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ABSTRACT 
Neurodegenerative disorders are multifactorial conditions characterized by progressive neuronal loss, 

cognitive decline and functional impairment, driven by interconnected processes such as 

neuroinflammation, oxidative stress, protein aggregation, impaired autophagy and DNA damage. Owing 

to the limited success of single-target therapies, increasing attention has been directed toward natural 

bioactive compounds with multi-target therapeutic potential. This short review highlights the 

neuroprotective significance of Bacopa monnieri, curcumin, quercetin and asiatic acid, with emphasis on 

their modulatory effects on key molecular pathways involved in neuroinflammation and 

neurodegeneration. Available evidence indicates that these compounds influence important targets 

including NLRP3, Nrf2, GSK-3β, HDAC6, PARP1 and mTOR through both direct and indirect 

mechanisms. Their actions are associated with suppression of inflammatory signaling, attenuation of 

oxidative stress, reduction of protein aggregation, regulation of autophagy and enhancement of neuronal 

survival. Among these compounds, curcumin and quercetin appear to have relatively broader mechanistic 

evidence, whereas Bacopa monnieri and asiatic acid show promising neuroprotective effects mainly 

through upstream signaling modulation and antioxidant activity. Despite these encouraging findings, 

challenges such as poor bioavailability, limited structural validation and insufficient clinical evidence 

continue to hinder their translational application. Overall, these natural compounds represent promising 

multi-target agents for the management of neurodegenerative disorders, although further mechanistic and 

clinical studies are required to establish their therapeutic utility. 
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1. INTRODUCTION 
Neurodegenerative disorders are complex and progressive conditions characterized by neuronal loss, 

cognitive decline and functional impairment. Their development is driven by multiple interconnected 

mechanisms, including chronic neuroinflammation, oxidative stress, mitochondrial dysfunction, 

abnormal protein aggregation, impaired autophagy and DNA damage. Because these pathological events 

interact closely, therapeutic approaches based on a single molecular target often provide limited benefit 

(1-2). In recent years, natural bioactive compounds have received increasing attention as potential 

neuroprotective agents due to their broad pharmacological actions, relatively low toxicity and ability to 

regulate several disease-related pathways simultaneously. Among these compounds, Bacopa monnieri, 

curcumin, quercetin and asiatic acid have emerged as promising candidates (3). The literature provided 

indicates that these agents can influence major molecular targets associated with neuroinflammation and 

neurodegeneration, including NLRP3, Nrf2, GSK-3β, HDAC6, PARP1 and mTOR. Their effects are 

associated with suppression of inflammatory signaling, enhancement of antioxidant defense, reduction 

of protein aggregation, modulation of autophagy and preservation of neuronal survival (4-7). These 

properties suggest that such compounds may offer a multi-target therapeutic strategy for diseases in 

which oxidative stress, inflammation and neuronal dysfunction coexist. This short review summarizes 

the mechanistic relevance and therapeutic significance of selected natural bioactive compounds in the 

regulation of key pathways involved in neuroinflammation and neurodegeneration (8). It further 

highlights their comparative potential, major limitations and future prospects for translational application 

in the management of neurodegenerative disorders. Natural bioactive compounds such as Bacopa 

monnieri, curcumin, quercetin and asiatic acid show promising relevance as multi-target neuroprotective 
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agents in neuroinflammation and neurodegeneration. This graphical abstract highlights how these 

compounds act on interconnected molecular targets, including NLRP3, Nrf2, GSK-3β, HDAC6, PARP1 

and mTOR, to regulate major pathological processes such as inflammation, oxidative stress, protein 

aggregation, impaired autophagy and DNA damage (9-11). By modulating these pathways, the selected 

phytochemicals may reduce neuronal injury, improve cellular homeostasis and support neuronal survival 

(Figure 1). The figure summarizes the central concept of this review: unlike single-target therapies, 

natural compounds may offer broader therapeutic value by simultaneously influencing multiple disease-

driving mechanisms involved in progressive neurodegenerative disorders. 

 
Figure 1. Graphical Abstract showing Natural Bioactive Compounds as Multi-Target Modulators of 

Neuroinflammation and Neurodegeneration 

 

2. MODULATION OF INFLAMMATION AND OXIDATIVE STRESS 
Inflammation and oxidative stress are central contributors to the onset and progression of 

neurodegenerative disorders. Persistent activation of inflammatory pathways promotes neuronal injury, 

while excessive production of reactive oxygen species damages lipids, proteins and nucleic acids, further 

accelerating neurodegeneration (12). In this context, the NLRP3 inflammasome and the Nrf2 signaling 

pathway represent two major and interrelated molecular systems involved in inflammatory and oxidative 

stress responses. NLRP3 promotes the maturation of pro-inflammatory cytokines such as interleukin-1β 

and interleukin-18, whereas Nrf2 functions as a master regulator of antioxidant and cytoprotective gene 

expression. Dysregulation of these pathways is strongly linked with chronic neuroinflammation and 

redox imbalance (13). The reviewed compounds demonstrate notable potential in modulating both 

pathways. Bacopa monnieri appears to suppress NLRP3 activation mainly through indirect mechanisms, 

including reduction of mitochondrial dysfunction, attenuation of reactive oxygen species generation and 

enhancement of mitophagy. It also promotes antioxidant defence by activating Nrf2-related signaling 

and increasing the expression of protective enzymes. Curcumin shows broader mechanistic relevance, as 

it is reported to inhibit NLRP3 activation while also activating Nrf2 through disruption of the NRF2–

KEAP1 complex (14-17). Quercetin similarly exhibits dual activity by reducing inflammatory signalling 

and enhancing antioxidant responses, partly through interaction with Keap1 and suppression of oxidative 

stress. Asiatic acid also contributes to the regulation of these pathways, mainly by decreasing 

mitochondrial oxidative damage, modulating NF-κB-related inflammatory signaling and promoting 

Nrf2-mediated cytoprotection. Taken together, these findings indicate that the anti-inflammatory and 

antioxidant effects of these natural compounds are among their most significant therapeutic attributes 

(18-20). Their ability to simultaneously suppress inflammasome-driven inflammation and strengthen 

endogenous antioxidant defenses suggests an important role in limiting neuronal injury. This dual action 

is especially valuable in neurodegenerative disorders, where inflammation and oxidative stress 

continuously reinforce one another and contribute to disease progression.  

 

3. REGULATION OF PROTEINOPATHY AND NEURONAL SIGNALING 
One of the key problems in neurodegenerative diseases, especially Alzheimer’s disease, is the 

buildup of misfolded proteins, abnormal chemical modifications and disrupted signals inside nerve cells 

(21). Two important molecules, GSK-3β and HDAC6, play central roles in these harmful processes (22). 

GSK-3β is known to drive excessive changes in the tau protein, which leads to the formation of tangles 

in brain cells, triggers the death of neurons and disrupts communication between them. Meanwhile, 

HDAC6 helps control the structure and function of the cell’s scaffolding system, manages the removal 
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of damaged proteins and supports the cell’s natural cleanup mechanisms (23). When these two molecules 

are out of balance, brain cells become more unstable and the buildup of damaged proteins accelerates, 

making the disease worse (24). Recent research suggests that natural compounds may help restore this 

balance. Bacopa monnieri, for instance, appears to regulate GSK-3β activity, possibly by activating 

protective signalling routes in the cell. This action can help reduce tau-related damage and support nerve 

cell survival (25). It may also positively affect HDAC6, leading to stronger cell structures and better 

removal of misfolded proteins (26). Curcumin has shown promise for acting directly on the active site of 

GSK-3β and may also block HDAC6’s harmful activity (27). These effects could help prevent abnormal 

tau buildup, improve the movement of vital materials along nerve fibres and reduce protein clumping. 

Quercetin seems to work in a similar way, helping to stabilize important cellular pathways and support 

the effective handling of damaged proteins (28). Although the evidence is still emerging, asiatic acid 

may also play a helpful role by supporting healthy signalling inside neurons, maintaining the cell’s 

antioxidant defences and encouraging the clearance of unwanted proteins (29). Taken together, these 

findings underscore the potential of natural bioactive compounds to tackle the underlying problems that 

cause nerve cell damage and protein buildup in the brain (30). By influencing both GSK-3β and HDAC6, 

these compounds offer protection that goes beyond just fighting inflammation or oxidative stress. 

Instead, they may help keep the brain’s internal structure stable, prevent the buildup of harmful proteins 

and ultimately slow the worsening of neurodegenerative diseases. 

 

4. CONTROL OF AUTOPHAGY, DNA DAMAGE AND CELLULAR SURVIVAL 
The progression of neurodegenerative diseases is also strongly linked to problems with the cell’s 

own cleanup system, increased DNA damage and loss of energy balance within neurons (31). Two 

molecules, PARP1 and mTOR, play crucial roles in these processes. PARP1 helps cells sense and repair 

DNA damage, but when it is overactive, it can drain the cell’s energy stores, ultimately leading to cell 

death. On the other hand, mTOR acts as a master controller of cell growth, metabolism and the cell’s 

natural recycling process known as autophagy. If mTOR becomes too active, it can block this cleanup 

process, causing harmful proteins and damaged cell parts to build up (32). When these pathways are out 

of balance, nerve cells become more vulnerable and the disease can progress more rapidly (33). Recent 

findings suggest that natural compounds may help restore balance to these systems. Bacopa monnieri, 

for example, seems to support healthy PARP1 and mTOR function by reducing oxidative DNA damage, 

helping cells conserve energy and activating protective signalling routes inside the cell (34). These effects 

may lower the risk of energy depletion and encourage the removal of damaged proteins. Curcumin 

appears to go even further, with research indicating that it can directly block PARP1’s activity and may 

also interact with mTOR to help reactivate the cell’s cleanup machinery (35). Quercetin shows similar 

benefits, as it can reduce DNA damage, limit the harmful effects of PARP1 overactivity and support 

proper autophagy by influencing mTOR pathways (36). Asiatic acid may also help nerve cells survive 

by fighting oxidative stress, dampening harmful signalling and helping regulate the PI3K/Akt/mTOR 

system, although more research is needed to fully understand these effects (37). Ultimately, these 

observations suggest that natural bioactive compounds may offer protection to brain cells in multiple 

ways. They not only help reduce inflammation and oxidative stress but also maintain DNA stability, 

support the removal of damaged materials and keep the cell’s energy system running smoothly. This kind 

of broad, multi-level protection is especially important in neurodegenerative diseases, where nerve cell 

survival depends on both keeping the internal environment clean and resisting stress-induced damage. 

The impact these compounds have on PARP1 and mTOR adds meaningful value to their overall potential 

as neuroprotective agents (38). 

 

5. COMPARATIVE THERAPEUTIC SIGNIFICANCE OF SELECTED 

COMPOUNDS 
Among the compounds discussed, curcumin and quercetin appear to have relatively broader 

mechanistic support across multiple targets involved in neuroinflammation and neurodegeneration (39). 

Both compounds are repeatedly associated with modulation of inflammatory signalling, antioxidant 

defence, kinase regulation, proteostasis, autophagy and cell survival pathways (40). In particular, they 

show stronger evidence for possible direct interaction with targets such as NLRP3, GSK-3β, HDAC6, 

PARP1 and mTOR (41), while also exerting indirect protective effects through suppression of reactive 

oxygen species, inhibition of NF-κB signaling and activation of Nrf2-related antioxidant responses (42). 

This broad spectrum of activity makes them especially attractive as multi-target neuroprotective agents.  
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Bacopa monnieri and asiatic acid also demonstrate important therapeutic potential, although their 

evidence base is somewhat more dependent on indirect pathway modulation than on well-defined 

structural interaction studies (43). Bacopa monnieri is particularly notable for its antioxidant, anti-

inflammatory, cognitive-enhancing and mitochondrial protective effects, which support its relevance in 

neurodegenerative conditions (44). However, variability in phytochemical composition and 

standardization remains an important limitation (45). Asiatic acid similarly exhibits promising 

neuroprotective properties through regulation of oxidative stress, inflammatory signaling and autophagy-

related pathways, but direct molecular validation is comparatively less developed (46). Even so, both 

compounds remain significant because they contribute to upstream regulation of disease-driving 

mechanisms and may complement better-characterized phytochemicals.  

Ultimately, the comparative significance of these compounds lies in their shared ability to influence 

multiple interconnected targets rather than a single isolated pathway (47). Curcumin and quercetin may 

currently appear more mechanistically mature, whereas Bacopa monnieri and asiatic acid offer strong 

supportive value through broader neuroprotective and antioxidant actions. This comparative profile 

suggests that natural compounds with multi-target effects may provide a more realistic therapeutic 

strategy for complex disorders such as neurodegeneration, where inflammation, oxidative stress, 

proteinopathy and impaired cellular survival are closely intertwined (48). 

 

6. CURRENT LIMITATIONS AND FUTURE DIRECTIONS 
Despite the promising therapeutic relevance of these natural bioactive compounds, several important 

limitations continue to restrict their translational application. One of the most consistent challenges is 

poor bioavailability, particularly for curcumin and quercetin, which undergo rapid metabolism and show 

limited systemic stability. Similar concerns also apply to asiatic acid because of its poor solubility, while 

Bacopa monnieri presents additional challenges related to variability in phytochemical composition and 

lack of standardized formulations. Another major limitation is the insufficient availability of direct 

molecular evidence for several compound–target interactions. Although many studies suggest favorable 

mechanistic effects, detailed structural validation through advanced docking, molecular dynamics 

simulations and high-resolution binding studies remains inadequate for several pathways. In addition, 

much of the currently available evidence is derived from in silico analyses, cell-based experiments and 

animal models, while robust clinical validation remains limited. This gap makes it difficult to determine 

the true therapeutic efficacy, safety, optimal dosage and long-term applicability of these compounds in 

human neurodegenerative disorders. Future research should therefore focus on standardizing compound 

formulations, improving pharmacokinetic properties through nanoformulation and targeted delivery 

systems and conducting detailed mechanistic investigations to confirm direct target engagement. Well-

designed in vivo studies and clinical trials are also necessary to evaluate translational potential and 

establish these natural compounds as credible therapeutic candidates.  

 

7. CONCLUSION 
Natural bioactive compounds such as Bacopa monnieri, curcumin, quercetin and asiatic acid show 

considerable promise as multi-target modulators of neuroinflammation and neurodegeneration. The 

available literature indicates that these compounds influence several interconnected molecular pathways, 

including NLRP3, Nrf2, GSK-3β, HDAC6, PARP1 and mTOR, which are closely involved in 

inflammation, oxidative stress, protein aggregation, autophagy, DNA damage and neuronal survival. 

Their ability to act across multiple pathological mechanisms makes them particularly relevant for 

complex neurodegenerative disorders, where single-target therapeutic strategies often remain 

insufficient. Among the reviewed compounds, curcumin and quercetin appear to possess relatively 

broader mechanistic evidence, while Bacopa monnieri and asiatic acid contribute significant 

neuroprotective value through antioxidant, anti-inflammatory and upstream regulatory effects. Despite 

these encouraging findings, limitations related to poor bioavailability, insufficient structural validation 

and limited clinical evidence continue to hinder their therapeutic translation. Finally, these natural 

compounds represent promising candidates for future neuroprotective interventions, but further 

mechanistic studies and well-designed clinical investigations are required to confirm their efficacy and 

support their application in disease management. 
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