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ABSTRACT

This computational polypharmacology paradigm interrogates the pleiotropic immunomodulatory efficacy of Dracunculus
vulgaris Schott. (Araceae)—a flavonoid-replete Mediterranean geophyte—and its eponymous flavone, apigenin (4',5,7-
trihydroxyflavone), as an adjuvant against Candida auris-induced pneumonitis, an iatrogenic, pan-echinocandin-recalcitrant
mycosis in immunosenescent cohorts. Leveraging an ensemble of bioinformatic repositories (GeneCards, DrugBank, STRING
[PPI fidelity >0.7], Cytoscape [CytoHubba topological analytics]), we delineated a holistic targetome from 110 C. auris
pneumonitis-linked loci. Topological pruning—via degree centrality thresholding and KEGG hyperenrichment (e.g., hsa04664
FcyR transduction, hsa04060 cytokinome)—distilled 10 nexus genes, underscoring entelechy in Fc-mediated efferocytosis and
IL-20/IL-10 paracrine rheostats, evincing apigenin's epistatic orchestration of antifungal allostasis. Iterative PPI cartography
unveiled modular confluences: PTPRC (CD45 tyrosine phosphatase, nodal degree=48) galvanizing adaptin dephosphorylation,
FCGR3B/FCGR3A (affinity-tuned 1gG opsonophagocytes, degrees=42/39) amplifying ADCC cascades, and 1L10 (suppressor
cytokine, degree=35) interfacing with TNFRSF/FASLG (apoptogenic effectors) for dichotomous pro-resolvin homeostasis.
AutoDock Vina docking (exhaustiveness=8) evinced apigenin's enthalpic supremacy (AG=—8.5 to —9.2 kcal/mol) over
caspofungin (=6.2 to —7.1 kcal/mol). In SpCas9-PTPRC (PDB:7QR8), apigenin evinced Ser1082 H-bonding (2.6 A) and
Leul050 w-alkyl occlusion (4.0 A); FCGR3B (PDB:6EAQ) featured Asn129/GIn131 polar clamps (2.4-2.7 A), potentiating
glycohyaluronan-mediated hyphal lysis. Corroborants encompassed FcyRIIla (PDB:3AY4; Serl4l, 2.5 A) and IL-
20RA/IL20RB heteromer (PDB:4DOH; Glu48/Arg52, 2.6-2.9 A), ratifying pan-nodal allostery. Post-Venn radial/clustered
holography fused 1L10 antilog loops with PTPRC phosphatidic flux and FCGR efferent volleys. Empirical consilience: apigenin
(20-80 uM) escalates alveolar macrophage efferocytosis, cytokinomic equipoise, and ROS/NETotic rheology in candidal
pneumonitides. Venn intersect (204 pneumonitides vs. 110 apigenin loci) nominated PTPRC/FCGR3B as eudaimonic fulcra,
with IL10-FASLG dihedrals arbitrating inflammasomopathy. Apigenin's AAG hegemony and interactomic depth nominate it as
a non-nephrotoxic echinocandin synerget, imperating ex vivo/in vivo attrition for mycoarmamentarium augmentation.

KEYWORDS: Dracunculus vulgaris, Apigenin, Candida auris, Pneumonia, Network Pharmacology, Molecular Docking,
Immunomodulation, Caspofungin.

1. INTRODUCTION
Candida auris pneumonia constitutes an emerging nosocomial infection, particularly in intensive care units (ICUs)
where mechanical ventilation promotes fungal colonization of the lower respiratory tract. First identified in 2009, this

multidrug-resistant yeast has achieved global dissemination, classified by the Centers for Disease Control and
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Prevention (CDC) as an urgent antimicrobial resistance threat owing to mortality rates of 30-60% in invasive
infections.™ Surveillance data from 2024-2025 indicate that C. auris accounts for 5-10% of candidemia cases in high-
incidence regions such as South Asia and the Middle East, with pneumonia incidence increasing by 25% following
widespread ventilator use in the post-COVID era. Pathogenetically, C. auris adheres to endotracheal tubes through
biofilm formation, impairing mucociliary clearance and precipitating acute respiratory distress syndrome (ARDS) via
hyphal invasion and dysregulated cytokine release (e.g., IL-8, TNF-a). Its environmental persistence (up to 28 days on
surfaces) exacerbates outbreak potential, with clonal lineages (Clades 1-V) displaying clade-specific virulence traits,
including enhanced pulmonary tropism in Clade 111. Sequential network analyses of immune interactomes, as detailed
herein, highlight how such dysregulations converge on hubs like PTPRC and FCGR3B, where apigenin may restore

equilibrium.

The interaction of C. auris pneumonia with comorbidities such as diabetes and immunosuppression elevates case
fatality, with odds ratios for adverse outcomes exceeding 3.5 in mechanically ventilated populations. Transmission is
facilitated by international travel and suboptimal sterilization practices, promoting hypervirulent strains resistant to
azoles (fluconazole minimum inhibitory concentration [MIC] >64 pg/mL) and exhibiting emerging echinocandin
tolerance. Clinical features, including fever, hypoxemia, and purulent sputum, frequently resemble bacterial
pneumonias, complicating diagnosis through nonspecific bronchoalveolar lavage cultures.! Therapeutic challenges
persist for pan-resistant isolates (10-15% prevalence), where amphotericin B induces nephrotoxicity and combination
therapies yield inconsistent results. Caspofungin, a cornerstone echinocandin, targets B-1,3-glucan synthesis but
promotes resistance via FKS1 mutations in 10-20% of isolates, underscoring the need for immune-enhancing adjuncts.
Post-Venn network deconvolutions reveal sequential layering of IL10 anti-inflammatory signaling atop FCGR-

mediated ADCC, suggesting apigenin's polypharmacological fit.

At the cellular level, C. auris pneumonia involves adhesins (e.g., Als3, Hwpl) engaging epithelial receptors, activating
the NLRP3 inflammasome (via caspase-1) and inducing NET formation, which inadvertently supports fungal
persistence.l! Host defenses depend on Fcy receptors (FCGR3B, FcyRIlla) for ADCC against opsonized fungal
elements, with PTPRC (CD45) regulating T-cell signaling in adaptive immunity. IL-20 signaling through its receptor
complex (IL20R1/IL20R2) promotes epithelial repair but contributes to hyperinflammation in pneumonic contexts™,
while IL10 pathways provide counter-regulatory dampening. Dysregulation, including off-target effects in immune loci
(e.g., PTPRC via SpCas9 complexes), heightens susceptibility. Sequential PPI network visualizations post-Venn
analysis delineate these dynamics: initial radial layouts expose PTPRC centrality (degree=48), followed by clustered
views integrating IL10 (degree=35) with FASLG and TNF receptors for apoptosis and cytokine fine-tuning. These
interconnected pathways necessitate polypharmacological interventions to augment ADCC, equilibrate cytokines, and

optimize phosphatase function, augmenting direct antifungals like caspofungin.

Current monotherapies exhibit limitations against C. auris: caspofungin achieves 50-70% response rates but fosters
FKS mutants, while voriconazole's hepatotoxicity restricts prophylactic use.[®! Polypharmacological approaches,
targeting immune networks, emulate host-pathogen evolutionary dynamics and parallel successes in bacterial sepsis
immunotherapy. Natural products provide synergistic scaffolds that enhance phagocytosis and mitigate cytokine
dysregulation without broad immunosuppression, potentially restoring caspofungin efficacy against resistant strains.
Extended network mappings sequentially reveal apigenin's modulation of 1L10 loops and FCGR clusters, enhancing

therapeutic precision.
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Phytochemicals from medicinal plants serve as immunomodulators, with flavonoids promoting Fc receptor clustering
(ECso 10-50 uM) and phenolics attenuating IL-20 via NF-kB suppression.”) Approximately 40% of antifungal adjuncts
derive from botanicals, as illustrated by quercetin's PTPRC induction in Candida models. A 2025 meta-analysis of 50
clinical trials reported 25% efficacy improvements when plant-derived immunomodulators were combined with
echinocandins such as caspofungin.’® Sequential deconvolution of PPI networks in this study affirms apigenin's

alignment with these pathways, particularly through IL10-mediated resolution phases.

Dracunculus vulgaris Schott. (Araceae), known as Dragon Arum, is native to Mediterranean maquis ecosystems, with
tuberous rhizomes traditionally harvested for antimicrobial applications in Anatolian and Greek folk medicine.
Rhizome decoctions addressed pharyngitis and cutaneous infections, exploiting latex-derived proteolytic enzymes and
phenolic compounds. Gas chromatography-mass spectrometry (GC-MS) analysis identifies flavonoids (apigenin
content 0.8-1.5 mg/g), sesquiterpenes, and volatile aldehydes underlying its anti-inflammatory properties.!) Swiss
Target Prediction analysis of D. vulgaris constituents further ranks steroidal targets like stigmasterol (degree=51) and
B-sitosterol (degree=49), suggesting complementary membrane-stabilizing effects that synergize with apigenin's
immune hubs.

Apigenin predominates in the D. vulgaris metabolome, exerting immunomodulatory effects through Fc receptor
activation and cytokine regulation in Candida infection models. In macrophages, it augments ADCC via FCGR3B
clustering (2-5-fold increase) and synergizes with caspofungin (fractional inhibitory concentration index [FICI] 0.28)
to disrupt biofilms. In the context of C. auris pneumonia, apigenin (MIC 32—-64 pg/mL) reduces IL-20 overproduction
and PTPRC dysregulation, consistent with 2024 transcriptomic data, while sequential network views highlight its 1L10
integration for anti-inflammatory balance. Its favorable safety profile (AMES test negative) and oral bioavailability
(Cinax 1.5 uM) support adjunctive use with agents like caspofungin.[m]

Existing studies on D. vulgaris document modest anti-Candida activity (inhibition zones 12-18 mm) but lack
mechanistic elucidation or pneumonia-specific investigations. In silico polypharmacology analyses linking
phytochemical targets to immune genes, including Venn overlaps and sequential PPI network deconvolutions (e.g.,

radial to clustered layouts revealing IL10-FASLG axes), remain unexplored.!*!

Network pharmacology integrates metabolomic and genomic data, employing STRING for protein-protein interaction
networks and KEGG for pathway enrichment (adjusted p < 0.05). Molecular docking with AutoDock Vina predicts
binding free energies (AG), validated by root-mean-square deviation (RMSD) <2 A relative to holo-structures, and
benchmarked against caspofungin to assess immunomodulatory potential. Sequential network visualizations in

Cytoscape facilitate iterative refinement, from global interactomes to hub-specific clusters.*

This study integrates network pharmacology (110 targets) and molecular docking to assess apigenin's candidacy against
C. auris pneumonia, benchmarked against caspofungin. Venn analysis highlights two shared genes (PTPRC, FCGR3B)
among 204 disease-associated genes, with post-Venn sequential PPl mappings providing a framework for natural

product-based immunomodulation, emphasizing IL10 and FASLG integrations.
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2. MATERIALS AND METHODS

2.1 Computational Resources

Analyses were performed on a high-performance workstation (Intel Xeon E5-2699 v4 processor, 128 GB RAM,
Ubuntu 22.04 LTS operating system) using open-source software suites. Molecular visualizations were generated with
PyMOL (v2.5.0) and Discovery Studio (2021 Client). Network layouts were rendered in Cytoscape (v3.10.2) for

sequential depictions.

2.2 Database Compilation for Network Pharmacology

2.2.1 Identification of Apigenin Targets

Apigenin targets (n=110) were retrieved from SwissTargetPrediction, STITCH (v5.0), and DrugBank (v5.1.9), filtered
for immunomodulatory relevance (e.g., 1Csy <100 uM for cytokine pathways) and confidence thresholds >0.8.
Complementary SwissTargetPrediction of D. vulgaris phytosterols identified top-ranked interactors: stigmasterol
(degree=51) and B-sitosterol (degree=49), integrated for holistic plant profiling. C. auris pneumonia-associated genes
(n=204) were obtained from GeneCards (search terms: "Candida auris pneumonia immune response") and OMIM,
including loci for ADCC (e.g., FCGR3B) and phosphatases (e.g., PTPRC).[*!

2.2.2 Protein-Protein Interaction Network Construction

Protein-protein interaction (PPI) networks were constructed using STRING (v12.0; medium confidence >0.7),
integrating 110 apigenin targets and 204 disease genes. Networks were visualized in Cytoscape (v3.10.2), with hub
identification via CytoHubba (maximum clique centrality [MCC] algorithm).! Sequential layouts included radial,

force-directed, and clustered views to deconvolute hub interactions.

2.2.3 Network Refinement and Pathway Enrichment

Network pruning proceeded iteratively: initial network (110 nodes) — 50 nodes (degree >5) — 25 nodes (betweenness
centrality >0.1) — top 10 nodes — final four hubs (PTPRC, FCGR3B, FCGR3A, IL10). Enrichment analysis used
KEGG (v102.0) and Reactome (p < 0.05, false discovery rate [FDR] <0.25), emphasizing Fc epsilon RI signaling
(hsa04664) and cytokine-cytokine receptor interactions (hsa04060).*! Progressive network topologies are depicted in

Supplementary Figures 1-5, with sequential post-Venn visualizations in Figures 4-9.

2.2.4 Venn Diagram Analysis
Gene set overlaps between C. auris pneumonia (204 genes) and apigenin targets (110 genes) were calculated using

Venny (v2.1.1), identifying two common hubs.

Table 2.1: Top four targets ranked by degree centrality in the STRING PPI network.

Gene Pathway Enrichment -

Target Symbol Degree (KEGG) Description

Protein  Tyrosine  Phosphatase PTPRC 48 hsa04660 (Cytokine- | Immune phosphatase in

Receptor Type C cytokine receptor) T-cell activation

Low Affinity 1gG Fc Region hsa04664 (Fc epsilon | ADCC mediator on
FCGR3B 42 Lo .

Receptor 111-B RI signaling) neutrophils

Low Affinity 1gG Fc Region FCGR3A 39 hsa()_4664_ (Fc epsilon | ADCC effector on NK

Receptor I11-A RI signaling) cells

Interleukin 20 Receptor Subunit hsa04060 (Cytokine | IL-20 co-receptor in
IL20RA 35 - X R .

Alpha interaction) epithelial inflammation
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Table 2.2: Top SwissTargetPrediction interactors for D. vulgaris constituents (degree-ranked).

Rank Name Score (Degree)
1 Stigmasterol 51.0
2 B-Sitosterol 49.0
3 Adenosine A3 receptor 1.0
4 Cytochrome P450 17A1 1.0

2.3 Molecular Docking

2.3.1 Protein Structure Retrieval and Preparation

Target structures were sourced from the Protein Data Bank: SpCas9-PTPRC complex (PDB: 7QRS; 2.8 A resolution),
FCGR3B (PDB: 6EAQ; 2.9 A), FcyRIlla (PDB: 3AY4; 2.4 A), and IL-20 complex (PDB: 4DOH; 3.1 A). Preparation
in AutoDock Vina Tools (v1.5.7) involved removal of nonstandard residues, addition of hydrogens, assignment of

Gasteiger charges, and energy minimization using the BIOVI Discovery Studio.*®

3AY4 4DOH
Figure 2.1: Crystal structures of docking targets: (a) 7QR8 (SpCas9-PTPRC); (b) 6EAQ (FCGR3B); (c) 3AY4

(FeyRIIIa); (d) 4DOH (IL-20 complex).

2.3.2 Ligand Preparation
Apigenin (PubChem CID: 5280443) and caspofungin (CID: 2826718; reference echinocandin for C. auris therapy)
were converted from SDF to PDBQT format using OpenBabel (v3.1.1). Torsional flexibility was constrained (<10
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rotatable bonds for apigenin; accommodated for caspofungin's lipopeptide). Caspofungin served as a comparator for

immunomodulatory versus direct antifungal binding.™*"!

Table 2.3: Physicochemical properties of docked ligands.

Ligand Chemical Structure Mw LogP HBD/HBA
(9/mol)

o
T

Apigenin | 270.24 2.10 3/7

N
Caspofungin @fo 2/ 1091.27 1.45 18/32
Ho H H

2.3.3 Docking Protocol

Blind docking was conducted with AutoDock Vina (v1.2.5): grid dimensions 126x120x126 A (spacing 0.375 A);
exhaustiveness=8; energy range=4; maximum evaluations=2,500,000; generations=27,000. Grid centers: 7QR8 (x=50,
y=30, z=40); 6EAQ (x=—3.2, y=23.6, z=—12.3); 3AY4 (x=25.6, y=81.6, z=116); 4DOH (x=23.2, y=—9.3, z=—54.2).
The top-scoring pose (RMSD <2 A versus co-crystallized ligands) was selected for interaction analysis using PLIP
(v2.1.7).281 Comparative binding scores evaluated apigenin's immunomodulatory advantages over caspofungin's

fungal-target specificity.

2.4 ADMET and Drug-Likeness Prediction

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) profiles were predicted using SwissADME
(v2023) for parameters including gastrointestinal absorption (BOILED-Egg model), blood-brain barrier permeation
(LogBB), CYP inhibition, clearance, and iLOGP. Toxicity assessments via ProTox-Il (v3.5) encompassed mutagenicity
(AMES test), hepatotoxicity, and median lethal dose (LDsg). Drug-likeness was evaluated against Lipinski's and

Veber's rules.**

3. RESULTS

3.1 Network Pharmacology Outcomes

The apigenin target interactome encompassed 110 nodes and 1,320 edges (mean degree=24.0), with clusters enriched in
immune signaling (Gene Ontology [GO]:0006955; p=1.8x10"'%) and receptor clustering (GO:0043025; p=3.2x10"").
Refinement identified the top 10 hubs (Supplementary Figure 4), led by PTPRC and FCGR3B (Table 1). KEGG
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enrichment validated Fc receptor signaling involvement (7/10 hubs; p=2.1x10"%) and cytokine interactions (5/10;

p=5.4x10°), with IL10 pathways emerging as key resolution nodes.

Figure 3.1: Venn diagram of gene set overlaps: 202 C. auris pneumonia genes (blue), 108 apigenin targets (red),

two common hubs (green) where we get 2 common genes targets.

Venn analysis (Figure 2) identified two overlapping genes between 204 C. auris pneumonia loci and 110 apigenin
targets: PTPRC (central to immune modulation) and FCGR3B (key ADCC mediator). This limited overlap (1%)

indicates focused immunomodulatory action, absent intersections with pneumonia-exclusive genes.

3.1.1 Iterative Network Refinement: From ~100+ to 4 Hubs

The network refinement process systematically reduced dimensionality while amplifying biological relevance,
progressing through four stages to isolate high-confidence hubs. Starting from an initial pool of 110 apigenin-
associated targets (approximating a "top 100" baseline after excluding 10 low-confidence interactors with STRING
scores <0.4), the process applied topological filters to prioritize nodes with escalating centrality metrics. This stepwise
approach minimized information loss (retained edge density >75% at each stage) and enhanced modularity (from 0.32
t0 0.68).

Stage 1: Top ~100+ Nodes (Baseline; Degree >1): The full interactome (n=110 nodes, 1,320 edges) included
peripheral targets like low-affinity interactors (e.g., IL6, TNF; average degree=12). This stage captured broad
polypharmacology but exhibited high noise (clustering coefficient=0.28). Enrichment spanned 45 KEGG pathways
(e.g., hsa04060 cytokine signaling; FDR=3.4x10 "), setting the foundation for pruning.

Figure 3.2: Stage 1 Interactome (n=110 Nodes, 1,320 Edges): Broad Polypharmacology with Peripheral Target
Inclusion and KEGG Pathway Enrichment.
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Stage 2: Top 50 Nodes (Degree >5): Filtering by minimum degree centrality (>5 interactors) eliminated 60 low-
connectivity nodes (e.g., isolated cytokine receptors like IL1R2), yielding a denser subnetwork (n=50, 892 edges; mean
degree=35.7). This stage highlighted emerging immune clusters, with 32 nodes enriched in Fc signaling (p=1.2x10"°),

reducing complexity by 55% while preserving 92% of original pathway annotations.

K
Figure 3.3: Stage 2 Subnetwork (n=50 Nodes, 892 Edges): Degree-Based Filtering Reveals Fc-Enriched Immune

Clusters.

Stage 3: Top 25 Nodes (Betweenness Centrality >0.1): Applying betweenness centrality (>0.1, measuring bottleneck
control in shortest paths) further refined to 25 nodes (748 edges; average betweenness=0.18), excluding redundant
effectors (e.g., peripheral TNF modulators like TNFRSF10B). This bottleneck-focused filter amplified pathway
convergence, with 18/25 nodes in cytokine-cytokine interactions (FDR=2.1x10""), improving signal-to-noise by

emphasizing traffic hubs like PTPRC (betweenness=0.25).

Figure 3.4: Stage 3 Bottleneck Network (n=25 Nodes, 748 Edges): Betweenness-Based Refinement Highlights

Cytokine Pathway Convergence.

Stage 4: Top 10 Nodes (MCC >0.5): Using CytoHubba's maximum clique centrality (MCC >0.5, prioritizing dense
cliques) selected 10 core nodes (612 edges; modularity=0.52), dominated by ADCC and phosphatase modules (e.g.,
FCGR3A, IL10). This stage isolated synergistic clusters, retaining 85% of immune-relevant edges and yielding hyper-
enrichment in hsa04664 (Fc epsilon RI; p=4.5x10"").
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Figure 3.5: Stage 4 Core Network (n=10 Nodes, 612 Edges): MCC-Based Clique Selection Reveals ADCC and
Phosphatase Modules.

Stage 5: Top 4 Hubs (Composite Centrality; Degree >35): Final convergence on 4 hubs (PTPRC, FCGR3B,
FCGR3A, IL10; 412 edges; clustering=0.41) via composite scoring (weighted degree + betweenness + MCC) focused
on maximal functional impact. These hubs mediated 68% of network flux, with IL10 integrating anti-inflammatory
resolution (e.g., via FASLG links) atop pro-clearance ADCC (FCGR-driven).

FCGR3B

FCGR3A

Figure 3.6: Stage 5 Hub Convergence (n=4 Nodes, 412 Edges): Composite Centrality Reveals Key Regulators of

Network Flux and Immune Resolution.

3.2 Molecular Docking Results

Apigenin exhibited binding free energies (AG) of —8.5 to —9.2 kcal/mol across targets, superior to caspofungin (—6.2 to
—7.1 kcal/mol) in immune binding sites (Table 3). For 7QR8, apigenin's pose occupied the phosphatase active site,
forming a hydrogen bond with Ser1082 (2.6 A) and van der Waals (vdW) contacts with Leu1050 (4.0 A; RMSD=1.5
A), yielding a AAG of 2.3 kcal/mol over caspofungin. In 6EAQ, hydrogen bonds with Asn129 (2.4 A) and GIn131 (2.7
A) at the Fc interface enhanced ADCC potential (AAG=2.1 kcal/mol). Binding to 3AY4 involved Ser141 (2.5 A) and
Gly142 (3.8 A vdW); for 4ADOH, Glu48/Arg52 hydrogen bonds (2.6-2.9 A) disrupted cytokine-receptor interactions.

Two-dimensional interaction profiles revealed predominant non-covalent interactions (82% hydrophobic, 18%
hydrogen bonds), with apigenin's rigid flavone core conferring better pocket occupancy than caspofungin's flexible

lipopeptide.
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Table 3.1: Molecular docking binding energies and interactions (versus caspofungin).

Target (PDB) A([Jl(igaelr}mo?)G Key Residues (Interactions) AC(?S(FI)(ZLL]J/TE:]]) VéAgag‘;ggﬁﬁg:‘r:) RI(\/&I\?D
- R
(FeoRaR) 2 | Gima (H‘.'Qz,%‘éf‘%’_7 Y A 7.1 2.1 13
T R P TR TR R
R e I I

3.3 ADMET and Drug-Likeness Profiles

Apigenin displayed high gastrointestinal absorption (92.3%) and moderate aqueous solubility (logS —2.8), with limited
blood-brain barrier penetration (LogBB —0.9) to avert central neurotoxicity. CYP3 A4 substrate status (probability 0.65)
indicates hepatic biotransformation, complemented by renal clearance (0.32 log mL/min/kg) suitable for dosing
intervals exceeding 12 hours. Toxicity predictions: non-mutagenic (AMES probability 0.03), non-hepatotoxic (0.08),
LDs, >5,000 mg/kg (Toxicity Class V). Drug-likeness compliance: zero Lipinski violations, adherence to Veber criteria
(topological polar surface area [TPSA] 86.0 A2, rotatable bonds=1), synthetic accessibility score=4.20. In contrast,
caspofungin exhibited negligible oral bioavailability (0%) but intravenous compatibility, emphasizing apigenin's

potential for oral adjunctive therapy.!*”

Table 3.2: ADMET profile of apigenin (caspofungin in parentheses).

Parameter Value (Apigenin) | Interpretation Caspofungin Value
Gl Absorption (%) 92.3 High 0 (IV only)
LogBB -0.9 Low BBB penetration -2.1
CYP3A4 Inhibition Yes (0.65) Substrate Yes (0.85)
Total Clearance (log mL/min/kg) 0.32 Moderate 0.18 (renal)
AMES Toxicity No (0.03) Non-mutagenic No (0.02)
Hepatotoxicity No (0.08) Safe No (0.10)
LDs, (mg/kg) >5,000 Class V (low toxicity) >2,000

Apigenin exhibits a favorable drug-likeness profile, fully complying with Lipinski’s Rule of Five and Veber’s criteria
for oral bioavailability. With a molecular weight of 270.24 g/mol, a LogP of 2.10, three hydrogen bond donors (HBD),
seven hydrogen bond acceptors (HBA), one rotatable bond (RB), and a topological polar surface area (TPSA) of 86.0
A2, Apigenin passes all key thresholds for permeability and absorption. Its synthetic accessibility (SA) score of 4.20
further suggests moderate ease of synthesis. In contrast, Caspofungin significantly deviates from these drug-likeness
parameters. It has a high molecular weight of 1091.27 g/mol, 18 HBDs, 32 HBAs, 12 rotatable bonds, and a TPSA of
415.2 A2—each exceeding recommended limits and indicating poor oral bioavailability. Caspofungin’s SA score of 8.5
reflects substantial synthetic complexity. Overall, while Apigenin aligns well with conventional small-molecule drug
criteria, Caspofungin’s profile is characteristic of a large, complex biologic with limited permeability and oral

suitability.

Table 3.3: Drug-likeness properties of apigenin (caspofungin in parentheses).

Property Value (Apigenin) Lipinski Rule Veber Rule Caspofungin Value
MW (g/mol) 270.24 <500 (Pass) - 1091.27 (Fail)
LogP 2.10 <5 (Pass) - 1.45 (Pass)
HBD 3 <5 (Pass) - 18 (Fail)
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HBA 7 <10 (Pass) - 32 (Fail)
RB 1 - <10 (Pass) 12 (Fail)
TPSA (AZ) 86.0 - <140 (Pass) 415.2 (Fail)
SA Score 4.20 - - 8.5

4. DISCUSSION

4.1 Interpretation of Network Pharmacology Insights

The constructed interactome delineates apigenin's poly-pharmacological profile, with PTPRC and FCGR3B as high-
degree hubs (>40 interactors each) linking phosphatase signaling to ADCC in C. auris immunity. The observed Venn
overlap (two genes) suggests efficient targeting of >18% of relevant immune pathways without generalized
suppression. KEGG enrichments (p<10~") correspond to pneumonia pathogenesis reliant on Fc-mediated phagocytosis
and cytokine homeostasis.” The iterative refinement from ~100 to 4 hubs (Table 7) exemplifies a data-driven
deconvolution: initial broad inclusion (Stage 1) captured pleiotropy (e.g., TNF/IL6 peripherals), while degree-based
pruning (Stage 2) consolidated connectivity, revealing PTPRC's dominance (degree escalation from 24 to 41).
Betweenness filtering (Stage 3) isolated control points like FCGR3A (bottleneck for ADCC flux), and MCC
application (Stage 4) pinpointed cliques (e.g., IL10-FASLG, correlation=0.82), culminating in Stage 5's ultra-focused
hubs that mediate 68% of flux. Sequential PPI visualizations (Figures 4-9) further deconvolute this: radial layouts
(Stage 1-2) expose global hubs, while clustered views (Stage 3-5) highlight IL10's sequential integration with FASLG
for apoptosis induction, paralleling empirical reductions in NETosis hyperactivation. Relative to caspofungin (fungal
cell wall-specific, devoid of immune hubs), apigenin's modular network—refined through these stages—supports host-

directed therapy paradigms, analogous to cytokine inhibitors like tofacitinib in sepsis.*?

4.2 Molecular Docking: Mechanistic Validation and Caspofungin Comparison

Docking results validate apigenin's immunomodulatory binding: in 7QR8, occupation of the PTPRC active site (12%
volume contraction) facilitates adaptor dephosphorylation and T-cell priming (MM-GBSA rescoring AGyig —42
kcal/mol), with a 2.3 kcal/mol advantage over caspofungin. Caspofungin's glucan-oriented design results in superficial
engagement. For 6EAQ, Asn129/GIn131 interactions promote Fc clustering and IgG affinity for opsonized fungi
(RMSD shift 1.6 A; AAG=2.1 kcal/mol). FcyRIlIa binding activates natural killer cells, while 1L-20 complex disruption
mitigates fibrosis (caspofungin inferior at 2.9 A hydrogen bonds). Apigenin's average AAG superiority (2.2 kcal/mol)
arises from its planar structure fostering hydrogen bond arrays, contrasting caspofungin's steric bulk and yielding
fungal off-target AG >—7.5 kcal/mol for selectivity.*]

4.3 ADMET Implications for Translational Potential

Apigenin's favorable ADMET—high oral absorption without renal or hepatic liabilities—contrasts caspofungin's
intravenous requirement and infusion-related reactions (5-10% incidence), enabling nebulized or oral formulations for
pneumonia (projected lung area under the curve [AUC]/MIC >80). CYP3A4 engagement poses minor drug-drug
interaction risks with azoles but permits safe co-administration with caspofungin. Non-mutagenic status and LDs
>5,000 mg/kg provide >1,500-fold safety margins over therapeutic doses, exceeding caspofungin's Class Il
classification. "

4.4 Limitations and Future Directions

Computational limitations include blind docking's neglect of induced-fit dynamics; molecular dynamics simulations

(e.g., GROMACS, 100 ns trajectories) are recommended for pose refinement. Experimental gaps encompass absence of
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C. auris pneumonia models evaluating apigenin-caspofungin combinations; future studies should incorporate THP-1
macrophage co-cultures (phagocytosis assays) and neutropenic murine models (survival and cytokine endpoints). D.
vulgaris extract standardization (high-performance liquid chromatography [HPLC] apigenin purity >95%) is
prerequisite for scale-up.*!
4.5 Broader Implications
Apigenin's profile as a C. auris immunomodulator supports phytotherapeutic integration, potentially reducing
caspofungin dosages by 35% in outbreak scenarios through ADCC augmentation. Targeting Venn-confirmed hubs
advances resistance-independent host-directed therapies, contributing to sustainable countermeasures against
antimicrobial resistance.®

5. CONCLUSION

In conclusion, this comprehensive in silico investigation delineates the multifaceted therapeutic promise of apigenin,
the principal bioactive flavonoid from Dracunculus vulgaris Schott., as a host-directed immunomodulatory adjunct in
combating Candida auris pneumonia—a paradigmatic exemplar of the escalating antimicrobial resistance (AMR) crisis
afflicting immunocompromised cohorts. Through an integrative network pharmacology paradigm, we constructed and
iteratively refined a robust interactome from an expansive 110-target baseline, systematically pruning via degree
centrality (>5 interactors), betweenness thresholding (>0.1), maximum clique centrality (>0.5), and composite scoring
(>35) to converge on four pivotal hubs: PTPRC (CD45 phosphatase, degree=48), FCGR3B (neutrophil ADCC
mediator, degree=42), FCGR3A (NK cell effector, degree=39), and IL10 (anti-inflammatory cytokine, degree=35).
This staged deconvolution (Table 7) not only mitigated network entropy—elevating clustering coefficients from 0.28 to
0.41 and modularity from 0.32 to 0.68—but also unveiled emergent polypharmacological synergies, wherein PTPRC
orchestrates T-cell priming cascades, FCGR clusters amplify opsonized fungal clearance, and IL10-FASLG
submodules (correlation=0.82) equilibrate pro-inflammatory ADCC with apoptotic resolution, retaining >80% of
KEGG-enriched immune pathways (e.g., hsa04664 Fc signaling, p=1.8x10"'"; hsa04060 cytokine interactions,
FDR=2.1x107").

Corroborative molecular docking simulations (AutoDock Vina; exhaustiveness=8) affirmed apigenin's superior ligand-
receptor affinities (AG = —8.5 to —9.2 kcal/mol) across these hubs, surpassing caspofungin (—6.2 to —7.1 kcal/mol) via
precise hydrogen bonding (e.g., Ser1082 in PTPRC, 2.6 A; Asn129/GIn131 in FCGR3B, 2.4-2.7 A) and hydrophobic
scaffolding (e.g., Leul050 vdW contacts), yielding AAG advantages of 2.1-2.3 kcal/mol that potentiate phosphatase
activation, Fc clustering, and cytokine homeostasis without fungal off-target liabilities (AG >—7.5 kcal/mol). These
predictions align seamlessly with empirical precedents, wherein apigenin (20-80 pM) augments macrophage
phagocytosis (2—-5-fold), ROS/NETosis modulation, and IL-20/IL10 balance in Candida models, synergizing with
echinocandins (FICI=0.28) to disrupt biofilms and mitigate cytokine storms. Venn overlaps (2/204 disease genes:
PTPRC, FCGR3B) underscore targeted efficacy, while D. vulgaris phytosterols (e.g., stigmasterol, degree=51; Table 6)
suggest membrane-stabilizing adjuncts, enhancing bioavailability (SwissADME: 92.3% GI absorption, LogBB=-0.9)
and safety (ProTox-Il: LDs>5000 mg/kg, Class V; zero Lipinski violations).

From a translational vantage, apigenin's renaissance heralds a paradigm shift in AMR countermeasures: by exploiting
host vulnerabilities—e.g., NLRP3 inflammasome dysregulation and FcyR hypoengagement in ventilated ARDS—this
low-toxicity scaffold (non-AMES, CYP3A4 substrate sans DDI escalation) could slash caspofungin dosages by 35% in
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outbreaks, curtailing FKS1 mutations (prevalence 10-20%) and nephrotoxicity (amphotericin B Class Il1). Sequential
PPI visualizations (Figures 4-9) illuminate this blueprint; radial exposés (Stages 1-2) capture pleiotropic breadth,
clustered hierarchies (Stages 3-5) dissect flux bottlenecks (68% mediated by hubs), and composites reveal 1L10-
FASLG axes as linchpins for immune resolution, absent in monotherapeutic regimens. Yet, limitations persist—blind
docking overlooks induced-fit dynamics (RMSD<2 A notwithstanding), warranting GROMACS MD (100 ns) for pose
validation; empirical lacunae demand C. auris neutropenic murine models (THP-1 co-cultures for ADCC endpoints)

and HPLC-standardized extracts (>95% apigenin purity) to bridge in silico to in vivo.

Broader implications transcend C. auris: in an era of clonal hypervirulence (Clades I-V, 30-60% mortality) and pan-
resistance (10-15% isolates), apigenin's Venn-validated, hub-centric polypharmacology pioneers resistance-agnostic
host-directed therapies (HDTSs), emulating sepsis immunomodulators (e.g., tofacitinib) and phytotherapeutic
resurgences (25% efficacy uplift per 2025 meta-analyses). By fostering sustainable scaffolds—bioinspired, orally
bioavailable (Cyx=1.5 uM), and scalable from Mediterranean maquis—this framework mitigates the AMR apocalypse,
aligning with WHO priorities for critical fungal pathogens. Future endeavors must prioritize Phase I/Il trials in
ventilated ICUs, combinatorial HDT-echinocandin regimens, and Al-augmented network mining to unearth clade-
specific vulnerabilities, ultimately recalibrating the host-pathogen arms race toward resilient, equitable antifungal

innovation.
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