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ABSTRACT

Non-Alcoholic Fatty Liver Disecase (NAFLD) is a progressive metabolic disorder associated with hepatic lipid
accumulation, oxidative stress, inflammation, and fibrosis. Due to the limited availability of effective pharmacological
therapies, exploration of novel bioactive compounds with multi-target therapeutic potential has become increasingly
important[1]. In the present study, an integrated computational approach involving Gas Chromatography—Mass
Spectrometry (GC-MS), network pharmacology, molecular docking, and molecular dynamics (MD) simulation was
employed to investigate the therapeutic potential of quinoline-associated heterocyclic compounds identified from the
mycelial extracts of Ganoderma lucidum and Hericium erinaceus against NAFLD.

GC-MS analysis revealed the presence of quinoline and its derivatives, indicating the occurrence of alkaloid-like
bioactive metabolites. Network pharmacology analysis identified 69 overlapping targets associated with inflammatory
and metabolic pathways involved in NAFLD progression. Gene Ontology and KEGG pathway enrichment analyses
demonstrated significant involvement of TNF signaling, oxidative stress response, and lipid metabolism pathways.
Molecular docking analysis showed favorable interaction between quinoline and TNF-a protein (PDB ID: 2AZS), with a
binding affinity score of —5.9 kcal/mol. Furthermore, MD simulation confirmed the structural stability of the quinoline—
TNF-o complex through stable RMSD, RMSF, Rg, SASA, PCA, and FEL profiles. Overall, the findings suggest that
quinoline-associated heterocyclic compounds may serve as promising therapeutic candidates against NAFLD.

KEYWORDS: Quinoline, NAFLD, Network Pharmacology, Molecular Docking, Molecular Dynamics Simulation

1. INTRODUCTION

Non-Alcoholic Fatty Liver Disease (NAFLD) has become a leading cause of chronic liver disorders worldwide, driven
largely by the rising prevalence of obesity, insulin resistance, and metabolic syndrome[1]. It encompasses a progressive
spectrum ranging from simple hepatic steatosis to non-alcoholic steatohepatitis (NASH), which may advance to fibrosis,
cirrhosis, and hepatocellular carcinoma[2]. Although NAFLD develops in the absence of significant alcohol intake, it
shares several pathological mechanisms with Alcoholic Liver Disease (ALD), including lipid accumulation, oxidative
stress, mitochondrial dysfunction, and persistent inflammation[3]. These inter-connected processes contribute to
hepatocellular injury and disease progression[4].

The pathogenesis of NAFLD is multifactorial and involves dysregulation of lipid metabolism, excessive free fatty acid
influx, and impaired -oxidation[5]. These alterations promote lipotoxicity and trigger the generation of reactive oxygen
species (ROS), leading to oxidative damage and activation of inflammatory pathways[6]. Pro-inflammatory mediators
such as tumor necrosis factor-o. (TNF-a)) and various interleukins further amplify hepatic inflammation[7], while chronic
cellular stress stimulates fibrogenesis through activation of hepatic stellate cells[8]. Despite extensive research, effective
pharmacological interventions targeting these complex mechanisms remain limited, necessitating the exploration of
multi-target therapeutic strategies[9].

Medicinal mushrooms have long been recognized as valuable sources of bioactive metabolites possessing antioxidant,
anti-inflammatory, hepatoprotective, and immunomodulatory properties[10]. Among these, Ganoderma
lucidum and Hericium erinaceus are widely studied due to their rich phytochemical composition and therapeutic
significance[11]. Several secondary metabolites isolated from mushroom mycelia have demonstrated potential in
modulating metabolic and inflammatory disorders[12]. The identification of novel heterocyclic compounds from fungal
sources may therefore contribute toward the development of alternative therapeutic agents against complex diseases such
as NAFLD[13].

In recent years, nitrogen-containing heterocyclic compounds have attracted considerable attention because of their
structural diversity and broad spectrum of biological activities. Quinoline, a nitrogen-containing heterocyclic aromatic
compound (CoH7N), represents an important pharmacophore in medicinal chemistry[14]. Quinoline derivatives have been
reported to exhibit anti-inflammatory, antioxidant, antimicrobial, anticancer, and metabolic regulatory activities[15]. The
structural adaptability of quinoline enables its interaction with diverse biological targets involved in oxidative stress,
inflammatory signalling, and metabolic imbalance[16].
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In the present study, quinoline identified from the mycelial extracts of Ganoderma lucidum and Hericium Erinaceus
through GC-MS analysis was investigated for its therapeutic potential against NAFLD using an integrated computational
strategy[17]. Network pharmacology was employed to identify disease-associated targets and signalling pathways,
followed by protein—protein interaction analysis and functional enrichment studies[18]. Molecular docking and molecular
dynamics simulation were further performed to evaluate the binding affinity and structural stability of quinoline against
TNF-a. The study provides mechanistic insights into the therapeutic relevance of mushroom-derived quinoline in NAFLD
and establishes a computational basis for future experimental investigations[19].

2. MATERIALS AND METHODS

2.1 Identification of Quinoline by GC-MS Analysis

Mycelial extracts of Ganoderma Ilucidum and Hericium erinaceus were subjected to Gas Chromatography—Mass
Spectrometry (GC-MS) analysis for the identification of bioactive metabolites[20]. The ethanolic extracts obtained from
the mushroom mycelia were subjected to Gas Chromatography—Mass Spectrometry (GC-MS) analysis for the
identification and characterization of bioactive constituents present in each sample. GC—-MS analysis was performed using
a Shimadzu QP-2010 Plus GC-MS system at the Advanced Instrumentation Research Facility (AIRF), Jawaharlal Nehru
University (JNU), following the manufacturer's recommended tuning procedures to ensure optimal mass accuracy and
instrument sensitivity. No internal standard was used during the analysis[20].

Chromatographic separation was achieved using an HP-5 MS capillary column (30 m x 0.25 mm i.d., 0.25 pym film
thickness; 5% phenyl methyl siloxane). Helium served as the carrier gas at a constant flow rate of 1.61 mL/min with a
split ratio of 1:10. The oven temperature program was initiated at 60°C and maintained for 2 min, followed by a
temperature increase to 250°C at a rate of 20°C/min and held at the final temperature for 10 min. The ion source
temperature was maintained at 250°C, while electron ionization (EI) was carried out at 70 eV. A sample volume of 1 pLL
of the ethanolic extract was injected into the GC-MS system for analysis.

Compound identification was performed by matching the obtained mass spectra with those available in Dr. Duke
database[20, 21,22]. Spectral database and the GC—MS mass spectral library integrated with the Shimadzu QP-2010 Plus
system at AIRF, INU. The identified compounds were catalogued and summarized in tabular form. Relative quantification
of the detected metabolites was achieved using the peak area normalization method, and the abundance of each compound
was expressed as a percentage of the total ion chromatogram (TIC).Quinoline was identified as one of the significant
nitrogen-containing heterocyclic compounds present in the mushroom mycelial extracts.

2.2 Retrieval of Chemical Structure and Target Prediction

The chemical structure of quinoline was retrieved from the PubChem database in SDF format for computational analysis
(https://pubchem.ncbi.nlm.nih.gov/).Potential molecular targets associated with quinoline were predicted using the
Traditional Chinese Medicine Systems Pharmacology (TCMSP) platform. The identified targets were standardized using
UniProt database annotations[23].

2.3 Identification of NAFLD-Associated Genes

Genes associated with Non-Alcoholic Fatty Liver Disease (NAFLD) were identified using the Comparative
Toxicogenomics Database (CTD) Comparative toxicogenomic (http://ctdbase.org/). Disease-related targets were
screened and compiled for further comparative analysis. Common targets between quinoline-associated proteins and
NAFLD-associated genes were identified using Venn-based intersection analysis[24].

2.4 Protein—Protein Interaction Network Construction

The overlapping targets were imported into the STRING database to construct a Protein—Protein Interaction (PPI)
network. The interaction network was visualized and analyzed using Cytoscape software. Hub genes were identified based
on network topology parameters, including degree centrality and interaction scores. A total 69 targets of quinoline were
uploaded to the STRING database[25], with the species set to Homo sapiens. The protein—protein interaction network
was generated, and results were imported into Cytoscape for better visualization and analysis. STRING links even non-
interacting proteins, such as inhibitors and activators within the same pathway[25].

2.5 Gene Ontology and Pathway Enrichment Analysis

Functional enrichment analysis of the common targets was carried out using the WebGestalt platform. Gene Ontology
(GO) enrichment analysis was performed to identify significant biological processes, molecular functions, and cellular
components associated with the selected targets. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was also conducted to identify major signaling pathways involved in NAFLD pathogenesis[26].

2.6 Compound-Target—Pathway Network Construction

A compound-target—pathway interaction network was constructed to visualize the relationship between quinoline,
disease-associated targets, and enriched signaling pathways. Cytoscape was used to visualize the compound—target—
pathway network and explore the interactions between linoleic acid-associated targets and enriched biological pathways.
This network analysis helped identify key molecular interactions potentially involved in disease regulation.The network
was analyzed to identify key molecular interactions potentially involved in the therapeutic effects of quinoline against
NAFLDI[27].
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2.7 Molecular Docking Analysis

Molecular docking analysis was performed to evaluate the binding affinity between quinoline and TNF-a protein. The
three-dimensional crystal structure of TNF-a (PDB ID: 2AZ5) was retrieved from the Protein Data Bank (PDB). Protein
preparation involved removal of water molecules, addition of hydrogen atoms, and energy minimization. Quinoline
structure preparation and docking simulations were conducted using AutoDock Vina software. Binding affinity scores
were calculated in kcal/mol, and docked conformations were analyzed using molecular visualization tools[28].

2.8 Molecular Dynamics Simulation

To investigate the stability of the protein—ligand complex, molecular dynamics (MD) simulation was performed for 200
ns. The docked TNF-a—quinoline complex was subjected to simulation under appropriate temperature and pressure
conditions. Structural stability and conformational behavior of the complex were analyzed using parameters including
Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Radius of Gyration (Rg), Solvent
Accessible Surface Area (SASA), hydrogen bond analysis, Principal Component Analysis (PCA), and Free Energy
Landscape (FEL) analysis[29]. We prepare the complex for MDS by applying the charmm-36 July 2022 forcefield,
periodic boundary condition. Solvation and neutralization were done followed by energy minimization. It was found that
the average potential energy of the system post energy minimization was -4.82342e+5kJ/mol which states the structure is
stable post energy minimization. Equilibration was performed on the system and a constant temperature of ‘300 K’ and
constant pressure of ‘-0.631283bar’ was obtained accepted (temperature range is 290K to 310K while pressure is -50 to
+50 bar respectively). Both temperature and pressure equilibration were achieved at 1000ps. MDS was performed for
200ns and trajectory was studied to find RMSD, RMSF, Radius of Gyration of the system and MM-PBSA.

3. RESULTS AND DISCUSSION

3.1 Identification of Quinoline from Mushroom Mycelia

GC-MS analysis of the mycelial extracts of Ganoderma lucidum and Hericium erinaceus revealed the presence of several
bioactive compounds, among which quinoline was identified as a significant nitrogen-containing heterocyclic compound.
The presence of quinoline in medicinal mushroom mycelia suggests its possible contribution to the therapeutic properties
traditionally associated with these fungi. For obtaining the chemical structure of Linoleic acid and formula
PubChemdatabase was used Molecular Formula- CoH;N Molecular Weight- 129.16 g/mol

Figure 1- 3d structure of quinoline
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Figure-2 graphical representation of bioactive compounds identified by GC-MS in Ganoderma lucidium

Table-1 GC-MS chromatogram of Ganoderma lucidum mycelial extract showing the presence of key bioactive

compounds.
Peak | Retention | Area Area Compound Molecula | Molecula | Compound references
Time % Name r formula | r weight activity
1. 3.1703 19848018. | 154 2-Phenylethyl | C11H160 | 164.24 Aromatic [22]
3 isopropyl ether;
ether reported
antimicrobial
and
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Figure-3 graphical representation of bioactive compounds identified by GC-MS in Hieracium Erinaceus
Table-2 GC-MS chromatogram of H. erinaceus mycelial extract showing the presence of
key bioactive compounds.
Peak | Retention | Area Area Compound Name | Molecula | Molecula | Compound referenc
Time % r formula | r weight activity es
1. 3.1943 142393 | 10.0 Benzene, 1,1'-[3-(3- | C25H34 334.54 Aromatic [22]
20.0 cyclopentylpropyl)- hydrocarbon
1,5- with possible
pentanediyl]bis- antimicrobial
and
hydrophobic
interactions
2. 3.4406 141016 | 9.9 Benzeneethanol, C9HI120 136.19 Antimicrobial [22]
76.9 .alpha.-methyl- and aromatic
alcohol activity
3. 3.8731 473185 | 3.3 1,3- C8H10 106.17 Unsaturated [22]
3.6 Cyclopentadiene, hydrocarbon
5-(1- reported in
methylethylidene)- volatile
bioactive
fractions
4. 4.9785 950849 | 6.7 Propane, 1-iodo-2- | C4HO9I 184.02 Halogenated [22]
43 methyl- hydrocarbon;
pharmaceutical
intermediate
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and emollient

properties
18. 17.7809 142164 | 100.0 Diethyl Phthalate CI12H140 | 222.24 Plasticizer; [22]
371.9 4 reported
antimicrobial
and solvent-
related activity
19. 18.9698 456570 | 3.2 n-Hexyl salicylate CI13HI80 | 222.28 Antioxidant, [22]
8.9 3 antimicrobial,
and fragrance-
related activity
20. 19.1078 367001 | 2.6 1,2,3,4- CI4H2IN | 251.32 Isoquinoline [22]
4.2 Tetrahydroisoquinol | O3 derivative with
ine, neuroprotective
6,7,8-trimethoxy- and antioxidant
1,2-dimethyl- potential
21. 19.5165 123714 | 0.9 2,6-Di-tert-butyl-4- | C16H23F | 320.35 Potent [22]
2.2 methoxyphenol, 303 antioxidant and
trifluoroacetate free radical
scavenging
activity
22. 20.4400 405868 | 2.9 Bacteriochlorophyll | Approx. Approx. Photosynthetic [22]
5.5 -c-stearyl C55H74M | 911.5 pigment
gN406 derivative with
antioxidant
potential
23. 20.5250 302791 | 2.1 Pentacosane C25H52 352.69 Antioxidant, [22]
8.1 antimicrobial,
and insecticidal
activity
24. 21.6077 389144 | 2.7 Phthalic acid, butyl | C22H340 | 394.50 Plasticizer-like [22]
7.0 3-(2- 6 compound;
methoxyethyl)hepty hydrophobic
1 ester bioactive
properties
25. 22.2128 242498 | 17.1 Lidocaine CI14H22N | 234.34 Local anesthetic | [22]
335 20 with anti-
inflammatory
and analgesic
activity
26. 22.4782 194375 | 13.7 Hexadecanoic acid, | C17H340 | 270.45 Antioxidant, [22]
65.0 methyl ester 2 anti-
inflammatory,
antimicrobial
activity
217. 23.2531 105934 | 7.5 1,2- C21H320 | 348.48 Ester compound | [22]
421 Benzenedicarboxyli | 4 with
¢ acid, antimicrobial
butyl 8- and
methylnonyl ester hydrophobic
properties
28. 23.8051 824885 | 5.8 Hexadecanoic acid, | CI8H360 | 284.48 Anti- [22]
3.1 ethyl ester 2 inflammatory,
antioxidant,
antimicrobial
activity
29. 27.0745 107217 | 7.5 Methyl stearate CI19H380 | 298.50 Hypocholestero | [22]
42.8 2 lemic and anti-
inflammatory
potential
30. 28.5925 433858 | 3.1 Octadecanoic acid, | C20H400 | 312.53 Antioxidant and | [22]
2.6 ethyl ester 2 anti-
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inflammatory
activity
31. 35.7577 894508 | 6.3 Hexadecanoic acid, | CI9H380 | 330.50 Emollient, [22]
0.7 2-hydroxy-1- 4 antioxidant, and
(hydroxymethyl)eth antimicrobial
yl ester potential
32. 36.1558 352001 | 2.5 Oxalic acid, mono- | Approx. Approx. Isoquinoline- [22]
0.1 (5-[(2- C24H24Br | 534.35 associated
bromophenyl)(2,2- | NO8 heterocyclic
dimethylpropionylo compound with
xy)methyl]- potential
7,8-dihydro-5H- pharmacologica
[1,3]dioxolo[4,5- 1 activity
glisoquinolin-6-yl)
ester
33. 54.9708 737910 | 5.2 Octasiloxane, C16H480 | 578.99 Silicone-based [22]
2.2 7Si8 compound
commonly
detected in GC—
MS analysis

3.2 Target Prediction and Disease Gene Identification

Potential target genes associated with quinoline were retrieved from the Comparative Toxicogenomics Database (CTD).
Target prediction analysis identified multiple protein targets associated with quinoline. Simultaneously, NAFLD-related
genes retrieved from the CTD database highlighted several inflammatory and metabolic regulators involved in disease
progression. Comparative analysis revealed overlapping targets potentially associated with the therapeutic activity of
quinoline against NAFLD.

The identified targets were primarily associated with inflammatory signalling, oxidative stress response, lipid metabolism,
and cytokine-mediated pathways, indicating the multi-target therapeutic potential of quinoline. Total 69 genes were
chosen whose interaction was more than 1.

Table 3- showing all the identified genes from CTD database

$.n0 Gene Symbol Gene ID Interaction
1. TP53 7157 4
2. CDKN2A 1029 3
3. DNMTI1 1786 3
4. TIMP3 7078 3
5. CDKNIA 1026 2
6. CYP2E1 1571 2
7. ESR1 2099 2
8. LMNA 4000 2
9. MAP3K20 51776 2
10. MAP3KS 1326 2
11. MAPKS 5599 2
12. TNF 7124 2
13. ACOT7 11332 1
14. AIF1 199 1
15. ANP32A 8125 1
16. ANXALI 301 1
17. ANXA2 302 1
18. BTF3 689 1
19. CASP3 836 1
20. CBX3 11335 1
21. CCNBI1 891 1
22. CNDP2 55748 1
23. CSDEI 7812 1
24. CYPIA2 1544 1
25. CYP2A6 1548 1
26. DNMT3A 1788 1
27. DNMT3B 1789 1
28. E2F1 1869 1
29. EEF1G 1937 1

Genetics and Molecular Research 25 (6s): 2026 10




30. EEF2 1938 1
31. F2R 2149 1
32. FSCNI1 6624 1
33. FUBP1 8880 1
34. GRM1 2911 1
35. HNRNPD 3184 1
36. HNRNPL 3191 1
37. ITGAS 3678 1
38. ITGB3 3690 1
39. LGALS3 3958 1
40. LTA4H 4048 1
41. MAP2K1 5604 1
42. MET 4233 1
43. MLH1 4292 1
44. MTHFD2 10797 1
45. NACA 4666 1
46. NAMPT 10135 1
47. NME2 4831 1
48. OLA1 29789 1
49. PAICS 10606 1
50. PDAPI 11333 1
51. PDHAI 5160 1
52. PLPBP 11212 1
53. PPARA 5465 1
54. PPARG 5468 1
55. PRKARIA 5573 1
56. PSMA3 5684 1
57. PSMCI1 5700 1
58. PSMC5 5705 1
59. PSMD4 5710 1
60. PSMD7 5713 1
61. RANBPI1 5902 1
62. RCN2 5955 1
63. RRM1 6240 1
64. SERPINB1 1992 1
65. SERPINBS 5268 1
66. TLR8 51311 1
67. TXNDCS5 81567 1
68. WDRI1 9948 1
69. YBXI1 4904 1

3.3 Protein—Protein Interaction Network Analysis

Protein—protein interaction (PPI) network analysis was performed to explore the relationships among the identified
quinoline, target genes and to predict the biological pathways in which they may be involved. All selected targets were
uploaded to the STRING database, with Homo sapiens specified as the reference organism, to construct the interaction
network and evaluate their functional associations. The Protein—Protein Interaction network constructed using STRING
database demonstrated strong interactions among the overlapping targets. Cytoscape analysis identified TNF-a as one of
the major hub proteins exhibiting significant connectivity within the network. TNF-a plays a central role in mediating
hepatic inflammation, insulin resistance, and progression of NAFLD toward steatohepatitis and fibrosis.

The identification of TNF-a as a hub target further supported its selection for molecular docking and simulation studies.
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Figure 4- PPI network generated by STRING database illustrating number of nodes:69, number of edges: 288

3.4 Compound-Target—Pathway Interaction Network

The compound—target—pathway network was constructed and visualized using Cytoscape to investigate the interactions
between quinoline, its associated target proteins, and enriched biological pathways. Network analysis revealed the multi-
target pharmacological nature of quinoline, demonstrating its interactions with several proteins involved in inflammatory
and metabolic regulation. Among the identified targets, TNF-o exhibited a prominent interaction profile, indicating its
potential role as a key mediator of the therapeutic effects of quinoline. Furthermore, pathway analysis suggested that
quinoline may influence inflammatory cytokine signaling and oxidative stress-related pathways, which are closely
associated with hepatic injury and the progression of NAFLD.

Figure 5- showing the visual representation of top ten targeted genes by using cytoscape tool

Table 4- Top 10 Ranked by Degree Method

Rank Name Score

1 TP53 38

2 TNF 33

3 ESR1 25

4 CASP3 24

5 CDKNIA 22

6 CDKN2A 18

7 EEF2 18

8 PPARG 16

9 HNRNPD 15

10 PSMA3 15

Table-5 Top 10 Ranked by Closeness Method

Rank Name Score
1 TP53 50.33333
2 TNF 47.66667
3 ESR1 43
4 CASP3 42.5
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5 CDKNIA 41.16667
6 EEF2 40

7 HNRNPD 38.33333
8 CDKN2A 38.16667
9 PSMA3 38.16667
10 PPARG 37.5

Table-6 Top 10 Ranked by Betweenness Method

Rank Name Score

1 TP53 959.9526
2 TNF 875.7953
3 ESR1 356.0588
4 EEF2 355.4958
5 PSMA3 310.145
6 RRMI 305.3635
7 PSMC1 225.9042
8 CASP3 210.5442
9 CDKNI1A 196.4459
10 NME2 142.2523

3.5 Functional Enrichment and Pathway Analysis
Gene Ontology enrichment analysis demonstrated that the identified targets were significantly enriched in biological
processes related to inflammatory response, regulation of apoptosis, oxidative stress response, and lipid metabolic
processes. Molecular function analysis indicated enrichment in cytokine receptor binding, enzyme regulation, and

signalling receptor activity.
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Figure 6- showing the graphical representation of biological process categories , cellular component categories ,
molecular function categories

KEGG pathway enrichment analysis revealed significant involvement of pathways associated with TNF signalling, NF-
kB signalling, inflammatory response pathways, lipid metabolism, and oxidative stress regulation. These findings indicate
that quinoline may exert therapeutic effects through modulation of multiple interconnected signalling pathways

implicated in NAFLD pathogenesis.
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Figure 7- reprenstation of 69 tageted genes enriched with non- alcoholic liver disease and 29 other pathways
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Figure 8 - showing that TNF is showing effectivity in treatment of Non-Alcoholic Liver Disease

3.6 Molecular Docking Analysis

Molecular docking analysis demonstrated favourable interaction between quinoline and TNF-a protein (PDB ID: 2AZ5).
Quinoline exhibited a binding affinity score of —5.9 kcal/mol, indicating stable ligand—protein interaction.

The docked complex revealed that quinoline occupied the active binding pocket of TNF-a and established hydrophobic
interactions with surrounding amino acid residues. The obtained binding affinity suggests that quinoline possesses
potential inhibitory activity against inflammatory signalling mediated by TNF-a.

The docking of quinoline was performed with 2AZ5 which is the TNF-alpha coding protein. Ligand 2AZ5 with TNF-
alpha gene coding protein , quinoline has the -5.9 6.0kcal/mol affinity which results that quinoline may have the potential
of being a drug on non-alcoholic liver disease. The molecular docking analysis of the FDA-approved drugs lenalidomide,
omeprazole, and rabeprazole was also performed for comparative evaluation. The docking results demonstrated
that quinoline exhibited a stronger binding affinity toward the target protein than the selected FDA-approved drugs,
suggesting its potential as a promising therapeutic candidate for the management of NAFLD.

Table 7- docking interaction of quinoline with other FDA approved drugs

Docking interaction Affinity
-5.9
-5.6
(A)omeprazole
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(D) rabeprazole
Figure 9 (A) ligand protein interaction (2AZ5 (quinoline) in surface model, Figure9 (B) ligand protein interaction (2AZ5
(omeprazole) in surface model, Figure 9 (C) ligand protein interaction (2AZ5 (linalidomide) in surface model,
2AZ5ligand protein interaction 9 (D)(2Znn (rabeprazole) in surface model.

3.7 Molecular Dynamics Simulation Analysis
To validate the stability of the docked complex under dynamic physiological conditions, a 200 ns molecular dynamics
simulation was performed.

3.7.1 RMSD Analysis

Root Mean Square Deviation (RMSD) analysis demonstrated that the TNF-o—quinoline complex remained structurally
stable throughout the simulation period. Initial fluctuations were observed during equilibration; however, the system
gradually achieved conformational stability, indicating stable protein—ligand interaction.

RMSD
B bt afies I U s Backhese

0dr — — — T -~ ——
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Figure 10: RMSD of protein in the complex (crystal, means original)

We can see that the RMSD of protein is fluctuating in accepted range (Figure 4). The calculated backbone RMSD value
ranged from ~0.15 to ~0.3 nm approximately (accepted range) for the overall 200ns, suggesting that the protein structure
is stable throughout 200ns. In conclusion, we can say that protein shows stability through the trajectory with insignificant
conformational changes. This can be correlated with other parameters to confirm the stability like RMSF, Radius of
gyration.

3.7.2 RMSF Analysis

Root Mean Square Fluctuation (RMSF) analysis revealed moderate flexibility in specific amino acid residues located
primarily in loop regions, while the active site residues remained relatively stable. The observed fluctuations did not
significantly affect the integrity of the binding complex. Root mean square fluctuations (RMSFs) measures the flexibility
of each atom throughout the 200ns. Overall, the RMSF is showing low fluctuations that indicates that the protein backbone
is stable with minimal conformational changes. While, few sharp peaks are observed around 290-300atoms, 1000-
1300atoms, and 1400-1500atoms which shows flexible loop regions. Another peak is observed at 1200atoms (almost
Inm) which shows possible conformational rearrangement but since the remaining atom shows stability therefore, this
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high pick is not significant enough for any unfolding in protein structure. Consistent with the RMSD analysis, RMSF
results indicated the stable nature of complexes (Figure 11). The RMSF shows no significant impact on the peptide
bonding

RMS fluctuation
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Figure 11: Root Mean Square Fluctuation

3.7.3 Radius of Gyration and SASA Analysis

Radius of gyration (Rg) analysis demonstrated maintenance of compact protein structure during the simulation. Solvent
Accessible Surface Area (SASA) analysis indicated stable solvent exposure patterns without major conformational
destabilization, suggesting preservation of structural integrity throughout the simulation.

Radius of gyration (total and around axes)
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Ry |
Re, [
g

Rg tnm>

Figure 12: Radius of gyration

Rg is showing the regular stable graph hence the protein shows that it maintains its compactness.

SASA analysis assists in understanding the surface area of a protein that is accessible to solvent molecules, where more
SASA shows, more surface is exposed to solvent or in other words, it shows how an amino acid interacts with its
environment (solvent and protein) therefore both increase or decrease shows variations in the target amino acid residues.
Figure 7 showed that SASA fluctuated approximately between 80-90nm? throughout the 200ns thus indicates
conformational stability and stable dynamics of the protein.
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Figure 12: SASA analysis

3.7.4 Hydrogen Bond Analysis

Hydrogen bond analysis indicated minimal hydrogen bond formation between quinoline and TNF-o during the simulation
trajectory. Nevertheless, hydrophobic and van der Waals interactions contributed significantly toward maintaining the
stability of the complex.
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Figure 13: hydrogen bond formation in protein during simulation. We can observe ~75 and ~100 H-bonds
throughout the simulation and there is no sharp drop or sudden increase, which indicates the protein
structurally stable.

3.7.5 Principal Component Analysis and Free Energy Landscape

Principal Component Analysis (PCA) demonstrated restricted conformational motion of the protein—ligand complex,
indicating dynamic stability during the simulation period. Free Energy Landscape (FEL) analysis further confirmed the
presence of energetically favorable conformational states with stable minima, supporting the structural stability of the
TNF-o—quinoline complex.

Overall, the MD simulation results demonstrated that quinoline maintained stable interaction with TNF-a throughout the
200 ns simulation period.

PCA analysis showed initial conformational adjustments followed by equilibration after ~60 ns, indicating attainment of
a stable protein—ligand conformational state. Gradual transitions in PC1 and stabilized fluctuations in PC2 suggest
adaptive but stable binding behaviour of quinoline within the protein binding pocket.
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MMPBSA REPORT

Molecular Mechanics Poisson—Boltzmann Surface Area (MM/PBSA) calculations were performed using the
gmx_MMPBSA tool to estimate the binding free energy (AG) of the protein—ligand complex. The individual energy
components, including van der Waals, electrostatic, non-polar solvation, and total binding energy, are summarized in

Table 1: MM/PBSA Binding Free Energy Components of the Top Protein—Ligand Complex.

Van der | Electrostatic Non-polar Free Polar
Waals energy solvation binding solvation
energy (kcal/mol) energy energy energy
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Complex -13.59 -0.09 -1.86 -8.34 7.20
Percentage ~162.95 ~1.08 ~22.30 100 ~86.33
contribution %*
Role in binding Dominant Small Favorable Moderate to | Unfavorable,
favorable contribution contribution | good opposes
contribution binding

*Percentage contribution= Energy Component *100
Total energy

Binding Free Energy Deviation Analysis (AComplex)
This report summarizes the binding free energy decomposition results obtained from gmx MMPBSA for the AComplex
(Complex — Receptor — Ligand).

Table 2 — AComplex Energy Component Deviations

Energy Average SD(Prop.) | SD SEM(Prop.) | SEM | Contribution
Component (kcal/mol)
AVDWAALS | -13.59 0.28 1.81 | 0.03 0.18 | Major favorable
AEEL -0.09 0.85 0.4 0.09 0.04 | Negligible/weak
electrostatic interaction

AEGB 7.20 0.38 0.87 | 0.04 0.09 | Major unfavorable
AESURF -1.86 0.09 0.25 | 0.01 0.03 | Moderate favorable
ATOTAL -8.34 1.26 1.64 | 0.13 0.16 | Moderate to good favorable
ABOND -0.00 0.00 0.00 | 0.00 0.00 | No contribution
AANGLE 0.00 2.69 0.00 | 0.27 0.00 | No contribution
ADIHED -0.00 1.15 0.00 | 0.12 0.00 | No contribution
AGGAS -13.68 1.20 1.80 | 0.12 0.18 | Strong favorable
AGSOLV 5.34 0.39 0.72 | 0.04 0.07 | Unfavorable

4. CONCLUSION

The present study employed an integrated computational approach to investigate the therapeutic potential of quinoline
identified from the mycelial extracts of Ganoderma lucidum and Hericium erinaceus against Non-Alcoholic Fatty Liver
Disease (NAFLD). Network pharmacology analysis revealed that quinoline may regulate multiple inflammatory and
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metabolic pathways associated with NAFLD progression. Protein—protein interaction analysis identified TNF-a as a key
hub target involved in hepatic inflammation and disease pathogenesis. Molecular docking analysis demonstrated
favourable binding affinity between quinoline and TNF-a protein, while molecular dynamics simulation confirmed the
structural stability of the complex over a 200 ns simulation period. Despite limited hydrogen bond interactions, the
complex remained stable through hydrophobic and conformational interactions.The findings of this study suggest that
quinoline possesses promising multi-target therapeutic potential against NAFLD and may contribute to the
hepatoprotective properties of medicinal mushrooms. However, further in vitro and in vivo investigations are necessary
to validate the pharmacological efficacy and molecular mechanisms of quinoline in experimental and clinical settings.
The binding interaction is mainly driven by van der Waals interactions and gas phase energy, indicating dominant
hydrophobic stabilization. Overall negative total binding energy suggests a thermodynamically favorable and stable
complex (although we did not get any hydrogen bond in the complex) The major stabilizing contribution arises from the
van der Waals interaction energy (AVDWAALS = -13.59 kcal/mol), suggesting that hydrophobic and dispersion
interactions play a dominant role in complex stabilization. The electrostatic interaction energy (AEEL = -0.09 kcal/mol)
contributes minimally to the overall binding affinity. The polar solvation energy (AEGB = 7.20 kcal/mol) opposes
binding, which is commonly observed due to the energetic penalty associated with desolvation. The non-polar solvation
energy (AESURF =-1.86 kcal/mol) contributes favorably toward stabilization of the complex. The gas-phase interaction
energy (AGGAS = -13.68 kcal/mol) strongly favors binding, while the solvation contribution (AGSOLV = 5.34
kcal/mol) partially offsets this stabilization. The standard deviation (SD = 1.64 kcal/mol) indicates relatively stable
energy fluctuations throughout the simulation trajectory. The standard error of the mean (SEM = 0.16 kcal/mol)
demonstrates good statistical reliability and consistency of the calculated binding free energy values. Quinoline has an
effect, non -alcoholic liver diseases, and its impact on non-alcoholic liver disease.These results shows that Quinoline can
interact with various genes and proteins and pathways to form a systematic pharmacological network, Quinoline can be
of good value if used in drug development and utilization. Limitations like skin sensitization, eye irritant respiratory
toxicity, lesser oral bioavailability are barriers that has to be overcome in order to develop Quinoline as a dru
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FUTURE PERSPECTIVES
Future studies should focus on experimental validation of quinoline through in vitro hepatocyte models and in vivo
NAFLD animal studies to confirm its anti-inflammatory and hepatoprotective activities. Additionally, structural
modification of quinoline derivatives may further enhance binding affinity and therapeutic efficacy against NAFLD-
associated molecular targets.
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