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INTRODUCTION 

Neurodegenerative disorders represent a group of 

chronic, progressive conditions characterised by 

irreversible damage to and dysfunction of neurons. 

These disorders are characterised by the gradual 

degeneration of specific neuronal populations, 

leading to cognitive, motor, and/or behavioural 

impairments1. The most prevalent and well-studied 

neurodegenerative diseases include Alzheimer's 

disease, Parkinson's disease, Huntington's disease, 

and amyotrophic lateral sclerosis, although other 

conditions, such as frontotemporal dementia and 

multiple system atrophy, also fall under this category. 

The exact causes of these disorders remain poorly 

understood, but they are commonly associated with 

abnormal protein aggregation, genetic mutations, and 

mitochondrial dysfunction, among other pathological 

mechanisms2. The global prevalence of 

neurodegenerative disorders is increasing due to the 

ageing population, making them a growing public 

health concern. Alzheimer's disease, for example, is 

the most common form of dementia, affecting an 

estimated 50 million people worldwide. Parkinson's 

disease affects approximately 10 million people, 

whereas Huntington's disease and ALS impact 

smaller but still significant portions of the 

population3. The societal burden of these diseases is 

immense, not only because of the healthcare costs 

associated with their management but also because of 

the emotional and social toll on patients, families, and 

caregivers. As neurodegenerative diseases progress, 
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individuals typically lose the ability to perform 

everyday tasks, and their dependence on others for 

basic care increases, significantly reducing their 

quality of life4. Despite extensive research efforts, the 

pharmacological management of neurodegenerative 

disorders remains limited, with a primary focus on 

symptom management rather than modifying disease 

progression. Current treatments for AD, PD, HD, and 

ALS are often insufficient and provide only modest 

improvements in symptom control5. The lack of 

effective, disease-modifying therapies remains one of 

the major challenges in neurodegenerative medicine. 

For example, in Alzheimer's disease, 

acetylcholinesterase inhibitors and NMDA receptor 

antagonists offer only symptomatic relief and do not 

slow disease progression. Similarly, Parkinson's 

disease treatments, such as levodopa, can alleviate 

motor symptoms but fail to address the underlying 

neurodegenerative process 

1. Pathophysiology of Neurodegenerative 

Disorders 

Neurodegenerative disorders share common 

pathogenic mechanisms that drive the progressive 

degeneration of neurons, although each condition also 

presents distinct pathophysiological features. These 

diseases are characterised primarily by accumulating 

misfolded proteins, oxidative stress, 

neuroinflammation, and mitochondrial dysfunction, 

impairing cellular processes and leading to neuronal 

death. Elucidating these shared mechanisms is crucial 

for identifying potential pharmacological targets6,7. 

Figure 1 Pathophysiology and common mechanisms across neurodegenerative disorders 

1.1. Common Mechanisms across 

Neurodegenerative Disorders 

Protein Misfolding and Aggregation: A hallmark of 

many neurodegenerative diseases is the accumulation 

of misfolded proteins, which form toxic aggregates in 

the brain. These aggregates disrupt normal cellular 

processes, including protein homeostasis, axonal 

transport, and synaptic function8. For example, in 

Alzheimer's disease, amyloid-beta plaques and tau 

tangles are the main culprits, whereas in Parkinson's 

disease, alpha-synuclein forms Lewy bodies. In 

Huntington's disease, mutant Huntingtin proteins 

aggregate, and in ALS, abnormal protein inclusions of 

TAR DNA-binding protein (TDP-43) and SOD1 are 

common features. These protein aggregates interfere 

with cellular functions and trigger neurotoxic 

pathways, contributing to neuronal death9. 

Neuroinflammation: In many neurodegenerative 

diseases, an inflammatory response involving 

microglia and astrocytes is pivotal in disease 

progression. Neuroinflammation is characterised by 

the activation of microglia, the resident immune cells 

of the brain, which attempt to clear damaged neurons 

and protein aggregates. However, chronic microglial 
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activation results in the release of proinflammatory 

cytokines, which exacerbate neuronal damage and 

worsen the disease. This process is particularly 

evident in Alzheimer's disease and Parkinson's 

disease, where persistent neuroinflammation 

contributes to neurodegeneration10,11. 

Oxidative stress: Neurons are highly vulnerable to 

oxidative harm because of their elevated metabolic 

activity and abundance of polyunsaturated fatty acids. 

In neurodegenerative disorders, an imbalance 

between reactive oxygen species production and 

antioxidant defences in the brain results in oxidative 

stress. ROS can damage lipids, proteins, and DNA, 

impairing cellular function and leading to neuronal 

death12. For example, in Parkinson's disease, the loss 

of dopaminergic neurons is partly ascribed to 

oxidative stress, as dopamine can undergo auto-

oxidation to generate ROS. Mitochondrial 

dysfunction, a central driver of oxidative stress, is also 

a hallmark of most neurodegenerative disorders6. 

Mitochondrial Dysfunction: Mitochondrial 

dysfunction is closely linked to neurodegenerative 

disorders. In Parkinson's disease, damage to 

mitochondrial complexes, particularly in 

dopaminergic neurons, leads to impaired energy 

production and increased oxidative stress13. Similarly, 

in Alzheimer's disease, mitochondrial abnormalities 

impair synaptic function and contribute to the 

accumulation of amyloid-beta and tau proteins. This 

mitochondrial dysfunction exacerbates the cascade of 

events leading to neuronal death, making it a critical 

therapeutic target14. 

Figure 2 Molecular Targets for Pharmacological Intervention in Neurodegenerative Diseases 

1.2. Disorder-specific Pathways 

Alzheimer's disease (AD): Alzheimer's disease is 

characterised by the accumulation of amyloid-beta 

plaques and neurofibrillary tangles composed of 

hyperphosphorylated tau proteins. These aggregations 

disrupt synaptic activity, whereas tau tangles 

destabilise microtubules and impair their intracellular 

transport15. Additionally, amyloid-beta plaques 

promote neuroinflammation, further exacerbating the 

disease process. The loss of cholinergic neurons is 

central to the cognitive decline observed in 

Alzheimer's disease, which is why 

acetylcholinesterase inhibitors are commonly used to 

provide symptomatic relief16. 

Parkinson's disease (PD): Parkinson's disease is 

characterised by the degeneration of dopaminergic 

neurons in the substantia nigra, a brain region critical 

for motor control. The hallmark pathological feature 

is the accumulation of alpha-synuclein protein in 

Lewy bodies, which disrupts synaptic vesicle release 

and impairs dopaminergic signalling. This dopamine 

deficiency results in the characteristic motor 

symptoms of PD, including tremors, rigidity, and 

bradykinesia. Oxidative stress and mitochondrial 

dysfunction are central to the pathogenesis of PD and 
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contribute to the progressive loss of dopaminergic 

neurons17,18. 

Huntington's disease (HD): HD is caused by a 

mutation in the HTT gene, which encodes the 

huntingtin protein. This mutation leads to an 

expanded polyglutamine repeat, forming toxic protein 

aggregates that disrupt neuronal function. The 

striatum is particularly vulnerable, as toxic proteins 

interfere with neurotransmitter release, axonal 

transport, and cellular signalling. The motor 

symptoms of Huntington's disease, including chorea, 

stem from the loss of neurons in the basal ganglia, a 

brain region crucial for motor control19. 

Amyotrophic Lateral Sclerosis (ALS): ALS is a 

progressive neurodegenerative disorder that primarily 

affects motor neurons, leading to muscle weakness, 

atrophy, and paralysis. The disease is associated with 

mutations in several genes, including SOD1, 

C9ORF72, and TDP-43, all of which contribute to 

protein aggregation and neuroinflammation. SOD1 

mutations impair the antioxidant defence system, 

resulting in oxidative stress20. Additionally, TDP-43 

aggregation disrupts RNA processing and axonal 

transport, further exacerbating motor neuron 

degeneration. The impact of ALS on both upper and 

lower motor neurons distinguishes it from other 

neurodegenerative conditions21. 

1.3.  Implications for Drug Targets 

Understanding the common and disorder-specific 

pathological mechanisms underlying 

neurodegenerative disorders has paved the way for 

identifying potential drug targets. For example, 

therapies targeting protein misfolding have become a 

central focus of research. Neuroprotective agents 

aimed at reducing oxidative stress and improving 

mitochondrial function hold promise for treating 

Parkinson's disease and amyotrophic lateral sclerosis. 

Additionally, immunotherapies and gene therapies 

targeting specific mutations or pathways have shown 

potential in preclinical and early clinical studies22,23. 

In summary, the pathophysiology of 

neurodegenerative disorders is complex and involves 

protein misfolding, neuroinflammation, oxidative 

stress, and mitochondrial dysfunction. A better 

comprehension of these processes is crucial for 

developing effective pharmacological therapies that 

can modify disease progression and improve patient 

outcomes. 

2. Current pharmacological approaches 

The pharmacological management of 

neurodegenerative disorders primarily focuses on 

alleviating symptoms, slowing disease progression, 

and improving quality of life, as there are no definitive 

cures for these conditions. This section reviews the 

currently approved therapies for Alzheimer's disease, 

Parkinson's disease, Huntington's disease, and 

amyotrophic lateral sclerosis, along with their 

mechanisms of action. Additionally, the limitations of 

these therapies are discussed24,25. 

2.1.  Approved Therapies 

Alzheimer’s Disease (AD): Acetylcholinesterase 

inhibitors are the mainstay of symptomatic treatment 

for Alzheimer's disease. These drugs work by 

inhibiting the enzyme acetylcholinesterase, which 

breaks down acetylcholine, a neurotransmitter 

essential for memory and cognitive function26,27. By 

increasing acetylcholine levels in the brain, these 

inhibitors help mitigate cognitive decline. Donepezil, 

the most commonly prescribed acetylcholinesterase 

inhibitor, has shown moderate benefits in improving 

cognitive function and slowing disease progression, 

although the effects are typically modest and 

transient. Rivastigmine and galantamine also provide 

similar benefits28. Memantine is an N-methyl-D-

aspartate receptor antagonist that helps regulate 

glutamate activity. Excessive glutamate signalling is 

thought to contribute to neuronal damage and cell 

death, particularly in Alzheimer's disease29. 

Memantine works by blocking NMDA receptors, 

which are involved in excitotoxicity, thereby 

protecting neurons from overstimulation. Memantine 

is often used in moderate-to-severe stages of 

Alzheimer's disease, either as a monotherapy or in 

combination with acetylcholinesterase inhibitors, and 

has been shown to provide modest improvements in 

cognitive and functional symptoms30. 

Parkinson’s Disease (PD): Dopaminergic agents are 

the mainstays of Parkinson's disease treatment. 

Levodopa remains the most effective and widely used 

option. L-DOPA is converted into dopamine in the 

brain, compensating for the loss of dopaminergic 

neurons in the substantia nigra. This alleviates motor 
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symptoms such as rigidity, bradykinesia, and tremors. 

However, long-term levodopa use is associated with 

motor fluctuations and the development of 

dyskinesias31,32.  To enhance its effects, levodopa is 

often combined with carbidopa, which prevents the 

peripheral conversion of L-DOPA into dopamine, 

thereby reducing side effects such as nausea33. 

Dopamine agonists, such as pramipexole and 

ropinirole, can be used as monotherapies for early 

Parkinson's disease or as adjuncts to levodopa in later 

stages. These agents directly stimulate dopamine 

receptors, mimicking the action of dopamine. 

Compared with levodopa, dopamine agonists tend to 

have fewer motor fluctuations, but they can cause side 

effects such as compulsive behaviours and 

somnolence34. Monoamine oxidase B inhibitors, 

including rasagiline and selegiline, prevent the 

breakdown of dopamine by blocking the MAO-B 

enzyme. This increases dopamine availability in the 

brain35.  MAO-B inhibitors have demonstrated 

neuroprotective effects and are used to treat 

Parkinson's motor symptoms, especially in the early 

stages. They are often combined with levodopa to 

enhance their effects and may help delay the need for 

higher levodopa doses36.  

Huntington’s Disease (HD): Tetrabenazine, a 

vesicular monoamine transporter 2 inhibitor, is used 

to treat characteristic involuntary jerking movements, 

or chorea, associated with Huntington's disease19. By 

reducing the release of dopamine from presynaptic 

neurons, tetrabenazine decreases dopaminergic 

activity in the brain, which helps alleviate motor 

symptoms. However, these drugs can cause side 

effects such as depression, sedation, and 

Parkinsonism, so they should be used cautiously in 

patients with a history of depression or mood 

disorders32,37.  

Antisense oligonucleotides (ASOs): Antisense 

oligonucleotides, although not yet approved for 

clinical use, have shown promise in preclinical and 

early clinical trials as potential disease-modifying 

treatments for Huntington's disease38. ASOs are 

designed to bind to the mutant huntingtin gene, which 

causes the aggregation of toxic proteins in HD and 

reduces the expression of the mutant protein. By 

preventing the toxic effects of the mutant protein 

rather than just alleviating symptoms, ASOs represent 

a promising approach39. 

Amyotrophic Lateral Sclerosis (ALS): Riluzole, the 

first drug approved for ALS, has modest effects on 

extending survival. It is thought to work by inhibiting 

glutamate release and blocking postsynaptic 

glutamate receptors, thereby reducing excitotoxicity 

and neuronal damage. However, riluzole only slightly 

delays disease progression and does not significantly 

improve motor function40. Edaravone, an antioxidant 

that scavenges reactive oxygen species, plays a key 

role in ALS pathophysiology. By reducing oxidative 

stress, edaravone can help protect motor neurons from 

damage and slow the progression of the disease. It has 

shown modest benefits in improving functional 

measures, such as the ALS functional rating scale, but 

it does not stop the disease entirely41. 
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Figure 3 Approved therapies for the management of neurodegenerative disorders 

2.2.  Limitations of Current Therapies 

Despite the availability of these therapies, several 

limitations persist in the pharmacological treatment of 

neurodegenerative diseases. 

Lack of disease-modifying treatments: Although 

current therapies can alleviate symptoms and slow 

disease progression to some degree, they are unable to 

halt or reverse the underlying neurodegenerative 

processes42,43. The primary aim of existing treatments 

is to manage symptoms, but patients continue to 

experience a decline in cognitive and motor function 

over time. 

Limited efficacy and side effects: Although the most 

commonly prescribed medications, such as levodopa 

for Parkinson's disease and acetylcholinesterase 

inhibitors for Alzheimer's disease, can provide some 

symptomatic relief, their efficacy is often limited. 

Moreover, these drugs are frequently associated with 

side effects, including dyskinesias (involuntary 

movements) in PD patients treated with levodopa or 

gastrointestinal issues in those taking 

acetylcholinesterase inhibitors. Similarly, the use of 

tetrabenazine for Huntington's disease is limited by its 

potential to cause psychiatric side effects such as 

depression and anxiety44,45.  

Challenges with blood-brain barrier (BBB) 

penetration: The blood-brain barrier poses a 

significant challenge in delivering many drugs, 

particularly those targeting neurodegenerative 

conditions. While some treatments, such as levodopa 

and memantine, can penetrate the BBB, others, 

including gene therapies and large-molecule drugs 

such as monoclonal antibodies, face substantial 

hurdles in reaching their intended targets within the 

brain46,47. This issue has prompted research into 

innovative drug delivery systems, including 

nanoparticle-based carriers and intranasal 

administration techniques, to overcome this barrier. 

Current pharmacological treatments for 

neurodegenerative disorders can provide some 

symptomatic relief and moderate improvements, but 

they do not address the underlying causes of these 

diseases. Persistent issues with efficacy, side effects, 

and drug delivery pose significant barriers to 

developing more effective therapies. The next wave 

of drug development must focus on developing 

disease-modifying treatments that can halt or even 
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reverse disease progression. Overcoming challenges 

related to the blood-brain barrier and patient 

heterogeneity is also crucial for advancing more 

impactful treatments47,48. 

3. Emerging Pharmacological Approaches 

Current pharmacological treatments for 

neurodegenerative diseases provide only 

symptomatic relief without addressing the underlying 

causes or halting disease progression. This section 

explores emerging pharmacological approaches that 

hold promise for more effective, disease-modifying 

therapies. These include gene therapy, stem cell 

therapy, and novel drug classes that target the 

molecular pathways involved in neurodegeneration. 

Additionally, we discuss the progress of clinical trials 

and the challenges faced in bringing these therapies to 

market. 

Figure 4 Emerging pharmacological approaches for treating neurodegenerative diseases 

3.1.  Gene therapy 

Gene therapy offers significant promise as a disease-

modifying treatment for neurodegenerative diseases. 

By directly targeting the genetic causes of these 

disorders, gene therapy has the potential to alter the 

course of the disease, slowing or halting 

neurodegeneration, and potentially providing a long-

term solution49,50. One of the key advantages of gene 

therapy is its ability to bypass the blood-brain barrier, 

which is a significant hurdle for many traditional 

small-molecule drugs. 

Gene silencing for Huntington’s disease (HD): 

Huntington's disease is caused primarily by a CAG 

repeat expansion in the huntingtin gene, leading to the 

production of a toxic protein that accumulates in 

neurons51. Gene silencing approaches, such as 

antisense oligonucleotides and RNA interference, aim 

to reduce or eliminate the expression of the mutant 

huntingtin gene. These therapies target the messenger 

RNA produced by the faulty gene, thereby preventing 

the synthesis of the toxic protein52. 

Several preclinical and early-phase clinical trials are 

exploring the potential of ASOs for Huntington's 

disease. Notably, the drug IONIS-HTTRx is an ASO 

designed to reduce the production of the mutant 

huntingtin protein. Early clinical trials have 

demonstrated promising results, with patients 

exhibiting reductions in mutant huntingtin protein 

levels and improvements in biomarkers of disease. 

However, larger studies are necessary to confirm 

these findings and assess the long-term efficacy and 

safety of this approach53,54. 

Gene therapy for amyotrophic lateral sclerosis 

(ALS): ALS is driven primarily by mutations in the 
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SOD1 gene, leading to the accumulation of misfolded 

proteins and the degeneration of motor neurons. 

Researchers have explored gene therapy approaches 

that target the SOD1 gene, aiming to silence the 

mutant gene and prevent its toxic effects55. 

Tominersen, an ASO that targets SOD1, has shown 

potential in preclinical studies to reduce the 

accumulation of mutant proteins in motor neurons. 

Additionally, AAV-mediated gene delivery has been 

investigated as a method to deliver therapeutic genes 

directly into motor neurons to enhance 

neuroprotection. Early trials indicate that such 

strategies could slow the progression of ALS and 

potentially halt neuronal damage. However, 

challenges related to delivery methods, immune 

responses, and long-term effects remain to be 

addressed56,57. 

3.2.  Stem Cell Therapy 

Stem cell-based therapies have emerged as a potential 

solution for replacing lost or damaged neurons in 

neurodegenerative diseases. Using pluripotent stem 

cells, neural stem cells, or induced pluripotent stem 

cells, researchers have aimed to generate new, healthy 

neurons that can integrate into affected brain regions. 

Stem cell therapy in Parkinson’s disease (PD): 

Parkinson's disease is characterised by the loss of 

dopaminergic neurons in the substantia nigra. Several 

studies have focused on the use of stem cells to 

replace these lost neurons, aiming to restore 

dopaminergic function and alleviate motor 

symptoms31,32. Dopamine-producing neurons derived 

from human embryonic stem cells or iPSCs have 

shown promise in preclinical models of PD. These 

cells are transplanted into the striatum or substantia 

nigra, where they are expected to integrate into the 

existing neural network and restore dopamine 

signalling58. Clinical trials using fetal-derived 

dopaminergic neurons have yielded mixed results. 

While some studies report modest improvements in 

motor function, others have been hindered by issues 

such as the development of dyskinesias or tumour 

growth59. Recent advances in gene editing 

technologies, such as CRISPR-Cas9, have also been 

employed to increase the survival and function of 

transplanted stem cells, but safety concerns and the 

risk of off-target effects require careful evaluation60. 

Stem Cell Therapy in Alzheimer's Disease (AD): 

The application of stem cells in Alzheimer's disease 

focuses on their potential to replace damaged neurons 

and restore cognitive function. Recent studies have 

investigated the transplantation of neural progenitor 

cells derived from human stem cells into animal 

models of AD61. These cells can differentiate into 

neurons and glial cells, potentially replacing lost or 

damaged cells in brain regions affected by AD, such 

as the hippocampus and cortex62.Clinical trials using 

stem cells for AD have faced significant challenges, 

particularly those related to the integration and 

survival of transplanted cells. Additionally, there are 

concerns about the ethical implications and long-term 

effects of using stem cells, especially if they are 

derived from embryonic sources. Advances in stem 

cell engineering, such as the development of patient-

specific iPSCs, offer the potential to overcome some 

of these challenges by using autologous cells, thereby 

minimising immune rejection63,64. 

3.3. Targeting Molecular Pathways 

In addition to gene and stem cell therapies, several 

emerging pharmacological approaches aim to address 

specific molecular pathways implicated in 

neurodegeneration. These approaches endeavour to 

correct or alleviate the underlying causes of 

neurodegenerative diseases by targeting dysregulated 

proteins, cellular pathways, or metabolic processes. 

1) Targeting Misfolded Proteins 

Protein misfolding and aggregation are central 

pathological hallmarks of numerous 

neurodegenerative disorders, including Alzheimer's 

disease, Parkinson's disease, and Huntington's 

disease. Consequently, therapeutic strategies aimed at 

preventing or reversing such protein aggregation are 

garnering increasing attention65. 

Alzheimer’s Disease: The accumulation of amyloid-

beta plaques and tau tangles is a well-established 

hallmark of Alzheimer's disease. Several monoclonal 

antibodies, such as aducanumab and lecanemab, have 

been designed to target these amyloid plaques and 

facilitate their clearance from the brain66. While these 

therapies have demonstrated some success in 

reducing the amyloid burden, their impact on 

cognitive improvement has been mixed, leading to 

ongoing debates about their true efficacy. 
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Additionally, researchers are exploring tau-targeting 

therapies to prevent tau aggregation and mitigate its 

detrimental effects on neuronal function67. 

Parkinson’s Disease: Parkinson's disease is 

characterised by the accumulation of misfolded alpha-

synuclein protein, which is a key pathological feature 

of this disease. Several therapeutic strategies have 

been explored to target and reduce the accumulation 

of this aberrant protein68. For example, prasinezumab, 

a monoclonal antibody that binds to alpha-synuclein, 

is currently undergoing clinical trials and has 

demonstrated some promise in alleviating motor 

symptoms in early-stage studies69. 

Huntington’s Disease: Gene silencing approaches 

targeting mutant huntingtin are being explored as a 

means to reduce protein aggregation, as mentioned 

previously. Additionally, small molecules designed to 

disrupt the aggregation of toxic proteins are also under 

investigation as complementary therapeutic 

strategies70. 

2) Neuroinflammation Modulation 

Neuroinflammation is a critical factor in the 

development of many neurodegenerative diseases. 

Chronic activation of the brain's immune system, 

driven primarily by microglia, contributes to neuronal 

damage and disease progression. As such, targeting 

neuroinflammation holds promise as a strategy for 

developing disease-modifying therapies. 

Parkinson’s Disease: Emerging evidence suggests 

that inhibiting the activation of microglia or 

modulating their response could reduce 

neuroinflammation and protect dopaminergic neurons 

in Parkinson's disease71. Specifically, P2X7 receptor 

antagonists and NLRP3 inflammasome inhibitors are 

being investigated as prospective therapeutic 

approaches for this condition72. 

Alzheimer’s Disease: Emerging evidence suggests 

that targeting neuroinflammation could be a 

promising approach for treating neurodegenerative 

conditions such as Alzheimer's disease. Anti-

inflammatory drugs, such as nonsteroidal anti-

inflammatory drugs and the tetracycline antibiotic 

minocycline, are being explored as adjuncts to 

standard therapies73. The aim is to reduce the chronic 

activation of the brain's immune system, driven 

primarily by microglia, and mitigate the damaging 

effects of neuroinflammation on neurons. 

3.4.  Challenges in Emerging Therapies 

Despite the promise of emerging therapies, several 

challenges remain before they can be widely 

implemented in clinical practice. These challenges 

include the following: 

Delivery and Targeting: Overcoming the effective 

delivery of therapeutic agents, particularly for gene- 

and stem cell-based therapies, remains a significant 

challenge. Many essential treatments, such as gene-

silencing drugs or biologics, must first cross the 

formidable blood-brain barrier to reach their target 

sites within the brain47. However, new strategies, 

including nanoparticle-based drug delivery systems, 

are being developed to enhance the targeted delivery 

of these therapies74. 

Safety Concerns: Although gene therapy and stem 

cell-based approaches hold significant promise, they 

also raise safety concerns, such as the risk of immune 

reactions, tumour formation, and unintended effects. 

Rigorous preclinical and clinical testing is crucial for 

evaluating the safety profiles of these therapies before 

they can be approved for use75. 

Long-term efficacy: While early-phase trials of 

emerging therapies have yielded promising results, 

their long-term efficacy remains uncertain. In some 

instances, the therapeutic benefits may diminish over 

time, and the potential for adverse effects could 

increase with prolonged use. Consequently, 

longitudinal studies are essential to ascertain the true 

effectiveness and safety of these therapies76. 

Emerging pharmacological approaches, such as gene 

therapy, stem cell therapy, and molecular pathway 

modulation, hold promise for the treatment of 

neurodegenerative diseases. While many of these 

therapies remain in early-stage clinical trials, they 

have the potential to modify the disease course and 

offer more effective treatments than currently 

available options do. However, significant challenges 

concerning delivery, safety, and long-term efficacy 

must be addressed before these therapies can become 

part of routine clinical practice. Ongoing research and 

clinical trials will be crucial in shaping the future 

landscape of neurodegenerative disease treatment77,78. 
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4.  Combination Therapies and Future 

Directions 

Given the multifactorial nature of neurodegenerative 

disorders (NDs), single-agent therapies often fail to 

adequately halt disease progression. Combination 

therapies, which target multiple pathological 

pathways simultaneously, are increasingly being 

explored to improve treatment outcomes. 

4.1.  Combination Therapies 

Multi-Drug Regimens: Neurodegenerative diseases 

involve overlapping mechanisms such as protein 

aggregation, oxidative stress, and neuroinflammation. 

Combining agents that address these distinct 

pathways offers synergistic benefits79. For example, 

combining acetylcholinesterase inhibitors with 

NMDA receptor antagonists has shown modest 

improvements in cognitive function in patients with 

Alzheimer's disease. Similarly, in Parkinson's disease, 

combining levodopa with dopamine agonists or 

MAO-B inhibitors can enhance dopaminergic 

signalling while reducing motor fluctuations80. 

Adjunctive use of neuroprotective agents: 

Antioxidants, anti-inflammatory agents, and 

mitochondrial enhancers are promising candidates for 

combination therapies. Agents such as edaravone and 

riluzole, which are already approved for ALS, could 

be used alongside other neurodegenerative 

treatments81. 

Gene and Immunotherapy Combinations: Recent 

clinical trials are exploring the use of gene-silencing 

therapies alongside monoclonal antibodies to reduce 

toxic protein accumulation in conditions such as 

Huntington's disease and Alzheimer's disease. These 

combinations aim to both decrease the production of 

pathological proteins and increase their clearance 

from the brain82. According to recent reports, the 

development of multifunctional neuroprotective and 

neurorestorative drugs for disorders such as 

Parkinson's disease and Alzheimer's disease is a 

growing area of research83. These drugs are designed 

to simultaneously target multiple pathological 

pathways, offering more comprehensive and 

potentially disease-modifying treatment approaches. 

4.2.  Future Directions 

Precision Medicine Approaches: Advances in 

genomics and biomarker research have enabled the 

development of personalised treatment regimens 

tailored to an individual's genetic profile, disease 

stage, and response to therapy84,85. Future research 

should focus on stratifying patients for customised 

therapeutic interventions. 

Artificial Intelligence in Drug Development: AI-

driven platforms are revolutionising drug discovery 

by identifying novel therapeutic targets and predicting 

drug efficacy. Integrating AI with existing 

neurodegenerative research can accelerate the 

development of new combination therapies and 

optimise clinical trial designs86–88. 

Advanced Drug Delivery Systems: The blood-brain 

barrier remains a major obstacle in neurodegenerative 

treatment. Future innovations in nanoparticle carriers, 

liposomal systems, and intranasal delivery methods 

hold promise for improving drug penetration into the 

brain89,90. 

Lifestyle and Environmental Interventions: In 

addition to pharmacological strategies, incorporating 

lifestyle modifications such as dietary changes, 

physical exercise, and cognitive training into 

combination regimens may offer additional 

neuroprotective benefits. Research into the gut-brain 

axis and its influence on neurodegeneration could lead 

to novel dietary interventions29. 

Regenerative Therapies: Stem cell transplantation 

and neurogenesis-promoting agents are being actively 

investigated. Future studies should focus on 

enhancing the survival, integration, and functional 

restoration of transplanted cells in damaged brain 

regions91,92. 
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Figure 5 Future directions in neurodegenerative disease treatment 

In conclusion, while current therapies offer 

symptomatic relief, the future lies in multitarget 

combination regimens, precision medicine, and 

innovative delivery systems. Collaborative efforts 

across disciplines are essential for translating these 

emerging strategies into effective treatments for 

neurodegenerative disorders. 

CONCLUSION: 

Neurodegenerative disorders such as Alzheimer's 

disease, Parkinson's disease, Huntington's disease, 

and amyotrophic lateral sclerosis are characterised by 

progressive neuronal loss and significant functional 

decline. Current pharmacological treatments 

primarily manage symptoms without halting disease 

progression, highlighting the urgent need for more 

effective therapies. Advances in gene therapy, 

monoclonal antibodies, and neuroprotective agents 

offer potential pathways toward disease modification, 

although challenges related to safety, long-term 

efficacy, and drug delivery remain significant. The 

future success of therapeutic approaches will likely 

depend on multitarget combination strategies 

addressing various disease mechanisms, including 

protein aggregation, neuroinflammation, and 

oxidative stress. Furthermore, the development of 

personalised treatments and improved drug delivery 

systems could enhance therapeutic efficacy. The 

integration of artificial intelligence and emerging 

technologies will play a crucial role in accelerating 

drug discovery and optimising clinical strategies. 

Despite the limitations of current treatments, ongoing 

research and innovation provide hope for future 

breakthroughs that can slow or even reverse the 

progression of neurodegenerative diseases. 
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