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Dental pain associated with pulpitis and odontogenic inflammation remains a common clinical 47 

problem, while currently used analgesics can cause adverse effects that limit their use. Ricinus 48 

communis L. has traditionally been used for painful and inflammatory conditions, but its 49 

potential molecular basis in dental pain remains poorly understood. Here, we used an integrated 50 

computational pharmacology workflow to investigate the potential mechanisms of R. 51 

communis phytoconstituents. 47 phytochemicals were screened for ADME, drug-likeness, and 52 

toxicity profiles, resulting in three prioritized compounds; i.e. 3,4-dimethoxy-6,8-53 

dihydroxycoumarin, ferulic acid and p-coumaric acid. Target prediction and intersection with 54 

1,909 dental pain associated genes identified 55 common targets. Protein-protein interaction 55 

and centrality analyses highlighted PTGS2, NFKB1, MMP9, STAT3 and EGFR as key 56 

network targets. Enrichment and pathway analyses indicated involvement of IL-17, PI3K-57 

AKT, and HIF-1 signaling. Molecular docking showed favorable predicted interactions of the 58 

prioritized compounds with the selected targets, while 25 ns molecular dynamics simulations 59 

indicated overall stability of the corresponding complexes. Together, these findings suggest 60 

that R. communis phytoconstituents may influence interconnected inflammatory and 61 

nociceptive pathways and identify candidate compounds and targets for experimental 62 

investigation in dental pain. 63 

Keywords: Ricinus communis; dental pain; pulpitis; network pharmacology; molecular 64 

docking; molecular dynamics simulation  65 

1. Introductions  66 

Dental pain is among the most common reasons patients seek emergency and routine dental 67 

care worldwide, most often arising from pulpitis, periapical inflammation, and periodontal 68 

disease. Global Burden of Disease data indicate that oral conditions collectively affect nearly 69 

half of the world's population, with untreated caries  the principal precursor of pulpal 70 

inflammation and dental pain remaining one of the most prevalent health conditions globally 71 

and projected to rise further by 2050 [1, 2]. Beyond the direct clinical burden, dental pain 72 

imposes substantial indirect costs through school and work absenteeism, reduced quality of 73 

life, and downstream healthcare expenditure, particularly in low- and middle-resource settings 74 

with limited access to timely dental care [3]. 75 

Current pharmacological management of dental pain relies predominantly on non-steroidal 76 

anti-inflammatory drugs (NSAIDs) and, in more severe cases, opioid analgesics. NSAIDs are 77 

generally recommended as first-line therapy because they act directly on the cyclooxygenase-78 

mediated prostaglandin synthesis responsible for post-procedural inflammation, swelling, and 79 

hyperalgesia [4]. However, their use is constrained by dose-dependent gastrointestinal and 80 

renal adverse effects, which are estimated to cause over 100,000 hospitalizations annually in 81 

the United States alone [5]. Opioids, although effective for severe pain, primarily modulate 82 

nociceptive pain transmission and do not address the underlying inflammatory process. Their 83 

use is further limited by adverse effects and the risks of misuse, tolerance, dependence, and 84 

opioid use disorder. Consequently, contemporary dental guidelines recommend non-opioid 85 

analgesics, particularly NSAIDs alone or in combination with acetaminophen, as first-line 86 

therapy for acute dental pain, reserving opioids for situations in which first-line treatment is 87 

inadequate or contraindicated [6]. These limitations underscore a continued need for alternative 88 
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or adjunct therapeutic agents that can target the underlying inflammatory-nociceptive pathways 89 

of dental pain with an improved safety profile. 90 

Medicinal plants have long served as a reservoir of bioactive compounds for pain and 91 

inflammation, and Ricinus communis L. (Euphorbiaceae), commonly known as the castor plant, 92 

is one such species with an extensive history of traditional use. Various parts of R. communis 93 

including its leaves, roots, and seed oil have been traditionally used to manage inflammatory 94 

conditions, wounds, and pain across multiple traditional medicine systems [7]. Phytochemical 95 

investigations of Ricinus communis L. have revealed a diverse array of bioactive constituents, 96 

including alkaloids, flavonoids, coumarins, terpenoids, sterols, phenolic compounds, and fatty 97 

acids. Despite this phytochemical diversity and reported pharmacological potential, the 98 

analgesic and anti-inflammatory properties of R. communis remain insufficiently characterized 99 

in relation to specific experimental models and mechanisms of action [8]. Despite the available 100 

ethnopharmacological and phytochemical evidence, the molecular targets and signaling 101 

pathways underlying the potential analgesic and anti-inflammatory effects of Ricinus 102 

communis L. in dental pain remain poorly characterized. Although diverse phytoconstituents 103 

and pharmacological activities have been reported for R. communis, the specific molecular 104 

interactions relevant to inflammatory and nociceptive processes associated with pulpitis and 105 

odontogenic pain remain insufficiently explored [9]. 106 

Network pharmacology provides a useful systems-level approach for investigating multi-107 

component medicinal plants by integrating compound-target prediction, disease-associated 108 

targets, protein-protein interaction (PPI) networks, and pathway enrichment. This framework 109 

is particularly suitable for natural products because their biological effects may arise from the 110 

combined actions of multiple constituents on interconnected molecular targets and pathways 111 

rather than through a single target [10]. These predictions can be further examined using 112 

structure-based approaches. Molecular docking enables the prediction of ligand-binding poses 113 

and interaction profiles within candidate protein targets, whereas molecular dynamics (MD) 114 

simulation can provide additional information on the conformational stability and persistence 115 

of predicted protein–ligand complexes over time [11]. Together, these approaches can 116 

strengthen the structural interpretation of network-based target predictions, although 117 

experimental studies are ultimately required to confirm biological target engagement. 118 

In the present study, we employed an integrated in silico workflow comprising phytochemical 119 

curation, sequential ADME and toxicity screening, network pharmacology, density functional 120 

theory (DFT)-based geometry optimization, molecular docking, and molecular dynamics 121 

simulation to investigate the potential molecular basis of R. communis activity against dental 122 

pain. The study aimed to identify candidate inflammatory and nociceptive targets and 123 

associated signaling pathways and to characterize the most promising phytoconstituent-target 124 

interactions using complementary structure-based approaches. 125 

2. Results 126 

2.1 Phytochemical profiling and compound curation 127 

A total of 47 phytochemicals reported from the aerial parts of Ricinus communis were compiled 128 

from the selected databases. The compounds belonged to several chemical groups, including 129 

phenolics, flavonoids, fatty acids, terpenoids, sterols, and organic acids. The structures were 130 

then checked and duplicate entries were removed to obtain a non-redundant compound set. 131 

2.2 Sequential screening of phytoconstituents 132 
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The initial SwissADME screening of the 47 unique R. communis phytochemicals resulted in 133 

24 compounds meeting the selected criteria of bioavailability score ≥0.55, no Lipinski 134 

violations, and high GI absorption (Supplementary Table S1). These compounds were further 135 

assessed using ADMETlab 3.0, where a DL score >0.65 was used as the cutoff (Supplementary 136 

Table S2). 137 

Three compounds met this criterion: 3,4-dimethoxy-6,8-dihydroxycoumarin, ferulic acid, and 138 

p-coumaric acid. Their bioavailability scores were 0.55, 0.85, and 0.85, respectively, while 139 

their Drug likiness values were 0.764, 0.715, and 0.651. All three showed high GI absorption 140 

and no Lipinski violations (Table 1). ProTox 3.0 predicted toxicity classes 5, 4, and 5 for 3,4-141 

dimethoxy-6,8-dihydroxycoumarin, ferulic acid, and p-coumaric acid, respectively. All three 142 

compounds were retained for the subsequent target prediction and network pharmacology 143 

analyses (Supplementary Table S3). 144 

 145 

Table 1. In silico ADME, drug-likeness, and toxicity profiles of the four prioritized Ricinus 146 

communis phytoconstituents. 147 

 148 

Compound 

name 

GI 

absorption 

Lipinski 

violations 

Bioavailability 

score 

DL 

score 

Toxicity 

class 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

High 0 0.55 0.764 5 

Ferulic acid High 0 0.85 0.715 4 

p-Coumaric acid High 0 0.85 0.651 5 

Toxicity Class I: fatal if swallowed (LD50 ≤ 5), Class II: fatal if swallowed (5 < LD50 ≤ 50), Class III: toxic if 149 

swallowed (50 < LD50 ≤ 300), Class IV: harmful if swallowed (300 < LD50 ≤ 2000), Class V: may be harmful if 150 

swallowed (2000 < LD50 ≤ 5000), Class VI: non-toxic (LD50 > 5000)  151 

Molecular Weight (MW); Gastrointestinal (GI); Drug Likiness (DL) 152 

 153 

 154 

 155 

 156 

                         157 

 158 

Figure 1. Chemical structures of the prioritized compounds identified in Ricinus communis: 159 

(1) 3,4-Dimethoxy-6,8-dihydroxycoumarin, (2) Ferulic acid, and (3) p-Coumaric acid  160 

 161 
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2.3. Common Targets between Dental Pain and Prioritized R. communis 162 

Phytoconstituents 163 

Dental pain related targets were identified from GeneCards and CTD using the terms “Pulpitis” 164 

and “Toothache.” GeneCards identified 303 targets for pulpitis and 461 for toothache, whereas 165 

CTD identified 8,374 and 931 targets, respectively. After applying the predefined selection 166 

criteria and removing duplicate entries, 1,909 unique dental pain-related targets were obtained. 167 

Target prediction for the three prioritized R. communis phytoconstituents identified 100 targets 168 

for each compound. Combining the three target lists and removing duplicates resulted in 171 169 

unique targets. Comparison of the two datasets identified 55 targets common to both the 170 

prioritized phytoconstituents and dental pain (Figure 2). These common targets were used for 171 

the subsequent PPI network and enrichment analyses. 172 

 173 

Figure 2. Venn diagram showing the intersection of targets associated with dental pain and 174 

prioritized compounds. 175 

2.4. Protein-Protein Interaction (PPI) Network Construction and Hub Gene Prediction 176 

The 55 common targets were analyzed using STRING, generating a PPI network comprising 177 

55 nodes and 401 edges. The network showed an average node degree of 14.6, with an average 178 

local clustering coefficient of 0.635. The observed number of interactions was higher than 179 

expected (401 observed vs. 135 expected edges; PPI enrichment p<1×10⁻¹⁶), indicating 180 

significant connectivity among the common targets (Figure 3). 181 

The network was further analyzed using the CytoHubba plugin in Cytoscape with the Maximal 182 

Clique Centrality (MCC) method. The five highest ranked targets were PTGS2, NFKB1, 183 

MMP9, STAT3 and EGFR (Figure 4). These targets were selected as hub genes and were 184 

subsequently used for molecular docking analysis. 185 

 186 

 187 

 188 
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 189 

 190 

 191 

Figure 3. PPI network and hub gene identification. The PPI network consisted of 55 common 192 

targets with 401 interactions. 193 

 194 

 195 

 196 

Figure 4. Hub genes identified from the PPI network using the MCC algorithm. The five 197 

topranked hub genes were PTGS2, NFKB1, MMP9, STAT3 and EGFR. 198 

 199 
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2.5. Gene Ontology and KEGG Pathway Enrichment Analysis 200 

GO enrichment analysis of the 55 common targets showed a pattern closely related to the 201 

inflammatory and neural features of dental pain (Figure 5A). In the Biological Process 202 

category, the strongest enrichment was observed for cellular and general responses to oxidative 203 

and chemical stress, together with inflammatory response and regulation of cellular signaling 204 

(Figure 5B). Cellular response (Figure 5C) to oxidative stress showed the highest fold 205 

enrichment (~21-fold), followed by cellular response to chemical stress (~20-fold) and 206 

response to oxidative stress (~17-fold). The Cellular Component analysis extended this pattern 207 

to membrane and neuronal structures, with enrichment of membrane rafts, caveolae, 208 

glutamatergic synapses, neuronal cell bodies, axons, and other synaptic compartments. These 209 

findings are relevant to dental pain because the dental pulp is densely innervated, and changes 210 

within the inflamed pulp can interact with sensory nerve activity and pain transmission.  211 

The Molecular Function analysis further showed enrichment of receptor tyrosine kinase and 212 

other kinase-related activities, together with oxidoreductase and transcription factor-associated 213 

functions. This indicates that the common targets are involved not only in inflammatory 214 

responses but also in signaling processes capable of linking extracellular stimuli to intracellular 215 

cellular responses (Figure 5D). KEGG analysis supported this relationship. Several signaling 216 

pathways associated with inflammatory and cellular stress responses were significantly 217 

enriched, including the IL-17, HIF-1, PI3K-Akt, Ras, and calcium signaling pathways. The IL-218 

17 pathway is consistent with the inflammatory component of pulpitis, whereas HIF-1 219 

signaling is relevant to the hypoxic and inflammatory environment of the dental pulp. PI3K-220 

Akt and Ras signaling provide additional links between receptor-mediated stimulation and 221 

intracellular responses.  222 

Taken together, the GO and KEGG findings placed the 55 common targets within a connected 223 

biological framework involving oxidative stress, inflammation, cellular signaling, and neuronal 224 

function. Rather than pointing to a single pathway, the results suggest that the prioritized R. 225 

communis phytoconstituents are associated with multiple interconnected processes that are 226 

relevant to the development and transmission of dental pain. This interpretation is consistent 227 

with the current understanding of pulpitis as a condition in which inflammatory, vascular, and 228 

neural responses interact to promote nociception and sensitization. 229 

 230 

 231 

 232 

 233 

 234 

 235 
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 236 

  237 

 238 

Figure 5. Gene Ontology and KEGG pathway enrichment analysis of the common targets. (A) 239 

KEGG pathway enrichment analysis showing the significantly enriched pathways associated 240 

with the common targets, (B) Biological Process (BP) enrichment analysis (C) Cellular 241 

Component (CC) enrichment analysis and (D) Molecular Function (MF) enrichment analysis 242 

 243 

2.6. KEGG Pathway Mapping of Target Genes 244 

To contextualize the mechanistic relevance of the five top ranked hub targets; i.e. PTGS2, 245 

NFKB1, MMP9, STAT3, and EGFR the target network was subjected to KEGG pathway 246 

enrichment analysis, and the highest ranked, functionally converging pathways were visualized 247 

using Pathview. Three pathways emerged as the most biologically informative with respect to 248 

nociceptive and inflammatory signaling relevant to dental pain; e.g. the IL-17 signaling 249 

pathway, the PI3K-AKT signaling pathway, and the HIF-1 signaling pathway (Figures 6A-250 

6B). In each diagram, nodes corresponding to genes present in the Ricinus communis-dental 251 

pain target network are highlighted in red, and their distribution across the three maps indicates 252 

convergent signaling rather than isolated, pathway-specific effects. 253 

In the IL-17 signaling pathway (Figure 6A), NF-κB (NFKB1) appeared as a shared downstream 254 

node across the IL-17A/F, IL-17B, and IL-17C branches, together with MAPK3/ERK, GSK3β, 255 

and the matrix metalloproteinases MMP1 and MMP9, which feed into chemokine, cytokine, 256 

and tissue-remodeling outputs. In the PI3K-AKT signaling pathway (Figure 6B), the receptor 257 

tyrosine kinase (RTK) node representing EGFR family input together with ERK, GSK3, NF-258 

κB, and the anti-apoptotic effector Mcl-1, were highlighted downstream of growth factor 259 

receptor activation, linking receptor signaling to cell survival and proliferative outputs. In the 260 

A B 

C D 
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HIF-1 signaling pathway (Figure 6C), RTK, ERK, STAT3, NF-κB, iNOS, and LDHA were 261 

highlighted, reflecting convergence of hypoxia-responsive and inflammatory transcriptional 262 

programs. 263 

Collectively, NF-κB, ERK, and RTK/EGFR-linked nodes recur across all three pathways, 264 

positioning them as central hubs through which the network target genes exert coordinated 265 

effects on inflammatory mediator production, tissue remodeling, and cell survival/proliferative 266 

signaling processes mechanistically linked to pulpal and periodontal nociception. 267 

 268 

 269 

 270 

Figure 6A. KEGG based visualization of the IL-17 signaling pathway (hsa04657) showing 271 

predicted targets of Ricinus communis phytoconstituents. Pathway map generated using 272 

Pathview, with nodes highlighted in red indicating hub/network target genes identified through 273 

the network pharmacology analysis (NF-κB, MAPK3/ERK, GSK3β, CXCL2, MMP1, and 274 

MMP9). This figure was generated using the KEGG PATHWAY database with permission 275 

from Kanehisa Laboratories [12]. 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 
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 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

Figure 6B. KEGG-based visualization of the PI3K-AKT signaling pathway (hsa04151) 295 

showing predicted targets of Ricinus communis phytoconstituents. Pathway map generated 296 

using Pathview, with red nodes denoting network hub genes (RTK, ERK, GSK3, NF-κB, and 297 

Mcl-1) mapped onto the reference pathway. This figure was generated using the KEGG 298 

PATHWAY database with permission from Kanehisa Laboratories [13].  299 
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 300 

Figure 6C. KEGG-based visualization of the HIF-1 signaling pathway (hsa04066) showing 301 

predicted targets of Ricinus communis phytoconstituents. Pathway map generated using 302 

Pathview, with red nodes indicating network hub genes (RTK, ERK, STAT3, NF-κB, iNOS, 303 

and LDHA) overlaid on the reference pathway. This figure was generated using the KEGG 304 

PATHWAY database with permission from Kanehisa Laboratories [12, 14].  305 

 306 

 307 

2.7. Compound target pathway network 308 

To visualize the polypharmacological basis of Ricinus communis against dental pain, a 309 

compound target pathway network was constructed in Cytoscape by integrating the three 310 

bioactive constituents (ferulic acid, p-coumaric acid, and 3,4-dimethoxy-6,8-dihydroxy-311 

coumarin) with their predicted gene targets and the corresponding enriched KEGG pathways 312 

(Figure 7). The resulting network comprised 64 nodes 3 compound nodes, 55 target-gene 313 

nodes, and 6 pathway nodes connected by a dense edge set reflecting extensive one-to-many 314 

and many-to-many compound target and target pathway relationships. 315 

All three compounds shared a substantial overlapping target pool, indicating that the observed 316 

pharmacological activity of Ricinus communis is unlikely to be attributable to a single 317 

constituent but instead arises from the combined, convergent action of multiple phytochemicals 318 

on a shared target repertoire a hallmark of network pharmacology based herbal activity. 319 

Among the 55 target genes, 22 (MMP1, MMP2, MMP9, KIT, NOS2, IGF1R, AGTR1, FGFR1, 320 

PTGS2, ADORA2A, ADORA2B, KDR, STAT3, MCL1, NOX4, GSK3B, MAPK1, ATP2A2, 321 

EGFR, PRKCE, RELA, and NFKB1) mapped directly onto one or more of the six significantly 322 

enriched KEGG pathways; i.e. Calcium signaling, IL-17 signaling, Ras signaling, PI3K-AKT 323 
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signaling, HIF-1 signaling, and AGE-RAGE signaling in diabetic complications. The 324 

remaining 33 targets did not map onto these six pathways but were retained in the network as 325 

compound-associated targets supported by the underlying protein–protein interaction and 326 

target-prediction data. Within the pathway linked target subset, RELA, NFKB1, MAPK1, 327 

STAT3, and EGFR emerged as the most highly connected nodes, each linking to multiple 328 

pathway nodes simultaneously, positioning them as convergence point through which several 329 

signaling cascades intersect. Notably, this pathway mapped hub set overlaps substantially with 330 

the top ranked hub genes identified independently through the protein-protein interaction 331 

network analysis (PTGS2, NFKB1, MMP9, STAT3, and EGFR), providing cross validation 332 

between the two analytical approaches. 333 

 334 

 335 

 336 

Figure 7. Compound target pathway network of the bioactive constituents of Ricinus communis 337 

against dental pain targets. Network constructed and visualized in Cytoscape. Yellow diamond 338 

nodes represent the three bioactive compounds (ferulic acid, p-coumaric acid, and 3,4-339 

dimethoxy-6,8-dihydroxy-coumarin); orange nodes represent their predicted gene targets, with 340 

hexagonal nodes denoting targets that map onto one or more enriched KEGG pathways and 341 

elliptical nodes denoting targets without direct pathway mapping in this network; green 342 

rectangular nodes represent the significantly enriched KEGG signaling pathways (Calcium 343 

signaling, IL-17 signaling, Ras signaling, PI3K-AKT signaling, HIF-1 signaling, and AGE-344 

RAGE signaling in diabetic complications). Edges connect each compound to its predicted 345 

targets and each target to its associated pathway(s), illustrating the multi-compound, multi-346 

target, multi-pathway pharmacological basis of Ricinus communis against dental pain. 347 

 348 

2.8. Density functional theory based geometry optimization 349 

Geometry optimization was performed at the B3LYP/6-311G level to obtain optimized three-350 

dimensional structures of the selected Ricinus communis phytochemicals for subsequent 351 

molecular docking analysis. The optimized structures and their corresponding frontier 352 

molecular orbitals are presented in Figure 8. The HOMO and LUMO were mainly distributed 353 
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over the conjugated regions and oxygen-containing functional groups, with some differences 354 

in their distribution among the compounds. The optimized compounds showed differences in 355 

their frontier orbital energies and related electronic descriptors (Table 2). The HOMO-LUMO 356 

energy gaps were 4.0964 eV for 3,4-dimethoxy-6,8-dihydroxycoumarin, 4.1869 eV for ferulic 357 

acid, and 4.2558 eV for p-coumaric acid. Among the three compounds, 3,4-dimethoxy-6,8-358 

dihydroxycoumarin showed the smallest energy gap, together with the lowest chemical 359 

hardness (2.0482 eV) and highest softness (0.4882 eV⁻¹). Ferulic acid showed intermediate 360 

values, whereas p-coumaric acid had the largest energy gap (4.2558 eV), highest hardness 361 

(2.1279 eV), and lowest softness (0.4699 eV⁻¹). 362 

The calculated HOMO energies were −6.049, −6.293, and −6.3837 eV, while the 363 

corresponding LUMO energies were −1.9526, −2.1061, and −2.1279 eV for 3,4-dimethoxy-364 

6,8-dihydroxycoumarin, ferulic acid, and p-coumaric acid, respectively. Other CDFT 365 

descriptors, including ionization potential, electron affinity, chemical potential, 366 

electronegativity, and electrophilicity index, are summarized in Table 2. Overall, DFT 367 

optimization provided energetically optimized ligand geometries for the subsequent molecular 368 

docking studies. The calculated electronic descriptors further characterized the electronic 369 

nature of the selected compounds and supported their use as optimized structures for docking-370 

based evaluation of their interactions with the selected targets. 371 

 372 

 373 

Table 2. DFT-calculated frontier molecular orbital energies and conceptual density functional 374 

theory (CDFT) descriptors of the selected Ricinus communis phytochemicals. 375 

CDFT descriptors (eV) 
3,4-Dimethoxy-6,8-

dihydroxycoumarin 
Ferulic acid p-Coumaric acid 

ELUMO -1.9526 -2.1061 -2.1279 

EHOMO -6.049 -6.293 -6.3837 

Energy gap 4.0964 4.1869 4.2558 

Ionization Energy 6.049 6.293 6.3837 

Electron affinity 1.9526 2.1061 2.1279 

Hardness 2.0482 2.0934 2.1279 

Softness 0.4882 0.4776 0.4699 

Electronegativity 4.0008 4.1995 4.2558 

Chemical potential -4.0008 -4.1995 -4.2558 

Electrophilicity index 3.9078 4.2122 4.2557 

 376 

 377 

 378 

 379 
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 380 

 381 

 382 

 383 

 384 

 385 

 386 

Figure 8. DFT-optimized molecular structures and corresponding HOMO and LUMO 387 

distributions of the selected Ricinus communis phytochemicals. (A) 3,4-dimethoxy-6,8-388 

dihydroxycoumarin, (B) ferulic acid, and (C) p-coumaric acid.  389 

 390 

 391 

 392 

 393 

 394 

 395 
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2.9. Molecular docking analysis 396 

Molecular docking was carried out to assess the binding affinity of 3,4-dimethoxy-6,8-397 

dihydroxycoumarin, ferulic acid, and p-coumaric acid toward PTGS2, NFKB1, MMP9, 398 

STAT3, and EGFR. The predicted binding energies are summarized in Table 3. All compounds 399 

exhibited negative docking scores across the selected targets, with differences in their predicted 400 

binding affinities. 3,4-Dimethoxy-6,8-dihydroxycoumarin showed the lowest binding energy 401 

toward PTGS2 (−7.1 kcal/mol), followed by ferulic acid (−6.8 kcal/mol) and p-coumaric acid 402 

(−6.4 kcal/mol). A similar pattern was observed for NFKB1, where 3,4-dimethoxy-6,8-403 

dihydroxycoumarin showed the lowest binding energy (−5.5 kcal/mol), compared with ferulic 404 

acid (−4.9 kcal/mol) and p-coumaric acid (−4.8 kcal/mol). For EGFR, the corresponding 405 

docking scores were −6.8, −6.4, and −6.0 kcal/mol, respectively. In contrast, ferulic acid 406 

showed the lowest binding energy toward MMP9 (−7.9 kcal/mol), followed by p-coumaric acid 407 

(−7.6 kcal/mol) and 3,4-dimethoxy-6,8-dihydroxycoumarin (−6.6 kcal/mol). The three 408 

compounds displayed relatively close docking scores against STAT3, ranging from −4.2 to 409 

−4.5 kcal/mol. The lowest score was observed for 3,4-dimethoxy-6,8-dihydroxycoumarin 410 

(−4.5 kcal/mol), followed by ferulic acid (−4.4 kcal/mol) and p-coumaric acid (−4.2 kcal/mol). 411 

Overall, 3,4-dimethoxy-6,8-dihydroxycoumarin exhibited the most favorable predicted 412 

binding scores against four of the five investigated targets, namely PTGS2, NFKB1, STAT3, 413 

and EGFR, whereas ferulic acid showed the strongest predicted binding toward MMP9. These 414 

docking results identify 3,4-dimethoxy-6,8-dihydroxycoumarin as the compound with the most 415 

consistently favorable docking profile across the selected targets. 416 

 417 

 418 

Table 3. Predicted binding energies of the selected Ricinus communis phytochemicals obtained 419 

by molecular docking. 420 

 421 

Protein Compound 

Docking 

score 

(kcal/mol) 

Hydrogen 

bond 

interactions 

Other key 

interactions 

PTGS2 

(PDB ID: 5IKR) 

 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

-7.1 SER (A:530) 

LEU (A:352), 

GLY (A:526), 

VAL (A:349), 

ALA (A:527), 

VAL (A:523) 

Ferulic acid -6.8 
TYR (A:385), 

TYR (A:355) 

SER (A:353), 

ALA (A527), 

VAL (A:349), 

LEU (A:352), 

LEU (A:384), 

TRP (A:387), 

MET (A:522) 

p-Coumaric acid -6.4 TYR (A: 355) 

LEU (A:352), 

ALA (A:527), 

VAL (A:349) 
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NFKB1 

(PDB ID: 1SVC) 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

-5.5 GLY (P:55) 

LYS (P:80), GLY 

(P:69), GLY 

(P:68), HIS (P:67), 

ARG (P:57), SER 

(P:243), PHE 

(P:56),LYS (P:52), 

PRO (P:71), ARG 

(P:59) 

Ferulic acid -4.9 
LYS (P:52), 

SRG (P:59) 

PHE (P:56), ARG 

(P:57) 

p-Coumaric acid -4.8 
LYS (P:52), 

ARG (P:59) 

PHE (P:56), ARG 

(P:57) 

MMP9 

(PDB ID: 4WZV) 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

-6.6 - 

LEU (A:187), 

VAL (A:223), 

LEU (A:188), 

GLU (A:227) 

Ferulic acid -7.9 

MET (A:247), 

ARG (A:249), 

GLU (A:227) 

VAL (A:223), HIS 

(A:226), LEU 

(A:188), ALA 

(A:189),PRO 

(A:246), TYR 

(A:245), TYR 

(A:248), LEU 

(A:222), LEU 

(A:243) 

p-Coumaric acid -7.6 
MET (A:247), 

GLU (A:227) 

TYR (A: 245), 

TYR (A:248), HIS 

(A:226), VAL 

(A:223), LEU 

(A:188), ALA 

(A:189), PRO 

(A:246), LEU 

(A:222)LEU 

(A:243), ARG 

(A:249) 

STAT3 

(PDB ID: 6NUQ) 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

-4.5 GLY (A:656) 

VAL (A:637), ILE 

(A:659), LYS (A: 

658), TYR 

(A:657), ILE 

(A:653), TYR 

(A:640) 

Ferulic acid -4.4 
PRO (A:639), 

GLU (A: 
VAL (A:637) 
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638), TYR 

(A:657) 

p-Coumaric acid -4.2 
GLN (A:644), 

TYR (A:657) 

VAL (A:637), 

GLU (A:638) 

EGFR 

(PDB ID: 1M17) 

3,4-Dimethoxy-6,8-
dihydroxycoumarin 

-6.8 
GLN (A:767), 

MET (A:769) 

VAL (A:702), 

ALA (A:719), 

ASP (A:831), 

GLU (A:738), 

LYS (A:721), 

THR (A:830), 

MET (A:742), 

THR (A:766), 

LEU (A:820), 

LEU (A:768), 

GLY (A:772), 

LEU (A:694) 

Ferulic acid -6.4 LYS (A:721) 

VAL (A:702), 

MET (A:742), 

ASP (A:831), 

GLU (A:738), 

THR (A:830), LE 

(A:820), GLN 

(A:767), ALA 

(A:719), THR 

(A:766), LEU 

(A:768), MET 

(A:769), LEU 

(A:694)  

p-Coumaric acid -6.0 
LYS (A:721), 

GLN (A:767) 
VAL (A:702) 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 
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 463 

 464 

Figure 9. Molecular docking analysis of selected Ricinus communis phytochemicals against 465 

target proteins. (A) PTGS2 vs 3,4-Dimethoxy-6,8-dihydroxycoumarin, (B) NFKB1 vs 3,4-466 

Dimethoxy-6,8-dihydroxycoumarin, (C) MMP9 vs Ferulic acid, (D) STAT3 vs 3,4-467 

Dimethoxy-6,8-dihydroxycoumarin, (E)  EGFR vs 3,4-Dimethoxy-6,8-dihydroxycoumarin. 468 

 469 

 470 

 471 
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2.10. Molecular dynamics simulations 472 

To further examine the dynamic behavior of the top-ranked docked complexes, 25 ns molecular 473 

dynamics (MD) simulations were performed for COX-2/PTGS2 with 3,4-dimethoxy-6,8-474 

dihydroxycoumarin, MMP9 with ferulic acid, and EGFR with 3,4-dimethoxy-6,8-475 

dihydroxycoumarin. The trajectories were evaluated using RMSD, RMSF, radius of gyration 476 

(Rg), and hydrogen-bond analysis. The RMSD, RMSF, radius of gyration (Rg), and hydrogen-477 

bond profiles are shown in Figure 10, while the main trajectory observations are summarized 478 

in Table 4. The COX-2 and 3,4-dimethoxy-6,8-dihydroxycoumarin complex showed an initial 479 

increase in RMSD followed by a relatively stable profile, with values remaining below 0.35 480 

nm throughout the simulation. Most residues exhibited low to moderate fluctuations, while 481 

higher RMSF values were limited to specific loop regions. The Rg decreased during the early 482 

phase of the simulation and subsequently remained stable, indicating maintenance of the 483 

overall protein compactness. Hydrogen-bond interactions were also maintained throughout the 484 

trajectory. 485 

The MMP9 and ferulic acid complex similarly showed an initial increase in RMSD followed 486 

by a relatively stable trajectory, with RMSD remaining below 0.40 nm. The catalytic region 487 

displayed comparatively low residue fluctuations, whereas higher flexibility was observed in 488 

specific terminal or loop regions. The Rg remained within a narrow range after the initial 489 

equilibration period, while hydrogen-bond interactions were maintained throughout the 490 

simulation. 491 

The EGFR and 3,4-dimethoxy-6,8-dihydroxycoumarin complex showed somewhat greater 492 

conformational variation than the other two complexes. RMSD increased during the middle 493 

portion of the simulation, reaching a maximum of approximately 0.41 nm, but subsequently 494 

decreased toward the end of the trajectory. The catalytic core remained comparatively less 495 

flexible, whereas greater fluctuations were observed toward the terminal regions. The Rg 496 

remained relatively stable after the initial phase, and hydrogen-bond interactions persisted 497 

throughout the simulation. Overall, all three complexes showed relatively stable trajectories 498 

over the 25 ns simulation period. The observed RMSD and Rg profiles remained within 499 

relatively narrow ranges after the initial equilibration phase, while residue fluctuations were 500 

mainly localized to flexible regions. The persistence of hydrogen-bond interactions further 501 

supported the stability of the protein-ligand complexes during the simulated period. 502 

 503 

Table 4. Molecular dynamics simulation characteristics of the three selected protein–ligand 504 

complexes. 505 

Complex 
RMSD 

range (nm) 

RMSF range/major 

fluctuations (nm) 

Rg range 

(nm) 

H-bond 

range 

COX-2 + 3,4-dimethoxy-6,8-
dihydroxycoumarin 

0.11-0.34 
Mostly 0.1-0.2; 
peaks ~0.73 and 

0.52 
2.33-2.42 ~370-453 

MMP9 + ferulic acid 0.05-0.37 
Catalytic core <0.10; 

peaks ~0.48 and 
0.38 

1.42-1.49 ~95-120 

EGFR + coumarin 0.05-0.41 
Core 0.05-0.15; C-
terminal peak ~0.47 

1.92-2.02 ~185-220 
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 506 

Figure 10. Molecular dynamics simulation of the COX-2 (PTGS2; PDB: 5IKR)-3,4-507 

dimethoxy-6,8-dihydroxycoumarin complex over 25 ns. (a) Backbone RMSD as a function of 508 

simulation time. (b) Per-residue RMSF of the COX-2 backbone. (c) Radius of gyration (Rg) 509 

of the protein-ligand complex as a function of simulation time. (d) Number of intermolecular 510 

hydrogen bonds as a function of simulation time. RMSD stabilized below 0.35 nm after initial 511 

equilibration, and Rg and hydrogen-bond profiles remained consistently stable throughout the 512 

trajectory, indicating a structurally stable complex. 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 
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 527 

 528 

 529 

 530 

Figure 11. Molecular dynamics simulation of the MMP9 (PDB: 4WZV)-ferulic acid complex 531 

over 25 ns. (a) Backbone RMSD as a function of simulation time. (b) Per-residue RMSF of the 532 

MMP9) catalytic domain. (c) Radius of gyration (Rg) of the MMP9-ligand complex as a 533 

function of simulation time. (d) Number of intermolecular hydrogen bonds as a function of 534 

simulation time. RMSD remained below 0.40 nm after equilibration, with low fluctuation 535 

across the catalytic core and sustained hydrogen bonding throughout the simulation. 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 
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 544 

 545 

 546 

Figure 12. Molecular dynamics simulation of the EGFR (PDB: 1M17)-3,4-dimethoxy-6,8-547 

dihydroxycoumarin complex over 25 ns. (a) Backbone RMSD as a function of simulation time. 548 

(b) Per-residue RMSF of the EGFR kinase domain. (c) Radius of gyration (Rg) of the EGFR-549 

ligand complex as a function of simulation time. (d) Number of intermolecular hydrogen bonds 550 

as a function of simulation time. RMSD showed a transient increase to ~0.41 nm between 16-551 

20 ns before re-stabilizing, while Rg and hydrogen-bond interactions remained within a stable, 552 

compact range throughout the trajectory. 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 
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3. Discussion 561 

Dental pain associated with pulpitis and odontogenic inflammation arises from the interaction 562 

of microbial challenge, tissue injury, inflammatory mediator release, and sensitization of 563 

peripheral sensory pathways. In this setting, inflammatory signaling within the dental pulp is 564 

closely linked to the development and persistence of nociceptive responses. NF-κB, cytokine 565 

signaling, prostaglandin production, and tissue-remodeling processes have all been implicated 566 

in pulpal inflammation and therefore provide biologically relevant contexts in which potential 567 

anti-inflammatory phytochemicals may be investigated [15]. Ricinus communis L. has a long 568 

history of medicinal use and has demonstrated antinociceptive and anti-inflammatory effects 569 

in preclinical studies, although the molecular basis of these effects and the constituents 570 

responsible remain incompletely characterized [16]. The present study therefore used an 571 

integrated computational approach to prioritize R. communis phytochemicals and explore their 572 

possible relationships with molecular processes relevant to dental pain. Rather than identifying 573 

a single definitive mechanism, the findings suggest a network of candidate compound target 574 

interactions involving inflammatory and signaling pathways that may warrant experimental 575 

investigation. 576 

The prioritization of 3,4-dimethoxy-6,8-dihydroxycoumarin, ferulic acid, and p-coumaric acid 577 

is of particular interest because two of these compounds already have independent evidence of 578 

anti-inflammatory activity. Ferulic acid has been reported to modulate several inflammatory 579 

pathways, including NF-κB and MAPK signaling, and to reduce the production of 580 

inflammatory mediators in experimental models  [17, 18]. Similarly, p-coumaric acid has been 581 

shown to suppress inflammatory responses accompanied by reductions in NF-κB and COX-2 582 

expression in experimental systems [19]. These observations do not demonstrate that either 583 

compound acts against dental pain, but they provide pharmacological context for their 584 

prioritization in the present study. The findings also complement previous reports of 585 

antinociceptive activity of R. communis leaf extract in chemical, thermal, and formalin-induced 586 

models of pain [16]. Thus, the present analysis provides a possible molecular framework 587 

through which some of the previously reported biological activities of the plant could be 588 

investigated at the level of individual constituents. 589 

The predicted target network further suggests that the potential relevance of these compounds 590 

may extend beyond a single inflammatory mediator. PTGS2, NFKB1, STAT3, EGFR, and 591 

MMP9 were prioritized as central nodes, placing them within biological processes that have 592 

varying degrees of relevance to pulpal inflammation. NF-κB is particularly well established in 593 

dental inflammatory responses. Experimental stimulation of human dental pulp stem cells with 594 

TNF-α and lipopolysaccharide activates the IKK/NF-κB pathway and induces expression of 595 

the NF-κB-dependent chemokine IL-8, demonstrating the responsiveness of pulp-derived cells 596 

to inflammatory stimuli through this pathway [15]. IL-17 provides another relevant connection. 597 

Increased IL-17 expression has been reported in human pulpitis, while experimental exposure 598 

of human dental pulp fibroblasts to IL-17 increases inflammatory chemokines including IL-6 599 

and IL-8 [20]. These findings provide biological support for the IL-17 and NF-κB-related 600 

associations suggested by the present network analysis. Importantly, however, pathway 601 

enrichment and target prediction cannot establish whether the prioritized compounds activate 602 

or inhibit these pathways; they identify relationships that require experimental clarification. 603 
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The predicted involvement of PTGS2 is also relevant to the relationship between inflammation 604 

and nociception. COX-2 contributes to prostaglandin synthesis during inflammatory responses, 605 

while prostaglandins are established mediators of peripheral nociceptor sensitization. 606 

Accordingly, a predicted association between the selected phytochemicals and PTGS2 607 

provides a plausible link to the inflammatory component of dental pain. This interpretation is 608 

further supported by the reported ability of ferulic acid and p-coumaric acid to modulate COX-609 

2-associated inflammatory responses in other experimental models [17, 19]. Nevertheless, the 610 

present findings should not be interpreted as evidence of direct COX-2 inhibition. Whether the 611 

prioritized compounds inhibit COX-2 enzymatic activity, reduce its expression, or influence 612 

prostaglandin production remains to be determined experimentally. 613 

The identification of STAT3 and EGFR alongside NF-κB and PTGS2 suggests that the 614 

predicted interactions may involve interconnected signaling processes rather than isolated 615 

inflammatory targets. EGFR participates in cellular responses to injury and can regulate 616 

downstream signaling through pathways including PI3K-AKT and MAPK [21]. STAT3, 617 

meanwhile, is a major mediator of cytokine-responsive transcription and can interact with 618 

several inflammatory signaling networks. The enrichment of PI3K-AKT signaling in the 619 

present study may therefore reflect broader cellular responses associated with inflammatory 620 

stress, survival, and tissue responses rather than a pathway specifically responsible for pain 621 

perception. A similar consideration applies to HIF-1 signaling. HIF-1α is stabilized under 622 

hypoxic conditions and has been increasingly implicated in the biology of pulpitis, where 623 

bacterial and inflammatory stimuli can interact with hypoxia-associated signaling [22]. The 624 

enrichment of HIF-1-related processes therefore provides additional biological context for the 625 

computational network, but it should not be taken as evidence that the selected compounds 626 

directly regulate HIF-1α. 627 

MMP9 represents another potentially relevant but biologically complex target. Increased 628 

MMP9 expression has been reported in inflamed human dental pulp compared with healthy 629 

pulp, supporting its association with pulpal inflammatory processes [23]. However, its role 630 

cannot be interpreted simply as pathogenic because experimental MMP9 deficiency has been 631 

associated with larger periapical lesions, indicating that MMP9 may also participate in host 632 

responses and tissue remodeling during periapical inflammation [24]. Consequently, the 633 

predicted association of the prioritized phytochemicals with MMP9 should be regarded as 634 

identification of a candidate regulatory node rather than evidence that MMP9 inhibition would 635 

necessarily be beneficial. This distinction is important when interpreting network 636 

pharmacology results, because centrality within a disease-associated network does not 637 

establish the direction or functional consequence of a compound-target interaction. 638 

The DFT, docking, and molecular dynamics analyses provided complementary evidence for 639 

prioritizing specific compound-target relationships. The comparatively favorable electronic 640 

profile of 3,4-dimethoxy-6,8-dihydroxycoumarin was consistent with its broader predicted 641 

docking profile, whereas the favorable predicted interaction of ferulic acid with MMP9 642 

indicates that target-specific structural complementarity may also contribute substantially to 643 

binding. Thus, the DFT descriptors provide useful chemical context but should not be 644 

considered direct predictors of protein affinity, which depends on the three-dimensional 645 

binding environment and multiple ligand-protein interactions. Molecular docking similarly 646 

provides plausible binding modes and relative scoring rather than experimentally determined 647 
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affinities; limitations in scoring functions and the treatment of protein flexibility can affect the 648 

quantitative interpretation of docking results [25].  649 

The subsequent 25 ns molecular dynamics simulations provided an additional assessment of 650 

the selected docked complexes under dynamic conditions. The persistence of the complexes 651 

during the simulated trajectories supports the compatibility of the predicted poses with the 652 

modeled protein environment, but does not establish experimental binding or target inhibition. 653 

MD simulations are dependent on factors including the starting structure, force field, system 654 

preparation, and sampling time, and therefore are best interpreted as complementary structural 655 

evidence rather than experimental confirmation [26].  656 

Taken together, the agreement between network pharmacology, pathway analysis, DFT, 657 

docking, and MD provides a coherent computational basis for prioritizing the identified 658 

compound-target relationships. The predicted involvement of PTGS2, NFKB1, STAT3, 659 

EGFR, and MMP9 within inflammatory signaling networks is also biologically plausible in 660 

light of their reported associations with pulpal inflammation and related tissue responses [15, 661 

20, 23].  662 

Overall, the integrated findings suggest that selected R. communis phytoconstituents may 663 

interact with interconnected molecular targets relevant to dental inflammation and pain. 664 

Among the screened compounds, 3,4-dimethoxy-6,8-dihydroxycoumarin and ferulic acid were 665 

prioritized as the most promising candidates based on the combined evidence from network 666 

pharmacology, DFT, molecular docking, and molecular dynamics simulations. While these 667 

findings do not establish a therapeutic mechanism, they provide a coherent and experimentally 668 

testable molecular framework for understanding the potential contribution of R. communis 669 

constituents to inflammatory and nociceptive processes. Further experimental studies are 670 

warranted to determine whether the predicted compound-target interactions translate into 671 

measurable pharmacological effects. 672 

4. Methods  673 

4.1 Study design and computational workflow 674 

An integrated in silico workflow was used to investigate the potential molecular basis of 675 

Ricinus communis phytoconstituents in dental pain. Phytochemicals reported from the aerial 676 

parts of R. communis were collected and curated before sequential drug-likeness, ADMET, and 677 

toxicity screening. The prioritized compounds were then subjected to target prediction, and 678 

their predicted targets were compared with dental pain associated targets retrieved using 679 

“Toothache” and “Pulpitis.” Common targets were analyzed by protein protein interaction 680 

(PPI) analysis, hub target identification, and GO and KEGG enrichment. A compound target 681 

pathway network was also constructed to visualize the main relationships within the predicted 682 

network. For structural analysis, the prioritized compounds were geometry optimized using 683 

DFT, the resulting optimized structures were used for molecular docking against selected hub 684 

targets and MD simulation were further performed. 685 

4.2 Phytochemicals collection and curation 686 

Phytoconstituents reported from the aerial parts of Ricinus communis were retrieved from the 687 

Indian Medicinal Plants, Phytochemistry and Therapeutics (IMPPAT) database and Dr. Duke’s 688 

Phytochemical and Ethnobotanical Databases. The records obtained from both sources were 689 

compiled into a single dataset to establish the initial phytochemical library for the study. 690 
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Duplicate entries were identified and removed to avoid repeated representation of the same 691 

compound in subsequent analyses. After removal of duplicate entries, 47 unique 692 

phytoconstituents were retained for further computational screening. The chemical structures 693 

and SMILES representations were obtained from PubChem where available. For compounds 694 

without a corresponding structure in PubChem, the chemical structures were drawn in 695 

ChemDraw based on their IUPAC names. 696 

4.3 ADME and Drug likeness screening 697 

The 47 curated R. communis phytoconstituents were subjected to an initial in two steps. In the 698 

first step, SwissADME was used to assess bioavailability, Lipinski’s rule of five, and 699 

gastrointestinal absorption [27]. Compounds with a bioavailability score ≥0.55, no Lipinski 700 

violations, and high GI absorption were retained for further screening. The compounds that 701 

passed the first screening were then analyzed using ADMETlab 3.0 [28]. A drug-likeness (DL) 702 

score >0.65 was used to select compounds for the subsequent toxicity and target analyses. 703 

4.5 Toxicity prediction using ProTox 704 

The compounds that passed the ADMETlab 3.0 screening were evaluated for acute toxicity 705 

using ProTox 3.0 [29]. The canonical SMILES of each compound were submitted to the 706 

platform, and the predicted oral LD₅₀ and toxicity class were recorded. The three compounds 707 

identified after drug-likeness screening were then taken forward for target prediction and 708 

network pharmacology analysis. 709 

4.6 Target prediction of prioritized phytoconstituents 710 

Potential targets of the three prioritized R. communis phytoconstituents were predicted using 711 

the SwissTargetPrediction web server [30]. The chemical structure of each compound was 712 

submitted separately, with Homo sapiens selected as the target organism. The predicted human 713 

protein targets with a probability score greater than 0 were retained for further analysis. 714 

The target lists obtained for the three compounds were then pooled, and duplicate targets were 715 

removed. This resulted in 171 unique predicted targets associated with the prioritized 716 

phytoconstituents. These targets were subsequently compared with the targets related to dental 717 

pain to identify the common molecular targets for the network pharmacology analysis. 718 

The predicted targets were considered putative compound protein associations and were used 719 

as computationally predicted targets rather than experimentally validated interactions. 720 

4.7 Identification of dental pain associated targets 721 

Dental pain-associated targets were retrieved from the GeneCards and Comparative 722 

Toxicogenomics Database (CTD) [31]. The terms “Toothache” and “Pulpitis” were used to 723 

obtain disease-related targets, covering dental pain and pulp inflammation associated with 724 

odontogenic pain. For GeneCards, genes with a Relevance Score ≥10 were retained. For CTD, 725 

genes were ranked according to their Inference Score, and the top 20% were selected. The 726 

resulting gene lists from both databases were combined, and duplicate entries were removed. 727 

A total of 1,909 unique dental pain-associated targets were obtained and used for subsequent 728 

comparison with the predicted targets of the prioritized R. communis phytoconstituents. 729 

4.8 Identification of common targets 730 

The predicted targets of the three prioritized R. communis phytoconstituents were compared 731 

with the dental pain associated targets obtained from GeneCards and CTD. The two target sets 732 

were intersected to identify proteins shared between the prioritized compounds and dental pain. 733 

Venn diagram analysis was used to visualize the overlap between the compound- and disease-734 
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associated targets (Venny2.1) [32]. The resulting common targets were considered potential 735 

molecular targets through which the prioritized phytoconstituents may be associated with 736 

dental pain and were taken forward for subsequent network pharmacology analyses. 737 

4.9 PPI network construction and hub genes  738 

The 55 common targets identified between the R. communis phytoconstituent associated targets 739 

and dental pain associated targets were analyzed using the STRING database. Homo sapiens 740 

was selected as the organism to obtain the corresponding human protein interactions. The 741 

interaction data were downloaded from STRING and imported into Cytoscape for network 742 

visualization and analysis. Hub targets were identified using the CytoHubba plugin in 743 

Cytoscape. The Maximal Clique Centrality (MCC) method was used to rank the nodes 744 

according to their connectivity within the PPI network. The five targets with the highest MCC 745 

scores were selected as hub targets for subsequent analysis [31]. 746 

4.10 GO and KEGG enrichment analysis 747 

GO and KEGG pathway enrichment analyses were carried out for the 55 common targets using 748 

ShinyGO0.80. GO analysis was performed for the three categories: Biological Process (BP), 749 

Molecular Function (MF), and Cellular Component (CC). KEGG enrichment analysis was 750 

performed using the same target set to identify the pathways associated with the common 751 

targets. The enriched GO terms and KEGG pathways were evaluated based on the statistical 752 

results generated by ShinyGO. The significantly enriched terms and pathways were ranked 753 

according to their statistical significance and number of associated targets. The resulting 754 

enrichment profiles were used for further interpretation of the biological functions and 755 

pathways associated with the common targets [31]. 756 

4.11 Compound target pathway network construction 757 

A compound target pathway network was constructed in Cytoscape to visualize the 758 

relationships among the prioritized R. communis phytoconstituents, their predicted targets, and 759 

the enriched pathways. The network was generated by combining the compound target 760 

interactions obtained from SwissTargetPrediction with the 55 common targets identified 761 

through intersection analysis and the significantly enriched GO terms and KEGG pathways. 762 

The resulting network was visualized in Cytoscape, and the connections among compounds, 763 

common targets, and enriched pathways were examined to identify the major compound–764 

target–pathway relationships [31]. 765 

4.12. Density functional theory based geometry optimization  766 

Density Functional Theory (DFT) calculations were performed for Ricinus communis 767 

phytoconstituents (3,4-Dimethoxy-6,8-dihydroxycoumarin, Ferulic acid, and p-Coumaric 768 

acid) using the B3LYP functional with the 6-311G basis set in Gaussian 09W. The molecular 769 

geometries of the selected compounds were optimized before further calculations. The 770 

optimized structures and frontier molecular orbitals were visualized using GaussView 5.  The 771 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 772 

were evaluated to characterize the electronic properties of the optimized phytoconstituents. The 773 

frontier orbital energies were further used to calculate the HOMO-LUMO energy gap and 774 

global electronic descriptors within the conceptual DFT framework, based on the 775 

interpretations of Parr and Pearson and Koopmans' theorem [33]. The calculated descriptors 776 

included ionization potential, electron affinity, electronegativity, chemical hardness, chemical 777 

softness, chemical potential, and electrophilicity index. 778 
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The electronic descriptors were calculated from the HOMO and LUMO energies using the 779 

following relationships: 780 

1. 𝐸����� ��	 (�𝐸) = 𝐸���� − 𝐸����  (��)  781 

2. ���������� 𝐸����� (�) =  −(𝐸���� )(��)  782 

3. 𝐸������� �������� (�) =  −( 𝐸���� )(��)  783 

4. ������   (!) = 1−$2  (��)  784 

5. &�����   (&) = 1'  (��)  785 

6. 𝐸������������(��� ()) = 1+$2  (��)  786 

7. +ℎ�-���� 	�������� (.) =  −) = − 1+$2  (��)  787 

8. 𝐸������	ℎ������� ����/ (ω) = 122'  (��)  788 

The optimized three-dimensional structures obtained from the DFT calculations were used as 789 

ligand structures for the subsequent molecular docking analysis. Docking was therefore 790 

performed with the optimized conformations of the phytoconstituents. 791 

4.13. Molecular docking analysis 792 

The DFT optimized structures of the three prioritized R. communis phytoconstituents were 793 

subjected to molecular docking against the selected protein targets identified through the 794 

network pharmacology analysis. The optimized ligand structures were prepared using Open 795 

Babel and converted into the required format for docking. Docking was performed using 796 

AutoDock Vina with the prepared protein structures obtained from the Protein Data Bank 797 

(PDB). The resulting binding poses and protein ligand interactions were visualized and 798 

analyzed using Discovery Studio Visualizer [34].  799 

4.13.1. Selection and preparation of protein targets 800 

Five hub targets identified from the PPI network, namely PTGS2, NFKB1, MMP9, STAT3, 801 

and EGFR, were selected for molecular docking based on their network centrality and 802 

biological relevance to the processes associated with dental pain. The corresponding 803 

experimentally determined protein structures were retrieved from the PDB using the following 804 

structures: PTGS2 (5IKR), NFKB1 (1SVC), MMP9 (4WZV), STAT3 (6NUQ), and EGFR 805 

(1M17). Protein structures were prepared in Discovery Studio before docking. Water 806 

molecules, buffer components, and other non-essential heteroatoms were removed, while the 807 

required protein structure was retained. Missing hydrogen atoms were added, and the ionizable 808 

residues were assigned appropriate protonation states under physiological conditions. For 809 

proteins containing multiple identical chains, chain A was selected for docking. The prepared 810 

protein structures were saved in PDB format and then converted to PDBQT format using 811 

AutoDock Tools. Polar hydrogen atoms and Kollman united atom charges were assigned 812 

during receptor preparation. 813 

4.13.2. Ligand preparation 814 

The molecular structures of the selected compounds were retrieved from the PubChem 815 

database in SDF format. For 3,4-dimethoxy-6,8-dihydroxycoumarin, for which a 816 

corresponding structure was unavailable in PubChem, the 2D structure was drawn in 817 

ChemDraw based on its IUPAC name and subsequently converted to a three-dimensional (3D) 818 

structure using Avogadro. All ligand structures were then subjected to DFT-based geometry 819 
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optimization. The optimized structures were converted to PDB format and used as ligands for 820 

subsequent molecular docking studies. 821 

4.13.3. Definition of docking sites and grid parameters 822 

The docking regions were defined using the binding-site coordinates specified for each protein 823 

target. The grid-center coordinates were set as follows: PTGS2 (5IKR): x = 38.961219, y = 824 

2.352688, z = 61.503469 (box dimensions 15 × 15 × 15 Å); NFKB1 (1SVC): x = 35.019154, 825 

y = 16.066769, z = 53.911308 (box dimensions 24 × 24 × 24 Å); MMP9 (4WZV): x = 826 

3.233700, y = 8.326300, z = 22.094325 (box dimensions 15 × 15 × 15 Å); STAT3 (6NUQ): x 827 

= 13.126458, y = 55.609983, z = 0.109915 (box dimensions 18 × 18 × 18 Å); and EGFR 828 

(1M17): x = 22.013690, y = 0.252828, z = 52.794034 (box dimensions 15 × 15 × 15 Å). 829 

4.13.4. Docking 830 

Molecular docking was carried out using AutoDock Vina with the predefined coordinates of 831 

the binding sites. The exhaustiveness was set to 8, and multiple poses were generated for each 832 

compound protein pair. The predicted binding affinity was recorded in kcal/mol, and the pose 833 

with the lowest binding energy was selected for further analysis. The selected poses were 834 

examined to assess their position within the binding pocket and their interactions with the 835 

surrounding amino acid residues. 836 

4.14. Molecular Dynamics Simulation 837 

Molecular dynamics (MD) simulations were performed to further evaluate the conformational 838 

stability and binding persistence of the top ranked protein ligand complexes obtained from 839 

molecular docking. The simulations were carried out using the WEBGRO Macromolecular 840 

Simulations online server (https://simlab.uams.edu/ProteinWithLigand/index.html) [35]. 841 

Three docked complexes were selected for MD analysis based on their docking scores: COX-842 

2 (PTGS2; PDB ID: 5IKR) complexed with 3,4-dimethoxy-6,8-dihydroxycoumarin, MMP9 843 

(PDB ID: 4WZV) complexed with ferulic acid, and EGFR (PDB ID: 1M17) complexed with 844 

3,4-dimethoxy-6,8-dihydroxycoumarin. 845 

For each complex, the GROMOS96 43a1 force field and SPC water model were used. The 846 

protein-ligand complexes were placed in a triclinic simulation box and solvated with water. 847 

The systems were neutralized with NaCl, and additional NaCl was added to obtain a final salt 848 

concentration of 0.15 M. Before the production run, energy minimization was performed using 849 

the steepest-descent algorithm for 5000 steps to remove unfavorable contacts and obtain 850 

energetically favorable starting configurations. The minimized systems were subsequently 851 

equilibrated under NVT/NPT conditions at 300 K and 1.0 bar. Following equilibration, each 852 

system was subjected to a 25 ns MD simulation using the leap-frog integration algorithm, with 853 

approximately 5000 trajectory frames recorded for each simulation. The trajectories obtained 854 

from the MD simulations were analyzed using root mean square deviation (RMSD), root mean 855 

square fluctuation (RMSF), and hydrogen bond analysis to assess the conformational stability, 856 

residue-level flexibility, and persistence of protein-ligand interactions throughout the 857 

simulation period. 858 

5. Limitation of the study 859 

The present study is computational in nature and therefore provides predictive rather than 860 

experimental evidence for the proposed compound-target relationships. Molecular docking was 861 

used to estimate probable binding preferences and prioritize compounds and targets for further 862 
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investigation; however, docking scores do not necessarily translate into actual binding affinity 863 

or biological potency. Similarly, the 25 ns molecular dynamics simulations provide information 864 

on the stability of the predicted complexes within the applied simulation conditions, but the 865 

relatively short simulation period and limitations of the selected force field cannot fully 866 

reproduce the complexity and timescale of protein-ligand interactions in biological systems. 867 

ADME and toxicity predictions were also used as early stage screening tools and should be 868 

regarded as approximations rather than substitutes for experimental pharmacokinetic, 869 

metabolic, and cytotoxicity assessment. In addition, the network pharmacology and pathway 870 

analyses are dependent on available databases and prediction algorithms and therefore may not 871 

capture all biologically relevant interactions. These limitations can be addressed through in 872 

vitro enzyme inhibition and binding assays, dental pulp cell based studies, cytokine and 873 

inflammatory mediator profiling, pharmacokinetic and cytotoxicity studies, and ultimately 874 

appropriate in vivo models. Such experimental validation will be essential to determine whether 875 

the computationally prioritized R. communis phytoconstituents exert the predicted molecular 876 

and antinociceptive effects. 877 

6. Conclusion 878 

This study provides an integrated computational framework for exploring the molecular basis 879 

of Ricinus communis in dental pain. Sequential screening prioritized 3,4-dimethoxy-6,8-880 

dihydroxycoumarin, ferulic acid, and p-coumaric acid, with PTGS2, NFKB1, STAT3, EGFR, 881 

and MMP9 emerging as key candidate targets within interconnected inflammatory pathways. 882 

DFT, molecular docking, and molecular dynamics further prioritized 3,4-dimethoxy-6,8-883 

dihydroxycoumarin and ferulic acid based on their predicted structural and dynamic 884 

interactions with selected targets. Collectively, these findings suggest a multi-target molecular 885 

basis for the potential anti-inflammatory and antinociceptive activity of selected R. communis 886 

constituents. Although the findings remain computational and require experimental validation, 887 

they provide a focused and testable basis for subsequent pharmacological investigation of these 888 

phytochemicals in dental inflammation and pain. 889 
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Figure Legends 1017 

Figure 1. Chemical structures of the prioritized compounds identified in Ricinus communis: 1018 

(1) 3,4-Dimethoxy-6,8-dihydroxycoumarin, (2) Ferulic acid, and (3) p-Coumaric acid  1019 

Figure 2. Venn diagram showing the intersection of targets associated with dental pain and 1020 

prioritized compounds. 1021 

Figure 3. PPI network and hub gene identification. The PPI network consisted of 55 common 1022 

targets with 401 interactions. 1023 

Figure 4. Hub genes identified from the PPI network using the MCC algorithm. The five top 1024 

ranked hub genes were PTGS2, NFKB1, MMP9, STAT3 and EGFR. 1025 

Figure 5. Gene Ontology and KEGG pathway enrichment analysis of the common targets. (A) 1026 

KEGG pathway enrichment analysis showing the significantly enriched pathways associated 1027 
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with the common targets, (B) Biological Process (BP) enrichment analysis (C) Cellular 1028 

Component (CC) enrichment analysis and (D) Molecular Function (MF) enrichment analysis 1029 

Figure 6A. KEGG based visualization of the IL-17 signaling pathway showing predicted 1030 

targets of Ricinus communis phytoconstituents. Pathway map generated using Pathview, with 1031 

nodes highlighted in red indicating hub/network target genes identified through the network 1032 

pharmacology analysis (NF-κB, MAPK3/ERK, GSK3β, CXCL2, MMP1, and MMP9).  1033 

Figure 6B. KEGG-based visualization of the PI3K-AKT signaling pathway showing predicted 1034 

targets of Ricinus communis phytoconstituents. Pathway map generated using Pathview, with 1035 

red nodes denoting network hub genes (RTK, ERK, GSK3, NF-κB, and Mcl-1) mapped onto 1036 

the reference pathway. 1037 

Figure 6C. KEGG-based visualization of the HIF-1 signaling pathway showing predicted 1038 

targets of Ricinus communis phytoconstituents. Pathway map generated using Pathview, with 1039 

red nodes indicating network hub genes (RTK, ERK, STAT3, NF-κB, iNOS, and LDHA) 1040 

overlaid on the reference pathway. 1041 

Figure 7. Compound target pathway network of the bioactive constituents of Ricinus communis 1042 

against dental pain targets. Network constructed and visualized in Cytoscape. Yellow diamond 1043 

nodes represent the three bioactive compounds (ferulic acid, p-coumaric acid, and 3,4-1044 

dimethoxy-6,8-dihydroxy-coumarin); orange nodes represent their predicted gene targets, with 1045 

hexagonal nodes denoting targets that map onto one or more enriched KEGG pathways and 1046 

elliptical nodes denoting targets without direct pathway mapping in this network; green 1047 

rectangular nodes represent the significantly enriched KEGG signaling pathways (Calcium 1048 

signaling, IL-17 signaling, Ras signaling, PI3K-AKT signaling, HIF-1 signaling, and AGE-1049 

RAGE signaling in diabetic complications). Edges connect each compound to its predicted 1050 

targets and each target to its associated pathway(s), illustrating the multi-compound, multi-1051 

target, multi-pathway pharmacological basis of Ricinus communis against dental pain. 1052 

Figure 8. DFT-optimized molecular structures and corresponding HOMO and LUMO 1053 

distributions of the selected Ricinus communis phytochemicals. (A) 3,4-dimethoxy-6,8-1054 

dihydroxycoumarin, (B) ferulic acid, and (C) p-coumaric acid.  1055 

Figure 9. Molecular docking analysis of selected Ricinus communis phytochemicals against 1056 

target proteins. (A) PTGS2 vs 3,4-Dimethoxy-6,8-dihydroxycoumarin, (B) NFKB1 vs 3,4-1057 

Dimethoxy-6,8-dihydroxycoumarin, (C) MMP9 vs Ferulic acid, (D) STAT3 vs 3,4-1058 

Dimethoxy-6,8-dihydroxycoumarin, (E)  EGFR vs 3,4-Dimethoxy-6,8-dihydroxycoumarin. 1059 

Figure 10. Molecular dynamics simulation of the COX-2 (PTGS2; PDB: 5IKR)-3,4-1060 

dimethoxy-6,8-dihydroxycoumarin complex over 25 ns. (a) Backbone RMSD as a function of 1061 

simulation time. (b) Per-residue RMSF of the COX-2 backbone. (c) Radius of gyration (Rg) 1062 

of the protein-ligand complex as a function of simulation time. (d) Number of intermolecular 1063 

hydrogen bonds as a function of simulation time. RMSD stabilized below 0.35 nm after initial 1064 

equilibration, and Rg and hydrogen-bond profiles remained consistently stable throughout the 1065 

trajectory, indicating a structurally stable complex. 1066 



Page 35 of 35 

 

Figure 11. Molecular dynamics simulation of the MMP9 (PDB: 4WZV)-ferulic acid complex 1067 

over 25 ns. (a) Backbone RMSD as a function of simulation time. (b) Per-residue RMSF of the 1068 

MMP9) catalytic domain. (c) Radius of gyration (Rg) of the MMP9-ligand complex as a 1069 

function of simulation time. (d) Number of intermolecular hydrogen bonds as a function of 1070 

simulation time. RMSD remained below 0.40 nm after equilibration, with low fluctuation 1071 

across the catalytic core and sustained hydrogen bonding throughout the simulation. 1072 

Figure 12. Molecular dynamics simulation of the EGFR (PDB: 1M17)-3,4-dimethoxy-6,8-1073 

dihydroxycoumarin complex over 25 ns. (a) Backbone RMSD as a function of simulation time. 1074 

(b) Per-residue RMSF of the EGFR kinase domain. (c) Radius of gyration (Rg) of the EGFR-1075 

ligand complex as a function of simulation time. (d) Number of intermolecular hydrogen bonds 1076 

as a function of simulation time. RMSD showed a transient increase to ~0.41 nm between 16-1077 

20 ns before re-stabilizing, while Rg and hydrogen-bond interactions remained within a stable, 1078 

compact range throughout the trajectory. 1079 

 1080 

Table Legends 1081 

Table 1. In silico ADME, drug-likeness, and toxicity profiles of the three prioritized Ricinus 1082 

communis phytoconstituents. 1083 

Toxicity Class I: fatal if swallowed (LD50 ≤ 5), Class II: fatal if swallowed (5 < LD50 ≤ 50), Class III: toxic if 1084 

swallowed (50 < LD50 ≤ 300), Class IV: harmful if swallowed (300 < LD50 ≤ 2000), Class V: may be harmful if 1085 

swallowed (2000 < LD50 ≤ 5000), Class VI: non-toxic (LD50 > 5000)  1086 

Molecular Weight (MW); Gastrointestinal (GI); Drug Likiness (DL) 1087 

Table 2. DFT-calculated frontier molecular orbital energies and conceptual density functional 1088 

theory (CDFT) descriptors of the selected Ricinus communis phytochemicals 1089 

Table 3. Predicted binding energies of the selected Ricinus communis phytochemicals obtained 1090 

by molecular docking. 1091 

Table 4. Molecular dynamics simulation characteristics of the three selected protein–ligand 1092 

complexes. 1093 

 1094 
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