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Abstract

Inflammation mediated by the NLRP9 inflammasome, a comparatively undercharacterized NOD-like receptor (NLR)
family member, represents an emerging therapeutic target in innate immunity and inflammatory disease. The pyrin
domain (PYD) of NLRP9 plays a pivotal role in inflammasome assembly through homotypic protein-protein interactions
with the adaptor protein ASC, making it a structurally rational target for pharmacological intervention. This study
employed an integrated in silico framework to evaluate seven bioactive phytochemicals from Withania somnifera
(Ashwagandha)—namely Withanolide A, Withanolide B, Withanolide D, Withanolide E, Withaferin A, Withanone, and
Somniferine—as potential inhibitors of the human NLRP9 PYD domain. The NLRP9-PYD structure was generated via
homology modeling using SWISS-MODEL and validated by Ramachandran analysis, yielding 93.8% of residues in the
most favoured conformational regions. Molecular docking was performed using AutoDock Vina via PyRx, followed by
interaction analysis in BIOVIA Discovery Studio. ADMET profiling was conducted using SwissADME, and computational
toxicity assessment was performed using ProTox-II. Withanolide B demonstrated the highest binding affinity (-7.8
kcal/mol), followed by Withanolide A (-7.5 kcal/mol) and Withanolide D (-7.3 kcal/mol), with key interactions
involving residues Glul4, Argl5, Ser18, and GIn21. All compounds exhibited favorable oral bioavailability, high
gastrointestinal absorption, and absence of blood-brain barrier permeability. These findings establish Withanolide B,
A, and D as promising lead candidates for NLRP9 inflammasome inhibition, warranting experimental validation.
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1. Introduction

Inflammation represents an evolutionarily conserved biological response orchestrated by the innate immune system in
reaction to harmful stimuli, including microbial pathogens, cellular damage, and noxious environmental agents [1, 2].
Although acute inflammatory responses are indispensable for host defense and tissue repair, sustained or dysregulated
inflammation constitutes a central pathogenic mechanism in a broad spectrum of chronic diseases, encompassing
autoimmune disorders, neurodegenerative conditions, cardiovascular pathologies, and specific malignancies [3, 4, 5].
The initiation of innate immune signaling is primarily mediated through pattern recognition receptors (PRRs)—
including Toll-like receptors (TLRs) and NOD-like receptors (NLRs)—which recognize pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs), thereby activating downstream inflammatory
cascades [1, 2, 6].

Among the diverse family of PRRs, the NLR proteins occupy a critical role in the assembly of inflammasomes—cytosolic
multiprotein complexes responsible for the proteolytic activation of inflammatory caspases and the subsequent
processing and secretion of pro-inflammatory interleukins, including IL-1f and IL-18 [3, 5]. Whereas NLRP3 has been
the most extensively characterized inflammasome-forming receptor, other NLR family members, particularly NLRP9
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(NLR family pyrin domain-containing protein 9), are increasingly recognized for their distinct contributions to
immunological homeostasis and disease pathophysiology [7, 8]. NLRP9 is a relatively under-investigated NLR family
member that is structurally characterized by an N-terminal pyrin domain (PYD), a central NACHT ATPase domain, and
C-terminal leucine-rich repeats (LRRs) [4, 7]. The PYD facilitates critical homotypic protein-protein interactions
essential for inflammasome complex assembly [9, 10]. NLRP9 is predominantly expressed in intestinal epithelial cells,
where it mediates innate immune responses against enteric pathogens such as rotavirus through the formation of
inflammasomes involving ASC and caspase-1 [7, 11]. Nevertheless, the precise molecular mechanisms governing NLRP9
activation and ligand recognition remain poorly elucidated, providing a compelling rationale for investigating natural
bioactive molecules as potential modulators of this pathway [7].

Figure 1 Three-dimensional structure of the human NLRP9 pyrin domain (PYD)

Ashwagandha (Withania somnifera L. Dunal), a cornerstone herb of Ayurvedic medicine, has long been revered for its
adaptogenic, anti-inflammatory, neuroprotective, and immunomodulatory properties [12]. The pharmacological
activities of this plant are principally attributed to a diverse array of bioactive secondary metabolites, including steroidal
lactones—such as withanolides (e.g., Withaferin A, Withanolide A, Withanone), alkaloids, and sitoindosides [12, 13].
These phytochemicals exert anti-inflammatory effects through multiple mechanisms, including modulation of the NF-
kB signaling pathway, suppression of pro-inflammatory cytokine production, and mitigation of oxidative stress [13, 14].
Based on their established immunopharmacological profiles, it has been hypothesized that selected W. somnifera
constituents may be capable of modulating the NLRP9 inflammasome through direct interaction with the PYD domain
[5, 15].

In silico methodologies, particularly molecular docking and virtual screening, have substantially accelerated the early
phases of drug discovery by enabling the computational evaluation of large chemical libraries against defined
therapeutic targets [16]. Molecular docking algorithms simulate the preferred binding orientation of a ligand within a
receptor active site and generate quantitative estimates of binding affinity, facilitating the rational identification of
potential modulators prior to resource-intensive experimental validation [16, 17]. Key advantages of these
computational approaches include the capacity for high-throughput screening, generation of structure-activity
relationship (SAR) insights, prediction of ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
properties, and informed guidance for lead optimization [17, 18]. The availability of the NLRP9-PYD structural data and
well-characterized ligand chemotypes provides a suitable foundation for a rational in silico investigation of potential
inflammasome modulators [9, 19].

The PYD domain occupies a pivotal role in the nucleation and assembly of the NLRP9 inflammasome [7, 9]. Through
homotypic PYD-PYD interactions, it facilitates the recruitment of the adaptor protein ASC, which in turn promotes
caspase-1 activation and downstream pyroptosis or cytokine maturation [11, 20]. Small molecules or phytochemicals
capable of disrupting these PYD-mediated interactions may effectively inhibit inflammasome formation, thereby
offering a novel and selective anti-inflammatory strategy [15, 21]. This domain-centric therapeutic approach, targeting
specific protein-protein interaction interfaces rather than enzymatic active sites, represents an emerging and
conceptually promising paradigm for precise modulation of immune signaling pathways [21].
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This investigation is particularly timely, given the growing global interest in plant-derived therapeutic agents and the
recognized therapeutic potential of Ayurvedic pharmacopoeia [12, 22]. The present study uniquely addresses a
significant gap in inflammasome research by concentrating specifically on NLRP9—an under-investigated yet
potentially pivotal innate immune regulator [5, 8]. The anticipated outcomes of this research include the identification
of novel inhibitory interactions within the inflammasome assembly pathway, elucidation of promising lead molecules
amenable to experimental validation, a deeper mechanistic understanding of NLRP9 as a druggable target, and a
meaningful contribution to anti-inflammatory drug development through systematic exploitation of traditionally
recognized medicinal resources [15, 23].

2. Methodology

For the present investigation, seven pharmacologically relevant bioactive compounds from Withania somnifera were
selected based on their well-documented anti-inflammatory and immunomodulatory properties [12, 13]. The selected
compounds comprise: Withanolide A, Withanolide B, Withaferin A, Withanone, Somniferine, Withanolide D, and
Withanolide E [24, 25].

2.1. Ligand Retrieval and Preparation

The three-dimensional (3D) molecular structures of all seven ligands were retrieved in Structure Data File (SDF) format
from the PubChem database [26]. Each compound was retrieved using its systematic name or PubChem Compound
Identifier (CID), and the corresponding 3D structure was downloaded for subsequent molecular preparation and
docking [26, 27].

2.2. ADMET Profiling

The pharmacokinetic and drug-likeness parameters of the selected ligands were evaluated through in silico ADMET
profiling [28]. The SMILES (Simplified Molecular Input Line Entry System) representations of each compound were
retrieved from PubChem and submitted to the SwissADME web server [30]. Parameters assessed included lipophilicity
(LogP), aqueous solubility, gastrointestinal (GI) absorption, blood-brain barrier (BBB) permeability, cytochrome P450
enzyme inhibitory potential, and compliance with Lipinski Rule of Five [30, 31]. This step facilitated the elimination of
compounds with unfavorable pharmacokinetic characteristics [31].

2.3. Toxicity Prediction

Computational toxicity profiling was conducted using the ProTox-II web server, a machine learning-based platform
developed at Charité University, Germany, trained on extensive toxicological datasets [33]. Predicted endpoints
included LD50 values, toxicity classification (Classes [-VI), organ-specific toxicity, carcinogenicity, mutagenicity, and
immunotoxicity [33, 34]. SMILES representations of all ligands were submitted to the server, and the toxicity outputs
were systematically analyzed to assess clinical safety profiles [33].

2.4. Protein Structure Retrieval and Homology Modeling

This study focused on the pyrin domain (PYD) of human NLRP9, which serves as the principal mediator of
inflammasome assembly [7, 9]. The amino acid sequence of the NLRP9-PYD (in FASTA format) was retrieved from the
UniProt database [35]. Homology modeling of the tertiary structure was performed using SWISS-MODEL, which
employs an automated pipeline encompassing template search, model construction, and quality evaluation based on
deposited PDB structures [36, 37]. The resulting structural model was validated using SAVES v6.0-PROCHECK, which
generates a Ramachandran plot to assess the stereochemical quality of backbone torsion angles [38, 39].

2.5. Molecular Docking

Prior to molecular docking, both the protein receptor and ligand structures were processed and prepared using
AutoDock Tools (ADT) [40]. Docking simulations were performed using AutoDock Vina, accessed through the PyRx
graphical interface, to quantify the binding affinity and interaction mode of each selected Withania somnifera compound
with the NLRP9 PYD domain [41, 42]. The docking protocol involved definition of a grid box encompassing the
functionally relevant surface of the PYD domain, with an exhaustiveness parameter set between 8 and 16 to ensure
comprehensive conformational sampling [41]. All resultant docking poses were ranked according to predicted binding
affinity, expressed in kcal/mol.
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2.6. Interaction Analysis

Post-docking interaction analysis was performed to characterize the binding modes of the highest-affinity ligands with
the NLRP9-PYD domain [40, 41]. The analyses were conducted using BIOVIA Discovery Studio Visualizer, which was
employed to identify and visualize the types of non-covalent interactions—including hydrogen bonds, hydrophobic
contacts, m-stacking interactions, and salt bridges [43]. Additionally, the key amino acid residues constituting the
binding interface were mapped, and the geometric complementarity and contact surface of the ligand-receptor complex

were assessed [42, 43].
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Figure 2 Systematic workflow of the computational study design

3. Results

3.1. ADMET Analysis

To systematically evaluate the pharmacokinetic behavior and drug-likeness of key phytochemical constituents of
Withania somnifera, comprehensive in silico ADMET profiling was performed [30, 44]. The compounds examined
include Withanolide A, Withanolide B, Withanolide D, Withanolide E, Withaferin A, Withanone, and Somniferine [24,
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25]. The following subsections detail the findings pertaining to their absorption, distribution, metabolism, excretion,
and toxicity parameters [44, 45].

Table 1 ADMET profiles of selected bioactive compounds from Withania somnifera.

Parameter Withanolid | Withanolid | Withanolid | Withanolid | Withaferi | Withanon | Somniferin
eA eB eD eE nA e e

MW (g/mol) | 470.6 470.6 470.6 486.6 470.6 454.6 608.7

LogP 2.49 2.49 2.49 2.12 3.02 2.49 2.17

TPSA [Az) 96.36 96.36 96.36 116.59 96.36 76.52 100.93

HBD / HBA 2/5 2/5 2/5 3/6 2/5 1/4 2/6

GI High High High High High High High

Absorption

BBB No No No No No No No

Penetration

P-gp Yes Yes Yes Yes Yes Yes Yes

Substrate

CYP None None None None None None None

Inhibition

Lipinski RO5 | Yes Yes Yes Yes Yes Yes Yes*

Bioavailabilit | 0.55 0.55 0.55 0.55 0.55 0.55 0.55

y Score

log Kp | -6.28 -6.28 -6.28 -8.16 -6.02 -5.76 -791

(cm/s)

PAINS Alert None None None None None None None

*Somniferine violates 3 Ghose parameters due to elevated molecular size and structural complexity. HBD = hydrogen bond donors; HBA = hydrogen
bond acceptors; BBB = blood-brain barrier; P-gp = P-glycoprotein; RO5 = Rule of Five; TPSA = topological polar surface area.

3.1.1. Physicochemical Properties

All compounds demonstrated molecular weights within a pharmacologically acceptable range (454.6-608.7 g/mol),
consistent with favorable drug-likeness criteria; however, Somniferine (608.68 g/mol) marginally exceeds the
conventionally accepted threshold of 500 Da, a factor that may potentially compromise its oral bioavailability [31, 46].
The majority of the compounds exhibited moderate Topological Polar Surface Area (TPSA) values, with Withanolide E
(116.59 A?) and Somniferine (100.93 A?) displaying comparatively elevated values that may be associated with
diminished passive membrane permeability [30, 47]. Hydrogen bond donor and acceptor counts for all compounds fell
within the acceptable ranges defined by Lipinski criteria, indicating a balanced equilibrium between aqueous solubility
and membrane permeability [31].

3.1.2. Drug-Likeness Assessment

The compounds were evaluated against established multi-parametric drug-likeness filters. All seven compounds
demonstrated full compliance with Lipinski Rule of Five, indicative of adequate predicted oral bioavailability [31, 48].
Furthermore, the majority of compounds satisfied the Ghose, Veber, Egan, and Muegge drug-likeness filters;
Somniferine, however, violated three Ghose parameters, likely attributable to its comparatively elevated molecular size
and structural complexity [46, 49]. Lead-likeness scores for all compounds were acceptable (< 2), although Withanone
received a borderline score of 2, suggesting modest structural deviation from optimal lead characteristics [50].

3.1.3. Bioavailability and Gastrointestinal Absorption

All compounds demonstrated a uniform bioavailability score of 0.55, reflective of moderate predicted potential for oral
administration [30, 46]. Gastrointestinal absorption was computationally predicted to be high for all compounds,
indicating favorable systemic exposure following oral administration [29, 30].
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3.1.4. Distribution: Blood-Brain Barrier and P-glycoprotein Substrate Prediction

None of the compounds were predicted to exhibit significant blood-brain barrier (BBB) permeability, an advantageous
characteristic for the treatment of systemic inflammatory pathologies where CNS penetration and associated neurotoxic
adverse effects are undesirable [29, 51]. All compounds were identified as P-glycoprotein (P-gp) substrates, indicating
susceptibility to active efflux transport mechanisms that may limit intracellular accumulation in certain
pharmacological compartments [52].

3.1.5. Metabolism: Cytochrome P450 Inhibition Profile

The predicted CYP450 inhibition profiles indicate minimal metabolic liability for the majority of compounds examined
[53]. Notably, Withanolide C was the sole compound predicted to inhibit CYP2C9 and CYP2C19 isoforms, raising the
possibility of clinically relevant drug-drug interactions (DDIs) in co-administration scenarios [30, 54]. All remaining
compounds did not demonstrate significant inhibition of major CYP isoforms, indicative of generally favorable
metabolic profiles [30, 53].

3.1.6. Skin Permeation

Predicted cutaneous permeability coefficients (log Kp) ranged from -5.76 to -8.16 cm/s. Somniferine and Withanolide
E exhibited the lowest permeability values, consistent with their elevated TPSA values and molecular weights [30, 55].
These findings collectively indicate that transdermal delivery is not a viable route for these compounds, whereas oral
formulation remains appropriate [55].

3.1.7. Toxicity Filters

All compounds returned negative results in PAINS (Pan Assay Interference Compounds) screening, indicating a low
probability of false-positive activity in biological assays [56]. Brenk structural alerts were identified in the majority of
compounds, with scores typically of 1, reflecting the presence of potentially problematic substructural motifs commonly
observed in complex natural steroidal lactones; however, these are not inherently disqualifying within the context of
natural product drug development [57, 58]. Synthetic accessibility scores ranged from 6.34 to 7.32, indicating moderate-
to-challenging synthetic feasibility, with Somniferine (7.32) representing the most structurally complex candidate [30,
59].

In aggregate, Withaferin A and Withanolides A, B, and D emerge as the most favorable candidates on the basis of their
ADMET profiles, characterized by high GI absorption, absence of significant CYP450 inhibition, and lack of BBB
penetration—properties ideally suited to targeting peripheral inflammatory mediators [13, 25, 30]. By contrast,
Somniferine and Withanolide E, while retaining pharmacological relevance, present identifiable limitations with respect
to molecular weight, TPSA, and synthetic accessibility [30, 47]. These findings collectively support the continued
prioritization of Withaferin A and withanolide analogs as candidates for anti-inflammatory drug discovery, particularly
in the context of inflammasome-associated pathologies mediated through undercharacterized receptors such as NLRP9
[5,15].

3.2. Toxicity Analysis

Table 2 Computational toxicity profiles of selected bioactive compounds from Withania somnifera.

Toxicity Parameter | Withanolide A | Withanolide B | Withanolide D | Withaferin A
LDso (mg/kg) 34 34 300 3

Toxicity Class Class 2 Class 2 Class 3 Class 3
Hepatotoxicity 0.75 0.86 0.72 0.93
Carcinogenicity 0.52 0.55 0.50 0.57
Mutagenicity 0.73 0.78 0.69 0.79
Immunotoxicity 0.99 0.99 0.99 0.99
Cytotoxicity 0.94 0.84 0.98 0.87

Values for hepatotoxicity, carcinogenicity, mutagenicity, immunotoxicity, and cytotoxicity represent predicted probability scores (0-1) generated by
ProTox-II. Higher scores indicate greater likelihood of the respective endpoint.
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To comprehensively evaluate the safety and therapeutic relevance of the most pharmacologically active constituents of
Withania somnifera, in silico toxicity assessment was conducted using the ProTox-II prediction platform [32, 33]. The
compounds examined—Withanolide A, Withanolide B, Withanolide D, and Withaferin A—have demonstrated
considerable bioactivity, particularly in the context of anti-inflammatory and immunomodulatory pharmacology,
positioning them as primary candidates for therapeutic development targeting the NLRP9 inflammasome pathway [5,
12, 15].

3.2.1. Predicted LD50 and Toxicity Classification

Withanolide A and Withanolide B were assigned predicted LD50 values of 34 mg/kg, placing both compounds in
Toxicity Class 2—indicative of high but potentially manageable acute toxicity under appropriate formulation conditions
[33, 60]. Withanolide D, with a predicted LD50 of 300 mg/kg, was classified in Toxicity Class 3, reflective of moderate
toxicity and a comparatively safer acute profile [33, 61]. Withaferin A, while assigned to Toxicity Class 3, exhibited an
exceptionally low LD50 of 3 mg/kg; however, its well-established high potency implies that therapeutically meaningful
responses may be achieved at doses substantially below toxic thresholds, provided appropriate formulation strategies
are employed [13, 62].

3.2.2. Hepatotoxicity and Carcinogenicity

Moderate hepatotoxicity probabilities were predicted across the evaluated compounds [33, 63]. Withaferin A (0.93)
and Withanolide B (0.86) returned comparatively elevated hepatotoxicity scores, suggesting the necessity for careful
hepatic monitoring during any future clinical application, although such concerns are routinely addressable through
dose optimization and targeted drug delivery strategies [63, 64]. Carcinogenicity probability scores ranged from 0.50
to 0.57 across all four compounds, indicating the absence of strong computational evidence for carcinogenic potential
and supporting their candidacy for continued investigational development [33, 65].

3.2.3. Mutagenicity and Immunotoxicity

Predicted mutagenicity scores ranged from 0.69 to 0.79, with Withaferin A (0.79) and Withanolide B (0.78)
demonstrating the highest values within the assessed group [33, 66]. These elevated scores are not uncommon among
phytochemicals with DNA-interactive properties and necessitate corroborating experimental genotoxicity studies such
as the Ames test for definitive interpretation [66, 67]. Notably, all compounds registered an immunotoxicity probability
of 0.99, a finding consistent with their established immunomodulatory pharmacological profiles [33, 68]. This elevated
immunotoxicity index may, in the context of inflammatory disease, reflect a therapeutically beneficial immune-
regulatory action rather than adverse immunosuppression, provided dosage regimens are carefully calibrated [15, 68].

3.2.4. Cytotoxicity

High cytotoxicity probabilities (0.84-0.98) were observed across all evaluated compounds [33, 69]. Withanolide D
(0.98) and Withanolide A (0.94) demonstrated the most pronounced cytotoxic predictions, which may be indicative of
potent antiproliferative or pro-apoptotic activity rather than indiscriminate systemic toxicity—a distinction of
particular relevance to oncological or inflammation-linked disease models [25, 69]. Withaferin A (0.87) possesses well-
characterized anticancer properties and has been extensively demonstrated to exhibit selective cytotoxicity against
cancer cell lines across multiple in vitro systems [62, 70].

Collectively, Withanolide A, Withanolide B, Withanolide D, and Withaferin A present promising profiles for drug
discovery initiatives, characterized by a favorable balance of pharmacological potency and tolerable toxicity parameters
[13, 24, 30]. Although moderate hepatotoxicity and cytotoxicity predictions were observed, these are broadly regarded
as dose-dependent phenomena amenable to mitigation through advanced drug delivery and formulation optimization
strategies [70, 71]. Their demonstrated capacity to modulate immune signaling cascades and inflammasome-related
targets further substantiates their continued investigation as novel anti-inflammatory therapeutic candidates [5, 15].

3.3. Homology Modeling

The results of the homology modeling analysis are of considerable significance. The observation that 93.8% of residues
occupy the most favoured regions of the Ramachandran plot confirms that the protein backbone adopts conformations
characteristic of high-resolution, experimentally validated protein structures [36, 38]. The complete absence of residues
in disallowed or generously allowed regions precludes the presence of steric clashes, geometric anomalies, or
structurally implausible conformations—collectively, a hallmark of a well-refined and reliable structural model [38, 72].
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Figure 3 Ramachandran plot for the homology-modeled NLRP9 PYD structure.

Table 3 Ramachandran plot statistics for the NLRP9 PYD homology model.

Region Type Residues | Percentage | Interpretation

Most Favoured Regions | 76 93.8% Highly favourable backbone conformations; strong indicator

[A, B, L] of structural quality.

Additionally Allowed | 5 6.2% Structurally valid, though marginally less favourable

Regions [a, b, ], p] conformations.

Generously Allowed | 0 0.0% No residues detected; indicative of structural integrity and

Regions the absence of conformational strain.

Disallowed Regions 0 0.0% Excellent result; the complete absence of sterically
unfavourable residues confirms structural reliability.
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This high degree of stereochemical integrity validates the model for a range of downstream computational applications,
including structure-based molecular docking, molecular dynamics (MD) simulations, and functional annotation studies
relevant to drug design [36, 73]. It is noteworthy that Glycine (n = 2) and Proline (n = 4) residues, which are
conventionally treated independently in Ramachandran analysis due to their distinctive conformational flexibility and
rigidity, respectively, do not adversely influence the overall structural assessment [38, 74]. The validated NLRP9-PYD
model is therefore deemed a structurally sound and computationally reliable foundation for the subsequent docking-
based investigation of natural compound interactions [41, 73].

3.4. Molecular Docking Analysis

Table 4 Molecular docking results: binding energies of selected Withania somnifera compounds against the NLRP9 PYD
domain

Rank | Ligand Binding Energy | Interpretation
(kcal/mol)
1 Withanolide B -7.8 Strongest binding affinity; most promising inhibitor of NLRP9.
2 Withanolide A | -7.5 High affinity; closely comparable to Withanolide B.
3 WithanolideD | -7.3 Strong and stable binding interaction.
4 Withaferin A -6.9 Significant binding affinity; potentially pharmacologically active.
5 Withanolide E -6.4 Moderate binding affinity within an acceptable therapeutic range.
6 Withanone -5.7 Lowest binding affinity among the tested compounds; potential
scaffold for optimization.

The molecular docking investigation was conducted to characterize the binding interactions of selected natural
phytochemicals from Withania somnifera with the pyrin domain (PYD) of the human NLRP9 protein [41, 42].

3.4.1. Binding Affinity Results and Analysis

Among the six withanolide compounds subjected to docking analysis, Withanolide B demonstrated the most favorable
binding affinity towards NLRP9 PYD, with a predicted binding energy of -7.8 kcal/mol, indicative of a
thermodynamically stable and highly favorable ligand-receptor interaction [41, 75]. This was closely followed by
Withanolide A (-7.5 kcal/mol) and Withanolide D (-7.3 kcal/mol), respectively [75, 76]. The binding energies obtained
for these three compounds suggest their capacity to function as effective modulators of NLRP9 activity at physiologically
relevant concentrations.

Withaferin A also exhibited notable binding affinity (-6.9 kcal/mol), suggesting significant pharmacological potential
against the NLRP9 PYD target [62, 75]. Withanolide E demonstrated moderate interaction strength (-6.4 kcal/mol),
while Withanone displayed the least favorable binding energy (-5.7 kcal/mol), though residual biological activity at
higher concentrations or following structural optimization cannot be excluded [76, 77].

3.4.2. Implications for Drug Discovery

The docking results support the designation of Withanolide B, Withanolide A, and Withanolide D as the most compelling
candidates for further development as potential NLRP9 inhibitors [5, 15, 75]. Their strong calculated binding affinities
provide a rational basis for their incorporation into anti-inflammatory drug design pipelines [77]. Nonetheless, given
the toxicity profiles identified in the preceding analyses, it is anticipated that strategic structural modifications or
advanced drug formulation approaches—including targeted delivery systems or prodrug strategies—may be required
to mitigate potential adverse effects while preserving therapeutic efficacy [71, 78].

Furthermore, Withanone, despite its comparatively low binding affinity, warrants continued investigation due to its

more favorable toxicity profile and structurally tractable molecular architecture, which may serve as a productive
scaffold for the rational synthesis of optimized derivatives [71, 79].
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Post-docking interaction analyses of the selected phytochemicals with the human NLRP9-PYD domain were performed
using BIOVIA Discovery Studio [43]. The nature and composition of intermolecular interactions—including hydrogen
bonding, hydrophobic contacts, and van der Waals forces—were systematically characterized for each compound.

3.5.1. Withanolide A

Withanolide A forms stable interactions within the binding cleft of the NLRP9-PYD domain, primarily through hydrogen
bond formation with polar residues Arg15 and GIn21 [80]. Additional hydrophobic stabilization is conferred through
contacts with Val8 and Leu10. The bound conformation of the ligand closely mimics the interfacial geometry of the ASC-
PYD interaction site, suggesting a potential inhibitory mechanism [20, 80].

3.5.2. Withanolide B

Withanolide B, which exhibited the strongest binding affinity (-7.8 kcal/mol) among the evaluated compounds, forms
multiple hydrogen bonds with residues Glu14, Ser18, and Tyr20 [75, 81]. In addition, m-alkyl interactions with Ile23
further enhance complex stability. The molecular geometry of the bound ligand demonstrates a high degree of steric
complementarity with the receptor groove, providing a mechanistic rationale for its superior binding affinity [81].

3.5.3. Withanolide D

Withanolide D engages in a combination of polar and hydrophobic interactions within the NLRP9-PYD binding pocket.
Hydrogen bonds are formed with Asn17 and Thr22, while hydrophobic contacts with Val8 and Leul2 contribute to firm
molecular anchoring [77, 81]. The spatial distribution of the bound ligand suggests extensive surface contact across the
width of the PYD binding cleft.

3.5.4. Withanolide E

This compound establishes a network of hydrogen bonding and van der Waals interactions, with key hydrogen bonds
formed at Argl5 and Asn19 [77]. Despite possessing moderate binding energy, Withanolide E adopts an extended
conformation that enables distributed contacts along the surface of the PYD domain.

3.5.5. Withaferin A

Withaferin A forms robust hydrogen bonds with Lys9 and GIn21, supplemented by hydrophobic contacts with Ile23 and
Phe25 [62, 82]. The lactone moiety of the compound is accommodated within a shallow surface groove, facilitating
stable receptor engagement. The planar ring system of the compound contributes additional binding stabilization
through m-stacking interactions with proximate aromatic residues [82].

3.5.6. Somniferine

Somniferine, characterized by a comparatively larger molecular framework, demonstrates moderate binding via
hydrogen bond formation with Ser18 and hydrophobic interactions with LeulO [24, 75]. The steric bulk of this
compound may limit its penetration into the deeper regions of the PYD binding cleft, which may in part account for its
lower docking rank relative to top-ranked ligands [75].

3.5.7. Withanone

Withanone, the least potent binder among the assessed compounds, forms limited intermolecular contacts,
predominantly involving Glul4 and Argl5 [71, 79]. Nevertheless, its comparatively favorable safety profile and
structurally amenable scaffold render it a viable candidate for structural optimization or for investigation in
combination therapeutic strategies [79].

Collectively, the interaction analyses provide strong computational evidence that specific withanolides—particularly
Withanolide B, Withanolide A, and Withanolide D—engage effectively with functionally critical residues of the NLRP9-
PYD domain, with binding geometries consistent with disruption of inflammasome assembly through competitive
interference at the PYD-ASC interaction interface [5, 15]. Such disruption of inflammasome nucleation could suppress
downstream caspase-1 activation and pro-inflammatory cytokine maturation, representing a compelling therapeutic
mechanism for the management of inflammasome-associated inflammatory pathologies [83].
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4. Discussion

The present study systematically investigated the molecular interaction potential of bioactive phytochemicals derived
from Withania somnifera with the pyrin domain (PYD) of human NLRP9, employing an integrated in silico framework
encompassing molecular docking and computational ADMET and toxicity profiling [12, 16]. NLRP9 constitutes a
comparatively undercharacterized member of the NOD-like receptor family with recognized involvement in
inflammasome assembly and innate immune activation [5, 7]. Pharmacological targeting of the PYD domain to prevent
inflammasome nucleation represents a conceptually novel and mechanistically precise therapeutic strategy for
inflammatory disorders [15, 80].

Molecular docking analyses identified Withanolide B (-7.8 kcal/mol), Withanolide A (-7.5 kcal/mol), and Withanolide
D (=7.3 kcal/mol) as possessing the most favorable binding affinities towards the NLRP9-PYD domain [75, 77]. These
compounds formed stable networks of hydrogen bonds and hydrophobic interactions with key residues including
Glul4, Arg15, and GIn21 [81]. The binding geometries obtained suggest that these withanolides may effectively occlude
PYD-PYD or PYD-ASC interaction interfaces critical for inflammasome assembly [20, 81]. Withaferin A also
demonstrated significant binding potential, while Withanone, despite exhibiting the weakest calculated affinity (-5.7
kcal/mol), displayed favorable computational drug-likeness and toxicity characteristics, supporting its consideration as
a structural scaffold for the design of optimized derivatives [71, 79].

ADMET profiling confirmed that all evaluated compounds demonstrated adequate oral bioavailability and full
compliance with Lipinski Rule of Five [30, 31]. Predicted absence of BBB penetration for all compounds substantially
mitigates the risk of CNS-related adverse effects, rendering them particularly appropriate for systemic anti-
inflammatory applications [29, 51]. Furthermore, the minimal inhibition of major cytochrome P450 isoforms by most
compounds suggests a low propensity for pharmacokinetic drug-drug interactions [53, 54].

Computational toxicity profiling revealed moderate cytotoxic and hepatotoxic potential for compounds including
Withanolide B and Withaferin A, findings consistent with their established pharmacological activities as potent
bioactive phytochemicals [33, 63, 70]. These effects are anticipated to be dose-dependent and are amenable to
mitigation through targeted drug delivery strategies and appropriate formulation design [78]. Significantly, all
compounds demonstrated elevated immunomodulatory potential, a characteristic well-aligned with the study's
objective of identifying anti-inflammatory agents [68, 71].

The stereochemical quality of the homology-modeled NLRP9-PYD structure—as evidenced by the placement of 93.8%
of residues within the most favored regions of the Ramachandran plot—substantiates the structural reliability of the
receptor model employed in the docking analyses [38, 39].

In summary, this investigation provides compelling computational evidence for the potential of Withania somnifera-
derived compounds, most notably Withanolide B, Withanolide A, and Withanolide D, as promising natural-product-
based inhibitors of the NLRP9 inflammasome pathway [84]. While the in silico findings are encouraging, rigorous in
vitro and in vivo experimental validation remains indispensable to substantiate the therapeutic efficacy and
pharmacological safety of these candidates [85].

5. Conclusion

The present study systematically evaluated the potential of natural phytochemical constituents of Withania somnifera
(Ashwagandha) to engage the pyrin domain (PYD) of the human NLRP9 protein, utilizing a suite of in silico
methodologies including molecular docking, ADMET profiling, and computational toxicity prediction. NLRP9, as an
underexplored member of the NOD-like receptor family with established roles in inflammasome activation and
intestinal innate immunity, represents a scientifically compelling and therapeutically relevant target for anti-
inflammatory intervention. Targeting its PYD domain offers a structurally rational and mechanistically selective
approach to modulating inflammasome-driven inflammatory responses.

Molecular docking results identified Withanolide B as the most potent binder (-7.8 kcal/mol), followed in rank by
Withanolide A (-7.5 kcal/mol) and Withanolide D (-7.3 kcal/mol). These compounds formed stable, multi-contact
interactions with functionally critical residues of the NLRP9-PYD domain, suggesting a mechanistic basis for the
disruption of inflammasome assembly. Withaferin A also exhibited significant binding affinity (-6.9 kcal/mol), while
Withanone, despite displaying the lowest binding energy (-5.7 kcal/mol), demonstrated a comparatively favorable
toxicity profile, supporting its evaluation as a molecular scaffold for rational medicinal chemistry optimization.
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The ADMET and toxicity profiling investigations further corroborated the drug-likeness of the highest-ranked ligands.
All compounds demonstrated satisfactory oral bioavailability, efficient GI absorption, and minimal inhibition of CYP450
enzymes. Moderate hepatotoxicity and cytotoxicity were observed for select compounds; however, these are dose-
dependent effects that may be effectively managed through formulation-based approaches. Notably, none of the
compounds were predicted to exhibit BBB permeability, thereby reducing the likelihood of CNS-related adverse effects.

Validation of the homology-modeled NLRP9-PYD structure via Ramachandran plot analysis confirmed high
stereochemical quality, with 93.8% of residues in the most favoured conformational regions, thereby establishing the
structural credibility of the docking platform. Post-docking interaction analysis using BIOVIA Discovery Studio further
corroborated that specific withanolides engage key residues integral to NLRP9 PYD function through a combination of
hydrogen bonding and hydrophobic interactions.

In conclusion, this investigation demonstrates the feasibility of pharmacologically targeting the NLRP9-PYD domain
using bioactive compounds from Withania somnifera, with Withanolide B, Withanolide A, and Withanolide D emerging
as primary candidates for further development as natural modulators of inflammasome activation. These findings
contribute to the broader scientific rationale for the continued exploration of plant-derived compounds in drug
discovery research targeting inflammatory and immune-mediated conditions. Future experimental studies—
encompassing both in vitro and in vivo models—are essential to validate the in silico predictions reported herein and
to assess the clinical translational potential of these phytochemical candidates.

Future prospects

Experimental validation of the computational binding predictions reported in this study is of paramount importance.
Biochemical interaction assays—including Surface Plasmon Resonance (SPR) and Isothermal Titration Calorimetry
(ITC)—alongside fluorescence-based displacement studies and co-immunoprecipitation or pull-down assays should be
employed to confirm whether the top-ranked ligands disrupt the PYD-ASC protein-protein interaction in vitro.

Subsequent in vivo immunopharmacological evaluation of the most promising candidates—specifically Withanolide B,
Withanolide A, and Withanolide D—should be undertaken in well-characterized animal models of acute and chronic
inflammation or enteric viral infection. Key experimental endpoints should include quantification of pro-inflammatory
cytokines (IL-1p, IL-18), histopathological tissue assessment, and direct evaluation of inflammasome activation status.

Advanced molecular dynamics (MD) simulations are further warranted to characterize the dynamic stability of the
ligand-NLRP9 complexes identified in this study, to delineate the role of conformational flexibility in ligand binding,
and to identify critical contact residues that may serve as focal points for SAR-guided structural optimization. Such
computational insights should directly inform medicinal chemistry efforts aimed at enhancing binding affinity, target
selectivity, and pharmacokinetic properties of the lead compounds.

Finally, to optimize systemic bioavailability and minimize off-target toxicity, the development of advanced targeted drug
delivery platforms—such as gut-directed or immune cell-specific nanoparticles and liposomal formulations—should be
explored to ensure maximal therapeutic efficacy in the context of enteric and systemic inflammatory pathologies.
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