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Abstract

Alzheimer’s disease (AD) has a complex pathogenesis, and multiple studies have indicated that histone post-transla-
tional modifications, especially acetylation, play a significant role in it. With the development of mass spectrometry
and proteomics, an increasing number of novel HPTMs, including lactoylation, crotonylation, 8-hydroxybutyrylation,
2-hydroxyisobutyrylation, succinylation, and malonylation, have been identified. These novel HPTMs closely link
substance metabolism to gene regulation, and an increasing number of relevant studies on the relationship

between novel HPTMs and AD have become available. This review summarizes the current advances and implications
of novel HPTMs in AD, providing insight into the deeper pathogenesis of AD and the development of novel drugs.

Highlights

- Histone post-translational modifications (HPTMs) have been shown to be involved in the pathological mecha-
nism of Alzheimer's disease (AD) in a variety of models.

+ The relationship between novel HPTMs and diseases has become a research hotspot.

- Studies hinted that novel HPTMs are involved in the pathogenesis of AD.

Keywords Alzheimer’s disease, Novel histone post-translational modifications, Histone

uanyuan Qin, Ping Yang, Wanhong He and Dongze Li have contribute ichuan Clinical Research Center for Diabetes and Metabolic Diseases,
Yuanyuan Qin, Ping Yang, Wanhong He and Dongze Li h ibuted #Sichuan Clinical R hC for Diab d Metabolic Di
equally to this work and share first authorship. Luzhou 646000, Sichuan, China

% Sichuan Clinical Research Center for Nephropathy, Luzhou 646000,

’[_Corr(e:spondence: Sichuan, China

| ing llao 163 5 Department of Rehabilitation, The Affiliated Hospital of Southwest
Zca0 Ing@163.com Medical University, Luzhou 646000, Sichuan, China

Wei Huang

huangwei1212520@163.com

! Department of Nephrology, The Affiliated Hospital of Southwest
Medical University, 25 Taiping Rd, Jiangyang District, Luzhou 646000,
Sichuan, People’s Republic of China

2 Department of Endocrinology and Metabolism, The Affiliated Hospital
of Southwest Medical University, 25 Taiping Rd, Jiangyang District,
Luzhou 646000, Sichuan, People’s Republic of China

3 Metabolic Vascular Disease Key Laboratory of Sichuan Province, The
Affiliated Hospital of Southwest Medical University, Luzhou 646000,
Sichuan, China

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http:/creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13148-024-01650-w&domain=pdf

Qin et al. Clinical Epigenetics (2024) 16:39

Introduction

Alzheimer’s disease (AD), a degenerative disease of the
central nervous system, is characterized by progressive
cognitive and behavioral impairment, and it primar-
ily occurs in the elderly and pre-elderly [1]. The inci-
dence, prevalence, mortality, and morbidity rates of AD
are not optimistic [2]. Multiple-related mechanisms
contribute to the pathogenesis of AD, including inter-
connected networks of genetic, epigenetic, biological,
and environment factors [3]. Deposition of misfolded
amyloid beta (AP) peptides and the microtubule-asso-
ciated protein tau are important pathological features
of AD [1, 4]. Neuroinflammation and the activation and
action of innate immune cells are also involved in the
pathophysiological mechanisms of AD [5]. AB and tau
are the most promising prospective drug targets for AD
treatment [6]. Currently, drugs approved for AD treat-
ment mainly provide symptomatic treatment, and their
effects are often unsatisfactory [6]. The U.S. food and
drug administration (FDA) has approved early-stage
drugs for AD, such as anticholinesterase inhibitors and
N-methyl-D-aspartate receptor antagonists, which pro-
vide only short-term symptom improvement without
preventing disease progression [7]. In recent years, with
the expansion of research field, amyloid-related therapy
has emerged as an important trend in the future clini-
cal trials of new drugs [8]. The FDA has approved Adu-
canumab and Lecanemab, which are antibodies against
amyloids that may prevent or reverse the progression
of AD [8]. However, this novel amyloid-related therapy
has limitations because of its treatment management
mode, costly monitoring, and the need for professional
equipment and imagery scanning [8]. It is thus particu-
larly urgent to explore the deeper pathogenesis of AD
and develop new treatments that can prevent or slow
disease progression.

Epigenetics is the bridge between the environment and
heredity. Environmental changes often lead to epige-
netic changes, eventually leading to disordered cellular
gene expression and disease. Histone modification is a
significant component of epigenetics, changing chromo-
some structure through acetylation, phosphorylation,
methylation, and other modifications, thus affecting gene
transcription and expression [9]. The advent of ultrasen-
sitive mass spectrometry and the development of pro-
tein-modifying antibodies have facilitated the successive
discovery of multiple novel histone lysine modifications,
including crotonylation (Kcr) [10], lactoylation (Kla) [11],
B-hydroxybutyrylation (Kbhb) [12], succinylation (Ksucc)
[13], 2-hydroxyisobutyrylation (Khib) [14], and malonyla-
tion (Kmal) [15]. Over the last decade, numerous stud-
ies have explored the relationship between AD and these
novel HPTMs. This review briefly summarizes the latest
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advances in novel HPTMs in AD, providing a fresh per-
spective on the development of novel targeted drugs.

Overview of previous research on HPTMs and AD
As shown in Table 1, many previous studies have inves-
tigated HPTMs and their correlation with AD, including
acetylation (Kac), methylation (Kme), phosphorylation
(P), and ubiquitination (Kub).

Histone acetylation, a process that promotes gene
expression, is particularly important in regulating gene
expression associated with learning and memory [16, 17].
Histone acetylation disorder exists in AD [18-21]. Marzi
et al. quantified the genome-wide pattern of H3K27ac
and revealed that H3K27ac is closely related to AP and
tau pathology-related genes [19]. Nativio et al. found that
the increase of H3K27ac and H3K%ac is associated with
the transcription, chromatin and disease pathway of AD
through epigenome analysis. Furthermore, they found
that elevated H3K27ac and H3K9ac exacerbates amyloid-
p42-driven neurodegeneration in a fly model of AD [20].
Moreover, the expression of H3K122ac and H4Kl6ac
is downregulated in AD [20, 21]. Beyond specific his-
tone sites, the interplay between acetylation regulatory
enzymes and AD has also drawn significant attention.
These enzymes affect AD neuropathology through dif-
ferent mechanisms, including effects on neuronal syn-
aptic plasticity, AP deposition, inflammatory factors, and
apoptosis [22-26]. Xu et al. found that the knockdown
of 300/CBP reduces H3K27ac, inhibits the expression of
genetic programs compensating for increased Af load,
and leads to increased AP secretion [23]. Lin et al. found
that the downregulation of Acyl-CoA synthetase short-
chain family member 2 (ACSS2) mediates the reduction
of ionotropic glutamate receptors through histone acety-
lation, which aggravates the damage of synaptic plasticity
in AD. Conversely, ACSS2 upregulation or acetate sup-
plementation could mitigate these deficits [22]. The mod-
ulation of acetylation may emerge as a targeted therapy
to prevent or reverse the pathology and disease progres-
sion of AD.

Various molecular biology techniques were used to
detect changes in methylation levels at different histone
sites in the human brain and AD mouse models. Among
them, H3K4me3 and H3K9me2 have been extensively
studied. Elevated levels of H3K4me3 in the prefrontal
cortex (PFC) and hippocampus are associated with the
formation of long-term memory and the amelioration
of memory deficits [27-30]. Similarly, elevated levels
of H3K9me2 were detected in both mouse and human
PFC regions [31]. Hypoxia may downregulate NEP (an
enzyme responsible for AP degradation) by increasing
H3K9me2 and decreasing H3 acetylation, which leads
to AP accumulation, neurodegeneration, and AD [32].
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Table 1 Summary of classical HPTMs in AD
HPTMs Models Sites Specific functions References
Acetylation Human brain H3K9ac H3K9ac is related to tau-related pathology and chromatin remod-  [81]
eling
Human brain H3K9ac, H3K27ac, H3K122ac 1. H3K9ac and H3K27ac increase and H3K122ac reduction in AD [20]
2.H3K9ac and H3K27ac are related to transcription, chromatin,
and disease pathways
Human brain H3K27ac H3K27ac is associated with transcriptional variation at proximal 9]
genes
Human brain H4K16ac H4K16ac reduction in AD 21]
Mice H4K5ac, H4K12ac App specifically regulates H4K5ac and H4K12ac and affects early  [82]
memory-related genes in memory
Mice H4 acetylation 4-PBA treatment enhances the expression of genes related [83]
to induced learning and memory genes by increasing neuronal
H4 acetylation
Human brain H3 acetylation, H4 acetylation H3 acetylation and H4 acetylation increase in high-pathological (84]
areas, with no significant change observed in low-pathological
areas
Mice H4 acetylation APP/PS1 mice display a reduced H4 acetylation levels in response  [85]
to a learning task
Mice H3K9%ac, H4K12ac ACSS2 downregulation mediates a reduction in glutamate recep-  [22]
tor expression through histone acetylation, which exacerbates
synaptic plasticity impairment in AD
IPSC cell lines H3K27ac Knocking down P300/CBP reduces H3K27ac, inhibits the expres-  [23]
sion of genetic programs compensating for increased AR load,
and leads to increased AB secretion
Drosophila H4 acetylation H4 acetylation may act as a defense against AD pathology-related  [25, 26]
insults
Methylation Human brain, Mice  H3K9me2 Repressive H3K9me2 and euchromatic histone methyltransferases [31]
EHMT1 and EHMT2 are significantly elevated in the PFC
Human brain, Mice  H3K4me3 H3K4me3 and its catalytic enzymes are significantly elevated [30]
in the PFCin AD
Human brain H4K20me2, H4K20me2, H3K4me2, H3K27me3, and H3K79me1 increased, [20]
H3K4me2, while H3K79me2, H3K36me2, H4K20me3, H3K27me1,
H3K27me3, and H3K56me1 decreased in AD
H3K79me1,
H3K79me2,
H3K36me2,
H4K20me3,
H3K27me1l,
H3K56meT
Mice H3K4me3 Histone methylation is actively regulated in the hippocampus [28]
and facilitates long-term memory formation
Mice H3K4me2, KMT2B mediates hippocampal H3K4me2 and H3K4me3, which 27]
H3K4me3 is critical for memory formation
Mice H3K9me?2 Increased H3K9me?2 levels in the cerebral cortex region and hip- [86]
pocampus region
Mice H3K9me2 NEP is significantly reduced in AD, and hypoxia may downregulate [32]
NEP by increasing H3K9me2
Mice H3K4me A decrease in H3K4 methylation, resulting from KMT2A knock- [29]
down, partially recapitulates the pattern previously reported
in CK-p25 mice
Human brain H2BK108me, Reduced H2BK108 and H4R55 methylation in the frontal cortex [39]
H4R55me region
Phosphorylation  Human brain H4547p H4S47p increases in AD [35]
Human brain H2AXS139p (YH2AX) In the hippocampus region and cerebral cortex region, yH2AX [38]
significantly increased
Human brain H3S10p Activated H3S10p in AD is restricted to the neuronal cytoplasm [36]
Human brain H3 phosphorylation H3 phosphorylation increases in AD [37]
Ubiquitination ~ Human brain H2BK120ub H2BK120ub increases in the frontal cortex of AD [39]
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Table 1 (continued)
HPTMs Models Sites Specific functions References
Human neurons H2A ubiquitination Bmi1/Ring1 protein complex maintains the transcriptional inhibi-  [41]
tion of developmental genes through H2Aub
Mice H2B ubiquitination A deficiency of H2Bubi in the hippocampus prevents learning- [40]

induced increases in H3K4me3, gene transcription, synaptic
plasticity, and memory formation

In a study using histone methyltransferase inhibitors to
treat AD mice, researchers found that histone hyper-
methylation can be reversed, leading to the restoration
of glutamate receptor expression and excitatory synaptic
function in the PFC and hippocampus [31]. Additionally,
H3K4me3 and H3K9me2 are also regulated by histone
methyltransferase and histone demethylase, which affect
the proliferation and differentiation of neurons and the
cognitive abilities of AD patients [30, 33, 34].

The phosphorylation levels of histones H3 and H4
increase in the brains of AD patients [35-37]. Ogawa
et al. hypothesize that the increased phosphorylation of
H3 in AD is confined to the cytoplasm of neurons, indi-
cating a mitochondrial catastrophe that leads to neural
dysfunctions and neurogenesis in AD [36]. Researchers
have found a significant increase in yH2AX (phosphoryl-
ation of serine 139 on H2AX) in astrocytes in hippocam-
pal and cerebral cortex regions in AD [38]. Additionally,
ubiquitination of H2BK120 is heightened in the frontal
cortex of AD patients [39], while H2B ubiquitination reg-
ulates histone crosstalk in learning through non-proteo-
lytic proteome function [40]. Flamier et al. found that the
Bmil/Ringl complex compresses developmental gene
transcription via histone H2A mono-ubiquitination [41].

In summary, classical modifications occurring in dif-
ferent parts of the cerebral cortex and hippocampus
affect memory, learning ability, neurodegeneration, and
the development of AD through various pathways medi-
ated by different factors. Despite their significance, these
modifications cannot fully explain the pathogenesis of
AD and facilitate the development of effective treat-
ments, emphasizing the necessity for further research.

Summary of novel HPTMs processes

In 2007, Zhao's team first reported two new lysine modi-
fications, propionylation and butyrylation, initiating the
discovery of a series of novel HPTMs [42]. Research into
the specific regulatory mechanisms and physiopathologi-
cal effects of these novel HPTMs, as well as their rela-
tionship with disease, has since expanded. Novel HPTMs
have been reported to be closely associated with multiple
biological processes and diseases, such as neurodegen-
erative diseases [43], renal diseases [44, 45], metabolic
diseases [46], cardiovascular diseases [47, 48], cancer [48,

49], and HIV latency [50], thereby becoming a research
focus in the epigenetics field.

Intracellular metabolites, which are substrates for ATP
production and donors of HPTMs, are key to control-
ling gene transcription and protein translation [48]. For
example, acetylCoA, derived from the glycolipid meta-
bolic pathway, can activate acetylation modifications of
histones to enable cells to handle changes in the meta-
bolic environment [51]. Furthermore, some specific acyl-
CoAs, such as butyryl-CoA and crotonyl-CoA, as well as
B-hydroxybutyrylation-CoA, originate from the short-
chain fatty acids generated by intestinal microbiota, pro-
viding a basis for the exogenous regulation of histone
modifications affecting transcription.

Histone acylation modification involves the transfer of
acyl-CoA onto histone protein amino acid residues and
is tightly and dynamically regulated by multiple enzymes
or non-enzymes. These novel HPTM regulatory enzymes
substantially overlap with classical acetylases, including
acyl-CoA synthetases, acyltransferases, and deacylases,
such as ACSS2, p300/CPB, HATs, and HDACs. The asso-
ciation of these regulators with the disease is equally
noteworthy [52]. HDACs in mammalian cells are classi-
fied into four classes: I (HDACI, 2, 3, 8), II (HDAC4, 5,
6, 7, 9, 10), III (sirtuins 1-7), and IV (HDAC 11). Sev-
eral HDACs (HDACI, 2, 3, 6, 7, 8) and sirtuins (1, 2, 3,
6, 7) have been shown to regulate Kcr levels [53]. These
regulators may become therapeutic targets and new
diagnostic markers for AD. The deletion of HDACI and
HDAC2 from mouse microglia ameliorates cognitive
deficits and reduces amyloid levels by increasing amy-
loid phagocytosis in the microglia [54]. HDAC inhibitors
have been used to treat neurodegenerative diseases due
to their potential neuroprotective mechanisms through
upregulating neurotrophic factors, preventing neurotoxic
proteins and peptides from accumulating, and down-
regulating pro-inflammatory cytokines [24]. Additionally,
one previous study showed that the serum concentra-
tions of SIRT1, SIRT3, and SIRT6 were inversely related
to AD [55]. A receiver operating characteristic analysis
demonstrated that these serum proteins exhibit high pre-
cision in the diagnosis of AD [55]. As shown in Table 2, a
more in-depth exploration of the intricate link between
novel HPTMs and AD will be beneficial for identifying
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additional targeted biomarkers and essential therapeutic
targets.

Current advances of novel HPTMs in AD
Crotonylation

Kcr, first discovered by Zhao’s team in 2011 [10], is a
short-chain lysine acylation using crotonyl-CoA as the
substrate, and its regulatory factors highly overlap with
those of Kac [56]. Histone Kcr is particularly enriched
in the transcriptional start sites (TSSs) of mammalian
genomes and has a specific a, 5 unsaturated carbonyl
structure; thus, its effect on transcription is stronger than
that of histone Kac [10, 56, 57]. As a popular research
topic in recent years, Kcr has been associated with vari-
ous pathophysiological processes and diseases, including
embryonic development [58], neurodevelopment [56],
neural differentiation [59], neuron flammation [60], AD
[61], neonatal hypoxic-ischemic encephalopathy [62],
acute kidney injury [44], HIV [63], and even depres-
sion [43]. Recently, Kcr has been shown to modulate the
expression of endocytosis-related genes, which modulate
the microglia-mediated clearance of AB in AD [61]. Stim-
ulating AP clearance is considered one of the most prom-
ising potential approaches for treating AD. Microglia play
a central role in the progression of AD because of their
ability to remove soluble AP protofibrils and protofibril-
lar AP through both endocytosis and autophagy [61, 64,
65]. Wang et al. found that nuclear paraspeckle assembly
transcript 1 (NEAT1) is dysregulated in AD [61]. Mech-
anistically, through acylation modification histology,
ChIP-seq, and other approaches, NEAT1 has been con-
firmed to change the acylase activity of P300 by binding
to P300 and changing H3K27ac and H3K27cr, which are
situated close to the TSSs of a number of gene promoters,
as well as by downregulating endocytosis-related genes
to inhibit Ap uptake in AD [61]. Another study demon-
strated that crocetin, the active ingredient of saffron, can
exhibit neuroprotective effects in AD via the downregu-
lation of Kcr [66]. Regrettably, due to the limited research
on Kcr, there is still a lack of clarity regarding its exact
regulatory role in the pathogenesis of AD, which needs to
be explored in further clinical and basic studies.

Lactacylation

Lactate is a metabolite of cellular anaerobic glycolysis
that is commonly considered to be a metabolic waste
product with temporary energy-supplying properties.
However, lactate has recently received increasing atten-
tion due to its other biological roles, including substance-
energy metabolism, neurotransmitter transmission, and
neurovascular coupling. In particular, the discovery of
Kla has greatly broadened the biological significance of
lactic acid, which exerts nonmetabolic functions; this
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has provided insight into the pathogenesis of several dis-
eases. Kla, as a novel HPTM, is dynamically regulated by
cellular metabolism-produced lactate, and it can directly
influence the processes of gene replication, transcription,
and translation, thus affecting the biological effects of
cells [11]. Pan et al. discovered that Kla is a critical player
in AD pathogenesis [67]. Specifically, they found that
H4K12la is highly enriched in the promoter regions of
microglia glycolysis-related genes and that it activates the
transcription of these genes to promote microglial glyco-
lytic activity, leading to positive feedback regulation and
the intensification of microglia dysfunction in AD [67].
This study shows that metabolic disorders have an impor-
tant role in neuroinflammation and the initial phases of
AD, indicating novel directions for early intervention in
AD [67]. Furthermore, a different study suggested that
catalpol likely plays a neuroprotective role in AD by
modulating Kla [68]. Consequently, Kla may emerge as a
potential target for future AD therapy; however, several
questions remain to be investigated, including the exact
regulators and regulatory sites of lactoylation, as well as
how lactoylation dynamically changes and collaborates
with other types of acylation.

B-hydroxybutyrylation

B-hydroxybutyrate (BHB) is an endogenous ketone pro-
duced by metabolism. The level of BHB has been found
to be decreased in patients with AD [69].

BHB can improve cognitive function and alleviate
lesions in patients with AD via various mechanisms, such
as modulating signaling molecules, adjusting intestinal
flora, impacting AP and tau protein formation, enhancing
mitochondrial metabolism, suppressing inflammation
and lipid metabolism, and enhancing histone Kac [70].
The neuroprotective effect of BHB shows its potential as
a therapeutic drug for improving cognitive function in
AD patients. At present, donepezil, an acetylcholinester-
ase inhibitor, is used to treat AD and increases the plasma
level of BHB, improving cognitive function [69]. A ran-
domized controlled trial also confirmed that ketogenic
drinks containing BHB could improve the cognitive out-
comes of patients with cognitive impairment [71]. BHB is
a high-energy donor of histone Kbhb, and it can bind to
free CoA to form B-hydroxybutanoyl CoA [72]. Kbhb is a
recently identified HPTM that is closely related to ketone
metabolism. BHB is an important substrate of Kbhb, and
evidence for its association with AD has been increas-
ingly demonstrated. BHB can alleviate the pathological
changes of AD and enhance cognitive function via vari-
ous mechanisms; however, the therapeutic mechanism of
Kbhb in AD has not been confirmed, and more research
into the specific epigenetic mechanisms is required.
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Succinylation

Ksucc is generated by the reaction between succinyl-
CoA, a dicarboxylic acid compound metabolized from
amino acid residues that is directly coupled to the tricar-
boxylic acid (TCA) cycle, as well as amino acid residues
[13, 73]. Ksucc increases the structural moiety and charge
changes to a greater extent than Kac or Kme. Accord-
ingly, the more dramatic structural changes caused by
Ksucc might induce greater alterations in protein struc-
ture and function [13]. Ksucc has a wide cellular distri-
bution, particularly in mitochondria, and is known to
regulate protease activity and gene expression [74]. Addi-
tionally, it is involved in various life processes, including
glucose, amino acid, and fatty acid metabolism, as well as
ketone synthesis and the scavenging of reactive oxygen
species [73, 75]. The a-ketoglutarate dehydrogenase com-
plex (KGDHC) is markedly reduced in the mitochondria
of patients with AD [76]. The extensive decrease in post-
translational Ksucc in the regional brain is caused by
the suppression of KGDHC activity [4, 77]. Some stud-
ies have shown that KGDHC is located in the nucleus
and combines with lysine acetyltransferase 2A in the
promoter region of the gene to participate in the Ksucc
modification of histone H3 [78]. However, the exact tar-
gets of H3 are unknown. Additionally, SIRT5, a desuc-
cinylase, increases during AD progression [79]. It was
recently confirmed that the combined effect of changes
in these regulators leads to the downregulation of Ksucc
in AD. A proteomic profiling study identified decreased
Ksucc modification in multiple mitochondrial proteins
and increased Ksucc modification of a small number of
cytosolic proteins in AD [4]. Remarkably, the most sig-
nificant increases took place in key APP and microtu-
bule-associated tau sites [4]. Furthermore, studies have
shown that Ksucc modification of APP contributes to A
accumulation and plaque formation by disrupting normal
protein hydrolysis processing, while Ksucc modification
of tau facilitated its aggregation into tangles and impaired
microtubule assembly [4, 80]. Studies on Ksucc have
primarily focused on its association with mitochondrial
metabolic pathways, and the specific targets and regula-
tors of histone Ksucc are largely unknown. Therefore, it
is essential to investigate the specific roles, as well as the
precise regulatory mechanisms, of histone Ksucc in AD
models to meet drug development needs. In summary,
Ksucc may become a potential diagnostic indicator and
therapeutic target in AD.

Malonylation and 2-hydroxyisobutyrylation

Kmal and Khib were discovered by Zhao’s team in 2011
and 2014, respectively [14, 15]. Increasing research
has since been conducted on these two novel acylation
modifications. Du et al. used Neuro-2a cells, which can
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produce a mass of AP and consistently express N2a/
APP695swe (the APP695 gene with a Swedish family
mutation) to explore the role of catalpol and crocin in
neuroprotection against endogenous AP-induced neu-
rotoxicity [66, 68]. The crocin experiment indicated that
crocin inhibited apoptosis of endogenous AP neurons
through the mitochondrial pathway [66]. Another study
showed that catalpol ameliorated neurological damage
and alleviated cognitive impairment in N2a/APP695swe
cells and APP/PS1 mice by modulating HPTMs, reduc-
ing apoptosis, alleviating A production, and attenuating
mitochondrial damage [68]. Importantly, both stud-
ies revealed changes in novel HPTMs: in crocin-treated
N2a/APP695swe cells, Ksucc, Ker, Khib, and Kmal were
significantly reduced [66], while slight alterations in Kla
and Khib levels were found in catalpol-treated N2a/APP-
695swe cells [68]. The regulation of novel HPTMs may
represent a new mechanism for drug intervention to
improve AD. The aforementioned findings significantly
contribute to our understanding of potential novel treat-
ment targets in AD, and provide insights for diagnostic
and treatment methods aimed at HPTMs. The findings
are particularly promising in the context of the challenges
and prospects associated with research focused on iden-
tifying new therapeutic targets.

Conclusion and perspectives

Recent findings indicate that epigenetics and HPTMs,
especially acetylation and novel acylation modifications,
play a crucial role in AD pathogenesis, especially in Ap
accumulation and plaque formation. As shown in Fig. 1,
we review the research on various HPTMs in AD, with a
special focus on various novel modifications, to provide
a fresh perspective for future exploration into the patho-
physiology of AD and the development of new drugs and
diagnostic methods.

Meanwhile, due to the overlap of multiple modified
regulatory enzyme systems, it is particularly important
to identify specific regulatory factors to prevent adverse
reactions to new drugs. Acylation modification changes
are dynamic and reversible. Various acylation modifica-
tions are regulated by various regulatory factors and are
dynamically regulated in response to metabolic levels,
such as BHB. Therefore, exogenous supplementation of
modified precursor substances or the regulation of modi-
fied enzyme activity may represent a new therapeutic
approach for AD.

It is worth noting that research on novel HPTMs is
still relatively limited compared to that on classical
HPTMs, such as acetylation and methylation. Many of
these studies are limited to observing changes in the
levels of HPTMs and related factors, without iden-
tifying specific action sites. In addition, some new
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accumulation, plague formation, and tau aggregation into tangles. Kbhb, Kmal and Khib have been shown to be closely associated with AD;
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Ksucc, succinylation; Khib, 2-hydroxyisobutyrylation; Kmal Malonylation

acylation modifications (such as glutarylation and
benzoylation) have not been thoroughly studied in the
context of AD. The scarcity of research may be attrib-
uted to the high cost of specific antibodies and the
absence of specific inhibitors for novel acylation. With
the rapid development of new site-specific antibodies,
acylation modification detection methods and global
maps will greatly expand in the future. Although there
is currently no cure for AD, drugs developed based on
epigenetics and novel HPTMs are likely to effectively
improve disease symptoms and prognoses in the future.
Further in-depth exploration of the biological effects

and regulation of novel HPTMs will broaden our per-
spective on the treatment of AD.
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