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 Nitric oxide synthase (NOS) preferentially produces its inducible 
isoform (iNOS) in several cells, including macrophages, which are in 
charge of the immunological response. It is widely known that the 
expression of iNOS and the consequent production of nitric oxide (NO) 
have various biological benefits, such as anti-inflammatory and 
antioxidant properties. However, the overexpression or dysregulation 
of iNOS can result in the excessive release of NO, which may contribute 
to the pathogenesis of several disorders. Examining how bioactive plant 
components interact with iNOS may yield comprehensive and 
conclusive details on the processes of inhibition. The objective of this 
study was to employ molecular docking techniques for the investigation 
of molecular interactions between the iNOS enzyme and specific 
bioactive compounds, namely resveratrol, 6-gingerol, quercetin, and 
hydroxytyrosol. The Protein Data Bank (PDB) was the source of the 
crystal structure for the target protein, iNOS. In contrast, the three-
dimensional (3D) structures of the bioactive compounds were acquired 
from the PubChem database. AutoDock Vina was employed for docking 
simulations of iNOS inhibitor compounds. The findings from the 
molecular docking analysis indicated that each of the chosen bioactive 
substances demonstrated inhibitory effects on iNOS. Furthermore, these 
compounds consistently formed interactions with the primary protease 
at the same binding site across all docking studies. The obtained results 
suggest that quercetin, among other phenolic compounds, could be a 
potential alternative for iNOS inhibition in a therapeutic context. 
Nevertheless, computer simulations represent the initial stage in the 
development of inhibitory compounds, and further research and clinical 
applications are essential. 
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Introduction 

Vascular endothelial cells are the source of nitric 

oxide (NO), a colorless gas that is soluble in 

water and has a brief half-life. Nitric oxide 

synthase (NOS) enzymes catalyse the formation 

of intracellular NO by converting the amino acid 

L-arginine to L-citrulline. There exist three types 

of NOS isoforms, namely Endothelial (eNOS), 

Neuronal (nNOS), and Inducible (iNOS). nNOS is 

involved in certain central, autonomic, and 

enteric nervous system cells, eNOS in vascular 

endothelial cells, and iNOS in immune defence 

alongside macrophages [1,2]. In their active 

forms, many cofactors, such as calmodulin, flavin 

adenine dinucleotide (FAD), flavin 

mononucleotide (FMN), and tetrahydrobiopterin 

(BH4), are present in all NOS enzymes. Both 

eNOS and nNOS require an increase in 

intracellular calcium (Ca2+) levels to become 

active, whereas iNOS does not depend on 

changes in Ca2+ concentration for its activity [3]. 

NO is a signalling molecule with a wide range of 

functions in both health and disease. All 

biological membranes are easily penetrated by 

NO, a highly diffusible gas with a brief half-life of 

only a few seconds, which mediates both 

autocrine and paracrine activities [4]. Studies 

have revealed that NO plays vital roles in 

numerous systems, including the nervous, 

circulatory, respiratory, digestive, and immune 

systems. It is also a highly unstable free radical 

due to the unpaired electron it carries. While 

numerous free radicals pose harm at any level of 

concentration, nitric oxide (NO) plays a crucial 

role in vital physiological processes at low 

concentrations. However, unregulated and 

excessive synthesis of NO can be harmful to cells. 

These characteristics render NO an optimal 

physiological signalling molecule [5]. 

While initially identified in macrophages, iNOS is 

now acknowledged for its widespread expression 

across various human tissues, including insulin-

sensitive organs like skeletal muscle, adipose 

tissue, and the liver [6, 2]. In a healthy state, iNOS 
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expression is absent. Unlike other isoforms, iNOS 

is produced anew in response to oxidative stress 

and inflammation. While iNOS is not naturally 

present in cells under normal physiological 

conditions, its activation occurs in response to 

stimuli such as bacterial lipopolysaccharides 

(LPS), interferon-gamma (IFN-γ), and cytokines 

(such as interleukin-1, -2, -6, and tumor necrosis 

factor). The iNOS enzyme gets activated and 

starts to be produced in macrophages and 

vascular endothelial cells [3]. The amount of NO 

produced by iNOS is secreted for an extended 

duration (hours to days) and at high 

concentrations (up to 40 times the normal level). 

Following its expression, iNOS has the capacity to 

generate substantial quantities of NO in 

nanomoles, sustaining this production over an 

extended duration, spanning hours to days [4]. 

The NO produced by this pathway acts as an 

effector of inflammation for clearing bacterial 

infections and also regulates adaptive immune 

responses [7]. The significance of NO generated 

by iNOS is heightened in inflammatory responses 

and diseases, including cancer [8]. In immune 

response pathways associated with 

inflammatory conditions, the high concentrations 

of NO produced by iNOS undergo rapid oxidation 

to form reactive nitrogen species (RNT), playing 

a pivotal role in mediating the immune system's 

response [9]. iNOS exhibits dual roles in cancer 

cells, acting both as a cytotoxic agent that 

destroys cancer cells and as a promoter of tumor 

development by inducing angiogenesis and 

metastasis in the tumor microenvironment [8]. 

Conversely, excessively elevated NO levels 

resulting from iNOS overexpression or 

dysregulation can lead to toxic effects. The NO 

overproduction is implicated in various diseases 

such as septic shock, cardiac dysfunction, pain, 

diabetes, and cancers [2]. In addition, iNOS 

induction may be linked to diabetes and insulin 

resistance associated with obesity. Notably, iNOS 

is expressed in insulin-sensitive tissues, and 

obesity contributes to elevated iNOS levels in 

muscle, adipose tissue, and vasculature [2]. 

Studies indicate that rat pancreatic cells are 

highly susceptible to NO toxicity, with increased 

iNOS expression observed in pancreatic 

macrophages of prediabetic rats [10]. Therefore, 

inhibiting iNOS expression has recently been 

proposed as a new mechanism of action for 

insulin sensitizers. In a previous study, it was 

reported that an iNOS inhibitor prevented fasting 

hyperglycemia and reduced insulin resistance in 

LPS-treated rats [11]. Inhibition of the 

expression or activity of iNOS has been 

considered as a strategy to mitigate the 

pathological roles of this enzyme in the onset 

and/or progression of iNOS-related diseases. To 

achieve this goal, researchers utilize iNOS 

inhibitors obtained from both natural and 

synthetic sources [8]. It has been reported that 

many plants traditionally used for their anti-

inflammatory effects act by inhibiting NO 

production [12]. Information about the bioactive 

components derived from these plants can offer 

valuable insights to researchers in identifying 

potent and selective iNOS inhibitors. 

Computational studies on the binding of phenolic 

bioactive compounds obtained from plants to 

iNOS can provide detailed information about 

inhibitory mechanisms with a certain degree of 

accuracy. This study aimed to investigate the 

molecular interactions of resveratrol, quercetin, 

hydroxytyrosol, and 6-gingerol, which are widely 

recognized for their antioxidant and anti-

inflammatory properties, with the iNOS enzyme 

through in silico methods, and to compare their 

effects at the molecular level. 

Experimental  

Preparation of dataset  

The focal protein under investigation in this 

research was iNOS, a component of the human 

nitric oxide enzyme family with a readily 

available crystalline structure. The 

crystallographic configuration of the iNOS 

enzyme was sourced from the Protein Data Bank 

(PDB) (https://www.rcsb.org/). Ligands chosen 

for molecular docking were acquired from the 

PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/). For the 

preparation of the human iNOS enzyme and the 

selected ligands, the Discovery Studio software 

was employed. 
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This involved eliminating all residues and water 

molecules from the environment, incorporating 

polar hydrogen bonds, and optimizing the 

enzyme for subsequent molecular docking 

analysis. 

Molecular Docking  

Docking simulations of iNOS inhibitor molecules 

were performed through AutoDock Vina 

software (version 1.1.2) using a three-way 

multiple reading approach and implementing the 

Lamarckian Genetic Algorithm [13] for the 

docking analysis. The initial inhibitor, extracted 

from the Protein Data Bank (PDB) database, was 

excluded from the docking site, and the 

molecular docking procedure was carried out in 

its stead. Visual representations were created 

using the Discovery Studio Visualizer software. 

Drug similarity predictions 

The realm of drug discovery benefits 

considerably from computer-based predictions 

of drug similarity [14]. Assessments of drug 

similarity were conducted utilizing the 

SwissAdme database, available at 

http://www.swissadme.ch/. Furthermore, 

various factors, including Lipinski, Ghose, and 

Veber rules, gastrointestinal system absorption, 

blood-brain barrier penetration, hepatotoxicity, 

skin permeability, and bioavailability scores 

were analysed in the drug similarity assessment 

process [15]. 

Results and Discussion  

In this in silico study, all the bioactive compounds 

demonstrated inhibitory activity against iNOS. In 

all the docking analyses, the molecules bound to 

the primary protease at the same binding site. 

The outcomes of the docking calculations 

performed by Autodock Vina, including the count 

of hydrogen bonds and the specific amino acid 

residues participating in these bonds are 

presented in Table 1. Quercetin, 6-gingerol, 

resveratrol, and hydroxytyrosol exhibited 

binding energies of -10.6, -8.6, -7.8, and -6.2 

kcal/mol to iNOS, respectively. It is worth noting 

that lower negative binding energy values 

indicate stronger interactions between the iNOS 

enzyme and ligands (18). Among the examined 

bioactive compounds, quercetin, with a binding 

energy of -10.6 kcal/mol, was predicted to 

possess the most potent inhibitory effect due to 

its lowest binding energy. 

In the results of molecular docking, quercetin 

formed six hydrogen bonds (Conventional and 

Pi-Donor) with the iNOS enzyme and the amino 

acids GLU-145, GLN-149, GLN-192, ASN196, 

ARG454, and SER486. Additionally, it established 

a Pi-Alkyl bond with the amino acid LYS-103  

 

 

Table 1: Molecular docking results of the evaluated ligands 

Amino Acid Residues Binding Energy 

(kcal/mol) 

PubChem ID Ligands 

LYS-103, GLU-145, GLN-

149, GLN-192, ASN196, 

ARG454, and SER486 

-10.6 5280343 Quercetin 

GLU-145, GLN-149, 

GLN-192, ARG-195, 

ARG-454, and SER-486 

-8.6 442793 6-Gingerol 

ASP-184, PHE-188, 

GLN-192, ARG195, and 

TRP206 

-7.8 445154 Resveratrol 

LEU-100, LYS-103, GLN-

149, ASN-196, ARG-454, 

and LEU-485 

-6.2 82755 Hydroxytyrosol 
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Figure 1: Binding interactions of Quercetin with amino acids in the binding region of iNOS 

 

Figure 2: Binding interactions of 6-Gingerol with amino acids in the binding region of iNOS 

(Figure 1). Furthermore, 6-Gingerol established 

four conventional hydrogen bonds with amino 

acid residues GLN-192, ARG-195, ARG-454, and 

SER-486, as well as Pi-Donor and Carbon 

hydrogen bonds with amino acids GLU-145 and 

GLN-149 in the active binding pocket of iNOS 

enzyme (Figure 2). In addition, the Pi-Alkyl type 

of interactions was indicated with the amino 

acids LYS-103 and LEU-485. On the other hand, 

resveratrol formed three conventional hydrogen 

bonding interactions with amino acids ASP-184, 

GLN-192, and ARG195. However, it formed Pi-Pi 

T-shaped interactions with amino acids PHE-188 

and TRP206 through aromatic rings (Figure 3). 

In addition, hydroxytyrosol formed three 

conventional hydrogen bonds with the amino 

acids GLN-149, ASN-196, and ARG-454. 

Furthermore, it established Pi-Alkyl bonds with 

amino acids LEU-100, LYS-103, and LEU-485 

(Figure 4). 

Several rules, including Lipinski, Veber, and 
Ghose rules, as well as parameters like 
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lipophilicity and water solubility, are valuable for 
evaluating the drug-likeness of ligands with 
biological activity. As per Lipinski's five rules, a 
potential drug molecule should have a molecular 
weight (MW) ≤500 g/mol, a lipophilicity 

coefficient LogP ≤5, ≤5 hydrogen bond donors, ≤

10 hydrogen bond acceptors, and molar 
refractive values ranging between 4 and 130. 
Veber's rules specify that a drug candidate 

should have ≤12 hydrogen bonds, ≤10 rotatable 

bonds, a total polar surface area (TPSA) ≤140, 

and oral bioavailability ≥20% [16]. According to 
Ghose's rules, a drug candidate molecule should 
exhibit LogP (-0.45.6), a molar refractivity (MR) 
value of 40150, a molecular weight (MW) 
between 160480 g/mol, an atomic number 
between 2070, and a polar surface area (PSA) 
<140 [17]. 

 

Figure 3: Binding interactions of Resveratrol with amino acids in the binding region of iNOS 

 

Figure 4: Binding interactions of Hydroxytyrosol with amino acids in the binding region of iNOS
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The absorption percentages of the ligands from 

the intestinal tract were as follows: quercetin 

(99.9%), 6-gingerol (95.8%), resveratrol 

(90.9%), and hydroxytyrosol (90.3%) (Table 2). 

According to the drug-similarity results all tested 

ligands were found to comply with these rules 

(Table 3). 

Molecular docking is a method employed to 

anticipate the three-dimensional configuration of 

the binding interaction between a protein (such 

as an enzyme or receptor) and a ligand 

(comprising bioactive compounds or drug 

molecules), facilitating the formation of a stable 

complex [18]. This approach enables the 

determination of molecular interactions before 

laboratory experiments, aiding in the discovery 

and development of new drugs for various 

diseases. Additionally, drug similarity prediction 

studies provide insights into the drug candidate 

properties of molecules analysed through 

molecular docking [19-23]. 

The scientific exploration of traditional medicinal 

plants holds significant importance for human 

health. In recent years, research on traditional 

medicinal plants has been on the rise globally, as 

natural resources and the diversity of such plants 

complement modern pharmacological 

approaches [24-32]. The ligands used in this 

study were selected from the active components 

of some of the most widely available and well-

studied plants worldwide. 

Stilbenes, a type of phenolic compound, serve as 

phytoalexins in plants [33]. Phytoalexins are low 

molecular weight secondary metabolites 

produced in response to stress factors. 

Resveratrol (trans-3,5,4'-trihydroxy-stilbene) 

was initially isolated from the roots of Veratrum 

grandiflorum by Takaoka in 1940, and later 

Polygonum cuspidatum roots were employed for 

this purpose [34]. Resveratrol has been 

suggested as an alternative to aspirin, which can 

lead to long-term gastric damage, in the current 

treatment of chronic inflammation [35]. An 

earlier investigation illustrated that resveratrol 

effectively suppressed inflammatory markers, 

including iNOS, cyclooxygenase-2 (COX-2), and 

tumor necrosis factor-alpha (TNFα), in a mouse 

colitis model induced by dextran sulfate sodium 

(DSS) [36]. Likewise, another study utilizing a 

DSS-induced colitis model observed that 

resveratrol supplementation mitigated chronic 

colon inflammation by modulating the down-

regulation of interleukin-1 beta (IL-1b), IL-10, 

prostaglandin E synthase-1 (PGES-1), TNF-α, 

iNOS, COX-2, and the p38 MAPK (mitogen-

activated protein kinases) signalling pathway 

[37]. Quercetin, on the other hand, is a compound 

with the potential to reduce the activity of iNOS 

[38]. Quercetin is a flavonoid naturally found in 

various plants, such as Allium cepa. It possesses 

anti-inflammatory and antioxidant properties 

and has been shown through research to have 

multiple biological effects, including the iNOS 

inhibition [39]. 

Moreover, curcumin is a yellow-coloured 

compound isolated from turmeric (Curcuma 

longa), a spice widely used in Asian countries 

[40]. Curcumin consists of two phenolic rings, 

each containing methoxy ether at the ortho 

position and joined at the para position by an 

aliphatic unsaturated heptene linker. Numerous 

scientific studies conducted over the last 30-40 

years have emphasized its anti-inflammatory and 

anti-cancer effects [41]. Studies have indicated 

that curcumin promotes the breakdown of iNOS 

in murine macrophage-like RAW 264.7 cells 

when subjected to LPS stimulation. The 

mechanism behind this involves ubiquitination 

and dependence on the proteasome for 

degradation [42]. Furthermore, curcumin has 

been shown to decrease iNOS tyrosine 

phosphorylation by inhibiting the activation of 

ERK 1/2, subsequently leading to the 

suppression of iNOS enzyme activity [42]. 

Furthermore, hydroxytyrosol, an active 

ingredient found in olive (Olea europaea L.) 

leaves, has been observed to inhibit 

proinflammatory agents, such as iNOS, COX-2, 

and TNF-α, in human monocytic THP-1 cells 

under in vitro conditions [43]. In a separate 

investigation, hydroxytyrosol was identified as a 

regulator of iNOS and COX-2 gene expression, 

displaying anti-inflammatory effects by inhibiting 

NF-κB, STAT-1α, and IRF-1 activation, as well as 

reducing oxidative damage [44]. Another 

noteworthy compound exhibiting anti- 
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inflammatory properties is 6-gingerol, which was 

administered intraperitoneally to Wistar Albino 

rats at a dosage of 4 mg/kg. In this particular 

study, mRNA levels of COX-2, iNOS, and mPGES-1 

enzymes were quantified using RT-PCR (real-

time polymerase chain reaction). As a result, 

iNOS enzyme activity decreased in both liver and 

kidney tissues in the 6-gingerol-treated groups 

[45]. 

  

Table 2: Pharmacokinetic predictions of tested ligands 

Maximum Tolerable Dose 

 (log mg/kg/day) 

Acute Oral Toxicity Gastrointestinal 

absorption (%) 

Ligands 

0.435 2.480 99.945 Quercetin 

0.332 2.524 95.830 6-Gingerol 

1.120 2.020 90.930 Resveratrol 

0.85 1.730 90.385 Hydroxytyrosol 

 

Table 3: Drug likeness and compatibility of tested ligands 

Veber Rule Ghose Rule Lipinski’s Rule of Five Ligands 

Yes Yes Yes Quercetin 

Yes Yes Yes 6-Gingerol 

Yes Yes Yes Resveratrol 

Yes Yes Yes Hydroxytyrosol 

 

Conclusion  

To sum up, this in silico study delving into the 

inhibitory potential of selected phenolic 

compounds on iNOS presents promising insights 

into the realm of drug discovery for inflammatory 

conditions. The molecular docking simulations 

revealed that quercetin, 6-gingerol, resveratrol, 

and hydroxytyrosol all exhibited inhibitory 

effects on iNOS, with quercetin demonstrating the 

most potent inhibitory activity, as evidenced by 

its lower binding energy. The detailed analysis of 

molecular interactions provided by the docking 

studies, including hydrogen bonding and specific 

amino acid residues involved, adds granularity to 

our understanding of how these bioactive 

compounds interact with the iNOS enzyme. 

Quercetin, for instance, not only displayed a 

strong binding affinity, but also formed six 

hydrogen bonds with crucial amino acids, 

suggesting a robust inhibitory potential. 

Moreover, the drug similarity predictions and 

adherence to established drug-likeness rules 

further support the potential utility of these 

compounds in therapeutic applications. The 

favorable pharmacokinetic profiles, including 

high gastrointestinal absorption percentages and 

compliance with Lipinski, Ghose, and Veber rules, 

contribute to the overall drug-like characteristics 

of the studied ligands. While the results from this 

computational exploration are promising, it is 

essential to acknowledge the preliminary nature 

of in silico studies. Further experimental 

validations and clinical investigations are 

warranted to corroborate the inhibitory effects 

observed in silico. In addition, exploring the 

potential synergistic effects of these phenolic 

compounds and their broader impact on cellular 

pathways associated with inflammation could be 

avenues for future research. In summary, the 

findings suggest that quercetin, 6-gingerol, 

resveratrol, and hydroxytyrosol hold promise as 

iNOS inhibitors and warrant further exploration 

in experimental and clinical settings. This study 

contributes valuable information to the ongoing 

efforts in identifying novel therapeutic agents for 

conditions associated with iNOS dysregulation, 

opening avenues for future research in the 

dynamic field of molecular pharmacology. 
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