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ABSTRACT 
The study assessed the probable effects of naphthalene exposure through in vivo and in silico approaches. The in 
vivo assessment was carried on the glutathione (GSH) level in twenty-four Wistar Rats in two main groups based on 
different exposure times (2 and 4 h). These two groups were sub-grouped into three groups of four rats per group 
for 14 days. The in silico study was done on naphthalene and its metabolite towards glutamate-cysteine ligase (GCL) 
(the regulatory enzyme in GSH synthetic pathway) and glutathione reductase (GR). The result revealed that for 2 h 
of naphthalene exposure, the lower dose (0.75 g/m3) showed the highest reduced GSH level (93.50 ± 4.33 µmol/L) 
while the higher dose (1.50 g/m3) showed the least reduced GSH level (59.25 ± 7.57 µmol/L). In almost similar 
pattern, the 4 h exposure of naphthalene at both doses depicted a significant reduction compared to the control. 
The molecular docking study substantiated with the dynamics study revealed that naphthalene and all its metabolites 
had better binding score than glutathione (4.63 ± 0.15 kcal/mol) towards GCL with a common interacting residues 
(Leu-62, Val-63, Arg-64 and Phe-96). However, 4-hydroxychalcone had the best binding score (7.43 ± 0.58 kcal/
mol) towards GR compared naphthalene and its metabolites. This study suggested that all naphthalene metaboli-
tes could possess more inhibitory potency than naphthalene towards GCL (except naphthalene epoxide) and GR.  
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RESUMEN     
Disminución de glutatión reducido en ratas Wistar machos tras la exposición a naftaleno. En el estudio se 
evaluó los posibles efectos de la exposición al naftaleno (GSH) mediante abordajes in vivo e in silico. En el estudio 
in vivo se evaluó los niveles de glutatión en 24 ratas Wistar, distribuidas en dos grupos principales a 2 y 4 h de ex-
posición. Los grupos se subdividieron en tres subgrupos de 4 ratas cada uno, durante 14 días. En el estudio in silico 
se analizaron el naftaleno y sus metabolitos con respecto a la ligasa de glutamato-cisteína (GCL; enzima reguladora 
de la ruta sintética de GSH) y la glutatión reductasa (GR). Tras 2 h de exposición a naftaleno, la dosis menor (0.75 
g/m3) mostró los mayores niveles de GSH reducido (93.50 ± 4.33 µmol/L), mientras que la dosis mayor (1.50 g/m3) 
los menores niveles (59.25 ± 7.57 µmol/L). Con un patrón casi similar, la exposición a ambas dosis de naftaleno 
durante 4 h provocó una disminución significativa en comparación con el control. El estudio de acoplamiento mo-
lecular complementado con el análisis de dinámica molecular reveló que el naftaleno y sus metabolitos tuvieron un 
mejor coeficiente de unión hacia la GSL que el GSH (4.63 ± 0.15 kcal/mol), al interactuar con aminoácidos similares 
(Leu-62, Val-63, Arg-64 and Phe-96). Sin embargo, la 4-hidroxichalcona mostró el mejor coeficiente de unión con 
la GR. El estudio sugirió que los metabolitos del naftaleno pueden mostrar una potencia inhibidora mayor que el 
naftaleno hacia la GCL (con excepción del epóxido de naftaleno) y la GR.

Palabras clave: naftaleno, ligasa de glutamato-cisteína, reductasa de glutatión, acoplamiento molecular

Introduction
The exposure of humans to the xenobiotics always 
poses unclear biological interactions. Toxicity is the 
potential of a substance to produce an adverse re-
sponse upon a sufficient concentration in the body; 
such synthesized substances are called toxicants, 
man-made toxic substances or their products, capable 
of producing a deleterious effect. These harmful exog-
enous substances include but are not limited to mer-
cury, lead, cyanide, asbestos, per-and polyfluoroalkyl 
substances and polychlorinated Biphenyl, among oth-
ers [1]. The presence of these exogenous chemicals 
such as polycyclic aromatic hydrocarbons (PAHs) as 
well as their endogenous metabolic products in the 
human body might produce highly reactive species. 
Those reactive species, possessing unpaired electron, 
may be free radicals such as Reactive Oxygen Species 

(ROS) and Reactive Nitrogen Species, which are both 
unstable and reactive [2]. Furthermore, these reactive 
species are harmful by causing the oxidation of mac-
romolecules, which leads to tissue damage and cell 
death. Despite, they show some beneficial effects in 
certain physiological processes, such as fighting in-
fectious agent by neutrophils [3-5].

PAHs are group of chemicals containing two or 
more condensed aromatic rings known as environ-
mental toxicants [6-8] in which carcinogenicity is 
their most toxicity potential [9]. PAHs with at most 
four rings are known as light PAHs, and those with 
more than four rings are heavy PAHs. Kuppusamy et 
al. [10] and Li et al. [11] reported relative stability 
and toxic effect of heavy PAHs to light PAHs. Naph-
thalene, a two aromatic ring is the simplest PAH [12]. 

1. EPA. Chemicals and Toxics. 2021(cited 
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The toxicity of Naphthalene is due to reactive species 
generation arising from the bio-activation of Naph-
thalene to highly cytotoxic epoxide such as 1R, 2S-
naphthalene oxide by cytochrome P450s: CYP2F2 
and CYP2F4 respectively [13]. A report has shown 
that naphthalene induced hepatic damage in male 
Wistar rats via oxidative stress [14]. In fact, Naph-
thalene toxicity is sex dependent as seen in Carratt et 
al. [15], reporting that the increase in susceptibility 
to cellular damage by Naphthalene was observed in 
female mice. 

To put an end to this inevitable side effect for aero-
bic life, aerobic organisms utilize a defensive mecha-
nism known as antioxidant system [16]. Antioxidants 
are substances that delay, prevent or remove oxida-
tive damage from a target molecule. Antioxidants, 
especially those derived from natural sources and the 
non-enzymatic metabolites such as polyphenols, vita-
mins, glutathione (GSH), have potential applications 
in prevention and/or cure of human disease [17, 18]. 
GSH, a tripeptide, is the most important metabolite 
antioxidant and the most abundant low-molecular 
weight thiol-containing compound in biological fluids 
and tissues of mammals [2]. GSH is in dynamic equi-
librium with oxidized GSH (GSSG) and contributes to 
xenobiotic detoxification. This phenomenon leads to 
the production of GSSG from GSH, thereby protect-
ing the macromolecules from oxidative damage. The 
nonstop availability of reduced GSH, due to its con-
stant conversion to GSSG for quenching the reactive 
species, results from naphthalene and/or its metabo-
lites. Thus, replenishing GSH pool is favored through 
the continuous reduction of the GSSG by GSH reduc-
tase (GR) in the presence of NADPH.

Therefore, this work was aimed to investigate the 
conversion rate of GSH to GSSG upon the exposure 
of male Wistar rats to Naphthalene, and the molecular 
docking of naphthalene and its metabolites towards 
GR reduction rate.

Materials and methods
Reagents and animals
Naphthalene was purchased from Loba Chemie labo-
ratory reagents and fine chemicals, India. Eighteen 2 
to 3 months old, male Wistar rats, weighing 175-250 
g, were purchased from the Animal Housing Facil-
ity of the Department of Physiology, University of 
Ibadan, Oyo State, Nigeria. They were used due to 
phylogenetics relationship of mammalians order. Ani-
mals were kept in ventilated cages at room tempera-
ture (28-30 ºC) and maintained on normal laboratory 
chow (Ladokun Feeds Ibadan, Oyo State, Nigeria) 
and water ad libitum. All experimental procedures 
were carried out in accordance with the NIH Guide-
lines for the care and use of Laboratory Animals. The 
animals were allowed to acclimatize for two weeks 
before the experiment.

Methods

Animal grouping and GSH assay for in vivo study
Eighteen Wistar 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) and Group 5 (N3) rats were exposed  

to Naphthalene vapor at 0.75 mg/m3 for 2 or 4 h, re-
spectively; Group 4 (N2) and Group 6 (N4) rats were 
exposed to Naphthalene vapor at 1.5 mg/m3 for 2 or 4 
h, respectively. The animals were given standard labo-
ratory chow and water ad libitum, except for the time 
when they were exposed to Naphthalene vapor for 14 
days. The rats were sacrificed 24 h after the last hour 
of Naphthalene exposure and an overnight fast. Blood 
samples were collected into plain bottle and centri-
fuged at 650 g for 5 min and the serum separated from 
the blood cells. Sera were kept frozen at –20 ºC until 
GSH analysis..

The reduced GSH content in serum was quantified 
as non-protein sulfhydryls according to the Sedlak and 
Lindsay [19] method. Briefly 1.0 mL of the sample was 
deproteinized by the addition of 0.1 mL of 10 % tri-
chloroacetic acid (TCA) and centrifuged at 650 × g for 
5 min. Exactly 0.5 mL of supernatant was treated with 
0.5 mL of Ellman’s reagent (19.8 mg of 5.51-dithio-
bis (2-nitrobenzoic acid; DTNB) in 100 mL of 0.1 %  
sodium nitrate) and 3.0 mL of phosphate buffer (0.2 M,  
pH 8.0). The absorbance was read against the reagent 
blank at 412 nm.

Glutathione concentration was calculated by the 
following formula:

Where: ΔA is the change in absorbance; TV the to-
tal volume, SV the sample volume and ε the molar 
extinction ( 1.34 × 104 M-1 cm-1).

In silico study  
In addition to the in vivo GSH biochemical assay, an 
in silico study was preformed to predict the binding 
affinity of GCL and GR active sites to naphthalene 
and its metabolites, as well as GSH (known inhibitor 
for glutamate-cysteine ligase) and 4-hydroxylchalcone 
(known inhibitor for GR). The selected naphthalene 
metabolites are reported molecules with high poten-
tials of toxic effects. The protein and ligands were con-
verted to the dockable pdbqt format using Autodock 
tools. The crystal structure was prepared by removing 
existing ligands and water molecules. Pdbqt format 
of the protein, as well as those of the ligands, was 
dragged into their respective columns and the software 
was run. Docking of the ligands to the protein target 
and the binding scores determination was carried out 
using PyRx-Python Prescription 0.8 (The Scripps Re-
search Institute) [20]. The dimensions were set as grid 
center: x = 7.6311, y = 13.8268, z = 100.8810 and size: 
x = 65.0915, y = 67.9727, z = 40.8427 for GCL, and 
center: x = 70.4165, y = 51.3045, z = 18.7114 and size: 
x = 73.7137, y = 56.1634, z = 65.0941 for GR PDB 
code: 1GRA. The binding score of naphthalene and its 
selected metabolites are compared to the binding score 
of 4-Hydroxylchalcone.

Ligands and protein preparation
Three-dimensional (3D) SDF structures were re-
trieved from PubChem database (www.pubchem.
ncbi.nlm.nih.gov) [21] for Naphthalene (CID: 931), 
its metabolites (such as 1,2-Naphthoquinone CID: 
10667, 1-methylnaphthalene CID: 7002, 1-Nitro-
naphthalene CID: 6349 and Naphthalene epoxide 
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Med. 2011;2(3):124-8.

6. Slezakova K, Pires JCM, Castro D, Alvim-
Ferraz MDCM, Delerue-Matos C, Morais 
S, et al. PAH air pollution at a Portuguese 
urban area: Carcinogenic risks and sources 
identification. Environ Sci Pollut Res. 
2013;20:3932-45.

7. Nakata H, Uehara K, Goto Y, Fukumura 
M, Shimasaki H, Takikawa K. Polycyclic 
aromatic hydrocarbons in oysters and 
sediments from the Yatsushiro Sea, Japan: 
Comparison of potential risks among 
PAHs, dioxins and dioxin-like compounds 
in benthic organisms. Ecotoxicol Environ 
Saf. 2014;99:61-8.

8. Honda M, Suzuki N. Toxicities of Poly-
cyclic Aromatic Hydrocarbons for Aquatic 
Animals Int. J. Environ. Res. Public Health. 
2020;17:1363.

9. Devi NL, Yadav IC, Shihua Q, Dan Y, 
Zhang G, Raha P. Environmental carcino-
genic polycyclic aromatic hydrocarbons in 
soil from Himalayas, India: Implications 
for spatial distribution, sources apportion-
ment and risk assessment. Chemosphere. 
2016;144:493-502.

10. Kuppusamy S, Thavamani P, Megharaj 
M, Naidu R.  Biodegradation of poly-
cyclic aromatic hydrocarbons (PAHs) by 
novel bacterial consortia tolerant to diverse 
physical settings - Assessments in liquid- 
and slurry-phase systems. Int Biodeter and 
Biodegradation. 2016;108:149-57.

11. Li PH, Wang Y, Li YH, Wai KM, Li HL, 
Tong L. Gas-particle partitioning and pre-
cipitation scavenging of polycyclic aromatic 
hydrocarbons (PAHs) in the free tropo-
sphere in southern China. Atmospheric 
Environ. 2016;128:165-74.

12. Parales RE, Ju KS. Rieske-type dioxy-
genases: Key enzymes in the degradation 
of aromatic hydrocarbons. In: Murray 
Moo-Young, Comprehensive Biotechnol-
ogy (Second Edition). New York: Academic 
Press; 2016. p. 115-34.

13. Baldwin RM, Jewell WT, Fanucchi MV, 
Plopper CG, Buckpitt AR. Comparison of 
pulmonary/nasal CYP2F expression levels 
in rodents and rhesus macaque. J Pharma-
col Exp Ther. 2004;309:127-36.

14. Kushwah DS, Salman MT, Singh P, 
Verma VK, Ahmad A. Protective effects of 
14.nolic extract of Nigella sativa seed in 
paracetamol induced acute hepatotoxicity 
in vivo. Pak J Biol Sci. 2014;17(4):517-22. 

15. Carratt S, Morin D, Buckpitt AR, 
Edwards PC, Vas Winkle LS. Naphtha-
lene cytotoxicity in microsomal epoxide 
hydrolase deficient mice. Toxicology Lett. 
2016;246:35-41.

16. Halliwell B, Gutteridge JMC. Free 
radicals in biology and medicine, 4th edn. 
Oxford: Clarendon; 2007. 

17. Sies H. Antioxidants in Disease, Mecha-
nisms and Therapy. New York: Academic 
Press; 1996.

18. Nie G, Cao Y, Zhao B. Protective effects 
of green tea polyphenols and their major 
component, (–)-epigallocatechin-3- gallate 
(EGCG), on 6-hydroxydopamine-induced 
apoptosis in PC12 cells. Redox Report. 
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 = ΔA ×          × SV
TV
ε

GSH concentration  
        (µmol/L)
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CID: 108063), GSH (CID: 124886), a known GCL 
inhibitor and 4-Hydroxychalcone (CID: 5282361), 
a known GR inhibitor. The rat primary sequence 
of GCL with UniProtKD ID: P48508 was retrieved 
from UniProt database (https://www.uniprot.org/) 
[22]. The obtained primary sequence was used in the 
prediction of the secondary structure of GCL using 
the SOPMA webserver (https://npsa-prabi.ibcp.fr/
cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.
html) [23] while the swiss model webserver (https://
swissmodel.expasy.org/interactive/) was used for the 
modelling of the GCL tertiary structure [24]. The 
foreseen GCL model was refined once through the 
GalaxyRefine web server to improve the quality of 
the protein (http://galaxy.seoklab.org/cgi-bin/submit.
cgi?type=REFINE2) [25]. The online PROCHECK 
webserver (https://saves.mbi.ucla.edu/) [26, 27] and 
Qualitative Model Energy Analysis (QMEAN) Swiss 
Model server (https://swissmodel.expasy.org/qmean/) 
[28] were used for the structural characterization of 
the modeled GCL via the Ramachandran plot and 
QMEAN Version 4.1.0 respectively. Moreover, the 
GCL 3D structure was validated by ligand-binding 
sites analysis using COFACTOR (https://zhanglab.
ccmb.med.umich.edu/COFACTOR/) [29]. The three-
dimensional (3D) X-Ray crystallography solution 
structure of GR was downloaded from the RCSB pro-
tein data bank (http://www.rcsb.org) [30].

Molecular dynamics simulations  
The molecular dynamics simulations assessment was 
performed using CABS-flex server (http://biocomp.
chem.uw.edu.pl/CABSflex2) [31] in order to investi-
gate the conformational stability of the protein-ligand 
interactions, based on root mean square fluctuation 
(RMSF) value. Complexes of GCL and GR were 
loaded to the CABSflex server in default settings for 
analysis of the flexibility of the complexes.

Statistical analysis   
The results obtained were expressed as mean ± stan-
dard deviation of three determinations and analyzed 
using one-way analysis of variance (ANOVA) for 
mean differences between different doses followed by 
Duncan post hoc correlation (significant differences 
for p < 0.05).

Results and discussion
The metabolism of most environmental toxicants such 
as Naphthalene involves the biotransformation in a se-
ries of biochemical reactions from lipid-soluble sub-
stance to water soluble metabolites for easy excretion 
[32]. Here, Naphthalene is bio-activated by CYP450 to 
toxic quinones and reactive epoxide metabolites when 
accumulated. However, Buckpitt et al. [33] reported 
that the conjugation of these metabolites by reduced 
GSH produced soluble non-toxic products. Similarly, 
Greene et al., West et al. and Plopper et al. [34-36] 
documented their findings on the critical roles of GSH 
towards the prevention of naphthalene toxicity.

It is evidenced from table 1 that reduced GSH, at 
both doses of Naphthalene exposure tested, was sig-
nificantly different (p < 0.05) from the control (unex-
posed subjects). In the two hours of Naphthalene ex-
posure, the lower dose (0.75 g/m3) showed the highest  

level of reduced GSH (93.50 ± 4.33 µmol/L) fol-
lowed by the control (63.00 ± 6.93 µmol/L), while 
the higher dose (1.50 g/m3) showed the least reduced 
GSH (59.25 ± 7.57 µmol/L). This result suggests that 
the high exposure to Naphthalene may not be toxic 
due to oxidative stress but cysteine deficiency [37]. 
Conversely, the result obtained at 4 h of Naphthalene 
exposure depicted a dose-dependent drastic reduction 
of reduced GSH compared to the control. This result 
suggests that longer times of naphthalene exposure 
depleted the reduced GSH level. It confirms reports 
by Phimister et al. [38], on the insufficient GSH sup-
ply from the liver preventing the ameliorating effect 
of GSH on Naphthalene induced toxicity. Moreover, 
the GSH result coincides with Stohs et al. [39], on 
the depletion of reduced GSH in Naphthalene induced 
toxicity. The significant decrease in GSH level in the 
serum could be due to excessive free radical gener-
ated arose from the binding of Naphthalene to various 
sulfhydryls existing in the system [40].

To substantiate toxicity effects, molecular docking 
was performed to investigate Naphthalene and its me-
tabolites interaction toward glutamate-cysteine ligase 
(GCL) and GR in the assessment of GSH level. The 
molecular docking revealed that Naphthalene and all 
its metabolites showed better binding score (–4.63 ± 
0.15 kcal/mol) than GSH (a known feedback inhibitor 
[41]) (Table 2). This high binding score could be due 
to high number of pi-pi stacked interactions between 
the heteroaromatic rings of the ligands as well as few 
conventional hydrogen bonds formation with the in-
teracting residues [42, 43].

Despite, the GSH-GCL interaction had the high-
est number of conventional hydrogen bond formation 
as compared to Naphthalene and its metabolites, that 
could contribute to its high binding score [44]. The 
lack of interaction with the common interacting resi-
dues (Leu-62, Val-63, Arg-64 and Phe-96) as seen in 
Naphthalene and its metabolites, except 1,2 naphtho-
quinone that interacted with two common interacting 

19. Sedlak J, Lindsay RH. Estimation of to-
tal, protein-bound, and non-protein sulfhy-
dryl groups in tissues with Ellman’s reagent. 
Anal Biochem. 1958;25(1):192-205.

20. Trott O, Olson AJ. AutoDock Vina: 
Improving the speed and accuracy of dock-
ing with a new scoring function, efficient 
optimization and multithreading. J Comp 
Chem. 2010;31(2):455-61.

21. Kim S, Chen J, Cheng T, Gindulyte A, 
He J, He S, et al. PubChem 2019 update: 
improved access to chemical data. Nucleic 
Acids Res. 2019;47(D1):D1102-9.

22. The UniProt Consortium. UniProt: the 
universal protein knowledgebase in 2021. 
Nucleic Acids Res. 2021;49(D1): D480-9.

23. Combet C, Blanchet C, Geourjon 
C, Deléage G. NPS@: network protein 
sequence analysis. Trends Biochem Sci. 
2000;25(3):147-50. 

24. Waterhouse A, Bertoni M, Bienert S, 
Studer G, Tauriello G, Gumienny R, et al. 
SWISS-MODEL: homology modelling of 
protein structures and complexes. Nucleic 
Acids Res. 2018;46(W1):W296-303. 

25. Lee GR, Won J, Heo L, Seok C. 
GalaxyRefine2: simultaneous refinement 
of inaccurate local regions and overall 
protein structure, Nucleic Acids Res. 
2019;47(W1):W451-5.

26. Laskowski RA, MacArthur MW, Moss 
DS, Thornton JM. PROCHECK: a pro-
gram to check the stereochemical qual-
ity of protein structures. J. Appl Crystal. 
1993;26(2):283-91.

27.  Laskowski RA, Rullmannn JA, MacAr-
thur MW, Kaptein R, Thornton JM. AQUA 
and PROCHECK-NMR: programs for check-
ing the quality of protein structures solved 
by NMR. J Biomol NMR. 1996;8(4):477-86.

28. Benkert P, Biasini M, Schwede T. Toward 
the estimation of the absolute quality of 
individual protein structure models. Bio-
informatics. 2011;27(3):343-50.

Naphthalene 
concentration 

(g/m3)

GSH concentration (µmol/L)
2 h 4 h

0 61.00 ± 6.93a 148.00 ± 58.00a
0.75
1.50

93.50 ± 4.33b 550.25 ± 10.13b
59.25 ± 7.57c 559.25 ± 51.25c

Table 1. Antioxidant status of apparently healthy rats 
exposed to naphthalene for 2 and 4 h

* ANOVA followed by Duncan multiple range test for correla-
tion analysis. Different letters stand for statistically significant 
differences (p < 0.05).

Compounds/CID
Binding score 

(kcal/mol)

Naphthalene, 931 Leu-62, Val-63, Arg-64, Phe-96

Amino acid residues interaction

–6.00 ± 0.00a

1-nitronaphthalene, 6849 Leu-62, Val-63, Arg-64, Glu-65, Phe-96, Val-98–6.13 ± 0.06a

1,2-naphthoquinone, 10667 Leu-62, Phe-96–6.17 ± 0.21a 

1,4-naphthoquinone, 8530 Leu-62, Val-63, Arg-64, Phe-96–6.10 ± 0.00a 

1-methylnaphthalene, 7002 Leu-62, Val-63, Arg-64, Phe-96, Val-98–6.37 ± 0.06b 

Naphthalene epoxide, 108063 Leu-62, Val-63, Arg-64, Phe-96–5.67 ± 0.12c
Glutathione, 124886 Arg-30, Arg-32, Ser-55, Gln-240–4.63 ± 0.15d

Table 2. Binding scores of naphthalene, 1,2-naphthoquinone, 1-methylnaphthalene, 
1-nitronaphthalene, 1,4-naphthoquinone and naphthalene epoxide toward glutamate-
cysteine ligase

* ANOVA followed by Duncan multiple range test for correlation analysis. Different letters stand for 
statistically significant differences (p < 0.05).
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residues (Leu-62 and Phe-96), could be responsible 
for the low binding score observed in GSH. Also, the 
result could suggest that these residues in the GCL as 
well as their respective position play a key role in the 
protein-ligand interaction.

Conversely, none of the compounds (Naphthalene 
and its metabolites) had better binding score than the 
inhibitor (4-hydroxychalcone; 7.43 ± 0.58 kcal/mol) 
(Table 3). This could be due to the high number of con-
ventional hydrogen bond formation in 4-hydroxychal-
cone [44]. Nevertheless, all the metabolites of Naph-
thalene have better binding score than Naphthalene 
(-5.83 ± 0.12 kcal/mol) except 1,2-naphthoquinone 
(–5.80 ± 0.17 kcal/mol). Interestingly, as shown in 
figure 1A and B, all the ligands interacted with polar 
amino acid residues (Ser-51, Lys-53, Thr-57, Ser-177, 
Tyr-197, Arg-291, Asp-331, and Ser-471 except Ile-
466) of GR via conventional hydrogen bond except 
naphthalene and 1-methylnaphthalene. Such interac-
tion could be responsible to their high binding scores 
[45, 46] (Figures 2 and 3). Besides, all the ligands and 
4-hydroxychalcone had a significant better binding 
score compared to Naphthalene except 1,2-naphtho-
quinone. This low binding score in 1,2-naphthoqui-
none, despite the presence of conventional hydrogen 
bond, may be due to unfavorable donor-donor interac-
tion between GR and 1,2-naphthoquinone. Such unfa-
vorable donor-donor interaction is responsible for the 
repulsive effect between GR and 1,2-naphthoquinone, 
by lowering the stability of the GR [47].

The results of molecular dynamics for the docked 
complexes together with GCL and GR wild-types are 
depicted in figures 3 and 4, respectively. These two 
proteins (GCL and GR) were considered for the in 
silico study due to the important roles placed in the 
availability of GSH. GCL is the regulatory enzyme in 
the GSH biosynthetic pathway, while GR catalyzes 
the reduction of oxidized GSH (GSSG) to GSH, to 
ensure its continuous availability in the system. All 
these revealed a significant reduction in the fluc-
tuation of residues A133-A153 of GCL-ligand com-
plexes (Naphthalene and its metabolites), while GSH 
showed no significant alteration in the residues when 
compared to GCL wild-type. This significant decrease 
within the A133-A153 region could reduce the flex-
ibility of the protein, suggesting the increased binding 
scores observed in Naphthalene and its metabolites 
when compared to GSH [47].

Also, the GR wild-type dynamics results showed 
high fluidity within these two regions, 85-91 and 359-
365. Meanwhile, the inhibitor (4-hydroxychalcone) 
with GR depicted an increase in the rigidity of GR 
than any of the ligands within these regions, suggest-
ing that reduced 4-hydroxychalcone fluidity for the 
GR wild-type could be responsible for its inhibition 
property towards GR. This observation is in line with 
that observed by Zhang et al. [48], on the inhibitory 
potential of 4-hydroxychalcone on GR. Nevertheless, 
Naphthalene and its metabolites increase the fluidity 
of GR, except 1-methylnaphthalene and 1,4-naph-
thoquinone, with respective RSMF values 3.049 and 
3.567 within this region (85-91 residues). Interesting-
ly, complexes of Naphthalene and all its metabolites 
showed higher fluidity compared to 4-hydroxychal-
cone-GR complex.

Compounds/CID
Binding score 

(kcal/mol)

Naphthalene, 931 Lys-66, Tyr-197, Ile-198, Met-202

Amino acid residues interaction

–5.83 ± 0.12d

1-nitronaphthalene, 6849 Ser-30, Asp-331, Ala-342–6.50 ± 0.58b

1,2-naphthoquinone, 10667 Lys-53, Gly-56, Thr-57–5.80 ± 0.17d

1,4-naphthoquinone, 8530 Gly-62, Cys-63, Lys-66, Ser-177, Tyr-197, 
Ile-198, Met-202, Arg-291

–6.57 ± 0.12b

1-methylnaphthalene, 7002 Lys-66, Tyr-197, Ile-198, Met-202–6.30 ± 0.06bc

Naphthalene epoxide, 108063 Ser-51, His-129, Thr-156, Leu-298–6.07 ± 0.88cd
4-Hydroxychalcone, 5282361 Ala-450, Phe-460, Thr-463, Ile-466, Ser-471, 

Val-475 
–7.43 ± 0.58a

Table 3. Binding scores of naphthalene, 1,2-naphthoquinone, 1-methylnaphthalene, 
1-nitronaphthalene, 1,4-naphthoquinone, naphthalene epoxide, and 4-Hydroxychalcone 
with glutathione reductase

* ANOVA followed by Duncan multiple range test for correlation analysis. Different letters stand for 
statistically significant differences (p < 0.05).

Figure 1. Molecular docking of glutamate-cysteine ligase. A) 2D-Molecular docking of 
glutamate-cysteine ligase towards: i) Naphthalene, ii) 1,2-naphthoquinone, iii) 1-meth-
ylnaphthalene, iv) 1-nitronaphthalene, v) 1,4-naphthoquinone, vi) Naphthalene epoxide, 
and vii) glutathione.
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Figure 1 (continued). Molecular docking of glutamate-cysteine ligase. B) 3D-Molecular docking of glutamate-cysteine ligase towards: i) Naphthalene, 
ii) 1,2-naphthoquinone, iii) 1-methylnaphthalene, iv) 1-nitronaphthalene, v) 1,4-naphthoquinone, vi) Naphthalene epoxide, and (vii) glutathione.
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Figure 2. Molecular docking of glutathione reductase. 2D-Molecular docking of glutathione reductase. A) Docking 
towards: i) Naphthalene, ii) 1,2-naphthoquinone, iii) 1-methylnaphthalene, iv) 1-nitronaphthalene, v) 1,4-naph-
thoquinone, vi) Naphthalene epoxide, and vii) 4-hydroxychalcone.
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Figure 2 (continued). Molecular docking of glutathione reductase. B) 3D-Molecular docking of glutathione reductase. A) Docking towards: i) Naphthalene, 
ii) 1,2-naphthoquinone, iii) 1-methylnaphthalene, iv) 1-nitronaphthalene, v) 1,4-naphthoquinone, vi) Naphthalene epoxide, and vii) 4-hydroxychalcone.
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Figure 3. Molecular dynamics simulation showing the fluctuation plot. i) Naphthalene, ii) 1,2-naphthoquinone, iii) 1-methylnaphthalene, iv) 1-nitro-
naphthalene, v) 1,4-naphthoquinone, vi) Naphthalene epoxide, and vii) glutathione on GCL and viii) GCL wild-type.
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Figure 4. Molecular dynamics simulation showing the fluctuation plot. i) Naphthalene, ii) 1,2-naphthoquinone, iii) 1-methylnaphthalene, iv) 1-nitro-
naphthalene, v) 1,4-naphthoquinone, vi) Naphthalene epoxide, and vii) 4-hydroxylchalcone on glutathione reductase and viii) GR wild-type.
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It suggests lesser inhibitory potency and relevance of 
dynamicity of this region in GR towards inhibition. In a 
similar pattern, within the 359-365 residues’ region, all 
complexes of ligands with GR showed higher fluidity 
than 4-hydroxychalcone-GR complex (except naph-
thalene, 1,2-naphthoquinone and 1-nitronaphthalene), 
suggesting that this variation in the GR fluidity in this 
region had a lower effect compared to the other region.

Conclusions
In summary, it can be concluded that Naphthalene 
exposure reduced the GSH level in a dose dependent 

pattern at longer time of exposure. Also, Naphthalene 
showed lesser inhibitory effect as compared to its me-
tabolites towards GCL (except Naphthalene epoxide), 
and GR and GSH showed lower inhibitory strength 
than Naphthalene and its metabolites. Meanwhile, 
4-hydroxychalcone possessed higher inhibitory po-
tential than Naphthalene and its metabolites accord-
ing to its binding scores.
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