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lamina, which results in leakage, undermining the integrity of 
the blood-brain barrier and causing an inflow of inflammatory 
cells into the brain, ultimately causing neuronal death (4). 
The blood-brain barrier is vital for controlling homeostasis 
in the central nervous system and protecting neural tissue 
from toxic substances (5). Therefore, its disruption can lead 
to inflammation of the brain, known as vasogenic edema, and 
a hemorrhage. Following ischemic stroke, reactive oxygen 
species (ROS) are produced, leading to further brain damage 
(6). Normally, oxygen-derived free radicals, often known as 
ROS, play roles in immunity and cell signaling; however, in 
excess, they lead to several diseases including ischemic 
stroke (7). Enzymes known as NADPH oxidases, which 
are in the NOX family, are attributed to producing ROS in 
human cells. Along with Rac as a binding partner, NOX2 is 
composed of isoforms and subunits, the former being NOX1-
5, Duox1, and Duox2, and the latter being p22phox, p47phox, 
p67phox, and p40phox (8). As a key element of the electron 
transport chain in cellular respiration, the ROS are produced 
by reducing electrons in oxygen. The family of enzymes was 
first found in the neutrophils and macrophages of the human 
immune system. Now, however, in vivo and in vitro studies 
suggest that NOX1, NOX2, NOX3, and NOX4 are expressed 
throughout the central nervous system, although their 
function with respect to the brain is unknown. Various studies 
have also confirmed that NOX enzymes, along with the ROS 
produced, play a role in brain injury progression following 
ischemic stroke (9). 

In vivo and in vitro studies have determined several 
viable inhibitors of NOX2, which can be incorporated in 
ischemic stroke drug treatment. In this study, four inhibitors 
of the NOX2 isoform were selected including VAS2870, 
GSK2795039, AEBSF, and Apocynin, and their efficacy as 
potential ischemic stroke treatments was assessed. These 
four inhibitors were selected because they were the only 
inhibitors with 3D structures in the PubChem Database. 
NOX2 was the enzyme we focused on due to its high 
expression levels in endothelial cells in the brain (9), as well 
as the fact that its 3D model was the most accessible out of all 
the isoforms. VAS2870 is an artificial inhibitor that inhibits all 
NOX isoforms except NOX3 (10). Studies have demonstrated 
that VAS2870 leads to neuroprotective effects in mice that 
are not displayed in control groups (11). GSK2795039 is 
another artificially constructed inhibitor which competitively 

INTRODUCTION
Ischemic stroke is a disease where a blocked blood vessel 

damages the brain by slowing down or interrupting blood 
flow (1). It accounts for approximately 88% of all strokes, 
and its onset can be influenced by several other diseases 
(2). It develops due to an improper supply of blood to the 
brain, which results in an inability for sufficient metabolism 
to occur, therefore restricting oxygen and glucose supply 
to the brain (3). The lack of sufficient oxygen and glucose 
supply compromises ion gradients, which allows cations to 
build up in the cells and further stimulates proteolytic activity 
causing neuronal apoptosis and the systematic degradation 
of the extracellular matrix (3). This process breaks the basal 
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Ischemic stroke occurs when blood flow to the 
brain is interrupted, causing brain damage. There 
is evidence that reactive oxygen species, ROS, are 
produced by the enzyme family NADPH oxidase (NOX) 
following ischemic stroke, which leads to further 
brain injury. This study investigated the effectiveness 
of different NOX inhibitors as treatments for ischemic 
stroke in silico. The ADMET (absorption, distribution, 
metabolism, excretion, and toxicity) profile of each 
NOX inhibitor was taken, in which four classifications, 
namely applicability domain, human intestinal 
absorption, blood-brain barrier, and human oral 
bioavailability, were observed. The profile was used 
to determine the properties of each inhibitor in order 
to examine the extent to which it will work as a drug 
candidate. Then, AutoDock Vina was used to model 
the docking of the inhibitors: VAS2870, GSK2795039, 
apocynin, and AEBSF to NOX2, an isoform of the 
NOX family. We hypothesized that VAS2870 would 
be the most effective inhibitor in silico due to its 
potency to NOX2, not present in the other inhibitors. 
The binding affinities of each of the inhibitors to 
NOX2 were recorded, and the value was used to 
calculate the Ki value of each inhibitor. VAS2870 and 
apocynin were the most potent NOX2 inhibitors, and 
all four inhibitors had favorable ADMET profiles. 
This study helps corroborate previous in vivo and in 
vitro studies in an in silico format, and can be used 
towards developing drugs to treat ischemic stroke. 
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inhibits NOX2 and reduces ROS production (12). In addition, 
AEBSF can block the binding of the subunits p47phox and 
p67phox as an irreversible inhibitor (11); however, it also is 
an inhibitor of serine proteases, which enzymatically break 
peptide bonds (13). Lastly, apocynin, is an antioxidant, and 
studies demonstrated that prior to ischemic stroke, the 
inhibitor showed neuroprotection and reduced blood-brain 
barrier disruption (11). 

Here, we used ADMET (absorption, distribution, 
metabolism, excretion, and toxicity) to assess the biochemical 
properties of our four aforementioned inhibitors (14). ADMET 
is important when discovering new drugs because an accurate 
prediction of these properties can determine if the drug 
will work as intended (15). Although the ADMET properties 
are considered at the end of the drug testing process, they 
are now accounted for while eliminating potential docking 
molecules in order to improve efficiency and decrease 
associated costs. There are several classification systems 
that are used to assess drug molecules, namely applicability 
domain, human intestinal absorption, blood-brain barrier, and 
human oral bioavailability. The applicability domain considers 
whether the molecule is within the domain of the training set 
for six different properties: molecular weight, alogP, number 
of atoms, number of rings, H-bond acceptors, and H-bond 
donors (16). alogP is an atom-based method for predicting 
logP, which is the logarithm of the ratio of a solute among 
two solvents, also known as the partition coefficient (17). The 
human intestinal absorption classification determines how 
effectively orally administered drugs are absorbed from the 
intestine into the bloodstream (18). The blood-brain barrier 
classification shows how easily molecules can cross through 
the highly selective semipermeable barrier (19). The human 
oral bioavailability classification depicts how much of the 
drug reaches the target area (20). The ADMET properties for 
each molecule are represented with a predicted value and a 
predicted probability to display the drug’s efficacy (19). 

In addition to ADMET properties, we also will utilize 
molecular docking, which is a modeling technique that is 
used for discovering new drugs by determining how well 

one molecule can bind to another molecular structure (21). 
The orientation with which a molecule binds to a target can 
be used to assess its effectiveness (22). There are several 
types of docking, and the more commonly used types 
include protein-ligand docking and protein-protein docking 
(23). Protein-ligand docking can be used to determine how a 
ligand will bind to a protein and whether or not the ligand will 
act as an inhibitor or an activator (24). Protein-protein docking 
is an easier technique because the docking between the two 
proteins can be either flexible or rigid, meaning that precise 
measurement is not necessary (23). Molecular docking can 
be performed via various applications. AutoDock is one type 
of software that simulates an automated docking technique 
(25). The software contains AutoDock Vina, which is a 
program that performs protein-ligand docking by using an 
empirical scoring function and a conformation search based 
on global optimization (26). 

We hypothesized that out of the four inhibitors: VAS2870, 
GSK2795039, AEBSF, and apocynin, VAS2870 would be the 
most effective inhibitor in silico because previous in vivo and 
in vitro studies revealed that it successfully inhibited NOX2, 
while the efficacy of the other inhibitors was not mentioned 
(10). The data from the study showed that VAS2870 and 
apocynin were the most potent NOX2 inhibitors and that all 
four inhibitors had favorable ADMET profiles. These results 
can be used for developing medication for ischemic stroke in 
the future.

RESULTS
The ADMET profiles of the four different inhibitors: 

apocynin, VAS2870, GSK2795039, and AEBSF were 
assessed using admetSAR (16). For each inhibitor, four 
different classifications were observed: the applicability 
domain, human intestinal absorption, blood-brain barrier, 
and human oral bioavailability. All four inhibitors are in the 
applicability domain, meaning that the admetSAR interface 
can use its training set to predict their properties. In terms 
of the human intestinal absorption classification, all four 
inhibitors have a “+” predicted value as well as predicted 

Table 1. ADMET properties of different inhibitors.  

Note: The "+" or "-" represent whether the molecule does or does 
not display the particular property, respectively. The predicted 
probability is depicted by a number between 0 and 1, which shows 
the probability of the molecule acting as indicated by the previously 
mentioned predicted value (19). The "In domain" shows that the 
compound falls into the range established by 99% of the training set.

Table 2. Descriptive statistics of each inhibitor.  

Note: The values represent the binding energies in kcal/mol. The 
table includes means, medians, standard deviations, the number 
of data points used, the standard error of the mean, and inhibitor 
constants.
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probabilities greater than 0.95 (Table 1), meaning that 
they can probably be absorbed from the intestine into the 
bloodstream. Furthermore, all four inhibitors have a “+” 
predicted value and a predicted probability greater than 
0.945 for the blood-brain barrier classification, meaning that 
they can probably pass through the membrane effectively 
(Table 1). Lastly, although all four inhibitors have a “+” 
predicted value (Table 1) for the human oral bioavailability 
classification, their predicted probabilities are low and lie 
between 0.55 and 0.65, except for AEBSF, which has a 
predicted probability of 0.8857. Although the human oral 
bioavailability probabilities of apocynin, VAS2870, and 
GSK2705039 are closer to 0.5 than to 1, overall, all four 
inhibitors have favorable ADMET profiles.

Blind docking analysis using AutoDock Vina was used to 
analyze the efficacy of the four NOX2 inhibitors as potential 
treatments for ischemic stroke. The average binding affinities 
of VAS2870 and apocynin were equal, at -7.2 kcal/mol, while 
that of GSK2795039 and AEBSF were -6.4 kcal/mol and 
-4.5 kcal/mol respectively (Table 2). The negative binding 
affinities of all the inhibitors suggest binding to NOX2 is 
stable. The Ki value for each inhibitor, which was calculated 
for each inhibitor, and the lower the value, the more potent the 
inhibitor (Table 2). The Ki value of 5.2 * 10-6 was the lowest, 
demonstrating that VAS2870 and apocynin are predicted 
to be the most potent inhibitors of NOX2. AEBSF was the 
least potent NOX2 inhibitor, as its Ki value of 5.0 * 10-4 was 
the greatest value. The range of the binding affinity of each 
inhibitor as displayed by standard deviation was relatively 
low, with all of them having values at or close to 0.0 (Table 2). 

Next, we determined the absolute value binding energies 
of each inhibitor by calculating the average binding energy of 
five trials for each inhibitor and taking the absolute value of 
the result (Figure 1). There was little to no variation between 
the absolute values of the binding energies of each inhibitor 
(Figure 1). VAS2870 and apocynin had the same average 
absolute value binding energy, with standard errors of 0. Both 
GSK2795039 and AEBSF had slightly larger standard errors 

of 0.1. The standard errors of GSK2795039 and AEBSF do 
not overlap (Figure 1). Those of VAS2870 and apocynin only 
overlap because the data was the same with no variation.

Lastly, we used a Kruskal-Wallis test to analyze whether 
the differences in the binding affinities of the inhibitors were 
statistically significant or not, as the data was not normally 
distributed. According to the test, there was a statistically 
significant difference in the binding energies of the different 
inhibitors, χ2(3, N = 20) = 18.411, p-value < 0.001. Results from 
the Dunn-Bonferroni post-hoc tests revealed that VAS2870 
and apocynin were significantly different from AEBSF 
(p-value 0.001, adjusted to 0.006), but not GSK2795039 
(0.015, adjusted to 0.090) in terms of binding energies (kcal/
mol). When VAS2870 was compared to apocynin, the p-value 
and Bonferroni-corrected p-value were both 1.000, since the 
averages were the same. The pairwise comparison between 
GSK2795039 and AEBSF resulted in a p-value of 0.391 and 
a Bonferroni-corrected p-value of 1.000.

DISCUSSION	
The purpose of this study was to investigate the 

effectiveness of four NOX2 inhibitors in silico so that they 
may eventually be candidates for drugs against ischemic 
stroke. This was accomplished through downloading 
models of NOX2 and each of the inhibitors and simulating 
how the inhibitors dock to NOX2 using AutoDock Vina. 
ADMET profiles of all the inhibitors were also assessed 
through taking into account the applicability domain, human 
intestinal absorption, blood-brain barrier, and human oral 
bioavailability. Following this, the Ki values for each of the 
inhibitors were calculated to assess the potency of each of 
the inhibitors. Overall, the data supported our hypothesis 
that VAS2870 would be the most potent inhibitor of NOX2, 
but it did not account for the fact that apocynin was equally 
as potent, and that there was no significant difference 
between the binding energies of VAS2870/apocynin and 
GSK2795039. Nevertheless, all the inhibitors were predicted 
to inhibit the NOX2 enzymes, and they all had favorable 
ADMET profiles. 

In silico studies confer many advantages in early-stage 
drug development compared to in vivo and in vitro studies, 
such as speed and the ability to predict a molecule’s 
properties before synthesis (27). Furthermore, they can be 
more representative of human body systems than animal 
models in terms of identifying side effects and determining 
how effective the drugs are (28). However, there may have 
been possible errors in the docking methodology. For 
example, the protein flexibility and molecule conformation 
may not have been accounted for properly by the AutoDock 
Vina program, resulting in inaccurate data. Furthermore, in 
silico docking softwares typically use an algorithm based on 
human properties, whereas in vivo and in vitro use a variety 
of other species. As a result, in silico findings cannot be 
considered as a complete replacement for in vivo and in vitro 
findings. Instead, they are a way to model and predict what 

Figure 1. Average binding energy of each inhibitor. The data 
represents the absolute value of the average binding energies (in 
kcal/mol) +/- 1 standard error. For each average value, 5 trials were 
conducted.
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the docking might look like if it was conducted in vivo or in 
vitro. 

To our knowledge, this is the first in silico study 
investigating the NOX2 enzymatic pathway as a possible 
treatment for ischemic stroke. In vivo and in vitro studies 
have illustrated that inhibiting the NOX2 enzyme led to 
neuroprotective effects following ischemic stroke by reducing 
ROS production (10-12). Although this study could not 
assess the behavior of animal models after this treatment, 
it demonstrates that these pharmacologically important 
inhibitors have the potential to be incorporated in drugs used 
to treat brain injury following ischemic stroke. The study also 
supports the findings of the in vivo and in vitro studies, as all 
of the inhibitors modeled were determined to be potent. 

Further research on the docking of the NOX2 inhibitors in 
vivo and in vitro would be helpful to corroborate the results 
of this study. The additional research would more accurately 
consider protein flexibility and molecule conformation when 
determining the binding affinities of the inhibitors. Other 
compounds could also be tested and verified as inhibitors in 
future studies. For example, recombinant tissue plasminogen 
activator (rtPA), a compound for treating ischemic stroke, 
has a favorable ADMET profile, with a predicted probability 
of 0.902 for human intestinal absorption, 0.984 for passing 
through the blood-brain Barrier, and 0.723 for human oral 
bioavailability (29). Although rtPA has a higher predicted 
probability for passing through the blood-brain Barrier 
than the four inhibitors we observed (VAS2870, apocynin, 
GSK2795039, and AEBSF), the predicted probability of rtPA 
for human intestinal absorption is lower than the probabilities 
predicted for the four inhibitors we observed. In terms of 
human oral bioavailability, rtPA has a higher predicted 
probability than VAS2870, apocynin, and GSK295039, 
but a lower predicted probability than AEBSF.  Moreover, 
it would also show how the docking occurs in different 
species. Although AutoDock Vina was used due to its user-
friendliness, future studies could use additional platforms 
for molecular docking, such as SwissDock and UCSF Dock 
Blaster, to test not only the efficacy of AutoDock Vina, but also 
the consistency of binding scores and docking visualization. 

METHODS 
ADMET
ADMET Profiling: A unique SMILES (Simplified Molecular 
Input Line Entry System) notation, representing different 
molecules, was found for each inhibitor by entering the name 
of the inhibitor in the search tool in the PubChem website. 
The SMILES notation for each inhibitor was entered in the 
search box of the “Predict” tool of the admetSAR web tool. 
Several of the classifications, particularly the applicability 
domain, human intestinal absorption, blood-brain barrier, 
and human oral bioavailability, were taken into account when 
determining whether the ADMET profile of the inhibitor was 
favorable or not. 

Downloading & File Modification
Downloading: AutoDock Vina, AutoDock Tools, and PyMOL 
were downloaded onto the laptop from their respective 
websites online (30-32). The protein molecule 3A1F (the 
crystal structure of NOX2) was downloaded from the database 
RCSB PDB as a PDB file into a folder in the desktop with the 
licensing of AutoDock Vina (33). The 3D conformation of the 
inhibitor molecules: VAS2870, GSK2795039, apocynin, and 
AEBSF were downloaded from the PubChem database as 
SDF files into the same folder (Figure 2; 34-37).

SDF to PDB Conversion: The SDF file of the 3D structure of 
each inhibitor was uploaded into PyMOL, and then saved as 
a PDB file to the same folder that the SDF files were initially. 
Protein Modification: The PDB file of 3A1F was opened as 
a text document, and all the lines with “HETATOM” were 
deleted, as the structure came with the nickel molecule 
(labeled with “HETATOM”) already bound to the protein.
PDB to PDBQT Conversion: AutoDock Tools was opened, 
and then the PDB file of each of the inhibitors was uploaded 
and saved as a PDBQT file. 

Several modifications were made for the NOX2 PDB 
conversion including removing waters, since waters are 
not included in the binding process, and adding hydrogens, 
because it adds to the stability of the protein (38). Following 
the chemical modification of the protein, a grid was set up so 
that the whole protein could be screened for potential binding 
sites. For this to occur, the number of points in the x, y, and 
z-dimensions were set to 126. The spacing was set to 0.375 
angstroms, and the x, y, and z-centers were set to 15.597, 
-13.324, and 10.201 respectively. Then, a text file of the grid 
information was saved in the same folder, along with the 
protein in PDBQT format. 

Configuration File Creation: A configuration file, conf.txt, 
was created in order to specify the receptor and the ligand 
molecule to be used for the docking. In the file, the receptor 
was set to the protein file name, and the ligand was set to 
the inhibitor file name. The center-x, center-y, and center-z 

Figure 2. SDF file of VAS2870 displayed in PyMOL. The image 
shows the 3D structure of the inhibitor. The green parts of the 
structure represent the carbons, the red signifies oxygen, the 
blue represents nitrogen, the yellow signifies sulfur, and the gray 
extensions represent hydrogens. 
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were set according to the centers used in the grid dimensions 
(Figure 3), and the sizes of x, y, and z were set to 66, 56, and 
54 respectively. The output was set to another PDBQT file 
named vina_outSO.pdbqt, the log was set to logSO.txt, and 
the exhaustiveness was set to 8. The ligand of the file was 
altered each time a new inhibitor was used for docking.

Molecular Docking
Docking: A command prompt was opened, and the desktop 
folder with all the necessary components was accessed by 
typing in “cd Desktop” and then “cd Vina”. In order to find the 
binding affinity of the inhibitors with NOX2, “vina.exe” --config 
conf.txt was typed. This command ran blind docking analysis, 
assessing all the potential locations in which the inhibitor can 
bind to NOX2. After the analysis was complete, a table of 
binding affinities, distance from RMSD lower bound, and 
distance from RMSD upper bound appeared, detailing the 
results of each potential binding site for the docking analysis. 
This process was repeated four times for each inhibitor and 
for other inhibitors by altering conf.txt and running the blind 
docking for each inhibitor.

3D Visualization: the output ligand and NOX2 were uploaded 
into PyMOL, a visualization software. In order to show the 
interactions between the protein and the ligand, we visualized 
contacts of chains between 3.0Å, 3.5Å, and 4.0Å, which were 
shown in a dotted line. 

Analysis
Ki value calculation: the average binding affinity was taken 
for each inhibitor, and then converted to a Ki value, also 
known as the inhibition constant. The equation, Ki = e(deltaG/

(RT)), was used for the conversion, where the binding affinity 
was substituted for the delta G value, R was the gas constant 
of 1.987 cal/molK, and T was the temperature: 298 K.

Statistical analysis: The standard errors were calculated 
by dividing the standard deviation by the square root of the 
number of trials, which was 5. Afterwards, a Kruskal-Wallis 
test was used to determine the statistical significance of the 
difference in the binding affinity of each inhibitor. This non-
parametric test was used, since a normal distribution is not 
assumed, and as there were four levels of the independent 
variable that needed to be analyzed. Following this, a Dunn-

Bonferroni post-hoc test was performed to see whether 
there were statistically significant differences between 
the groups. A Bonferroni Correction was applied for each 
significance value to account for errors due to multiple 
comparisons. 	  
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