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Abstract 13 
 14 
S. mukorossi., commonly known as soapnut, is a traditional medicinal plant widely used in Asian ethnomedicine 15 
for treating infections and inflammatory disorders. However, systematic validation of its pharmacological 16 
potential remains limited. The antimicrobial and anti-inflammatory properties of S. mukorossi extract were 17 
evaluated using in vitro and biochemical assays. Cytotoxicity was assessed in RAW 264.7 macrophages using the 18 
MTT assay. Antibacterial activity was determined by agar well diffusion and minimum inhibitory concentration 19 
(MIC) assays against Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus, while antifungal 20 
efficacy was tested against Candida albicans using disc diffusion. Anti-inflammatory potential was examined by 21 
measuring TNF-α levels through ELISA and cyclooxygenase-2 (COX-2) inhibition via a colorimetric assay. 22 
Molecular docking and molecular dynamics simulations, along with gmx_MMPBSA free energy calculations, 23 
were performed to assess the binding affinity of identified compounds (isosilybin A, orientin) with IRAK4. The 24 
extract demonstrated significant antimicrobial activity, producing notable inhibition zones against both Gram-25 
positive and Gram-negative bacteria, with low MIC values indicating potent bacteriostatic effects. Antifungal 26 
activity against C. albicans was comparable to amphotericin B. The extract exhibited low cytotoxicity toward 27 
RAW 264.7 cells and effectively suppressed inflammatory mediators, showing dose-dependent inhibition of 28 
COX-2 activity and a marked reduction in TNF-α secretion. In silico analyses revealed stable binding of isosilybin 29 
A and orientin to IRAK4, as confirmed by molecular dynamics and gmx_MMPBSA free energy calculations 30 
(ΔGbind up to –47.8 kcal/mol). The findings substantiate the traditional use of S. mukorossi as a natural 31 
antimicrobial and anti-inflammatory agent. Its bioactive constituents may serve as potential leads for developing 32 
plant-derived therapeutic agents targeting infectious and inflammatory diseases. Further phytochemical 33 
characterization and molecular mechanism studies are warranted to elucidate the active principles and their 34 
targets. 35 
 36 
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Introduction 61 
 62 
Since time immemorial, plants have provided a wide range of benefits to humanity. In terms of nutrition, fruits 63 
and nuts play a vital role in the human diet, providing essential nutrients necessary for growth and development. 64 
Edible seeds and nuts are especially valued for their rich content of bioactive compounds, essential fatty acids, 65 
vitamins, amino acids, and minerals [1]. Traditional knowledge worldwide has relied on plant-based remedies to 66 
treat a variety of ailments, including skin diseases, gastrointestinal disorders, and inflammatory conditions. 67 
Indigenous communities have long recognized the therapeutic potential of wild edible plants [2]. In recent years, 68 
modern scientific interest in medicinal plants has revealed that their healing properties are due mainly to a diverse 69 
range of bioactive phytochemicals. Currently, understanding the chemical composition of these plants not only 70 
validates many traditional practices but also opens new avenues for integrating plant-based compounds into 71 
modern healthcare strategies [3]. 72 

Recently, researchers have also become more interested in applying current pharmacological, 73 
bioanalytical, and computational methods to determine if these traditional practices remain valid [4]. 74 
Phytochemical compounds from medicinal plants are also gaining recognition for their potential as safe, effective, 75 
and inexpensive alternatives to conventional drugs. Although pharmaceutical research is advancing rapidly, 76 
ethnomedicine remains a vital component of primary healthcare worldwide, particularly in resource-constrained 77 
areas [5]. Therefore, the use of evidence-based methods to record and evaluate traditional knowledge can help 78 
bring tried-and-true treatments into modern therapeutic models [6]. 79 

One such promising plant is S. mukorossi Gaertn., also known as "soapnut" or "reetha", a well-known 80 
medicinal plant that has been utilized for a long time in Ayurvedic and traditional healing practices. The pericarp 81 
of the fruit contains a high concentration of saponins, which are employed in plant medicines to treat skin 82 
conditions such as eczema, psoriasis, and dandruff [5]. Researchers studying phytochemistry have identified 83 
various medicinal components of the plant, including flavonoids, phenolic acids, and triterpenoidal saponins [7]. 84 
In addition to being used on the skin, seeds and seed oil have been reported to have anti-inflammatory, 85 
antibacterial, hepatoprotective, and spermicidal properties [8]. New research also indicates that S. mukorossi seed 86 
oil promotes the growth of fibroblasts and enhances wound healing [9]. It also lowers the production of nitric 87 
oxide in macrophages and possesses strong antioxidant properties because of the presence of compounds such as 88 
β-sitosterol, oleanane-type saponins, and α-tocopherol [10]. 89 

Folk medicine practitioners in the northeastern parts of India, such as in Mizoram, reported that eating 90 
S. mukorossi seeds alleviates symptoms of hemorrhoids. Local healers and elders also suggest eating the inner 91 
seed kernel for anal pain, swelling, and bleeding, especially in rural areas where regular treatments are difficult. 92 
There is anecdotal evidence that this practice is beneficial for therapy, but its effectiveness has not been 93 
scientifically proven. Although plants have a wide range of pharmacological effects, scientific evidence is still 94 
lacking concerning how they can be used to treat pain caused specifically by hemorrhoids, which are widely used 95 
[11]. Previous studies have demonstrated that S. mukorossi contains a diverse array of bioactive compounds, 96 
including oleanane and dammarane-type triterpenoidal saponins, flavonoids, phenolics, and essential fatty acids. 97 
Many of these compounds are known to have anti-inflammatory effects [12]. Although S. mukorossi has been 98 
used for a long time to treat inflammation, there is not much scientific evidence supporting its use for treating 99 
hemorrhoids. 100 

This study therefore examines the anti-inflammatory properties of S. mukorossi seed kernel products 101 
against hemorrhoids by using both in silico and in vitro methods to bridge the gap between traditional knowledge 102 
and scientific evidence. In this study, metabolomics-based techniques (UHPLC-MS/MS) were employed to 103 
extract the active parts of seed extracts. This study also employs computer-aided methods, such as network 104 
pharmacology, molecular docking, and molecular dynamics (MD) models, to identify the most significant 105 
interactions between phytochemicals and targets and predict their binding affinity and complex stability. Several 106 
targeted in vitro assays have been used to confirm these computer estimates further. 107 
 108 
 109 
 110 
 111 
 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 



Methodology 121 
 122 
Sample collection: 123 
 124 
Seeds, flowers, and leaves of S. mukorossi were collected from Aizawl, Mizoram (23.757786° N, 92.735737° E) 125 
(Fig. 1). It was identified and authenticated by Dr. Khomdram Sandhyarani Devi (Indian botanist and taxonomist), 126 
Associate Professor from the Department of Botany, Mizoram University with Accession No. MZUH001299.  127 

S. mukorossi has long been used by the Sinner’s Friend Camping Centre for treating hemorrhoids, 128 
underscoring its ethnomedicinal relevance. The kernels of the seeds were extracted via a Soxhlet apparatus with 129 
methanol as the solvent. 130 
 131 
 132 
 133 
 134 

 135 

Fig. 1 Map and workflow for plant sample collection and extraction: (a) Sampling site location in Aizawl, 136 
Mizoram, India (geographic coordinates: 23.757786°N, 92.735737°E) visualized using satellite imagery; (b) 137 
Collection of plant material from the identified GPS site; (c) Seeds of the sampled plant species; (d) Subsequent 138 
extraction process using Soxhlet apparatus for chemical analysis. 139 

 140 
LC‒MS: 141 
LC–ESI–MS² analysis of the S. mukorossi seed kernel extract was conducted using a Waters Alliance e2695 142 
HPLC system coupled with a TQD mass spectrometer (Waters Corp., Milford, MA, USA). Separation was 143 
performed on an ACCUCORE C18 column (150 × 2.1 mm, 2.6 μm) with methanol containing 0.1% formic acid 144 
at 1.0 mL min⁻¹ under gradient elution. Spectra were acquired in positive and negative ionization modes over m/z 145 
150–2000 [13]. Data were processed using MassLynx™ software, and compounds were identified through 146 
database and literature comparison. Molecules meeting Lipinski’s Rule of Five and favourable ADMET profiles 147 
were selected for in silico analysis. 148 
 149 
 150 
 151 



 152 
Cytotoxicity Assay: 153 
 154 
The cytotoxicity of seed kernel extracts of S. mukorossi was evaluated using the MTT assay. Cells (1 × 10⁴ 155 
cells/well) were seeded in 96-well plates and cultured for 24 h in DMEM (HiMedia, AT149-1L) supplemented 156 
with 10% FBS (HiMedia, RM10432) and 1% penicillin–streptomycin (Sigma-Aldrich, P0781) at 37 °C in 5% 157 
CO₂. Cells were then treated with varying concentrations of the extract prepared in DMSO and diluted in serum-158 
free medium. After 24 h, MTT solution (5 mg mL⁻¹) was added and incubated for 2 h. The supernatant was 159 
removed, formazan crystals were dissolved in 100 μL DMSO, and absorbance was measured at 540 nm using an 160 
ELISA plate reader (iMark™, Bio-Rad).  161 Calculation: % viable cells =  x100 162  ݈݋ݎݐ݊݋ܥܣ ݐݏ݁ܶܣ 

 163 
where ATest = absorbance of the test sample and AControl = absorbance of the control. 164 
 165 
Antimicrobial Assay 166 
The extract was evaluated for its antifungal and antibacterial activities using standardized diffusion assays as 167 
described below. 168 
 169 
Agar disc diffusion assay (antifungal activity) 170 
 171 
Antifungal activity was determined using the disc diffusion method (Kirby-Bauer method) on Sabouraud Dextrose 172 
Agar (SDA) plates seeded with C. albicans (0.5 McFarland standard; ~1.5 × 10⁸ CFU/mL). Sterile discs were 173 
impregnated with 10 µL of the extract at concentrations ranging from 0–100 mg/mL and placed on the inoculated 174 
agar surface. Amphotericin B (100 µg/disc) served as the positive control, while discs loaded with solvent alone 175 
acted as the negative control. Plates were incubated, and the zones of inhibition were measured to determine 176 
antifungal efficacy. 177 
 178 
Agar well diffusion assay (antibacterial activity) 179 
 180 
Antibacterial activity was assessed using the agar well diffusion method. Mueller–Hinton agar plates were 181 
inoculated with bacterial cultures adjusted to 0.5 McFarland standard (~1.5 × 10⁸ CFU/mL). Wells were filled 182 
with different concentrations of the extract, and tetracycline and chloramphenicol served as positive controls. 183 
Solvent-only wells were used as negative controls. Plates were incubated at 37°C for 24 h, and the diameters of 184 
inhibition zones were recorded in millimeters. 185 
 186 
Minimum inhibitory concentration (MIC) assay 187 
 188 
The minimum inhibitory concentration (MIC) was determined using the resazurin-based microliter dilution 189 
method [14]. Twofold serial dilutions of the extract (20–0.1 mg/mL) were prepared in Mueller–Hinton broth 190 
(MHB) and inoculated with bacterial suspensions (10⁸ CFU/mL). After 24 h incubation at 37°C, 50 µL of resazurin 191 
solution (0.0015%) was added to each well, followed by incubation until color development. The MIC was 192 
recorded as the lowest extract concentration that prevented the color change from blue to pink, indicating 193 
inhibition of bacterial growth. 194 
 195 
Anti-inflammatory Assay 196 
 197 
The anti-inflammatory potential of the extract was evaluated through TNF-α protein expression (ELISA), COX-198 
2 enzyme inhibition, and LOX inhibition assays as described below. 199 
 200 
 201 
TNF-α protein expression (ELISA): 202 
 203 
The experiment was performed as per kit instructions (GENLISATM Mouse TNF α ELISA- KB2145) 100 µl 204 
standard (TNF α - 1 µg/ml) and sample was added to the plate, plate was sealed and incubated for 2h at room 205 
temperature. The plate was washed four times with wash buffer (1X) and buffer was blotted by firmly tapping 206 
plate upside down on absorbent paper. Diluted detection antibody (Biotin Conjugated Detection Antibody) 207 
solution was added 100µl to each well, plate was sealed and incubated for an hour at room temperature. Again, 208 
plate was washed with wash buffer (1X) then 100µl diluted Streptavidin -HRP solution was added to each well, 209 
plate was sealed and incubated for an hour. Plate was washed with wash buffer (1X) and 100µl TMB substrate 210 



(3,3’,5,5’-Tetramethylbenzidine) solution was added and incubated in dark for 30 minutes. To stop the reaction, 211 
100 µl of stop solution was added to each well and read the absorbance at 450nm within 30 minutes [15]. 212 
 213 
 214 
 215 
 216 
COX-2 Enzyme Inhibition Assay: 217 
 218 
The in vitro inhibition of cyclooxygenase-2 (COX-2) activity was evaluated using a 96-well microplate assay 219 
[16]. Reaction mixtures contained Tris–Cl buffer (100 mM, pH 8.0), bovine hemin chloride (1 μM), and phenol 220 
(1 μM). The reaction was initiated by adding 5 μL of arachidonic acid (10 mM) as substrate and 5 μL of TMPD 221 
solution (17 mM), followed by incubation at room temperature for 10 min. Absorbance was measured at 595 nm 222 
using an ELISA microplate reader (iMark™, Bio-Rad). Celecoxib (2.5 mM) served as a positive control. IC₅₀ 223 
values were calculated using GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA). 224 
 225 Inhibition (%)  =  x100 226  ݈݋ݎݐ݊݋ܥܣݐݏ݁ܶܣ− ݈݋ݎݐ݊݋ܥܣ 

 227 
where A Control = absorbance of the control and A Test = absorbance of the sample. 228 
 229 
Lipoxygenase (LOX) Inhibition Assay 230 
 231 
Lipoxygenase (LOX) inhibition activity was assessed using a 96-well microplate assay [17]. Reaction mixtures 232 
contained LOX enzyme (500 U mL⁻¹; Sisco Research Laboratories, Cat. No. 9029-60-1) and Tris–HCl buffer (50 233 
mM, pH 7.5). Samples were incubated at 37 °C for 15 min, followed by addition of 5 μL arachidonic acid substrate 234 
(2 mM). After 30 min at room temperature, 50 μL of FTC reagent (iron sulfate and ammonium thiocyanate) was 235 
added, and absorbance was measured at 490 nm using an ELISA microplate reader (iMark™, Bio-Rad). Quercetin 236 
(250 μg mL⁻¹) served as a positive control. IC₅₀ values were determined using GraphPad Prism version 6 237 
(GraphPad Software, San Diego, CA, USA). 238 
 239 Inhibition (%)  =  x100 240  ݈݋ݎݐ݊݋ܥܣݐݏ݁ܶܣ− ݈݋ݎݐ݊݋ܥܣ 

 241 
 242 
where A Control = absorbance of the control and A Test = absorbance of the sample. 243 
 244 
Drug Design and Drug-likeness: 245 
 246 
The compounds identified via LC–MS analysis were subjected to drug-likeness prediction using the MolSoft 247 
computational platform (https://www.molsoft.com/), which evaluates molecular properties associated with oral 248 
bioavailability and drug-like behavior. 249 
 250 
Molecular Docking: 251 
 252 
The 3D structures of the target proteins were obtained from the PDB (https://www.rcsb.org/). The compound 253 
structures were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Docking was performed via 254 
AutoDock Vina and visualized with Discovery Studio [18]. 255 
 256 
 257 
Molecular dynamics (MD), principal component (PCA) and gmx_MMPBSA: 258 
 259 
MD simulations (100 ns, 310 K) were used to assess the stability of the receptor–ligand complexes. The analyses 260 
included RMSD, RMSF, hydrogen bonding, and SASA. PCA was performed on the eigenvalues and visualized 261 
with XMGrace. Binding free energies were estimated via gmx_MMPBSA [18]. 262 
 263 
Quality Assurance and Control: 264 
 265 
All the experiments were performed in triplicate. Analytical-grade solvents/reagents and standard protocols were 266 
used. The LC–MS instrument was calibrated. For the biological assays, positive controls (quercetin, amphotericin 267 
B, and celecoxib) were used. The cytotoxicity assays included untreated and blank wells. The data were analyzed 268 

https://www.molsoft.com/
https://www.rcsb.org/


with GraphPad Prism 6, and the IC₅₀ values are reported as the means ± SEMs. Only reproducible results were 269 
considered. 270 
 271 
 272 
Results 273 
 274 
LC‒MS analysis 275 
 276 
LC–MS analysis of the methanolic extract revealed multiple alkaloids, flavonoids, glycosides, and other 277 
secondary metabolites, each of which presented different retention times and hit scores, as shown in Fig. 2. A total 278 
of 21 compounds were identified (Suppl. Table 1), and their retention times varied from 1.42 to 33.70 minutes. 279 
The notable alkaloids identified include 7-hydroxymitragynine, (S,S)-(+)-tetrandrine, gardneramine, aconitine, 280 
lycorine-diacetate, and brucine. Various flavonoid glycosides, including vitexin, isosilybin A, orientin, and 281 
apigenin derivatives, have also been identified. Among these, lycorine-diacetate (RT 20.02 min) presented the 282 
highest hit score (0.8144), indicating a robust match with the reference library. Compounds such as (-)-283 
podophyllotoxin, ginsenoside compound K, and chrysanthellin B were identified with notably high hit scores, 284 
reflecting their considerable presence in the extract. The variety of identified compounds underscores the intricate 285 
chemical makeup of the sample. 286 
 287 

 288 
 289 
Fig. 2 LC–MS chromatogram of S. mukorossi extract showing peaks corresponding to identified compounds. 290 
 291 
In vitro analysis 292 
 293 
Cytotoxicity assessment (MTT assay) 294 
 295 

The cytotoxicity of the plant extract was evaluated using the MTT assay in RAW 264.7 macrophage cells across 296 
a concentration range of 31.25–1000 µg/mL (Fig. 3). The extract exhibited low cytotoxicity, with cell viability 297 
exceeding 92% at 62.5 µg/mL, remaining above 85% at 250 µg/mL, and retaining approximately 71% viability 298 
at 1000 µg/mL. These results indicate that the extract is non-toxic to macrophages, even at its highest tested 299 
concentration. In contrast, treatment with the reference cytotoxic compound paclitaxel markedly reduced cell 300 
viability to below 50% at 100 µg/mL, confirming the assay’s sensitivity and validating the biocompatibility of the 301 
plant extract. Microscopic examination revealed no detectable alterations in media color, cell morphology, or 302 
adhesion, further supporting the extract’s safety profile [19]. 303 

 304 
 305 



 306 
 307 
Fig. 3 MTT assay-based cytotoxicity evaluation of the effects of the plant extract on RAW 264.7 macrophages. 308 
(a) Percentage of viable cells relative to the control across different concentrations (1–1000 µg/ml) of the extract. 309 
(b–h) Phase-contrast microscopy images showing the cell morphology at various concentrations: (b) 1 µg/ml, (c) 310 
10 µg/ml, (d) 50 µg/ml, (e) 100 µg/ml, (f) 250 µg/ml, (g) 500 µg/ml, and (h) 1000 µg/ml. The data revealed a 311 
significant decrease in cell viability with increasing concentrations (***p < 0.001). 312 
 313 
Antimicrobial Assay 314 
 315 
 The antibacterial activity, evaluated by agar well diffusion, strongly inhibited E. coli, S. aureus, and K. 316 
pneumoniae (Fig. 4 a). MIC analysis revealed the strongest effect against E. coli (3.12 mg/ml), followed by S. 317 
aureus (6.25 mg/ml) and K. pneumoniae (12.5 mg/ml). These results confirm that S. mukorossi exhibits broad-318 
spectrum antimicrobial activity, with E. coli being the most susceptible.  319 
 The antifungal activity of the S. mukorossi extract was assessed against C. albicans via the disc diffusion 320 
method. At 100 µg, the extract produced a 9 mm inhibition zone, whereas it was 7 mm for the control (70 µg), 321 
indicating significant antifungal potential (Fig. 4 b). 322 
 323 
 324 
 325 
 326 
 327 



 328 
 329 
Fig. 4 (a) Determination of antimicrobial, MIC and (b) antifungal activities of the extract 330 
 331 
TNF-α expression analysis (ELISA) 332 

The influence of S. mukorossi seed extract on the production of the proinflammatory cytokine TNF-α was 333 
evaluated in RAW 264.7 macrophages using quantitative ELISA (Fig. 5a). Untreated control cells exhibited a 334 
basal TNF-α concentration of 3311.36 pg/mL, representing normal, non-inflammatory conditions. Stimulation 335 
with lipopolysaccharide (LPS) markedly increased TNF-α secretion by 24.09 pg/mL, confirming effective 336 
macrophage activation and induction of an inflammatory response. When macrophages were treated with the S. 337 
mukorossi extract alone, TNF-α levels increased only slightly (6.82 pg/mL), indicating negligible 338 
proinflammatory effects. However, co-treatment with LPS and the extract significantly reduced TNF-α secretion 339 
compared with the LPS-only group, with concentrations decreasing to 16.36 pg/mL and approximately 40.45 340 
pg/mL at higher doses of the extract. These findings suggest that the S. mukorossi seed extract exerts a dose-341 
dependent inhibitory effect on TNF-α production, demonstrating its potential anti-inflammatory activity [20]. 342 

 343 
 344 
Cyclooxygenase-2 (COX-2) Inhibition Assay 345 

The inhibitory potential of the S. mukorossi seed extract against cyclooxygenase-2 (COX-2) was evaluated using 346 
a colorimetric assay based on the oxidation of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) at 595 nm 347 
(Fig. 5b). The extract demonstrated a concentration-dependent inhibition of COX-2 activity, exhibiting an IC₅₀ 348 
value of 704.8 ± 0.02 µg/mL. In comparison, the standard COX-2 selective inhibitor celecoxib showed a markedly 349 
lower IC₅₀ value of 682 ± 0.02 µM, confirming its higher pharmacological potency. Across the tested 350 
concentration range (31.25–1000 µg/mL), the S. mukorossi extract displayed a progressive increase in enzyme 351 
inhibition, rising from approximately 12% at 62.5 µg/mL to over 58% at 1000 µg/mL. This trend indicates a 352 
significant interaction of the extract with the COX-2 enzymatic pathway, particularly at higher concentrations 353 
[20].  354 

Lipoxygenase (LOX) Inhibition Assay 355 

The inhibitory activity of the S. mukorossi seed extract on the lipoxygenase (LOX) pathway was assessed using 356 
the ferric thiocyanate colorimetric assay (Fig. 5c). The extract demonstrated a concentration-dependent 357 
suppression of LOX activity, with an IC₅₀ value of 598 µg/mL. Inhibition initiated at approximately 11.23% at 1 358 
µg/mL and progressively increased to nearly 65% at 1000 µg/mL, indicating substantial attenuation of LOX 359 
enzymatic activity with increasing extract concentration. In comparison, quercetin, used as a reference LOX 360 
inhibitor, exhibited potent activity with an IC₅₀ value of 21.59 µg/mL, rendering it approximately 28-fold more 361 
effective than the plant extract. The inhibition data were consistent across three independent replicates, and no 362 



turbidity or chromogenic interference was observed during the assay, ensuring the reliability and precision of the 363 
photometric measurements [21]. 364 

 365 
Gene expression analysis – iNOS (conventional PCR) 366 
 367 
Exposure to the effective concentration of S. mukorossi seed extract resulted in a significant alteration in iNOS 368 
gene expression in RAW 264.7 macrophages (Fig. 5d). In contrast to the untreated control group, which presented 369 
a normalized iNOS expression level of 0.50, the treated group (cell + plant sample) presented an increased 370 
expression of 1.10. This indicates a 2.2-fold increase in iNOS mRNA levels. Densitometric examination of the 371 
PCR bands validated the consistency of this increase across biological replicates, using GAPDH as the internal 372 
reference gene for normalization. The results demonstrated that the plant extract stimulated iNOS gene expression 373 
under the tested experimental conditions [22]. 374 

 375 
Fig. 5 In vitro anti-inflammatory activity of the plant extract. Figure (a) ELISA results showing reduced TNF-α 376 
levels in LPS-treated cells after extract treatment (p < 0.01). (b) COX-II inhibition increased with increasing 377 
extract concentration, peaking at 2500 µg/ml (p < 0.001). (c) LOX inhibition also increased in a dose-dependent 378 
manner, with the greatest increase occurring at 1000 µg/ml (p < 0.001), and (d) iNOS expression induced by LPS 379 
was suppressed by the extract (p < 0.001). 380 
 381 
Drug-likeness 382 
 383 
The drug-likeness and physicochemical properties of the selected ligands were evaluated to assess their potential 384 
as anti-hemorrhoidal compounds, as detailed in Table 2. The compounds oxyacanthine and (+)-tubocurarine 385 
chloride presented greater molecular weights (608.29 and 644.27 Da) and increased LogP values (5.16 and 5.43), 386 
suggesting possible difficulties in oral bioavailability. The topological polar surface area (MolPSA) varied among 387 
ligands, with Orientin (159.67 Å²) and Vitexin (144.19 Å²) exhibiting greater polarity, which may affect 388 
absorption and membrane permeability. BBB scores were predominantly low for the majority of ligands (<2), 389 



indicating restricted central nervous system penetration. The number of stereocenters varied from 2--5, adding to 390 
the molecular complexity. The findings revealed that isosilybin A, vitexin, and orientin presented the most 391 
advantageous physicochemical features and drug likeness, making them attractive candidates for further 392 
development. 393 
 394 
Table 2 Physicochemical Properties and Drug Likeness Parameters of Selected Compounds 395 

Property Vitexin Isosilybin A Oxyacanthine (+)-Tubocurarine 

chloride 

Orientin 

Molecular formula C21 H2O 
O10 

C25 H22 O10 C37 H40 N2 O6 C37 H41 N2 O6.Cl C21 H2O 
O11 

Molecular weight 432.11 482.12 608.29 (>500) 644.27 (>500) 448.1 
Number of HBA 10 10 8 7 11 (>10) 
Number of HBD 7 (>5) 5 1 2 8 (>5) 
MolLogP 0.77 1.91 5.16 (>5) 5.43 (>5) 0.33 
MolLogS 
(Log(moles/L)/mg/
L) 

-0.00027 -0.0008 -0.41382 -1.83849 -0.00019 

MolPSA (Å²) 144.19 126.94 59.34 63.13 159.67 
MolVol (Å³) 391.88 439.51 632.45 642.11 404.61 
pKa of most 
Basic/Acidic group 

<0./6.42 <0./8.29 9.13/10.31 9.06/10.10 <0./6.42 

BBB Score 1.7 1.21 2.94 2.8 1.66 
Number of stereo 
centers 

5 4 2 2 5 

Drug-likeness 
model score 

0.6 0.84 1.08 1.09 0.59 

 396 

Molecular docking 397 

Molecular docking research demonstrated that all the chosen ligands had advantageous binding affinities for 398 
IRAK4 (Table 3). Isosilybin A exhibited the most robust binding, as evidenced by a docking score of –10.6 399 
kcal/mol, a ligand efficiency of 0.89, and the lowest inhibition constant of 12 nM, indicating significant promise 400 
as an IRAK4 inhibitor. Orientin (OE) and vitexin (VX) exhibited significant interactions, with binding affinities 401 
of –10.0 kcal/mol and –9.7 kcal/mol, respectively, albeit with marginally elevated Ki values of 53 nM and 66 nM. 402 
These findings identify isosilybin A as the most promising choice for targeting IRAK4, followed by orientin and 403 
vitexin. Importantly, since all the compounds displayed binding affinities below –5 kcal/mol, they can be 404 
considered to possess drug-like potential, supporting their prospective role as anti-hemorrhoidal agents. 405 
 406 
Table 3 Binding affinity, ligand efficiency, and inhibition constants of selected compounds against IRAK4 407 

 

Target 

Ligand Binding affinity 

(kcal/mol) 

Ligand 

efficiency 

Inhibit 

constant d(KI) 

(nM) 

IRAK4 Isosilybin A -10.6 0.89 12 
Orientin -10.0 0.82 53 
Vitexin -9.7 0.87 66 

 408 
 409 
MD simulation 410 
 411 
The RMDS analysis of the protein‒ligand complexes revealed consistent trajectories throughout the 100 ns 412 
simulation. The IRAK4–Isosilybin A (IRAK4-ISO) and IRAK4–Orientin (IRAK4-OE) complexes demonstrated 413 
stability, with RMSD fluctuations ranging from 0.2 to 0.25 nm, indicating minimal structural deviations (Fig. 6 414 
a). In contrast, IRAK4–Vitexin (IRAK4-VX) presented increased RMSD values (~0.35–0.4 nm), suggesting a 415 
greater degree of conformational flexibility (Fig. 5a). 416 

The RMSF plot identified regions exhibiting increased residue flexibility. IRAK4–VX displayed 417 
increased fluctuations in particular loop regions, whereas the IRAK4-ISO and IRAK4-OE complexes showed 418 
diminished residue-level mobility, suggesting more stable binding interactions (Figure 6b). 419 

The SASA demonstrated consistent solvent exposure for IRAK4 across all complexes (Fig. 6c). The 420 
IRAK4-ISO and OE complexes presented slightly increased surface areas (~220–240 nm²), whereas the IRAK4-421 



VX complex presented a decreased solvent-accessible surface area (SASA) (~200–210 nm²), indicating denser 422 
packing or partial occlusion of residues during ligand interaction. 423 

The hydrogen bonds varied across the complexes, as illustrated in Fig. 6d. IRAK4-ISO and OE 424 
maintained 1–3 stable hydrogen bonds throughout the simulation, thereby improving their binding stability. The 425 
VX complex demonstrated intermittent hydrogen bond formation, indicating weaker or transient interactions with 426 
IRAK4. 427 

 428 
Fig. 6 Molecular dynamics simulation analyses of IRAK4–ligand complexes. (a) RMSD of the ligand after 429 
least-square fitting to the protein, (b) RMSF of the protein atoms, (c) SASA and (d) number of hydrogen bonds 430 
formed during the simulation. 431 
 432 
PCA ANALYSIS 433 
 434 
PCA, also known as essential dynamics (ED), was conducted to identify the predominant motions within the 435 
protein–ligand complexes. The trajectories were overlaid on Cα atoms to eliminate translational and rotational 436 
motions, and a covariance matrix was generated via gmx covar. The initial two principal components accounted 437 
for 45% (PC1) and 20% (PC2) of the variance. The 2D projection (Fig. 7) revealed distinct clustering: ISO formed 438 
a compact and stable cluster, OE sampled a broader conformational space indicative of flexibility, whereas VX 439 
displayed intermediate behavior with some overlap. These results demonstrate that ligand binding influences 440 
protein dynamics, resulting in different levels of stabilization among the complexes. 441 



 442 

Fig. 7 PCA of the protein–ligand complexes. The 2D projection of trajectories along the first two principal 443 
components (PC1: 45%, PC2: 20%) is shown for the IRAK4-ISO, OE, and VX complexes. Distinct clustering 444 
patterns indicate the differential conformational sampling induced by ligand binding. 445 
 446 
gmx_MMPBSA 447 
 448 
The gmx_MMPBSA analysis provided detailed insights into the binding free energies of the three candidate 449 
compounds (ISO, OE, and VX) with the receptor (Table 4). ISO demonstrated the highest binding affinity, with 450 
a total free energy (ΔGbind) of -47.89 kcal/mol, predominantly driven by van der Waals interactions 451 
(ΔVDWAALS = -48.44 kcal/mol) and supported by moderate electrostatic contributions (ΔEEL = -8.58 452 
kcal/mol). The solvation energy (ΔGSOLV = 9.13 kcal/mol) had a negligible influence on the interaction; 453 
however, the overall binding remained highly favorable. VX exhibited an intermediate ΔGbind of -27.69 kcal/mol. 454 
This value reflects stabilizing contributions from van der Waals interactions (ΔVDWAALS = -38.29 kcal/mol) 455 
and favorable solvation (ΔGSOLV = -31.41 kcal/mol), which are countered by a notably unfavorable electrostatic 456 
term (ΔEEL = +42.02 kcal/mol). The OE had the lowest binding affinity, with a ΔGbind of -19.25 kcal/mol. The 457 
positive electrostatic interaction (ΔEEL = -37.28 kcal/mol) was counterbalanced by considerable desolvation 458 
penalties (ΔEGB = 32.89 kcal/mol; ΔGSOLV = 30.52 kcal/mol) (Fig. 8). 459 
 460 
Table 4 Binding free energy of protein–ligand complexes calculated via gmx_MMPBSA for anti-inflammatory 461 
activity. 462 

Energy Component ISO OE VX 

ΔVDWAALS -48.44 -12.49 -38.29 
ΔEEL -8.58 -37.28 42.02 
ΔEGB 15.64 32.89 -26.34 
ΔESURF -6.51 -2.37 -5.08 
ΔGGAS -57.02 -49.77 3.73 
ΔGSOLV 9.13 30.52 -31.41 
ΔGbind -47.89 -19.25 -27.69 

 463 



 464 

 465 
Fig. 8 Total binding free energy of protein–ligand complexes obtained from gmx_MMPBSA analysis for anti-466 
inflammatory activity. 467 

 468 
Fig. 9 In silico inhibition of IRAK4 within the TLR signaling pathway validated by downstream in vitro 469 
expression studies of TNF-α and iNOS, showing anti-inflammatory potential. Created with Biorender. 470 
 471 
 472 
 473 
 474 
 475 
 476 



Discussion 477 
 478 
LC–MS profiling of Sapindus mukorossi seed extract revealed a wide array of secondary metabolites, including 479 
alkaloids, flavonoids, saponins, and glycosides, highlighting its substantial pharmacological potential (Suppl. 480 
Table 1). The identification of alkaloids such as aconitine and brucine reflects the presence of compounds with 481 
strong bioactivities, but their known toxicity underscores the importance of dosage regulation and careful 482 
therapeutic evaluation. In contrast, flavonoids, including vitexin, orientin, and isosilybin A, are prominent 483 
compounds associated with long-term antioxidant, hepatoprotective, and anti-inflammatory properties. 484 
Additionally, the detection of podophyllotoxin, a well-established anticancer compound, and ginsenoside 485 
compound K, which is recognized for its adaptogenic effects, reflects the chemical diversity and broad 486 
pharmacological applications of the extract [23]. Among these metabolites, lycorine-diacetate was notable 487 
because of its elevated hit score, suggesting a potential key role in driving bioactivity. These findings collectively 488 
support the ethnomedicinal reputation of S. mukorossi seeds while simultaneously emphasizing the need for 489 
further isolation of active fractions and toxicological assessment [24]. 490 

Safety remains a major prerequisite in the development of botanical preparations, especially for chronic 491 
conditions such as hemorrhoids, where prolonged administration is anticipated. In this context, the MTT 492 
cytotoxicity assay demonstrated that the S. mukorossi extract was nontoxic to immune cells at all the tested 493 
concentrations, including the highest exposure dose, confirming its favorable safety profile [25]. This low 494 
cytotoxicity underscores its suitability for both typical and systemic formulations and highlights its compatibility 495 
with the immune system. Such biocompatibility is particularly valuable for patients seeking natural alternatives 496 
to conventional therapies such as corticosteroids or NSAIDs, which are often associated with adverse effects of 497 
long-term use. 498 

The antimicrobial assays further revealed significant activities against pathogenic microorganisms 499 
relevant to hemorrhoidal disease. The extract inhibited Candida albicans with a 7 mm inhibition zone and was 500 
slightly less potent than amphotericin B (9 mm), thereby supporting its ethnopharmacological role in treating 501 
fungal infections. Although not a replacement for synthetic antifungals, this activity has potential for 502 
complementary use in resource-limited settings where access to standard drugs may be restricted. In addition, 503 
antibacterial assays confirmed the inhibitory effects against E. coli, K. pneumoniae, and S. aureus, key pathogens 504 
implicated in perianal infections. Interestingly, the higher MICs observed in E. coli than in K. pneumoniae and S. 505 
aureus align with known resistance profiles of these organisms in clinical practice [26]. The ability of the extract 506 
to act against antibiotic-resistant E. coli strains is particularly relevant, given the increasing global burden of 507 
antimicrobial resistance [27]. Mechanistically, the antimicrobial properties of S. mukorossi may involve multiple 508 
pathways, such as disruption of bacterial membranes, interference with nucleic acid synthesis, suppression of 509 
energy metabolism, and inhibition of biofilm formation [28, 29]. These diverse actions provide therapeutic 510 
advantages in preventing postoperative infections and promoting wound healing in hemorrhoidal management. 511 

In addition to exhibiting antimicrobial efficacy, the S. mukorossi extract demonstrated notable anti-512 
inflammatory and immunomodulatory properties. The level of TNF-α, a central proinflammatory cytokine 513 
involved in hemorrhoid pathology, was moderately reduced in LPS-stimulated macrophages treated with the 514 
extract, suggesting that its immunomodulatory potential may be mediated through the suppression of NF-κB 515 
signaling or IRAK4 inhibition [30]. Furthermore, the extract partially inhibited COX-2 activity, although with 516 
lower potency than did celecoxib, validating its ethnopharmacological application in alleviating pain, swelling, 517 
and vascular changes associated with hemorrhoids [31]. Similarly, the inhibition of LOX activity at higher 518 
concentrations, although weaker than that of the reference compound quercetin, suggests additional modulation 519 
of leukotriene-mediated inflammatory pathways [32]. Together, the inhibition of COX-2 and LOX reflects a 520 
multitarget pharmacological profile that is advantageous for treating multifactorial conditions such as 521 
hemorrhoids, where both prostaglandins and leukotrienes contribute to inflammation (Fig. 9). Interestingly, 522 
treatment also resulted in more than twofold upregulation of iNOS expression, suggesting that the extract plays a 523 
dual role—modestly suppressing inflammatory mediators while simultaneously enhancing nitric oxide-mediated 524 
macrophage activity, tissue repair, or microbial defense [33]. This finding emphasizes the importance of dose and 525 
cellular context in shaping the overall immune response. Collectively, the in vitro data demonstrate that S. 526 
mukorossi combines antimicrobial, anti-inflammatory, and immunomodulatory actions, positioning it as a 527 
promising adjunct for the management of hemorrhoidal disease. 528 

These in silico investigations provided mechanistic insights into the anti-inflammatory activity observed 529 
in vitro, particularly implicating IRAK4 as a key molecular target. Drug-likeness assessment highlighted 530 
isosilybin A, vitexin, and orientin as promising candidates, with physicochemical properties largely within 531 
Lipinski’s rule of five. Isosilybin A displayed the most balanced profile (MW 482.12 Da, 5 HBDs, 10 HBAs, 532 
LogP 1.91), indicating favorable oral bioavailability. Vitexin (MW 432.11 Da, 7 HBDs, 10 HBAs) and orientin 533 
(MW 448.1 Da, 8 HBDs, 10 HBAs) also demonstrated acceptable properties, although their relatively large polar 534 
surface areas and relatively high HBD counts may influence membrane permeability [6]. Nonetheless, their drug-535 



likeness scores (0.6–0.84) and low predicted blood–brain barrier penetration support their potential as peripherally 536 
selective agents suitable for hemorrhoidal therapy. 537 

Molecular docking results further demonstrated that isosilybin A, vitexin, and orientin strongly bind to 538 
the active site of IRAK4, suggesting their potential as upstream inhibitors of the TLR/IL-1R signaling pathway 539 
[34]. ELISA-based validation confirmed that these compounds reduced TNF-α secretion, while iNOS expression 540 
assays revealed the suppression of proinflammatory signaling, which was consistent with IRAK4 inhibition. 541 
Molecular dynamics (MD) simulations provided further support, with the IRAK4–isosilybin A (ISO) and IRAK4–542 
orientin (OE) complexes maintaining stable trajectories over 100 ns, with minimal RMSD variations (~0.2–0.25 543 
nm), whereas the IRAK4–vitexin (VX) complex displayed greater fluctuations (~0.35–0.4 nm), reflecting weaker 544 
stability [35]. RMSF analysis confirmed reduced residue mobility for the ISO and OE complexes, indicating 545 
effective stabilization of the binding site, whereas VX induced greater fluctuations in loop regions [34]. SASA 546 
revealed slightly larger solvent-exposed areas for ISO and OE (~220–240 nm²) than for VX (~200–210 nm²), 547 
suggesting that stable complexes preserve favorable surface accessibility [37]. 548 
Hydrogen bonding analysis demonstrated that ISO and OE maintained 1–3 persistent hydrogen bonds, enhancing 549 
complex stability, whereas VX showed sporadic and transient interactions [38]. Essential dynamics and PCA 550 
further revealed that ISO formed compact, rigid conformations associated with stronger stabilization, whereas OE 551 
exhibited more flexible sampling and VX showed intermediate stabilization [39]. Energy decomposition studies 552 
have indicated that ISO stability is driven primarily by hydrophobic and van der Waals interactions, whereas OE 553 
suffers from solvation-driven destabilization, and VX exhibits destabilizing electrostatic contributions despite 554 
some favorable solvation terms [6, 40]. These differences highlight the structural complementarity of ISO with 555 
IRAK4 as a decisive factor for binding efficiency. 556 

Taken together, these findings identify isosilybin A as the most promising lead compound, with orientin 557 
serving as a secondary candidate, for further optimization as a natural IRAK4 inhibitor. The mechanistic ability 558 
of these compounds to suppress IRAK4-mediated NF-κB activation and reduce the levels of proinflammatory 559 
mediators such as TNF-α and iNOS establishes a rational basis for their potential antihemorrhoidal application. 560 
The integration of LC–MS metabolite profiling, in vitro bioassays, and in silico modeling underscores the 561 
therapeutic relevance of S. mukorossi phytoconstituents and provides a foundation for future fractionation, 562 
isolation, and preclinical evaluation. 563 
 564 
 565 
Conclusion 566 
 567 
The methanolic extract of Sapindus mukorossi seed kernels has notable anti-inflammatory potential through the 568 
modulation of key inflammatory mediators, including TNF-α, COX-2, and LOX, and presents a favorable safety 569 
profile in immune cell models. The ability of the extract to increase iNOS expression indicates a multifaceted 570 
immunomodulatory function that could play a role in both resolving inflammation and facilitating tissue repair. 571 
Molecular docking and GMX molecular dynamics simulations revealed isosilybin A and orientin as effective 572 
inhibitors of IRAK4, a crucial kinase in inflammatory signaling pathways, thereby offering a molecular foundation 573 
for plant efficacy. The results provide scientific support for the traditional use of S. mukorossi in treating 574 
inflammatory conditions such as hemorrhoids and promote additional pharmaceutical research. Future studies 575 
should focus on isolating individual bioactive compounds, assessing their efficacy in vivo, and clarifying detailed 576 
molecular mechanisms to create innovative, multitarget anti-inflammatory agents. The incorporation of S. 577 
mukorossi derivatives into standardized natural formulations presents a promising avenue for developing effective 578 
and safer alternatives to traditional anti-inflammatory therapies. 579 
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