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ABSTRACT 

 
Alzheimer's disease (AD) is a relentless neurodegenerative condition that slowly erodes memory and cognitive function, 
leaving a profound impact on patients and their families. The complexity of its causes, rooted in a tangle of genetic and 
environmental factors, has so far stymied efforts to find a cure. Current treatments offer only temporary relief from 
symptoms, creating a pressing need for new therapeutic strategies that can tackle the disease's underlying mechanisms. 
In the search for new solutions, we turn to nature's vast apothecary. Medicinal plants like Piper chaba Hunter, a traditional 
spice and remedy, offer a rich source of bioactive compounds and have long been noted for their anti-inflammatory 
properties—a key feature in the fight against AD. This study embarks on a computational journey to unlock the 
therapeutic secrets of Piper chaba. Using a powerful suite of in silico tools, we aimed to identify its key bioactive 
compounds and map out how they might work together to combat the molecular machinery of Alzheimer's disease. Our 
investigation began by compiling a library of phytochemicals from Piper chaba and putting them through a rigorous 
virtual screening to assess their drug-like potential. We predicted their protein targets and cross-referenced them with 
AD-related gene databases to build a network of interactions, revealing the most influential protein "hubs." We then used 
high-precision molecular docking, extended 100-nanosecond molecular dynamics (MD) simulations, and Density 
Functional Theory (DFT) to investigate the binding and stability of these compounds with their targets. Our results show 
that compounds from Piper chaba, particularly piperine, have excellent drug-like qualities and are predicted to cross the 
blood-brain barrier. Our network analysis pointed to three key protein hubs—PTGS2 (COX-2), PLA2G4A, and CYP2C19—
that are central to the neuroinflammatory and metabolic chaos of AD. The docking and MD simulations confirmed that 
lead compounds form strong, stable complexes with these proteins. This computational exploration strongly suggests 
that the humble Piper chaba plant holds a sophisticated arsenal of compounds that can wage a multi-pronged assault on 
Alzheimer's disease, representing promising candidates for a new generation of multi-target AD therapies. 

Keywords: Alzheimer's Disease; Piper chaba; Network Pharmacology; Molecular Docking; Molecular Dynamics; Piperine; 
Neuroinflammation; In Silico Drug Discovery; PTGS2; PLA2G4A; Computational Chemistry. 

 

INTRODUCTION 

Alzheimer's disease (AD) is more than a clinical 

diagnosis; it is a slow unraveling of the self. It represents 

one of the most profound challenges to modern medicine 

and a growing global health crisis that casts a long 

shadow over our aging population [3]. For those affected, 

the journey begins with small, often dismissed, lapses in 

memory and culminates in a devastating loss of identity, 

connection, and the ability to navigate the simplest 

aspects of daily life [5]. This heartbreaking decline is the 

surface manifestation of a silent, complex war being 

waged within the brain. 

For decades, the scientific community has focused on two 

primary culprits in this war: amyloid-beta (Aβ) peptides, 

which clump together to form toxic plaques between 

neurons, and hyperphosphorylated tau proteins, which 

form tangles inside them [1, 34]. The "amyloid cascade 

hypothesis" long held that these plaques were the first 

shot fired, triggering a downstream cascade of events 

leading to widespread neuronal death [7]. Yet, the 

consistent failure of drugs designed to target only amyloid 

has forced a broader, more humbling realization: 

Alzheimer's is not a simple linear problem. It is a 

multifactorial disease, a complex storm where Aβ and tau 

pathologies are whipped together with chronic 
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neuroinflammation, failing cellular power plants 

(mitochondria), rampant oxidative stress, and a 

breakdown of the brain's waste disposal systems [2, 4, 

46]. In this storm, the brain's own immune cells, 

microglia and astrocytes, can turn from protectors to 

aggressors, creating a self-perpetuating cycle of damage 

[2]. This intricate web of pathology explains why a single 

"magic bullet" has remained elusive and why a new 

approach is desperately needed [47]. 

The current arsenal of approved AD treatments is 

strikingly limited. Available drugs provide only a 

temporary reprieve from symptoms for some, doing little 

to halt the relentless march of the underlying disease [6]. 

This therapeutic void has created an urgent imperative to 

find new strategies that can modify the course of the 

disease itself. In response, the paradigm of drug 

discovery is undergoing a fundamental shift. The old 

model of "one target, one drug" is giving way to a more 

sophisticated strategy: the development of multi-target-

directed ligands (MTDLs) [23, 47]. The goal is no longer 

to find a single key for a single lock, but to design a master 

key or a set of synergistic tools that can engage multiple 

pathological checkpoints at once. This approach, which 

mirrors the complexity of the disease itself, is believed to 

hold the promise of greater efficacy and a more durable 

therapeutic response. 

Nature has always been our most gifted chemist. For 

millennia, traditional systems of medicine have 

harnessed the power of plants to treat human ailments, 

including those affecting the mind and memory [9, 15]. 

Modern science is now beginning to understand the 

wisdom behind these ancient practices. Plants produce a 

dazzling array of phytochemicals—alkaloids, flavonoids, 

terpenoids, and more—that have been honed by 

evolution to interact with biological systems [8, 72]. 

Many of these compounds have been shown to possess 

potent antioxidant, anti-inflammatory, and 

neuroprotective properties directly relevant to the fight 

against AD [10, 11, 13, 71, 73]. Furthermore, the natural 

synergy found within a single plant extract, where 

multiple compounds work in concert, is the perfect 

embodiment of the multi-target therapeutic strategy that 

AD demands [12, 14]. 

Among the vast botanical kingdom, the Piper genus is a 

standout, known for its rich and pungent chemistry. 

Piper chaba Hunter, a vine native to Southeast Asia, is a 

beloved spice and traditional remedy in regions like 

Bangladesh [16]. While its cousin, Piper longum, has 

received more attention for its neuroactive compounds 

[17, 18], P. chaba is now emerging from the shadows. 

Previous studies have highlighted its impressive anti-

inflammatory, analgesic, and immune-modulating effects 

[19]. Since neuroinflammation is a raging fire that fuels 

the progression of AD [2], the potent anti-inflammatory 

nature of P. chaba makes it a compelling candidate for a 

"neuro-soothing" agent. We hypothesize that its 

phytochemicals could act as a fire brigade, quenching the 

inflammatory cascade in the brain and protecting 

vulnerable neurons from harm. 

This study was born from a desire to connect the dots 

between the traditional wisdom surrounding Piper chaba 

and the cutting-edge needs of modern neurotherapeutics. 

By weaving together advanced computational techniques, 

we aim to build a strong, data-driven case for the anti-

Alzheimer's potential of this remarkable plant. 

2. METHODS 

Our investigation began with a meticulous search of the 

scientific literature to build a comprehensive library of 

compounds previously isolated from Piper chaba Hunter. 

We systematically queried major databases like PubMed, 

Scopus, and Google Scholar to find studies that had 

analyzed the plant's chemical makeup. For each identified 

phytochemical, we verified its structure and retrieved its 

3D coordinates from the authoritative PubChem database 

[29]. Using the Avogadro molecular editor [41], each 

structure was then carefully prepared for the demanding 

computational analyses to follow, ensuring all atoms and 

bonds were correctly represented—a critical quality 

control step for any in silico study. This process effectively 

created a virtual inventory of the plant's chemical arsenal. 

A promising compound is useless if it cannot get to where 

it needs to go in the body or is quickly eliminated. To 

address this, we subjected our phytochemical library to a 

rigorous ADME (Absorption, Distribution, Metabolism, 

and Excretion) screening using the SwissADME web 

server [28]. This virtual trial assessed several critical 

parameters, including drug-likeness (e.g., Lipinski's "rule 

of five"), pharmacokinetics (GI absorption and blood-brain 

barrier permeability), and medicinal chemistry 

friendliness (screening for toxic motifs like PAINS). This 

filtering process allowed us to separate the most 

promising, drug-like candidates from the rest. 

With our list of promising compounds, the next question 

was: what do they actually do in the body? To answer this, 

we used a dual-strategy approach to predict their protein 

targets, using both SwissTargetPrediction [31] and the 

Similarity Ensemble Approach (SEA) [30]. After compiling 

a master list of potential protein targets, we performed the 

crucial step of linking them to Alzheimer's disease by 

cross-referencing our list against multiple gold-standard 

disease databases (OMIM [32], DisGeNET [33], and 

AlzGene). This allowed us to create a final, high-confidence 

list of "AD-relevant targets." 

To truly understand the data, we used Cytoscape software 

to build a visual map—a "compound-target-disease" 

network. To delve deeper, we constructed a Protein-

Protein Interaction (PPI) network using the STRING 

database [24], which reveals how our target proteins 

"talk" to each other. By analyzing the topology of this 

network, we could identify the "hub proteins"—the most 

highly connected and influential players in the disease 

process [21]. 
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Here, we moved from the network level to the atomic 

level. Using the PyRx virtual screening tool [35] with the 

AutoDock Vina engine, we performed molecular docking 

simulations. We took the 3D structures of our hub 

proteins (prepared with YASARA [36]) and tried to fit 

each of our lead compounds into their active sites, 

calculating a "binding energy" score for each fit. 

Docking provides a static snapshot, but biology is 

dynamic. To see how these interactions hold up, we ran 

all-atom MD simulations for an extended 100-

nanosecond period. Using YASARA and the AMBER force 

field [36, 37], we placed each top-ranked protein-ligand 

complex in a simulated physiological environment [38, 

39, 40]. By analyzing the simulation trajectory, we could 

measure stability (RMSD), flexibility (RMSF), and 

compactness (Rg). To add another layer of quantitative 

rigor, we used the MM/PBSA method to calculate a more 

accurate binding free energy from the stable portion of 

our MD trajectories. 

For our final analysis, we delved into the subatomic 

world using Density Functional Theory (DFT) [44]. By 

calculating the electronic structure of our lead 

compounds with the ORCA program [42], we could 

determine their Frontier Molecular Orbitals (HOMO and 

LUMO). The energy gap between these orbitals is a 

powerful indicator of a molecule's chemical reactivity [43, 

65]. 

3. RESULTS 

Our investigation began by identifying a diverse chemical 

arsenal within Piper chaba. From this library, a select 

group of 15 compounds, including the prominent alkaloid 

Piperine, stood out during our initial screening. When 

subjected to a virtual ADME trial, these molecules 

demonstrated highly favorable, drug-like characteristics. 

Most notably, they passed key checkpoints like Lipinski's 

rule of five, signaling a strong potential for oral 

bioavailability. For any aspiring anti-Alzheimer's drug, the 

ability to cross the blood-brain barrier (BBB) is the first 

and most critical hurdle. Our analysis predicted that 

several of the lead compounds, including piperine, could 

indeed make this crucial journey into the central nervous 

system. Combined with a low predicted toxicity profile, 

these foundational properties gave us the green light to 

advance these promising candidates. The key 

pharmacokinetic data are summarized in Table 1. 

Table 1: Predicted ADME and Drug-Likeness Properties of Key Piper chaba Phytochemicals 

Compo

und 

Formul

a 

MW 

(g/mol

) 

H-

Bond 

Donors 

H-

Bond 

Accept

ors 

TPSA 

(Å²) 

LogP BBB 

Perme

ant 

Lipinsk

i 

Violati

ons 

Piperin

e 

C17

H19

NO3 

285.34 0 3 45.4 2.5 Yes 0 

Methyl

piperat

e 

C15

H17

NO4 

287.30 1 4 63.3 2.1 Yes 0 

Piperlo

ngumin

e 

C17

H19

NO5 

317.34 1 5 72.8 1.8 Yes 0 

Bicyclo

[7.2.0]

undec-

4-ene 

C15

H24 

204.35 0 0 0.0 4.6 Yes 1 

(LogP>

4.5) 

(E)-3-

Butylid

ene-

4,5-

dihydr

C12

H14O2 

190.24 0 2 26.3 2.47 Yes 0 
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Our network analysis acted as a treasure map, guiding us 

from a broad list of hundreds of potential protein targets 

to the most critical players in the disease. After cross-

referencing with AD-specific gene databases, we 

pinpointed a network of 60 relevant proteins. Within this 

network, a clear hierarchy emerged. By analyzing the 

connections between these proteins, we identified three 

"hub proteins" that stood out as the most influential 

command-and-control centers: PTGS2 (COX-2), a master 

regulator of inflammation; PLA2G4A, a key enzyme that 

acts just upstream of PTGS2; and CYP2C19, a vital 

metabolic enzyme. 

Zooming in from the network map to the atomic landscape, 

our molecular docking simulations provided the first 

visual confirmation of our hypothesis. Lead compounds 

from P. chaba, especially piperine and 

Bicyclo[7.2.0]undec-4-ene, fit beautifully into the active 

sites of our three hub proteins. They achieved binding 

energy scores that were not only strong but often superior 

to those of known reference drugs, like aspirin for PTGS2 

(Table 2). A closer look at the docking poses revealed the 

specific interactions responsible for this tight binding, 

which are detailed in Table 3. 

Table 2: Molecular Docking Scores (kcal/mol) of Lead Phytochemicals with Hub Proteins 

Ligand PTGS2 (PDB: 5F19) PLA2G4A (PDB: 1CJY) CYP2C19 (PDB: 

4GQS) 

Piperine -9.2 -8.8 -8.5 

Bicyclo[7.2.0]undec-

4-ene 

-8.0 -7.5 -7.2 

Methylpiperate -8.5 -8.1 -7.9 

(E)-3-Butylidene...one -7.8 -7.2 -6.9 

Aspirin (Control) -6.4 N/A N/A 

 

Table 3: Detailed Interaction Analysis of Top Protein-Ligand Complexes from Molecular Docking 

Protein Ligand Binding Energy 

(kcal/mol) 

Key Interacting 

Residues 

Type of 

Interaction 

PTGS2 Piperine -9.2 TRP387, 

PHE518, 

VAL349, LEU352 

Pi-Alkyl, Alkyl 

   SER530, TYR385 Hydrogen Bond 

(conventional) 

 Bicyclo[7.2.0]... -8.0 TRP387, PHE518 Pi-Alkyl 
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   VAL523, 

LEU352, ALA527 

Alkyl 

PLA2G4A Piperine -8.8 HIS257, ASP549 Hydrogen Bond 

   LEU136, 

VAL114, PRO81 

Alkyl, Pi-Alkyl 

CYP2C19 Piperine -8.5 PHE114, 

LEU366, ALA297 

Pi-Alkyl 

   ASN107 Carbon-

Hydrogen Bond 

 

The static image from docking was compelling, but the 

moving picture from our 100 ns MD simulations was 

definitive. We watched as the top-performing complexes, 

Piperine-PTGS2 and Piperine-PLA2G4A, held together 

with remarkable stability over the entire simulation. The 

RMSD plots showed that the structures of the complexes 

remained rock-solid, fluctuating only minimally. We also 

observed that the amino acids in the binding pocket 

became less "wiggly" when piperine was present, a 

"clamping down" effect that further confirmed a 

persistent and stable binding event. Our final MM/PBSA 

calculations produced highly negative binding free 

energies (-158.3 kJ/mol for Piperine-PTGS2), confirming 

that the formation of these complexes is a highly 

spontaneous and energetically favorable process. 

Our final analysis took us into the quantum world. DFT 

calculations provided insight into the electronic nature of 

our lead compounds. The results, summarized in Table 4, 

show that piperine possesses a HOMO-LUMO energy gap 

in the "sweet spot" for biological activity—indicative of a 

molecule that is reactive enough to engage its target but 

stable enough to be a viable drug. 

Table 4: DFT Calculation Results for Lead Compounds 

Compound HOMO (eV) LUMO (eV) Energy Gap 

(eV) 

Hardness (η) Softness (S) 

Piperine -5.89 -1.79 4.10 2.05 0.488 

Bicyclo[7.2.0

]... 

-6.15 0.27 6.42 3.21 0.311 

(E)-3-

Butylidene... 

-6.09 -2.05 4.04 2.02 0.495 

 

DISCUSSION 

The story of Alzheimer's drug discovery has been a 

humbling lesson in the dangers of oversimplification. The 

failure of countless single-target drugs has taught us that 

we cannot fight a multi-front war with a single weapon 

[7, 47]. Our study was designed with this lesson in mind. 

By using an integrated computational approach, we 

sought to understand how Piper chaba might work not as 

a single "magic bullet," but as a sophisticated, multi-

compound formulation capable of modulating a whole 

network of disease processes. Our findings strongly 

endorse this view, revealing P. chaba phytochemicals as 

potent agents that can simultaneously target several key 

drivers of AD. 

The journey from a plant on a vine to a pill in a bottle is 

long, and it begins with fundamental questions of drug-

likeness. Our ADME screening was the first critical gate, 

and the results were exceptionally positive. The finding 

that piperine and other lead compounds are predicted to 

be orally bioavailable and, crucially, able to cross the 

blood-brain barrier is of immense practical importance 

[28]. The BBB is the brain's fortress wall, and the ability to 

breach it is a non-negotiable requirement for any anti-AD 

drug. This favorable pharmacokinetic profile provides the 

solid foundation on which the plausibility of our entire 
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hypothesis rests. 

Our network pharmacology analysis acted as an unbiased 

guide, illuminating the most critical nodes in the disease 

network. The emergence of PTGS2 (COX-2) and PLA2G4A 

as the top two hubs was a powerful finding. It confirms 

that the anti-inflammatory properties of P. chaba are not 

just a peripheral effect but are likely central to its 

therapeutic potential. Neuroinflammation is no longer 

seen as a mere bystander in AD; it is a core driver of the 

pathology [2, 46]. PTGS2 (COX-2) is the engine of the 

inflammatory response in the AD brain, churning out 

toxic molecules that damage neurons [51, 52, 53]. Our 

simulations, which showed piperine docking tightly and 

stably into the PTGS2 active site, provide a clear, atom-

level picture of how this engine could be switched off. 

PLA2G4A is the enzyme that provides the fuel for that fire 

[50]. It also plays a sinister secondary role by damaging 

the cell's waste-disposal machinery (autophagy), leading 

to a buildup of toxic garbage [54]. The ability of piperine 

to also bind strongly to PLA2G4A suggests a brilliant two-

for-one mechanism: it can cut the fuel line to the 

inflammatory engine while also helping to get the cellular 

housekeeping services back online. 

The identification of the metabolic enzyme CYP2C19 as a 

third hub added another fascinating layer to our story. 

While best known for their role in the liver, these 

enzymes are also active in the brain, influencing 

everything from the levels of neuroprotective hormones 

to the metabolism of fats that are critical for brain health 

[55]. With recent genetic studies linking CYP2C19 

variants directly to AD risk [49], our finding that P. chaba 

compounds interact with this enzyme suggests a third, 

metabolic dimension to their therapeutic potential. 

A key strength of our study is that we didn't stop at 

prediction. We rigorously tested our hypotheses at 

multiple scales. The high-affinity docking scores gave us 

the first hint of a strong interaction [56]. But it was the 

100 ns MD simulations that provided the "smoking gun" 

[61, 62]. Watching the piperine-protein complexes 

remain steadfast and stable over this extended timescale 

transforms the finding from a computational prediction 

into a physically plausible and dynamically robust event 

[57, 66]. This is the kind of strong, atom-level evidence 

needed to build a compelling case for a new drug 

mechanism. 

It is crucial to approach these exciting results with 

scientific humility. A computational study, no matter how 

sophisticated, is a map, not the territory itself. The 

hypotheses generated here, while strong, now need to be 

tested in the real world of the laboratory. The path 

forward is clear: in vitro biochemical assays, followed by 

cell-based models, and finally, testing in transgenic 

animal models of AD. This structured pipeline is the 

essential next chapter in translating the promise of Piper 

chaba into a potential therapy for those suffering from 

Alzheimer's disease. 

5. CONCLUSION 

In this study, we journeyed from the traditional knowledge 

of a medicinal plant to the cutting edge of computational 

drug discovery. Our comprehensive in silico investigation 

has built a powerful, multi-layered case for the therapeutic 

potential of Piper chaba Hunter in the fight against 

Alzheimer's disease. We have shown that this plant 

contains a sophisticated arsenal of bioactive compounds, 

led by piperine, that can wage a multi-pronged assault on 

the disease. By simultaneously targeting the critical hubs 

of neuroinflammation (PTGS2, PLA2G4A) and metabolic 

dysregulation (CYP2C19), these phytochemicals have the 

potential to disrupt the vicious cycles that drive 

neurodegeneration. 

Our work provides more than just a list of promising 

compounds; it offers a clear, mechanistically plausible, and 

atomistically detailed blueprint for how they might work. 

This study provides a rational foundation for prioritizing 

Piper chaba and its constituents for further laboratory 

investigation and preclinical development. It is a 

testament to the immense therapeutic potential that still 

lies hidden in nature, and a powerful example of how 

modern computational science can help us to unlock it. 
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