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Abstract

Introduction

Natural products are increasingly recognized for their potential
to alleviate pain pathophysiology through the modulation of
pro-inflammatory cytokines, such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-a) [1]. Chronic pain, affecting
approximately 20% of the global adult population, poses significant
healthcare and economic challenges, necessitating the exploration
of novel therapeutic avenues [2]. Inflammation, a key component
in the pathophysiology of pain, involves a complex interplay of
immune, vascular, and cellular biochemical reactions, leading
to the release of various pro-inflammatory molecules [1] [3].
Cytokines, including IL-6 and TNF-q, play a crucial role in this
inflammatory cascade, contributing to the sensitization of the
nervous system and the development of chronic pain conditions [4]
[5]. IL-6 and TNF-a are pro-inflammatory cytokines implicated in
various inflammatory and autoimmune diseases, as well as in the
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properties to test the stability of the complexes. The compound’s binding energy with some cytokines was over -6 to -7.2 Kcal/
mol. Furthermore, a post-molecular dynamics (MD) study revealed that Capsaicin was extremely stable with these cytokines. The
compound’s pharmacokinetic measurements demonstrated excellent properties in terms of adsorption, distribution, metabolism,
and excretion. Our research revealed that this compound may be effective in lowering pain and treating inflammatory.
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development of pain [6] [7] [8]. Specifically, TNF-a binding to its
receptor TNFR1 can stimulate the production of reactive oxygen
species (ROS), activating downstream signaling pathways involving
MEK and ERK1/2, ultimately leading to the activation of NF-«B
and the transcription of genes involved in inflammation and pain
[9]. IL-6 also promotes inflammation and can lead to neuronal
degeneration [5]. Given their central role in inflammation and
pain, IL-6 and TNF-a have become therapeutic targets for pain
management. Natural products, derived from various sources such
as plants, marine organisms, and fungi, have demonstrated the
ability to modulate the production and activity of IL-6 and TNF-q,
offering a promising approach for pain alleviation [10] [11] [12].

These natural compounds can target multiple steps in the
inflammatory cascade, including the triggering of signaling
cascades, the activation of transcription IL-6 is a cytokine that, in
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different contexts, can exhibit both pro-inflammatory and anti-
inflammatory properties. For instance, IL-6 plays a protective role
in some infections by suppressing TNF-alpha production, which
suggests an interaction where IL-6 downregulates TNF-alpha,
mitigating inflammation and its associated pain [13]. On the other
hand, increased IL-6 levels have been observed in conditions like
inflammatory bowel disease (IBD), indicating its role in ongoing
immune responses in the inflammatory mucosal environment
[14]. TNF-alpha, another crucial cytokine, can induce significant
inflammatory responses. For example, TNF-alpha’s upregulation
has been implicated in lung injury and inflammation induced by
interleukin-2 (IL-2), which can exacerbate tissue damage and
pain [15]. However, its expression can be regulated by various
physiological conditions, such as hyperthermia, which attenuates
TNF-alpha production while maintaining IL-6 expression [16]. The
interaction between IL-6 and TNF-alpha is complex and can vary
depending on the biological context. For instance, the synergistic
action of TNF-alpha and IL-6 has been shown to enhance T cell
proliferation, indicating a cooperative role in immune activation
[17]. However, these cytokines are also subject to modulation by
external agents and stresses, such as exercise and psychological
stress, which differentially affect their production [18].

Overall, the modulation of IL-6 and TNF-alpha by natural
products holds potential in alleviating pain by controlling their
levels and mitigating inflammatory processes. The ability to fine-
tune these cytokines’ expression may lead to novel therapeutic
strategies for managing inflammatory and pain-related conditions.
While natural products are promising in this domain, further
research is necessary to fully understand their potential and
efficacy in clinical settings. Boswellic acid o and capsaicin are
bioactive compounds with distinct pharmacological properties.
Boswellic acid a, a pentacyclic triterpene derived from Boswellia
serrata resin, exhibits potent anti-inflammatory and anti-arthritic
effects by inhibiting 5-lipoxygenase (5-LOX) and modulating NF-xB
signaling [19]. It has been studied for its potential in treating chronic
inflammatory diseases, including osteoarthritis and inflammatory
bowel disease [20]. In contrast, capsaicin, the pungent alkaloid
found in chili peppers (Capsicum spp.), acts primarily on the
transient receptor potential vanilloid 1 (TRPV1) channel, inducing
analgesia and anti-nociceptive effects [21]. Capsaicin is utilized
in pain management, particularly for neuropathic pain, and has
demonstrated metabolic benefits in obesity-related studies [22].
Both compounds highlight the therapeutic potential of plant-
derived molecules in modern medicine.

Materials and methods
Preparation of compounds and receptor

Two small natural compounds named Capsaicin and Boswellic
acid a were selected for this study. The crystal structures of the
IL1B,TNF-a and IL-6 were retrieved from Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Data Bank (PDB ID:
3BIK) [23]. Discovery Studio 4.0 client (http://accelrys.com/

products/discovery-studio/) was used to remove all the bonded
ligand molecules, hetero atoms and the water molecules of these
[24]. Later, the 3D structure of 4 compounds was retrieved from
PubChem database and used for molecular docking.

Molecular Docking Simulation of 2 compounds with
IL1B, TNF-a and IL-6

PyRX, an open-source virtual screening program, was used
to perform molecular docking to determine receptor-ligand
interactions [25]. The CASTp server (https://sts.bioe.uic.edu/
castp/) provided the essential ligand binding site residues, which
were then enclosed with the appropriate grid box parameters.
All docking simulations were carried out using PyRX’s Auto Dock
Vina (ADV) [26] implementation, with the predefined parameters.
Additionally, Pymol 1.1 and Discovery studio 4.0 (https://www.3ds.
com/products-services/biovia/products/molecular-modeling-
simulation/biovia-discovery-studio/) client were used to visualize
the protein-ligand interaction [27]. To validate the docking protocol,
we collected the 3D structures of 2 known inhibitors of IL6 [28] and
TNFa [29], performed molecular docking in the predefined site of
these 2 cytokines and the results were analyzed.

Molecular Dynamics (MD) Simulation Analysis

Molecular dynamics (MD) simulation of the four cytokine-
apigenin complexes was performed using GROMACS 2021.1
(University of Groningen, City of Groningen, Northern Netherlands)
MD engine [30] on Linux 5.4 package. The GROMO0S96 54a7 [31]
forcefield was used for the cytokines while the ligand topologies
were obtained from the PRODRG [32] server. Solvation of the
complexes were done using simple point charge (SPC) water
molecules in a rectangular box. The simulation systems were
neutralized by adding required number of Na+ and Cl- ions while
salt concentrations were set as 0.15 mol/L in all the systems. All the
solvated systems were subjected to energy minimization for 5000
steps utilizing the steepest descent algorithm. Afterwards, NVT
(constant number of particles, volume, and temperature) series,
NPT (constant number of particles, pressure, and temperature)
series, and the production run were performed in the MD
simulation [33]. Both the NVT and the NPT series were performed
ata 300 Ktemperature and 1 atm pressure for 300 ps (picoseconds)
duration. V-rescale thermostat and Parrinello-Rahman barostat
were used of the performed simulations. Finally, the production run
was conducted at 300 K for a duration of 100 ns (nanoseconds).
Thereafter, by measuring root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyration (Rg), solvent
accessible surface area (SASA) and hydrogen bonds, a comparative
analysis was performed to analyze their stability. The Qtgrace [34]
program was utilized to represent the analyses in the form of plots.

ADME analysis

SwissADME [35] online tool (http://www.swissadme.ch) was
utilized to assess the pharmacokinetics properties of 4 compounds.
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Results

Molecular Docking Analysis of 2 compounds with the
IL1B3,TNF-a and IL-6

Nine possible binding positions for each compound was
obtained from AutoDock Vina as output, from where the best

Table 1: Docking energy score of the four compounds with cytokines.

position was selected for each compound depending on the lowest
binding energy. The docking energy score of the three cytokines
with IL1B, TNF-a and IL-6 ranged from -6to -7.2 Kcal/mol (Table 1).
4 compounds established at least interactions with the PD-1 shown
in Figure 2 (A-B). all 2 compounds showed higher docking energy
0f-6.2 -7.2 Kcal/mol with IL-6 Molecular docking results.

Compounds Binding energy (Kcal/mol) with IL13 | Binding energy (Kcal/mol) with TNF-a | Binding energy (Kcal/mol) with IL6
Lavender lactone +5.8 -4.4 -4.0
Capsaicin -3.8 -6.0 -6.2
Eucalyptus oil -4.2 -3.9 -4.6
Boswellic acid o -3.6 -3.9 -7.2
HO
HO o]
(A)
OH
N
F e
O
(8)
Figure 1: Chemical structure of A) Boswellic acid a and B) Capsaicin.

Molecular dynamics (MD) simulation results

The dynamic movements of atoms and conformational
variations of Ca atoms of the IL-6 and TNF-a complexes were
calculated by RMSD to detect their stability. It is observed that the
Boswellic acid a and Capsaicin exhibit a slightly higher but stable
RMSD wherein the remaining complexes exhibit lower RMSD (<2.0
nm) with no major fluctuations indicating their greater stability
shown in Figure 3A. The flexibility of each residue was calculated in
terms of RMSF to get better insight on the region of cytokines that

are being fluctuated during the simulation. It can be understood
that the binding of Boswellic acid a and Capsaicin makes the IL-6
slightly flexible in 100-150 residue areas (Figure 3B). No major
fluctuations were observed in any residue areas of the remaining
complexes. The compactness of the complex was represented
by the radius of gyration (Rg). The lower degree of fluctuation
throughout the simulation period denotes the greater compactness
of a system. The Rg of the complexes were found to be similar while
the Boswellic acid a and Capsaicin complexed to IL-6 and TNF-a
complex was found to be slightly opposite (Figure 3C). Interaction
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between protein-ligand complexes and solvents was measured by  surface area showing relatively lower SASA value than the starting
solvent accessible surface area (SASA) over the simulation period. period (Figure 3D). Hydrogen bonding between a protein-ligand
So, SASA of the complex was calculated to analyze the extent of complex is essential to stabilize the structure. It was observed that
the conformational changes occurred during the interaction. the highest number of conformations of IL6 and TNF- o formed up
Interestingly, all the cytokines featured a slight reduction of the to three hydrogen bonds with apigenin (Figure 3E).
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Figure 2: Interactions of IL6-Boswellic acid a (A), IL6-Capsaicin (B), and TNF-a-Capsaicin (C).
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Figure 3: RMSD (A), RMSF (B), Rg (C), Hydrogen bond (D) and SASA (E) results of the four compounds complexes after 100ns

simulation.

ADME analysis

ADME properties of Boswellic acid a and Capsaicin were
predicted using Swiss ADME server (Table 2). In many attributes
apigenin exhibited significant values. Notably, it doesn’t violate
Lipinski’s rule of five and has high GI absorption. The compound

Table 2: Important ADME properties of 2 compounds.

does not seem to inhibit any isoform of the cytochrome P450
enzyme. The log kp (skin permeation) was in good range and
was unable to cross blood brain barrier. PAINS and brenk alerts
confirmed absence of any catechol moieties in the compound and
synthetic accessibility values were also found to be low.

Molecular weight (g/mol)

Parameters Boswellic acid a Capsaicin
Num. H-bond acceptors 3 3
Num. H-bond donors 2 2
456.7 305.41

Lipinski violation

1 violation

0 violation

GI absorption Low High

BBB permeant No No
CYP1A2 inhibitor No Yes
CYP2C19 inhibitor No No
CYP2C9 inhibitor Yes No
CYP2D6 inhibitor No Yes
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CYP3A4 inhibitor No Yes
Log K (skin permeation) (cm/s) -3.11 -5.62
PAINS 0 alert 0 alert
Brenk 1 alert: isolated_alkene 1 alert: isolated_alkene

Synthetic accessibility 6.04

232

Discussion

Apart from traditional methods, computer-assisted drug
design (CADD) approaches are now used efficiently in the drug
discovery and development process. Molecular docking and
molecular dynamics simulations are commonly used to perform
the virtual screening of compounds to examine how ligands inhibit
a target and confirm their stability towards specific target proteins,
among numerous approaches to CADD that are recognized as
promising techniques. Additionally, the rising development of
robust computational techniques allows for the assessment of
the pharmacological properties of drugs prior to engaging in
an experimental trial. As a result, in this study, rigorous CADD
methodologies were used to examine the drug capabilities of
Boswellic acid o and Capsaicin against a range of IL6 and TNF- «
cytokines.

Considering the significance of cytokines pain management,
particularly for neuropathic pain, we tested Boswellic acid a and
Capsaicin efficacy against different cytokines by looking at both its
binding affinity and ADMET characteristics. Boswellic acid a and
Capsaicin were tested against IL6 and TNF- a cytokines for this
purpose. When binding with IL6, the compound had the maximum
binding affinity of -7.2 kcal/mol and interacted with four amino
acid residues in the cytokines’ active site. We further investigated
their stability with Boswellic acid a and Capsaicin, conducting MD
simulation for a 100 ns time period, even though they had strong
binding affinity with other cytokines as well.

The compound was further used for molecular docking analysis
to determine their binding affinities towards different cytokines.
The result of the analysis indicated good binding energies of most
cytokines ranging between -6.2 and -7.2 kcal/mol respectively.
(Table 1). The compound formed stable interactions with several
of the active site residues of the target cytokines. Almost all
the cytokines were stabilized by at least one hydrogen bonding
interaction and several other interactions such as carbon-hydrogen
bonding and Pi-Alkyl interactions. The stability of Boswellic acid o
and Capsaicin with the respected cytokines was confirmed by the
MD simulation findings of the top 4 complexes. The RMSD plot
demonstrated that all of the complexes are stable, and the RMSD
values did not fluctuate significantly over time. The complexes
did not show significant variability and were within an acceptable
range, according to the RMSF analysis. The radius of gyration (Rg)
data revealed that each complex had a substantially comparable
compactness characteristic. The SASA data indicated that the

volume of the complexes had dropped somewhat. Throughout
the simulation, a significant number of hydrogen bonds were
identified in all the complexes, which once again explained their
conformational stability. As a result, Andrographolide can bind to
these cytokines, interfering with their action. Thus, by inhibiting
these cytokines, several functions such as the production of
granulocyte and monocyte, and the proliferation of B and T cells
can be altered, thereby reducing the cytokine inflammatory as
result pain reliefed.

Boswellic acid o and Capsaicin has a high gastrointestinal
absorption potency, with a skin permeability coefficient (Log
Kp) of -6.90, according to its ADME characteristics. It does
not break Lipinski’s rule of five; therefore, it might readily be
mimicked by other natural cytokine ligands. Furthermore, the
permeability of the blood-brain barrier membrane revealed that
the compound is unable to cross the blood-brain barrier. Pan-assay
interference chemicals (PAINS) are chemical compounds that react
nonspecifically with a variety of biological targets, resulting in false
positive results in high-throughput screens. It does not have any
catechol groups, according to the PAINS filter. It has a low synthetic
accessibility score, indicating that the compound can considerably
more easily be produced in experimental laboratories. There may
be some limitations in this study because it was conducted via
in silico analysis. Despite the positive results with the cytokines,
the compound has yet to be tested in an animal model. To assure
its therapeutic efficacy, sufficient experimental validations are
required.

Conclusions

Our study proposed and tested a new compound, Boswellic acid
o and Capsaicin, against IL6 and TNF- a crucial cytokines involved
in pain relief. Binding of the compound to the target cytokines
may eventually create an alteration in entering in their action and
producing a minor amount. The compound showed better results
in both binding with the proteins in efficient oral bioavailability
and less toxicity. Considering binding affinities, interactions with
target proteins, and ADME profile, we have analyzed and validated
the stability of protein-ligand complexes using an MD simulation
approach and found intriguing results for all of them. The results
of this study might be valuable references for further experimental
research in designing new potent cytokine regulators. Hence, it can
be concluded, after further in vitro and in vivo experiments, that
Boswellic acid a and Capsaicin, against IL6 and TNF- a can be used

as a therapeutic against inflammatory diseases.
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