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Introduction: Avicennia marina (Forssk.) Vierh. is known for its antiviral property. However, 
therapeutic mechanisms of the plant against hepatitis C virus (HCV) are still unclear. 
Therefore, this study aimed to determine the potential of A. marina leaves extract to inhibit 
HCV infection. The study procedures were carried out using a network pharmacology 
approach based on liquid chromatography-high-resolution mass spectrometry (LC-HRMS) 
data.
Methods: LC-HRMS was performed to identify the chemical composition of A. marina 
methanolic extract, while network pharmacology was carried out to determine protein 
targets and signaling pathways in HCV associated with A. marina. In addition, molecular 
docking and dynamic simulations were used to understand molecular interaction of each 
single compound with its single protein target, followed by in vitro testing to validate the 
computational results. 
Results: The results of LC-HRMS analysis identified the presence of 74 compounds in the 
extract, with 70 adhering to Lipinski’s Rule of Five. Network pharmacology analysis showed 
88 potential therapeutic targets. Molecular docking performed on the top 3 protein targets 
(Interleukin-6/IL-6, signal transducer and activator of transcription 3/STAT3, and tumor 
necrosis factor-α/TNF-α) showed that 2 compounds, Comp28 and Comp63, had the potential 
to inhibit IL-6, while 3 compounds, Comp4, Comp7, and Comp48, were identified as potential 
inhibitors of TNF-α. In vitro test against HCV demonstrated an IC50 value of 12.664 ± 0.984 
µg/mL. 
Conclusion: This study suggests that A. marina leaves extract can act on IL-6, STAT3, and 
TNF for inhibiting HCV.
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A B S T R A C T

Introduction
Hepatitis C virus (HCV) is a significant public health 
concern, with a global prevalence of 0.5% to 4% and a high 
risk of progression to chronicity (1). The virus is primarily 

transmitted through blood, and high-risk groups include 
recipients of unscreened blood transfusions, intravenous 
drug abusers, and hemophiliacs (2). Several studies have 
shown that chronic HCV infection can lead to severe liver 
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damage, including cirrhosis and hepatocellular carcinoma 
(3,4). To overcome the condition, treatment options, 
such as interferon therapy and combination therapy with 
interferon α-2b and ribavirin have shown some efficacy 
but relapse rates remain high (4). 

Current HCV therapies, including direct-acting 
antivirals and host-targeting agents have significantly 
improved treatment outcomes achieving cure rates 
exceeding 90% (5). However, their high cost and limited 
access remain major concerns during the treatment 
process (6). To address these issues, there is a need for 
affordable solutions and strategies to discover alternative 
HCV antivirals. Natural resources, such as medicinal plant 
extracts have shown high potential for developing anti-
HCV agents (7), offering more affordable and accessible 
treatment options.

Mangrove plants are commonly used in traditional 
medicine due to the presence of abundant secondary 
metabolites. Different parts of the plants possess specific 
curative and protective properties against various diseases, 
including leprosy, ulcers, tuberculosis, elephantiasis, and 
malaria (8). Parthiban et al reported compounds isolated 
from mangrove exhibiting various biological activities, 
such as antioxidant, hepatoprotective, antimicrobial, 
antidiarrheal, antifeedant, insecticidal, and cytotoxic 
properties (8). In addition, the plants have been reported 
to yield a variety of biologically active compounds, 
including flavonoids, terpenoids, tannins, saponins, 
steroids, alkaloids, glycosides, and carotenoids (8,9). 

Avicennia marina is a mangrove species known for 
its diverse bioactive compounds, including flavonoids, 
tannins, steroids, saponins, alkaloids, glucosides, and 
triterpenoids. Leaves, stems, and roots have been reported 
to be rich in alkaloids, terpenoids, and flavonoids (10). In 
addition A. marina has exhibited multiple pharmacological 
properties, such as anti-cancer, antioxidant, antibacterial, 
antifungal, antiviral, and anti-inflammatory effects 
(7). Zandi et al demonstrated the efficacy of A. marina 
extract against herpes simplex virus type 1 (HSV-1) and 
poliovirus in vitro (11). Betulinic acid extracted from 
the plant also showed antiviral activity against HCV by 
suppressing COX-2 expression (12). Sheela Devi et al 
reported that its leaves had an antibacterial effect against 
bacteria responsible for urinary tract infection (13). 
Alshehri and Alshehri used the network pharmacology 
method to identify the potential compounds of A. marina 
retrieved from literature review in the treatment of breast 
cancer (14).

Despite the existing literature, detailed mechanistic 
studies explaining how phytoconstituents from A. marina 
interact with HCV proteins at the molecular level are 
limited. This is the first report on A. marina potential 
in treating HCV infection using network pharmacology 
method based on liquid chromatography-high-resolution 
mass spectrometry (LC-HRMS) data. In this current study, 

the chemical composition of A. marina methanolic extract 
was identified using LC-HRMS analysis, which allowed 
known and unknown bioactive compounds profiling of 
the plant. Network pharmacology study based on LC-
HRMS data was then carried out for further analysis. This 
method is often used to evaluate the therapeutic potential 
of herbal plants due to their complex matrices nature in 
multi-component and multi-target pathway paradigm 
(15). By constructing component-target networks or 
enriching pathways in Kyoto Encyclopedia of Genes and 
Genomes (KEGG), protein targets and signaling pathways 
associated with A. marina and HCV were identified. 
Molecular docking method was applied to understand 
the interaction of each compound with its single protein 
target, which offered deeper insights into their protein-
ligand interactions. In addition, in vitro test of A. marina 
leaves extract against HCV was performed.

Materials and Methods
Plant material and extraction process, LC-HRMS analysis, 
and drug-likeness prediction
Avicennia marina (Forssk.) Vierh. leaves were obtained in 
June 2024 from Abeli, Kendari city, Southeast Sulawesi, 
Indonesia (3°59’14.2″ S, 122°36’14.8″ E). For simplicity, 
from now on the authors abbreviated the name A. marina 
(Forssk.) Vierh as AM. This plant was identified by the 
Laboratory of Biology Education, Universitas Halu 
Oleo, Indonesia, under registration number 15/BIO/PB/
VI/2024. Plant specimens were stored in the Herbarium 
with code HERB-FKIP-UHO-AM-2024, and AM leaves 
were wet-sorted to remove impurities, washed, thinly 
sliced, and air-dried. The crude simplicity of AM leaves 
(728 g) was macerated with methanol as the solvent and 
evaporated into a crude extract (83 g) with a yield of 
11.40% (w/w). 

LC-HRMS was used as a powerful tool for qualitative 
analysis to characterize the chemical components of AM 
(16). The chromatographic separation was performed 
using a Thermo Scientific™ Vanquish™ UHPLC 
Binary Pump coupled with Orbitrap high-resolution 
mass spectrometry (Thermo Scientific™ Q Exactive™ 
Hybrid Quadrupole-Orbitrap™ High-Resolution Mass 
Spectrometer) to reveal metabolic profile of AM extract. 
The analysis was done using an analytical column of 
Thermo Scientific™ Accucore™ Phenyl-Hexyl 100 
mm × 2.1 mm ID × 2.6 μm. The details of LC-HRMS 
measurement were previously described (17). 

Prediction of drug-likeness properties for each 
compound was performed using SwissADME web 
server (http://www.swissadme.ch/) (18). Drug-likeness 
properties were predicted based on the Lipinsky rule of 
5, which included molecular weight ≤500 Da, the number 
of hydrogen bond donors ≤5, the number of hydrogen 
bond acceptors ≤10, and the log P value ≤5. Compounds 
violating the Lipinsky rule of 5 more than one criterion 
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were excluded from further study. The SMILE codes 
for each compound were inserted into the webserver to 
obtain drug-likeness properties.
 
Gene identification associated with HCV
Target prediction due to compounds of AM was performed 
using SwissTargetPrediction (SwissTargetPrediction) and 
SEA (https://sea.bkslab.org) database using the input 
SMILE code of each compound (19,20).

The genes associated with HCV were predicted using 
OMIM (https://www.omim.org) and GeneCard (https://
www.genecards.org) (21,22). These genes were filtered 
based on the top 500 targets (23); the results of the disease 
targets and compounds were then filtered and combined 
into a Venn diagram using Bioinformatics and System 
Biology (https://bioinformatics.psb.ugent.be/webtools/
Venn). 
 
Protein-protein interaction (PPI) network and core target 
selection
PPI was built using the String Database (https://string-db.
org) in which the protein target was limited to the species 
“Homo sapiens” and high confidence 0.007 with the other 
parameters set to default. Subsequently, PPI network was 
imported into Cytoscape v3.10.2 (24) for subsequent 
analysis.
 
Gene ontology (GO) analysis and KEGG path 
The Metascape (https://www.metascape.org) and shinyGO 
0.80 databases were used to perform GO analysis to 
evaluate biological functions, cellular processes, and 
molecular components of predicted protein targets (25-
27). KEGG pathway analysis revealed metabolic pathways 
or molecular signals affected by the compounds and target 
compounds of AM and HCV. The obtained paths were 
then considered as the working paths of the compounds.
 
Molecular docking 
Molecular docking was performed on the 3 best targets 
using the 3D protein structures of interleukin 6 (IL-
6), signal transducer and activator of transcription 3 
(STAT3), and tumor necrosis factor α (TNFα), which were 
obtained by querying the PDB database (https://www.
rcsb.org). The 2D structures of AM compounds identified 
from LC-HRMS analysis were converted to 3D structures 
using the Maestro LigPrep Module and OPLS-2005 
forcefield (28,29). Protein and ligand preparations were 
prepared according to the previous protocol (28) using 
Maestro Schrödinger 11.1.012 release 2017-1 software 
(Schrödinger, New York, NY, USA) (29). Prednisolone, 
a corticosteroid prescribed for the treatment of a wide 
range of inflammatory diseases was used as a positive 
control when docking to IL-6 (30). The Cγ atom of the 
Phenylalanine-103 of IL-6 with x, y, and z coordinate 
values of 16.471, 48.983, and 82.154, respectively, was 

assigned as the centroid, and the binding site radius was 
set to 12 Å (30). Meanwhile, native ligands KQF and 307 
were employed as reference compounds for docking to 
STAT3 and TNF (31), respectively.

Molecular dynamics simulation
The receptor-ligand complexes were prepared and utilized 
to develop MD simulation systems. These complexes were 
immersed in an orthorhombic water box with a 10 Å 
buffer, employing the predefined SPC water model (32). 
A total of 0.15 M NaCl concentration was incorporated 
to neutralize the systems. OPLS3 force field was applied 
to build the systems using Desmond System Builder 
in Maestro on a Linux platform (33). This module was 
then used to configure the relaxation, minimization, and 
production runs following established protocol (28).

Desmond Simulation Interaction Diagram (SID) tool 
in Maestro was used to analyze the simulation trajectory 
by calculating root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), and residue-ligand 
interactions and contacts. RMSD plots for protein Cα, 
obtained from SID analysis were assessed to confirm 
the convergence of each MD simulation. A stable and 
relatively flat plot signified that the system had attained 
a steady state.

Cells culture and virus preparation 
The cells in this study came from cloned human liver 
cancer cell lines (Huh7it-1) (34,35). They were grown in 
DMEM, which had extra amino acids (Gibco-Invitrogen), 
10% fetal bovine serum (Biowest), and kanamycin 
(Sigma-Aldrich). The cells were kept in an incubator with 
5% CO2 at 37 °C. The virus used was the JFH-1 strain of 
HCV genotype 2a (36).

Antiviral activity
The antiviral tests were done following the method from 
Apriyanto et al (36). Cells got infected with the virus at a 
multiplication of infection of 0.1 and were given AM leaf 
extract in amounts of 0.01, 0.1, 1, 10, 50, and 100 μg/mL. 
After staying at 37 °C for 2 hours, the virus was washed 
away, and the cells stayed with the extract for 46 more 
hours at the same temperature. The liquid from the culture 
was taken to check virus levels, following Apriyanto and 
colleagues’ method (36). The IC50 value was figured out 
using SPSS probit analysis (35).
  
Results 
LC-HRMS and drug-likeness analysis 
LC-HRMS analysis was used to identify the compounds 
present in AM extract. Through analysis of the data, 
including molecular formulas, fragment ions, and 
chemical structure information sourced from literature 
and public databases, 74 compounds were identified 
(Table S1). 
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The authors analyzed drug-likeness properties of the 74 
compounds, and the results were displayed in Table S2, 
which employed the Lipinsky rule criteria for screening 
and determined that the compound that violated more 
than one Lipinsky rule of 5, because of this, was excluded 
from the next study. In addition, the authors found 
out that 4 compounds (assigned as red color in Table 
S1) violated more than one Lipinsky rule of 5, such as 
Comp37, Comp51, Comp59, and Comp64. Therefore, 
only 70 compounds were selected for the subsequent 
network pharmacology studies.
 
The target genes of Avicennia marina compounds and 
HCV 
Collection of 1534 targets for AM compounds was obtained 
through SwissTargetPrediction and SEA databases, 
whereas 694 gene targets for HCV were obtained through 
the OMIM and GeneCard databases. Common targets 
related to HCV and their corresponding targets were 
obtained using a Venn diagram, and 88 potential HCV 
genes were selected and considered common targets 
(Figure 1).

PPI was built using the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) (http://string-db.
org). The resulting network was analyzed using Cytoscape 

Figure 1. Venn diagram of the common target of hepatitis C virus-
Avicennia marina. Blue indicates the genes of hepatitis C virus, orange 
the targets of compounds of A. marina, and red common targets.

Figure 2. The network diagram of protein-protein interaction (PPI) of Avicennia marina against hepatitis C virus. The more intense the color, the higher the 
degree of the genes. PPI interaction highlighted interleukin-6 (IL-6), signal transducer and activator of transcription 3 (STAT3), and tumor necrosis factor-α 
(TNF-α) as key proteins associated with hepatitis C virus pathways.

v3.10.2 (https://cytoscape.org), and the protein with the 
highest number of interactions with other proteins was 
identified (Figure 2).

The CytoHubba plug-in was used to identify core 
targets based on their degree, closeness, and betweenness 
values (Table 1), which were consistently shown to be IL-
6, STAT3, TNF, SRC, EGFR, AKT1, CTNNB1, PI3KCA, 
TLR4, and BCL2 (Figure S1).

The analysis considers several criteria, such as degree, 
betweenness centrality, and closeness centrality, in which 
IL-6 consistently showed higher values than the other 
proteins. The degree indicated the number of direct 
interactions of a node, where a higher number of direct 
connections indicated a more significant role it played in 
the network. Betweenness centrality assessed the shortest 
path of all node pairs, which stresses certain nodes that 
facilitated communication in the network. Closeness 
centrality was defined as the opposite of the shortest path 
average between nodes in the network, where a higher 
value indicated a higher centrality level and faster signal 
transmission to other nodes in the network (37). 

KEGG and GO analysis
The shiny GO 0.80 platform was used to perform 
functional analysis of KEGG and GO based on 3 
categories namely biological process, cellular components, 
and molecular function. As many as overlapping 88 
targets between AM and HCV were obtained, with false 
discovery rate (FDR)/P < 0.05, which indicated that it was 
statistically significant (38). Figure 3 displayed the top 10 
enrichment of each category listed based on P value, and 
GO biological process enrichment showed the protein 
phosphorylation with the highest P value (Figure 3a). The 
cellular component indicating receptor complex had the 
highest P value (Figure 3b), the transmembrane receptor 
protein kinase activity as a molecular function had the 
highest P value (Figure 3c), and KEGG pathway with 
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Table 1. Top 10 proteins with their degree, closeness centrality, and betweenness centrality values

Name Degree Closeness centrality Betweenness centrality
Interleukin-6 (IL-6) 44 0.661 0.142
Signal transducer and activator of transcription 3 (STAT3) 44 0.651 0.120
Tumor necrosis factor-α (TNF-α) 42 0.636 0.095
Sarcoma (SRC) 40 0.632 0.077
Epidermal growth factor receptor (EGFR) 36 0.609 0.067
AKT serine/threonine kinase 1 (AKT1) 35 0.604 0.058
Catenin beta 1 (CTNNB1) 34 0.596 0.083
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3KCA) 30 0.553 0.054
Toll-like receptor 4 (TLR4) 29 0.571 0.022
B-cell lymphoma 2 (BCL2) 27 0.564 0.020

Degree: The number of direct interactions of a node; Closeness centrality: Opposite of the shortest path average between nodes in the network: 
Betweenness centrality: The shortest path of all node pairs (37).

(a)

(b)

(c)

(d)

Figure 3. The diagram of enrichment analysis of gene ontology (GO) for Avicennia marina compounds with false discovery rate (FDR) ˂ 0.7. (a) biological 
process (b) cellular component, (c) molecular function, (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of A. marina compounds.
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the highest P value was EGFR tyrosine kinase inhibitor 
resistance (Figure 3d), in which this pathway correlated 
with HCV. Protein phosphorylation, receptor complexes, 
transmembrane receptor protein tyrosine kinase activity, 
and EGFR tyrosine kinase inhibitor resistance were 
associated with HCV treatment in terms of biological 
processes, cellular components, molecular functions, and 
KEGG pathways, respectively.

KEGG enrichment analysis showed overlapping targets 
between A. marina and HVC, particularly those related 
to the signal path of HCV (Figure 4). By integrating PPI 
network PPI, enrichment analysis of KEGG signal path 
identified IL-6, STAT3, and TNF involved in a variety of 
signaling pathways, including HCV signal pathway. Based 
on this analysis, the genes with crucial roles identified 
were IL-6, STAT3, and TNF as target candidates.

Molecular docking
Based on the network pharmacology study, 3 compounds 
were identified to target IL-6, 6 compounds targeted 
STAT3, and 3 compounds targeted TNF-α. Furthermore, 
the authors performed molecular docking analysis 
of these compounds for each target. Structures of the 
Prednisolone, Comp28, Comp63 and their docking 
conformations with IL-6 are depicted in Figure 5, while 
the structures of Comp22 and its docking conformation 
to IL-6 are depicted in Figure S2.

Comp63 produced more Hbond interactions with 
Lys105, Glu114, Ile194, Gln196, and Glu286, as compared 
to the positive control Prednisolone with Hbond with 
Cys102, Gln190, and Glu283. The binding energy 
of Comp63 (-7.346 kcal/mol) was also lower than 
Prednisolon (-3.940 kcal/mol). Comp28 (-3.490 kcal/mol) 
and Comp22 (-1.665 kcal/mol) showed fewer Hbond 
interactions with residues Gln196, Glu286, and Lys105 in 
the case of Comp22.

In the meantime, as many as 6 compounds were 
identified to target STAT3, that was Comp15, Comp23, 
Comp25, Comp28, Comp58, and Comp72. The structures 
of these compounds and their docking conformations 
with STAT3 were shown in Figure S3. The binding energy 
of the native ligand of STAT3 (KQV) was -10.616 kcal/
mol, while those of Comp15, Comp23, Comp25, Comp28, 
Comp58, and Comp72 were -4.192 kcal/mol, -4.385 kcal/
mol, -2.546 kcal/mol, -4.182 kcal/mol, -1.692 kcal/mol, 
and -2.893 kcal/mol, respectively, which were higher than 
the native ligand.
The authors also performed molecular docking with 
TNF-α as the third-best target. A total of 3 compounds 
were identified as targets of TNF-α: Comp4, Comp7, and 
Comp48. For comparison, native ligand 307 was used as a 
reference (31). The binding energy of the native ligand of 
TNF-α (307) was -6.102 kcal/mol, while those of Comp4, 
Comp7, and Comp48 were -6.405 kcal/mol, -4.097 kcal/

Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of hepatitis C virus. The red colors indicate the genes in common targets.
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Figure 5. Structures of the prednisolone, Comp28, Comp63 and their docking conformations with interleukin-6 (IL-6).

Figure 6. Root-mean-square deviation (RMSD) (left) and root-mean-square fluctuation (RMSF) (right) plots of protein Cα in Prednisolone and Comp63 
systems. 

mol, and -4.798 kcal/mol, respectively. The structures of 
these compounds and their docking conformations with 
TNF-α were shown in Figure S4. 

Molecular dynamics simulation
RMSD plot of protein Cα of Prednisolone and Comp63 
bound to IL-6 is depicted in Figure 6, while those of KQV 
and Comp23 bounds to STAT3 are depicted in Figure S5. 
This showed that the protein Cα was relatively more stable 
in Prednisolone compared to Comp63 system. Prednisolon 
system tended to be stable after ~50 ns, while Comp63 was 
stable after ~110 ns. Furthermore, the protein Cα of KQV 
and Comp23 systems were both stable after ~75 ns. The 
flexibility of each compound was assessed using RMSF, 

which reflected local conformational changes along the 
protein backbone during the simulation. RMSF patterns 
for Prednisolone and Comp63 systems (Figure 6) were 
similar, as were for KQV and Comp23 systems (Figure S5), 
suggesting that ligand binding did not cause significant 
alterations in the protein structures. Residues with higher 
fluctuations were primarily located in the loop regions for 
both the 1N26 and 6NJS systems.

Protein-ligand interaction analysis
SID was examined to analyze protein-ligand interactions 
during molecular dynamics simulation (MDS). 
Interactions with residues that persisted for more than 
20% of the simulation time for Prednisolon and Comp63 
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bounds to IL-6 are illustrated in Figure 7, while those 
for KQV and Comp23 bounds to STAT3 are depicted in 
Figure S6. In Prednisolone system (Figure 7a), hydrogen 
bond (Hbond) interactions were identified between the 
ligand and Leu100 (30% occupancy) as well as Thr188 
(37% occupancy). In Comp63 system (Figure 7b), Hbond 
was observed between the ligand and Gln196 (42% 
occupancy), Lys185 (41% occupancy), and Arg210 (34% 
occupancy), suggesting the role in stabilizing the binding 
of Comp63.

In the 6NJS system (Figure S6), Hbond interactions 
were observed between KQV with residues Glu612 

(occupancy 97%), Ser611 (occupancy 100%), Ser613 
(occupancy 100%), Ser636 (occupancy 80%), Glu638 
(occupancy 99%). In addition, water-mediated Hbond 
was also observed with Glu638. While in the Comp23 
system, Ser611 (occupancy 47%), Glu612 (occupancy 
46%), and Ser613 (occupancy 41%) participated in Hbond 
interactions. In addition, it was clear that Comp23 binding 
had diminished effects on ligand protein. 

In vitro anti-HCV study
In vitro anti-HCV study of AM leaves extract was 
conducted to evaluate its antiviral effects against HCV at 

Figure 7. The two-dimensional ligand protein interaction diagram recorded during MD simulations for Prednisolon (a) and Comp63 (b) systems. (c) and (d) 
indicate protein-ligand contacts during MD simulations for Prednisolon and Comp63 (d) systems, respectively. Interaction fraction greater than 1 is because 
of multiple contacts on one residue.  
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Figure 8. Inhibition of hepatitis C virus infection of Avicennia 
marina (0.01 to 100 μg/mL) determined by virus titers in 
the cell culture. Data are presented as means ± standard 
deviation of data from triplicate.

various concentrations. As shown in Figure 8, AM leaves 
extract effectively inhibited HCV infection, with IC50 
value of 12.664±0.984 µg/mL.

Discussion
The leaves extract of AM was investigated for its potential 
to inhibit HCV infection. The network pharmacology 
analysis revealed IL-6, STAT3, TNF, SRC, EGFR, AKT1, 
CTNNB1, PIK3CA, TLR4, and BCL2 as core targets. 
Molecular docking performed on the top 3 protein 
targets, namely IL-6, STAT3, and TNF. IL-6 was a 
multifunctional cytokine that influenced a wide range of 
biological processes via various mechanisms. Alterations 
in cytokine activity were observed in HCV infections, 
with an imbalance between pro-inflammatory and anti-
inflammatory cytokine production, which played a 
critical role in immunopathogenesis. Elevated IL-6 levels 
were linked to increased disease severity and activity in 
numerous chronic conditions, including chronic hepatitis, 
liver cirrhosis, and hepatocellular carcinoma (39). 
Therefore, inhibition of IL-6 contributed to the slowdown 
of HCV progression. In this study, 2 compounds, Comp28 
and Comp63, had comparable and lower binding energies 
in comparison with Prednisolone, which indicated their 
potential to inhibit IL-6.

The signal transducer and activator of transcription 3 
(STAT3) was a cytoplasmic signal transduction factor in 
the Janus kinase (JAK) pathway that played a crucial role 
in mediating liver damage. JAK-STAT pathway served 
as a key signaling mechanism in mammals, transmitting 
signals from cytokine receptors and involved numerous 
cytokines and growth factors. STAT3 was particularly 
significant in the pathophysiology of liver disorders and 
played a critical role in liver cancer. Therefore, STAT3 
activation promoted the growth, metastasis, and survival 
of hepatocellular carcinoma (40). In this study, the 6 
compounds docked to STAT3 had higher binding energies 
than the reference compounds (Figure S3).

Numerous studies have suggested that the Persistence 
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and activity of HCV infection are linked to its interaction 
with the TNF-α. TNF-α influenced disease outcomes 
by inducing the death of infected cells. In addition, the 
pathophysiology of hepatitis C involved viral infection 
that elevated pro-inflammatory markers, such as TNF-α 
and IL-6, which exerted systemic effects (40). Additionally, 
elevated TNF-α levels were observed in HCC patients 
with hepatocellular carcinoma. TNF-α concentrations 
in the sera of HBV and HCV patients were significantly 
higher than those in the control group, with statistically 
significant differences between both groups (P < 0.05) 
(39). In chronic hepatitis C, TNF-α contributed to the 
disease pathogenesis by inducing hepatocyte apoptosis 
and sustaining liver inflammation (41). Patients with 
HCV infection exhibited elevated levels of circulating 
TNF-α (42). Serum TNF-α levels in HCV patients were 
higher and showed a positive correlation with the severity 
of liver disease. In this current study, the authors identified 
Comp4, which had an affinity comparable to the reference 
compound, and Comp7 and Comp48, which had slightly 
higher affinities, as potential inhibitors of TNF-α. 

Several studies have reported the antiviral activities of 
AM extracts. For instance, Behbahani et al showed the 
antiherpetic substances of the crude methanol leaves 
extract of AM with an EC50 of 10 μg/mL (43). Beula 
et al reported leaves extract of AM to inhibit reverse 
transcriptase enzyme with IC50 of 403.91 μg/mL (44). 
AM leaves were also reported by Kathiresan et al and 
Premanathan et al to have antiviral activity against 
the hepatitis B virus Newcastle disease virus (45,46). 
Premanathan et al also reported that AM inhibited 
encephalomyocarditis virus at EC50 46.7 μg/mL (47). 
Briefly, the IC50 value of AM leaves extract, shown in this 
study, was comparable with the previous studies.

The good anti-HCV activity of AM methanolic extract 
was in good accordance with a good affinity of Comp63 
to IL-6, which was isorhamnetin-3-O-neohespeidoside, a 
member of flavonoids. Isorhamnetin was previously shown 
to have strong antiviral potency against the influenza virus 
(48). In the MDS, the average RMSD and RMSF values of 
Comp63 systems were higher than Prednisolone system, 
and Comp63 was stabilized during the 200-ns simulation. 
In addition, Comp4, which was an alkaloid iminosugar 
derivative with a good affinity to TNF-α, was -6.102 
kcal/mol. Previous studies have shown that iminosugar 
derivatives are potent against HCV (49,50). The authors 
acknowledged the limitations of this current study, as the 
data presented were needed to validate through a large 
number of experimental studies both in vitro and in vivo 
assays, which could be the next project.

Conclusions
This study demonstrated the potential of AM methanolic 
leaves extract to inhibit HCV infection through a 
combination of network pharmacology, molecular 
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docking, and in vitro validation. Key compounds, such 
as Comp63 and Comp4, showed strong binding affinities 
to IL-6 and TNF-α, respectively, outperforming native 
ligands. The extract exhibited significant anti-HCV activity 
with an IC50 value of 12.664±0.984 µg/mL, highlighting its 
therapeutic potential. These findings provide a foundation 
for further research and development of AM as a natural 
remedy for HCV.
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