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Abstract: 
Objective: NADPH oxidase (NOX) is known to produce reactive oxygen species (ROS) at physiological concentrations.  
However, it can be over-activated with some disease conditions and produces excess ROS. Several molecules have 
shown an ability to suppress the enzyme’s over-activity, although some weaknesses have been found. Hence, the 
attempt to screen phytochemicals, with the aim of finding the most specific and effective NOX inhibitor.
Material and Methods: The study was carried-out via an in-silico approach. First, phytochemicals with antioxidant 
activity, according to the literature review, were selected and downloaded from the PubChem database in SDF files. NOX 
with PDB: 2CDU was downloaded from the protein databank. Drug-likeness properties and biological activities were 
predicted using ADMETMESH and the Predict Activity Spectra of Substances (PASS) software. Phytochemical-NOX 
interactions were performed via molecular docking, whereas, docked conformations and bond residue amino acids were 
analyzed using Protein-plus software.
Results: The result of this study predicted 13 phytochemicals with drug-likeness properties, out of which 9 showed 
NOX-inhibitory activity. Docking results predicted all of the 9 phytochemicals were capable of interacting with NOX, by 
binding to at least one amino acid. The reference inhibitor (Apocynin, -8.3 kcal/mol) and some phytochemicals (caffeic, 
eriodictyol, hesperetin, and morin with ∆G -6.1 to -7.7 kcal/mol) were predicted to have bonded to Ser115, via hydrogen 
bonding. On the other hand, epicatechin gallate and quercetin with ∆G −8.7 and −8.1 kcal/mol did not bind to Ser115, 
but rather through other amino acids.
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Conclusion: This study has led to the prediction of phytochemicals with NOX-inhibitory effects, which could be considered 

for further study.
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	 NOX-derived ROS has also been found to propagate 

several pathological conditions; such as; cancer, lung 

fibrosis, stroke, heart failure, diabetes and neurodegenerative 

diseases.5 For instance, ROS produced by NOX (NOX 

subtype 1, 2 & 4) in tumor cells was reported to have 

promoted the proliferation of the cells through regulation of 

proliferative signaling kinases; such as cell survival factors.6  

Induction of endothelial cell proliferation was also found 

to be caused by ROS influence on angiogenesis through 

the release and actions of tumor-derived growth factors.7 

In addition, T-cell auto-reactivity was ascertained as a 

consequence of ROS cell proliferation on the immune cells.8 

Heart ischemic stroke was found to be induced by NOX
2
 

and NOX
4
-derived ROS.9

	 NOX activity is reported to be over-activated in 

some disease conditions. For instance, it was found that 

NOX
2
 expression was increased in diabetic rats.9 High blood 

glucose levels in diabetes are reported to over-activate 

NOX by stimulating diacylglycerol formation, a physiological 

activator of protein kinase C, which in turn phosphorylated 

NOX. COVID-19 was found also to increase ROS 

generation, via a similar scenario of NOX over-activation. 

It was reported that once SARS-CoV-2 intrudes upon a 

cell it alters the glycolytic pathway in favor of glucose-6-

phosphate production: an intermediate of the glycolytic 

pathway that is used in the pentose phosphate pathway for 

the production of ribose-5-phosphate and NADPH. NOX 

is over-activated by the high amount of NADPH; thereby 

producing ROS.10,11 

	 Inhibition of NOX have been suggested as part 

of the best targets, in order to control oxidative stress in 

Introduction
	 NADPH oxidase (NOX) is an enzyme complex found 

in several cells within different organs. It is composed 

of several sub-units; namely, p22phox, and NOX2 

(membrane-associated); p47phox; p67phox; p40phox; and 

activation of the small GTPase Rac (cytosolic units). The 

NOX family can be expressed in vasculature terms as: 

NOX
1-5

. The enzyme is known to have sole responsibility 

for reactive oxygen species (ROS) production.1 It uses 

NADPH produced from the pentose phosphate pathway 

as an electron donor for the production of ROS. 

	 ROS production has also been reported within 

several other enzymes like cytochrome P450 oxidases, 

lipoxygenases, monoamino oxidases, uncoupled nitric oxide 

synthase, xanthine oxidase, and the mitochondrial electron 

transport chain.2 These enzymes switch into ROS production 

only if they have been altered by oxygen radicals.2 High 

levels of ROS; such as superoxide (O
2-
) and hydrogen 

peroxide (H
2
O

2
) in the cells have been known to create 

havoc on the cells via different biochemical processes; 

such as. oxidation and nitration of biomolecules like lipids, 

nucleic acids, and proteins.3 ROS is also known to wreck 

havoc by stimulating cell signaling pathways, which in turn 

modulate factors like growth and transcriptional factors. This 

leads to the regulation of cell proliferation, differentiation, 

and finally apoptosis.3 However, reports have indicated that 

ROS at physiological concentrations plays a significant role 

by facilitating the signal transduction obtained from receptor 

tyrosine kinases and transcriptional factors; such as NF-

E2-related factor-2 (Nrf-2). This results in the expression 

of genes for antioxidant molecules.4 
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diseases that are associated to it.12 Several drugs; such 

as, metformin, rapamycin, statin etc13-15, as well as some 

chemical compounds (rutin, triptolides, spironolactone etc16-18) 

were reported to act in part by inhibiting NOX activity. 

Reports have indicated that several numbers of molecules 

have been, and are still being used as, direct NOX 

inhibitors. Although, it has been indicated that many of these 

inhibitors are unspecific in their inhibition of NOX activity.19 

For instance, diphenylene iodonium (DPI) and apocynin, 

the most common and frequently used NOX- inhibitors, 

have been proved to be unspecific. DPI was found to 

inhibit xanthine oxidase, and proteins of the mitochondrial 

electron transport chain, apart from NOX, while Apocynin 

inhibits rho kinases.20 In sum, most of the currently used 

NOX-inhibitors have been found to have several challenges, 

like weaknesses among others. This has triggered the 

scientific community to undertake research for more potent 

as well as more specific compounds that could inhibit 

NOX.

	 Evaluation of phytochemicals, via in silico methods, 

is widely utilized by many researchers as both an alternative 

and reliable approach compared to the conventional 

method that demand a lot of time, is not cost-effective, 

and is a long process. Several in silico studies have led 

to the prediction of novel phytochemicals having robust 

pharmacological activities. One of these includes a study 

conducted by Mazumdar et al.21; wherein, Gedunin, a 

tetranortriterpenoid compound isolated from Azadirachta 

indica, was reported to have suppressed ROS production by 

influencing NOX activity. The study predicted that, Gedunin 

disrupted the enzyme stability leading to its retardation. In 

another development, α-bisabolol and 5-methyl-1,2,3,4-

tetrathiane, phyto-constituent from Garlic oil was reported 

to retard NOX activity.22 These two volatile components 

were found to have in part exerted their antioxidant activity 

by inhibiting NOX.22   In the silico study by Santos et al.23  it 

was found that the caffeic acid-phtalimide hybrid compound 

was able to effectively inhibit NOX. Also, a study to develop 

a novel candidate as NOX inhibitor for hypertension 

treatment, by Laksono et al.24, has led to the discovery of a 

compound known as: morindone, among several Indonesian 

phytochemicals as an effective NOX- inhibitor.

	 Since inhibition of NOX via natural products is one 

novel strategy to impede diseases that are associated with 

ROS escalation different scientific communities have geared 

toward it.10 This is because, phytochemicals are presumed to 

be the leading candidate in the search for potent and more 

specific agents that could inhibit NOX without influencing the 

physiological redox reaction. Hence, this study attempted 

to screen phytochemicals with the aim of finding the most 

specific and effective NOX-inhibitor.

Material and Methods
	 This study deployed in silico methods, which were 

carried out in different stages; as described below.

	 Selection of phytochemicals with antioxidant 

activity

	 Phytochemicals with antioxidant or free radical 

scavenging activity, according to the literature, were selected 

for this study. This was conducted by searching through 

scientific articles using the key terms: phytochemicals, 

antioxidant, free radical scavengers, and anti-radicals 

activity. The chemical structures of the phytochemicals were 

obtained from the PubChem database (https://www.ncbi.

nlm.nih.gov/pccompound), and were downloaded in the 

SDF files. The chemical structure of the reference inhibitor 

(Apocynin) was likewise searched and downloaded in a 

similar manner from the PubChem database. Chemical 

details; such as canonical SMILES and PubChem chemical 

identification numbers (CID) for each phytochemical were 

obtained and recorded.
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 	 Drug-likeness and activities analysis 

	 The prediction of phytochemicals drug-likeness 
properties was performed using an ADMETMESH online 
server from https://admetmesh.scbdd.com. Drug-likeness 
properties for each phytochemical were predicted following 
four drug rules, by observing each of the drug rule criteria. 
The drug rules involved here in this prediction study are: 
Lipinski rule of five, Pfizer rule, GSK rule and Golden triangle 
rule. The respective criteria for each are as follows: Lipinski 
rule of 5; the criteria is that, a compound molecular weight 
(MW) should be less than or equal to (≤) 500 Daltons 
(Da), logP (Log of the octanol/water partition coefficient) 
to be equal or less than 5, hydrogen acceptor should be 

≤10; hydrogen donor should be ≤5. If two properties are 

out of range there is a possibility of poor absorption or 

permeability; however, one is acceptable. 

	 For Pfizer rule; the logP should be greater than (>) 

3; the TPSA (Topological Polar Surface Area) should be 

less than (<) 75. Compounds with a high log P (that is >3) 

and low TPSA (that is <75) are not accepted and likely to 

be toxic.  For GSk rule; MW ≤400; logP £ 4n. Compounds 

that satisfies the GSK rule may have a more favorable 

ADMET profile. For the Golden triangle; MW should be 

200 ≤ MW ≥50, logD (logP at physiological pH 7.4) should 

be -2 ≥ logD ≤5n. Compounds that satisfy the Golden 
Triangle rule may have a more favorable ADMET profile. 

Only phytochemicals that were able to satisfy at least one 

of the drug rules and predicted as a NOX-inhibitor were 
selected for docking stimulation.
	 The biological activities; such as, antioxidant, free 

radical scavenging and NOX inhibition by phytochemicals 

were carried out using the Predict Activity Spectra of 
Substances (PASS) (http://www.way2drug.com/passonline/
predict.php).

	 Selection of receptor and preparation 

	 Under this stage, a water-forming NOX from 
Lactobacillus sanfranciscensis, with 452 residues, and 

PDB ID: 2CDU was downloaded in PDB format from the 
protein databank (http://www.rcsb.org/), and its structure 
was cross-checked in the 3D structure for optimized 
conformation. The choice for the use of this NOX enzyme 
from Lactobacillus sanfranciscensis was born out of the 
literature reports; in that, it gives the best protein-ligand 
binding geometries that play a key role in generating ROS; 
particularly superoxide anion, which is the precursor of 
most other ROS, and contains diverse amino acids in its 
catalytic site.25-28 The enzyme structure was prepared by 
deleting water molecules and adding polar hydrogen as well 
as various charges using AutoDock Tool: as performed by 
Morris et al.29 

	 Molecular docking

	 The phytochemical that satisfied at least one of the 

drug rules and predicted as a NOX-inhibitor was selected 

for the molecular docking exercise, so as to evaluate their 

binding interaction into the active pocket of the NOX: as 

performed by Trott and Olson30 and Laksono et al.31 The 

enzyme’s grid box coordinate used for the docking was 

1.687x, 9.885y and 54.962z; as determined by Costa et al.32 

The docked conformations and the configuration of the 

binding pocket residue amino acids for the target proteins 

were analyzed using Protein-Plus online software at https://
proteins.plus/

Results
	 Antioxidant phytochemical compounds 

	 A total of 22 phytochemicals with antioxidant and 
free radical scavenging activities were obtained from 

the literature, and identified from the chemical database 

(PubChem database). The list of the phytochemicals; 
including, the reference inhibitor, their chemical details; i.e.,  
Pubchem CID number, and Canonical SMILE are presented 

in Table 1. 
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Table 1	 Chemical properties of phytochemical compounds with proven antioxidant activities and reference inhibitor 

	 (Apocynin) from chemical databank

S/No. Phytochemicals Classification Canonical SMILES CID

1 Allicin Organosulfur C=CCSS(=O)CC=C  65036 
2 Apocynin Reference inhibitor C1C(C(OC2=C1C(=CC3=C2C(CC(=O)O3)C4=CC(=C(C=C4)O)O)O)

C5=CC(=C(C(=C5)O)O)O)O
9804654

3 Caffeic acid Phenolic acids C1=CC(=C(C=C1C=CC(=O)O)O)O 689043 
4 Catechin Flavanols C1C(C(OC2=CC(=CC(=C21)O)O)C3=CC(=C(C=C3)O)O)O 9064
5 Chlorogenic acid -- C1C(C(C(CC1(C(=O)O)O)OC(=O)C=CC2=CC(=C(C=C2)O)O)O)O 1794427 
6 Crocin Carotenoids CC(=CC=CC=C(C)C=CC=C(C)C(=O)OC1C(C(C(C(O1)

COC2C(C(C(C(O2)CO)O)O)O)O)O)O)C=CC=C(C)C(=O)
OC3C(C(C(C(O3COC4C(C(C(C (O4)CO)O)O)O)O)O)O

5281233

7 Curcumin -- COC1=C(C=CC(=C1)C=CC(=O)CC(=O)C=CC2=CC(=C(C=C2)O)
OC)O

969516

8 Epicatechin Isoflavonoids C1C(C(OC2=CC(=CC(=C21)O)O)C3=CC(=C(C=C3)O)O)O 72276
9 Epicatechin gallate -- C1C(C(OC2=CC(=CC(=C21)O)O)C3=CC(=C(C=C3)O)O)OC(=O)

C4=CC(=C(C(=C4)O)O)O
107905

10 Eriodictyol Flavanones C1C(OC2=CC(=CC(=C2C1=O)O)O)C3=CC(=C(C=C3)O)O 440735
11 Ferulic Acid -- COC1=C(C=CC(=C1)C=CC(=O)O)O 445858
12 Genistein -- C1=CC(=CC=C1C2=COC3=CC(=CC(=C3C2=O)O)O)O  5280961
13 Hesperetin -- COC1=C(C=C(C=C1)C2CC(=O)C3=C(C=C(C=C3O2)O)O)O 72281
14 Lutein -- CC1=C(C(CC(C1)O)(C)C)C=CC(=CC=CC(=CC=CC=C(C)

C=CC=C(C)C=CC2C(=CC(CC2(C)C)O)C)C)C
5281243

15 Luteolin Flavones C1=CC(=C(C=C1C2=CC(=O)C3=C(C=C(C=C3O2)O)O)O)O 5280445  
16 Lycopene -- CC(=CCCC(=CC=CC(=CC=CC(=CC=CC=C(C)C=CC=C(C)

C=CC=C(C)CCC=C(C)C)C)C)C)C
446925

17 Morin Flavonols C1=CC(=C(C=C1O)O)C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O 5281670
18 Naringenin -- C1C(OC2=CC(=CC(=C2C1=O)O)O)C3=CC=C(C=C3)O 932
19 Phloretin Flavonoids C1=CC(=CC=C1CCC(=O)C2=C(C=C(C=C2O)O)O)O 4788
20 Quercetin -- C1=CC(=C(C=C1C2=C(C(=O)C3=C(C=C(C=C3O2)O)O)O)O)O 5280343
21 Resveratrol -- C1=CC(=CC=C1C=CC2=CC(=CC(=C2)O)O)O 445154
22 Tetrahydroxystilbene

glucoside
Stilbenes C1=CC(=CC=C1C=CC2=C(C(=CC(=C2)O)O)OC3C(C(C(C(O3)CO)

O)O)O)O
5321884

23 Zeaxanthin -- CC1=C(C(CC(C1)O)(C)C)C=CC(=CC=CC(=CC=CC=C(C)
C=CC=C(C)C=CC2=C(CC(CC2(C)C)O)C)C)C

5280899

Source of antioxidant phytochemicals: Zhang et al.33

SMILES=simplified molecular-input line-entry system, CID=chemical identification numbers

	 Drug likeness 

	 The results of the drug-likeness analysis for the 

phytochemicals is presented in Table 2. The following were 

observed by the study; about three of the phytochemicals 

failed all the four drug rules test, one of the compounds 

passed only one out of the four drug rules test, five  

phytochemicals and the reference inhibitor (Apocynin) 

passed at least two or three out of the four drug rules 

test, while thirteen passed all  four drug rules testing. The 

phytochemicals that passed all  four drug rules testing 

were:  catechin, chlorogenic acid, curcumin, epicatechin, 

eriodictyol, genistein, hesperetin, luteolin, morin, naringenin, 

phloretin, quercetin and resveratrol; whereas, lutein, 

lycopene and zeaxanthin all failed all the drug rules test.
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Table 2 Predicted drug likeness for reference inhibitor (Apocynin) and phytochemicals candidate by drug rules predictor

S/No. Phytochemicals Classification Lipinski Rule  Pfizer Rule  GSK Rule  Golden Triangle  Remark

1 Allicin Organosulfur Accepted Accepted Accepted Rejected Fair
2 Apocynin Reference inhibitor Accepted Accepted Rejected Accepted Fair
3 Caffeic acid Phenolic acids Accepted Accepted Accepted Rejected Fair
4 Catechin Flavanols Accepted Accepted Accepted Accepted Good
5 Chlorogenic acid -- Accepted Accepted Accepted Accepted Good
6 Crocin Carotenoids Rejected Accepted Rejected Rejected Poor
7 Curcumin -- Accepted Accepted Accepted Accepted Good
8 Epicatechin Isoflavonoids Accepted Accepted Accepted Accepted Good
9 Epicatechin gallate -- Accepted Accepted Rejected Accepted Fair
10 Eriodictyol Flavanones Accepted Accepted Accepted Accepted Good
11 Ferulic acid -- Accepted Accepted Accepted Rejected Fair
12 Genistein -- Accepted Accepted Accepted Accepted Good
13 Hesperetin -- Accepted Accepted Accepted Accepted Good
14 Lutein -- Rejected Rejected Rejected Rejected Bad
15 Luteolin Flavones Accepted Accepted Accepted Accepted Good
16 Lycopene -- Rejected Rejected Rejected Rejected Bad
17 Morin Flavonols Accepted Accepted Accepted Accepted Good
18 Naringenin -- Accepted Accepted Accepted Accepted Good
19 Phloretin Flavonoids Accepted Accepted Accepted Accepted Good
20 Quercetin -- Accepted Accepted Accepted Accepted Good
21 Resveratrol -- Accepted Accepted Accepted Accepted Good
22 Tetrahydroxystilbene

glucoside
Stilbenes Accepted Accepted Rejected Accepted Fair

23 Zeaxanthin -- Rejected Rejected Rejected Rejected Bad

Keynote:  
   Bad: signifies compound fail all of the four drug rule test 
   Good: signifies compound pass all of the four drug rule test 
   Fair: signifies compound pass at least two or three out of the four drug rule test
   Poor: signifies compound pass only one out of the four drug rule test

	 Biological activities

	 About 19 phytochemicals that were predicted as 

NOX-inhibitors, antioxidant and free radical scavengers 

following the satisfaction of the drug rules test is shown in 

Table 3. All the 19 phytochemicals, including the reference 

inhibitor (Apocynin), were predicted to exhibit antioxidant 

activities; out of which 17 phytochemicals and the reference 

inhibitor displayed free radical scavenging activity. The 

probability for the phytochemicals to exert antioxidant activity 

is in the range of 0.318-0.872; whereas the probability of 

not being able to exhibit antioxidant is between 0.003-0.020, 

respectively, with quercetin having the highest  probability 

(0.872) for exerting antioxidant effect. In contrast, allicin had 

the least; with a probability at 0.318; additionally, it was the  

highest for probability of not being able to exert antioxidant 

activity.

	 The results for the probability of free radicals 

scavenging effect of the phytochemicals is in the range 

of 0.375-0.939, with epicatechin gallate being the highest 

for free radical scavenging; with probability at 0.939. The 

compound, phloretin is less for free radical scavenging; 

concernig probability value (0.375), but highest (0.020) for 

not being able to scavenge free radicals.  The results for 

the phytochemicals to act as inhibitors of NOX showed 9 

out of the 19 phytochemicals were analyzed and had a 

reference inhibitor (Apocynin). The predicted probability 
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values for molecules to act as NOX-inhibitor showed 0.634 

for the reference inhibitor, and for the phytochemicals this 

was in the ranges of 0.151-0.928. Quercetin had the highest 

probability value of 0.928; while curcumin is the least with 

0.151 probability for NOX-inhibition.

	 Molecular docking

	 The illustration of the molecular docking is presented 

in Figure 1 and 2. Figure 1 presents molecular interactions 

of phytochemicals and the reference inhibitor, which 

interacted via a common amino acid of the enzyme. Figure 

2 presents the interaction of the phytochemicals with 

enzyme via multiple amino acids. The reference inhibitor, 

Apocynin showed good binding energy, at -8.3 Kcal/mol, 

and interacts through hydrogen bond formation with Ser115A 

and Thr9A residues of amino acids. The phytochemicals 

also display good binding energies in the ranges from -6.1 

to -8.7 Kcal/mol, and interacts with varied amino acids in 

the catalytic site of the enzyme. The residue amino acid 

(Ser115A) was found to have been involved in the interaction 

of the reference inhibitor as well as the phytochemicals: 

caffeic, eriodictyol, hesperetin, and morin with the enzyme 

through polar hydrogen bond formations: as shown in 

Figure 3. On the other hand, curcumin, epicatechin gallate, 

genistein, quercetin and resveratrol were found to have 

interacted with different catalytic site amino acids: Asp179B, 

Asp246B, Asp282A, Cys242B, Gly158B, Gly180B, Phe245B, 

Thr118B, Tyr296A, Val214B via hydrogen bond formation: 

as presented in Figure 4. 

Table 3 Predicted antioxidant activities of the reference inhibitor (Apocynin) and phytochemical candidates

S/No. Phytochemicals Classification Antioxidant  Free radical 
scavenger

NADPH oxidase 
inhibitor

1 Allicin Organosulfur 0,318; 0,020 NA NIN
2 Apocynin Reference inhibitor 0,626; 0,004 0,742; 0,003 0,634; 0,003
3 Caffeic acid Phenolic acids 0,603; 0,005 0,647; 0,005 0,171; 0,034
4 Catechin Flavanols 0,810; 0,003 NA NIN
5 Chlorogenic acid       II  0,785; 0,004 0,856; 0,002 NIN
6 Crocin Carotenoids 0,513 0,006 0,663 0,004 NIN
7 Curcumin       II          0,610; 0,004 0,766; 0,003 0,151; 0,045
8 Epicatechin Isoflavonoids 0,810; 0,003 0,842; 0,002 NIN
9 Epicatechin gallate       II          0,786; 0,004 0,939; 0,001 0,191; 0,027
10 Eriodictyol Flavanones 0,817; 0,003 0,809; 0,003 0,292; 0,012
11 Ferulic acid       II         0,540; 0,005 0,731; 0,004 NIN
12 Genistein       II          0,765; 0,004 0,458; 0,013 0,470; 0,004
13 Hesperetin       II          0,746; 0,004 0,878; 0,002 0,337; 0,008
14 Luteolin Flavones 0,775; 0,004 0,755; 0,003 NIN
15 Morin Flavonols 0,850; 0,003 0,759; 0,003 0,890; 0,002
16 Naringenin       II          0,794; 0,003 0,769; 0,003 NIN
17 Phloretin Flavonoids 0,434; 0,010 0,375; 0,020 NIN
18 Quercetin        II          0,872; 0,003 0,811; 0,003 0,928; 0,002
19 Resveratrol       II          0,546; 0,005 0,572; 0,007 0,296; 0,011
20 Tetrahydroxystilbene glucoside Stilbenes 0,768; 0,004 0,914; 0,002 NIN

Keynote: Values in the green column indicate Pa (probability to be able to exert activity), while those in the red column indicate Pi (Probability 
of being unable to exert activity) 
NADPH = Nicotinamide adenine dinucleotide phosphate (reduced), NA=no activity found, NIN=not an inhibitor of NADPH oxidase, and II 
sign indicates the same as the above
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Figure 1	Illustrations of phytochemicals docked with NADPH oxidase (PDB: 2CDU) involving the same catalytic amino 

	 acids with the reference inhibitor (Apocynin)
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Figure 2 Illustrations of phytochemicals docked with NADPH oxidase (PDB: 2CDU) via different catalytic amino acids 

	 from the reference inhibitor (Apocynin)
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Figure 3 Illustrations of phytochemicals interaction with NADPH oxidase (PDB: 2CDU) involving the same catalytic 	

	 amino acids with the reference inhibitor (Apocynin)
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Figure 4 Illustrations of phytochemicals interaction with NADPH oxidase (PDB: 2CDU) via different catalytic amino 

	 acids from the reference inhibitor (Apocynin)

	 The results for the binding energies and the residue 

amino acids that were involved in the interactions between 

ligands and the receptor are presented in Table 4. The 

phytochemicals that display the lowest binding energies 

are epicatechin gallate and quercetin, with −8.7 and −8.1 

kcal/mol, respectively, as against -8.3 kcal/mol by the 

reference inhibitor. These two phytochemicals were found 

to interact with residue amino acids’ such as: Asp179B, 

Asp246B, Cys242B, Gly158B, Gly180B, Phe245B, Thr118B, 

and Val214B. The phytochemicals with the least binding 

energy is caffeic acid, with -6.1 kcal/mol and this interacted 

with Ser41A and Ser115A amino acids.
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Discussion
	 According to the literature, NOX is an enzyme with 

the sole function of producing reactive oxygen species at 

physiological concentrations.1 Additionally, its activity may 

be over-activated in some disease conditions; such as 

diabetes, cancer and COVID-19.9,10 Several molecules 

have shown the ability to suppress the enzyme’s over-

activity, leading to the decrease in the excess ROS 

production; however, they are found to be unspecific in their 

inhibition.19,20 Hence, the attempt to screen phytochemicals 

in this present study with the aim of finding the most specific 

and effective NOX-inhibitor. Of all the phytochemicals 

screened; caffeic, eriodictyol, hesperetin, and morin, are 

the only compounds that were predicted to have bonded 

to a common amino acid (Ser115), which was the same as 

the reference inhibitor (Apocynin) with ∆G -6.1 to -7.7, as 

against -8.3 kcal/mol displayed by Apocynin. On the other 

hand, phytochemicals; such as, epicatechin gallate and 

quercetin with ∆G −8.7 and −8.1kcal/mol did not bind to 

Ser115 but were predicted to have bonded to other amino 

acids in the catalytic site of the enzyme. By applying these 

tools, we are able to attest to the fact that NOX activity can 

be effectively inhibited by phytochemicals, and that novel 

agents that are more specific and effective in their inhibition 

can be ascertained.

	 Drug-likeness prediction has been a wonderful tool 

for early-stage discovery of drugs. For phytochemicals to 

be considered fit for drugs, they must not violate the drug 

rules filter. For instance; the Lipinski rule of five establishes 

that a drug may not have a MW greater than 500Da, a 

ratio for Log of the octanol and water partition coefficient 

(LogP) less than or equal to five, a hydrogen acceptor of 

less than or equal to ten, and a hydrogen donor less than 

or equal to five. According to Lipinski34, a compound may 

demonstrate drug-likeness properties as long as it does 

not break two or more parameters. The phytochemicals 

that fail the Lipinski rule filter, as analyzed by the present 

study, are an indication that they might have broken at 

least two or more of the parameters. For the Pfizer rule, it 

is established that the logP value should be greater than 3 

and the Topological Polar Surface Area (TPSA) is less than 

75. Phytochemicals that were not accepted by the Pfizer 

rule in this study may either have their logP as less than 

three, have low TPSA; or both. Such compounds are likely 

Table 4 Predicted residue amino acids and binding energy of NADPH oxidase enzyme with antioxidant phytochemicals 

S/No. Phytochemicals Classification Binding energies  
(kcal/mol)

Ligand-amino acid interaction  

1 Apocynin Reference inhibitor -8.3 Ser115A, Thr9A
2 Caffeic acid Phenolic acids -6.1 Ser41A, Ser115A
3 Curcumin --- -7.7 Tyr296A
4 Epicatechin gallate Isoflavonoids -8.7 Asp179B, Asp246B, Cys242B, Gly158B, Gly180B, 

Phe245B, Thr118B, Val214B
5 Eriodictyol Flavanones -7.4 Ser115A
6 Genistein --- -7.7 Ser41A
7 Hesperetin --- -7.7 Ser115A
8 Morin Flavonols -7.6 Lys134A, Ser115A
9 Quercetin --- -8.1 Asp179B, Cys242B, Gly158B, Val214B
10 Resveratrol --- -7.0 Asp282A

Keynote: the letter ‘NA’ signifies not available and the dotted (---) line means the same as the above
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to be toxic. The GSk rule states that, for a compound to be 

considered accepted, its MW should be less than or equal 

to 400Da, and it should have a more favorable ADMET 

profile. The phytochemicals that were accepted by the GSK 

rule showed that they possess the required qualities. Those 

that have scaled the Golden triangle rule, showed that they 

have their an MW greater than or equal to 50,  less than 

or equal to 200Da, a logP at physiological pH 7.4 between 

-2 to 5n, and a more favorable ADMET profile.35 

	 NOX inhibition strategy is one of the most promising 

therapeutic target areas to minimize excess ROS produced in 

diseases associated with oxidative stress12. Phytochemicals 

seem to be the leading candidate, as they have the ability to 

inhibit NOX as part of their antioxidant activity. Identification 

of molecules that are more specific, selective, and effective 

NOX-inhibitors, with little or no influence on the physiological 

redox reaction, has been emphasized.2 The analysis of the 

free radical scavenging ability of different phytochemicals 

in this study was a step targeted in the identification 

of their effectiveness. According to the literature, most 

phytochemicals that are capable of inhibiting NOX activity 

possess free radical scavenging properties.36,37 Hence, the 

choice for selection of phytochemicals with antioxidant and 

free radical scavenging activities by this study. In addition, 

the ability of phytochemicals to act as NOX-inhibitors, as 

predicted by the bioactivity analysis, further aids in the 

selection of phytochemicals for docking stimulation.

	 The analysis of our results have predicted strong 

intermolecular interactions through hydrogen bonding 

between the phytochemicals (ligand) and the receptor 

(NOX), with binding energies from -6.1 to -8.7 kcal/mol. 

Other in silico studies, performed with this same NOX from 

Lactobacillus sanfranciscensis, have shown similar binding 

energies; ranging from -6.3 to-10.62 kcal/mol.22,32,38 The 

binding of epicatechin gallate with amino acids: Asp179, 

Asp246, Cys242, Gly158, Gly180, Phe245, Thr118,Val214 

and quercetin (-8.1 kcal/mol) with Asp179, Cys242, Gly158, 

Val214; other than the common Ser115 or Thr9 which was 

bonded by the reference inhibitor (Apocynin) as well as 

other phytochemicals like caffeic, eriodictyol, hesperetin, 

and morin, may be seen as a contradiction. 

	 The amino acids; Asp179, Gly158, Gly180 and Val214 

involved in the bonding formation of epicatechin gallate 

and quercetin with the NOX enzyme from Lactobacillus 

sanfranciscensis has been predicted by other similar studies. 

For instance, an in silico study by da Silva-Pantoja et al.28, 

predicted that quercetin interacted with these amino acids; 

Asp 179, Gly158, Gly 180, and Val 214 with binding energy 

-8.3kcal/mol. In another similar study by da-Costa 

et al.32, two caffeine analogies: ZINC08706191 (-7.8 kcal/

mol) and ZINC08992920 (-7.5 kcal/mol), and a reference 

inhibitor (dextromethorphan -9.8 kcal/mol) were found 

to have interacted with Asp179 and Val214. In the same 

vein, catechins; including epicatechin gallate, was reported 

to have formed a hydrogen bond with Asp179 and/or 

Val214, much the same as NOX with PDB ID:2CDU, 36

	 According to a literature review, different molecular 

structures seem to interact differently with the amino 

acid residue of an enzyme. For instance, in the Herrera-

Calderon et al.22 in silico study, different amino acids shown 

to have been involved in the interactions between three 

compounds of different chemical structures (α bisabolol; 

5-methyl-1,2,3,4-tetrathiane and 4H-1,2,3-trithiine) 

with binding energies (-10.62, -9.33 and -9.05 kcal/

mol, respectively). The α bisabolol interacted with Lys187 

and Tyr188, 5-methyl-1,2,3,4-tetrathiane interacted with 

Cys133, Gly244, while 4H-1,2,3-trithiine was reported to 

have interacted with Cys133 only. A study by Ormachea 

and Ferretti25 has also supported this claim; wherein, 

cinnamaldehyde phenylhydrazone was predicted to have 

interacted with amino acids; Lys187. Try188, Try288, 

Ala295, Try296, Pro298, Ser326, Leu346, Ala349 of NOX 

from Lactobacillus sanfranciscensis. with a binding energy 

of -7.15 kcal/mol. On this note, it could be deduced that 
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NOX from Lactobacillus sanfranciscensis is rich with different 

amino acids within its catalytic binding site, which are 

actively involved in the interaction with different molecules.

	 In line with the above findings, it is tempting to 

say that epicatechin gallate, with the lowest and best ∆G 

-8.7Kcal/mol, may have displayed the most energetically 

and strongest interaction with the NOX enzyme among 

other phytochemicals studied. Its wider interactions with the 

different amino acids; particularly Asp179, Gly158, Gly180 

and Val214 among others, may be due to its structure. This 

is because it fits appropriately into the entire pocket of the 

active site of the enzyme. A previous study, by one of the 

authors, has pointed out that the compound’s structure plays 

a major role in fitting into the active site of an enzyme39 This 

justify its claim to have displayed the most energetically and 

strongest interaction with the enzyme. Farouk et al.38 stated 

that the lower the ∆G the more significant the interaction 

between the receptor and the ligands; thus, the possibility of 

interrupting the enzyme leads to its retardation.39 Hence, to 

the best of our knowledge, this is the first time epicatechin 

gallate and NOX is shown to have interacted via in silico, 

and this has call for further work to ascertain the claimed. 

Conclusion
	 This study concluded that careful and diligence in 

silico studies has led to the prediction of phytochemicals 

with NOX-inhibitory effects. The lowest ∆G and the bindings 

of multiple amino acids by epicatechin gallate may be an 

indication of it being potentiality a specific and effective 

NOX-inhibitor. Hence, the need for further study to probe 

the enzyme’s binding subunit for epicatechin gallate, and 

to corroborate the results of this study. 
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