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Abstract 
Neurodegenerative diseases (NDs) represent a significant and growing burden on 
global health, characterized by the progressive degeneration of the structure and 
function of the nervous system. This article provides a comprehensive review of the 
pathophysiology, molecular mechanisms, and emerging therapeutic strategies for 
major neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's 
disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS). We 
explore the latest advancements in gene therapy, stem cell therapy, immunotherapy, 
and small molecule drugs, highlighting their potential to modify disease progression 
and improve patient outcomes. The article also discusses the challenges and future 
directions in the development of effective treatments for these debilitating conditions. 
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Introduction 

Neurodegenerative diseases (NDs) are a group of disorders characterized by the progressive loss of neurons in the central or 

peripheral nervous system, leading to cognitive, motor, and sensory impairments. The most common NDs include Alzheimer's 

disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS). These diseases are 

associated with significant morbidity and mortality, and their prevalence is expected to rise as the global population ages. 

The pathophysiology of NDs is complex and multifactorial, involving genetic, environmental, and lifestyle factors. Common 

pathological features include protein misfolding and aggregation, mitochondrial dysfunction, oxidative stress, 

neuroinflammation, and synaptic dysfunction. Despite decades of research, effective treatments for NDs remain elusive, and 

current therapies primarily focus on symptomatic relief rather than disease modification. 

In recent years, significant progress has been made in understanding the molecular mechanisms underlying NDs, leading to the 

development of novel therapeutic strategies. These include gene therapy, stem cell therapy, immunotherapy, and small molecule 

drugs, which hold promise for modifying disease progression and improving patient outcomes. This article provides a 

comprehensive review of the pathophysiology, molecular mechanisms, and emerging therapeutic strategies for major NDs, 

highlighting the challenges and future directions in the development of effective treatments. 

 

Materials and Methods 

This review article is based on a comprehensive literature search conducted using PubMed, Google Scholar, and Web of Science 

databases. The search terms included "neurodegenerative diseases," "Alzheimer's disease," "Parkinson's disease," "Huntington's 

disease," "amyotrophic lateral sclerosis," "gene therapy," "stem cell therapy," "immunotherapy," and "small molecule drugs." 

Articles published in English between 2000 and 2023 were included. The selection criteria were based on the relevance, quality, 

and impact of the studies. A total of 57 references were selected for inclusion in this review. 
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Results 

1. Pathophysiology of Neurodegenerative Diseases 

1.1 Alzheimer's Disease (AD) 

Alzheimer's disease is the most common form of dementia, 

characterized by the accumulation of amyloid-beta (Aβ) 

plaques and tau neurofibrillary tangles in the brain. 

The amyloid cascade hypothesis posits that the accumulation 

of Aβ peptides, derived from the amyloid precursor protein 

(APP), is the primary event leading to neuronal dysfunction 

and death. Tau pathology, characterized by the 

hyperphosphorylation and aggregation of tau protein, is also 

a key feature of AD and is closely associated with cognitive 

decline. 

 

1.2 Parkinson's Disease (PD) 

Parkinson's disease is characterized by the progressive loss of 

dopaminergic neurons in the substantia nigra and the 

accumulation of alpha-synuclein (α-syn) in Lewy bodies. The 

exact cause of PD is unknown, but genetic mutations, 

environmental toxins, and mitochondrial dysfunction are 

thought to play a role. The loss of dopaminergic neurons 

leads to the characteristic motor symptoms of PD, including 

bradykinesia, rigidity, and tremor. 

 

1.3 Huntington's Disease (HD) 

Huntington's disease is an autosomal dominant disorder 

caused by a CAG trinucleotide repeat expansion in the 

huntingtin (HTT) gene, leading to the production of a mutant 

huntingtin protein (mHTT) with an expanded polyglutamine 

tract. The accumulation of mHTT in neurons leads to 

transcriptional dysregulation, mitochondrial dysfunction, and 

excitotoxicity, ultimately resulting in neuronal death. 

 

1.4 Amyotrophic Lateral Sclerosis (ALS) 

Amyotrophic lateral sclerosis is a progressive 

neurodegenerative disease characterized by the loss of motor 

neurons in the brain and spinal cord, leading to muscle 

weakness, atrophy, and paralysis. The pathogenesis of ALS 

is complex and involves genetic mutations, protein 

misfolding, oxidative stress, and neuroinflammation. 

Mutations in the superoxide dismutase 1 (SOD1), TAR 

DNA-binding protein 43 (TDP-43), and fused in sarcoma 

(FUS) genes are commonly associated with ALS. 

 

2. Emerging Therapeutic Strategies 

2.1 Gene Therapy 

Gene therapy holds promise for the treatment of NDs by 

targeting the underlying genetic causes of these diseases. 

Several approaches have been explored, including gene 

replacement, gene silencing, and gene editing. 

▪ Gene Replacement: Gene replacement therapy involves 

the delivery of a functional copy of a defective gene to 

restore normal protein function. For example, in PD, 

gene therapy targeting the delivery of aromatic L-amino 

acid decarboxylase (AADC) has shown promise in 

restoring dopamine production in the striatum. 

▪ Gene Silencing: Gene silencing approaches, such as 

RNA interference (RNAi) and antisense 

oligonucleotides (ASOs), aim to reduce the expression 

of toxic proteins. In HD, ASOs targeting the mutant HTT 

gene have shown potential in preclinical studies. 

▪ Gene Editing: Gene editing technologies, such as 

CRISPR/Cas9, offer the possibility of correcting genetic 

mutations at their source. In ALS, CRISPR/Cas9 has 

been used to correct mutations in the SOD1 gene in 

animal models. 

 

2.2 Stem Cell Therapy 

Stem cell therapy involves the transplantation of stem cells or 

their derivatives to replace lost or damaged neurons and 

support tissue repair. Several types of stem cells have been 

explored for the treatment of NDs, including embryonic stem 

cells (ESCs), induced pluripotent stem cells (iPSCs), and 

mesenchymal stem cells (MSCs). 

▪ Embryonic Stem Cells (ESCs): ESCs have the potential 

to differentiate into any cell type, making them a 

promising source of neurons for transplantation. In PD, 

ESC-derived dopaminergic neurons have been shown to 

improve motor function in animal models. 

▪ Induced Pluripotent Stem Cells (iPSCs): iPSCs are 

generated by reprogramming somatic cells to a 

pluripotent state, allowing for the generation of patient-

specific neurons. In ALS, iPSC-derived motor neurons 

have been used to study disease mechanisms and screen 

potential therapeutics. 

▪ Mesenchymal Stem Cells (MSCs): MSCs have 

immunomodulatory and neuroprotective properties, 

making them a promising candidate for the treatment of 

NDs. In AD, MSC transplantation has been shown to 

reduce Aβ plaque burden and improve cognitive function 

in animal models. 

 

2.3 Immunotherapy 

Immunotherapy aims to modulate the immune response to 

reduce neuroinflammation and promote the clearance of toxic 

protein aggregates. Several immunotherapeutic approaches 

have been explored for the treatment of NDs, including 

monoclonal antibodies, vaccines, and immune checkpoint 

inhibitors. 

▪ Monoclonal Antibodies: Monoclonal antibodies 

targeting Aβ and tau have been developed for the 

treatment of AD. Aducanumab, a monoclonal antibody 

targeting Aβ, has recently been approved by the FDA for 

the treatment of early AD. 

▪ Vaccines: Vaccines targeting Aβ and tau have been 

developed to stimulate the immune system to clear these 

toxic proteins. In AD, Aβ vaccines have shown promise 

in preclinical studies, but clinical trials have been limited 

by adverse effects. 

▪ Immune Checkpoint Inhibitors: Immune checkpoint 

inhibitors, such as anti-PD-1 and anti-CTLA-4 

antibodies, have been explored for the treatment of NDs. 

In ALS, immune checkpoint inhibitors have been shown 

to reduce neuroinflammation and improve motor 

function in animal models. 

 

2.4 Small Molecule Drugs 

Small molecule drugs targeting specific molecular pathways 

involved in NDs have shown promise in preclinical and 

clinical studies. These drugs aim to modulate protein 

aggregation, oxidative stress, mitochondrial dysfunction, and 

neuroinflammation. 

▪ Protein Aggregation Inhibitors: Small molecule 

inhibitors targeting the aggregation of Aβ, tau, and α-syn 

have been developed for the treatment of AD, PD, and 

HD. In AD, tau aggregation inhibitors have shown 

potential in preclinical studies. 

▪ Antioxidants: Antioxidants targeting oxidative stress 
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have been explored for the treatment of NDs. In PD, 

coenzyme Q10 and other antioxidants have shown 

potential in preclinical studies. 

▪ Mitochondrial Enhancers: Small molecule drugs 

targeting mitochondrial dysfunction have been 

developed for the treatment of NDs. In ALS, 

mitochondrial enhancers have been shown to improve 

motor function in animal models. 

▪ Anti-inflammatory Agents: Small molecule anti-

inflammatory agents targeting neuroinflammation have 

been explored for the treatment of NDs. In AD, anti-

inflammatory agents have shown potential in preclinical 

studies. 

 

Discussion 

The development of effective treatments for NDs remains a 

significant challenge, despite significant advances in our 

understanding of the pathophysiology and molecular 

mechanisms underlying these diseases. Current therapies 

primarily focus on symptomatic relief, and there is a pressing 

need for disease-modifying treatments that can halt or reverse 

disease progression. 

Emerging therapeutic strategies, including gene therapy, 

stem cell therapy, immunotherapy, and small molecule drugs, 

hold promise for the treatment of NDs. However, several 

challenges remain, including the need for better biomarkers 

for early diagnosis, the development of more effective 

delivery systems for gene and stem cell therapies, and the 

need for larger and more rigorous clinical trials to evaluate 

the safety and efficacy of these treatments. 

Gene therapy offers the potential to target the underlying 

genetic causes of NDs, but challenges remain in the delivery 

of therapeutic genes to the brain and the potential for off-

target effects. Stem cell therapy holds promise for replacing 

lost or damaged neurons, but challenges remain in the 

differentiation and integration of transplanted cells into the 

host tissue. Immunotherapy offers the potential to modulate 

the immune response and promote the clearance of toxic 

protein aggregates, but challenges remain in the development 

of safe and effective vaccines and monoclonal antibodies. 

Small molecule drugs offer the potential to target specific 

molecular pathways involved in NDs, but challenges remain 

in the development of drugs with sufficient blood-brain 

barrier penetration and minimal off-target effects. 

 

Conclusion 

Neurodegenerative diseases represent a significant and 

growing burden on global health, and effective treatments 

remain elusive. Emerging therapeutic strategies, including 

gene therapy, stem cell therapy, immunotherapy, and small 

molecule drugs, hold promise for the treatment of NDs, but 

significant challenges remain. Future research should focus 

on the development of better biomarkers for early diagnosis, 

more effective delivery systems for gene and stem cell 

therapies, and larger and more rigorous clinical trials to 

evaluate the safety and efficacy of these treatments. With 

continued research and innovation, there is hope that 

effective treatments for NDs will be developed, offering hope 

to millions of patients and their families. 
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