indirectly regulate the activity of key microtubule-associated protein and therefore affect pathogenesis [92-94].
HDAC6 may have important deacetylation functions in neurobiology and neuropathology as it plays a key role in regulating cellular
responses to protein aggregation [95]. Recent discoveries have hinted that HDACis may have therapeutic value in treating various
neurological diseases, particularly in the context of psychiatry and neurodegeneration [96,97]. VPA is still widely used as an anti-
convulsant and mood stabilizer drug treating epilepsy and bipolar disorder as well as major depression, schizophrenia and migraines.
Moreover, SAHA is reportedly currently in trials for epilepsy (NCT03056495) and AD (NCT03894826). So far, merely pan-HDAC
inhibitors have been tested in preclinical studies. Over the years, the role of acetylation and individual HDACs in a range of neuro-
psychiatric disorders was elucidated, and a rational, targeted approach has been taken to study HDACis in these disorders.
I and II HDACis combat neurological diseases by reducing microglial activation in vivo and in vitro.

3.1.1. AD

AD is a chronic neurodegenerative disease which is characterized by cognitive impairment and memory deficits. However, current
therapeutic remedies for AD provide only symptom relief and some degree of disease modification. HDACis exhibit neuroprotective
properties in AD animal models, which is a promising strategy for brain diseases [98]. HDAC1, an 8-oxoguanine DNA glycosylase 1
(OGG1) deacetylase, alleviates 8-oxoguanine-induced oxidative DNA damage in the AD 5XFAD mouse model [99]. HDAC2 dysre-
gulation leads to cholinergic nbM neuron dysfunction, NFT pathology, and cognitive decline during AD clinical progression [100]. A
new type of selective HDAC2 inhibitor was found to reduce Af levels and further improve cognitive impairment by promoting the
formation and growth of dendritic spine density [101]. In addition, entinostat, as a class I-specific HDAC inhibitor, has It exerts
neuroprotective and anti-neuroinflammatory activities in the AD transgenic APP/PS1 mouse model [102]. HDAC3 may negatively
regulate spatial memory and contribute to AD-related plasticity impairment, and inhibition of HDAC3 enhanced learning and memory
in AD mice by decreasing tau phosphorylation and the buildup of Aps and increasing the acetylation of histone H3 and H4 [103].
HDACS is the most important AD target among the HDAC homologous family and exerts neuroprotective effects by affecting protein
aggregation and autophagy. The ubiquitin-binding domain at the C-terminus of HDAC6 plays an important role and affects actin and
tubulin organization, Tau phosphorylation, and ApoE localization in neuronal cells [104-106]. Furthermore, HDAC6, which has a
unique structure with two catalytic domains, targets many non-histone proteins, including a-tubulin, heat shock protein 90 (HSP-90),
peroxiredoxin and tau protein [107]. For example, HDAC6 overexpression in AD disrupts mitochondrial microtubule-based trans-
portation in a glycogen synthase kinase 33-dependent manner [108]. Recently, two selective HDAC6is, Tubastatin A and ACY-1215,
not only rescued cognitive and behavioral deficits without apparent side effects but also reduced amyloid-beta (Ap) loading and tau
hyperphosphorylation [109]. RGFP963 induced a transcriptional mechanism that enhanced synaptic efficacy and ultimately rescued
learning and memory abilities in AD mouse models [16]. CKD-504 has recently been tested in AD studies with efficient blood-brain
barrier permeability in AD patient-induced pluripotent stem cell (iPSC)-derived brain-like organoids and in AD-Like Pathology
APP&Tau mice by decreasing pathologic tau proteins and rescuing synaptic pathology and cognitive deficits [110]. SIRTs regulate
multiple processes related to the pathogenesis of AD, such as tau aggregation, mitochondrial dysfunction, oxidative stress, and neu-
roinflammation [111,112]. The emerging mechanisms in the neuroinflammation process mainly focus on microglial NF-«xB signaling
and inflammasome pathways [44].

Activation of SIRT1, SIRT2, SIRT3, and SIRT6 has been shown to have beneficial effects in preventing AD. For example, honokiol
enhances antioxidant activity and mitochondrial function and reduces Af production by upregulating SIRT3 expression in Chinese
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hamster ovary cells (PS70 cells) carrying amyloid precursor protein and presenilin PS1 mutations [45]. The recently discovered SIRT6
small molecule activator MDL-811 deacetylates the enhancer of histone methyltransferase zeste homolog 2 (EZH2) and improves the
EZH2/forkhead box C1 signaling pathway in microglia neuroinflammation in ischemic brain injury [46]. Combination of HDACis with
other neuroprotective agents helps to achieve a better safety profile in chronic treatment. Combining vorinostat with tadalafil, a
phosphodiesterase 5 inhibitor, attenuated cognitive deficits, LTP, and amyloid and tau protein pathology in AD mice, which was much
better than each drug alone in terms of efficacy and duration of drug action [47]. Combining low-dose SAHA and curcumin improves
therapeutic selectivity and provides comprehensive protection against AB-induced neuronal deficits [48]. It is worth noting that
different stages of AD may produce specific markers, so stage-specific HDACis intervention therapy would be the best option. Although
treatment with HDACis has been previously demonstrated to be beneficial in mitigating pathological characteristics associated with
AD in mouse models or in vitro tests, HDACi-based therapies for AD patients have been unsuccessful. However, clinical trials are
underway to overcome previously tested drugs’ side effects and toxicity, showing promising results for future AD treatment [49].

3.1.2. Parkinson’s disease (PD)

PD is a progressive disorder that affects the nervous system and the parts of the body controlled by the nerves. Although specific PD
symptoms can be relieved with existing treatments, disease progression cannot be stopped [50]. PD studies have shown that dysre-
gulation of histone acetylation levels is related to the pathogenesis of PD [51]. The balance of HDAC4 is critical for normal brain
physiology, and HDAC4 aggregation can be observed in mutant dopaminergic neurons [52]. SIRT1 has been shown to act as a neu-
roprotective agent in H-SY5Y cells, possibly by downregulating the expression of NF-kf and cleaved PARP1 and reducing phos-
pho-a-Syn aggregation. Resveratrol targeting SIRT1 has been used to treat PD and has completed phase I clinical trials (NCT03095092,
NCT03093389, ect). SIRT2 has been shown to enhance antioxidant defense mechanisms through deacetylation of FOXO3 [53]. Pinho
et al. showed that targeting HDAC1 and HDAC6 isoforms was pharmacologically feasible in the zebrafish PD model and suggested that
their inhibition might restore cellular metabolism in PD models. However, given the lack of improvement with exercise, HDAC1 or
HDACS6 inhibitor therapy is unlikely to alleviate PD fully. Another study showed that using HDACis (i.e., VPA and NAB) reduced
histone deacetylation, leading to chromatin relaxation and activation of multiple genes [54]. For instance, HDACi therapy induces the
production of brain-derived neurotrophic factor, Bcl-133, Bcl-XL, glial-derived neurotrophic factor syn, p70, and heat shock protein
[55]. Interestingly, HDAC inhibition is linked to reduced astrocyte- and T-cell-mediated inflammation [56]. Further studies found that
HDAC inhibition improved -synuclein toxicity in cell culture and transgenic flies by reducing the targeting of -synuclein to the nucleus
[57]. Moreover, in human-derived SK-N-SH and rat-derived MES 23.5 cells, SAHA partially protected against MPP(+)-mediated
apoptosis and simultaneously increased histone acetylation increased, suggesting that SAHA preserves dopaminergic neurons [58].
Recent research has demonstrated that class IIla HDAC MC1568 administered peripherally exerted neuroprotective and behavioral
improvement effects in a rat model of 6-OHDA lesions in the striatum of PD [59].

3.1.3. ALS

ALS is a group of progressive diseases that affect the nerve cells in the brain and spinal cord that control muscle movement. Elevated
HDAC2 levels and reduced HDAC11 mRNA are known to be associated with apoptotic neuronal death in the brain tissue of ALS
patients [60]. In the SOD1 mouse model, HDAC6 levels decreased with the onset of ALS symptoms before decreasing further with
disease progression [61]. However, existing therapies cannot slow down disease progression [62]. There is strong evidence that HDACs
can be pharmacologically inhibited with drugs like NAB and SAHA to enhance cell viability in ischemic stroke and ALS mouse models
by promoting histone acetylation, gene transcription, and protein synthesis [63]. In SOD1(G93A) mice, combination pharmacological
therapy with the class I HDAC lithium and VPA improves motor function, delays the onset of illness, and prolongs lifespan [64].
Furthermore, it has been demonstrated that resveratrol prevents motor neuron death and improves lifespan in a SOD1 (G1A) ALS
mouse model by pharmacologically stimulating the class III HDAC sirtuin 1 and AMP-activated kinase [65]. However, silencing of
HDAC4 in skeletal muscles resulted in the early development of ALS in mice, suggesting the possibility of a risk associated with using
HDACis to treat ALS [113]. Several drug combinations are available for treating ALS, including the combination therapy of SAHA
(pan-HDACi), RGFP109 (HDAC1/3 inhibitor), and arimoclomol, which rescues ALS-associated FUS mutations through DNA repair
mechanisms [66]. According to a recent study, administering VPA and RESV to SOD1 (G93A) mice improved their motor function
significantly, delayed the onset of illness, and increased survival. Interestingly, males exhibited earlier onset and slower disease
progression than females in the vehicle-administration group [67]. In addition, NAB and sodium valproate are undergoing safety
studies (NCT00107770) and double-blind randomized placebo-controlled trials (NCT00136110) in amyotrophic lateral sclerosis
(ALS), respectively.

3.1.4. Huntington’s disease (HD)

HD is an inherited disorder that causes nerve cells in parts of the brain to gradually break down and die. In HD pathology, impaired
transcriptional activation and repression controlled by chromosomal acetylation are observed. Studies have shown that HDAC1 has a
dual role in the regulation of neuronal viability. In cooperation with HDRP, HDAC1 promotes neuronal survival, but when interacting
with HDAC3, HDAC1 promotes neuronal death [68]. The therapeutic efficacy of HDACis has been evaluated in various HD animal and
cell models and shows promising therapeutic potential [69,70]. Hecklau et al. found that specific HDAC1 and HDAC3 inhibition had
beneficial effects on transcriptional misregulation, coordination defects, and motor skill development [114]. Jia’s experiments also
support this conclusion [71]. Additional studies have verified the neuroprotective functions of the SIRT 2 inhibitor AK-7 in a HD mouse
model. In 140CAG mice, the impact of AK-7 on aggregation was more potent, resulting in a 50 % reduction in inclusion bodies and in
line with the pharmacological and genetic characteristics of SIRT2 inhibition seen in HD neurons in vitro [72]. Phenylbutyrate has
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been shown to have neuroprotective properties by Gardian et al. Specifically, 75-day administration of phenylbutyrate
(HD-N171-82Q) to transgenic HD mice improved survival and reduced striatal degeneration and ventricular enlargement but did not
affect motor coordination. Moreover, increased acetylation of histones H3 and H4 and the concomitant decrease in methylation of
histone H3 in the striatum were observed following phenylbutyrate treatment [73]. In tgHD and BACHD cultures in vitro and in tgHD
pups in vivo, low-dose LBH589 partially reverses behavioral abnormalities and restores abnormal neural differentiation [74].
Recently, Stott et al. identified a class Ila HDAC4 inhibitor, 5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO, 12), which showed efficacy in
preclinical models of HD [75]. In vitro and in vivo experiments show that the HDAC6 inhibitor CKD-504 reduces behavioral deficits,
increases axonal transport and neuron number, restores synaptic function in corticostriatal circuits, and reduces mHTT accumulation,
inflammation, and tau protein in YAC128 TG. Hyperphosphorylation improves HD pathology [76].

3.1.5. Depression

Depression (major depressive disorder, MDD) is a common and serious medical illness that negatively affects how you feel, the way
you think, and how you act, involving genetic and environmental factors and affecting more than 16.31 billion people worldwide [77].
However, approximately 23 % of MDD patients are insensitive to common antidepressant drugs [78]. Class I HDACs and Class II
HDACs are the most commonly used HDACs for modulating MDD [79,80]. Earlier studies have suggested a function for HDAC6 in
mood regulation, with HDAC6-deficient mice treated with HDAC6 inhibitors exhibiting less anxiety and antidepressant behavior [81].
Moreover, class Ila HDACs (HDAC4, 5, and 9) are essential to the neurological function of depression [82]. Interestingly, HDAC
expression has also been found in peripheral leukocytes of MDD patients [83]. Currently, the potential of various HDACis to show
antidepressant effects and target HDACs and the genes encoding them has been studied and employed in animal models of MDD.
Weaver et al. found that the HDACi TSA could reverse early maternal care-induced hippocampal transcriptome changes in rats [84].
Another HDAI, SAHA, exhibited an antidepressant-like response by modulating cytoplasmic HDAC6 levels [85]. VPA, an HDACi
widely used in treating bipolar disorder, has also been shown to possess antidepressant properties. Studies have found that VPA affects
BDNF, CORT, melanocortin-4 receptor, and glycogen synthase kinase 3p [86]. Entinostat, a particular class I HDAi, was detected to
affect the expression of proteins, including BDNF, CORT, RAC1, CREB, and gap junction protein alpha 5, in mice suffering from chronic
social defeat stress [87]. Furthermore, NAB was found to exert antidepressant effects by modifying the expression of transthyretin,
serotonin 2A receptor, and BDNF [115]. Interestingly, combining the antidepressant fluoxetine and HDACis significantly reduced
MDD-related behaviors, which implies that HDACis may be used along with common antidepressants soon [116]. Some herbal
medicines have been clinically used to treat depression in China for a long time. Indeed, it has been shown that Xiaoyaosan, a Chinese
herbal formula, can reduce the scores of the Hamilton scale and self-assessment depression scale in patients with depression [117].
Xiaoyaosan has also been shown to improve depression-like behaviors in CUMS-treated rats, chronically immobilized stressed rats, and
CUMS-treated mice, possibly related to histone modifications [118].

3.2. HDACis and CVD

CVD is the primary cause of death in the world [119]. Hypertension and atherosclerosis are the most common cardiovascular
diseases [120]. In the past decade, several studies have demonstrated the beneficial effects of HDACis on CVD, including
anti-hypertensive effects, anti-inflammatory, anti-fibrotic, and anti-hypertrophic [121,122]. Regarding HDACis, clinical trials on CVDs
have not yet been conducted, but many preclinical investigations have demonstrated that HDACis have a positive effect on CVDs.
Recently, many traditional Chinese remedies with HDACis-like effects have gradually replaced traditional HDACis to treat CVDs [123].

3.2.1. Hypertension

Hypertension is when the pressure in your blood vessels is too high (140/90 mmHg or higher). Hypertension is a significant risk
factor for developing CVDs, as well as for causing pathological disorders such as stroke, heart failure, and renal failure [124]. Although
several anti-hypertensive drugs are available, optimal blood pressure control has not yet been achieved. Studies have found that
HDACs are abnormally expressed and dysregulated in pathological situations such as cardiac hypertrophy [125], heart failure [126],
arterial hypertension [127], and pulmonary hypertension [128]. It was found that VPA can reduce mean arterial pressure in spon-
taneously hypertensive rats [129] and systolic blood pressure in high-fat diet-fed mice [130] and deoxycorticosterone acetate
(DOCA)-salt hypertensive rats [131]. Further studies have shown that VPA treatment decreased the elevated cardiac HDAC6 and
HDACS activity in a hypertensive rat model [127], supported by drug research [132]. In rats treated with DOCA salt, Lee et al. found
that Ivaltinostat, a pan-HDACI, attenuated systolic blood pressure by downregulating the angiotensinogen-renin component
(approximately 170-135 mmHg, 207.8 +9.7-171.7 + 9.8 mmHg, respectively) [133]. Ivaltinostat also reduced systolic blood pressure
and diastolic blood pressure in high-fat diet-fed mice, and further studies found that ivaltinostat reduced the upregulation of HDAC1-3
and HDACSG in kidney tissues [134]. Recent reports have shown that inhibiting the expression or activity of HDAC5 reduces vaso-
constriction, vascular hypertrophy, and oxidative stress in hypertension models [135]. Notably, HDAC inhibition may have harmful
consequences in some cases, such as leading to exaggerated vascular calcification [136].

3.2.2. Atherosclerosis

Atherosclerosis is a common condition that develops when a sticky substance called plaque builds up inside your arteries.
Atherosclerotic disease is a major cause of adult morbidity and mortality. It has been identified that HDACs are involved in multiple
processes of atherosclerosis formation, including elevated blood sugar and blood lipids, monocyte accumulation and migration, foam
cell formation, smooth muscle cell (SMC) phenotype switching, fibrous cap formation, plaque disruption, thrombosis [137]. Regarding
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the function of individual HDACs, HDAC? is involved in endothelial cell (EC) proliferation and migration and SMC proliferation,
whereas HDAC3 regulates EC apoptosis [138]. In the stem cell theory of atherosclerosis, HDAC3 and HDAC7 have been shown to
differentiate stem cells into ECs and SMCs, respectively [139]. Additionally, it has been found that two critical hemodynamic forces
regulating EC dysfunction and function induce the activation of HDAC through different mechanisms [140]. For further validation,
Romidepsin, an HDAC non-selective inhibitor, promotes the acetylation of non-histone substrates implicated in VCAM-1 transcription
in EC, mediating the AS process [141]. Additionally, suppressing class I and class Il HDAC activity by apicidine has been shown to
inhibit proliferation and cell cycle arrest in the G1 phase of neonatal pulmonary artery SMCs. Butyrate inhibition of HDACs abolishes
Akt activation and subsequent downstream targets of Akt, which promotes proliferation arrest [142]. Sodium valproate, a class I
HDACI, promotes macrophage phenotypic switching, thereby delaying AS progression [143]. HDACis also inhibit the inflammatory
response of atherosclerosis. Administration of TMP195, a specific inhibitor of class [Ta HDAC, inhibits vital inflammatory pathways and
attenuates atherogenesis in advanced AS, providing a new treatment method to reduce the consequences of vascular inflammation
[144]. Moreover, Chen et al. found that a specific inhibitor of the HDAC3-specific inhibitor RGFP966 inhibits
endothelial-to-mesenchymal transition by regulating the inflammatory response in AS [145].

3.2.3. Heart disease

Heart disease is a group of conditions that includes coronary heart disease, arrhythmias, heart failure, and valve disease. HDAC is
vital in normal heart development, and the idea that abnormal HDAC causes heart disease has been strengthened by studies in HDAC
knockout mice, such as Hdac2-, Hdac5-, and Hdac9-null, all of which have heart defects [146]. Moreover, conditional deletion of
HDACS3 suggests that it is vital in cardiac function. Sirt1-deficient mice have cardiac, retinal, and skeletal defects [147]. Studies have
shown that class I HDACs might be crucial for processing ions and preserving the integrity of the conduction system by regulating the
transcription of target channel proteins or by directly binding to other proteins to maintain the conduction system of myocardial
synchronous contraction [148]. Additionally, inhibiting type I HDACs can protect left ventricular systolic function after
ischemia-reperfusion injury in isolated hearts. This cardioprotective effect is related to the nuclear localization of FOXO3a and the
increased expression of its transcripts SOD2 and catalase [149]. Similar to the medical value illustrated by HDACis in animal models
with left ventricular dysfunction [150], the therapeutic benefit of several commercially available broad-spectrum HDACis (SAHA) and
class | HDAC targeting has been shown to successfully alleviate multiple pulmonary hypertension and right ventricular hypertrophy in
arodent model of pulmonary hypertension [151]. HDACis positively affect pulmonary vascular remodeling and stiffening and prevent
permanent myocardial infarction [152]. VPA dramatically decreased infarct size in an experimental model of myocardial infarction via
the Foxm1 pathway [153]. VPA also affects the acetylation of the mineralocorticoid receptor [131], and is linked to a decrease in
cardiac fibrosis [154]. Also, in experimental models, VPA has been proven to prevent the development of atrial fibrillation [155]. The
above-mentioned studies support the hypothesis that valproate is cardioprotective. Thus, HDAC inhibition appears to be a promising
target for treating CVD.

3.3. HDACis and kidney disease

There is increasing evidence that HDAC is involved in developing and progressing various kidney diseases [156]. Class I HDAC
isoforms were expressed in renal fibroblasts, the cortex of renal tubular cells, and the developing kidney, according to research on the
expression profile and distribution of HDACs in the kidney [157]. Also, HDAC5, HDAC6 and HDAC11 have been found in the renal
tubules [158,159]. SIRT1 is expressed in fibroblasts [160] and renal tubules [161]. Many preclinical studies have shown that HDACis
exerts renoprotective effects by inhibiting inflammation, alloimmune response, cyst formation, fibrosis, angiogenesis, cell prolifera-
tion, and apoptosis [162].

3.3.1. DN

DN is a clinical syndrome characterized by persistent albuminuria and a progressive decline in renal function, and the term infers
the presence of a typical pattern of glomerular disease. Diabetes-induced kidney disease is still the primary cause of chronic renal
failure globally [163]. DN is characterized by accumulating extracellular matrix (ECM) proteins in the tubulointerstitium and
glomerular mesangium, accompanied by tubular and glomerular basement membrane thickening, eventually progressing to tubu-
lointerstitial and glomerulosclerosis fibrosis [164]. Over the past decade, several preclinical investigations have shown various
HDACis’ efficacy in DN research models [165,166]. Increased HDAC expression or activity has been commonly reported in mouse
models of DN and patients with DN [167]. According to experimental results, administration with the class I selective HDACis VPA and
SK-7041 lowers the expression of ECM components in renal epithelial cells (NRK52-E) in vitro [168]. Moreover, Gilbert et al. found
that treatment with SAHA attenuated renal hypertrophy in rats by downregulating epidermal growth factor receptor (EGFR)
expression [169]. Advani et al. demonstrated that SAHA effectively reduces mesangial matrix accumulation and albuminuria in
STZ-diabetic wildtype mice [170]. Furthermore, Khan et al. showed that VPA reduces renal tubular damage, renal fibrosis, and
proteinuria in STZ-diabetic rats [171]. The experimental results of Sun et al. also support this conclusion [172]. A recent study showed
that administering VPA and SAHA attenuated proteinuria and reduced the development of glomerulosclerosis in several rodent models
of glomerular injury [167]. Dong et al. demonstrated that NAB had similar effects and lessened programmed cell death, fibrosis, and
oxidative damage in the DN mouse model [173]. In addition to DN, HDACs also regulate early DN by activating the EGFR signaling
pathway [174]. For example, HDAC4 is deemed to be a critical epigenetic mediator during DN [175]; so, specific inhibition of HDAC4
can be used as a treatment for DN and related renal diseases [176], and VPA is occasionally used clinically for the treatment of painful
neuropathy in patients with diabetes [177]. The effects of HDACs in diabetes are not only on the kidneys. Other metabolic benefits in
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treating diabetes also be provided by HDACis. For example, class I HDAC inhibition has been shown to improve insulin sensitivity in
db/db mice by enhancing the oxidative metabolism of skeletal muscle and adipose tissue [178], while HDAC3 inhibition reduces
pancreatic p-cell programmed cell death and increases p-cell growth, thereby preventing the onset of diabetes in non-obese diabetic
mice [179].

Although HDACis effectively attenuate DN, combining HDACis and other inhibitors may have additive effects. No such studies have
been conducted in DN. Still, it has been reported that the combination of ACE inhibitors and HDACis in HIV-associated nephropathy
provides better kidney protection in mouse models. These two inhibitors can affect essential renal inflammation and fibrosis pathways,
like TGF-p, NF-kB, mitogen-activated protein kinase, interleukin-1, and cell apoptosis signaling [180]. Therefore, examining the
therapeutic effect of HDACis combined with other drugs in the context of DN is necessary.

3.3.2. Lupus nephritis (LN)

Lupus nephritis is kidney inflammation due to lupus, an autoimmune disease. Anti-dsDNA antibodies and immune complexes
comprising antibodies are deposited in the small kidneys, a feature of LN. Glial annexin II and IFN-expression levels were found to be
associated with the severity of LN [181]. Recent research has shown that the acetylation of histones and non-histones, among other
epigenetic variables, is essential for the emergence and progression of LN [182]. It has been demonstrated that HDACis boost forkhead
box P3 (Foxp3) Treg cells by maintaining Foxp3 lysine acetylation, which improves DNA binding [183]. Previous studies have shown
that TSA fails to prevent the deposition of immune complexes in glomeruli in the MRL-Ipr/lpr mouse model of lupus [184]. Recent
research, however, has shown that HDAC inhibition affects LN. Specifically, ITF2357 decreased the expression of IL-6 and IL-10 mRNA
in the glomeruli in a mouse model of LN. Furthermore, ITF2357 prevented glomerular deposition of C3 and IgG and renal glomerular
basement membrane thickening [185]. CKD-506 is a selective HDACG6 inhibitor that inhibits the production of cytokines such as IL-10,
IL-15, IL-17, and TNF-a and reduces CD4-+-CD8-T cells in CD138 plasma cells, as well as CD25 cells and the Th1:Th2 ratio in the spleen
to reduce the pathogenesis of SLE [186]. Other experiments also support this conclusion [187,188]. In a recent study, the adminis-
tration of ACY-738 stopped LN progression by inhibiting IFN-a production by plasmacytoid dendritic cells [162]. These results suggest
that HDAC6 inhibition could be a helpful approach to delaying LN progression.

3.3.3. Kidney injury

The progression and development of kidney injury eventually lead to renal interstitial fibrosis [189]. It has been reported that class
I HDACs seem to play a major part in modulating renal fibrosis, and Class IIl HDACs are involved in regulating renal fibrosis [190].
Specific HDAC subtypes and their cellular origin (epithelial, endothelial, mesothelial) are deranged in most acute kidney injurymodels
[191]. In all preclinical studies presented thus far, anti-fibrosis and anti-inflammation are the mechanisms underlying the renopro-
tective effect of HDACis in renal injury. Specifically, pan- or class I-selective HDACs have been shown to reduce the production of
TGF-p, a main regulator of myofibroblast activation, lowering myogenesis fibroblast markers (e.g., vimentin alpha-smooth muscle
actin) and reducing ECM (e.g., collagen, fibronectin) [192]. Another study showed that the administration of TSA also considerably
inhibited the expression of a-SMA and fibronectin, two hallmarks of activated fibroblasts [193]. Marumo et al. demonstrated that
HDAC1 and HDAC2 are essential for TNF-stimulated CSF-1 production [194]. Furthermore, daily intraperitoneal administration of
TSA in unilateral ureteral occlusion mice caused increased infiltrating T regulatory cells (Tregs; CD4FOXP3) and decreased inflam-
matory T helper 17 (Th17; CD4IL-17) cells [195]. Moreover, renal fibroblast proliferation and STAT3 phosphorylation, a signal linked
to renal fibroblast proliferation and the molecular onset of renal fibrosis, are both inhibited when HDAC1 or HDAC2 are silenced with
targeted siRNA [196]. Mechanistic research has demonstrated that administration of entinostatinhibits the proliferation and activation
of renal fibroblasts and can repress renal fibrosis through a mechanism involving the inactivation of TGF-1/Smad3 and EGFR
signaling pathways [158]. Moreover, SIRT1/2-selective inhibition has been shown to attenuate the progression of renal fibrosis by
reducing the activation of renal fibroblasts [160]. In contrast, blockade of SIRT1/2 inhibited the activation of platelet-derived growth
factor and EGFR, two growth factor receptors associated with renal fibrosis [197]. A recent study showed that HDAC6 activity sup-
pression could prevent rhabdomyolysis-induced acute kidney injury; its renoprotective mechanism is related to inhibiting renal
tubular cell apoptosis, inhibiting the inflammatory response, and reducing oxidative stress [198]. It cannot be ignored that HDACis can
improve the regenerative capacity of injured kidneys by modulating the cell cycle [199].

3.4. HDACis and autoimmune diseases

HDACs have generated attention in immunology due to their ability to be involved in innate immune cell memory functions, as well
as tolerance to endotoxin and T cell differentiation and activation [200]. Earlier studies have found that the effect of HDACis on the
immune response has variable outcomes. For instance, TSA treatment in an SLE mouse model caused an increase in several inflam-
matory cytokines (including IFN-y, IL-6, and IL-12) and decreased mRNA expression. TSA, phenylbutyrate [201], or FK228 [202]
therapy lowered the expression of the pro-inflammatory cytokine TNF-a in two further early investigations utilizing rheumatoid
arthritis animal models. Furthermore, immune cells isolated from patients receiving HDACis were also found to be less receptive to
inflammatory stimuli [203]. Additionally, HDAC3 and HDACS6 inhibition exerted anti-inflammatory activity by reducing the pro-
duction of pro-inflammatory cytokines and blocking the production of IL-6 and TNF-a, which led to improvements in clinical signs in
SLE and colitis models [204]. Moreover, some recent studies on HDAC8 inhibitors have shown solid anti-inflammatory potential in
autoimmune diseases preclinical models. For instance, a mouse model of ACY-738, CKD-506, and SLE was found to control T-cell and
B-cell differentiation, restore abnormal B-cell development, and increase the proportion of splenic Tregs. Furthermore, HDAC6 in-
hibition considerably increased TGF-§ in serum and decreased inflammatory cytokines like IL-17 and TNF-a in this model [186]. It was
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studied that ACY-738 delayed the onset of autoimmune encephalomyelitis and attenuated disease severity [205]. CKD-506 inhibited
monocyte/macrocytic phagocytic inflammation, improved Treg function, and enhanced arthritis severity in a mouse model of
rheumatoid arthritis [206]. In a mouse model of multiple sclerosis, TSA reduced the production of pro-inflammatory cytokines and
improved multiple sclerosis-mediated pathological disruptions of myelin [207]. Notably, the results from a phase 2 study involving
giveinostat, a benzamide targeting HDACs 1-10, showed histologic changes and some functional modifications in pediatric individuals
with Duchenne muscular dystrophy [208]. Currently, two clinical trials in Duchenne muscular dystrophy (phase III: NCT0285179 and
phase II/III: NCT03373968) and a phase 2 trial in Becker muscular dystrophy (NCT03238235) are being conducted. Givinostat has also
been proven safe and effective in patients with juvenile idiopathic arthritis, according to the results of a phase 2 trial [209]. A recent
study found the HDACi zabadinostat to be a systemic modulator of adaptive immunity with clinical benefit.

3.5. HDACis and inflammatory diseases

HDACis have recently received considerable attention in treating chronic inflammatory diseases, including in preclinical models of
several inflammatory diseases, such as inflammatory bowel disease [210]. It has been reported that HDAC1, HDAC2, and HDAC3 affect
the promoter activity of inflammatory genes. HDACs are critical regulators of various cellular functions, including inflammatory re-
sponses, and their dysregulation is closely related to multiple inflammatory diseases [211]. Studies have confirmed that lower dosages
of HDACis are anti-inflammatory and reduce the production of pro-inflammatory cytokines. However, not all HDACis exhibit this
property. Cantley et al. demonstrated that the anti-inflammatory effect of entinostat on human osteoclasts was only significant at
higher doses [212]. Tatinrine [213] and entinostat [214] were the first potent, selective inhibitors of class I HDACs, and they have
demonstrated treatment effects on inflammation in various models, including pancreatitis [215], chronic obstructive pulmonary
disease [216], and inflammation associated with angiotensin II-induced hypertension [217]. These beneficial preclinical results were
along with a significant reduction in multiple pro-inflammatory cytokines and leukocyte infiltration [218]. In mice given BML-19, the
inflow of CD281 B lymphocytes into the inflamed colon was diminished in a DSS colitis model [219]. Furthermore, CKD-506 has been
shown to inhibit macrophage conduction and NF-kB signaling in intestinal epithelial cells, leading to the amelioration of murine colitis
[220]. It has been observed that HDACis, like TSA and SAHA, delay and lower NF-kB nuclear translocation and gene expression upon
TNFa stimulation [221]. The capacity of HDACis to inhibit inflammation was also well-proven by Lee et al. [222]. This novel
mentioned above HDACis exhibited nanomolar HDAC inhibitory potential and a strong inhibitory effect on the expression of in-
flammatory mediators in animal models.

3.6. HDACis and infectious diseases

Chidamide is a self-developed HDACI in China. According to a phase 1b/2a clinical trial, Chidamide can safely and effectively
destroy HIV-1 latency in vivo and is a positive latency reversal drug [223]. The research by Kuai et al. also supports this view [224].
The following focuses on parasitic diseases and COVID-19.

3.6.1. Parasitic diseases

Parasitic diseases lead to severe global morbidity and mortality, particularly in underdeveloped areas. HDACis, used initially
against cancer, are also being researched to target many parasitic diseases. Studies have found that HDACs have a critical function in
human parasite disease. Specifically, TOHDAC1 and TbHDAC3 are essential for the survival of Trypanosoma brucei) [225], and
PfHDAC]1 is nuclear localized and expressed/transcribed in multiple life cycle stages of Plasmodium falciparum [226]. Toxoplasma
gondii HDACs have also contributed to stage-specific gene regulation in various forms of this parasite (tachyzoite to tardyzoite forms)
[227]. Various structural classes of HDACis have recently demonstrated positive results in treating parasitic diseases [228]. For
example, the cyclic tetrapeptide HDACi apacillin shows strong in vitro action against T. gondii, P. falciparum, and other protozoan
parasites [229]. However, short-chain fatty acids have weak inhibition against mammalian HDACs [230]. TSA is a potent inhibitor of
P. falciparum growth in vitro [231], and TSA can partially inhibit the total sirtuin activity of protein lysates from five different life cycle
phases [232]. Compared to TSA, SAHA is less active in vitro against laboratory lines of P. falciparum (IC50~100-300 nM) but with
improved parasite-specific selectivity [233]. Interestingly, low concentrations of SAHA, TSA, and criptaid (1-50 nM) significantly
stimulated the proliferation and survival of T. gondii but inhibited the infectivity of tach P. falciparum yzoites [234]. Overall, the class
III HDAC:I Sir2 inhibitor was moderately active against P. falciparum growth [235]. Recently, Vaca explored the combined potential of
HDACis, TH65, TH92, and entinostat with ABZ and the combination potential of TH65 and TH92 with entinostat and found that all
medication combinations exhibited effective anthelmintics in a time-dependent way effect [13].

3.6.2. Noval coronavirus disease (COVID-19)

COVID-19 is an infectious disease caused by the SARS-CoV-2 virus. Since its outbreak, COVID-19 caused by infection with SARS-
CoV-2, has caused many deaths and has affected the lives of the global population in various ways. Given the involvement of immune
system overactivation in the pathogenesis of COVID-19, immunosuppressive therapy is crucial for the therapeutic management of the
condition, particularly in critically ill patients [236]. In mouse models, HDAC inhibition has been shown to reduce the morbidity
related to severe COVID-19 by influencing both innate and adaptive immune systems [237]. As mentioned in other reports, the
expression of the ACE2 gene is downregulated by histone modifications, including the EZH2-mediated deposition of H3K27me3.
HDAC1/2 are genes that enhance the host immune response emerging targets of [238]. Therefore, HDACi, such as VPA against
HDAC1/2, can be used clinically to defend against various diseases caused by coronaviruses, including COVID-19 [239]. HDACis and
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antiviral drugs have also shown efficacy against COVID-19 [240]. VPA may act on improving lung injury in acute respiratory distress
syndrome caused by COVID-19. Indeed, VPA has been shown to reduce VEGF and angiogenic factors [241], inhibit IL -12 and TNF-a,
reduce macrophage infiltration, and change the polarization of macrophages from T1 to the anti-inflammatory T2 phenotype [242]. In
patients with COVID-19, endothelial dysfunction and consequent thrombosis have been identified as key mechanisms for targeting
organ damage [243]. Additionally, studies have found that VPA has anti-platelet effects [244] and reduces the function of sub-
endothelial cell dysfunction [245]. The effect of VPA on COVID-19 is now being assessed in clinical studies (e.g., NCT04513314)
[246]. HDACIs are considered promising treatments for COVID-19, given their anti-thrombotic and anti-inflammatory properties
[247]. The incidence of thrombosis in an increasing number of hospitalized patients with COVID-19 infection is approximately 30 %
[248]. Moreover, biomarkers of thrombosis, including D-dimer, fibrinogen, and vascular Willibrand factor, are increased in patients
hospitalized with COVID-19 [249], and elevated levels of these coagulation factors are linked to an increased risk of critical illness and
death [250]. The HDAC1is SAHA and Romidepsin lead to an increase in viral RNA, indicating that these proteins function in an
antiviral manner [251]. Studies have found that HDAC2 inhibits the growth of antiviral response genes [252]. HDAC2 activates many
interferon-specific genes via BRD4 to provide efficient antiviral responses [253]. It is anticipated that Nsp2 cleaves the nuclear
localization signal of HDAC2, preventing the protein from entering the nucleus and suppressing various antiviral responses [254].
Furthermore, HDAC2 has been highlighted as an age-associated risk factor for SARS-CoV-2 infection, one of the potential determinants
of sensitivity, as it is downregulated in the lungs of older people [255]. HDACs in macrophages show pro-inflammatory responses by
increasing the levels of IL-1a, IL-1p, TNF-a, and IFN-y. Specifically, HDAC2 changes monocytes and macrophages by impairing the
activity of the NF-xB function of phagocytes and is central to SARS-strategy CoV-2’s for evading the immune system. Moreover, nuclear
localization of HDACS activates MCP-1 and TNF-q, triggering an inflammatory reaction [256].

3.7. HDACis and rare diseases

Rare diseases, often termed as orphan diseases, are health conditions that affect a small percentage of the population [257]. Global
Genes has estimated that currently, approximately 10,000 rare diseases exist globally, with 80 % of these having identified genetic
origin. HDACIis have been tested for the treatment of different rare diseases, such as Rett syndrome (RTT), inherited retinal disorders
(IRD), and so on [258-260]. Studies have shown that targeting MeCP2, the cause of RTT, HDACis plays a certain role, such as universal
studies of the HDAC inhibitor trichostatin have shown that HDACs hyperacetylate histones in non-neuronal cells and reduce MeCP2
levels [259]. In addition, Mocetinostat and Entinostat, inhibitors of class | HDACs (HDAC1, HDAC2, HDAC3), also have similar effects
[261,262]. A series of evidence suggests that MeCP2 abnormalities are associated with BDNF transport defects and microtubule dy-
namics, and inhibition of HDAC6 increases rapid axonal transport of BDNF and mitochondria in both anterograde and retrograde
directions, enhancing synaptic activity [263]. In IRD, blocking histone deacetylation by specifically inhibiting HDAC1 can also block
rhodopsin expression and rod photoreceptor cell development [264,265], and inhibiting HDAC3 has a certain protective effect on
ganglion cell death [260]. HDAC6 inhibition has a significant protective role from oxidative stress-induced injuries and this is
particularly important for photoreceptors and retinal cells which are exposed to high concentrations of reactive oxygen species (ROS)
[266].

4. Conclusions

We know of at least 18 human HDAC enzymes, which help eradicate epigenetic modifications, help establish epigenetic dechro-
matin states, and modulate heritable alterations in gene expression. Over the past few decades, HDACis have received significant
attention and have been clinically verified and evaluated as an antitumor drug class. Recently, the newly discovered HDACis have
triggered an interest in identifying new indications, such as neurological, cardiovascular, inflammatory, autoimmune, and infectious
diseases. Furthermore, the roles of HDACis in non-tumor diseases are different and are related to the type of disease, pathogenesis, and
formation process. Therefore, more extensive and large-scale clinical investigations are required to determine the full potential of this
class of drugs, and often their combination, for treating non-neoplastic conditions. Furthermore, it should be noted that several existing
HDACis are working in combination, not only as a single drug. Here, we conducted a comprehensive literature review of the role of
HDACis in non-neoplastic diseases. Soon, other non-neoplastic indications may enter clinical trials from the preclinical stage. We
anticipate that the evaluation of HDACis in combination therapy will experience continuous growth to evaluate the possibility of
maximizing their clinical efficacy and safety. Hopefully, the findings of previous, ongoing, and upcoming studies will soon be
translated into novel medical protocols for treating non-neoplastic diseases.
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Abbreviations
HDACis Histone deacetylase inhibitors

HDAC  Histone deacetylase
SIRT sirtuins

NAB sodium butyrate

VPA valproic acid

TSA Trichostatin A

SAHA Vorinostat

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
Aps Amyloid-beta-peptides
CREB Element-binding protein
PD Parkinson’s disease

HD Huntington’s disease
CVD Cardiovascular disease
SMC smooth muscle cell

EC endothelial cell

DN Diabetic nephropathy
ECM Extracellular matrix

LN Lupus nephritis

Foxp3  Forkhead box P3

EGFR Epidermal growth factor receptor
MDD Major depressive disorder
COVID-19 Noval coronavirus disease
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