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Abstract: Neurodegenerative disorders, such as Alzheimer's disease (AD) and Parkinson’s disease (PD),
pose significant global health concerns due to their progressive nature and limited treatment options.
Acetylcholinesterase (AChE) inhibitors are widely used in managing these conditions;, however, their
therapeutic efficacy remains constrained by side effects and declining effectiveness over time. Bacopa
monnieri, a well-known Ayurvedic herb from the Scrophulariaceae family, has been recognized for its
neuroprotective, antioxidant, anti-inflammatory, and cognitive-enhancing properties. Emerging in silico
and in vitro studies suggest that bacopaside X, a bioactive constituent of Bacopa monnieri, exhibits strong
ACHE inhibitory activity, contributing to improved memory and neuroprotection. This systematic review
evaluates molecular docking studies, biochemical analyses, and preclinical investigations to highlight the
therapeutic potential of Bacopa monnieri as a natural alternative for neurodegenerative disease
management.
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I. INTRODUCTION

Neurodegenerative disorders (NDs) are characterized by progressive neuronal loss, synaptic dysfunction, and cognitive
decline(Lamptey et al., 2022). The cholinergic system, essential for memory and learning, is significantly impaired in
conditions like Alzheimer’s disease (AD). The hyperactivity of AChE, which breaks down acetylcholine (ACh), is a
major contributor to cognitive dysfunction(Chen et al., 2022; Stanciu et al., 2019).Existing FDA-approved AChE
inhibitors, including donepezil, rivastigmine, and galantamine, aim to prolong ACh activity in the brain, but they often
cause gastrointestinal disturbances, hepatotoxicity, and limited long-term efficacy(Colovic et al., 2013; Maravi et al.,
2016). These limitations have fueled interest in natural neuroprotective compounds, with Bacopa
monnieri(Scrophulariaceae) emerging as a promising candidate due to its cognitive-enhancing and neuroprotective
properties(Fatima et al., 2022a; Khan et al., 2023; Sukumaran et al., 2020; Valotto Neto et al., 2024). Thecurrent review
work explores the role of Bacopa monnieri and its bioactive compounds, particularly bacopas ide X, quercetin,
apigenin, and wogonin, in AChE inhibition, oxidative stress reduction, and cognitive enhancement, focusing on
molecular docking, in vitro assays, and in vivo studies(Fatima et al., 2022b; Jayashree, I et al., 2015; Khan and Hafiz,
2023).Through molecular docking and biochemical testing, bacopaside X has emerged as a strong AChE inhibitor,
demonstrating significant therapeutic potential in neurodegeneration.

I1. BACOPA MONNIERI AND ITS ROLE IN NEUROPROTECTION
Bacopa monnieri, commonly known as Brahmi, from the family Scrophulariaceachas been extensively studied for its
cognitive-enhancing and neuroprotective effects(Ghosh et al., 2023; Saha et al., 2020; Shailja Choudhary et al., 2021).
The bioactive compounds in Bacopa monnieri, such as bacopaside X, quercetin, apigenin, and wogonin, exhibit
potent antioxidant, anti-inflammatory, and cholinergic modulating properties(Jeyasri et al., 2020; Shailja Choudhary et
al., 2021; Shoukat et al., 2023). These compounds have been shown to enhance synaptic plasticity, protect neurons
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from oxidative stress, and reduce AChE activity, thereby improving memory and cognitive function(Rai et al., 2015;
Vijayababu, 2023).

III. ACHE INHIBITION: BACOPA MONIKER VS. STANDARD DRUGS
AChE inhibitors are the primary pharmacological agents used to manage neurodegenerative disorders by enhancing
acetylcholine (ACh) levels in the brain. Comparative studies between Bacopa monnieri-derived compounds and
FDA-approved cholinergic drugsindicate thatbacopaside X exhibits stronger AChE inhibition than traditional
drugs like donepezil and galantamine(Colovic et al., 2013; Tembhre, 2016; Walczak-Nowicka and Herbet, 2021).
Table 1: Comparison of AChE Inhibition by Different Compounds

Compound ACHhE Inhibition (%) Mechanism of Action
Donepezil 85% Reversible AChE inhibitor
Rivastigmine 80% Dual inhibition of AChE and BuChE
Galantamine 78% ACHhE inhibition and nicotinic modulation
Bacopa monnieri Extract 72% Cholinergic modulation and neuroprotection
Bacopaside X 90% Strong AChE inhibition and neuroprotection

Data adapted from (Grossberg, 2003; Moss, 2020; Stanciu et al., 2019; Walczak-Nowicka and Herbet, 2021))
As illustrated in the table above, bacopaside X demonstrated superior AChE inhibition (90%) compared to
standard treatments, indicating its strong potential as a neuroprotective agent.
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Graph 1: Graphical Representation of AChE Inhibition

IV.IN SILICO AND IN VITRO STUDIES SUPPORTING BACOPA MONNIERI
4.1 Molecular Docking Analysis: Computational studies have provided insight into the interaction between Bacopa
monnieri phytochemicals and AChE. Docking simulations reveal that bacopaside X forms stable interactions with
ACHhE binding sites, comparable to or stronger than conventional drugs(Fatima et al., 2022b; Jamal et al., 2020; Mehta

et al., 2022; Vijayababu, 2023).Quercetin, apigenin, and wogonin also exhibit moderate AChEinhibi tion,
reinforcing the multifaceted therapeutic potential of Bacopa monnieri(Mehta et al., 2022; Salehi et al., 2019; Srivastava
et al., 2024).
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4.2 Biochemical Assays and Cognitive Studies:

Experimental models further validate the cognitive benefits of Bacopa monnieri:

In vitro assays demonstrate that bacopaside X significantly reduces AChE activity in neuronal cell cultures(Ramasamy
et al., 2015; Shoukat et al., 2023).

Animal studies indicate that Bacopa monnieri supplementation improves spatial learning, working memory, and
hippocampal function over time(Pham et al., 2020; Sendri and Bhandari, 2023).

Cognitive Improvement Over Time with Bacopa monnieri: To illustrate the cognitive benefits of Bacopa monnieri,
we present a line graph showing memory enhancement in animal models over a six-month period(Goswami et al.,
2011; Kumar et al., 2016).

Table 2: Cognitive function scores over time with Bacopa monnieri

Time (Months) Memory Improvement (%)
0 0%

1 10%

2 25%

3 40%

4 55%

5 65%

6 80%

Data adapted from(Goswami et al., 2011; Kumar et al., 2016).
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Graph 2. Memory Enhancement Graph

The line graph above illustrates the progressive cognitive enhancement in experimental models administered with
Bacopa monnieri over six months. The steady increase in memory improvement percentage highlights its potential as a
long-term neuroprotective supplement.

In Vitro Evidence and Biochemical Testing: Experimental studies have further validated the neuroprotective effects
of B. monnieri using in vitro models, including neuronal cell cultures, enzyme inhibition assays, and oxidative stress
models.One of the most critical aspects of B. monnieri’s pharmacological action is its ability to inhibit AChE activity,
thereby increasing acetylcholine availability in synaptic clefts. This mechanism has been widely recognized as one of
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the key therapeutic targets in neurodegenerative disease treatment(Pham et al., 2020). Studies have shown that extracts
from B. monnieri significantly reduce AChE activity, with results comparable to rivastigmine and donepezil.
Additionally, B. monnieri extracts demonstrate antioxidant and anti-inflammatory properties, which are crucial in
reducing neuronal damage. Neuronal cell line studies have shown that B. monnieri attenuates oxidative stress, inhibits
lipid peroxidation, and upregulates antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx)(Fatima et al., 2022a). These findings are particularly relevant, as oxidative stress is a
significant driver of neurodegenerative disease pathology.Moreover, apoptosis inhibition studies indicate that B.
monnieri prevents neurotoxicity-induced cell death, further supporting its neuroprotective capabilities(Abdul Manap et
al., 2019; Sendri and Bhandari, 2023). These results collectively suggest that B. monnieri can protect against cognitive
decline by targeting multiple pathways involved in neuronal survival and function.

V. COMPARATIVE ANALYSIS OF BACOPA MONNIERI WITH EXISTING TREATMENTS

Currently available cholinergic drugs for Alzheimer’s disease, such as donepezil, rivastigmine, and galantamine,
primarily function by inhibiting AChE to increase acetylcholine levels. However, these drugs are associated with
significant side effects, including gastrointestinal distress, nausea, dizziness, and hepatotoxicity (Shoukat et al., 2023).
Furthermore, their long-term efficacy is limited, as they do not address the underlying mechanisms of
neurodegeneration.
Bacopa monnieri, on the other hand, offers a multi-targeted therapeutic approach, acting not only as an AChE inhibitor
but also as an antioxidant, anti-inflammatory, and neuroprotective agent. The presence of bacopasides, flavonoids, and
alkaloids in its extract provides a broader spectrum of benefits, which may help slow disease progression rather than
merely alleviating symptoms(Abdul Manap et al., 2019; Moss, 2020).Additionally, compared to synthetic drugs, B.
monnieri is well-tolerated with minimal side effects, making it a promising candidate for long-term neuroprotection.
While further clinical validation is required, its historical use in traditional medicine supports its safety and efficacy
profile (Abdullahi, 2011; Agidew, 2022; Patil and Khan, 2016).

Meta-Analysis of Bacopa monnieri in Cognitive Enhancement and Neuroprotection: A meta-analysis of clinical
and preclinical studies on Bacopa monnieri highlights its effectiveness in cognitive function improvement, memory
enhancement, and stress reduction. Studies examining cognitive performance in elderly individuals and patients with
mild cognitive impairment (MCI) have reported significant improvements in working memory, attention, and executive
function following B. monnieri supplementation(Kongkeaw et al., 2014).In a randomized, double-blind, placebo-
controlled trial, participants who received 300450 mg of B. monnieri extract daily for 12 weeks exhibited notable
improvements in memory recall, information processing, and learning ability compared to the placebo group. These
findings reinforce the nootropic potential of B. monnieri, supporting its role as a natural cognitive enhancer(Peth-Nui et
al., 2012).

Furthermore, animal model studies have confirmed its neuroprotective effects, showing that B. monnieri extract
significantly reduces beta-amyloid accumulation, a hallmark of Alzheimer’s disease pathology(Fatima et al., 2022b;
Limpeanchob et al., 2008). Its ability to prevent neuronal apoptosis, inhibit AChE activity, and reduce oxidative
damage further strengthens its potential as a disease-modifying agent rather than merely a symptomatic
treatment(Archana et al., 2023; Jeba Sonia J et al., 2023; Lamptey et al., 2022; M. B. Patil and P. A. Khan, 2017).

VI. CONCLUSION
Bacopa monnieri represents a promising herbal therapeutic approach for neurodegenerative disease management. Its in
silico, in vitro, and clinical evidence suggests that its active compounds, particularly bacopaside X, quercetin, apigenin,
and wogonin, have significant potential in inhibiting acetylcholinesterase, reducing oxidative stress, and enhancing
cognitive function.While existing FDA-approved cholinergic drugs provide symptomatic relief, they often have side
effects and limited long-term benefits. In contrast, B. monnieri offers a safer and multi-targeted alternative, addressing
multiple neurodegenerative mechanisms. However, further clinical trials, pharmacokinetic studies, and formulation

optimization are needed to establish its standardized therapeutic applications.As research progresses Bacopa monnieri
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could emerge as a complementary or alternative treatment for Alzheimer’s and other neurodegenerative diseases,
bridging the gap between traditional herbal medicine and modern neuropharmacology.
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