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Abstract. Background. Naphthalene (NA), a polycyclic aromatic hydrocarbon, is an en-
vironmental pollutant from different sources exhibiting toxicities via free radical genera-
tion. However, NA has been used in the industry as surfactants, solvents, resins, and in
medicine — as an anti-viral, anti-bacterial, and antiinflammatory drug. Malondialdehyde
(MDA), a by-product in lipid peroxidation and prostaglandin synthesis, is a biomarker in
lipid peroxidation evaluation and cyclooxygenase (COX) and lipoxygenase (LOX) activities
assessment via inhibition. Results. The twenty-four adult male Wistar rats were randomly
divided into six groups of four rats each. The animals in the control groups were given food
and water only while the NA-exposed groups: group 3 (N1) rats exposed to NA at 0.75 mg/
m? for 2 hours, group 4 (N2) rats exposed to NA at 1.5 mg/m? for 2 hours, group 5 (N3)
rats exposed to NA at 0.75 mg/m3 for 4 hours and group 6 (N4) rats exposed to NA at 1.5
mg/m? for 4 hours. In addition, in silico work was carried out on the homologs of COX and
LOX with NA and its selected metabolites. The in vivo result revealed a significant increase
(7.50 + 0.29) in MDA synthesis at the lower dose (0.75 g/m?®) during the 2 hrs exposure time
compared to the control while the higher dose (1.50 g/m®) showed a significant reduction
in MDA level (1.00 £ 0.01) compared to the control. Furthermore, docking result depicted
highest binding score for 1-nitronaphthalene towards COX and LOX. Conclusions. This
study suggested that NA could reduce the synthesis of MDA in the in vivo work, and 1-ni-
tronaphthalene showed the highest binding affinity in the in silico work.
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BACKGROUND drocarbons ubiquitous aryl compound with high solu-

bility but toxic. The route of human exposure to NA

umans are at risk of environmental pollutants  could be ingestion, inhalation and dermal adsorption.
due to constant exposure to different con-  As a result of its complex nature, when it’'s inhaled, it
taminants and toxins from different sources.  tends to cause irritation, as well as bio-accumulate/

Naphthalene (NA) is a simple polycyclic aromatic hy-  magnify in the food chain, which can have adverse
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effects on human health such as pulmonary, hemato-
logic and ocular damage [1, 2].

However, NA has been found useful industrially in
manufacturing leather tanning agents, dyes, resins,
pesticides, moth repellents, surfactants, solvents
and deodorants [3]. It has also been used in anti-vi-
ral, anti-bacterial, anti-cancer, and anti-inflammatory
agents, amongst others [4, 5, 6]. Also, Pandya et al.
[5] reported the nonsteroidal anti-inflammatory prop-
erties of NA, which can inhibit cyclooxygenase (COX-
1 and COX-2). Inflammation in organisms occurs as
a protective response by vascular tissues to harmful/
injurious stimuli, leading to tissue healing as the re-
sponse defends the host by getting rid of the cause
of injury [7]. Malondialdehyde (MDA) is produced as
a result of lipid peroxidation in the cell membrane
and has been used as an index for cyclooxygenase
(COX) and lipoxygenase (LOX) activities, as well as
a biomarker for lipid peroxidation in vivo [8, 9]. The
inhibition of COX and LOX invariably hinders the re-
lease of MDA as a by-product during prostaglandin
synthesis in the blood platelets and other cells, such
as liver cells, via endoperoxidase. Hence, the regula-
tion of the production of COX and LOX can serve as
a good analgesic agent. This study assessed the an-
algesic properties of NA on COX and LOX activities
via MDA synthesis in NA-exposed Wistar rats.

METHODS

NA was purchased from Loba Chemie Laboratory
Reagents and fine chemicals, India. Thiobarbituric
acid (TBA), Trichloroacetic acid (TCA) and glacial
acetic acid 99% pure were purchased from BDH
(BDH, England) and twenty-four male Wistar Rats.

Animal Grouping and MDA Assay (In vivo Study)

The adult male Wistar rats with an average weight of
212.50 g used in this study were purchased from the
animal house, Department of Physiology, University
of Ibadan, Oyo State, Nigeria. The animals were al-
lowed to acclimatize for two weeks in ventilated cag-
es at room temperature (28-30 °C) before the experi-
ment. All experimental procedures were carried out
in accordance with the NIH Guidelines for the care
and use of Laboratory Animals. Twenty-four Wistar
rats of 2-3 months old were randomly divided into
six groups of four rats each. Group 1 (Control 1) and
group 2 (Control 2) rats were given food and water
only, group 3 (N1) rats were exposed to NA at 0.75
mg/m? for 2 hours, group 4 (N2) rats were exposed to
NA at 1.5 mg/m? for 2 hours, group 5 (N3) rats were
exposed to NA at 0.75 mg/m? for 4 hours and group
6 (N4) rats were exposed to NA at 1.5 mg/m? for 4
hours. The animals were given standard laboratory

chow and water ad libitum, except when exposed
to NA vapor for 14 days. The rats were sacrificed
24 hours after the last hour of NA exposure and an
overnight fast. The blood sample was collected into
a plain bottle and centrifuged at 650 g for 5 minutes,
and the serum was separated from the blood cells.
The serum samples were kept in the freezer (-20 °C)
for MDA analysis.

The MDA assessment was done using the method
described by Buege and Aust [10]. Exactly 2 ml of
TCA-TBA-HCI reagent (0.37% thiobarbituric acid,
0.24 N HCI and 15% trichloro acetic acid in 1:1:1)
was added to 1.0 ml of the sample and boiled at 100
°C for 15 min. The mixture was allowed to cool, cen-
trifuged at 3,000 g for 15 minutes and the superna-
tant was removed. The absorbance of the superna-
tant was read against the reagent blank at 532 nm.

MDA= ((Abs x TV))/((e x SV))
¢ of MDA-TBA complex = 1.56 105 M~' cm™'

Where, Abs = absorbance, TV = total volume, SV =
sample volume, € = molar extinction

Statistical analysis

The obtained results were expressed as mean +
standard deviation of four determinations and ana-
lyzed using one-way analysis of variance (ANOVA)
for mean differences between different doses fol-
lowed by Duncan post hoc correlation.

In silico Study

In addition to the in vivo MDA biochemical assay,
the in silico study was done to assess the molecu-
lar mechanism interaction via the binding affinity
prediction of cycloxygenase (COX) and lipoxygen-
ase (LOX) active sites to NA and its metabolites as
well as indomethacin (known inhibitor for COX and
LOX). The structurally characterized Rattus norvegi-
cus COX and LOX-modeled proteins and ligands
were converted to the dockable pdbqt format using
Autodock tools. The pdbgt format of the proteins, as
well as those of the ligands, was dragged into their
respective columns, and the software was run. Blind
docking of the ligands to the protein target was done,
and binding scores were determined using PyRx-
Python Prescription 0.8 (The Scripps Research Insti-
tute) [11]. The dimensions were set as grid center: x
=-16.9178, y = -41.3417, z = -28.4564 and size: x =
95.0774,y = 70.4855, z = 92.4516 for COX and cen-
ter: x = 23.8698, y = 39.2749, z = 39.6342 and size:
x =98.7109, y = 106.3529, z = 99.6213 for LOX. The
binding scores of NA and its selected metabolites are
compared to the binding score of indomethacin. The
first three ranking binding score results for all the li-
gands towards COX and LOX model obtained were
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selected and subjected to statistical analysis to see
any significant difference among the COX model-
ligand and LOX model-ligand interactions. The ob-
tained statistical results were expressed as mean
t+ standard deviation of three determinations, ana-
lyzed using one-way analysis of variance (ANOVA)
for mean differences between different ligands fol-
lowed by Duncan post hoc correlation. The obtained
autodocked files for all the ligands and the respective
autodocked COX and LOX models were visualized
using Discovery Studio BIOVIA 2020, and the inter-
action views were presented in 2D and 3D.

Ligands and Protein Preparation

The three-dimensional (3D) SDF structures of NA
(CID: 931), its metabolites (such as 1-nitronaphtha-
lene (CID: 6849), 1-methylnaphthalene (CID: 7002),
1,2-naphthoquinone (CID: 10667), and indomethacin
(CID: 3175) were retrieved from PubChem database
(www.pubchem.ncbi.nim.nih.gov) [12]. The rat pri-
mary sequence of COX and LOX with UniProtKD ID:
P35355 and P12527 were retrieved from the UniProt
database (https://www.uniprot.org/) [13]. The struc-
tural characterization of Rattus norvegicus COX and
LOX sequences was done using the Swiss model
webserver to obtain their 3D structures (https://swiss-
model.expasy.org/interactive/) [14] while the quality
of the modeled structure was checked using online

PROCHECK webserver (https://saves.mbi.ucla.edu/)
[15, 16].

Molecular simulation

The obtained auto-docked files for all the ligands and
the auto-docked COX and LOX models were converted
to PDB format using Discovery Studio BIOVIA 2020.
Each PDB file of all the ligands was combined sepa-
rately with the COX and LOX model PDB files using Py-
MOL as a molecule for molecular dynamic simulations.
The retrieved HETATMs of the respective combinations
were pasted in the prodrug online web server (http:/
davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/submit.
html) for GROMOS topology in ZIP format as ligands
[17]. The respective prepared molecules (PDB files)
and ligands (ZIP files) were uploaded into the simlab
online web server (https://simlab.uams.edu/Protein-
WithLigand/protein_with_ligand.html) [18, 19] for the
molecular simulation using the server default settings.

RESULTS

The in-vivo result of the study showed a significant
increase in the serum MDA level of both doses of NA
2 hrs exposure in Wistar rats compared to the con-
trol. However, the serum MDA level decreased sig-
nificantly in a dose-dependent manner compared to
control in the 4 hrs of NA exposure (Table 1).

Table 1. Effects of naphthalene exposure in the serum of male Wistar rats on MDA synthesis

GROUPS MDA (2 hrs) MDA (4 hrs)

Control 450+ 0.872 7.25+0.63°
0.75 g/m? 7.50 £ 0.29° 575+0.7%
1.50 g/m? 475+ 0.25¢ 1.00 +0.01¢

Different superscript indicates significant differences at P < 0.05

i

il

Fig. 1. The 3D Swiss model crystal structures of COX and LOX
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The swiss model of rat COX and LOX showed GMQE
scores of 0.95 and 0.88, respectively, while -1.02 and
-0.57 were obtained, respectively for QMIEAN scores
using arachidonate 5-lipoxygenase (PDB ID: 3V92;
resolution 2.74 A for COX) and prostaglandin G/H

i

synthase-2 (PDB ID: 5F19; resolution 2.04 A for LOX)
as template for the modeling (Figure 1). In addition,
90.9% and 91.9% values for residues in the favored
region were obtained for COX and LOX, respectively,
using PROCHECK (Figures 2 and 3).

ii

Fig. 2. The PROCHECK summary of 3D Swiss model COX and LOX crystal structures

i

il

Fig. 3. The PROCHECK Ramachandran plots of COX and LOX
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The result of the theoretically characterized models
of COX in this study showed that all the ligands as-
sessed have lower binding scores compared to indo-
methacin. However, the indomethacin binding score
is not significantly different from 1-nitronaphthalene
and 1-methylnaphthalene (Table 2) (Figures 4a and
4b). Also, in an almost similar pattern, 1-nitronaph-

thalene depicted the best binding score among the
ligands (Table 3) (Figures 5a and 5b).

The molecular simulation of COX and LOX by the
ligands investigated considering radii of gyration,
root mean square deviation, root mean square
fluctuation and solvent accessible surface area
as factors.

Table 2. Molecular docking binding scores of naphthalene and its metabolites towards COX

Ligand/CIDs COX Binding Score (Kcal/mol) Interacting Residues
Naphthalene (931) -6.40 £ 0.00® Met231, Tyr234, Lys656
1-nitronaphthalene (6849) -7.07 £0.38° Met231, Tyr234, Lys656, Leu657
1-methylnaphthalene (7002) -6.87 + 0.06% Met231, Tyr234, Lys656
1,2-naphthoquinone (10667) -6.23 £0.322 Cys99, Arg101, Asp166
Indomethacin (3175) -7.00 £ 0.36° Val243, Leu244, Lys246, Arg370, Ala453

Different superscript indicates significant differences at P < 0.05

931 6849
7002 10667
Fig. 4a. 2D Molecular docking interaction of naphthalene
(931), 1-nitronaphthalene (6849), 1-methylnaphthalene
(7002), 1,2-naphthoquinone (10667) and indomethacin
3175 (3175) towards modeled COX
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Fig. 4b. 3D Molecular docking interaction of naphthalene (931), 1-nitronaphthalene (6849), 1-methylnaphthalene (7002),
1,2-naphthoquinone (10667) and indomethacin (3175) towards modeled COX
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Table 3. Molecular docking binding scores of naphthalene and its metabolites towards LOX

Ligand CIDs LOX Binding Score (Kcal/mol) Interacting Residues

Naphthalene (931) -6.56 £ 0.322 Val335, Leu338, Trp373, Met508, Val509
1-nitronaphthalene (6849) -7.03 £0.322 Ala188, GIn189, His193, His374
1-methylnaphthalene (7002) -6.50 £ 0.69° Ala188, GIn189, His374
1,2-naphthoquinone (10667) -6.47 +£0.29 Asn24, Leu138, Argd55
Indomethacin (3175) -7.63 £0.42° Leu131, Leu210, Gly221, Leu224, GIn227, Arg314

Different superscript indicates significant differences at P < 0.05

il iv

\%

Fig. 5a. 2D Molecular docking interaction of naphthalene (931), 1-nitronaphthalene (6849), 1-methylnaphthalene (7002),
1,2-naphthoquinone (10667) and indomethacin (3175) towards modeled LOX

126 I. Olaoye, G. Akhigbe, A. Awotula et al.



il v

\%

Fig. 5b. 3D Molecular docking interaction of naphthalene (931), 1-nitronaphthalene (6849), 1-methylnaphthalene (7002),
1,2-naphthoquinone (10667) and indomethacin (3175) towards modeled LOX
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Fig. 6a. Molecular dynamics simulation showing the Radius of gyration of Naphthalene, 1-nitronaphthalene, 1-methylnaph-
thalene, 1,2-naphthoquinone and indomethacin towards COX
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Fig. 6d. Molecular dynamics simulation showing the area per residue of Naphthalene, 1-nitronaphthalene, 1-methylnaph-

thalene, 1,2-naphthoquinone and indomethacin towards COX
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Fig. 6e. Molecular dynamics simulation showing the SASA of Naphthalene, 1-nitronaphthalene, 1-methylnaphthalene,

1,2-naphthoquinone and indomethacin towards COX
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Fig. 6f. Molecular dynamics simulation showing the Ligands Hydrogen bond of Naphthalene, 1-nitronaphtha-
lene, 1-methylnaphthalene, 1,2-naphthoquinone and indomethacin towards COX
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Fig. 7a. Molecular dynamics simulation showing the Radius of gyration of Naphthalene, 1-nitronaphthalene, 1-methylnaph-
thalene, 1,2-naphthoquinone and indomethacin towards LOX
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DISCUSSION

COX-2, a tissue-specific isoenzyme, plays a crucial
role in inflammatory processes via the production of
inflammatory prostaglandins, making them a suitable
target for the development of nonsteroidal antiinflam-
matory drugs (NSAIDs) [20, 21, 22]. The release of
MDA has been reported in several studies as a bio-
marker of antiinflammatory enzymes such as COX
and LOX in the metabolism of eicosanoids. Hence, the
release of this by-product was assessed and quanti-
fied. This study revealed a significant increase in se-
rum MDA level during the first two hours of NA expo-
sure, which occurred at the lower dose (0.75 g/m3)
compared with the control. This result is in line with
the earlier reported work on oxidative stress due to NA
[23, 24, 25]. It is evident from Table 1 that the MDA
level in the NA-exposed rat at a higher dose (1.50 g/
m3) showed no significant difference compared to the
control. This significant reduction in MDA level at high-
er doses could be due to adaptability potential from
the animal [26] or faster glutathione turnover via up-
regulation of glutamate-cysteine ligase [27, 28]. Mean-
while, prolonged NA exposure resulted in a significant
decrease in MDA release at all doses (Table 1) com-
pared to the control, suggesting its analgesic potential
via dephosphorylation of protein tyrosine kinase caus-
ing the inhibition of COX and LOX activities [29].

The swiss model GMQE scores of 0.95 and 0.88 of rat
COX and LOX, respectively, while -1.02 and -0.57 ob-
tained respectively for QMEAN scores (Figure 1) sug-
gested a good quality, reliability and the degree of native-
ness of the built models to the experimental structure of
similar size that could be due to the close score values
for respective GMQE (between 0 and 1) and QMEAN
Z-score (between -4.0 and 0) for COX and LOX models
[30, 31, 32]. In addition, the quality of the modeled protein
structures was further assessed through the Ramach-
andran plot. The 90.9% and 91.9% values for residues
in the favored region were obtained for COX and LOX,
respectively, using PROCHECK, where a model with at
least 90% Ramachandran summary plot value predicted
good quality (Figures 2 and 3).

The molecular docking was carried out to clearly ex-
plain the mechanism of interactions for NA and its
metabolites towards COX and LOX. The result of the
study showed that all the ligands evaluated have a
lower binding score than indomethacin except 1-ni-
tronaphthalene, with a binding score of -7.07 kcal/
mol, which is not significantly different from indo-
methacin. Also, all the assessed metabolites of NA
showed better interaction towards COX, as seen in
the binding scores, except 1,2-naphthoquinone, with
insignificant binding scores compared to NA. This

result supported our earlier report on 1,2-naphtho-
quinone poor interaction potential in NA metabolism
[25]. It is evident from Table 2 that 1,2-naphthoqui-
none interacted with conventional hydrogen bonds
but had the least binding score, which is not signifi-
cantly different from NA. This low binding affinity from
1,2-naphthoquinone could be due to a low number
of pi-bonds formation between 1,2-naphthoquinone
and COX interacting residues [33, 34]. Also, Table 2
revealed that all metabolites of NA and NA interacted
with similar residues: Met231, Tyr234 and Lys656,
suggesting common pocket interaction towards COX
except 1,2-naphthoquinone. This different binding
site interaction could also be responsible for the low
binding score exhibited by 1,2-naphthoquinone.

Conversely, indomethacin interaction with COX at an-
other binding site with a high binding score could be
due to a high number of pi-interactions as well as the
conventional hydrogen bond (Figures 4a and 4b) [35].
Further assessment of NA analgesic potency was done
on LOX. In an almost similar pattern where 1-nitro-
naphthalene showed the best binding score among NA
metabolites, while 1,2-naphthoquinone had the least
binding score (Table 3). However, all the ligands in-
teracted at different sites except 1-methylnaphthalene
and 1-nitronaphthalene with similar interacting residues
(Ala188, GIn189 and His374), which could be respon-
sible for the insignificant difference observed in their
binding scores. The high binding scores observed in
1-nitronaphthalene and indomethacin could be attribut-
ed to the conventional hydrogen bond formation (Figure
5a and 5b), where both ligands served as the donor of
most electrons for the formed interactions [35].

The effect of NA and its metabolites, as well as indo-
methacin, on the flexibility of prostaglandin synthetic
enzymes (COX and LOX), was investigated by car-
rying out molecular dynamics simulation via radii of
gyration, root mean square deviation (RMSD), root
mean square fluctuation (RMSF), solvent accessible
surface area (SASA), hydrogen bond etc. In molecu-
lar structures, the radii of gyration are fundamental
for defining the root mean square distance from the
center of the molecule [36, 37]. Interestingly, the Rg
result depicted that all the metabolites of NA and in-
domethacin show Rg values greater than 2.80 nm
within the first 200 ps except NA and 1,2-naphtho-
quinone with Rg values of 2.795 nm and 2.785 nm,
respectively (Figure 6a). This could be responsible
for the opening of the hydrophobic structure of the
COX molecule [38], thus substantiating the low bind-
ing scores observed in NA and 1,2-naphthoquinone.
However, Figure 7a showed that the Rg values re-
duce steadily in all the LOX-ligand complexes with re-
spect to time progression except in NA and 1,2-naph-
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thoquinone, where a sharp reduction was observed.
Also, all the LOX-NA and its metabolites complexes
showed a higher Rg value of 3.15 nm than the LOX-
indomethacin complex in the first 100 ps.

Exploring RMSD with time progression defined the
stability of the assessed COX and LOX [39]. The
RMSD plot of COX-ligand complexes and LOX-ligand
complexes depicted in Figure 6b and 7b, respective-
ly, is based on all backbone Ca atoms relative to the
corresponding starting structures with the time pro-
gression. The RMSD plot revealed that all the ligands
examined, including indomethacin, showed a steady
increase in RMSD value that is less than 0.25 nm
throughout the simulation time, suggesting the stabil-
ity of COX backbone starting from 0.1 ns till the end
of the simulation [40, 41]. Meanwhile, COX-1,2-naph-
thoquinone showed an RMSD value greater than
0.25 nm between 0.6 ns and 0.7 ns. Captivatingly,
this result buttressed the lowest binding score ob-
served in 1,2-naphthoquinone towards COX (Table
2). In an almost similar pattern, the RMSD values in-
creased progressively with time of progression in all
the LOX-ligand complexes. However, in all the com-
plexes examined, only the LOX-1,2-naphthoquinone
complex showed an RMSD value less than 0.25 nmin
the last 200 ns, correlating with the low binding score
observed in the molecular docking study (Table 3).
Also, the residue-specific flexibility was assessed by
measuring the RMSF values on individual residues.
It can be concluded from Figures 6¢ and 7c¢ that none
of the ligands investigated exceeded 0.375 nm and
caused higher fluctuation of residues and their back-
bone atoms in COX and LOX, suggesting slight or no
conformational changes during the simulation.

Furthermore, the SASA factor and area per residue
were examined, and the result revealed that none of
the COX-ligands complexes show significant differ-
ences in SASA, and deviation in the area per residue
during simulation suggested no structural relaxation,
thus no protein variability except 1,2-naphthoqui-
none-COX with standard deviation value greater than
0.5 nm2 [42, 43]. However, structural flexibility was
observed in the LOX-ligand complexes due to a pro-
gressive decrease in SASA during the time course
of progression, suggesting protein variability in all
the examined complexes while the area per residue
remained constant throughout the time of simulation
(Figures 6d and 7d; 6e and 7e) [42, 43]. Lastly and
surprisingly, the conventional hydrogen bond forma-
tion in the molecular dynamic simulations of all the
ligands complexed with the examined enzymes sup-
ported the molecular docking result where no hydro-
gen bond formation occurred in NA and 1-methyl-
naphthalene interactions (Figures 6f and 7f).

CONCLUSIONS

The study suggested that NA reduced the synthesis
of MDA in the in vivo work, which could be due to the
inhibition of cyclooxygenase and lipoxygenase activi-
ties, where 1-nitronaphthalene showed the highest
binding affinity in the in silico work.
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