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Abstract: Epigenetic regulation, encompassing DNA methylation, histone 

modification, chromatin remodeling, and non-coding RNA activity, has become 

a fundamental paradigm in understanding the pathogenesis of 

neurodegenerative diseases. Unlike genetic mutations, epigenetic mechanisms 

govern gene expression dynamically, integrating environmental signals and 

cellular stress to determine neuronal health or degeneration. Recent studies 

demonstrate that aberrant epigenetic modifications contribute to the onset and 

progression of Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 

and amyotrophic lateral sclerosis by altering neuronal gene networks, synaptic 

function, and neuroinflammatory pathways. This paper explores how epigenetic 

dysregulation disrupts neuronal homeostasis, identifies methodological 

advances in epigenomic analysis, and discusses potential therapeutic 

interventions aimed at restoring normal gene expression. The findings 

highlight epigenetic regulation as both a cause and a therapeutic target in 

combating neurodegeneration, emphasizing the importance of precision 

epigenetic medicine for future neurobiological research. 
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Genome editing is an advanced biotechnological process that allows 

scientists to modify the DNA of living organisms with unprecedented precision. 

The discovery of CRISPR-Cas9 technology in the early 2010s revolutionized 

genetic research, making it faster, cheaper, and more accurate than previous 

methods such as zinc finger nucleases (ZFNs) and TALENs. In humans, genome 

editing offers promising solutions to inherited genetic disorders, cancer, and 

infectious diseases. However, the potential misuse of this technology for non-

therapeutic purposes has sparked ethical debates about human identity, 

inequality, and the limits of scientific intervention. 

Neurodegenerative diseases represent one of the greatest biomedical 

challenges of the 21st century, characterized by progressive neuronal loss, 

synaptic dysfunction, and cognitive or motor impairment. Although genetic 
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mutations contribute to a subset of these disorders, most cases arise from a 

complex interplay between genetic predisposition and environmental influence. 

Epigenetics—the study of heritable changes in gene function that occur without 

alterations in DNA sequence—provides a molecular explanation for how such 

interactions occur. Epigenetic mechanisms, including DNA methylation, histone 

tail modification, and regulation by non-coding RNAs, govern the precise timing 

and level of gene expression in neurons. Because neurons are post-mitotic and 

long-lived, they are particularly vulnerable to epigenetic drift, which 

accumulates over time and may lead to transcriptional misregulation, 

mitochondrial dysfunction, and neuroinflammation. Understanding how 

epigenetic modifications contribute to neurodegenerative pathology is therefore 

essential to developing early diagnostics and innovative therapies. 

METHODOLOGY 

This study employs a qualitative synthesis of peer-reviewed research 

published between 2018 and 2025, using databases such as PubMed, 

ScienceDirect, and Nature Neuroscience. Selection criteria include original 

research and review articles focusing on epigenetic regulation in 

neurodegenerative diseases. Comparative analysis was applied to identify 

recurring molecular pathways, including DNA methylation dynamics, histone 

modification profiles, and non-coding RNA-mediated gene silencing. Emphasis 

was placed on human and mammalian model studies, transcriptomic datasets, 

and epigenome-wide association studies (EWAS). A bioethical lens was also 

applied to evaluate implications of epigenetic therapies. Findings were 

interpreted within the framework of systems biology to integrate multi-omic 

data on neurodegeneration. 

SIGNIFICANCE OF THE STUDY 

This research is significant for three key reasons. First, it bridges the gap 

between genetics and environmental factors in explaining neurodegeneration, 

illustrating how lifestyle, toxins, diet, and stress shape neuronal epigenomes. 

Second, it positions epigenetic modifications not merely as secondary effects of 

disease but as primary drivers of neurodegenerative processes. Third, it 

identifies therapeutic avenues, including small-molecule epigenetic modulators 

and RNA-based interventions, that may reverse or halt disease progression. 

Given the increasing prevalence of neurodegenerative diseases worldwide, the 

exploration of epigenetic regulation opens a path toward early detection, 

preventive medicine, and long-term neuroprotection. 

Epigenetic regulation serves as the molecular interpreter between the 

human genome and the environment, determining how cells respond to external 

and internal stimuli. In the context of neurodegenerative diseases, this 



“FORMATION OF PSYCHOLOGY AND  PEDAGOGY AS  

INTERDISCIPLINARY SCIENCES”  
 

[228] 
 

 

 

regulation is often distorted, leading to pathological gene expression that drives 

neuronal injury. DNA methylation, the addition of methyl groups to cytosine 

residues within CpG islands, typically represses transcription when present in 

promoter regions. In a healthy brain, methylation maintains genomic stability 

and silences repetitive elements. However, studies of Alzheimer’s disease brains 

reveal widespread hypomethylation in promoters of inflammatory genes and 

hypermethylation in neuronal plasticity genes, suggesting a maladaptive 

epigenetic reprogramming. Similar patterns occur in Parkinson’s disease, 

where demethylation of the SNCA gene increases alpha-synuclein production—

a hallmark of the disease. These findings demonstrate that DNA methylation 

acts as a dynamic and context-dependent regulator of neural fate rather than a 

static genetic marker. 

Histone modification is another powerful determinant of gene activity. The 

acetylation of histone tails by histone acetyltransferases (HATs) generally 

promotes gene transcription by relaxing chromatin structure, whereas 

deacetylation by histone deacetylases (HDACs) compacts chromatin and 

silences genes. In neurodegenerative conditions, this balance becomes 

disrupted. Elevated HDAC activity in Alzheimer’s and Huntington’s disease 

leads to transcriptional repression of neuroprotective genes, impairing synaptic 

function and memory. Experimental inhibition of HDACs in animal models has 

shown remarkable neuroprotective effects, restoring memory performance and 

reducing neuronal loss. Beyond acetylation, histone methylation—mediated by 

enzymes such as SETD1 and EZH2—affects neuronal survival, glial activation, 

and mitochondrial homeostasis. Aberrant H3K27 trimethylation has been 

linked to repression of genes involved in synaptic transmission, demonstrating 

how histone marks can encode disease-specific transcriptional signatures. 

Non-coding RNAs, including microRNAs (miRNAs), long non-coding RNAs 

(lncRNAs), and circular RNAs (circRNAs), represent a third major epigenetic 

mechanism controlling post-transcriptional gene regulation. In 

neurodegenerative disorders, altered miRNA expression influences pathways 

involved in apoptosis, neuroinflammation, and protein aggregation. For 

instance, miR-34a and miR-155 are upregulated in Alzheimer’s disease, 

promoting neuronal apoptosis and glial activation. Conversely, lncRNA BACE1-

AS stabilizes the mRNA encoding beta-secretase, enhancing amyloid beta 

production. Such RNA-based dysregulation demonstrates that 

neurodegeneration arises not only from coding gene mutations but from 

disturbances in regulatory RNA networks. Circular RNAs, once dismissed as 

transcriptional noise, have recently been found to act as ―miRNA sponges,‖ 

buffering microRNA activity and maintaining homeostasis. Disruption of these 
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networks amplifies transcriptional chaos, leading to cumulative neuronal 

damage. 

Environmental and metabolic stressors act as catalysts for epigenetic 

alteration. Chronic exposure to neurotoxins, heavy metals, or high-fat diets 

induces oxidative stress, which directly damages DNA and modifies 

methylation enzymes. Similarly, aging reduces global methylation fidelity and 

histone acetylation, contributing to gene silencing of mitochondrial and 

antioxidant pathways. Neuroinflammation, a common feature across 

neurodegenerative diseases, further perpetuates epigenetic instability. 

Activated microglia release cytokines and reactive oxygen species that modify 

chromatin and DNA methylation in nearby neurons, creating a feed-forward 

cycle of degeneration. Thus, epigenetic dysregulation not only results from but 

also reinforces the pathological environment of the diseased brain. 

Emerging evidence suggests that targeting epigenetic mechanisms can 

reverse or mitigate neurodegeneration. Pharmacological HDAC inhibitors, such 

as valproic acid, sodium butyrate, and suberoylanilide hydroxamic acid (SAHA), 

have demonstrated potential in restoring transcriptional balance and promoting 

neurogenesis. DNA methylation modulators like 5-aza-2′-deoxycytidine are 

being tested for their ability to reactivate silenced neuroprotective genes. 

Meanwhile, RNA-based therapeutics—antisense oligonucleotides (ASOs) and 

miRNA mimics—offer precise modulation of dysregulated transcripts. The 

challenge lies in achieving cell-type specificity and avoiding off-target effects. 

Nevertheless, early-stage clinical trials are promising, revealing improved 

cognitive function and neuroprotection in animal and human studies. 

Recent advances in single-cell epigenomics and CRISPR-based epigenome 

editing now enable precise mapping and modification of disease-related 

epigenetic changes. Unlike traditional gene editing, epigenome editing tools 

such as dCas9-TET1 or dCas9-DNMT3A modulate methylation status without 

cutting DNA, offering reversible and non-mutagenic intervention. Such 

precision technologies herald a new era of ―epigenetic therapeutics‖ tailored to 

individual patients. Combined with artificial intelligence-driven data analysis, 

these methods can identify early epigenetic biomarkers predictive of disease 

onset, transforming neurodegenerative diagnostics from reactive to preventive. 

The convergence of epigenetics and neuroscience also has profound 

philosophical and ethical implications. If epigenetic marks reflect 

environmental exposure and lifestyle, then neurodegenerative diseases are not 

merely genetic fate but partly modifiable through behavioral and societal 

change. Nutrition, physical activity, and cognitive stimulation have been shown 

to influence methylation of neuroplasticity genes. This suggests that promoting 
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brain health involves not only pharmacological intervention but also 

environmental enrichment. Public health strategies that integrate epigenetic 

knowledge could significantly reduce the burden of neurodegeneration globally. 

Despite these advances, challenges remain. Epigenetic modifications are 

inherently dynamic and context-dependent, complicating causal interpretation. 

Most evidence derives from post-mortem brain tissue, which captures the 

endpoint rather than progression of disease. Moreover, distinguishing primary 

drivers from secondary responses remains difficult. Another limitation lies in 

therapeutic specificity: global modification of epigenetic enzymes risks 

unintended gene activation, potentially leading to oncogenesis or metabolic 

imbalance. Additionally, inter-individual variability in epigenetic signatures 

complicates biomarker standardization. Therefore, integrating longitudinal 

multi-omic studies, including transcriptomics, proteomics, and metabolomics, is 

essential to decipher the holistic landscape of neuroepigenetics. 

Looking ahead, the future of neurodegenerative research depends on 

embracing the complexity of epigenetic regulation. Interdisciplinary 

collaboration—combining molecular biology, computational modeling, and 

clinical neuroscience—will be necessary to translate epigenetic discoveries into 

effective treatments. Artificial intelligence offers unique potential to integrate 

vast epigenomic datasets and predict therapeutic outcomes. Furthermore, 

personalized medicine must consider not only genetic background but also 

epigenetic plasticity, environmental exposures, and lifestyle factors. By 

acknowledging this multidimensionality, neuroscience can move beyond static 

genetic determinism toward a dynamic model of brain resilience and 

adaptability. 

In conclusion, epigenetic regulation of gene expression represents the 

molecular language through which environment, aging, and genetics 

communicate within the brain. Neurodegenerative diseases arise when this 

language becomes corrupted—when methylation misfires, histones lose balance, 

and non-coding RNAs misdirect cellular responses. Yet within this complexity 

lies hope: epigenetic mechanisms are inherently reversible, offering 

unprecedented therapeutic potential. The challenge for modern neuroscience is 

to decode and rewrite this language responsibly, transforming the inevitability 

of degeneration into the possibility of regeneration. 

Problems and Limitations 

1. Epigenetic changes are often secondary to disease processes, 

complicating causal analysis. 

2. Brain tissue heterogeneity makes it difficult to distinguish cell-type-

specific epigenetic profiles. 
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3. Most current data are derived from animal models, limiting direct 

human applicability. 

4. Long-term safety of epigenetic drugs remains unverified. 

5. Global inhibition of epigenetic enzymes risks off-target activation of 

oncogenes. 

Solutions and Recommendations 

1. Expand single-cell epigenomic mapping in human brain samples to 

identify precise targets. 

2. Develop targeted epigenetic editing tools (CRISPR-dCas9 systems) for 

specific neuronal genes. 

3. Integrate lifestyle and environmental interventions into clinical 

management of neurodegenerative risk. 

4. Establish ethical frameworks for the clinical use of epigenetic therapies. 

5. Encourage open-access epigenomic databases for cross-disciplinary 

collaboration. 

Innovations and Future Perspectives 

The next generation of research focuses on precision epigenetic therapy, 

where drugs or genetic tools selectively modulate disease-relevant loci. 

Combined with AI-based modeling, this will allow prediction of individual 

responses. Additionally, ―epigenetic rejuvenation‖ strategies using Yamanaka 

factors or partial reprogramming show potential for reversing age-associated 

epigenetic drift, effectively rejuvenating neurons. These innovations position 

epigenetic modulation as a cornerstone of future neuroregenerative medicine. 

Conclusion 

Epigenetic regulation has redefined the understanding of 

neurodegenerative disease mechanisms. By mediating gene-environment 

interactions, it reveals that neurodegeneration is not purely genetic but 

dynamically modifiable. The reversibility of epigenetic changes presents an 

extraordinary therapeutic opportunity, but it requires ethical responsibility, 

precision tools, and integrative research. Ultimately, decoding the epigenetic 

logic of the brain will not only illuminate the origins of neurodegeneration but 

also pave the way for its prevention and reversal. 
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