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Abstract: This study investigated the chemical composition of Togaku rheumatic oil and 

computationally evaluated its cyclooxygenase-2 (COX-2)-related anti-inflammatory potential using an 

integrated LC–MS/MS, molecular docking, and in silico ADMET approach. LC–MS/MS profiling 

identified 13 putatively identified compounds, indicating a chemically complex multiherbal 

formulation. However, compound identification was based on database matching without confirmation 

using authentic standards, and relative peak areas were interpreted as semi-quantitative estimates rather 

than absolute concentrations. Among the detected compounds, Solanapyrone G was identified as the 

predominant annotated constituent. Molecular docking analysis revealed that Solanapyrone G and 6-

undecylsalicylic acid exhibited favorable predicted binding interactions with the COX-2 active site, 

with docking scores (-9.922 kcal/mol) comparable to the reference ligand rofecoxib and higher than 

those of ibuprofen under the applied computational conditions. Solanapyrone G exhibited predicted 

interactions with key residues in the COX-2 active site, including ARG120, TYR355, and SER530, 

suggesting a plausible binding mode within the COX-2 active pocket. In contrast, 6-undecylsalicylic 

acid appeared to be stabilized predominantly through hydrophobic interactions within the binding 

pocket, with no distinct hydrogen-bond or electrostatic interactions detected in the 2D interaction 

analysis. Nevertheless, these computational results do not establish direct inhibitory potency, as no 

experimental COX-2 inhibition assay was performed in this study. Computational ADMET predictions 

further suggested that Solanapyrone G possesses a favorable pharmacokinetic and toxicity profile, 

characterized by good distribution, low predicted toxicity, and minimal risk of drug–drug interactions, 

although moderate intestinal absorption was predicted. Overall, these findings provide a preliminary 

chemical and computational basis supporting the traditional anti-inflammatory use of Togaku rheumatic 

oil while highlighting the need for further compound confirmation and experimental validation through 

in vitro and in vivo studies to substantiate its biological activity and safety. 
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1. Introduction 

Medicinal plants play an important role in public health and primary healthcare, 

particularly in developing countries, where plant-based remedies are widely used because they 

are accessible and culturally accepted as treatments [1-4]. In Indonesia, traditional medicine is 

still widely used, particularly in rural communities where access to modern healthcare may be 

limited [5]. A large household survey conducted in 2013 revealed that 30.4% of households 

utilized traditional healthcare [6]. In 2012, more than 280,000 traditional or alternative 

medicine practitioners were registered with the Indonesian Ministry of Health [7]. The majority 

(96.2%) used traditional healthcare methods, while 3.8% chose complementary healthcare 

methods such as acupuncture [5]. 

East Nusa Tenggara, Indonesia, is rich in medicinal plants traditionally used by local 

communities, particularly in South Central Timor (TTS) Regency [8]. Several plants 

commonly used in traditional medicine include Carica papaya L., Acorus calamus L., Zingiber 

officinale Roscoe, Datura metel L., Justicia gendarussa Burm.f., Allium cepa L., Allium 

sativum L., Lantana camara L., and Cymbopogon citratus (DC.) Stapf [8,9]. The people of 

Timor Island traditionally use both single- and mixed-plant medicinal preparations for 

healthcare. One traditional herbal product prepared by the people of Timor Island and used as 

a remedy for wounds, aches, and rheumatism is known as Togaku rheumatic oil. 

Togaku rheumatic oil is traditionally prepared from a mixture of papaya roots (Carica 

papaya L.), genoak (Acorus calamus L.), ginger (Zingiber officinale Roscoe), datura leaves 

(Datura metel L.), gandarusa leaves (Justicia gendarussa Burm.f.), shallots (Allium cepa L.), 

garlic (Allium sativum L.), Lantana camara L. root, white damar bark (Agathis dammara), and 

lemongrass (Cymbopogon citratus (DC.) Stapf.), using coconut oil and gandapura oil as the 

base. Previous studies have reported that these plants contain various bioactive compounds, 

including saponins, flavonoids, phenolic compounds, and tannins identified in papaya and 

ganoak roots [10,11]. Ginger contains gingerols, shogaols, paradols, and zingerone [12]. Datura 

contains herpetol B [13], while gandarusa contains various bioactive compounds, including 

alkaloids, fatty acids, steroids, carotenoids, terpenoids, and the glycoside apigenin [14,15]. 

Garlic contains phenolic acids, especially gallic acid, ferulic acid, p-hydroxybenzoic acid, and 

chlorogenic acid [16]. Shallots contain organosulfur compounds and anthocyanins [17]; 

Lantana camara contains the binary compounds diodantunone and isodiodantunone [18], 

while lemongrass contains essential oil components such as citral, myrcene, farnesol, β-

myrcene, and β-pinene [4,19]. These compounds may support the traditional use of Togaku 

rheumatic oil for wounds, aches, and rheumatic pain, as these conditions are associated with 

inflammatory processes, including COX-2-mediated prostaglandin production and pain. 

Although there is literature on the chemical composition of the medicinal plants used 

to produce Togaku rheumatic oil, the product itself has never been analyzed for its chemical 

composition. COX-2 was selected as an initial molecular target because it plays a central role 

in prostaglandin biosynthesis, which contributes to inflammatory pain and swelling [20]. 

However, rheumatic pain and wound healing also involve other pathways, including COX-1 

[21], lipoxygenases [22], pro-inflammatory cytokines, nitric oxide, oxidative stress, and NF-

κB-related signaling [23]. Therefore, COX-2 docking in this study should be interpreted as an 

initial mechanistic prediction rather than a complete representation of the anti-inflammatory 

pathway. Therefore, this study aimed to conduct preliminary phytochemical profiling and 

tentative compound identification of Togaku rheumatic oil using LC-MS/MS, followed by 
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molecular docking analysis to predict the anti-inflammatory potential of the detected 

compounds against COX-2. In addition, in silico toxicity prediction was performed to provide 

preliminary safety information regarding the identified compounds. To the best of our 

knowledge, this is the first study to perform LC–MS/MS-based chemical profiling of Togaku 

rheumatic oil combined with molecular docking analysis against COX-2 and computational 

toxicity prediction. This study provides preliminary scientific evidence supporting the 

traditional use of Togaku rheumatic oil and may serve as a basis for future pharmacological 

and standardization studies. 

2. Materials and Methods 

2.1. Sample source. 

The sample used in this study was a single commercially produced batch of Togaku 

rheumatic oil obtained from the Sinar Puinlam Kaenka Farmers Group in Tune Village, Tobu 

District, South Central Timor Regency, East Nusa Tenggara Province, Indonesia. The sample 

was analyzed directly without further processing. According to the producer, Togaku rheumatic 

oil is traditionally prepared by boiling a mixture of herbal ingredients, including papaya root 

(Carica papaya L.), genoak (Acorus calamus L.), ginger (Zingiber officinale Roscoe), datura 

leaves (Datura metel L.), gandarusa leaves (Justicia gendarussa Burm.f.), shallots (Allium 

cepa L.), garlic (Allium sativum L.), Lantana camara L. root, white damar bark (Agathis 

dammara), and lemongrass (Cymbopogon citratus (DC.) Stapf). The herbal ingredients were 

reportedly used in equal weight proportions (1:1, w/w). The herbal mixture was then boiled in 

coconut oil as the carrier oil, followed by the addition of gandapura oil during the final 

preparation step. Empirically, this product is used to help relieve bruising and swelling caused 

by impacts, treat postpartum wounds, and support wound healing through topical application. 

The oil is continuously manufactured using the same traditional formulation and preparation 

method. However, batch-to-batch variability was not evaluated in the present study because 

only a single production batch from a single producer was analyzed. Therefore, the resulting 

chemical profile should be considered preliminary and may not fully represent potential batch-

to-batch or producer-to-producer variability. 

2.2. Identification of active compounds. 

Compounds in Togaku rheumatic oil samples were analyzed using an ultra-

performance liquid chromatography–quadrupole time-of-flight mass spectrometry (UPLC-

QTOF-MS) system (Xevo G2-S QTOF, Waters Corporation, Milford, MA, USA) at the 

National Police Forensic Laboratory Center, Sentul, Bogor, Indonesia. The analysis method 

was based on a previous method by Ismed et al. [24]. Before analysis, the oil sample was 

diluted in methanol to improve the solubility of detectable constituents within the oil matrix. 

The diluted sample was vortex-mixed, centrifuged to remove insoluble material, and filtered 

through a 0.2 µm membrane filter before LC–MS/MS injection. No additional lipid removal or 

fractionation procedure was performed. Compound separation was carried out using an 

ACQUITY UPLC BEH C18 column at 50°C with a gradient elution system. The mobile phase 

consisted of water containing 5 mM ammonium formate (phase A) and acetonitrile containing 

0.05% formic acid (phase B), delivered at a flow rate of 0.2 mL/min, with a total analysis time 

of 23 min. A 5 µL sample volume was injected into the system.  

https://doi.org/10.33263/BRIAC164.103
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Mass spectrometric detection was performed using electrospray ionization (ESI) in 

positive ion mode. The source temperature was maintained at 100 °C, and the desolvation 

temperature at 350 °C. The desolvation gas flow rate was set at 793 L/h, while the cone gas 

flow rate was maintained at 0 L/h. The mass range analysed was 50–1300 m/z, with low 

collision energy of 4 V and an elevated collision energy ramp of 25–70 V. Additional 

instrumental parameters, including capillary voltage, cone voltage, collision gas specification, 

scan rate, lock mass calibration, mass calibration procedure, and mass accuracy tolerance, were 

not available from the analytical facility documentation and therefore could not be 

retrospectively verified in the present study. The LC–MS/MS analysis was performed only in 

positive ionization mode because the method was primarily intended for preliminary screening 

of semi-polar and lipophilic constituents in the oil matrix. Consequently, certain acidic or 

highly polar metabolites that ionize preferentially in negative mode may not have been 

optimally detected.  

Spectral data were processed using MassLynx software version 4.1. Compound 

annotation was performed primarily by comparing precursor ion masses and retention behavior 

against information available in the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) 

and relevant literature. MS/MS fragmentation data were used as supporting evidence for 

tentative compound assignment when fragmentation information from published references 

was available. However, authentic reference standards, validated MS/MS spectral library 

matching, and retention time confirmation were not employed in the present study. Therefore, 

all reported compounds should be considered putative annotations corresponding 

approximately to MSI level 3 confidence according to accepted metabolomics reporting 

standards [25]. Methanol was used as the solvent blank during LC–MS/MS analysis. 

Nevertheless, detailed procedures for blank analysis, pooled quality-control samples, and 

replicate injections were not included in the analytical facility's documentation. They could not 

be confirmed retrospectively in the present study. 

2.3. Enzyme structure selection and preparation. 

Inhibition of the cyclooxygenase-2 (COX-2) enzyme is an approach in anti-

inflammatory drug development, as it catalyzes the conversion of arachidonic acid into 

prostaglandins [26]. The three-dimensional (3D) structure of COX-2 was obtained from the 

Protein Data Bank (PDB) with accession code 5KIR (https://www.rcsb.org/structure/5KIR) 

[27]. This structure was chosen because it has a resolution of 2.70 Å, was determined by X-ray 

diffraction, and was crystallized with the selective inhibitor rofecoxib. The ligand rofecoxib 

was used as a reference ligand to define the binding site and serve as a control in molecular 

docking validation. Protein preparation was performed using YASARA Structure software. 

Although the original structure consists of chain A and chain B, only chain A was retained 

because it contains the catalytic binding pocket relevant for ligand interaction studies. Water 

molecules, ions (Mg, Ca, and Na), and the co-crystallized ligand were removed to minimize 

interference with docking calculations, and hydrogen atoms were added to optimize the protein 

structure. The prepared protein was then saved in PDB format. The removal of crystallographic 

water molecules and ions may alter local interactions within the native binding environment; 

therefore, docking results should be interpreted as a simplified computational representation of 

protein–ligand interactions. The quality of the protein structure was evaluated using the 

SAVES server, which includes ERRAT analysis [28], PROCHECK [29], PROVE [30], and 

Verify3D [31]. Next, structure validation was performed using the ProSA-web server [32]. In 

https://doi.org/10.33263/BRIAC164.103
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the present study, only the PROCHECK and Verify3D results are presented and discussed in 

the main manuscript. In contrast, the ERRAT and ProSA-web validation results are provided 

in the Supplementary File. 

2.4. Identification of the active protein pocket. 

To confirm the suitability of the crystallographic binding region for docking analysis, 

active pocket prediction was additionally performed using the CavityPlus server version 

2022.09 [33], despite the availability of the co-crystallized ligand rofecoxib in the 5KIR 

structure. The prepared protein structure was uploaded to the server, using chain A as the 

analysis target, and predictions were performed in the absence of a ligand with default 

parameters. The predicted major binding pocket corresponded to the binding region occupied 

by rofecoxib in the crystal structure, supporting the selection of this site for molecular docking. 

Therefore, the crystallographic ligand-binding site identified in the native rofecoxib complex 

was used as the primary docking region, with CavityPlus analysis as an additional validation 

step. 

2.5. Ligand preparation. 

The test ligands consisted of compounds putatively annotated from the LC–MS/MS 

profiling of Togaku rheumatic oil obtained from the Sinar Puinlam Kaenka Farmers Group, 

Tune Village, Tobu District, South Central Timor Regency, East Nusa Tenggara Province, 

Indonesia. SMILES data and the structures of each ligand were obtained from the PubChem 

database (https://pubchem.ncbi.nlm.nih.gov/) in *.sdf format. Ligand preparation was 

performed using YASARA Structure software. Hydrogen atoms were added using the “Clean 

All” function implemented in YASARA. The stereochemical configuration and tautomeric 

form of each ligand were assigned based on the structures available in the PubChem database, 

and no additional manual modification was performed. Partial atomic charges were assigned 

automatically by the YASARA force field during ligand preparation. Energy minimization was 

subsequently performed using the default YASARA minimization parameters to optimize the 

ligand geometry before docking analysis. Each prepared ligand was saved in *.pdb format. All 

prepared ligands were subsequently imported into YASARA and merged using the “Join” and 

“Transfer All Features” functions. The merged ligand file was then saved in *.sdf format as 

*_Ligands.sdf and used for molecular docking analysis [34]. 

2.6. Gridbox validation and molecular docking simulation. 

Gridbox validation was performed using YASARA Structure software to verify the 

parameters used in the molecular docking process. Validation was conducted by redocking the 

reference ligand rofecoxib against the COX-2 protein using 999 redocking iterations [35]. The 

redocking results were evaluated based on the root-mean-square deviation (RMSD). An RMSD 

value below 2 Å was considered indicative of a valid docking protocol suitable for further 

molecular docking analysis. Molecular docking simulations were performed using YASARA 

Structure software following the method previously described by Gholam et al. [34]. The 

prepared ligand and COX-2 protein files were placed within a single working directory, and 

the YASARA dock_run macro (*.mcr) was used to execute the docking calculations. Before 

docking, the active site was defined based on the crystallographic binding region occupied by 

the co-crystallized ligand rofecoxib in the 5KIR structure, which was consistent with the major 

https://doi.org/10.33263/BRIAC164.103
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cavity predicted by the CavityPlus analysis. Therefore, all docking simulations were focused 

on the native rofecoxib-binding pocket of chain A. The YASARA docking macro around the 

crystallographic rofecoxib-binding site automatically generated the docking search space. The 

grid box dimensions were set to 50 × 50 × 50 Å along the X, Y, and Z axes, respectively, with 

α, β, and γ angles fixed at 90°. Accordingly, docking simulations were spatially restricted to 

the native active pocket corresponding to the rofecoxib-binding region of the COX-2 structure. 

All ligands were docked under identical docking conditions and simulation parameters. 

The docking protocol was configured to run 100 independent docking runs per ligand to 

improve conformational sampling and pose exploration. Hydrogen atoms were automatically 

added, and default YASARA force-field parameters were used throughout the docking 

procedure. Docked poses were clustered automatically using the default YASARA clustering 

algorithm. The representative binding pose for each ligand was selected as the pose with the 

highest docking score within the dominant docking cluster. Docking results were compared 

based on the YASARA scoring function scores. In the YASARA scoring convention used in 

this study, higher positive docking scores indicate relatively stronger predicted ligand–protein 

interactions within the software's internal scoring framework and were therefore used for 

comparative ligand ranking [34]. However, these values do not represent direct thermodynamic 

binding free energies. In molecular docking, more negative binding free energy values are 

typically associated with stronger, more favorable ligand–protein interactions. Therefore, the 

positive docking scores generated by YASARA in the present study should be interpreted only 

as relative comparative scores within the YASARA scoring system rather than as absolute 

thermodynamic binding affinity values. 

2.7. ADMET prediction. 

ADMET (absorption, distribution, metabolism, excretion, and toxicity) prediction was 

performed using the pkCSM online prediction platform 

(https://biosig.lab.uq.edu.au/pkcsm/prediction) [36], accessed on 24 April 2026. The analysis 

aimed to evaluate the predicted pharmacokinetic and toxicity profiles of selected compounds 

identified by LC–MS/MS profiling and molecular docking. SMILES representations of the 

ligands were retrieved from the PubChem database and used as input for the pkCSM prediction 

platform. ADMET prediction was performed for both Solanapyrone G and 6-undecylsalicylic 

acid because these compounds exhibited the highest docking scores in the molecular docking 

analysis of the COX-2 active site compared with ibuprofen, which was used as the positive 

control and a commercially available anti-inflammatory drug.  

3. Results and Discussion 

3.1. Profiling and identification of active compounds from Togaku rheumatic oil by LC-MS. 

Togaku rheumatic oil, obtained from the Sinar Puinlam Kaenka Farmers Group, Tune 

Village, Tobu District, South Central Timor Regency, East Nusa Tenggara Province, 

Indonesia, was analyzed by LC–MS/MS to profile and putatively annotate the chemical 

constituents in the formulation. The resulting LC–MS chromatogram is presented in Figure 1, 

while details of the putatively annotated compounds are summarised in Table 1. 

https://doi.org/10.33263/BRIAC164.103
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Figure 1. LC-MS chromatogram of Togaku rheumatic oil analysis results. 

Table 1. Putatively annotated compounds detected by LC-MS analysis of Togaku rheumatic oil. 

RT 

(min) 
Name of compound 

PubChem 

CID 

Molecular 

formula 

Exact mass 

(Da) 

Peak area 

(%) 

Observed 

m/z 

Theoretical 

m/z 

Mass error 

(ppm) 

8.79 
2,6-Dimethoxy-1-

acetonylquinol 
241783 C11H14O5 226.0841 5.88 227.09 227.0914 -6.16 

9.74 Sesamin dicatechol 46881231 C18H18O6 330.1103 2.56 331.12 331.1176 7.25 

10.82 
(3β,22E)-Chola-5,22-

dien-3-ol 
21159718 C24H38O 342.2923 3.76 343.30 343.2996 1.17 

11.03 Rubiginosin B 11269635 C21H22O8 402.1315 5.85 403.14 403.1388 2.98 

11.25 
5,7,3',4'-

Tetramethoxyflavone 
631170 C19H18O6 342.1103 9.93 343.12 343.1176 6.99 

11.58 Solanapyrone G 10755717 C17H21NO3 287.1521 19.61 288.16 288.1594 2.08 

12.53 6-Undecylsalicylic acid 10946274 C18H28O3 292.2038 1.08 293.21 293.2111 -3.75 

13.51 3,5-Diphenylpyrazole 70840 C15H12N2 220.1000 7.11 221.11 221.1073 12.21 

14.37 Linolenic acid 5280934 C18H30O2 278.2246 3.70 279.23 279.2319 -6.81 

15.54 

7-[[4-(1-

Phenylethoxy)phenyl]met

hyl]-7-propan-2-

ylbicyclo[2.2.1]hepta-

1,3,5-triene 

91431623 C25H25O 341.1905 13.86 342.20 342.1978 6.43 

16.48 
Oxalic acid, 1-menthyl 

nonyl ester 
6421330 C21H38O4 354.2770 5.03 355.29 355.2843 16.04 

17.36 

4,4'-

(Methylenedicyclohexa

ne-1,4-diyl)bis(1,1-

dimethylsemicarbazide) 

12035238 C19H38N6O2 382.3056 11.67 383.31 383.3129 -7.57 

18.70 

N-[4-(dodecylamino)-6-

[hydroxy(propyl)amino]-

1,3,5-triazin-2-yl]-N-

propylhydroxylamine 

134935968 C21H42N6O2 410.3369 9.97 411.34 411.3442 -10.21 

RT = retention time; CID = PubChem Compound Identification Number; Peak Area (%) indicates relative peak 

area abundance. All ions were detected in positive ionization mode as protonated molecular ions ([M+H]+). 

Compound annotation was tentatively assigned based on observed m/z values and comparison with the 

PubChem database. 

LC-MS identification revealed that Togaku rheumatic oil contains 13 putatively 

annotated compounds, as shown in Table 1. This profile reflects a complex chemical 

composition, in line with the characteristics of Togaku rheumatic oil, a multiherbal formulation 

composed of various natural ingredients such as papaya root (Carica papaya L.), genoak 

(Acorus calamus L.), ginger (Zingiber officinale Roscoe), datura leaves (Datura metel L.), 

gandarusa leaves (Justicia gendarussa Burm.f.), shallots (Allium cepa L.), garlic (Allium 

sativum L.), Lantana camara L. root, white damar bark (Agathis dammara), and lemongrass 

(Cymbopogon citratus (DC.) Stapf.), coconut oil, and gandapura oil. These compounds were 

detected at retention times (RTs) of 8.79–18.70 minutes, with a total relative area of 

https://doi.org/10.33263/BRIAC164.103
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https://pubchem.ncbi.nlm.nih.gov/compound/10755717
https://pubchem.ncbi.nlm.nih.gov/compound/10946274
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approximately 100.01%, indicating that the putatively annotated compounds accounted for 

most of the detected chromatographic peak area. However, unidentified low-abundance 

compounds, co-eluting features, and ionization-related limitations may still be present.  

Solanapyrone G showed the highest relative MS peak response  (19.61%), followed by 7-[[4-

(1-phenylethoxy)phenyl]methyl]-7-propan-2-ylbicyclo[2.2.1]hepta-1,3,5-triene (RT 15.54 

min; 13.86%), 4,4'-(Methylenedicyclohexane-1,4-diyl)bis(1,1-dimethylsemicarbazide) 

(11.67%), N-[4-(dodecylamino)-6-[hydroxy(propyl)amino]-1,3,5-triazin-2-yl]-N-

propylhydroxylamine (RT 18.70 min; 9.97%), and 5,7,3',4'-tetramethoxyflavone (9.93%). The 

LC-MS chromatogram (Figure 1) showed the highest-intensity peak at RT around 11.58 

minutes, followed by a dominant cluster of peaks at RT 15.54, 17.36, and 18.70 minutes. This 

pattern suggests that many detected constituents were enriched in the middle- to late-elution 

fractions, which are generally associated with semi-polar to lipophilic compounds. 

It should be noted that relative peak areas in LC–MS analysis reflect signal intensity 

within a single analytical run and do not directly reflect absolute compound concentrations. 

Mass spectrometric responses are strongly influenced by ionization efficiency, matrix effects, 

and physicochemical properties of individual compounds, such that compounds at similar 

concentrations may produce different signal intensities [37]. Therefore, the quantitative 

interpretation of the present data should be considered semi-quantitative and exploratory. 

Several putatively annotated compounds detected in Togaku rheumatic oil belong to chemical 

classes previously reported to possess antioxidant and anti-inflammatory activities. For 

example, 5,7,3',4'-tetramethoxyflavone is a polymethoxyflavone derivative that has previously 

been associated with antioxidant and anti-inflammatory properties. This compound may 

potentially originate from herbal ingredients such as shallots and gandarusa. In addition, 

compounds such as linolenic acid, sesamin dicatechol, and 6-undecylsalicylic acid have been 

reported to exhibit anti-inflammatory potential by modulating inflammatory mediators and 

cellular signaling pathways. 

Interestingly, several characteristic compounds commonly reported in the individual 

herbal ingredients, such as gingerols and shogaols from ginger, organosulfur compounds from 

garlic and shallots, and volatile constituents such as citral from lemongrass, were not 

prominently detected in the LC–MS profile. This observation may be associated with several 

analytical and processing-related factors. LC–MS operated under conventional reversed-phase 

conditions is generally more suitable for semi-polar and non-volatile compounds, whereas 

highly volatile constituents are more effectively analyzed by GC–MS. In addition, thermal 

processing during the preparation of Togaku rheumatic oil may contribute to degradation, 

volatilization, oxidation, or chemical transformation of thermolabile compounds. For example, 

gingerols may undergo thermal conversion to shogaols, while volatile organosulfur compounds 

may oxidize or evaporate during heating [38,39]. 

The use of coconut oil as the extraction medium may also influence the detected 

phytochemical profile. Lipid-based solvents generally favor the extraction of lipophilic 

constituents, whereas highly polar or ionic compounds may be extracted less efficiently. In 

addition, the complex matrix of multiherbal oil formulations may produce matrix effects, such 

as ion suppression or enhancement, during mass spectrometric analysis [40]. These phenomena 

can alter signal intensities and potentially mask compounds with lower ionization efficiency or 

lower abundance. Consequently, some constituents originating from the herbal ingredients may 

not have been optimally detected under the analytical conditions used in the present study. 
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The LC–MS/MS profiling of Togaku rheumatic oil highlights the chemical complexity 

typical of multiherbal lipid-based formulations, in which diverse phytochemicals from 

different botanical sources coexist within a single extract. The detection of 13 putatively 

annotated metabolites within a relatively narrow retention time window (8.79–18.70 min) 

suggests a selective enrichment of semi-polar to lipophilic constituents, which is consistent 

with the use of coconut oil as the extraction medium. This solvent system likely favors the 

partitioning of hydrophobic bioactive molecules, thereby shaping the observed metabolite 

profile toward compounds with moderate to low polarity. The predominance of compounds 

such as Solanapyrone G and several structurally complex derivatives may reflect genuine 

phytochemical constituents or tentative annotations due to limitations in database matching. In 

untargeted LC–MS workflows, compound identification at this level generally corresponds to 

putative annotation (Level 3 confidence), where spectral similarity does not necessarily 

confirm structural identity. This is particularly relevant for complex herbal matrices, where 

isomeric or structurally related compounds may yield similar fragmentation patterns. 

Therefore, confirmatory analysis using authentic standards or complementary techniques, such 

as NMR, would be required to validate the identities of the major compounds detected. 

Several putatively detected constituents in Togaku rheumatic oil belong to chemical 

classes previously associated with anti-inflammatory activity, including polymethoxyflavones, 

fatty acids, and phenolic derivatives. Compounds belonging to these classes have been reported 

to modulate inflammatory pathways through mechanisms such as cyclooxygenase inhibition, 

suppression of pro-inflammatory cytokines, and regulation of oxidative stress responses. 

Therefore, the detected phytochemical profile may partially support the ethnopharmacological 

use of Togaku rheumatic oil for inflammatory-related conditions. The coexistence of multiple 

compounds with potentially overlapping mechanisms may also suggest synergistic 

interactions, as commonly proposed in traditional herbal formulations. However, because 

several compound annotations remain tentative and biological evidence for some detected 

constituents is still limited, further experimental validation is necessary to confirm their 

pharmacological relevance and biological activity. 

From a pharmacological perspective, several compounds identified in Togaku 

rheumatic oil belong to chemical classes previously associated with anti-inflammatory activity, 

suggesting potential multi-target mechanisms involving multiple inflammatory pathways. 

However, because several compound annotations remain tentative and the present LC–MS/MS 

analysis was semi-quantitative, additional studies involving compound isolation, structural 

confirmation, quantitative analysis, and biological validation are required to clarify the 

contribution of individual constituents and their potential synergistic interactions. Overall, this 

study provides a preliminary chemical fingerprint of Togaku rheumatic oil and lays the 

foundation for future standardization, quality control development, and pharmacological 

investigation. Integration of complementary analytical platforms such as GC–MS and NMR, 

together with bioassay-guided fractionation, would further strengthen compound identification 

and biological interpretation. 

3.2. Enzyme selection and preparation. 

The cyclooxygenase-2 (COX-2) enzyme was selected as the molecular target because 

of its established role in inflammatory processes, including prostaglandin-mediated pain and 

swelling [41]. Analysis of the protein structure was performed by removing crystallographic 

water molecules, ions (Na, Mg, and Ca), and other non-essential molecules, followed by adding 
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hydrogen atoms to optimize the docking environment [34]. Structure validation of the COX-2 

protein structure using PROCHECK (Figure 2A) showed that most residues were located 

within acceptable regions of the Ramachandran plot, with 88.3% in the most favored region 

and only 0.1% in the disallowed region. Although the percentage of residues in the most 

favored region was slightly below the commonly recommended threshold, the very low 

proportion of disallowed residues indicates that the overall stereochemical quality of the 

protein structure remained acceptable for molecular docking analysis.  

Verify3D analysis (Figure 2B) showed that 76.36% of residues had an average 3D–1D 

score ≥ 0.1, slightly below the commonly recommended 80% threshold. This suggests that 

certain regions of the protein may exhibit reduced structural compatibility, potentially due to 

flexible loops or local conformational variability. However, these deviations were not 

predominantly located within the rofecoxib-binding pocket used for docking simulations. In 

molecular docking studies, the structural reliability of the active-site region is generally 

considered more critical than minor deviations in peripheral or flexible regions of the protein 

structure. Therefore, the active-site region of the COX-2 structure was considered sufficiently 

reliable for ligand docking and interaction studies. 

Visualization of residue distribution by Ramachandran categories (Figure 2C) further 

showed that most residues were located in the most favored regions. In contrast, only a very 

small number of residues were positioned in generously allowed or disallowed regions. 

Importantly, these residues were not concentrated around the active-site region used for 

docking analysis. Collectively, these results indicate that the COX-2 structure possesses 

acceptable global and active-site structural reliability for the molecular docking study 

performed in the present work. 

(a) 

https://doi.org/10.33263/BRIAC164.103


https://doi.org/10.33263/BRIAC164.103  

 https://biointerfaceresearch.com/   11 of 23 

 

(b) 

(c) 

Figure 2. Validation of the COX-2 protein structure using (a) PROCHECK Ramachandran 

plot analysis; (b) Verify3D analysis; (c) and visualization of residue distribution based on 

Ramachandran categories along the protein sequence. Additional validation results from 

ProSA-web and ERRAT analyses are provided in the supplementary material. 

3.3. Identification of the active protein pocket. 

The active protein pocket is a critical component that requires analysis to ensure the 

ligand-binding site on the target protein is located at a site that inhibits the protein's biological 

activity [42]. Binding pocket identification was performed using the CavityPlus web server, 

which generated several candidate binding pockets for the COX-2 protein. The pocket selection 

was based on several parameters, namely druggability, a high DrugScore, and adequate pocket 

size, as indicated by surface area and volume. Furthermore, high Pred Max and Pred Ave pKd 

values were considered when determining the best pocket. The prediction results revealed 15 

binding pockets, each with its own parameters, as presented in Table 2. 

Table 2. Results of the prediction of binding pockets in the COX-2 protein using cavityPlus. 

No. Cavity Pred Max pKd Pred Ave pKd DrugScore Druggability 

1 10.99 6.97 -704.00 Undruggable 

2 11.05 6.97 4217.00 Druggable 

3 11.65 6.87 2960.00 Druggable 

4 11.79 6.80 4.00 Less druggable 

5 11.76 6.65 3795.00 Druggable 

6 10.87 6.34 -1036.00 Undruggable 

7 10.82 6.33 1157.00 Druggable 

8 9.17 5.76 -1254.00 Undruggable 

9 8.63 5.58 -1085.00 Undruggable 

10 7.78 5.29 -756.00 Undruggable 

11 7.75 5.27 -1060.00 Undruggable 
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No. Cavity Pred Max pKd Pred Ave pKd DrugScore Druggability 

12 7.47 5.18 -901.00 Undruggable 

13 6.85 4.97 -980.00 Undruggable 

14 6.81 4.95 -879.00 Undruggable 

15 6.31 4.78 -1177.00 Undruggable 

Pred Max pKd and Pred Ave pKd indicate predicted binding affinities. DrugScore represents pocket feasibility, 

while druggability indicates the predicted ability of the pocket to bind small ligands. 

Based on the obtained parameters, cavity number 2 was selected as the primary active 

site because it had the highest DrugScore (4217.00) and was categorized as druggable. Several 

other cavities were also classified as druggable, but had lower DrugScore values than cavity 2. 

Meanwhile, cavity 1, despite its relatively large size, was not selected because it was 

undruggable and had a negative DrugScore (-704.00), indicating that the pocket did not support 

optimal ligand interaction. According to Sun et al. [43], undruggable targets are proteins that 

have therapeutic significance but are difficult to target using conventional drug design 

approaches. This can be due to unique characteristics such as a highly dynamic structure, the 

lack of a well-defined ligand-binding pocket, or a highly conserved active site. 

Analysis of the residues composing cavity 2 (Table 3) revealed the presence of several 

key residues associated with the active site of the COX-2 enzyme, including ARG120, 

TYR355, SER530, VAL523, ARG513, GLY526, ILE517, PHE518, VAL349, and LEU352. 

Comparison with the interaction profile of the co-crystallized ligand rofecoxib (Table 4) 

showed substantial overlap between the predicted cavity residues and the crystallographic 

binding site. Notably, approximately 17 major residues involved in rofecoxib binding, 

including HIS90, ARG120, GLN192, TYR348, VAL349, LEU352, SER353, TYR355, 

ARG513, ILE517, PHE518, MET522, VAL523, GLY526, ALA527, SER530, and LEU531, 

were also identified within cavity 2, supporting that this cavity corresponds to the biologically 

relevant active pocket of COX-2. These residues are known to contribute to ligand recognition 

and stabilization within the COX-2 binding site [44-46]. Therefore, cavity 2 was selected as 

the docking site to ensure that ligand–protein interactions were analyzed within a biologically 

relevant binding region. 

Table 3. Characteristics of selected binding pockets (Cavity 2) and their constituent residues based on 

cavityplus analysis. 

No 
Surface area 

(Å2) 

Volume 

(Å3) 

Box Size 

(Å) 

Box Center 

(Å) 
Residues 

2 1478.50 2422.62 
23.0 27.0 

17.5 

14.0 

7.0 

28.75 

SER-119, VAL-525, PHE-81, MET-471, HIS-122, 

LEU-93, ILE-345, GLU-73, LEU-82, PRO-72, LEU-

117, THR-62, LEU-108, SER-126, VAL-523, SER-

353, ARG-513, MET-522, LYS-369, GLY-526, ILE-

112, LEU-80, VAL-89, THR-85, THR-76, THR-88, 

GLN-192, VAL-349, TYR-91, GLY-354, LEU-359, 

THR-60, LEU-384, ILE-517, LEU-531, LYS-473, 

SER-530, PHE-529, PHE-381, GLY-45, GLN-42, 

LYS-468, LYS-83, THR-118, VAL-103, ALA-111, 

ARG-120, VAL-116, GLU-524, ARG-469, THR-94, 

SER-114, ASN-43, ARG-467, LEU-75, LEU-123, 

ASN-350, LEU-352, PHE-99, TYR-348, PRO-528, 

HIS-351, LYS-79, ARG-44, LEU-472, SER-70, CYS-

69, PRO-86, SER-121, ASP-125, ILE-78, ALA-527, 

PHE-357, PRO-84, PHE-371, ILE-92, PHE-64, ASN-

87, PHE-470, ARG-61, ARG-77, TYR-115, ILE-124, 

GLN-370, GLY-63, TRP-100, TYR-355, HIS-90, 

PHE-518, MET-113 

Surface area (Å²) and volume (Å³) describe the binding pocket size. Box size and box center (Å) indicate the 

docking grid parameters. Residues in cavity 2 represent amino acids involved in ligand–protein interactions. 
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To validate the predicted binding site, overlay visualization of rofecoxib, binding cavity 

2, and the COX-2 protein structure was performed using PyMOL. This analysis was conducted 

to evaluate the spatial correspondence between the selected cavity and the native ligand-

binding site. The results are presented in Figure 3. The overlay visualization from different 

orientations revealed the spatial relationships among rofecoxib, binding cavity 2, and the COX-

2 protein structure. Panel A shows the front view, Panel B presents the side view following a 

90° rotation, and Panel C illustrates the internal pocket view. Rofecoxib was located within the 

active-site region of the COX-2 protein, while binding cavity 2 spatially overlapped with the 

ligand-binding region. The close alignment between rofecoxib and cavity 2 demonstrates that 

the selected cavity corresponds to the enzyme's biologically relevant active-site region. These 

findings support the suitability of cavity 2 as the docking site for evaluating interactions 

between compounds from Togaku rheumatic oil and the COX-2 protein. 

   
(a) (b) (c) 

Figure 3. Overlay visualization of rofecoxib (red stick), binding cavity 2 (yellow surface), and the COX-2 

protein structure (green cartoon) generated using PyMOL. The figure is shown from different orientations: 

(a) front view; (b)side view (90° rotation); (c) inside pocket view. 

3.4. Ligand preparation. 

Ligand preparation optimizes ligand structure for molecular docking simulations. This 

process involves adding hydrogen atoms to complete the molecular structure, enabling 

interactions such as hydrogen bonds to be properly identified. Furthermore, energy 

minimization is performed to obtain an energetically stable ligand conformation, thereby 

increasing the accuracy of the docking results [47]. 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 
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(i) (j) (k) (l) 

  
(m) (n) 

Figure 4. Visualization of ligand–protein interactions within the active pocket of the COX-2 enzyme 

generated using Discovery Studio Visualizer. Panels (a–d) represent the interaction profile of Solanapyrone 

G, including the 2D interaction diagram, 3D hydrogen-bond interactions, hydrophobic interactions, and 

aromatic interactions, respectively. Panels (e–h) show the interaction profile of the native ligand rofecoxib, 

while panels (i–l) illustrate the interaction profile of the positive control ibuprofen with the same interaction 

sequence. Panel (m) shows ligand validation by redocking, demonstrating the conformity of the docked 

ligand orientation with the native ligand in the protein active site, whereas panel (n) presents the 3D 

interaction of 6-undecylsalicylic acid within the active pocket of the COX-2 enzyme. All interaction 

visualizations include residue labels, interaction types, and bond-distance annotations. 

3.5. Gridbox validation and molecular docking simulation. 

Gridbox validation is performed by redocking the reference ligand rofecoxib against 

the COX-2 enzyme. The parameter used to evaluate validation success is the Root Mean Square 

Deviation (RMSD), which measures the agreement between the docked ligand position and the 

reference structure and allows analysis of differences in ligand conformation and orientation 

[48]. In general, an RMSD < 2 Å is considered a good indicator of a docking protocol's 

validation [49]. The redocking results yielded an RMSD of 1.6131 Å, below the threshold. This 

value indicates that the docking parameters used accurately reproduced the native ligand 

position in the enzyme's active site. Visualization of the ligand position before and after 

redocking (Figure 4) also demonstrated the conformity of the ligand orientation in the binding 

pocket. Thus, the docking protocol used was declared valid and can be applied to subsequent 

molecular docking simulations. The molecular docking simulation yielded a key parameter, the 

binding energy (kcal/mol), which describes the strength and stability of the ligand-receptor 

interaction. The binding energy values for each docked compound against the COX-2 enzyme 

are presented in Table 4. 

Table 4. Molecular docking results of test compounds against the COX-2 enzyme. 

Name of 

compound 

Binding energy 

(kcal/mol) 

Predicted ligand–COX-2 interaction residues 

Hydrogen bond 
Hydrophobic and van der 

Waals Interaction 

π-

interactions 

Other 

interactions 

Rofecoxib (Native 

ligand of COX-2) 
9.927 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL349, LEU352, ALA516, 

ILE517, MET522, VAL523,  

ALA527, LEU531 

TYR348, 

TYR355, 

TYR385, 

TRP387, 

PHE518 

GLY526 
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Name of 

compound 

Binding energy 

(kcal/mol) 

Predicted ligand–COX-2 interaction residues 

Hydrogen bond 
Hydrophobic and van der 

Waals Interaction 

π-

interactions 

Other 

interactions 

Ibuprofen (positive 

control) 
8.084 

HIS90, GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL349, LEU352, ALA516, 

ILE517, VAL523, ALA527 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

Solanapyrone G 9.922 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL116, VAL349, LEU352, 

LEU359, ALA516, ILE517, 

VAL523, ALA527, LEU531 

TYR355, 

TRP387, 

PHE518 

GLY526 

6-Undecylsalicylic 

acid 
9.922 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL116, VAL349, LEU352, 

LEU359, ALA516, ILE517, 

VAL523, ALA527, LEU531 

TYR355, 

TRP387, 

PHE518 

GLY526 

3,5-

Diphenylpyrazole 
8.684 

HIS90, GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL349, LEU352, LEU384, 

ALA516, ILE517, MET522, 

VAL523 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

2,6-Dimethoxy-1-

acetonylquinol 
7.586 

HIS90, ARG120, SER353, 

TYR355, SER530 

VAL116, VAL349, LEU352, 

LEU359, ILE517, VAL523, 

ALA527, LEU531 

TYR355, 

TRP387, 

PHE518 

GLY526 

Linolenic acid 7.289 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL116, VAL349, LEU352, 

LEU359, LEU384, ALA516, 

ILE517, MET522, VAL523, 

ALA527, LEU531 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

5,7,3’,4’-

Tetramethoxyflavo

ne 

6.184 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL344, VAL349, LEU352, 

LEU384, ALA516, ILE517, 

MET522, VAL523, ALA527, 

LEU534 

PHE205, 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

Oxalic acid, 1-

menthyl nonyl 

ester 

6.184 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL344, VAL349, LEU352, 

LEU384, ALA516, ILE517, 

MET522, VAL523, ALA527, 

LEU534 

PHE205, 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

N-[4-

(dodecylamino)-6-

[hydroxy(propyl)a

mino]-1,3,5-

triazine-2-yl]-N-

propylhydroxylami

ne 

5.962 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

MET113, VAL116, VAL344, 

VAL349, LEU352, LEU359, 

LEU384, ALA516, ILE517, 

MET522, VAL523, ALA527, 

LEU531, LEU534 

PHE205, 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

 

7-[[4-(1-

Phenylethoxy)phen

yl]methyl]-7-

propan-2-

ylbicyclo[2.2.1]hep

ta-1,3,5-triene 

3.807 
ARG120, SER353, 

TYR355, SER530 

VAL116, VAL349, LEU352, 

LEU359, VAL523, ALA527, 

LEU531 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

TRP387, 

PHE518 

GLY526 

Sesamin dicatechol 3.198 

HIS90, GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL344, ILE345, VAL349, 

LEU352, ALA516, ILE517, 

MET522, VAL523, ALA527, 

LEU531, LEU534 

PHE205, 

TYR348, 

TYR355, 

TYR385, 

TRP387, 

PHE518 

GLY526 

(3β,22E)-Cholesta-

5,22-dien-3-ol 
1.339 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530 

VAL344, VAL349, LEU352, 

ALA516, ILE517, VAL523, 

ALA527, LEU531, LEU534 

PHE205, 

TYR348, 

TYR355, 

TYR385, 

GLY354, 

GLY526 
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Name of 

compound 

Binding energy 

(kcal/mol) 

Predicted ligand–COX-2 interaction residues 

Hydrogen bond 
Hydrophobic and van der 

Waals Interaction 

π-

interactions 

Other 

interactions 

TRP387, 

PHE518 

Rubiginosin B -2.133 

HIS90, THR94, GLN192, 

SER353, TYR355, 

ASP515, GLU520, 

SER530 

VAL344, VAL349, LEU352, 

LEU359, PRO514, ALA516, 

ILE517, VAL523, ALA527, 

LEU531, LEU534 

PHE205, 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

PHE518 

 

4,4′-

(Methylenedicyclo

hexane-1,4-

diyl)bis(1,1-

dimethylsemicarba

zide)) 

-27.215 

HIS90, ARG120, 

GLN192, SER353, 

TYR355, ARG513, 

SER530, GLU524 

LEU93, VAL116, VAL344, 

VAL349, LEU352, LEU359, 

PRO512, ALA516, ILE517, 

VAL523, ALA527, LEU531, 

LEU534 

PHE205, 

TYR348, 

TYR355, 

PHE381, 

TYR385, 

PHE518 

GLY519 

ARG120, 

ARG513, 

GLU524 

Hydrogen bonds, hydrophobic/van der Waals interactions, π interactions, and other interactions were predicted 

using molecular docking analysis in YASARA Structure. Hydrophobic and van der Waals interactions were 

grouped because YASARA Structure reports these contacts within the same interaction category. 

Molecular docking simulations showed that all test compounds exhibited varying 

docking scores toward the COX-2 enzyme, ranging from −27.215 to 9.922 kcal/mol. In the 

YASARA Structure calculation system used in this study, higher positive score values 

correspond to relatively stronger predicted ligand–protein interactions within the docking 

framework and were used for comparative ligand ranking. Based on these results, 

Solanapyrone G and 6-undecylsalicylic acid exhibited the highest docking scores (9.922 

kcal/mol), which were comparable to the selective COX-2 reference ligand rofecoxib (9.927 

kcal/mol) and higher than that of ibuprofen (8.084 kcal/mol) under the applied computational 

conditions. However, ibuprofen was included only as a representative non-selective NSAID 

comparator; therefore, differences in docking scores should not be interpreted as direct 

evidence of relative COX-2 selectivity or inhibitory potency. Furthermore, these docking 

scores represent only relative computational predictions and do not directly correspond to 

experimental binding affinity, inhibitory activity, or pharmacological efficacy. 

Further interaction analysis showed that Solanapyrone G exhibited interaction patterns 

involving key active-site residues, including ARG120, TYR355, and SER530, which are 

commonly associated with ligand recognition within the COX-2 binding pocket. In contrast, 

although 6-undecylsalicylic acid occupied the same binding region and showed a comparable 

docking score, its interaction profile was dominated by hydrophobic contacts, with no clearly 

defined specific interactions in the 2D interaction analysis. These findings suggest that both 

compounds may be accommodated within the biologically relevant active site of COX-2 under 

the computational conditions applied. Most ligand–protein complexes involved residues 

commonly associated with the COX-2 active site, including HIS90, ARG120, GLN192, 

TYR355, TRP387, ARG513, and SER530.  

In addition, hydrophobic residues such as VAL349, LEU352, ILE517, PHE518, 

MET522, and VAL523 were frequently involved in ligand interactions, indicating the 

importance of hydrophobic contacts in stabilizing the predicted ligand–protein complexes  

[49,50]. Rofecoxib, as the co-crystallized reference ligand, exhibited a well-defined interaction 

profile involving hydrogen-bonding, hydrophobic, and π-interactions within the COX-2 active 

site. The similarity of several predicted interaction residues between the test compounds and 

rofecoxib suggests that these ligands may occupy a binding region similar to that of the 

reference ligand. Nevertheless, further experimental studies are required to confirm their actual 

COX-2 inhibitory activity and binding mechanisms. A visualization of the ligand-COX-2 
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complex, which has a binding energy value greater than that of the positive control, is shown 

in Figure 4. 

Based on the 2D visualization, Solanapyrone G exhibited several important interactions 

with key COX-2 residues, including ARG120, SER530, and TYR355, which are known to 

contribute to ligand anchoring, hydrogen bonding, and stabilization within the active site. In 

addition, hydrophobic residues such as VAL349, LEU352, and PHE518 may enhance complex 

stability through hydrophobic and van der Waals interactions. These findings are consistent 

with the 3D visualization, which demonstrated that Solanapyrone G was well accommodated 

within the COX-2 active pocket and adopted a stable binding orientation. Such interactions 

may contribute to the favorable binding affinity observed in the docking analysis. 

Ibuprofen, used as a positive control, exhibited a similar interaction pattern, although 

the interactions appeared less extensive than those observed for Solanapyrone G and rofecoxib. 

This was reflected by the reduced involvement of key active-site residues, particularly 

ARG120, which is recognized as an important residue in COX-2 inhibitor binding. The 3D 

visualization further indicated that ibuprofen occupied the active pocket in a less optimal 

orientation than ligands with higher binding affinity. Meanwhile, the native ligand rofecoxib 

showed the most comprehensive interaction profile, involving hydrogen bonds, hydrophobic 

interactions, and electrostatic interactions with several key residues. The 3D visualization 

confirmed that rofecoxib adopted a stable conformation that closely matched the geometry of 

the active pocket, thereby supporting its strong binding affinity toward COX-2. 

Interestingly, the 2D visualization of 6-undecylsalicylic acid did not reveal specific 

interaction types such as hydrogen bonds or electrostatic interactions. This may be attributed 

to the predominance of hydrophobic interactions, which are often not explicitly detected in 2D 

interaction maps under default visualization parameters. Furthermore, the long alkyl chain of 

6-undecylsalicylic acid likely promotes extensive hydrophobic and van der Waals interactions 

with nonpolar residues within the active pocket, thereby reducing directional interactions such 

as hydrogen bonding. Despite the absence of specific interaction annotations in the 2D diagram, 

the 3D visualization demonstrated that 6-undecylsalicylic acid remained well accommodated 

within the active pocket of COX-2. This observation is supported by its favorable binding 

energy, suggesting that nonspecific hydrophobic interactions play a major role in stabilizing 

the ligand–protein complex. Overall, the agreement between the 2D and 3D visualizations 

indicates that most ligands occupy the same active site as the native ligand, suggesting a 

potential mechanism of competitive inhibition against the COX-2 enzyme. 

3.6. ADMET prediction. 

ADMET prediction was performed for Solanapyrone G and 6-undecylsalicylic acid, 

and the results were compared with those for ibuprofen, a reference compound and a 

commercially used anti-inflammatory drug. The prediction results are presented in Table 5. 

Although 6-undecylsalicylic acid exhibited a docking score comparable to that of Solanapyrone 

G, the latter demonstrated more clearly defined predicted interactions with key COX-2 active-

site residues, including ARG120, TYR355, and SER530. In contrast, the predicted binding 

profile of 6-undecylsalicylic acid appeared to be dominated mainly by hydrophobic interactions 

within the binding pocket. 

In terms of absorption, both 6-undecylsalicylic acid and ibuprofen showed higher 

predicted intestinal absorption and Caco-2 permeability than Solanapyrone G. Solanapyrone G 

was also predicted to be a P-glycoprotein substrate, which may reduce its bioavailability 
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through efflux mechanisms. However, Solanapyrone G demonstrated a more favorable 

distribution profile, characterized by higher predicted volume of distribution and fraction 

unbound values. In addition, its low predicted permeability across the blood–brain barrier may 

indicate limited penetration into the central nervous system. Metabolically, none of the 

analyzed compounds was predicted to strongly inhibit major cytochrome P450 enzymes, 

suggesting a relatively low risk of CYP-mediated drug interactions under the computational 

conditions applied. In terms of excretion, 6-undecylsalicylic acid showed the highest predicted 

total clearance, followed by Solanapyrone G and ibuprofen, indicating possible differences in 

elimination rates and pharmacokinetic persistence among the compounds. 

Toxicity predictions suggested that Solanapyrone G and 6-undecylsalicylic acid exhibit 

potentially favorable safety-related characteristics, including negative predictions for AMES 

mutagenicity, hERG inhibition, hepatotoxicity, and skin sensitization. In contrast, ibuprofen 

showed positive predictions for hepatotoxicity and skin sensitization in the computational 

model used in this study. However, ibuprofen is a clinically approved nonsteroidal anti-

inflammatory drug (NSAID) with a well-established pharmacological and safety profile 

supported by extensive clinical evidence. Adverse effects associated with NSAIDs, including 

hepatotoxicity and hypersensitivity reactions, are generally influenced by dosage, duration of 

use, and individual patient susceptibility, which computational prediction models may not fully 

represent. Overall, these findings provide preliminary computational insight into the 

pharmacokinetic and toxicity-related characteristics of the identified compounds. Nevertheless, 

all ADMET predictions should be interpreted with caution because they rely solely on 

computational models and require further experimental validation. 

Table 5. Comparison of ADMET (absorption, distribution, metabolism, excretion, and toxicity) profiles of 

solanapyrone G, 6-undecylsalicylic acid, and ibuprofen based on PKCSM predictions. 

Parameter Solanapyrone G 
6-undecylsalicylic 

acid 
Ibuprofen 

Absorption    

Water solubility (log mol/L) -2.152 -2.988 -3.696 

Caco-2 permeability (log Papp) 0.339 1.226 1.729 

Intestinal absorption (%) 42.6 95.57 94.064 

Skin permeability (log Kp) -2.737 -2.735 -2.685 

P-gp substrate Yes No No 

P-gp inhibitor No No No 

Distribution    

VDss (log L/kg) 0.421 -1.336 -0.803 

Fraction unbound (Fu) 0.406 0.142 0.239 

BBB permeability (log BB) -1.407 -0.136 0.31 

CNS permeability (log PS) -3.64 -2.409 -1.695 

Metabolism    

CYP2D6 substrate No No No 

CYP3A4 substrate No No No 

CYP1A2 inhibitor No No No 

CYP2C19 inhibitor No No No 

CYP2C9 inhibitor No No No 

CYP2D6 inhibitor No No No 

CYP3A4 inhibitor No No No 

Excretion    

Total clearance (log mL/min/kg) 0.587 1.351 0.263 

Renal OCT2 substrate No No No 

Toxicity    

AMES toxicity No No No 

Max tolerated dose (log mg/kg/day) 0.104 0.38 1.015 

hERG I inhibitor No No No 

hERG II inhibitor No No No 

LD50 (mol/kg) 2.328 2.469 2.303 

LOAEL (log mg/kg/day) 3.51 2.509 2.438 
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Parameter Solanapyrone G 
6-undecylsalicylic 

acid 
Ibuprofen 

Hepatotoxicity No No Yes 

Skin sensitisation No No Yes 

T. pyriformis toxicity (log ug/L) 0.286 0.285 0.528 

Minnow toxicity (log mM) 4.694 -0.487 0.619 

ADMET parameters were predicted using the pkCSM server. Water solubility is expressed as log mol/L; Caco-2 

permeability as log Papp (10⁻⁶ cm/s); intestinal absorption as % absorbed; skin permeability as log Kp; VDss as 

log L/kg; BBB permeability as log BB; CNS permeability as log PS; total clearance as log mL/min/kg; LD50 as 

mol/kg; LOAEL as log mg/kg/day; Tetrahymena pyriformis toxicity as log µg/L; and minnow toxicity as log mM. 

CYP = cytochrome P450; P-gp = P-glycoprotein; OCT2 = organic cation transporter 2; hERG = human ether-à-

go-go-related gene. 

4. Conclusions 

This study provides an initial chemical and in silico evaluation of Togaku rheumatic oil 

as a traditional multiherbal formulation potentially associated with anti-inflammatory activity. 

LC–MS/MS profiling revealed 13 putatively annotated compounds, reflecting the 

compositional complexity characteristic of oil-based herbal preparations. Molecular docking 

analysis suggested that several identified compounds, particularly Solanapyrone G and 6-

undecylsalicylic acid, may interact with the COX-2 binding pocket through predicted 

hydrogen-bonding, hydrophobic, and π-interactions involving key active-site residues such as 

ARG120, TYR355, and SER530. These findings may provide preliminary insight into potential 

molecular interactions underlying the traditional use of Togaku rheumatic oil for inflammatory 

conditions. ADMET prediction further indicated that Solanapyrone G possesses potentially 

favorable pharmacokinetic and safety-related characteristics under the computational 

conditions used. However, these findings remain preliminary and should not be interpreted as 

confirmation of actual biological activity, safety, or therapeutic efficacy. In addition, this study 

has several limitations, including the use of a single sample, putative LC–MS/MS compound 

annotation without structural confirmation using authentic standards, the absence of 

quantitative analytical validation, and the lack of in vitro or in vivo biological evaluation. 

Therefore, the present work should be considered an initial computational and chemical 

profiling study that provides preliminary scientific evidence supporting further investigation of 

Togaku rheumatic oil and its putatively identified constituents. Future studies involving 

compound isolation, structural confirmation, quantitative analysis, enzyme inhibition assays, 

and in vivo pharmacological validation are necessary to confirm the biological activity, safety, 

and mechanisms of action of the identified compounds. 
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