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Introduction

Alzheimer’s disease (AD) remains a formidable challenge 
in neuroscience, with its complex pathology still lacking an 
effective cure. Recent research has highlighted the critical 
role of epigenetic regulation in AD, demonstrating how 
environmental factors and genetic predispositions influence 
disease progression at a molecular level. This commentary 
examines key advancements in AD-related epigenetic research, 
with a particular focus on histone deacetylases (HDACs) and 
adrenergic signaling-two mechanisms that have emerged as 
promising therapeutic targets for mitigating AD symptoms 
and slowing neurodegeneration. Drawing insights from our 
two recent studies [1,2], we provide a systematic overview 
of the developmental trajectory of epigenetic research in 
AD, discuss existing challenges, and propose innovative 
strategies to translate these findings into effective treatments. 
We conclude by offering specific recommendations for future 
research directions, including the refinement of epigenetic 
therapeutics and the integration of precision medicine 
approaches to optimize patient outcomes.

The Developmental History of Epigenetic Research in AD

Epigenetic modifications, particularly histone acetylation and 
DNA methylation, are fundamental mechanisms governing 
gene expression and cellular function. Histone acylation 
involves the transfer of acyl-CoA groups to specific amino 
acid residues on histone proteins, modulating chromatin 
accessibility. This process is tightly regulated by histone 

acetyltransferases (HATs), which promote transcriptional 
activation, and histone deacetylases (HDACs), which 
condense chromatin and repress gene expression Disruptions 
in this balance can have profound consequences on neuronal 
function and cognitive processes, particularly in the context of 
neurodegenerative disorders like AD [3-6].

The involvement of histone modifications in AD pathogenesis 
was first recognized through studies linking histone 
acetylation to memory formation [7-9]. Early investigations 
demonstrated that histone hypoacetylation correlated with 
cognitive deficits, suggesting that reduced acetylation impairs 
the expression of genes essential for synaptic plasticity and 
memory consolidation. Seminal work using AD mouse models 
confirmed that global reductions in histone acetylation 
were associated with learning and memory impairments, 
reinforcing the idea that chromatin modifications directly 
influence cognitive function. These findings provided a 
mechanistic link between epigenetic dysregulation and AD 
pathology, fueling interest in histone-modifying enzymes as 
therapeutic targets [10].

A breakthrough in this field came with the discovery that 
pharmacological inhibition of HDACs could counteract 
cognitive decline in AD models [11,12]. Studies showed 
that broad-spectrum HDAC inhibitors (HDACis), such as 
suberoylanilide hydroxamic acid (SAHA) and sodium butyrate, 
significantly improved memory performance in AD mice 
by restoring the expression of genes involved in synaptic 
plasticity. However, the non-selective inhibition of HDACs 
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raised concerns about potential side effects, as HDACs are 
involved in numerous physiological processes beyond the 
central nervous system. This prompted researchers to identify 
specific HDAC isoforms most relevant to AD pathology, paving 
the way for more targeted therapeutic approaches.

Our work contributed to this effort by focusing on the 
selective inhibition of HDAC3, a key regulator of synaptic 
plasticity. We demonstrated that an enriched environment 
(EE) upregulates miRNA-132, which in turn targets HDAC3 to 
preserve synaptic function in the presence of Aβ oligomers [1]. 
This finding highlighted the interplay between environmental 
factors, epigenetic regulation, and neuroprotection. 
Expanding on this, our later studies explored the role of 
β2-adrenergic receptor (β2-AR) activation, revealing that it 
induces protective epigenetic modifications by reducing 
HDAC2 levels in hippocampal neurons, thereby mitigating Aβ-
induced synaptic dysfunction [2] (Figure 1).

The evolution of epigenetic research in AD has, therefore, 
progressed from broad investigations into histone 
modifications to a more refined understanding of how 
specific HDACs contribute to disease pathology. This shift has 
led to a growing emphasis on the development of selective 
HDAC inhibitors and epigenetic-based pharmacological 
interventions that strike a balance between therapeutic 
efficacy and safety. As research advances, integrating these 

findings with precision medicine strategies holds promise 
for developing personalized epigenetic therapies tailored to 
individual patient profiles.

Current Key Challenges in Epigenetic AD Research

Aberrant HDAC activity, particularly HDAC2 and HDAC3, 
contributes to cognitive deficits and synaptic dysfunction in 
AD [1,2,13,14]. While HDAC inhibitors (HDACis) show promise, 
challenges remain in developing safe, effective treatments. 
Key obstacles include HDAC isoform selectivity, differentiating 
HDAC roles, clinical translation, and environmental influences 
on epigenetics.

Lack of HDAC selectivity

Current HDACis, such as Vorinostat and Trichostatin A, lack 
isoform specificity, inhibiting multiple HDACs in diverse 
cellular functions, including cell cycle regulation, immune 
responses, and metabolism. This broad inhibition increases the 
risk of side effects, including hematological toxicity, fatigue, 
and gastrointestinal issues [15]. To mitigate these risks, efforts 
are underway to develop isoform-specific inhibitors that 
selectively target pathological pathways while sparing normal 
cellular functions. For example, selective HDAC2 inhibitors aim 
to restore synaptic dysfunction and memory function while 
avoiding disruptions to other HDAC-dependent processes 

 

 
Figure 1. Mechanisms of epigenetic regulation in Alzheimer’s disease. Activation of β2-adrenergic receptors and the subsequent 
increase in the cAMP signaling pathway, along with histone acetylation and specific microRNAs (miRNAs), contribute to anti-inflammatory 
responses, reduced Aβ toxicity, and enhanced expression of synaptic-related genes.
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[2,4,16,17]. Advances in structure-guided drug design and 
allosteric modulation are further refining next-generation 
HDACis with improved safety and efficacy.

Differentiating HDAC roles in AD

HDAC2 and HDAC3 play distinct yet overlapping roles in AD 
pathology. HDAC2 suppresses genes essential for synaptic 
plasticity, and its overexpression correlates with cognitive 
decline. Inhibition of HDAC2 enhances synaptic gene 
expression, alleviates synaptotoxicity, and improves memory 
function [2]. HDAC3, in contrast, is involved in stress responses 
and inflammation. Studies show that EE reduces HDAC3 
activity, promoting synaptic resilience and counteracting Aβ-
induced long-term potentiation (LTP) deficits [1]. The interplay 
between HDAC2 and HDAC3 suggests both independent 
and potentially synergistic contributions to AD pathology, 
underscoring the need for targeted interventions that optimize 
cognitive benefits while minimizing off-target effects.

Translation epigenetic research to clinic

Despite promising preclinical findings, translating HDACis 
to clinical applications remains a challenge. Vorinostat, an 
FDA-approved HDAC inhibitor for cancer treatment, has 
shown memory-enhancing effects in rodent but exhibits 
non-selective inhibition, leading to severe side effects such 
as bone marrow suppression and gastrointestinal toxicity 
[18-20]. Additionally, hydroxamate-based HDACis raise 
concerns about potential mutagenicity, highlighting the 
need for safer alternatives [21]. Another hurdle is the species-
specific differences in drug metabolism, target accessibility, 
and disease progression. While β2-adrenergic receptor (β2-
AR) activation or HDAC inhibition enhance neuroprotection 
in mice [2,22], these findings may not directly translate to 
humans. Overcoming these challenges requires improved AD 
models that better mimic human pathology, as along with 
rigorous testing of isoform-specific inhibitors across diverse 
populations.

Environmental modulation of epigenetics

Environmental factors such as cognitive stimulation, 
social interaction, and physical activity influence epigenetic 
mechanisms, potentially enhancing cognitive resilience 
against AD [23]. EE, for instance, has been shown to modulate 
HDAC3 and miRNA-132 promoting neuroprotection [1]. Other 
studies have linked EE to epigenetic modifications, including 
DNA methylation, histone acetylation, and non-coding RNA 
expression [24,25], suggesting broad effects on neuroplasticity. 
However, individual variability in responses to EE-shaped by 
genetic, environmental, and lifestyle factors-highlights the 
need for further studies to determine how these mechanisms 
can be harnessed effectively across different demographics 
and disease models.

Epigenetic research has provided critical insights into AD 
pathology and potential therapies, yet major challenges 
remain. Addressing issues of HDAC selectivity, clarifying 
isoform-specific roles, bridging preclinical and clinical 
findings, and leveraging environmental influences are 
crucial next steps. Overcoming these hurdles will require 
interdisciplinary collaboration, innovative drug development, 
and a commitment to translating basic science into effective 
AD treatments.

Forecasting Future Trends in Epigenetic AD Research

AD is marked by cognitive decline and synaptic dysfunction, 
partly driven by epigenetic changes, including histone 
acetylation dysregulation. HDAC inhibitors, such as sodium 
butyrate, Vorinostat, Trichostatin A, and valproate, show 
promise in enhancing memory, improving cognition, and 
reducing Aβ levels in preclinical studies and early trials [26]. 
These inhibitors work by promoting histone acetylation, 
which facilitates gene transcription critical for synaptic 
function and plasticity. However, clinical translation remains 
challenging due to off-target effects and the complexity 
of histone regulation. Emerging evidence suggests that 
addressing epigenetic dysregulation alone may not be 
sufficient; combining this approach with drugs that directly 
enhance synaptic function, such as β2-AR agonists, BDNF, 
and nootropics, could provide more comprehensive benefits 
[27,28]. For example, Nosustrophine, a porcine brain extract, 
modulates HDAC activity, DNA methylation, and Aβ levels, 
showcasing the potential of multi-target strategies [29]. 
Safe, specific, and effective therapies remain a key focus 
for advancing AD treatment. Based on recent findings and 
emerging insights, several future trends are anticipated in AD-
related epigenetic research:

Development of selective HDAC inhibitors

As HDAC isoforms continue to be elucidated in terms of 
their distinct contributions to cognitive decline, developing 
selective HDAC inhibitors targeting HDAC2 or HDAC3 could 
be a pivotal step forward. Selective inhibitors would enable 
targeted intervention without the broad effects seen with non-
specific HDACis, potentially improving therapeutic outcomes. 
As our findings highlight, HDAC3 and HDAC2 play distinct but 
significant roles in AD pathology [1,2]. Thus, isoform-specific 
HDAC inhibitors could serve as precision medicine tools, 
facilitating tailored treatments based on individual patient 
profiles.

Harnessing β2-adrenergic receptor activation as a 
neuroprotective strategy

We presented compelling evidence that β2-AR activation 
reduces HDAC2 levels, which enhances LTP and counters Aβ-
induced synaptotoxicity [2]. With selective β2-AR agonists 
showing neuroprotective effects, this pathway presents an 
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exciting avenue for intervention in early AD stages, possibly 
even as a preventive measure. β2-AR agonists could be 
combined with HDAC inhibitors to achieve synergistic effects, 
optimizing treatment outcomes by modulating both HDAC 
levels and cellular receptor responses.

Integration of environmental and pharmacological 
interventions

The benefits of environmental enrichment in modulating 
HDAC activity and cognitive resilience are well-documented, 
as shown by our studies [1]. Future approaches could 
integrate pharmacological treatments with environmental or 
lifestyle modifications, such as cognitive training and social 
engagement, to maximize neuroprotective effects [23]. Such 
a combined strategy could prove particularly effective in 
sporadic AD, where genetic predisposition plays a minor role 
compared to lifestyle and environmental factors.

Personalized epigenetic profiling for tailored 
therapeutics

With the rise of precision medicine, epigenetic profiling 
could become a standard tool for identifying individuals at risk 
for AD or in the early stages of cognitive decline. Personalized 
profiling could reveal specific epigenetic modifications 
that correspond to a patient’s unique risk factors or disease 
progression patterns, allowing for tailored treatments. For 
example, patients with elevated HDAC2 or HDAC3 levels 
could be candidates for selective HDAC inhibition or β2-AR 
agonist therapy, providing a customized and potentially more 
effective treatment approach.

Unique Insights and Innovative Perspectives

Our group’s studies [1,2] open doors to transformative 
approaches in AD treatment through their emphasis on the 
unique roles of HDAC isoforms and β2-AR activation. Building 
on these findings, several innovative perspectives emerge 
that could reshape the future of AD therapy:

Targeting HDAC isoforms in combination with receptor 
activation

The combination of selective HDAC inhibition and β2-AR 
activation could be explored as a comprehensive treatment 
strategy. This dual approach could simultaneously address 
multiple aspects of AD pathology, enhancing LTP, reducing 
inflammation, and improving overall synaptic plasticity. This 
strategy has the potential to optimize therapeutic effects 
by leveraging the complementary mechanisms of HDAC 
inhibition and receptor-mediated signaling.

Investigating non-neuronal cells in epigenetic regulation

Given AD’s multifactorial nature, it is critical to consider the 

role of non-neuronal cells, such as microglia and astrocytes, 
in AD pathology and epigenetic regulation. HDACs and β2-
ARs are also expressed in these cells, which play critical roles 
in neuroinflammation, synaptic pruning, and overall brain 
health. Targeting epigenetic regulation in non-neuronal cells 
could provide a broader neuroprotective effect, addressing 
inflammation and synaptic dysfunction at a cellular network 
level rather than focusing solely on neurons.

Exploring β2-AR agonists beyond synaptic protection

β2-AR agonists are traditionally used in bronchodilation, 
but their application in AD could extend beyond synaptic 
protection. β2-ARs also influence immune responses, and 
activating these receptors may mitigate the neuroinflammatory 
cascade associated with AD. Since neuroinflammation is 
a core component of AD pathology, β2-AR agonists could 
serve as dual-function therapeutics, offering both synaptic 
and anti-inflammatory benefits. We demonstrated that β2-AR 
activation reduces HDAC2 and lowers inflammatory cytokine 
levels, suggesting a broader application of this receptor in AD 
therapy [2].

Conclusion

The exploration of epigenetic regulation in Alzheimer’s 
disease has provided critical insights into novel therapeutic 
avenues, offering the potential to modify disease progression 
rather than merely managing symptoms. Targeting specific 
HDAC isoforms and β2-adrenergic receptors has emerged 
as a promising strategy for preserving synaptic integrity and 
mitigating neurodegeneration while minimizing off-target 
effects. These findings pave the way for precision therapies that 
integrate pharmacological interventions with personalized 
epigenetic profiling, ultimately allowing for more effective, 
individualized treatment approaches.

Looking ahead, future research should prioritize the 
development of highly selective HDAC inhibitors, the 
optimization of combination therapies that incorporate 
lifestyle and environmental modifications, and the translation 
of preclinical discoveries into clinical trials. Additionally, 
advancing biomarker-driven strategies to assess epigenetic 
modifications in patients could enhance early diagnosis 
and therapeutic monitoring. By bridging the gap between 
molecular research and clinical application, this evolving 
field offers hope for transforming Alzheimer’s disease from 
an inevitable degenerative condition into a manageable, and 
potentially preventable, disorder. 
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