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Review Article
Genotoxicity in Neuro Degenerative and Neuropsychiatric Diseases: A Review

ABSTRACT 

	The research investigates how genotoxicity drives the development of diseases that affect the nervous system as well neuropsychiatric conditions. This phenomenon shows that neuronal cells experience increased sensitivity to genomic harm partly because of their elevated metabolic activity together with restricted DNA repair mechanisms. The total DNA damage combination with increased oxidative pressure and impaired mitochondria causes Alzheimer's disease as well as Parkinson's disease and schizophrenia. Pollutants and heavy metals increase psychiatric disorder risks when combined with genotoxic stress in the body which leads to neurodegeneration. The evaluation stresses the need to comprehend how DNA damage and repair functions work in biology because therapeutic methods which lower oxidative stress and boost DNA repair should provide better treatments for cognitive decline and brain health.
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1. INTRODUCTION 

Genetic material damage ability of agents during genotoxicity procedures stands as an essential factor behind neurodegenerative and neuropsychiatric diseases development. Neuronal cells remain especially susceptible to genomic damage because the brain functions with high oxygen requirements while all its cells are non-dividing cells and DNA repair mechanisms are restricted [1]. Neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS) cause DNA damage growth while creating conditions of oxidative stress and DNA repair failure [2]. Genomic instability alongside epigenetic modifications in schizophrenia, bipolar disorder and major depressive disorder leads to neuronal dysfunction as well as synaptic plasticity alterations [3].
The study of genotoxicity plays an essential role because DNA damage together with repair system deficiencies leads to neuroinflammation and mitochondrial deterioration and neuronal death which cause continuing deterioration of cognitive and behavioral skills [4]. Environmental factors which include pollutants together with heavy metals and radiation and lifestyle variations have been shown [5] to escalate genotoxic stress thus heightening the chances of psychiatric disorders and neurodegeneration occurrence. Scientific studies show that DNA repair pathway intervention and lowered oxidative stress may present fresh strategies to slow down neurodegeneration and cognitive deterioration [6]. This assessment investigates both the biological pathways between genotoxic agents and neuropsychiatric disorders and brain-related conditions and discusses diagnostic signs and new therapeutic solutions to reduce genotoxic strain effects on brain wellness.

2. MECHANISMS OF GENOTOXICITY IN THE BRAIN

Genotoxicity in the brain develops through both internal mechanisms such as oxidative stress and mitochondrial dysfunction and external exposure to environmental toxins and infections and radiation damage that creates DNA damage with subsequent neuronal dysfunction and neurodegenerative effects. The main factor promoting genotoxicity is oxidative stress which generates excessive reactive oxygen species (ROS) and reactive nitrogen species (RNS) that produce oxidized DNA bases and single-strand breaks (SSBs) and double-strand breaks (DSBs) within neuronal DNA [7]. Because mature neurons have restricted ability to repair themselves DNA damage accumulation within these cells leads to synaptic deterioration and cognitive decline [6]. The deterioration of DNA stability during aging becomes worse because age-related deficiencies in DNA repair systems (base excision repair BER and homologous recombination HR) reduce neuron capacity to preserve genomic integrity [8].
2.1. Endogenous and Exogenous sources of DNA damage:
Internal sources of DNA damage within the brain merge with external influences to generate DNA damage that leads to neurodegenerative conditions as well as neuropsychiatric disorders. DNA damage within the brain occurs naturally due to a combination of oxidative stress, mitochondrial dysfunction and aging phenomena which produce ROS and RNS species that break DNA strands and modify DNA bases while causing genomic instability [3]. Neurons are especially susceptible to damage because they possess high metabolic levels along with being non-dividing cells and having restricted DNA repair processes which make oxidative damage a significant neurodegenerative factor [6]. The process of aging intensifies genomic instability through its effects on DNA repair systems, which eventually results in both neuronal decline and cognitive deterioration [9].
Six types of DNA-damaging environmental factors incorporate toxic substances, heavy metals, pesticides alongside air pollutants and radiation accompanied by infections [10]. People exposed chronically to neurotoxicants like lead, cadmium and mercury face raised risk of Alzheimer’s along with Parkinson’s disease because these substances destroy cellular balance, generate harmful DNA oxidation effects and break DNA repair functions [11]. Neuroinflammation initiated by viral or bacterial infections leads to secondary oxidative stress together with DNA lesions which worsen genotoxic effects [12]. DNA strand breaks and chromosomal aberrations develop from exposure to ionizing radiation and ultraviolet radiation, which accelerates neurodegeneration [13].
Endogenous and exogenous DNA damage overwhelms brain structures by exceeding the capacity of DDR mechanisms including BER and HR which results in lasting DNA lesions and synaptic dysfunction and neuron death [14]. The development of protective measures for the brain relies on understanding these mechanisms because it helps improve DNA repair capacity and minimize oxidative stress to reduce the advancement of neurodegenerative conditions.
3. GENOTOXICITY IN NEURODEGENERATIVE DISEASES
The occurrence of DNA damage coupled with genomic instability functions as a significant factor in the development of Alzheimer's disease (AD) as well as Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS). Neurodegeneration emerges from the combination of oxidative stress together with mitochondrial dysfunction and protein misfolding which damages neurons. 
3.1. Alzheimer’s disease: Amyloid-beta, tau, and DNA damage:
AD constitutes a progressive disorder affecting the brain that leads to cognitive deterioration together with synaptic defects and the destruction of neurons. The main cause of genomic instability in AD stems from DNA damage resulting when amyloid-beta (Aβ) triggers oxidative stress through Aβ plaques. Plaque formation creates reactive oxygen species which modify DNA bases while increasing double-strand breaks and causes irreparable neuronal apoptosis [15, 16]. Genomic instability becomes worse because of the presence of tau pathology which also exists as a hallmark of AD. Aggregates formed through tau protein hyperphosphorylation destroy nuclear membranes and obstruct the DNA repair mechanism NHEJ along with other DDR features [17]. The DNA repair protein levels show significant reductions in AD patients where vital regulators such as BRCA1 ATM and PARP1 present deficient activities (Abate et al., 2020). The disease evolution becomes more severe because such deficiencies result in lasting DNA damage and impaired neuron function. The research shows that genomic instability plays a vital part in AD development and points to DNA repair improvement therapies that could protect neurons against degeneration [18, 19].
3.2. Parkinson’s disease: Mitochondrial DNA damage and alpha-synuclein:
Dopaminergic neurons progressively die within the substantia nigra during Parkinson's disease (PD), thus creating a neurodegenerative condition characterized as PD. The pathology of PD advances through mitochondrial DNA (mtDNA) damage, which affects dopaminergic neurons because these cells display extreme sensitivity to mitochondrial malfunctions alongside oxidative DNA damages. Deleterious mutations in PINK1 (PTEN-induced kinase 1) and PARK2 (parkin) proteins alter the homeostasis of mitochondria and destroy DNA repair capacities, thus causing continuous neurodegeneration [20, 21]. Alpha-synuclein serves as a vital PD protein that functions as a cause of nuclear genotoxicity in neurons. Alpha-synuclein aggregates block essential nuclear functions, such as transcription, as well as DNA repair processes, while directly binding DNA and generating strand breaks that result in worsened neuronal dysfunction [22]. The metabolic process of dopamine leads to the formation of reactive
e oxygen species (ROS) through auto-oxidation, and this intensifies oxidative stress while accelerating DNA oxidation. The oxidative stress becomes more severe as glutathione (GSH) levels decrease, because it acts as a major antioxidant defense system, and allows ROS accumulation that damages DNA structures and kills neurons [23]. The overall degenerative cascade in PD results from each genotoxic effect, so research must develop specific treatments to improve mitochondrial health and DNA repair functions, together with oxidative stress protection systems.
3.3. ALS: TDP-43, FUS, and genomic instability: 
The death-causing illness amyotrophic lateral sclerosis (ALS) destroys motor neurons continuously leading to progressive muscle atrophy and full-body paralysis. In ALS patients TDP-43 functions as a major genotoxic driver because it leaves the nucleus to improperly locate within the cytoplasm of affected neurons. When TDP-43 leaves the nucleus, it breaks DNA damage response (DDR) pathways thus causing inefficient DNA repair while making neurons more prone to genomic instability [24]. The protein fused in sarcoma (FUS) maintains crucial functions in genomic stability during ALS development. FUS mutations inhibit double-strand break repair mechanisms and transcription-coupled repair functions causing the creation of oxidative DNA damage that damages genome integrity [25]. The development of ALS-related genotoxicity depends heavily on oxidative stress. Superoxide dismutase 1 (SOD1) mutations among the most well-researched genetic ALS factors lead to higher reactive oxygen species (ROS) production that causes extensive DNA damage throughout the cell. High amounts of 8-oxoguanine (8-oxoG) biomarker quantities manifest in the neurons of ALS patients who display severe oxidative DNA damage-related genotoxicity progression [26]. The progression of ALS motor neuron degeneration becomes worse because of three interconnected causes: defective DNA damage response mechanisms together with dysfunctional DNA repair proteins TDP-43 and FUS and increased oxidative stress damage. Research highlights the value of developing DNA repair pathway and oxidative stress response interventions for treating ALS.

4. GENOTOXICITY IN NEUROPSYCHIATRIC DISORDERS
Genotoxicity describes DNA damage caused by both environmental agents and internal factors within the body, which may result in mutations alongside neurodegenerative effects. The disease development mechanism in neuropsychiatric disorders primarily results from genotoxicity through oxidative stress, inflammation, DNA repair issues, and epigenetic changes.

4.1. Schizophrenia: Oxidative stress, inflammation, and DNA repair deficits:

Research shows that schizophrenia currently stands as a disorder that causes oxidative stress, alongside inflammation and DNA repair dysfunction. Schizophrenia patients have high levels of oxidative stress markers, according to research studies, with evidence showing elevated 8-hydroxy-2'-deoxyguanosine (8-OHdG) as a biomarker of DNA damage from oxidation. Genomic instability occurs in these conditions due to GSH deficiency, which simultaneously depletes protective ROS defenses in cells. The combination of elevated inflammatory cytokines, IL-6, together with TNF-α, creates adverse conditions for oxidative DNA damage while compromising neuroprotective mechanisms in patients with schizophrenia. The DNA repair system, through base excision repair (BER) and homologous recombination (HR), shows degradation in schizophrenia patient medical tests. The defective repair mechanisms and build-up of DNA strand breaks result from altered expression of DNA repair genes, XRCC1 and OGG1. The genotoxic factors drive such destructive effects on neurons, causing both cell death and synapse dysfunction, which worsen schizophrenia's cognitive and behavioral symptoms. [27]

4.2. Bipolar disorder and depression: Epigenetic changes and genotoxic stress:

Bipolar disorder alongside major depressive disorder produces marked genotoxic stress which mainly stems from oxidative DNA damage and the modificaitons of epigenetic elements that affect neuronal operations and stability. Patients with BD demonstrate increased levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG) which is used as a biomarker of DNA oxidative damage [28]. In mood regulation genes BDNF and NR3C1 scientists have detected epigenetic alterations specifically through DNA methylation at their regulatory sites [29]. Neuroplasticity together with stress responses suffer negative impacts because of these modifications. Along with depression the prolonged stress results in elevated cortisol levels that increase oxidative stress and create mitochondrial dysfunction which results in elevated reactive oxygen species (ROS) production [30]. DNA strand breaks together with epigenetic instability occur due to this process which results in worsening of neuronal damage alongside mood disorder pathophysiology [31, 32]. Studied results indicate that oxidative stress together with epigenetic modifications contribute to mood disorders while offering new therapeutic avenues for neurotoxicity reduction and treatment solution improvement.

4.3. Autism spectrum disorders: Genetic and environmental interactions: 

Genotoxicity in Autism Spectrum Disorders (ASD) results from a complex interplay between genetic predisposition and environmental factors. Modern data indicates ASD patients develop increased signs of oxidative stress markers and DNA damage through both inherited genetic factors and toxic exposures to pollutants such as heavy metals and pesticides [33]. DNA repair deficiencies that present within some ASD cases experience additional genetic damage due to environmental toxins since these toxines heighten genetic damage risk [34]. The DNA methylation patterns of patients demonstrating epigenetic dysregulation result in modifications of DNA sequences belonging to both synaptic plasticity-related genes and neuronal development genes and immune function genes [35]. Research findings show that ASD pathologies emerge from disorders in epigenetic mechanisms that lead to changes in vital neural development genes [36]. Experts use research findings about dual ASD risk interactions to develop therapies which restrict both genetic vulnerability and environmental exposure risks for ASD development [37].

5. BIOMARKERS OF GENOTOXICITY

The term genotoxicity describes DNA modifications that occur from chemical, physical, or biological agents and results in mutation development together with chromosomal aberrations and genomic instability. Environmental assessments together with disease risk apprehension and therapeutic monitoring require biomarkers that detect genotoxicity. The biological markers 8-hydroxy-2'-deoxyguanosine (8-OHdG) and circulating cell-free DNA (cfDNA) receive extensive research but modern detection methods improve DNA damage assessment within brain tissues specifically.

5.1. Current biomarkers:  

The evaluation of DNA damage which results from environmental conditions and medical interventions and disease processes depends heavily on genotoxicity biomarkers. The biomarker 8-hydroxy-2'-deoxyguanosine (8-OHdG functions as a vital indicator of oxidative DNA damage for both Alzheimer's and Parkinson's diseases as well as cancer. ELISA and LC-MS/MS along with HPLC equipped with electrochemical detection serve as detection methods for 8-hydroxy-2'-deoxyguanosine [38]. One new type of biomarker consists of circulating cell-free DNA (cfDNA) that develops from DNA fragmentation following apoptotic or necrotic events along with active DNA release processes. CRC-based assays combined with next-generation sequencing (NGS) detect this biomarker for non-invasive testing of oncological as well as cardiovascular and neurodegenerative diseases [39].
Genotoxic stress generates DNA double-strand breaks (DSBs) and γ-H2AX (phosphorylated H2AX) functions as a vital biomarker to detect this type of damage. Researchers detect γ-H2AX levels through the combination of immunofluorescence, along with flow cytometry and Western blotting techniques, because both radiation exposure and genotoxicant drugs cause this biomarker to rise [40, 41]. DNA strand breaks can be directly measured by the Comet Assay (single-cell gel electrophoresis), which separates single-strand breaks through alkaline analysis, while double-strand breaks appear in neutral examinations. Genotoxicity testing and DNA repair assessment include this method as their primary examination tool [42].
Scientists use the Micronucleus Assay as a recognized method to monitor chromosomal damage through the detection of micronuclei, which represent damaged separated chromosomes or fragments that fail to enter the nucleus after cell division. Researchers utilize fluorescence microscopy and flow cytometry for this assay in genetic toxicology and cancer research [43]. These biomarkers and assays working together expand our understanding of genotoxic stress, thus improving the performance of disease surveillance, medical drug examination, and risk-related activities.

5.2. Emerging technologies for detection of DNA damage in the brain:

Brain-detecting DNA damage assessment has become more sensitive and specific through recent advances in genomics and imaging technologies thus enabling better research in neurodegenerative and neurotoxic fields. The current research indicates that brain-specific circulating cell-free DNA (cfDNA) analysis provides promising results by using cell-type-specific methylation patterns to identify brain-derived cfDNA. Neurodegenerative and brain injury detection and monitoring in Alzheimer's and Parkinson’s are possible through this non-invasive method [44]. Scientists developed CRISPR-Cas9 systems as DNA damage sensors which detect DNA breaks with exceptional sensitivity for real-time neurochemical genotoxic stress assessments [45].
Single-molecule sequencing technologies from Oxford Nanopore and PacBio long-read sequencing support the direct identification of oxidative DNA lesions due to their sequencing advancements. The analyzed DNA modifications and mutations at a single-molecule level become accessible through these techniques, which reveal vital information about genomic instability associated with age-related problems and diseases [46]. In situ analysis of neural tissue DNA damage occurs through super-resolution microscopic profiles combined with AI programming, which delivers both high-resolution spatial and quantifiable genotoxic assessments of brain cells [47].
Organoid models for genotoxicity testing represent an advanced technology that allows studies of DNA damage through human cells within physiological conditions. Through human-induced pluripotent stem cells researchers achieve 3D brain organoid generation to study neurodevelopmental and neurodegenerative processes and assess radiation effects while screening potential neurotoxic compounds with high accuracy [48]. Advanced technological advancements in neuro-genotoxicity research provide critical mechanism understanding capabilities which enables specialists to develop precise therapeutic strategies.


6. THERAPEUTIC STRATEGIES

Experts in medicine acknowledge genotoxic stress intervention as a necessary treatment method for implementing Alzheimer’s treatment alongside Parkinsons disease and ALS. The methods focus on protecting DNA repair capabilities and supply antioxidants for stress reduction to protect mitochondrial health against genomic destabilization. Through CRISPR-Cas9 technologies genetic editing enables the development of novel possible treatments that repair genetic defects while improving DNA repair functions in infected neurons.
The treatment of Alzheimer’s disease together with Parkinson’s disease and amyotrophic lateral sclerosis (ALS) requires genotoxic stress as an essential therapeutic strategy. DNA repair pathway enhancement represents an essential strategy since defective DNA repair pathways are major determinants of genomic instability formation in neurons. Olaparib represents a small molecule PARP1 inhibitor that protects neurons through its ability to control DNA single-strand break repair activity in poly (ADP-ribose) polymerase-1 [49]. Scientific studies have explored how ATM and ATR kinase activators work to repair DNA double-strand breaks because these breaks are linked with neurodegenerative pathology [50].
Antioxidant therapy represents an essential therapeutic approach which works to reduce oxidative stress that functions as the main cause of genotoxicity throughout neurodegeneration. N-acetylcystein (NAC) functions as a potent antioxidant by restoring intracellular glutathione levels and scientists have proven this compound effective in protecting against neurodegeneration in Alzheimer’s and Parkinson’s disease models [51]. Research shows that MitoQ as well as other mitochondria-targeted antioxidants demonstrate their ability to stop DNA damage in ALS patients and those with Parkinson's disease while also improving their neuronal function [52]. Research shows that Coenzyme Q10 (CoQ10) enhances mitochondrial function while reducing genotoxicity from oxidative stress and resveratrol serves as an effective polyphenol because it activates SIRT1 neuroprotective mechanisms [53]
Medical professionals use mitochondrial protectants as their main therapeutic approach since mitochondrial impairment directly generates genotoxic stress. Research shows that EPI-743 delivers two key benefits for treating neurodegenerative diseases through its action of promoting mitochondrial function and reducing DNA damage from oxidation [54]. When used as an mTOR inhibitor rapamycin initiates mitochondrial turnover mitophagy thus protecting brain cells from genotoxic stress-induced cellular death [55]. Scientists examine PINK1 and PARKIN activators to understand their effects on mitochondria quality control functions since these effects could limit DNA damage and neurodegenerative degeneration in Parkinson’s disease animal models [56].
Applications of CRISPR-Cas9 genome editing tools have transformed therapeutic medicine through new approaches for genetic disorder management and better DNA repair systems during neural deterioration. The scientists repaired DNA mutations in both TDP-43 genes connected to ALS diagnosis and PINK1/PARK2 genes associated with PD events through CRISPR-based base editing approaches that restored neural activities [57]. The research team developed prime editing using improved CRISPR-based technology that allows precise DNA editing through neutral processes to reduce damaging side effects [58]. The scientific investigation evaluates different strategies for improving the expression levels of XRCC1 and OGG1 DNA repair genes since these diseases tend to inactivate these proteins [59].
7. FUTURE DIRECTIONS
Genotoxic mechanism research has advanced significantly though scientific knowledge about this research remains incomplete. Research investigations face a primary challenge due to the restricted ability for observing brain DNA damage and repair processes in real time. Research studies on genotoxic stress need improved methods to assess brain-derived circulating cell-free DNA (cfDNA) and innovative imaging approaches for non-invasive disease monitoring. The relationship between distinct DNA repair pathways together with their backup systems in neurons still needs additional scientific study despite the established evidence about DNA damage through oxidation and mitochondrial breakdown [60]
The influence of the epigenome on genotoxic responses represents a fundamental subject that research scientists should investigate. The expression of genes involved in DNA repair functions and genomic stability receives influence from epigenetic modifications that include both DNA methylation and histone modifications. Research on environmental exposure effects on epigenetic changes will guide the development of personalized treatment methods for genotoxicity-related diseases [60].
Personalized medicine accepts personalized interventions because it uses specific genotoxic profiles to create tailored therapy plans. Through high-throughput sequencing of DNA combined with multi-omics analyses of three biological levels (genomics, transcriptomics and epigenomics) doctors can identify patient groups based on how DNA damage alters their metabolism and DNA repair processes. Personalized therapeutic strategies incorporate CRISPR-based gene editing that repairs DNA damage mechanisms and targeted antioxidants used to combat oxidative stress and show promise toward personalized genotoxic effect mitigation [60]. Future research will focus on transforming precise medicine strategies into clinical practice through testing their medical performance along with implementation safety measures.

8. Conclusion

Science has revealed the source of cortical cell susceptibility to DNA damage through genotoxicity studies in neurodegenerative and neuropsychiatric disorders. The combination of natural body processes and external environmental conditions leads to genetic material damage which results in the development of Alzheimer's disease and Parkinson's disease as well as schizophrenia and various mood disorders during the course of time. The combined effect of DNA breakage and misfiring DNA repair mechanisms breaks down neuronal processes until degeneration occurs. The combination of better DNA repair systems and antioxidant defenses holds continuous therapeutic potential for disease progression delay while simultaneously improving cognitive abilities in affected patients. Future investigations must develop individualized therapeutic solutions and medicine programs that specifically target how genotoxic harm affects brain operations.
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