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Abstract

Various components of the tobacco plant (Nicotiana tabacum L.) have undergone pharmacological assessment to highlight their
traditional role in addressing different health conditions. The anti-inflammatory properties of thirteen natural substances were in-
vestigated through the use of molecular docking conducted with AutoDock 4.2.6 Tools and Molecular Dynamics Simulations (MDS)
executed with GROMACS 2016.3. ADME characteristics were assessed using SwissADME (absorption, distribution, metabolism,
and excretion). Chlorogenic acid and rutin, plant-derived natural compounds, showed substantial binding tendencies with cycloo-
xygenase-1 (COX-1), phosphodiesterase-4 (PDE4), cyclooxygenase-2 (COX-2), phosphodiesterase-7 (PDE?), interleukin-17A (IL-
17A), interleukin-1 beta (IL-1pB), tumor necrosis factor-alpha (TNF-a), prostaglandin E2 (PGE2), and prostaglandin F synthase.
Rutin emerged as the most notable among the tested compounds (docking energy: —11.0 kcal/mol against PDE7 and prostaglandin
F synthase). Chlorogenic acid also displayed substantial and noteworthy binding energies of —9.4 kcal/mol with PDE4 and PDE7 re-
ceptors. Consequently, these investigated natural compounds could potentially serve as agents that reduce inflammation and require
additional in vitro and in vivo studies to aid the creation of new anti-inflammatory drugs.
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Introduction pean settlers and disseminated globally. Another native

approach to tobacco consumption - sniffing powdered
Historically, traditional tobacco, now recognized as Nico- leaves — likewise gained traction over time (Drapal et al.
tiana rustica, was utilized for medicinal purposes (Popo-  2022). Despite nicotine’s role in fueling tobacco’s popu-
va et al. 2020). Initially masticated, similar to coca leaves, larity, a sophisticated biosynthetic mechanism within to-
this practice gradually integrated into the habits of Euro-  bacco plants produces a plethora of distinct compounds.
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Presently, ordinary tobacco (Nicotiana tabacum L.) is
predominantly linked with the manufacturing of prod-
ucts for consumers. Nonetheless, like many botanical
counterparts, tobacco demonstrates efficiency in gener-
ating various beneficial secondary metabolites (Ahrazem
et al. 2022). Consequently, the tobacco species, coupled
with its agricultural expertise, emerges as a leading force
in the biological economic system revolution, function-
ing as a non-edible resource and a carbon-negative entity,
well-suited for large-scale industrial applications. (Secchi
etal. 2016).

Nicotiana tabacum L. is defined as an allotetraploid
organism with a genome size of 4.5 gigabases (Gb), ren-
dering it one of the most expansive and gene-rich among
routinely grown agricultural plants, about fivefold great-
er than the genomes of potatoes and tomatoes (Zhang
et al. 2022b). With a gene count of 90,000, tobacco po-
tentially harbors remarkable capabilities for generating
biologically intricate compounds available in substantial
quantities (Camlica and Yaldiz 2021). Estimations sug-
gest that tobacco tissues comprise roughly 5700 distinct
chemical elements, including alkaloids, carboxylic acids,
carbohydrates, inorganic compounds, isoprenoids, nitro-
gen-based substances, phenolics, pigments, and sterols.
Consequently, based on numerous studies, tobacco plants
could serve as a significant component in addressing in-
flammatory conditions (Bensalah et al. 2009; Zhang et al.
2022a; Leal et al. 2023).

Inflammation represents the vascular tissues’ biological
reaction to detrimental triggers, involving pain, increased
vascular permeability, membrane structure changes, and
protein denaturation. Various factors, including microbi-
al, physical, and chemical agents, can trigger inflamma-
tion as a response to damaged body cells (Fioranelli et al.
2021). Globally, nonsteroidal anti-inflammatory drugs
(NSAIDs) are extensively utilized. However, their use is
associated with significant adverse impacts on the diges-
tive system, liver, and kidneys, posing challenges in their
administration across different therapies (Moore et al.
2023). As a result of the significant adverse effects linked
to NSAID treatment, there is an increasing interest in nat-
ural herbal remedies. Consequently, numerous research-
ers are increasingly focusing on exploring and developing
herbal medicines as improved treatments for anti-inflam-
matory conditions (Yasmin et al. 2015).

Furthermore, the current imperative lies in the quest
for natural anti-inflammatory compounds that regulate
the inflammatory response without significant negative
effects. Investigators have noted the anti-inflammatory
attributes of Nicotiana tabacum L., evidenced by its ex-
tract’s ability to mitigate conditions associated with oxi-
dative effect and inflammation induced by Rhodococcus
fascians infection, albeit with a potency lesser than that
of pure standards (Nacoulma et al. 2012). Moreover,
separate studies have highlighted the considerable an-
ti-inflammatory effectiveness of tobacco seed oils that
has been documented; these oils inhibit the production
of pro-inflammatory cytokines such as IL-1f, IL-6, and

TNF-a by interfering with the mitogen-activated protein
kinase (MAPK) signaling pathway (Gu et al. 2022). Addi-
tional research has unveiled a novel role for tobacco cem-
branoids as analgesic agents in rats, attenuating peripheral
inflammation and thereby reinforcing therapeutic modu-
lation of the cholinergic system as a strategy for pain con-
trol (Rivera-Garcia et al. 2024).

Improving chronic inflammation management and en-
hancing patient quality of life depend on the development
of innovative treatments for inflammation. Researchers are
tapping into natural resources, such as plants, to create new
drugs with fewer side effects (Chakraborty et al. 2021). This
study sought to discover potential natural anti-inflamma-
tory compounds that engage with different inflammatory
receptors or mediators to enhance therapeutic outcomes.
This is crucial for facilitating their use in therapy at lower
doses (Radovanovi¢ et al. 2023). To achieve this goal, com-
putational analyses were conducted, including screening,
molecular docking, and dynamics simulations of phyto-
chemicals extracted from Nicotiana tabacum L. This marks
the first exploration of the therapeutic potential of bioac-
tive compounds derived from tobacco plants. Thus, based
on the findings of this study, the discovery of novel candi-
date compounds in Nicotiana tabacum L. suggests their po-
tential as potent anti-inflammatory drugs that can enhance
anti-inflammatory effects by targeting different receptors.

Materials and methods
Bioactive compound preparation

The research involved selecting thirteen natural com-
pounds sourced from tobacco (Nicotiana tabacum L.)
through various solvents (CH,Cl, (dichloromethane)/
MeOH (methanol) (4:1, v/v), CH,Cl, (dichloromethane),
EtOH (ethanol), MeOH (methanol), C.H,, (hexane),
MeOH (methanol)/H,O (water) (70:30, v/v), and H,O
(water)) and extraction techniques (microfractionation)
from prior studies (Table 1) (Laszlo et al. 2022). The 2D
structures and key compounds derived from tobacco were
sourced using their SMILES (Simplified Molecular Input
Line Entry System) IDs from the PubChem database, ac-
cessible at https://pubchem.ncbi.nlm.nih.gov/ (Laszlo et
al. 2022). The SMILES IDs were transformed into 3D PDB
(Protein Data Bank) files through the NovoPro Bioscience
server, available at https://www.novoprolabs.com/tools/
smiles2pdb to facilitate subsequent docking and molec-
ular simulation investigations (Amaro et al. 2018). The
ligand file underwent energy minimization via BIOVIA
Discovery Studio 2022 Client 22.1 to ensure it achieved a
stable, low-energy conformation, reducing strain and op-
timizing geometry for accurate molecular interactions in
further simulations (BIOVIA 2017). The macromolecular
system was modeled using the CHARMm (Chemistry at
HARvard Macromolecular Mechanics) force field, apply-
ing empirical energy functions for accurate simulations
(Vanommeslaeghe et al. 2010).
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Table 1. List of bioactive compounds sourced from Nicotiana tabacum L. and their chemical details retrieved from the PubChem
database.

Bioactive PubChem Chemical Molecular 2D Structure Canonical SMILES
Compound  Identifier Formula Weight
Anabasine 205586 C,H.N, 162.23 g/mol CICCNC(C1)C2=CN=CC=C2

Anatabine 11388 C, H,N, 160.22 g/mol < C1C=CCNC1C2=CN=CC=C2
| A
.
N
Chlorogenic 1794427 C,H,0, 354.31 g/mol o . CI1C(C(C(CCI1(C(=0)0)0)0C(=0)
Acid H-Q o C=CC2=CC(=C(C=C2)0)0)0)O
; W
S o™ o™
i
o %n
f
Cotinine 854019 C,H,N,0 176.21 g/mol o CN1C(CCC1=0)C2=CN=CC=C2
N
Ty
N
Ferulic Acid 445858 C,H,0, 194.18 g/mol H COC1=C(C=CC(=C1)C=CC(=0)0)0
o 0
H H
™o
0y
Linoleic Acid 5280450 c,H,0, 280.4 g/mol CCCCCC=CCC=CCCCCCCCC(=0)0
H
H
H 0 H
A H
Myosmine 442649 CH, N, 146.19 g/mol C1CC(=NC1)C2=CN=CC=C2
Niacinamide 936 CHN,O 122.12 g/mol H C1=CC(=CN=C1)C(=0O)N
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0C3=C(0C4=CC(=CC(=C4C3=0)
0)0)C5=CC(=C(C=C5)0)0)0)0)0)
0)0)0

Bioactive PubChem Chemical Molecular 2D Structure Canonical SMILES
Compound  Identifier Formula Weight
Nicotine 89594 C, H,N, 162.23 g/mol CN1CCCC1C2=CN=CC=C2
N
iy
N
Nicotinic Acid 938 CH,NO, 123.11 g/mol H C1=CC(=CN=C1)C(=0)0O
0 o
=
N
Norcotinine 413 C,H, N,O 162.19 g/mol o CICC(=0)NC1C2=CN=CC=C2
N
e
N
Nornicotine 412 C,H N, 148.20 g/mol CICC(NC1)C2=CN=CC=C2
1N
=
N
Rutin 5280805 C, H,0, 610.5 g/mol Ho CCIC(C(C(C(01)0CC2C(C(C(C(02)
s}
O
I
o] “\0
o]
ojfiol
“ 0 H
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Macromolecule target preparation

The COX-2 macromolecule is a type of protein that aids
in the generation of prostaglandins associated with in-
flammation and pain. Its human crystal structure (PDB
ID: 5F1A) is sourced from the PDB repository at https://
www.rcsb.org/structure/5F1A (Lucido et al. 2016). Fol-
lowing this, water (HOH) molecules and heteroatoms
(HETATM) were excluded from the initial PDB files,
and energy minimization was conducted using the
CHARMmM force field through BIOVIA Discovery Stu-
dio 2022 Client 22.1 (BIOVIA 2017). This process aimed
to pinpoint the specific region on the receptor where li-
gands have the potential to attach and interact with the
amino acid residues. The active site analysis of 5F1A was
performed using BIOVIA Discovery Studio 2022 Client
22.1, allowing the recognition of essential amino acids
vital for the binding site docking of the chosen natural
compounds.

Receptor-ligand interaction using Auto-
Dock 4.2.6 Tools

In AutoDock 4.2.6 Tools, undesirable elements such as
cofactors, water molecules, and other compounds were
eliminated from the macromolecule structure (Forli et
al. 2012). Subsequently, hydrogen atoms were added,
charges and atom types were assigned, and the geome-
try was optimized. To facilitate ligand binding, multiple
conformations and tautomers were generated to suit the
receptor’s binding site. A grid box was then defined, cov-
ering the docking area of interest. This box sets the di-
mensions and resolution for the grid points, essential
for calculating the energy interactions between the li-
gand and the receptor. The grid points’ coordinates (x, v,
z) were configured as 64 x 60 x 60, with a separation of
0.375 A. The central grid coordinates for various receptors
were as follows: COX-1 (-20.975, 50.155, 10.484) (Sid-
hu et al. 2010), COX-2 (41.968, 23.972, 240.058) (Lucido
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et al. 2016), PDE4 (96.093, 62.876, 19.445) (Wang et al.
2007), PDE7 (-0.674, 51.594, 22.365) (Wang et al. 2005),
IL-17A (79.829, —44.902, —-46.037) (Liu et al. 2016),
TNF-a (~19.163, 74.452, 33.837) (He et al. 2005), IL-1p
(8.066, 25.055, —9.87), prostaglandin E2 (-15.069, —6.345,
—5.058) (Schiele et al. 2015), and prostaglandin F synthase
(-3.359, —21.719, 12.506) (Komoto et al. 2004).

Afterward, the scoring function, docking algorithm,
and output settings were kept at their default values. The
Lamarckian Genetic Algorithm (LGA) was employed,
along with an empirical free energy equation, to deter-
mine the ligand’s orientation and positioning within the
macromolecule’s binding site (Mohapatra et al. 2015). The
scoring function assessed the ligand’s suitability for the
macromolecule and predicted its binding affinity (AG)
using a formula incorporating terms such as AG__ , AG,
putsion” AGhone AGy oo a0d AG,_, each representing
different aspects of molecular interaction. Upon success-
ful execution, AutoDock 4.2.6 Tools generated ligand and
receptor files, set up the docking grid, and documented
the parameters applied (Forli et al. 2012). Settings like
crossover rate, energy evaluations, mutation rate, popula-
tion size, and step size were configured based on the size
and complexity of the molecules involved. Additionally,
the number of LGA runs was capped at 100. Subsequently,
the docking poses were examined, ranked by their scores,
and visualized using BIOVIA Discovery Studio 2022 Cli-
ent 22.1 (BIOVIA 2017). This final step included compar-
ison with control data (binding affinity data and reference
ligands) to validate the results.

ADMET and drug-likeness prediction

The SwissADME web-based platform (http://www.swis-
sadme.ch/), offered by the Swiss Institute of Bioinformat-
ics (SIB) in Lausanne, Switzerland, was utilized to com-
putationally predict the bioavailability, drug suitability,
and pharmacokinetic profiles of the selected natural com-
pounds (Daina et al. 2017). In addition, further toxicity
was evaluated using the pkCSM online tool (https://bio-
sig.lab.uq.edu.au/pkesm/) (Pires et al. 2015).

Receptor-ligand dynamics using Gro-
macs 2016.3

A 500 ns Molecular Dynamics Simulation (MDS) was
performed on the COX-2-Chlorogenic acid, COX-2-
Rutin, and COX-2-Celecoxib complexes utilizing GRO-
MACS version 2016.3 software (Aragones et al. 2013,
Abraham et al. 2015). Celecoxib was utilized in this study
as a comparison drug, which is already commercially
available and known to be an effective COX-2 inhibitor,
allowing a comparison between its effects and those of
the test compounds, chlorogenic acid, and rutin (Jin et al.
2020). Additionally, COX-2 was simulated in water as a
comparison. The pdb2gmx package (a tool in the GRO-
MACS software) was utilized to generate structural topol-
ogy data for COX-2, applying the CHARMM?27 all-atom

force field to assign molecular parameters such as bond
types, angles, and dihedrals (Sapay and Tieleman 2011).
Topology files for chlorogenic acid, rutin, and celecoxib
ligands were acquired from the SwissParam server (http://
www.swissparam.ch/) (Bugnon et al. 2023). To solvate the
system, a triclinic box filled with water was generated, and
Na+ and CI- ions were added for stabilization. A total of
98 Na+ ions and 102 Cl- ions were utilized for neutral-
ization at a concentration of 0.15 molar. The solvated box
contained dimensions of 10.22436 nm X 10.22436 nm
x 10.22436 nm for the COX-2-chlorogenic acid, COX-
2-rutin, and COX-2-celecoxib complexes, respectively.
Following energy minimization, the system underwent
equilibration using two-step ensembles (Number of par-
ticles (N), Volume (V), and Temperature (T) = NVT and
Number of particles (N), Pressure (P), and Temperature
(T) = NPT). The steepest descent algorithm employed
5000 steps to control and stabilize the system’s tempera-
ture and pressure throughout the simulation. Equilibrium
parameters included a temperature of 300 K, a pressure
of 1.0 bar, and an equilibration time of 100 ps. Analysis
utilized GROMACS tools: gmx rms for RMSD (root-
mean-square deviation) calculation, gmx rmsf for RMSF
(root-mean-square-fluctuation) calculation, gmx gyrate
for Rg (radius-of-gyration) calculation, and gmx hbond
to assess hydrogen bond formation during interaction.
XMGRACE version 5.1 generated 2D plots (Turner 2005).

Molecular mechanics with poisson-boltz-
mann surface area (MM-PBSA) method

Kumari and co-researchers (2014) applied an estimation
technique in their study to predict the binding free en-
ergies of particular complexes (Kumari et al. 2014). This
technique is based on the molecular mechanics-pois-
son-boltzmann surface area (MM-PBSA) method and
utilizes specialized software developed for assessing solva-
tion characteristics in biomolecules such as proteins and
complex systems (Genheden and Ryde 2015). The approx-
imation incorporates two primary elements in the free en-
ergy calculation, omitting the entropic factor. The first ele-
ment addresses the potential energy in a vacuum (AG, ),
which includes both bonded terms (such as angle, bond,
and torsion energies) and non-bonded terms like van der
Waals (AG,,,) and electrostatic interactions (AG__, ).
The second element (AG,, . ) considers the influence of
solvation, combining both polar (AG, ) and non-polar
(AGNonpohr) solvation energies. This calculation utilizes an
implicit solution model. In the MM-PBSA approach, the
free energy equation is expressed as follows:

AG = potential energy in a vacuum (AG, ) + second ele-
ment (AG

Solvation)

where

AG,,,, = electrostatic interactions (AG ) + van

der Waals (AG

Electrostatic pot

VDW)
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The solvation energy indicates the energy needed to
move a solute from a vacuum into a solvent and is defined
as the total of polar and nonpolar energies.

AG = polar solvation energy (AG

Solvation

solvation energy (AG

pos) T+ MON-polar

Nonpolar:

The polar component is primarily linked to the cre-
ation of permanent dipoles, while the nonpolar surface
involves permanent dipoles and relates to the solute’s
charge distribution. In the MM-PBSA calculation, ionic
strength was regulated by introducing 0.150 M of NaCl.
The configuration settings defined 10 grid points per A,
with a maximum of 50,000 iterations for the linear Pois-
son-Boltzmann solver.

Results and discussion

Receptor-ligand interaction using Auto-
Dock 4.2.6 Tools

To assess the binding affinity, molecular docking tech-
niques were employed to predict how compounds bind to
each receptor. The analysis covered multiple interactions
such as hydrogen bonds, hydrophobic forces, electrostatic
interactions, and other connections established between
the compounds and the target residues (Ahmad et al.
2018). The results are presented in Tables 2, 3.

Inhibitors of COX-1 and COX-2 are commonly focused
on in the creation of anti-inflammatory and analgesic med-
ications. The rutin compound exhibits moderate binding
affinity towards COX-1, exhibiting a binding energy of
—8.6 kcal/mol (Park et al. 2022). The interaction involves
hydrogen bonds with residues ARG120:NE, ARG120:NH2,
TYR355:0H, SER353:0, ALA527:CA, and SER530:CB of
COX-1, along with twelve hydrophobic interactions with
amino acid residues SER353:CA, ILE523:CD1, ILES89,
LEU115, VAL116, VAL349, LEU352, ILE523, ALA527,
VAL349, LEU352, and ALA527. The docking outcomes
with COX-1 are detailed in Table 2. Conversely, a moderate
to strong binding affinity is noted with COX-2, displaying a
binding energy of —9.2 kcal/mol. Seven hydrogen bondings
are formed against residues ARGI20:NE, TYR355:0H,
TYR385:0H, TYR355:0H, VAL349:0, TYR355:0H, and
TYR385 from COX-2, along with ten hydrophobic contacts
with residues VAL523:CG1, VAL523:CG2, VAL523:CG2,
TYR385, ARG120, LEU352, LEU352, LEU352, MET522,
and VAL523. These interactions potentially stabilize the
complex, as outlined in Table 3.

The study’s findings suggest that the examined com-
pound demonstrates stronger inhibition towards COX-2
than COX-1. This indicates a greater binding affinity or
selectivity for COX-2, implying that the compound could
be more effective in targeting COX-2-related inflammatory
processes while exhibiting weaker interactions with COX-
1. This is advantageous to minimize adverse effects linked
to COX-1 inhibition, including gastric irritation and ulcers.
Rutin, the compound in question, also shows significant

binding affinity with COX-2 and prostaglandin E2 (PGE2)
proteins, which are key natural mediators of inflammation
linked to COX-2. These findings hint at the potential of
the investigated compound to enhance its anti-inflamma-
tory effects through interactions with PGE2 and binding
to COX-2, leading to decreased production. In a similar
context of inflammatory regulation, the roles of PDE4 and
PDE7 enzymes, which are involved in the breakdown of
cyclic adenosine monophosphate (cAMP) - a secondary
messenger essential for many cellular responses - have
been investigated. Inhibitors aimed at these enzymes, PDE4
and PDE7, are under examination as potential therapies for
several inflammatory disorders, including asthma, chron-
ic obstructive pulmonary disease (COPD), psoriasis, and
rheumatoid arthritis, suggesting a broad therapeutic appli-
cation in inflammation management (Huang et al. 2023).

The compounds chologenic acid and rutin in this in-
vestigation displayed notable affinities for PDE4, register-
ing binding energies of approximately —9.4 kcal/mol and
—9.8 kcal/mol, respectively. Rutin formed hydrogen bond-
ing against residues such as ASN533:0D1, THR545:0Gl,
ASP530:0D2, MET569:SD, and SER580:0 of PDE4, while
interacting with five hydrophobic residues, including
ILE548:CG2,ILE548:CD1, PHE584, HIS372,and MET485.
On the other hand, chlorogenic acid established hydrogen
bonds with ASP530:0D2, HIS416:NE2, GLU442:0E2,
SER420:CA, and TYR371:0H residues of PDE4, along-
side interacting with four hydrophobic residues, namely
TYR371, PHE584, LEU531, and ILE548. Conversely, rutin
exhibited a notable binding affinity towards PDE7, regis-
tering a binding energy of —11.0 kcal/mol. This interac-
tion included the establishment of nine hydrogen bonds
against PDE7 residues such as ASN260:ND2, ILE323:N,
GLN413:NE2, HIS212:NE2, ASP362:0D2, GLN413:0E1,
THR321:0, ASP253:0D1, and ASP253:0D1 at the active
binding site. Building on these findings, numerous re-
search works have highlighted the potential of bioactive
constituents derived from the tobacco plant (Nicotiana ta-
bacum L.) extracts in impeding PDE activity. These results
present a promising avenue for addressing various inflam-
matory conditions, as detailed in Table 2.

IL-17A, an important component of the IL-17 cytokine
family, is crucial for the regulation of inflammation, im-
mune responses, and cellular signaling pathways. As the
primary cytokine produced by Th17 cells, IL-17A enhanc-
es the host’s defenses against infections and contributes to
autoimmune disorders (von Stebut et al. 2020). Research
on IL-17A interactions with phytochemicals indicates
notable binding affinities, with chlorogenic acid exhib-
iting —8.0 kcal/mol and rutin showing —9.7 kcal/mol.
Chlorogenic acid forms eight hydrogen bonds with IL-
17A residues, including ASN36:N, TRP67:N, LEU97:0,
LEU97:0, VAL65:0, VAL65:0, PRO63:CD, and VAL65:0,
while also establishing one hydrophobic contact with
residue ILE96:CD1. Conversely, rutin interacts through
seven hydrogen bonds with IL-17A residues LEU97:N,
GLU95:0, LEU97:0, GLU95:0E2, LEU97:0, PRO63:CD,
and GLU95:0, in addition to four hydrophobic contacts
involving residues ILE96:CA, LEU97, LEU97, and ILE96.
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Table 2. The docking analysis results involving bioactive compounds and specific receptors, including COX-1, PDE4, COX-2,
PDE7, IL-17A, IL-1p, TNF-q, prostaglandin E2, and prostaglandin F synthase.

Macromolecule Bioactive Compound Binding Energy (kcal/mol)
Target
3N8Z (COX-1) Anabasine -6,7
Anatabine -6,8
Chlorogenic Acid -7,7
Cotinine -5,1
Ferulic Acid -7,0
Linoleic Acid =58
Myosmine -5,9
Niacinamide -5,8
Nicotine -6,7
Nicotinic Acid -5,6
Norcotinine -7,0
Nornicotine —6,4
Rutin -8,6
5F1A (COX-2) Anabasine -6,9
Anatabine -7,0
Chlorogenic Acid -8,4
Cotinine -5,6
Ferulic Acid =72
Linoleic Acid -5,9
Myosmine 6,4
Niacinamide -5,8
Nicotine -6,3
Nicotinic Acid -5,6
Norcotinine —6,4
Nornicotine -6,5
Rutin -9,2
2QYK (PDE4) Anabasine —-6,4
Anatabine —-6,5
Chlorogenic Acid -9,4
Cotinine -7,0
Ferulic Acid -7,4
Linoleic Acid -6,1
Myosmine -6,2
Niacinamide -5,5
Nicotine -6,1
Nicotinic Acid -5,6
Norcotinine -6,4
Nornicotine -6,3
Rutin -9,8
1ZKL (PDE7) Anabasine —6,4
Anatabine 6,4
Chlorogenic Acid -9,4
Cotinine -6,3
Ferulic Acid -7,4
Linoleic Acid -6,7
Myosmine -6,1
Niacinamide -5,9
Nicotine -6,1
Nicotinic Acid -5,6
Norcotinine -6,6
Nornicotine -6,1

Rutin -11,0
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Macromolecule Bioactive Compound Binding Energy (kcal/mol)
Target

5HI3 (IL-17A) Anabasine -6,2
Anatabine -6,1

Chlorogenic Acid -8,0

Cotinine -5,3

Ferulic Acid -7,0

Linoleic Acid -6,3

Myosmine =51

Niacinamide =52

Nicotine =53

Nicotinic Acid =52

Norcotinine -6,3

Nornicotine -6,1

Rutin -9,7

2AZ5 (TNF-a) Anabasine -5,8
Anatabine -5,8

Chlorogenic Acid -7,1

Cotinine -6,6

Ferulic Acid -59

Linoleic Acid -5,5

Myosmine -5,4

Niacinamide -4,9

Nicotine -5,7

Nicotinic Acid 4,8

Norcotinine -6,1

Nornicotine -5,8

Rutin -84

6Y8M (IL-1P) Anabasine -5,1
Anatabine -4,8

Chlorogenic Acid -6,2

Cotinine -5,1

Ferulic Acid =53

Linoleic Acid 4,6

Myosmine -4,7

Niacinamide —44

Nicotine -4,6

Nicotinic Acid —4,3

Norcotinine -4,9

Nornicotine -4,8

Rutin -6,9

4YHK (Prostaglandin Anabasine =52
E2) Anatabine -52
Chlorogenic Acid -6,8

Cotinine -4,8

Ferulic Acid -6,3

Linoleic Acid =52

Myosmine =51

Niacinamide -5,0

Nicotine =53

Nicotinic Acid -5,6

Norcotinine -4,9

Nornicotine -5,2

Rutin -7,8

1RY8 (Prostaglandin Anabasine -6,5
F synthase) Anatabine -6,4
Chlorogenic Acid -9,0

Cotinine —6,4

Ferulic Acid -6,7

Linoleic Acid -6,3

Myosmine -5,8

Niacinamide -5,4

Nicotine -6,2

Nicotinic Acid =53

Norcotinine -6,3

Nornicotine -5,8
Rutin -11,0
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Table 3. Detailed molecular docking data concerning bioactive compounds and particular receptors, encompassing COX-1, PDE4,
COX-2, PDE7, IL-17A, IL-1p, TNF-q, prostaglandin E2, and prostaglandin F synthase.

Macromolecule  Bioactive Compound Hydrogen Bond Hydrophobic Electrostatic 2D Visualization
Target Interaction Interaction
3N8Z (COX-1) Chlorogenic acid ARGI120:NH2 GLY526:C,0 NA
TYR355:0H ALA527:N ALA527
MET522:0
TYR355:0H
SER353:CB
LEU352:CD2
®
O polar  — sidechain acceptor O solventresidue O arene-arene
O acidic <+ sidechain donor O metal complex ~ ©H arene-H
O basic  — backbone acceptor - solvent contact + arene-cation
© greasy =~ backbone donor == metal/ion contact
Cloor’ ® Soive Ot
Rutin ARGI120:NE SER353:CA NA
ARG120:NH2 ILE523:CD1 ILE89
TYR355:0H LEU115 VAL116
SER353:0 ALA527:CA  VAL349 LEU352
SER530:CB ILE523 ALA527
VAL349 LEU352
ALA527
O polar  — sidechain acceptor O solvent residue @ arene-arene
O acidic < sidechain donor O metal complex ~ ©H arene-H
O basic  *— backbone acceptor ~— solvent contact @+ arene-cation
O greasy - backbone donor ~~ metalfion contact
Cloner’ ® Sosve O
5F1A (COX-2) Chlorogenic acid ARGI20:NE VAL349 ALA527 NA
TYR385:0H
MET522:0 VAL523:CA
SER530:CB
TYR355:0H
O polar  ~ sidechain acceptor O solvent residue @ arene-arene
© acidic  *+— sidechain donor O metal complex ~ ©H arene-H
O basic = backbone acceptor ~— solvent contact @+ arene-cation
O greasy = backbone donor = metalfion contact
Olomo’ ® doore Olore
Rutin ARG120:NE VAL523:CG1 NA
TYR355:0H VAL523:CG2
TYR385:0H VAL523:CG2

TYR355:0H VAL349:0 TYR385 ARG120
TYR355:0H TYR385 LEU352 LEU352

LEU352 MET522
VAL523 =\ A
O w”\,U,N/
® ®
@
O polar - sidechain acceptor O solventresidue  ©@ arene-arene
© acidic  +— sidechain donor O metal complex ~ ©H arene-H
S baskc 2 bicone sccepor — sohentcontat | O aene-caton
Ol ® Seee Ocie
2QYK (PDE4) Chlorogenic acid ASP530:0D2 TYR371 PHE584 NA

HIS416:NE2 LEU531 ILE548

GLU442:0E2

SER420:CA

TYR371:0H

@

Q polar == sidechain acceptor O solventresidue OO arene-arene

O acdidic  +~ sidechain donor metal complex  ©H arene-H

O basic  ~-> backbone acceptor - solvent contact @+ arene-cation
O greasy =~ backbone donor == metal/ion contact

yprodmity o ligand (- receptor

exposure. ~ exposure
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Macromolecule  Bioactive Compound

Target

Hydrogen Bond

Hydrophobic
Interaction

Electrostatic
Interaction

2D Visualization

2QYK (PDE4) Rutin

ASN533:0D1

THR545:0G1

ASP530:0D2
MET569:SD SER580:0

ILE548:CG2
ILE548:CD1
PHES584 HIS372
MET485

NA

Q polar = sidechain acceptor O solvent residue @@ arene-arene

O acidic  +- sidechain donor O metal complex ~ @H arene-H

O basic = backbone acceptor - solvent contact @+ arene-cation
greasy - backbone donor = metaljion contact

o proximity ligand receptor

Clomour — ® exgosure O exposure

1ZKL (PDE7) Chlorogenic acid

ASP253:0D1

ASP253:0D1

HIS212:NE2
TYR211:0H HIS212

TYR211 PHE416
VAL380

NA

Q polar == sidechain acceptor O solvent residue QX arene-arene

O acidic  «~ sidechain donor O metal complex ~ @H arene-H

O basic  += backbone acceptor - solvent contact @+ arene-cation
© greasy =+~ backbone donor  ~ metalfion contact

-~ proximity » llgand - receptor

- contour exposure - exposure

Rutin

ASN260:ND2
ILE323:N GLN413:NE2
HIS212:NE2
ASP362:0D2
GLN413:0E1
THR321:0
ASP253:0D1
ASP253:0D1

PHE416 PHE416
PHE384 PHE384
ILE323 VAL380
ILE323

NA

O polar  —* sidechain acceptor O solventresidue  ©@ arene-arene
O acidic  +— sidechain donor O metal complex  OH arene-H

O basic = backbone acceptor - solvent contact @+ arene-cation
O greasy = backbone donor = metal/ion contact

cyprodmity o lgand {5 receptor

- contour exposure - exposure

5HI3 (IL-17A) Chlorogenic acid

ASN36:N TRP67:N

LEU97:0 LEU97:0

VAL65:0 VAL65:0
PRO63:CD VAL65:0

ILE96:CD1

NA

O polar = sidechain acceptor O solventresidue QX arene-arene
O acidic  + sidechain donor © metal complex H arene-H

O basic = backbone acceptor ~— solvent contact @+ arene-cation
O greasy == backbone donor ~ metalfion contact

yproximity o ligand £~ receptor

' contour exposure * exposure

Rutin

LEU97:N GLU95:0
LEU97:0 GLU95:0E2
LEU97:0 PRO63:CD

GLU95:0

ILE96:CA LEU97
LEU97 ILE96

NA

O polar = sidechain acceptor O solvent residue O arene-arene
O acidic  +~ sidechain donor O metal complex ~ @H arene-H

O basic == backbone acceptor - solvent contact @+ arene-cation
O greasy -~ backbone doror ==~ metalfion contact
yprodimity o ligand (o recepor

- contour exposure exposure
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Macromolecule
Target

Bioactive Compound

Hydrogen Bond

Hydrophobic Electrostatic 2D Visualization

Interaction Interaction

2AZ5 (TNF-a) Chlorogenic acid

TYR151:0H GLY121:0

TYRI119:0 TYR119:0
TYR119:0 LYS98:CE
TYR119:0

TYR119 NA

O polar > sidechain acceptor O solvent residue O arene-arene
O acidic  +— sidechain donor O metal complex ~ @H arene-H
O basic = backbone accepior ~— solvent contact @+ arene-cation

O greasy < backbone donor == metaljion contact
yproximity o ligand O receptor
- contour exposre exposure

Rutin

TYR151:0H SER60:0
LEU120:0 ILE58:0
GLY121:CA

TYR119 NA

Q polar  ~~sidechain acceptor O solvent residue O arene-arene
O acidic ~ +~ sidechain donor © metal complex ~ ©H arene-H

O basic  ~- backbone acceptor —— solvent contact @+ arene-cation
O greasy = backbone donor =~ metal/ion contact

o proximity ligand recepior

Coonowr — ® oposwe Oeposure

6Y8M (IL-1B) Chlorogenic acid

ARGI11:NE
ARG11:NH2
LYS109:NZ
GLN149:NE2
MET148:0
GLN15:0E1
THR147:0G1
GLN15:0F1
MET148:N

MET148 NA

® @

Q polar > sidechain acceptor O solvent residue arene-arene
Q acidic  +~ sidechain donor O metal complex ~ ©H arene-H

O basic = backbone acceptor ©+ arene-cation
O greasy *+~ backbone donor
-~ proximity » ligand

“ contour ‘exposure

~ solvent contact
= metalfion contact
7~ receptor
~ exposure

Rutin

MET148:N MET148:0
ASN108:0 ASN53:0
ASN108:0D1
ASN108:0D1
GLN149:CA

LEU110 LYS103:NZ

LYS103:NZ ®

®

O polar = sidechain acceptor O solvent residue @@ arene-arene

© acidic  +~ sidechain donor metal complex  ©H arene-H

O basic > backbone acceptor —— solvent contact @+ arene-cation
O greasy - backbone donor  ~— metal/ion contact

yprodmity o ligand (- receptor

“ contour ‘exposure - exposure

4YHK
(Prostaglandin E2)

Chlorogenic acid

TYR33:0 TYR103:0
ASP104:0

TYR33:CB NA

Q polar = sidechain acceptor ) solvent residue O arene-arene

O acidic <+~ sidechaindonor O metal complex O arene-H
basic = backbone acceptor - solvent contact O+ arene-cation

O greasy -+~ backbone donor == metalfion contact

- proximity ligand receptor

Oomour ™ epose Oepasure
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Macromolecule  Bioactive Compound Hydrogen Bond Hydrophobic Electrostatic 2D Visualization
Target Interaction Interaction
4YHK Rutin TYR33:N GLY99:0 PHE106 TYR33 ~ GLU50:0E1
(Prostaglandin E2) TYR33:0H GLY99:0 TYR33 HIS35 GLU50:0E2
TYR33
Q polar  — sidechain acceptor O solvent residue @ arene-arene
O acidic <+ sidechaindonor O metal complex  QH arene-H
O basic > backbone acceptor — solvent contact ~ ©+ arene-cation
O greasy = backbone donor ~— metalfion contact
Sl ® S O5
1IRY8 Chlorogenic acid SER217:N ALA218:N NA NA
(Prostaglandin F GLN222:N
synthase) GLN222:NE2
LYS270:N HIS117:NE2
HIS117:NE2
ALA269:CA
TYR55:0H
O polar > sidechain acceptor () solvent residue O arene-arene
Q acidic <+~ sidechain donor  C) metal complex H arene-H
© basic > backbone acceptor - solvent contact @+ arene-cation
© greasy - backbone donor =~ metal/ion contact
O omou” e Odotine
Rutin ASN167:ND2 PHE306 TYR24 NA @
SER221:N LYS270:N SER217:C,0 ® ®
ASP50:0D2 ALA218:N LYS270
ASN167:0D1 LYS270
TYR216:0H
HIS117:NE2 - ®
ASP50:0D2 )
GLN190:0E1
GLN222:NE2

O polar -~ sidechain acceptor O solvent residue arene-arene
O acidic <+ sidechaindonor O metal complex  ©QH arene-H

O basic == backbone acceptor solventcontact @+ arene-cation
O greasy - backbone donor -~ metalfion contact

yproximity o ligand (- receptor

< contour exposure ~ exposure

Evaluation of the anti-inflammatory potential of nu-
merous phytochemicals acting via IL-17A underscores
the importance of this investigation. These findings un-
derscore the ability of the investigated natural compounds
to bind to IL-17A receptors, modulating inflammation
response pathways. Further exploration is necessary to
ascertain the biological impacts of Nicotiana tabacum L.
chemical constituents on these cytokines. Interleukin-1
beta and tumor necrosis factor-alpha are critical promot-
ers of inflammation cytokines implicated in a spectrum
of inflammatory and immune responses, encompassing
conditions including Alzheimer’s disease, Crohn’s disease,
rheumatoid arthritis, and ulcerative colitis. As a result,
inhibitors designed to target TNF-a and IL-1{ have been
created as anti-inflammatory treatments for these disor-
ders (Lee et al. 2002).

Compounds found in Nicotiana tabacum L. plants dis-
played notable interactions against TNF-q, exhibiting a top
binding energy of —8.4 kcal/mol. Residues TYR151:0H,
SER60:0, LEU120:0, ILE58:0, and GLY121:CA with-
in TNF-a exhibited significant interactions primarily

through hydrogen bonds, alongside one hydrophobic in-
teraction involving TYR119 residue. Moreover, the rutin
compound demonstrated the ability to establish seven
hydrogen bonds with residues MET148:N, MET148:0,
ASN108:0, ASN53:0, ASN108:0D1, ASN108:0D1, and
GLN149:CA from IL-1, along with one hydrophobic in-
teraction against LEU110 residue. These results indicate
that although tobacco plants successfully suppress TNF-a
and IL-1, their impact on their anti-inflammatory effects
is relatively modest. TNF-a and IL-1 exhibit weaker inter-
actions with these compounds than they do with their nat-
ural ligands, IL-1 receptor and TNF receptor 1 (TNFR1),
respectively, suggesting that these bioactive compounds
may not disrupt the normal signaling of these cytokines
(Souza et al. 2023).

Prostaglandin F synthase (PGFS) belongs to the al-
do-keto reductase (AKR) enzyme superfamily, which
catalyzes the transformation of prostaglandin D2 (PGD2)
into prostaglandin F2a (PGF2a), with Rutin exhibiting a
binding energy of —7.8 kcal/mol. Additionally, hydropho-
bic interactions involve four hydrogen bonds (TYR33:N,
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GLY99:0, TYR33:0H, and GLY99:0), alongside amino
acid residues PHE106, TYR33, TYR33, HIS35, and TYR33,
and two electrostatic interactions against GLU50:0E1 and
GLU50:0E2 residues. These electrostatic interactions en-
hance the stability of the PGFS-Rutin complex, thus am-
plifying Rutin’s efficacy in inhibiting PGFS enzyme ac-
tivity. Throughout this research, the bioactive substances
demonstrated a broad spectrum of interaction with COX-
1, PDE4, COX-2, PDE7, IL-17A, IL-1pB, TNF-a, prosta-
glandin E2, and prostaglandin F synthase receptors. These
macromolecules are crucial in numerous pathological and
physiological processes, including cellular signaling, im-
mune responses, inflammation, and pain. Furthermore,
Table 3 outlines the docking configurations of the 2D
models depicting all bioactive compounds sourced from
Nicotiana tabacum L. interacting with these receptors.

ADMET and drug-likeness prediction

Table 4 displays the outcomes of ADME forecasts for three
substances on the Swiss ADME server. ADME stands
for absorption, distribution, metabolism, and excretion.
These four key processes dictate how a drug is taken up,
dispersed, metabolized, and eliminated by the body (Ah-
mad et al. 2023). Compounds derived from the tobacco
plant (Nicotiana tabacum L.) with substantial GI absorp-
tion are anticipated to traverse the blood-brain barrier
(BBB). They are also anticipated to function as substances
that serve as substrates for the P-glycoprotein (Pgp) trans-
porter, which is an efflux transporter able to remove drugs
from cells. Moreover, these compounds are anticipated
to act as inhibitors of CYP2C9, CYP2C19, and CYP1A2,
which are key cytochrome P450 enzymes responsible for
metabolic processes. Lastly, these compounds exhibit
negative log Kp values, indicating poor skin permeation.
Chologenic acid and rutin, possessing low GI absorption,
are not projected to penetrate the BBB or act as substrates
for Pgp or inhibitors of CYP enzymes. These substances
also exhibit negative log Kp values, indicating poor skin

Table 4. ADME forecasts generated by SwissADME.

permeation. These findings can facilitate the design of
drug compounds possessing distinct characteristics. For
instance, if a drug that can penetrate the blood-brain
barrier (BBB) is required, it is essential to steer clear of
compounds forecasted as Pgp substrates or CYP enzyme
inhibitors. Similarly, in pursuit of a drug with favorable
skin permeability, compounds with high negative log Kp
values should be disregarded (Muchtaridi et al. 2018).

Table 5 presents the predictions of drug suitability for
all the bioactive compounds. As far as we know, the bioac-
tive compounds found in Nicotiana tabacum L. have not
been tested in humans yet. Their molecular weights vary
from 122.12 g/mol to 610.5 g/mol, exhibiting a different
count of rotatable bonds (ranging from 1 to 14), hydro-
gen bond acceptors (ranging from 2 to 16), and hydro-
gen bond donors (ranging from 0 to 10). The total polar
surface areas span from 16.13 A2 t0 269.43 A2 and the
consensus log P values range from —1.29 to 5.45. Among
them, only Rutin violates Lipinskis rule (MW>500,
NorO>10, NHorOH>5), highlighting possible concerns
regarding oral bioavailability and metabolic stability,
as evidenced by its low bioavailability score of 0.17. Ru-
tin has a synthetic accessibility score of 6.52, indicating
that it is somewhat difficult to synthesize. Chlorogenic
acid, a naturally occurring compound recognized for its
notable anti-inflammatory and antioxidant effects, has a
molecular weight of 354.31 g/mol, featuring five rotatable
bonds, nine hydrogen bond acceptors, and six hydrogen
bond donors. It violates one Lipinski rule (NHorOH>5)
but remains compliant with other criteria. This also sug-
gests potential concerns regarding metabolic stability and
oral bioavailability. Its bioavailability score stands at 0.11,
while its synthetic accessibility is measured at 4.16, indi-
cating relative difficulty in synthesis.

Overall, the entirety of bioactive compounds displays
certain characteristics akin to drugs and may undergo test-
ing for the creation of novel and promising anti-inflamma-
tory molecules. Forecasts regarding the toxicity of substanc-
es found in Nicotiana tabacum L. are outlined in Table 6.

Bioactive  Gastrointestinal Blood-Brain P-glycoprotein Cytochrome Cytochrome Cytochrome Cytochrome Cytochrome Skin
Compound Absorption Barrier Substrate 1A2 2C19 2C9 1A22D6 1A23A4  Permeation
Permeant Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor (Log Kp)

Anabasine High + - - - - - - —6.60 cm/s
Anatabine High + - - - - - - —6.60 cm/s
Chlorogenic Low - - - - - - - -8.76 cm/s
Acid
Cotinine High + - - - - - - ~7.60 cm/s
Ferulic Acid High + - - - - - - —6.41 cm/s
Linoleic Acid High + - + - + - - -3.05 cm/s
Myosmine High + - + - - - - —6.77 cm/s
Niacinamide High - - - - - - - ~7.31 cm/s
Nicotine High + - - - - - - —6.46 cm/s
Nicotinic High + - - - - - - -6.80 cm/s
Acid
Norcotinine High - - - - - - - -7.50 cm/s
Nornicotine High + - - - - - - ~7.08 cm/s
Rutin Low - + - - - - - -10.26 cm/s
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Table 5. Prediction of drug-likeness from the SwissADME server.

Bioactive Rotatable Hbond Hbond  Total Polar Consensus Lipinski Bioavailability Synthetic
Compound Bonds Acceptors Donors Surface Area Log P Violations Score Accessibility
(TPSA) (A2?)
Anabasine 1 2 1 24.92 1.52 + 0.55 2.07
Anatabine 1 2 1 24.92 1.35 + 0.55 2.71
Chlorogenic Acid 5 9 6 164.75 -0.38 + 0.11 4.16
Cotinine 1 2 0 33.20 0.82 + 0.55 2.02
Ferulic Acid 3 4 2 66.76 1.36 + 0.85 1.93
Linoleic Acid 14 2 1 37.30 5.45 + 0.85 3.10
Myosmine 1 2 0 25.25 1.52 + 0.55 2.22
Niacinamide 1 2 1 55.98 0.12 + 0.55 1.00
Nicotine 1 2 0 16.13 1.50 + 0.55 2.05
Nicotinic Acid 1 3 1 50.19 0.32 + 0.85 1.00
Norcotinine 1 2 1 41.99 0.65 + 0.55 1.92
Nornicotine 1 2 1 24.92 1.13 + 0.55 1.97
Rutin 6 16 10 269.43 -1.29 - 0.17 6.52
Table 6. Forecasting toxicity. Information sourced from the pkCSM server.
Bioactive AMES Test  Maximum hERG I hERGII  Oral Acute  Oral Chronic Hepatotoxicity Skin Minnow
Compound  Toxicity Tolerated Dose Inhibitor Inhibitor Toxicityin Toxicity in Rats Sensitisation Toxicity
(Human) Rats (LD50) (LOAEL)
Anabasine - 0.643 - - 2.479 1.668 + + 1.916
Anatabine - 0.633 - - 2.42 1.604 + + 1.851
Chlorogenic - -0.134 - - 1.973 2.982 - - 5.741
Acid
Cotinine - 0.803 - - 2.44 2.193 + - 2.309
Ferulic Acid - 1.082 - - 2.282 2.065 - - 1.825
Linoleic Acid - -0.827 - - 1.429 3.187 + + -1.31
Myosmine - 0.765 - - 2.315 1.656 + + 2.072
Niacinamide - 1.15 - - 2.116 2.616 - - 2.441
Nicotine - 0.62 - - 2.432 1.646 + + 1.777
Nicotinic - 0.907 - - 2.24 2.652 - - 2.222
Acid
Norcotinine - 0.99 - - 2.462 2.552 + - 2.006
Nornicotine - 0.701 - - 2.408 1.593 + + 2.286
Rutin - 0.452 - + 2.491 3.673 - - 7.677

These bioactive substances represent potential compounds
not yet trialed in humans. There is no anticipation of mu-
tagenicity among them. Their MTD ranges from -0.827
log(mg/kg/day) to 1.15 log(mg/kg/day), all of which are
below the standard toxicity threshold. There is no antici-
pated inhibition of HERG I or HERG II. Their acute tox-
icity (LD50) values in oral rats range from 1.429 to 2.491,
exceeding the standard threshold for toxicity. Furthermore,
their chronic toxicity (LOAEL) values in oral rats range
from 1.593 to 3.673, surpassing the standard threshold for
toxicity. No hepatotoxicity or skin sensitization is expected
from these substances.

In general, chologenic acid and rutin stand out as the
least risky among all bioactive compounds. They fall be-
low the established toxicity thresholds across all catego-
ries. It is crucial to emphasize that these forecasts remain
speculative. The real-world response of a drug within the
body might deviate from these projections. Hence, the
significance of undertaking experimental investigations
to validate these forecasts cannot be overstated. Therefore,
while these predictions offer valuable insights, thorough

experimental validation is essential to guaranteeing the
safety and effectiveness of potential therapies. Ultimately,
such comprehensive studies serve as the cornerstone for
informed decision-making in the development of phar-
maceutical interventions.

Receptor-ligand dynamics with Gro-
macs 2016.3

Following the successful simulation run, trajectory files
generated by GROMACS version 2016.3 were evaluated
using XMGRACE version 5.1. Two-dimensional plots were
examined to assess root-mean-square-fluctuation (RMSF),
root-mean-square-deviation (RMSD), radius of gyration
(Rg), and hydrogen bond formation throughout a 500 ns
simulation duration. It was noted that COX-2 exhibited a
higher value of 0.204 nm compared to complexes display-
ing stable ligand patterns. Variations in the simulations of
COX-2 in different environments, water, and in the pres-
ence of chlorogenic acid, rutin, and the reference drug ce-
lecoxib, values varied between 0.10 and 0.30 nm (Fig. 1A).
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Figure 1. The plots derived from the trajectory file include:
A. RMSD plot illustrating the deviations for the COX-2-Cele-
coxib complex (in red), COX-2-Chlorogenic Acid complex (in
green), COX-2-Rutin complex (in yellow), and COX-2 in water
(in black); B. RMSF plot illustrating the fluctuation for each ami-
no acid residue; C. The radius of gyration (Rg) plot reflects the
level of compactness and tightening of COX-2 in the presence of
chlorogenic acid, rutin, and celecoxib.

The COX-2-Celecoxib and COX-2-Rutin complexes exhib-
ited the highest stability, with average measurements of 0.194
nm and 0.199 nm, respectively. RMSF fluctuation values for
these complexes varied between 0.05 and 0.50 nm. The av-
erage RMSF values recorded for all selected complexes were
approximately 0.10 nm, with significant fluctuations noted
in certain regions of specific amino acid residues (Fig. 1B).
The radius of gyration values indicate the stability and com-
pactness of the proteins’ three-dimensional structures, cru-
cial for evaluating protein integrity in the presence of the
compounds under investigation. The plots showed radius
of gyration values ranging from 2.38 to 2.45 nm for all com-
plexes. Simulations involving COX-2 in water, chlorogenic

acid, rutin, and celecoxib displayed nearly identical values
approaching 0.11 nm. COX-2 demonstrated slightly higher
values around 0.119 nm and remained consistent, with the
exception of fluctuations noted during the initial 100 ns of
the simulation (Fig. 1C).

Hydrogen bonds are pivotal in ligand-protein interactions
and serve as evaluative criteria for studying complex interac-
tions and thermodynamics. Our hydrogen bond analysis re-
vealed that the COX-2-Celecoxib complex established only
six hydrogen bonds (6.54%), whereas the COX-2-Chloro-
genic Acid complex formed ten bonds (19.74%). Remark-
ably, the COX-2-Rutin complex demonstrated a significant
total of nineteen hydrogen bonds throughout the simulation
(106.70%) (Fig. 2). This abundance of hydrogen bonding in
the COX-2-Rutin complex suggests strong and potentially
stabilizing interactions between Rutin and the COX-2 en-
zyme active site residues. Such detailed insights into hydro-
gen bonding patterns contribute to understanding the mo-
lecular mechanisms underlying ligand binding and enzyme

25

15

Number of HBond

] 100 200 300 400 500

Time (ns)

Number of HBond

1] 100 200 300 400 500

Time (ns)

Number of HBond

0 - 100 Z;JO 3(‘)0 R 4(‘)0 V 500
Time (ns)
Figure 2. The graph illustrates the count of hydrogen bond
interactions observed over a 500 ns simulation period for the
chosen complexes: COX-2-Celecoxib complex (depicted in red),
COX-2-Chlorogenic Acid complex (shown in green), and COX-
2-Rutin complex (represented in yellow).
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inhibition, aligning with previous studies emphasizing the
significance of hydrogen bonds in ligand-protein interac-
tions (Nurisyah et al. 2024).

Molecular mechanics with poisson-boltz-
mann surface area (MM-PBSA) method

In this research, the effects of the COX-2-Chlorogenic
Acid, COX-2-Rutin, and COX-2-Celecoxib complex-
es were analyzed concurrently through a comparative
evaluation of binding energies, detailed in Table 7. Our
results uncover unique binding energy trends (AGbind);
notably, rutin bound to COX-2 showed a lower binding
energy of —141.514 kJ/mol in comparison to chlorogen-
ic acid (-100.609 kJ/mol) and celecoxib (-112.208 kJ/
mol). This differential in binding energies suggests vary-
ing degrees of affinity and interaction strength between
these ligands and the COX-2 enzyme, influencing their
potential as inhibitors. Such detailed insights into binding
energies are crucial for designing targeted pharmaceutical

interventions against inflammatory pathways involving
COX-2. Understanding these interactions can pave the
way for developing more effective therapeutic strategies
aimed at mitigating inflammation-related disorders.

In this study, the interactions and binding affinity of
chlorogenic acid and rutin were evaluated, active com-
pounds derived from Nicotiana tabacum L. known for
their anti-inflammatory effects, involving multiple re-
ceptors including COX-1, PDE4, COX-2, PDE7, IL-17A,
IL-1B, TNF-a, prostaglandin E2, and prostaglandin F
synthase using molecular docking methods. Our findings
indicate that chlorogenic acid and rutin selectively inhibit
COX-2 more than COX-1, act as dual inhibitors of PDE4
and PDE?7, strongly inhibit TNF-a, and moderately inhibit
IL-1B. Chlorogenic acid and rutin also demonstrate strong
binding affinities with IL-17A, although the biological im-
plications of their interaction with these cytokines remain
uncertain. These compounds show promise for treating
inflammatory conditions; however, further research is
necessary to validate their biological effects.

Table 7. Molecular interaction energies of Celecoxib, Chlorogenic Acid, and Rutin with protein target.

Bioactive Compound Van der Wall Interaction Electrostatic

(kJ/mol)

Interaction (kJ/mol)

SASA Interaction
(kJ/mol)

Polar Salvation
Interaction (kJ/mol)

Binding Interaction

(kJ/mol)

Celecoxib ~219.509 +/- 10.760  ~24.000 +/— 9.569 151.248 +/- 9.801  —19.947 +/-0.722 112208 +/— 14.797
Chlorogenic Acid —205.303 +/-10.741 —-24.536 +/-17.051 148.107 +/-15.058 -18.877 +/-0.691 -100.609 +/—12.214
Rutin ~316.852 +/-21.633  —110.981 +/- 19.795  316.533 +/- 18270  —30.214 +/- 1.021 141514 +/- 22.253
Conclusion and T.M.E; investigation, A.FH., and T.M.E; resourc-

Computational methods were utilized to evaluate the bind-
ing interactions of bioactive compounds from Nicotiana
tabacum L. with key inflammatory receptors, including
COX-1,PDE4, COX-2,PDE7,IL-17A,IL-1p, TNF-q, pros-
taglandin E2, and prostaglandin F synthase. The results in-
dicate selective inhibition of COX-2 over COX-1, which
is crucial for reducing inflammation while minimizing
adverse effects. Additionally, dual inhibition of PDE4 and
PDE?7 was observed, along with moderate binding affinity
with IL-17A, suggesting potential anti-inflammatory ben-
efits. However, the compounds displayed weak binding af-
finity against TNF-a and IL-1p, implying limited influence
on those inflammatory pathways. These findings under-
score the potential of the compounds for treating inflam-
matory conditions, particularly through COX-2 inhibition.
Further validation through experimental studies is neces-
sary to confirm these interactions. The promising results
warrant additional investigation to optimize these com-
pounds for drug development. This work provides valuable
data for anti-inflammatory drug discovery, especially for
natural compounds with selective receptor targeting.
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