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Abstract

Background: Rheumatoid arthritis (RA) is a chronic autoimmune disease and one of the most prevalent complex inflammatory disor-
ders. Capparis spinosa L. (C. spinosa) is recognized for its diverse medicinal properties. Traditionally, the plant has been employed
to alleviateconditions such as paralysis, gastrointestinal infections, rheumatism, diabetes, anemia, pain, and eye infections. This study
aimed to investigate the potential interactions and predicted pharmacological relevance of major compounds identified in the essential oil
of C. spinosa leaves using computational approaches. Methods: Drug-likeness potential was determined using Absorption, Distribution,
Metabolism, Excretion, and Toxicity (ADMET) profiling and molecular docking. Gas chromatography—tandem mass spectrometry (GC—
MS) was used to characterize the chemical composition of the essential oil. Drug-likeness studies were performed with SwissADME,
while molecular docking was conducted using PyRx and BIOVIA Discovery Studio. Results: Fourteen major compounds were com-
putationally screened against RA-associated molecular targets to evaluate their potential ligand—target interactions and drug-likeness
characteristics. Absorption, Distribution, Metabolism, and Excretion (ADME) and drug-likeness were evaluated according to Lipinski’s
“rule of five” to determine whether the compounds exhibited suitable pharmacokinetic properties, consistent with criteria for pharmaceu-
tical development. Six major phytoconstituents, i.e., tau-cadinol (M1), diisobutyl phthalate (M5), (Z)-3-hexenyl benzoate (M7), farnesyl
acetone (M8), dibutyl phthalate (M10), and 1-(4-tert-butylphenyl)propan-2-one (M12), identified via GC-MS were docked with tumor
necrosis factor-o (TNF-a), interleukin-6 (IL-6), interleukin-1p (IL-1P), nitric oxide synthase (NOS), and cyclooxygenase-2 (COX-2).
This is the first report describing an in silico screening of GC-MS-identified compounds from C. spinosa for their predicted pharma-
cological potential. Docking ligand scores for all ligands against the target proteins ranged from —4.7 to —8.0 kcal mol™'. Diisobutyl
phthalate (M5) showed the most favorable binding energies against IL-1 and NOS, relative to the other compounds and co-crystallized
ligands; meanwhile, tau-cadinol (M1) exhibited the highest binding energy for TNF-a. Six prevalent phytochemicals demonstrated highly
favorable predicted docking affinities toward IL-6 and COX-2, with M10 showing the lowest docking energy values among the tested
compounds under the applied computational conditions. Conclusions: These findings suggest that the examined phytochemicals may
exhibit potential affinity toward RA-related molecular targets. As this is a preliminary computational investigation, the results should be
interpreted with caution and warrant further computational and experimental studies to confirm their biological and therapeutic relevance.

Keywords: rheumatoid arthritis; Capparis spinosa L.; tumor necrosis factor-a; interleukin-6; interleukin-1p; nitric oxide synthase;
cyclooxygenase-2; gas chromatography-mass spectrometry; molecular docking simulation

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune
disease and one of the most common complicated inflam-
matory disorders [1]. While RA is incurable, early treat-
ment may mitigate the risk of joint destruction and the asso-
ciated distress while decelerating its development. The pre-
cise etiology of RA remains ambiguous, although evidence
suggests that genetic and environmental conditions are in-
volved [1]. The global prevalence of RA is approximately
1%, and it is more common in females than males, with a
male to female ratio of 1:3 [2,3]. The management for RA is

based on the use of disease-modifying anti-rheumatic drugs
(DMARD:S), glucocorticoids (GCs), and non-steroidal anti-
inflammatory medications (NSAIDs). However, long-term
administration of approved RA medications is correlated
with deleterious adverse consequences. Moreover, some
patients exhibit inadequate responses after using DMARDs
[4]. There are several potential RA therapeutic targets for
alleviating inflammation and oxidative stress in patients
[5]. Cytokines have been extensively investigated as pos-
sible targets for RA drugs due to their direct involvement
in the disease. Depending on their distinct roles in disease
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response, cytokines are categorized into pro-inflammatory
and anti-inflammatory classes. Studies have established
that pro-inflammatory cytokines such as interleukin (IL)-
1B, IL-6, and tumor necrosis factor-o (TNF-a) promote
inflammation [4]. The levels of these pro-inflammatory
cytokines have been found to be higher in the synovium,
serum, and synovial fluid samples from RA patients than in
healthy individuals. Moreover, these cytokines mediate the
activation of T-cells, followed by chronic inflammation and
tissue damage. Most anti-RA inhibitors are targeted at the
reduction of levels of pro-inflammatory cytokines to reduce
the RA symptoms and relieve pain [4].

Another potential strategy involves targeting nitric
oxide synthase (NOS), thereby effectively managing RA-
linked inflammation and its associated consequences. El-
evated concentrations of nitric oxide (NO) in the plasma
and joint fluid in patients with RA also cause health issues
such as cardiovascular and neurological problems [6]. An
increase in the activity of NOS leads to excessive produc-
tion of NO. The raised level of NO aggravates RA by gen-
erating and releasing inflammatory cytokines, promoting
angiogenic activity, raising vasodilation and permeability,
and reacting with ROS to produce free radicals that cause
oxidative stress [6]. Cyclooxygenase (COX) is considered a
potential therapeutic target since NSAID therapeutic drugs
like Naprelan, Mobic, and Duexis inhibit the activity of
COX. Thus, COX inhibitor drugs are used for pain relief
in RA patients. However, prolonged use of NSAIDs leads
to severe complications such as hepatic and renal dysfunc-
tion [4].

Natural bioactive compounds have been extensively
explored as potential scaffolds for novel anti-inflammatory
drugs that inhibit the release of inflammatory mediators,
given the undesirable side effects associated with NSAIDs
[7,8]. Natural products represent a promising source of
anti-inflammatory agents, owing to their extensive struc-
tural diversity. Furthermore, the utilization of medicinal
plants in traditional medicine indicates their potential to
serve as templates for the synthesis of natural resource-
derived anti-inflammatory agents [7,9].

Capparis spinosa L. (C. spinosa) is a popular medic-
inal plant used in conventional medical treatments. The
plant (C. spinosa), which is known locally in Saudi Ara-
bia as Shaflah, belongs to the Capparaceae family. This
plant is used widely in traditional medicine for the allevi-
ation of a variety of diseases [10]. These diseases com-
prise paralysis, gastrointestinal infections, rheumatism, di-
abetes, stomachache, anemia, pain, eye infections, and kid-
ney stones [10]. The biological activity of C. spinosa has
earned considerable attention in both in vivo and in vitro in-
vestigations. Researchers have identified several pharma-
cological effects of C. spinosa, such as antiarthritic, antiox-
idant, diabetes-prevention, antitumor, liver protective, anti-
inflammatory, neuroprotective, and antibacterial properties
[11]. The major phytochemical compounds identified in the

C. spinosa plant are flavonoids, alkaloids, volatile oils, fatty
acids, and polysaccharides [11]. Recently, Sun et al. [11]
suggested that, despite the identification of many different
compounds in C. spinosa, additional research is required
to fully unravel their biological effects and the associated
mechanisms of action.

Computing and biomedical informatics are crucial to
emerging drug discovery and evaluation [12]. Molecular
docking enables assessment of binding strengths and drug-
protein interactions, which are essential for drug develop-
ment [13]. Moreover, investigations into the ADMET pro-
files are crucial for understanding the in vivo processing
of a therapeutic compound, apart from providing impor-
tant insights into the safety and efficacy profile of a drug
[14]. The present study was aimed at determination of the
chemical composition of the essential oil from the leaves of
C. spinosa using gas chromatography- tandem mass spec-
trometry (GC-MS). The research was also aimed at con-
ducting in silico ADMET studies to assess the pharmacoki-
netic and drug-like characteristics of the high-yield com-
ponents of the essential oil. Moreover, in silico molecular
docking will be used to evaluate the binding affinity of the
six compounds with the most favorable ADMET properties
against TNF-a, IL-1, IL-6, NOS, and COX proteins, which
are crucial targets in RA pathways. Overall, the investiga-
tors attempted to explore the potential molecular affinities
and predicted therapeutic relevance of compounds identi-
fied in the essential oil of C. spinosa leaves in relation to
RA-associated targets.

2. Materials and Methods

Except as stated differently, all of the materials used
in this investigation were purchased from Sigma (Johannes-
burg, Gauteng, ZA) and were of American Chemical Soci-
ety (ACS) quality. Filter sheets, flexible measuring con-
tainers, Pyrex® glass equipment, sealed vials, and other
laboratory supplies were purchased from Alrowad Com-
pany for Medical Instrument and Equipment Suppliers in
Jeddah, SA. The highly sensitive digital balance, Clevenger
instrument, and mechanical micropipettes of diverse mea-
surements were procured from ALSAGGAF Scientific So-
lution Co. (Jeddah, SA). Alzamil Manufacturing, Com-
merce, and Logistics of Riyadh, SA, provided the water pu-
rification equipment.

2.1 Plant Material Collection and Preparation

The leaves of Capparis spinosa L. were harvested
from wild specimens of the plant in the Riyadh region co-
ordinates 25°19'00.8"N; 46°09'39.9"E, and stored in sealed
plastic bags. The samples were dark-drying each separately
for ten consecutive days at ambient temperature (25 + 2
°C). The plant was collected by Essam Al-Sahli Trading
Est.(Riyadh, SA) The plant was taxonomically identified
and authenticated by Dr. Mona Alrasheed, Department of
Biology, College of Science and Humanities, Shaqra Uni-
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versity, Saudi Arabia. At the time of collection, no herbar-
ium voucher specimen was deposited.

2.2 Isolation and Identification of C. spinosa Essential
Oils

The essential oils of C. spinosa were produced using
the hydro-distillation process of 0.2 kg of isolated, dark-
drying leaves in 1.3 L of purified water at 60 °C for 3
h, utilizing Clevenger-type equipment (Pragati Scientific,
Haryana, India).

2.3 Separation of Essential Oils and Assessment of Yield

The distilled aqueous phase of the extract comprising
essential oil and leaf-extracted water was passed through
filtered paper in a separatory funnel. Five milliliters of n-
hexane were introduced into the separatory funnel for the
extraction of the essential oil. The solvent partitioning pro-
cedure was conducted repeatedly to guarantee the total re-
covery of oil from aqueous solution. The n-hexane solvent
was removed over the oil solution by rotational evapora-
tion, and any remaining water was absorbed by anhydrous
sodium sulfate. Prior to use in the study, the of C. spinosa
essential oil was stored at 4 °C in a closed, light resistance
bottle.

The percentage yield (Y) of C. spinosa essential oil
was determined according to the subsequent equation:

Y = (Wo x 100)/Mp

Wo is the amount of essential oil obtained, and Mp
denotes the quantity of C. spinosa utilized in the isolation
procedure.

2.4 GC-MS Identification for Chemical Constituents

The chemical composition of the C. spinosa leaves’
essential oil was analyzed employing a Hewlett-Packard
GC-MS system coupled to an Agilent 7000D triple
quadrupole mass spectrometer (Agilent Technologies, Palo
Alto, CA, USA). The HP-5MS column (30 m x 0.25 mm
x 0.25 pm film thickness) was used to separate the sam-
ples, with helium serving as the carrier gas and a flow rate
of 0.5 mL min~'. An injected volume of 0.2 pL (1:10 n-
hexane v/v) was used to conduct the analysis in split mode
(1:25). The injector temperature was established at 250 °C,
while the oven temperature was designed to increase from
60 °C (for 8 min) to 280 °C at a rate of 2 °C min™!, sub-
sequently held for 15 minutes. Mass spectra were acquired
using electron impact (EI) ionization at 70 eV across a scan
m/z range of 30-550. Constituents have been determined
via the Automated Mass Spectral Deconvolution and Iden-
tification System (AMDIS) software (NIST, Gaithersburg,
MD, USA) and by comparing their mass spectra against the
Wiley and National Institute of Standards and Technology
(NIST) mass spectral databases. For the identification of
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compounds, retention indices (RI) were computed in rela-
tion to an n-alkane calibration mixture (C8—C22) and uti-
lized alongside retention times and mass spectral compari-
son. From the total of peak areas, relative percentages were
ascertained. Plant sampling, essential oil extraction, and
GC-MS determination were conducted singularly with one
sample, without multiple replicates.

2.5 Chemical Identification of the Constituents of C.
spinosa Essential Oil

The compounds were identified based on their struc-
tural classifications provided in the PubChem Library [15],
with supplementary sources to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) -derived information in com-
bination with the standardized Medical Subject Headings
(MeSH) hierarchical vocabulary, where necessary. Each
identified constituent received the associated PubChem
Compound Identifier (CID) together with its GC-MS re-
tention profile of the sample, which was based on its time
of elution. Subsequently, compounds with proportions that
are 0.5% or higher were chosen as screening ligands for
further computational investigations. This threshold was
applied to prioritize the major constituents with relatively
higher abundance and a greater likelihood of contributing
to the overall biological and pharmacological profile of the
essential oil. In addition, the selected compounds were fur-
ther evaluated based on structural diversity and preliminary
drug-likeness and ADMET screening criteria.

2.6 In Silico Analysis
2.6.1 ADMET Profiling

It is crucial to determine the ADMET profiles of ex-
tracted compounds in the initial phase. The ADMET Pre-
dictor employs a structure-based computational platform
designed to estimate the pharmacokinetic characteristics of
drug-like compounds [16]. To be deemed a strong candi-
date, a medication or drug-like molecule must have other
properties with respect to its high bioactivity and inade-
quate toxicity. Pharmacokinetic characteristics are a criti-
cal feature to consider when developing a novel drug. Sim-
plified Molecular Input Line Entry System (SMILES) rep-
resentations of the identified compound were generated
in *sdf format and then converted into SMILES format
using the NCI Chemical Identifier Resolver (CACTUS)
(http://cactus.nci.nih.gov/translate/). The ADMET predic-
tion was conducted using the pkCSM tool available on-
line (https://biosig.lab.uq.edu.au/pkesm/prediction) to as-
sess pharmacokinetic properties such as absorption, distri-
bution, metabolism, excretion, and toxicity [17,18]. The
ADME characteristics of the chemical compound were pre-
dicted utilizing SwissADME, an online platform for ADME
prediction (http://www.swissadme.ch) [19].
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2.6.2 Computational Physicochemical Characterization

The predicted physicochemical descriptors comprised
molecular mass, lipophilicity (LogP), molecular flexi-
bility (rotatable bonds), topological polar surface area
(TPSA), and hydrogen-binding capacity (donors and accep-
tors counts). These attributes demonstrate the bioavailabil-
ity of drugs in the body, as delineated by Lipinski’s rule of
five [20]. Lipinski’s Rule of Five is the most recognized
rule-based criterion for evaluating its potential to exhibit
favorable oral bioavailability. The criteria for the rule are
as follows: the molecular mass of the compound must be
<500, the hydrogen bond donor count should be <5, the
hydrogen bond acceptor count should be <10, the optimal
lipophilicity range measured in LogP should be <5, and the
molar refractivity range should be 40-130. Consequently,
a compound is not likely to be orally bioavailable as a drug
if its properties deviate from these requirements [21].

2.7 Generation and Retrieval of Molecular Structures for
Docking

To determine the potential repressive effects of the
ligands on the targeted proteins, they were downloaded
in two-dimensional (2D) *sdf format from PubChem (ht
tps://pubchem.ncbi.nlm.nih.gov/) [22]. Using the Online
SMILES Translator (https://cactus.nci.nih.gov/translate/),
the ligands were transformed into three-dimensional (3D)
components in .pdb format for a facilitated and effective
virtual screening process.

2.8 Structural Refinement of Target Receptors and Binding
Pocket Determination

The crystalline configurations of TNF-o, IL-6, IL-
1B, NOS, and COX-2 were retrieved in Protein Data Bank
(PDB) files from the Research Collaboratory for Structural
Bioinformatics PDB (RCSB PDB) (https://www.rcsb.org)
[23]. These proteins were selected as therapeutic targets for
RA. The preparation of the proteins was conducted employ-
ing Biovia Discovery Studio (2019) (Dassault Systémes,
Vélizy-Villacoublay, France). This process involved the
removal of co-crystallized ligands, water molecules, and
heteroatoms, along with the addition of hydrogen atoms
to enhance the stability of the protein structure [24]. The
active sites where ligands bind to induce conformational
changes and trigger pharmacological responses were iden-
tified, thereby guiding docking simulations. The use of vir-
tual screening to anticipate binding in these active sites not
only decreases the expenses involved but also reduces the
duration of drug discovery while enhancing binding preci-
sion [25]. The analysis of binding pockets and identifica-
tion of ligand interactions and amino acid residues in the
active sites were carried out using Biovia Discovery Studio
[24].

2.9 Molecular Docking and Visualization

The docking procedure was conducted via PyRx soft-
ware V0.8 with the Vina Wizard tool (https://pyrx.sourcef
orge.io/downloads/) to assess interactions between macro-
molecules and ligands [26]. Protein structures in PDB
format were transformed into Protein Data Bank, Partial
Charge (Q) and Atom Type (T) (PDBQT) employing the
“make macromolecule” option. Each ligand was energy-
minimized to optimize geometry, eliminate unfavorable
torsions, and assure structural stability prior to conversion
to PDBQT [26,27]. Each ligand and target molecule was
prepared in a comparable manner. The ligands were consid-
ered flexible, while the receptor was maintained in a rigid
conformation throughout the docking computations. Physi-
ological pH-appropriate protonation states were assigned to
ligand motifs and protein residues, and polarized hydrogen
atoms were included. Docking was directed at experimen-
tally determined active sites to accurately predict interac-
tions. The amino acid residues in the active sites for lig-
ands were determined using Biovia Discovery Studio. The
COX-2 active site residues were determined according to
Beura and Chetti [28]. Docking was performed at these co-
ordinates using a grid box encompassing the active site in
order to ensure precise modeling, as detailed in Table 1. The
docking grid box was centered on the coordinates of the co-
crystallized ligand to guarantee the inclusion of all essential
active-site residues. The docking settings were configured
with an exhaustiveness value of eight. The quantity of bind-
ing forms that were formed for each ligand was determined
to be nine. The optimal binding position was chosen by con-
sidering minimal interaction free energy and advantageous
interaction patterns. To validate this procedure, redocking
the co-crystallized ligand compounds was accomplished for
the different targets’ active sites, thereafter calculating the
root-mean-square deviation (RMSD) corresponding to the
docked and experimental positions. Scores of RMSD less
than 3 A were deemed suggestive of satisfactory docking
precision. Docking-related outcomes were depicted with
Biovia Discovery Studio 2019 [24]. The complex exhibit-
ing the lowest binding energy was utilized for analysis of
type of interaction, length, and residues involved. Docking
scores were determined by AutoDock Vina in PyRx soft-
ware V0.8 (https://pyrx.sourceforge.io/downloads/) and ex-
pressed as kcal mol™!, and the minimal binding energy was
chosen for a comprehensive evaluation of protein-ligand
interactions, encompassing interaction types, interaction
lengths, and critical binding site residues.

3. Results

3.1 Chemical Composition of Essential Oil of C. spinosa
Leaves

The hydro-distillation method for C. spinosa leaves
using a Clevenger apparatus produced an essential oil yield
of 0.2%. Analysis of the essential oil using gas chromatog-
raphy (Fig. 1A) revealed the presence of 132 compounds,
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Table 1. Docking grid coordinates and dimensions of selected proteins.

. . Grid box (x, Y, )
Proteins Ligand ID PDB
Center Size
1GY 37.1931022891 25.0
Interleukin-1 beta SR8Q 0.488215278616 25.0
CioH5N30,
72.2784260602 25.0
0.487377720998 25.0
. . . H2B 4NOS
Inducible nitric oxide synthase 94.7466992304 25.0
CoH3N503 AC3
18.3466868452 25.0
307 —17.0573412297  20.0216140682
Tumor necrosis factor-a (TNF-a) 2A7Z5 70.6758175518 20.0145541745
C3H3F3N30,
41.3928141841 20.0685874884
—6.92863469578 25.0
. TLA 1ALU
Interleukin-6 -9.75101525806 25.0
C4HgOgq AC5
—0.514955580666 25.0
Cvel ) c HCZHN o SFIA 30.8542001557 25.0
clooxygenase-
yelooxye H siLO 4P 34.2608340072 25.0
238.898317634 25.0
C7HgO3

PDB, Protein Data Bank.

B T tau-Cadinol (M1)
— C e
:hlp;::: — ] Heptacosane (M2) ___|
Amines ] Beta-Eudesmol (M3) |
Alkanes, alkenes :’ 2,4-Di-tert-butylphenol (M4)
Others ____] Diisobutyl phthalate (M5) |
Carboxylic Acids ___] Isobutyl isothiocyanate (M6) ]
Esters | (2)-3-Hexenyl benzoate (M7) __|
Lipids, Fatty Acids, Fatty Acyls | Famesyl acetone (M8) |
Aldehydes —] Allylamine (M9) ___]
Ethers ] Dibutyl phthalate (M10) |
Aromatic Hydrocarbons compounds ] 4-Methylurazole M11) _ |
Ketones ] 1’(4’tert-B:n*yglzll::g;)pmpan-z- =
Heterocyclic Compounds ] 2,4-Dimethylundecane (M13) |

2 4 6 8 10 Methyl Isocyanate (M14) ]
PERCENTAGE OF DIFFERNT CHEMICAL CLASSES 3 2 4 6

Fig. 1. GC-MS analysis. (A) Chromatogram of essential oil from C. spinosa leaves. (B) Major phytochemical composition of C.

spinosa. (C) Major phytochemical constituents of C. spinosa. GC-MS, gas chromatography- tandem mass spectrometry.
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Table 2. Assessments of drug-like properties of selected compounds (M1-M14) with the SwissADME platform.

MW

(g/mol) #HA #HD MLOGP LogP (iLOGP) LogS Lipinski#violations TPSA (A2) #RB Veber #violations Synthetic accessibility MR
Easy (0)—
Rule <500 <10 <5 <4.15 <5 <1 <140 <10 (Yes/No) ) 40 <MR < 130
difficult (10)

M1 22237 1 1 3.67 3.14 -3.26 0 20.23 1 0 429 70.72
M2 380.73 0 0 8.86 7.32 -9.59 1 0 24 1 3.56 131.9
M3 22237 1 1 3.67 3.06 -3.51 0 20.23 1 0 3.38 70.46
M4 206.32 1 1 3.67 3.06 -4.55 0 20.23 2 0 1.43 67
M5 27834 4 0 3.43 3.31 -3.85 0 52.60 8 0 2.36 77.84
M6  115.20 1 0 2.48 227 -2.20 0 44.45 2 0 1.83 35.31
M7 20426 2 0 3.31 3.04 -3.55 0 26.30 6 0 2.14 61.28
M8  262.43 1 0 4.50 4.08 —4.38 1 17.07 9 0 3.47 87.42
M9 57.09 1 1 0.15 1.28 —-0.15 0 26.02 1 0 1.01 18.77
MI10 27834 4 0 3.43 2.97 -3.96 0 52.60 10 0 241 77.84
MIl 11509 2 2 -0.82 0.46 -0.47 0 70.65 0 0 1.30 26.94
M12 190.28 1 0 3.25 2.50 -3.16 0 17.07 3 0 1.26 60.49
MI13 18436 0 0 5.67 3.77 —4.66 1 0 8 0 2.39 64.60
M14 57.05 2 0 -0.59 1.29 -0.86 0 29.43 0 0 1.23 13.99

o)

2,

(i

4

Ss3id NI

MW, molecular weight; #HA, H bound acceptor count; #HD, H bound donor count; MR, Molar Refractivity; LogP (iLOGP), octanol/water partition coefficients; TPSA,
Topological polar surface area; MLOGP, Moriguchi LogP (lipophilicity parameter); LogS, log of the aqueous solubility; #RB, number of rotatable bonds, #; Number of.
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Table 3. In silico ADMET profiling for the selected compounds (M1-M14) obtained from SwissADME and pkCSM.

Metabolism
Absorption Distribution Substrate Inhibitor
CYP
. . P-gp VDss . .
Skin permeability GI BBB permeability ~ CNS permeability 2D6 3A4 1A2 2C19 2C9 2D6 3A4 1A2
substrate (human)
Log Kp (cm/s)  Categorical (Yes/No) Categorical (High/Low) LogL/kg Categorical (Yes/No) Log PS Categorical (Yes/No)
Ml -5.29 No High 0.415 Yes —2.032 No Yes No Yes No No No No
M2 1.49 Yes Low 0.247 No —0.817 No Yes Yes No No No No No
M3 -5.00 No High 0.442 Yes —-1.828 No Yes Yes No Yes No No No
M4 -3.87 No High 1.018 Yes -1.236 No Yes Yes No No Yes No No
M5 -5.08 No High -0.139 Yes -2.192 No Yes Yes Yes No No No Yes
M6 -5.00 No High 0.028 Yes -2.181 No No No No No No No No
M7 —4.68 No High 0.196 Yes -1.719 No No Yes Yes No No No Yes
M8 -3.95 No High 0.438 No -1.720 No Yes Yes No Yes No No Yes
M9 —6.63 No High 0.284 No -2.518 No No No No No No No No
M10 —4.80 No High -0.007 Yes -2.408 No Yes Yes Yes No No No Yes
M1 -7.62 No High —0.462 No —3.482 No No No No No No No No
M12 -5.18 No High 0.541 Yes —-1.462 No Yes Yes No No Yes No No
M13 —2.68 No Low 0.559 No -1.474 No No No No Yes No No No
M14 -5.90 No High -0.229 No —2.500 No No No No No No No No

Abbreviations: BBB, blood-brain barrier, CYP, cytochromeP450, GIA, gastrointestinal absorption; LogKp, skin permeation value; P-gp, P-glycoprotein; GI, gastrointestinal, VDss, volume
of distribution at steady state; CNS, central nervous system; Log L/kg, log of the volume of distribution at steady state; Log PS, log of the permeability surface-area product for CNS. Data
of BBB and GIA according to the yellow/white yolk of a boiled egg chart respectively.
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Table 4. Computational for excretion and toxicological for the selected compounds (M1-M14) predicted by ProTox-II.

. Total clearance . L Toxicity
Ligand no. . Renal OCT?2 substrate Skin sensitization
(log mL/min/kg) Immuno Hepato Cyto Carcino Mutagen Nephro AMES LDsy (mg/kg) Toxicity class

M1 1.085 No Yes Yes No No No No No No 2830 5
M2 2.093 No Yes No No No No No No No 750 3
M3 1.032 No Yes No No No No No No No 2000 4
M4 0.912 No Yes No No No No No No No 700 4
M5 0.800 No No No No No Yes No Yes No 10,000 6
M6 0.426 No Yes No No No No No No No 112 3
M7 0.867 No Yes No No No Yes No No No 5000 5
M8 1.726 No Yes No No No No No No No 5000 5
M9 0.999 No No No No No Yes No No No 57 3
M10 0.930 No No No No No Yes No Yes No 3474 5
M11 0.996 No No No Yes No No No Yes No 134 3
MI12 0.249 No Yes No No No Yes No No No 3500 5
M13 1.497 No Yes No No No No No No No 750 3
M14 0.808 No No No No No Yes No No No 52 3

OCT?2, organic cation transporter 2; AMES, AMES mutagenicity test; LDsy, Oral Rat Acute Toxicity (median lethal dose).

Ss3id NI
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as detailed in Supplementary Table 1. The identities of
the compounds were determined by comparing their mass
spectra with NIST reference data. Compounds with simi-
larity scores exceeding 80 were considered reliably identi-
fied. The selected compounds constituted 30% of the total
components. The compounds comprised terpenes (7.66%),
phenols (5.27%), amines (4.73%), alkanes and alkenes
(3.55%), lipids, fatty acids, and fatty acyls (1.22%); car-
boxylic acids (1.66%), esters (1.44%), aldehydes (0.88%),
ethers (0.33%), aromatic hydrocarbon compounds (0.27%),
ketones (0.21%), heterocyclic compounds (0.17%), and
others such as sulfur, isocyanates, and halogen compounds
(1.94%). These results are shown in Fig. 1B. To facilitate
computational screening against RA-associated molecular
targets, fourteen compounds with relative abundances ex-
ceeding 0.5% were selected, as listed in Fig. 1C.

3.2 ADME Analysis and Toxicity Prediction

The ADMET features of the essential oil of C. spinosa
leaves were assessed using in silico approaches to ascer-
tain its potential as a drug candidate. The potential drug-
likeness of a chemical compound isolated in high yield is
assessed through Lipinski’s “rule of five”. Lipinski’s rule
delineates that the major compound possesses a molecu-
lar weight (MW) of 500 or less, a LogP value (octanol—
water partition coefficient) of 5 or lower, a maximum of
five hydrogen bond donors (HDO), and no more than ten
hydrogen bond acceptors (HAC) [29]. Based on the find-
ings in Table 2, Lipinski’s rule was obeyed by all selected
phytochemicals. The MW of compound M2 (381 g/mol)
satisfied Lipinski’s rule. All the selected compounds ex-
hibited proficient lipophilicity scores (LogP values ranging
from 0.46 to 4.08), except for M2, which had a very high
lipophilicity score (7.32). All the compounds (M1-M14)
had acceptable HDO and HAC bonds. The solubility of
a compound is typically represented as log of the aqueous
solubility (LogS). Approximately 85% of pharmaceuticals
exhibited LogS values ranging from —1 to —5, with virtually
none falling below —6 [30]. Ten of the 14 selected com-
pounds exhibited LogS values ranging from —1 to -5, indi-
cating excellent-to-moderate water solubility. Compound
M2 had poor solubility, while M9, M11, and M 14 exhibited
high solubility values. Notably, the highest solubility com-
pounds, M9, M11, and M14 had the smallest MWs (115.2,
57.05, and 57.09, respectively) and molar refractivity (MR)
less than 30.

The Veber rule indicates that compounds exhibiting a
TPSA <140 A? and/or number of rotatable bonds (RB) <10
provide favorable oral bioavailability [31]. In this study, all
the compounds (M1-M14) adhered to Veber’s rule, while
one compound exhibits a single violation due to the in-
creased number of RBs bound. The TPSA value ranged
from 0 to 70.65 A2. Each compound under investigation
had <10 RB, except for M2, which had 24 RB. Our finding
indicates that 9 out of the 14 compounds were within the
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MR specified range. The highest recorded value of MR for
M2 was more than 130. In contrast, M6, M9, M11, and M14
had MR values less than 40. The synthetic accessibility of
the 14 compounds ranged from 1.01 to 4.29, indicating that
they are readily synthesized. In addition, all 14 compounds
achieved an excellent bioavailability score of 0.55.

Skin permeability is represented byLog Kp (cm/s)
with a reference range of —8.0 to —1.0 [32]. The logKp val-
ues for all compounds in this investigation, except for M2,
ranged from —2.68 cm/s to —7.62 cm/s, indicating effective
transdermal permeability (Table 3). The P-glycoprotein (P-
gp) transporter is a protein that significantly influences drug
absorption [33]. This protein (P-gp) mediates the transfer of
substrates into the bile, urine, and the gastrointestinal (GI)
tract[34]. The ADMET results (Table 3) indicate that all the
drug candidates, with the notable exception of M2, were not
substrates for P-gp. GI absorption is a major factor that af-
fects drug kinetics and the efficacy of compounds [35]. The
results indicate that compounds M2 and M13 were associ-
ated with poor intestinal absorption, while the other com-
pounds exhibited excellent intestinal absorption.

The ADMET prediction of volume of distribution at
steady state (VDss) and blood-brain barrier (BBB) perme-
abilities were used to assess the distribution of the com-
pounds under examination within the human body (Table
3). The VDss indicates the tendency of a drug to remain in
the plasma or to diffuse into other tissue compartments. Log
VDss <-0.15 implies poor distribution, whereas Log VDss
>(0.45 implies high distribution [36]. Table 3 shows VDss
values of —0.462 L/kg and —0.229 L/kg for M11 and M 14,
respectively. The VDss values for M12 (0.541 L/kg) and
M13 (0.559 L/kg) were slightly above the recommended
range, while M4 had the highest VDss value of 1.018 L/kg.
All the other compounds were within the recommended
VDss range. The BBB acts as a selective filter by restrict-
ing the entry of substances into the central nervous system
(CNS) [37]. The molecules M1, M3-M7, M10, and M12
exhibited BBB permeability, whereas the ligands M2, M8,
M9, M11, M13, and M14 exhibited poor capacity to pass
through the BBB.

The cytochrome P450 (CYP450) system is responsi-
ble for the metabolism and removal of drugs from the body.
An understanding of how substances interact with CYP450
is crucial for characterizing the pharmacokinetics of poten-
tial drugs during drug development [19]. The potential in-
hibitors for two of CYP450 were M5, M7, M8, and M10,
while M1, M3, M4, M12, and M13 tended to inhibit 1 iso-
form of CYP450. The compounds M2, M6, M9, M11, and
M14 did not show an inhibitory effect on the CYP450 iso-
forms. It was predicted that M1-M5, M8 and M10 are po-
tential substrates for CYP3 A4, whereas all the compounds
are not likely to be substrates for 2D6.

The excretion of pharmacological molecules may be
predicted by assessing total clearance (log mL min~! kg™!)
and their potential as substrates for renal organic cation
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transporter 2 (OCT2) (Table 4). Clearance refers to the
quantity of a chemical molecule eliminated from plasma in
the vascular compartment per unit time [38]. The overall
clearance score comprises all liver and kidney clearances
of the chemicals eliminated through the kidneys [38,39].
Compound M2 had the highest overall clearance score,
which signifies effective excretion from the body, whereas
M6 and M 12 presented the lowest outcomes, thereby indi-
cating relatively slower clearance rates. Renal OCT2 is a
renal uptake transporter that significantly contributes to re-
nal clearance and the elimination of drugs and endogenous
substances [40]. In this study, the predictions indicate that
none of the 14 compounds is a likely substrate for OCT2.
Thus, the compounds will not exert a negative impact on
renal clearance.

Regarding skin sensitization, M5, M9, M10, and M11
showed no evidence of skin sensitization, whereas the other
compounds were associated with skin sensitization (Table
4). A prediction of toxicity is crucial to guarantee the safety
of drugs, thereby ensuring the absence of harm or adverse
effects. Results from hepatotoxicity revealed a positive
effect only with M11. Moreover, only M1 demonstrated
positive immunotoxicity. All the compounds did not exert
nephrotoxicity, except for M5, M10, and M11, while M5,
M7,M9,M10,M12, and M14 showed potential for carcino-
genicity. These predicted toxicological concerns may limit
the translational potential of some compounds and highlight
the need for further optimization and experimental safety
validation before therapeutic application.

However, the predictions revealed that none of the
compounds were cytotoxic or mutagenic. Ames toxicity
serves as an indicator for assessing the mutagenicity po-
tential of drugs [41]. None of the investigated compounds
exhibited Ames toxicity.

LDs, also known as the 50% lethality threshold, is
utilized for predicting acute toxicity. It is classified into six
toxicity classes defined by the following threshold values:
fatal if swallowed: LDsq less than 5 mg/kg; fatal if swal-
lowed: LDsy of 5 to 50 mg/kg; toxic if swallowed: LDs
of 50 to 300 mg/kg; harmful if swallowed: LDsy more than
300 to 2000 mg/kg; may be harmful if swallowed: LDsg
more than 2000-5000 mg/kg; and non-toxic: LDsy more
than 5000 mg/kg body weight [42]. Table 4 displays the
toxicity predictions, with a class 6 prediction value for M5,
while M1, M7, M8, M10, and M12 had class 5 predictive
values. Toxicity level 4 was predicted for M3 and M4,
while M2, M6, M9, M11, M13, and M14 were assigned
a toxicity class of 3. The predictive outcomes identified 6
compounds in toxicity classes of 5 and 6. The toxicity clas-
sification led to the exclusion of all potentially toxic com-
pounds. Although several compounds showed promising
pharmacokinetic and docking profiles, the predicted toxico-
logical concerns highlight the need for careful safety eval-
uation and further in vitro and in vivo validation.
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3.3 Molecular Docking Studies

This study involved a molecular docking analysis
aimed at examining the predicted interactions of major phy-
tochemicals derived from the essential oil of C. spinosa
with the proteins IL-1p, NOS, TNF-a, IL-6, and COX-2,
as computationally relevant RA-associated targets.

The interactions in biological systems, particularly
ligand-protein interactions, involve various physical forces
such as hydrophobic electrostatic forces, hydrogen bond-
ing, ionic bonding, and van der Waals (VDW) forces. A
potential inhibitor typically possesses an adequate number
of hydrogen bonds and additional hydrophobic interactions
which are crucial for protein-ligand interactions [43]. The
binding affinity of a ligand to a protein is a measure of its
strength, which is expressed in kcal/mol. Stronger interac-
tions are indicated by lower binding affinity values. This
is because the fact that the system releases more energy
upon binding, resulting in a more stable complex. How-
ever, in general, more negative binding affinity values rep-
resent stronger binding interactions. Binding affinity val-
ues below —5 kcal/mol are generally considered indicative
of potentially favorable ligand—protein interactions in com-
putational docking studies. Binding interactions are classi-
fied as moderate when values range from —5 to —3 kcal/mol,
whereas those exceeding —3 kcal/mol are deemed weak in-
teractions [44,45]. The RMSD is used to evaluate the effec-
tiveness of predicted ligand binding pose [46]. An RMSD
value of 3.0 A or less is generally regarded as acceptable
[47]. In the present study, the docked ligand scores for all
ligands (i.e., M1, M5, M7, M8, M10, and M12) targeting
the proteins IL-13, NOS, TNF-a, IL-6, and COX-2 ranged
from —4.7 to —8 kcal mol™'. All RMSD values for target
ligand-protein interactions that were equal to or greater than
3 A were omitted from consideration (Table 5).

The molecular docking results for six selected com-
pounds inside the active site of IL-1p protein (PDB: S5SR8Q)
are presented in Table 6 and Fig. 2. The predicted ac-
tive site residues of the target protein were the amino acids
TYR24, GLU2S, LEU26, LEU69, LEU80, PRO131, and
VAL132. The redocking of the co-crystallized ligand pro-
duced a docking score of —5.4 kcal/mol, with an RMSD of
1.802 A. Three hydrogen bonds were implicated in the in-
teraction of the ligand with IL-1p residues: one bond with
each of VAL132, LEU80 and TYR24. The candidate com-
pounds exhibited predicted binding energy scores between
—4.7 and -5.6 kcal/mol. The compound M1 exhibited hy-
drophobic bond interactions with the PRO131 residue of
the protein. The M5 compound, with a docking score of
—5.6 kcal/mol, had two-carbon-covalent hydrogen bonds
with LEU26, and VAL132, along with hydrophobic interac-
tions involving one bond with VAL132 and two bonds with
residue PRO131. Compound M7 formed a hydrogen bond
with LEU80, whereas M8 exhibited the weakest interaction
among the selected phytochemical compounds through an
alkyl bond with PRO131. The compound M10 formed a
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Table 5. Binding energy and RMSD outcomes for six selected ligands with targeted proteins (PDB: SR8Q, 4NOS, 2AZS5, 1ALU,
and SF1A) and their corresponding co-crystallized ligand.

Target proteins

Ligands E Binding energy (kcal mol™!)
(RMSD in A)
5R8Q 4NOS 2AZ5 1ALU SF1A
INTERLEUKIN-1 BETA NITRIC OXIDE SYNTHASE TNF-a INTERLEUKIN-6  Cyclooxygenase-2
M1 200,69 52 -6.8 -6.7 4.8 13
1.349 (A) 1.471(A) 2352 (A) 2.080 (A) 2.015 (A)
M5 200,16 -5.6 8.0 6.4 -5.0 13
1.768 (A) 2.610 (A) 2.624 (A) 2240 (A) 2.690 (A)
M7 99,61 4.7 7.8 6.0 4.7 -6.9
2.038 (A) 2.966 (A) 1.393 (A) 0.601(A) 1.771(A)
M8 221,96 -5.0 -7.6 —6.4 -5.1 -6.7
1.527 (A) 2474 (A) 2.050 (A) 2.963 (A) 2.147 (A)
MI0 160.54 5.2 15 -6.3 -5.6 1.5
2415 (A) 2.564 (A) 2.042 (A) 0.483 (A) 0.433 (A)
M2 17,68 5.4 -6.7 6.0 4.7 —6.0
0.240 (A) 2.604 (A) 2.630 (A) 1.152 (A) 2.974 (A)
Co-crystallized Ligand
IGY 293.51 54 - - - -
1.802 (A)
H2B 136.56 . 7.1 ) ) )
1513 (A)
307 495.60 - - T4 - -
1.584 (A)
TLA 20.28 - - - —+0 -
2398 (A)
COH  1043.53 - - - - ~105
1.614 (A)
SAL 90.10 - - - - -8
1.966 (A)

RMSD, root-mean-square deviation; PDB, Protein Data Bank.

carbon hydrogen bond with VAL132 and a hydrophobic in-
teraction with LEU26, while M 12 displayed a conventional
hydrogen bond with LEU8O and LEU134.

The binding affinities of the selected ligands to the
NOS protein (PDB: 4NOS), as well as 2D and 3D il-
lustrations, are displayed in Table 7 and Fig. 3. The
putative active site residues of the NOS protein were
TRP194, ARG199, CYS200, GLN205, SER242, PHE369,
ASN370, TRP372, GLU377, TRP463, TYR489, TYR490,
and TYR491. All ligands under consideration exhib-
ited potentially favorable binding interactions with the key
residues in the active site, as indicated by their docking
scores and binding conformations, except for M1. The
binding energy scores were between —6.7 and —8 kcal/mol,
with compound M5 having the best binding energy score
of —8 kcal/mol. Compounds M5, M7, and M12 demon-
strated conventional hydrogen bonds with TRP194, as well
as a variety of hydrophobic interactions with TRP194,
PHE369, CYS200, and TYR489. Compounds M5 and
MI12 formed two amide-pi stacks with ASN370, while
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compound M8 had conventional hydrogen bond interac-
tions with ARG199, in addition to numerous hydropho-
bic interactions with TRP194 (6), CYS200 (2), HE369 (3),
and TYR489. Compound M10 exhibited a conventional
hydrogen bond with TYR489, alongside hydrophobic in-
teractions involving ARG199, TRP194 (2), CYS200, and
HE369. The co-crystallized ligand formed three hydrogen
bond interactions: two conventional bonds with GLU377
and one carbon-hydrogen bond with ASN370, alongside
hydrophobic interactions with TRP194 and PHE369.

As shown in Table 8 and Fig. 4, the active site residues
of TNF-a (PDB: 2AZ5) were LEU57, SER60, TYRI119,
LEUI120, GLY121, GLY122, and TYR151. Among the
studied ligands, M1 had the highest binding energy of —
6.7 kcal/mol, while M7 and M12 recorded the least value
of —6.0 kcal/mol. For all the explored compounds, it was
revealed that the interactions established were mainly hy-
drogen bonds and hydrophobic interactions. The ligand
M1 engaged with the receptor through the establishment
of a conventional hydrogen bond with SER60, alongside

11
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Table 6. Docking outcomes of major selected compounds in the essential oil from C. spinosa leaves and co-crystallized ligand
against IL-1p protein (PDB: SR8Q).

. Hydrogen bonds Hydrophobic interaction
Ligand ) )
(Distance A) (Distance A)
Conventional Hydrogen Bond:
BB HAC: O=C VAL132 to -NH (2.52)
IGY BB HAC: O=C LEU80 to -NH (2.27) -
Carbon Hydrogen Bond:
BB HDO: O=C TYR24 to H-C (3.53)
Conventional Hydrogen Bond:
Ml BB HAC: O=C LEU 134 to -HO (2.34) Alkyl: LYS77, PRO131 (4.92, 3.58)
Carbon Hydrogen Bond: n—Alkyl: PHE133, PHE133 (4.34, 4.732)
SC HDO: H-C- LYS77 to -OH (3.58)
Carbon Hydrogen Bond:
Alkyl: VAL132 (5.059)
M5 BB HAC: O=C LEU26 to H-C (3.63)
n—Alkyl: PRO131, PRO131 (5.08, 4.21)
BB HAC: O=C VAL132 to H-C (3.41)
Conventional Hydrogen Bond:
BB HDO: -NH LEU80 to O=C (1.78)
M7 BB HDO: -NH LEU134 to O=C (2.09) n—Alkyl: PHE133, PHE133 (4.80, 5.14)
Carbon Hydrogen Bond:
BB HAC: O=C LEU134 to H-C (3.59)
M8 - Alkyl: LYS77, PRO131 (4.79, 5.25)
M10 Carbon Hydrogen Bond: Alkyl: LEU26, LEUS2 (4.89, 4.27)
BB HAC: O=C VAL132 to H-C (3.73) n—Alkyl: PHE 133 (3.99)
Conventional Hydrogen Bond n—Sigma: PHE 133 (3.84)
MI12 BB HDO: HN- LEUS8O0 to (2.11) O=C n—n Stacked: PHE 133 (4.59)

BB HDO: HN- LEU134 to (2.16) O=C

n-Alkyl: PHE 133 (4.49)

Active site (PDB: 5R8Q): TYR24, GLU2S5, LEU26, LEU69, LEU80, PRO131, VAL132. BB, Backbone
atoms; SC, Side chain atoms; HDO: H bound donor, HAC, H bound acceptor.

two alkyl interactions with LEU57 and two n—alkyl inter-
actions with TYR119 and TYRI151. With respect to com-
pounds M5 and M10, it was observed that conventional
hydrogen bond interactions were formed with the residue
GLY 121, in combination with various hydrophobic interac-
tions such as n—n stacking, n—sigma, n—alkyl, and amide-n
stacked bonds, with TYR119. Compound M10 presents an
additional n—alkyl interaction with TYR151. Compounds
M7 and M12 established two conventional hydrogen bonds
with residues GLY 121 and TYR151, as well as hydropho-
bic interactions with TYR119 in the form of n—n stacked,
n—sigma, and m—alkyl bonds. Compound M8 established
a conventional hydrogen bond with residue TYR151, to-
gether with hydrophobic interactions with LEU57 as an
alkyl and with TYR119 and TYR151 as n—alkyl. The co-
crystallized ligand halogen formed a conventional hydro-
gen bond with TYR151, and the halogen (fluorine) bound
with SER60 (3). Many hydrophobic interactions were ob-
served with TYR119 as n—n—stacked; LEU57 and TYR119
(2) as m—sigma, along with TYR119 (2), TYRI151, and
LEUS57 as n—alkyl. In this investigation, all six compounds
exhibited interactions with amino acid residues similar to
those of the co-crystallized ligand.
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The analysis of the docking results for IL-6 (PDB:
1ALU), as presented in Table 9, revealed that TLA, a
co-crystallized ligand, exhibited a binding energy of —4
kcal/mol, accompanied by one hydrogen bond interaction
with ARG182. The binding affinities of the six prevalent
phytochemicals present in the essential oil of C. spinosa
ranged from —4.7 to —5.6 kcal/mol. The active site of IL-
6 comprised the amino acids GLN175, LEU178, ARG179,
and ARG182. The chemical bonding interactions in the
complexes between the examined compounds and the bind-
ing pocket residues of IL-6 are illustrated in Fig. 5. Com-
pound M8 exhibited binding at the active site of the pro-
tein, forming three conventional hydrogen bonds with the
two amino acids ARG179 and ARG182, and it exhibited
hydrophobic interactions with LEU178. Hydrophobic in-
teractions favored the binding of M5 and M10 to the ac-
tive site of IL-6, which specifically involved LEU178 (for
both M5 and M10) and LEU179 (for M10 only). The com-
pound M7 interacted through one conventional hydrogen
bond with GLN175 and three alkyl interactions with the
amino acids LEU178, LEU178, and ARG182. Analysis
of the best docked poses for M12 indicated the presence
of a conventional hydrogen bond with ARG179 and a hy-
drophobic n-sigma interaction with LEU178.
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Fig. 2. 2D and 3D molecular interactions of the most prevalent selected compounds: M1, M5, M7, M8, M10, and M12 with the
co-crystallized ligand “JGY” in the binding site of the IL-1p protein (PDB: SR8Q).

All the explored compounds were docked into the ac-
tive site of cyclooxygenase-2 (PDB: 5F1A). The interac-
tions of the studied compounds in both 2D and 3D con-
figurations are illustrated in Table 10 and Fig. 6. The
examined compounds engaged with amino acid residues
through conventional hydrogen bonds and hydrophobic in-
teractions, with binding scores between —6.7 and —7.5
kcal/mol. The binding affinities of the six prevalent phy-
tochemicals were greater than those of the co-crystallized
ligand (SAL), with M10 possessing the highest affinity.
In this context, compound M1 exhibited conventional hy-
drogen bonding interactions with HIS388, along with alkyl
bonds with ALA202 and LEU391, as well as n—alkyl inter-
actions with HIS207, HIS386, HIS386, HIS386, HIS386,
and HIS388. Compound M5 demonstrated a hydrogen
bonding interaction with HIS388. Furthermore, interac-
tions of the m—m T-shaped, m—alkyl, and alkyl types oc-
curred with HIS207, HIS386, LEU390, and LEU391, re-
spectively. Compounds M7 and M10 exhibited two con-
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ventional hydrogen bonding interactions with TRP387 and
HIS388, in addition to an alkyl interaction with LEU391
and a n—alkyl interaction with ALA202. Compound M10
formed extra m—alkyl interactions with PHE200, HIS207,
HIS386, and LEU391 (2) residues, while M8 exhibited hy-
drophobic interactions with HIS386 through n—sigma bind-
ing ALA202 and LEU391 (2) via alkyl interactions and also
with HIS207, TRP387, and PHE395 through n—alkyl bind-
ing. Compound M12 exhibited a conventional hydrogen
bonding interaction with HIS388, in addition to m—alkyl and
alkyl interactions with LEU391. When compared with the
investigated ligand, the co-crystallized ligand SAL showed
a hydrogen bonding interaction with HIS388. Additionally,
there was an amide—m stacked interaction with TRP387
and m—alkyl bonds with ALA202 and LEU390. In con-
trast, the crystallized ligand displayed conventional hydro-
gen bonding interactions with HIS214 and THR212, along-
side n—n T-shaped interactions with HIS207 and alkyl inter-
actions with ALA202, LEU390, and LEU391 (2), as well
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Table 7. Docking outcomes of major selected compounds in the essential oil from C. spinosa leaves and co-crystallized ligand
against NOS protein (PDB: 4NOS).

. Hydrogen bonds Hydrophobic interaction
Ligand . .
(Distance A) (Distance A)
Conventional Hydrogen Bond:
BB HDO: HN-VAL352 to C=0 (1.99)
B SC HAC: C-O GLU377 to -NH (2.63)
SCHAC: C-O GLU377to -NH (1.81)  7_gjoma: TRP194, TRP194 (3.72, 3.76)
Carbon Hydrogen Bond: Alkyl: LEU209 (5.06)
SCHDO: H-C- ASN370to C=0 (3.71)  _Alkyl: PHE369, PRO350 (4.95, 4.72)
M1 - -
M5 Conventional Hydrogen Bond:
SC HDO: H-C-TRP19410 O (2.73)  _Sjoma: TRP194, TRP194, PHE369 (3.76, 3.76, 3.85)
Amide-Pi Stacked: ASN370, ASN370 (4.00, 4.61)
Alkyl: MET374 (5.17)
n-Alkyl: TRP194, TRP194, PHE369, CYS200,
PRO350 (3.98, 4.55, 3.93, 4.91, 5.34)
M7 Conventional Hydrogen Bond:
SC HDO: -NH TRP194 to C=0 (2.88) n-n-Stacked: TRP194, TRP194, PHE369 (3.62,
4.25,4.21)
Alkyl: A197, CYS200, CYS200, (3.62, 4.05, 4.62)
n—Alkyl: PHE369, PHE369, TYR489, LEU209 (5.38,
4.72,5.21,5.44)
M8 Conventional Hydrogen Bond:
BB HDO: -NH ARG199 to C=0 (2.21) n-Sigma: TRP194 (3.60)
Alkyl: CYS200, VAL352, CYS200, LEU209 (4.35, 5.46,
4.65, 4.06)
n-Alkyl: TRP194, TRP194, TRP194, TRP194,
TRP194, PHE369, PHE369, PHE369, TYR489 (4.39,
3.95,4.11,4.78, 4.68, 5.36, 5.15, 4.05, 4.57)
M10 Conventional Hydrogen Bond:
BB HAC: -C=0 TYR489 to H-C- (3.65) Alkyl: LEU209, ARG199 (4.41,3.84)
n—Alkyl: TRP194, TRP194, PHE369, ALA197,
CYS200, CYS200 (3.90, 4.73, 5.11, 3.93, 4.46, 4.44)
M12 Conventional Hydrogen Bond:

SC HDO: -NH TRP194 to O (2.73)

n—Sigma: TRP194, TRP194, PHE369 (3.76,
3.76, 3.85)
Amide-Pi Stacked: ASN370, ASN370 (4.61,
4.00)
Alkyl: MET374 (5.17)
n—Alkyl: TRP194, TRP194, PHE369,
CYS200, PRO350 (3.97, 4.55, 3.93,4.91, 5)

Active site (PDB: 4NOS): TRP194, ARG199, CYS200, GLN205, SER242, PHE369, ASN370, TRP372,
TRP372, GLU377, TRP463, TYR489, TYR490, TYR491. BB, Backbone atoms; SC, Side chain atoms; HDO,
H bound donor; HAC, H bound acceptor; NOS, nitric oxide synthase.

as n—alkyl interactions with PHE200, TRP387, PHE395,
LEU391, HIS207, PHE210, and HIS386. The active sites
were identified according to the procedure of Satyajit Beura
and Prabhakar Chetti [28]. Therefore, the examined phyto-
chemicals have the potential to serve as targets for RA. To
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our knowledge, this represents the inaugural report in which
bioactive compounds derived from C. spinosa have been
subjected to molecular docking for the purpose of screen-
ing their pharmacological potential.
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Fig. 3. The 2D and 3D molecular interactions of the most prevalent selected compounds: M5, M7, M8, M10, and M12 with the
co-crystallized ligand “H2B” in the binding site of the NOS protein (PDB: 4NOS).

4. Discussion

In the present work, fourteen chemicals were cho-
sen, as shown in Fig. 1C, with relative abundances sur-
passing 0.5% for computational screening against molec-
ular targets linked with RA. This selection criterion pri-
oritized the major constituents with higher relative abun-
dance and a greater likelihood of contributing to the bio-
logical and pharmacological properties of the essential oil,
while reducing the influence of trace compounds with lim-
ited quantitative significance. The essential oil constituents
of parts of C. spinosa have been studied in a few countries
such as Iran (fruit), Italy (leaves), and Croatia (aerial parts)
[48,49,50,51]. Moreover, the composition of the essential
oil from the aerial parts of the plant has been investigated
in Tabuk, Saudi Arabia [52]. Nevertheless, there are some
limitations in the study from Tabuk because the sample used
was obtained from Tabuk market instead of a wild-growing
plants. In addition, the researchers used whole aerial parts
without separation of leaves, stems, flowers, and fruits,
which led to less specific compositional profiling. Geo-
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graphical variability is essential in the determination of the
chemical composition of plants, especially those used for
medicinal purposes. Plant growth conditions are influenced
by environmental factors such as climate, soil composition,
altitude, and local biodiversity, resulting in variations in
the synthesis of secondary metabolites that contribute to
medicinal properties [53]. When faced with environmen-
tal stressors such as high temperatures and drought, flora
in dry areas may generate greater amounts of certain sub-
stances to bolster their protection against herbivores and
pathogens [54]. Moreover, variations in soil nutrients in-
fluence the concentrations of essential oils, flavonoids, and
alkaloids in plant populations from different geographical
areas [55,56]. Consequently, these variations exert consid-
erable effects on the effectiveness, safety, and therapeutic
potential of medicinal plants. These factors underscore the
importance of considering the local environment in phar-
macological studies on medicinal plants.

Poor pharmacokinetic properties encompassing AD-
MET undermine effective pharmaceutical efficacy. More-
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Table 8. Docking outcomes of major selected compounds in the essential oil from C. spinosa leaves and co-crystallized ligand
against TNF-a protein (PDB: 2AZS).

Ligand Hydrogen bonds Hydrophobic interaction Electrostatic and Others
(Distance A) (Distance A) (Distance A)
n—Sigma: LEU57, TYR119, TYR119
Conventional Hydrogen Bond; Halogen: (373, 3.93, 3.98) .
307 n—n—Stacked: TYR119 (4.18) Halogen (Fluorine): SER60, SER60,

SCHDO H TYR151 to F (1.43)

Conventional Hydrogen Bond:
BB HDO -NH SER60 to C-O (2.85)

M1

Conventional Hydrogen Bond:
BB HDO -CH GLY 121 to C-O (3.25)

M5

Conventional Hydrogen Bond:
M7 BB HDO -NH GLY121 to C=0 (3.00)
SC HDO -OH TYR151 to C=0 (2.40)
Conventional Hydrogen Bond:
SC HDO -OH TYR151 to C=0 (2.09)

M8

Conventional Hydrogen Bond:
BB HAC C=0 GLY121 to -CH (3.39)

M10

n—Alkyl: TYR119, TYR119,
TYRI151, LEUS7 (4.83, 4.94, 4.80, 5.05)
Alkyl: LEUS7, LEUS7 (5.48, 4.94)
n—Alkyl: TYR119, TYR151(4.86, 5.26)
n—Sigma: TYR119 (3.60)
n—n—Stacked: TYRI119 (5.56)
n—Alkyl: TYR119, (4.39)

SER60, GLN61 (2.41, 3.59, 2.89, 3.36)

n—Sigma: TYR59 (3.71)
n—n Stacked: TYR119 (4.74)

Alkyl: LEUS7 (4.26)
n—Alkyl: TYR119, TYR151(4.89, 5.22)
n—n Stacked: TYRI119 (4.53)

n—n T-shaped: TYR119 (5.58)
Amide—mt Stacked: TYR119 (5.30)
n—Alkyl: TYR119, TYR151 (5.02, 4.85)

Conventional Hydrogen Bond:

n—Sigma: TYR119(3.73)
n—Alkyl: TYR119 (4.67)

MI12 BB HDO -NH GLY121 to C=0 (2.91)
SC HDO -OH TYR151 to C=0 (2.40)

Active site (PDB: 2AZ5): LEU57, SER60, TYR119, LEU120, GLY 121, GLY 122, TYR151. BB, Backbone atoms; SC, Side chain atoms;

HDO, H bound donor; HAC, H bound acceptor.

over, unfavorable pharmacokinetics and toxicity are major
factors that contribute to the expenses associated with the
failure of drug discovery throughout the clinical phase [57].
The ADMET properties of the essential oil from C. spinosa
leaves were evaluated by in silico methods to determine its
viability as a therapeutic candidate.

The drug-likeness potential of a high-yield isolated
chemical molecule is evaluated using Lipinski’s “rule of
five”. Compounds that exhibit >2 violations of Lipinski’s
rule are identified as possessing insufficient absorbability
and permeability, resulting in their exclusion from future
drug development [58,59]. MW reflects the size, penetra-
bility, distribution, and uptake potential of a molecule [29].
The LogP value is the most effective measure for evaluat-
ing the hydrophobicity of a compound [29]. Furthermore,
the number of HDO and HAC bonds reflects the effective-
ness of a compound in creating hydrogen bonds to enhance
its interactions and stability inside the active site of the tar-
get protein [29]. Solubility in water greatly affects absorp-
tion rates. When solubility and dissolution rates are low,
a drug distributed enterally is likely to be predominantly
excreted [60]. The Veber rule evaluates oral bioavailabil-
ity based primarily on TPSA and the number of rotatable
bonds. Drugs that exhibit good oral bioavailability and
passive absorption possess TPSA values less than 75 A2
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[61]. The raised values of RBs disrupt penetration rate,
thereby reducing oral bioavailability. Decreased RBs (less
molecular flexibility) and lower TPSA or HDO and HAC
counts indicate favorable oral bioavailability [62]. The ac-
ceptable range of MR is recognized to be between 40 and
130. MR serves as a measure of the molecular polarizabil-
ity [63,64]. The physicochemical study indicated that all
the 14 compounds complied with the Lipinski and Vaber
criteria. However, compound M2 violated one criterion of
Lipinski and one criterion of Veber: LogP =5 and 24 ro-
tatable bonds. Furthermore, M2 had poor solubility in wa-
ter and a high MR. Consequently, except for M2, all other
compounds exhibited acceptable drug-like properties.

Skin permeability is a pharmacokinetic indicator that
dictates the rate and magnitude of drug absorption via the
skin. Thus, elucidating skin permeability is essential for
the advancement of transdermal drug delivery approaches
[34]. All compounds in this study, except for M2, indicate
effective transdermal permeability. The results obtained re-
vealed that all drug candidates, excluding M2, were pre-
dicted not to be substrates for P-glycoprotein. This in-
dicates that the compounds would remain unaffected by
the efflux activity of P-gp which removes substances from
cells, leading to ineffective treatment due to lower drug con-
centrations than anticipated in plasma and tissues [65,66].
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On the other hand, the results reveal that compounds M2
and M 13 were linked to poor intestinal absorption, whereas
the remaining compounds had excellent intestinal absorp-
tion. Enhanced GI absorption suggests that the compounds
will be effectively absorbed from the GI tract post-oral ad-
ministration [67]. Therefore, M2 had a high proprietary
value as P-gp substrate; it was unable to penetrate the der-
mal skin, and its poor GI absorption further disqualifies it
as a drug candidate.

The VDss values for M11 and M 14 were low, although
M12 and M13 were slightly higher than the recommended
range; M4 had the highest VDss value. A very low VDss
value signifies that a drug is very likely to reside in the
plasma, thereby necessitating a low dosage to achieve the
target plasma concentration [68]. This may be a result of a
high degree of solubility in water or high affinity for plasma
proteins [69]. A high VDss value signifies that a substance
will readily be translocated from the plasma into the ex-
travascular space, thereby requiring a large dosage to reach
the required plasma concentration [69]. This elevation in
VDss is generally related to the binding of drugs to tissue
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or a high degree of lipid solubility [69]. The BBB acts
as a selective filter by restricting the entry of substances
into the CNS [70]. The BBB penetration profiles of com-
pounds provide important insights into their probable phar-
maceutical impact on the brain or CNS. The molecules M1,
M3-M7, M10, and M12 exhibited BBB permeability, indi-
cating potential distribution into the central nervous system.
Although this property may support pharmacological activ-
ity, it may also raise concerns regarding unintended CNS
exposure and possible adverse neurological effects, which
should be carefully considered during future drug develop-
ment and safety evaluation. In contrast, the ligands M2,
MS, M9, M11, M13, and M14 exhibited poor capacity to
pass through the BBB, indicating their unsuitable distribu-
tion in the brain. Nonetheless, this may raise concerns re-
garding potential CNS-related adverse effects. However,
as the computational method fails to quantify the amount of
penetration, the degree of penetration might not be substan-
tial enough to predict noticeable toxic effects on the CNS
[71].
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Table 9. Docking outcomes of major selected compounds in the essential oil from C. spinosa leaves and co-crystallized ligand
against IL-6 protein (PDB: 1ALU).

. Hydrogen bonds Hydrophobic interaction
Ligand ) )
(Distance A) (Distance A)
Conventional Hydrogen Bond:
SC HDO: O-H SER22 to C-O (2.62)
TLA BB HDO: C=0 MET184 to -OH (2.11)

BB HAC: C=0 ARG182 to -OH (2.35)
BB HAC: C=0 LEU181 to -OH (2.62)

M1 -
M5 Conventional Hydrogen Bond:
SC HDO: -NH ARG30 to C=0 (2.88)
M7 Conventional Hydrogen Bond:
BB HDO -NH GLN175 to C=0 (2.74)
Conventional Hydrogen Bond:
M8 SC HDO: -NH ARG179 to C=0 (2.15)
SC HDO: -NH ARG182 to C=0 (2.35)
SC HDO: CH ARG182 to C=0 (1.80)
M10 Conventional Hydrogen Bond:
BB HAC: C=0 LEU33 to -CH (3.30)
MI2 Conventional Hydrogen Bond:

SC HDO -NH ARG179 to C=0 (1.88)

n—Sigma: LEU33 (3.89)
Alkyl: LEU178 (4.83)
n—Alkyl: ARG30, LEU33 (4.36, 4.86)

n—Sigma: LEU33 (3.67)

Alkyl: LEU178, LEU178, ARG182 (4.60, 3.87, 4.36)

n-Alkyl: ARG30 (5.02)

Alkyl: LYS171, LEU178, LEU33,

LEU33,ILE36, LYS171, LYS171 (4.99,

4.82,4.03,4.15,4.57,3.53, 4.76)

n—Sigma: LEU33 (3.84)

Alkyl: LEU33, LEU36, LYS171, LEU178, LEU179,

(5.07,4.52,3.55, 4.86, 4.96)
n—Alkyl: ARG30, LEU33 (4.54, 4.60)

n—Sigma: LEU178 (3.34)
Alkyl: LEU33 (4.83)

Active site (PDB: 1ALU): GLN 175, LEU 178, ARG 179, ARG 182. BB, Backbone atoms; SC, Side
chain atoms; HDO, H bound donor; HAC, H bound acceptor.

CYP450 enzymes play a central role in phase I drug
metabolism and pharmacokinetic drug—drug interactions
[72]. The primary mechanisms in pharmacokinetic drug-
drug interactions center on the activation of CYP450 en-
zymes which metabolize 90% of current drugs [72]. More-
over, inhibition of isoforms of this enzymatic system by
pharmaceuticals may lead to inadequate excretion, thereby
causing drug-induced toxicity. As a result, it is critical for
a potential medication to exhibit limited inhibitory effects
on CYP450 isoforms [71]. The potential to inhibit 2 iso-
forms of CYP450 was identified for M5, M7, M8, M10,
while M1, M3, M4, M12 and M13 had a tendency to in-
hibit 1 isoform of CYP450. These predicted inhibitory ef-
fects may disrupt normal drug metabolism and increase the
risk of pharmacokinetic interactions and compound accu-
mulation, highlighting potential safety considerations for
future drug development. However, compounds M2, M6,
M9, M11, and M 14 did not show potential for an inhibitory
effect on any of the CYP450 isoforms. Furthermore, the
predictive toxicity analysis identified six compounds within
Toxicity Classes 5 and 6. Although several compounds
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demonstrated favorable pharmacokinetic and docking pro-
files, the predicted toxicological liabilities warrant careful
safety evaluation and further in vitro and in vivo validation
before considering potential therapeutic applications.

Computational approaches have become increasingly
important in modern drug discovery by facilitating rapid
screening of bioactive compounds and reducing the time
and cost associated with therapeutic development [73].
Among these approaches, molecular docking plays a key
role in predicting ligand—target interactions and identifying
compounds with potential pharmacological relevance. In
this context, natural products represent valuable sources of
structurally diverse bioactive molecules with potential anti-
inflammatory and therapeutic applications [74]. Accord-
ingly, the present study employed molecular docking anal-
ysis to investigate the predicted interactions of major phyto-
chemicals identified in the essential oil of C. spinosa with
RA-associated molecular targets. Virtual screening meth-
ods are often employed to reduce the expenses and shorten
the duration associated with drug development. Molecular
docking, a technique employed to identify novel ligands for
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Fig. 5. The 2D and 3D molecular interactions of the most prevalent selected compounds: M5, M7, M8, M10, and M12 with the
co-crystallized ligand “TLA” in the binding site of the IL-6 protein (PDB: 1ALU).

protein structures, is critical in structure-based drug design.
The interaction between a compound and the receptor is
crucial in drug formulation [73]. Natural products have the
potential to mitigate a diverse range of human diseases such
as cancer and inflammation. Numerous medications are
sourced from these natural compounds. For instance, the
anticancer agent paclitaxel (taxol) is obtained from extracts
of Taxus brevifolia. Plant-based medicines present promis-
ing alternatives to modern drugs, especially considering the
increasing drug resistance observed in numerous diseases,
along with the minimal side effects associated with plant-
derived treatments [74].

RA is initially characterized by persistent cellular
activation which leads to autoimmunity in the joints or
other organs [4,75,76]. The clinical signs of the condi-
tion arise mainly after synovial inflammation and joint dam-
age. Fibroblast-like synoviocytes (FLS) are critical to these
pathogenic processes [77,78,79]. The disease progresses
through three stages: an initial, non-specific inflammatory
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phase that is exacerbated by T-cell activation in the syn-
ovium; a chronic inflammatory phase; and a tissue dam-
age phase that is mediated by cytokines such as IL-1, IL-6,
and TNF-a [4,80,81,82,83]. The activation of innate im-
munity progresses in a stepwise manner under specific en-
vironmental or genetic influences [4]. This process begins
with the stimulation of dendritic cells, which subsequently
recruit and activate T cells [4]. Then, these T cells stimu-
late B cells, macrophages, synoviocytes, chondrocytes, and
osteoclasts to secrete pro-inflammatory and bone-resorbing
cytokines such as IL-1f, IL-6, TNF-0, and matrix metal-
loproteinases (MMPs). This cascade results in damage to
bone and cartilage, in association with thickening of syn-
ovial membranes and angiogenesis in the synovium and ad-
jacent bone marrow [4]. The combination of adaptive and
innate immune pathways, which facilitate tissue remodel-
ing and damage, is a driving factor in the chronic phase of
RA. Drugs targeting inflammatory cytokine signaling are
frequently utilized in clinical practice [4].
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Table 10. Docking outcomes of major selected compounds in the essential oil from C. spinosa leaves and co-crystallized ligand

against the cyclooxygenase-2 protein (PDB: 5F1A).

. Hydrogen bonds Hydrophobic interaction
Ligand . .
(Distance A) (Distance A)
Conventional Hydrogen Bond:
COH SC HAC: N HIS214 to -OH (2.63)
SC HAC: O THR212 to -OH (2.41) n-n T-shaped: HIS207 (4.38)
Alkyl: ALA202, VAL295, LEU391, LEU294,
LEU294, VAL295, ILE408, LEU390, LEU391 (3.56,
3.61,4.68,5.28,4.57,4.96, 5.33, 4.78, 4.40)
n—Alkyl: PHE200, TRP387, PHE395, LEU391,
HIS207, PHE210, HIS386 (4.83, 5.26,
5.42,5.06,5.17, 5.08, 4.30)
SAL Conventional Hydrogen Bond: Amide—r Stacked: TRP387 (4.21)
SC HDO: -NH HIS388 to C=0 (2.39)  n—Alkyl: ALA202, LEU390 (5.11, 5.06)
Ml Conventional Hydrogen Bond:
SC HDO: -NH HIS388 to C-O (1.90) Alkyl: ALA202, LEU391 (4.21, 4.60)
n—Alkyl: HIS207, HIS207, HIS386, HIS386,
HIS388 (4.80, 4.81, 5.25, 4.15, 5.35)
. n—n T-shaped: HIS207 (4.63)
Conventional Hydrogen Bond:
M5 Alkyl: LEU390, LEU391 (4.90, 4.47)
SC HDO: -NH HIS388 to C-O (2.39)
n—Alkyl: HIS386 (4.19)
Conventional Hydrogen Bond:
Alkyl: LEU391 (4.64)
M7 BB HDO: -NH TRP387 to C=0 (2.80)
n—-Alkyl: ALA202 (4.88)
SC HDO: -NH HIS388 to C=0 (2.41)
M8 -
n—Sigma: HIS386 (3.80)
Alkyl: ALA202, LEU391, LEU391, VAL295,
ILE408, LEU294, VAL295, ILE408 (4.33, 4.17,
4.53,4.00,5.42,4.14, 4.29, 4.70)
n—Alkyl: HIS207, TRP387, PHE395,
TYR404 (5.36, 5.20, 4.89, 4.78)
. Alkyl: VAL295, LEU391 (3.86, 4.51)
Conventional Hydrogen Bond:
n—Alkyl: PHE200, HIS207, HIS386,
M10 BB HDO: -NH TRP387 to C-O (2.89)
ALA202, LEU391, LEU391 (5.38,
SC HDO: -NH HIS388 to C=0 (2.37)
491, 4.46,5.50, 5.49, 5.24)
MI2 Conventional Hydrogen Bond: Alkyl: VAL295, LEU391 (4.97, 4.66)

SC HDO: -NH HIS388 to C=0 (2.38)

n-Alkyl: LEU391 (4.76)

Active site (PDB: 5FLA): TYR148, ALA199, PHE200, ALA202, GLN203, THR206, HIS207, PHE210,
LYS211, THR212, ASP213, HIE214, ASN222, GLN289, VAL291, ASN382, TYR385, HIE386, TRP387,
HIE388, LUE390, LUE391 and VAL447. BB, Backbone atoms; SC, Side chain atoms; HDO, H bound donor;

HAC, H bound acceptor.

Extensive mechanistic investigations have established
that RA is a chronic inflammatory condition marked by the
activation of mitogen-activated protein kinases (MAPKSs),
particularly extracellular signal-regulated kinase (ERK), c-
Jun N-terminal kinase (JNK), and p38, which play cru-
cial roles in the activation of nuclear factor k-B (NF-xB),
a protein complex that regulates DNA transcription, cy-
tokine production, and cellular survival functions [84,85].
Elevated activity of the MAPK signaling pathway might
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enhance the secretion of proinflammatory mediators such
as TNF-q, IL-6, IL-1B, NO, iNOS, and COX-2. Conse-
quently, joint damage and joint dysfunction occur, thereby
further aggravating the pathology of arthritis and intensify-
ing symptoms like joint pain, swelling, and functional im-
pairment in patients [86,87,88,89]. Emerging evidence in-
dicates that the decoction of Fangji Huangqi reduced lev-
els of reactive oxygen species and NO in a concentration-
dependent manner in lipopolysaccharide (LPS)-stimulated
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the co-crystallized ligands “COH & SAL” in the binding site of cyclooxygenase-2 protein (PDB: SF1A).

RAW264.7 cells. Additionally, it lowered levels of iNOS,
COX-2, TNF-a, IL-1B, IL-6, and phosphorylated protein
forms of p38, ERK, JNK, and NF-kB p65 [90].

This study involved a molecular docking analysis
aimed at examining the predicted binding affinities of major
phytochemicals derived from the essential oil of C. spinosa
with the proteins IL-1B, NOS, TNF-q, IL-6, and COX-2, as
computationally relevant RA-associated targets. Diisobutyl
phthalate (M5) exhibited best binding energy scores against
IL-1B and NOS compared to other compounds and co-
crystallized ligands. Given that IL-1f is remarkably cor-
related to synovial inflammation and tissue damage [4],
whereas iNOS plays a role in nitric oxide-mediated inflam-
matory and oxidative stress pathways [6], the identified in-
teractions may indicate a potential modulation of RA-linked
signaling mechanisms under the predicted computational
conditions.
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Tau-cadinol (M1) indicated the highest binding energy
for TNF-o among the investigated phytochemicals. Since
TNF-a plays a pivotal role as a cytokine involved in pro-
moting inflammation, it may lead to chronic inflammation
and tissue damage [4]. The predicted interaction of tau-
cadinol with TNF-a suggests its potential as a candidate for
regulating cytokine-driven inflammatory responses corre-
lated with RA progression.

Six prominent phytochemicals, tau-cadinol (M1), di-
isobutyl phthalate (M5), (Z)-3-hexenyl benzoate (M7), far-
nesyl acetone (M8), dibutyl phthalate (M10), and 1-(4-tert-
butylphenyl)propan-2-one (M12), displayed notably favor-
able docking affinities for IL-6 and COX-2, with M10 ex-
hibiting the lowest docking energy values among the eval-
uated compounds under the applied computational con-
ditions. Considering the previously demonstrated func-
tions of IL-6 in chronic inflammation and COX-2 in
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prostaglandin-mediated inflammatory responses [4], these
findings further highlight the potential relevance of the
identified compounds as desirable candidates for further ex-
ploration against RA-related inflammatory targets.

5. Limitations

This study represents a preliminary computational in-
vestigation exploring the predicted pharmacological rele-
vance of compounds identified in the essential oil of Cap-
paris spinosa L. against rheumatoid arthritis—associated
molecular targets through the integration of GC-MS analy-
sis, ADME prediction, and molecular docking approaches.
The findings provide initial insights into the potential in-
teractions between the identified phytochemicals and se-
lected inflammatory protein targets, supporting the poten-
tial scientific relevance of C. spinosa as a natural source
of bioactive compounds. Although the current results are
exploratory and computational in nature, they may provide
a useful foundation for future experimental and pharma-
cological investigations aimed at validating the biological
activity and therapeutic relevance of these compounds in
more complex biological systems. Another limitation of
the current research is the absence of a deposited herbarium
voucher specimen at the period of plant collection; hence,
a voucher specimen number is unavailable. The collection
region, including geographic coordinates, alongside a taxo-
nomic verification by a plant taxonomy specialist, has been
provided to enhance the documentation and traceability of
the plant material utilized in this study. A constraint of this
research is that plant collection, essential oil extraction, and
GC-MS analysis were conducted just once with a singular
sample, lacking independent repetitions. Consequently, the
results reflect the examined sample, and their replicability
and applicability should be regarded with caution.

6. Conclusion

In the current investigation, GC-MS was used to iden-
tify bioactive substances derived from the essential oil of
C. spinosa leaves. Molecular docking studies were car-
ried out on the proteins TNF-o (PDB: 2AZ5), IL-6 (PDB:
1ALU), IL-1 (PDB: 5R8Q), NOS (PDB: 4NOS), and
COX-2 (PDB: 5F1A) in order to unravel possible novel tar-
gets for RA derived from the most abundant compounds
identified in C. spinosa leaf essential oil. All compounds
that exhibited unsuitable ADMET characteristics were ex-
cluded. Six candidates were identified as having favor-
able ADMET profiles: tau-cadinol (M1), diisobutyl phtha-
late (MS5), (Z2)-3-hexenyl benzoate (M7), farnesyl acetone
(M8), dibutyl phthalate (M10), and 1-(4-tert-butylphenyl)
propan-2-one (M12). The present findings provide prelim-
inary computational insights into the possible interactions
between selected phytochemicals and RA-related molecu-
lar targets. Nevertheless, future studies involving molec-
ular dynamics simulations, in vitro assays, and in vivo ex-
perimental models are necessary to validate the biological
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relevance, safety, and therapeutic feasibility of the reported
compounds.
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