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ABSTRACT: Mycobacterium tuberculosis is responsible for tuberculosis (TB)
all over the world. Despite tremendous advancements in biomedical research,
new treatment approaches, and preventive measures, TB incidence rates
continue to ascend. The herbaceous plant Acalypha indica, also known as Indian
Nettle, belongs to the Euphorbiaceae family and is known as one of the most
important sources of medicines and pharmaceuticals for the medical therapy for
a range of ailments. However, the precise molecular mechanism of its
therapeutic action is still unknown. In this study, an integrated network
pharmacology approach was employed to explore the potential mechanism of A.
indica phytochemicals against TB. The active chemical components of A. indica
were collected from two independent databases and published sources, whereas
SwissTargetPrediction was used to identify the target genes of these
phytochemicals. GeneCards and DisGeNET databases were employed to
retrieve tuberculosis-related genes and variants. Following the evaluation of overlapped genes, gene enrichment analysis and PPI
network analysis were performed using the DAVID and STRING databases, respectively. Later, to identify the potential target(s) for
the disease, molecular docking was performed. A. indica revealed 9 active components with 259 potential therapeutic targets; TB
attributed 694 intersecting genes from the two data sets; and both TB and A. indica overlapped 44 potential targets. The in-depth
analysis based on the degree revealed that AKT1 and EGFR formed the foundation of the PPI network. Moreover, docking analysis
followed by molecular dynamics simulations revealed that phytosterol and stigmasterol have higher binding affinities to AKT1 and
EGFR to suppress tuberculosis. This study provides a convincing proof that A. indica can be exploited to target TB after
experimental endorsement; further, it lays the framework for more experimental research on A. indica’s anti-TB activity.

1. INTRODUCTION
Tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), is a major public health problem, which is a leading
cause of death globally and causes substantial health problems.
TB is a potentially dangerous infectious disease that mostly
affects the lungs. People contract TB from one another by
coughing and sneezing, which release microscopic droplets of
germs into the air. Mtb infections cause a couple of million
deaths each year, and this higher mortality has been linked to
poor diagnostic methods and the rapid evolution of multidrug-
resistant TB (MDR-TB).1,2 10.4 million TB cases were
reported in 2016 and 1.7 million deaths were reported
annually, according to the World Health Organization
(WHO). India alone reported 26% of the total number of
TB deaths worldwide in the same year.3

The current TB treatment options are effective only against
active TB and do not address any side effects. The researchers’

main goal is to find and create novel drugs that can boost
safety, modify the treatment course, and treat both infections
and side effects.4 In the absence of efficient therapy,
medications for TB, hope is placed in plant-based natural
products due to their chemical diversity and crucial
significance as phyto-drugs.5 Medicinal plants are an ever-
lasting gift of nature that have been utilized to heal a variety of
ailments in humans since time immemorial. According to
WHO estimates, traditional medicines are used by 80% of the
population in poor countries for basic healthcare.6 The

Received: July 31, 2023
Revised: December 6, 2023
Accepted: December 8, 2023
Published: December 29, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

2204
https://doi.org/10.1021/acsomega.3c05589

ACS Omega 2024, 9, 2204−2219

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/page/virtual-collections.html?journal=acsodf&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steve+Harakeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanouf+A.+Niyazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hatoon+A.+Niyazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaymaa+A.+Abdalal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jawahir+A.+Mokhtar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+S.+Almuhayawi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+S.+Almuhayawi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khalil+K.+Alkuwaity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Turki+S.+Abujamel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petr+Slama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shafiul+Haque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05589&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05589?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05589?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05589?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05589?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Twelve Bioactive Phytochemicals of A. indica, Their Properties, Pharmacokinetic Attributes, and 2D Structures
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utilization of therapeutic plant extracts and phytochemicals is
extremely important in the treatment of a variety of disorders,
including TB. Plants including Acalypha indica, Allium sativum,
Adhatoda vasica, Cassia sophera, and Andrographis paniculata
have shown considerable antimycobacterial efficacy against TB
under vitro conditions.7

A. indica Linn. (Family Euphorbiaceae) is a common annual
shrub cultivated as a weed throughout India. It is an erect,
herbaceous plant that can reach a height of 100 cm. It has
traditionally been used as a diuretic, an anthelmintic, and a
respiratory aid and in the treatment of rheumatoid arthritis,

scabies, and other skin infections.8 Previous research has found
that A. indica has antibacterial,9 anti-inflammatory,10 hepato-
protective,11 antifungal,12 antifertility,13 anthelmintic,14 anti-
ulcer,15 antioxidant, and anticancer activities.16 Individuals in
India have used A. indica to cure any disease associated with
the respiratory system.17 Gupta et al. used an aqueous extract
of A. indica to conduct an experiment with different
tuberculosis bacteria. As a result, the aqueous extract of A.
indica inhibited the growth of Mtb H37Rv and two multidrug-
resistant Mtb.18

AKT1 (also known as protein kinase B or PKB) and EGFR
(epidermal growth factor receptor) are both cell surface
receptors that play an important role in cell signaling cascades.
They are significant in the context of cancer and have been
examined as potential biomarkers in a variety of diseases,
including TB. Network pharmacology is a cross-disciplinary
field that analyzes the network of biological systems and selects
key signal nodes for drug molecular design by combining the
core ideas and research methodologies of bioinformatics,
network science, mathematics, and computer science.19,20 As a
novel holistic, multidisciplinary, integrative area, it analyzes
drug−target interactions through the prism of systems-based
techniques, providing a new paradigm for breakthrough drug
development.21,22 Molecular docking is a method of drug
design that involves the interaction of drug molecules and
receptors. It has been widely used in drug research and

Figure 1. Venn diagram represents the potential genes between the
herb (A. indica) and TB.

Figure 2. Interaction network of 9 compounds and 44 potential target genes. The circular nodes in the inner circle represent the bioactive
chemicals, diamond nodes in the outer circle represent potential target genes, and lines between them represent the interaction between nodes.
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development in recent years.23,24 Hence, we employed network
pharmacology in combination with molecular docking,
followed by molecular dynamics simulation to investigate the
potential mechanism of A. indica against tuberculosis. To the
best of our knowledge, this is the very first study to explore the
efficacy and mechanistic actions of A. indica phytocompounds
against TB as well as offer theoretical support and a scientific
basis for experimental validation of our current findings.

2. MATERIALS AND METHODS
2.1. Screening of Bioactive Chemicals of A. indica.

The chemical information was acquired from published
literature and by using Dr. Duke’s Phytochemical and
Ethnobotanical Database (https://phytochem.nal.usda.gov/
phytochem/search)25 and Indian Medicinal Plants, Phyto-
chemistry and Therapeutics (IMPPAT) (https://cb.imsc.res.
in/imppat/),26 two independent, publicly accessible databases
of phytochemicals. The bioactive chemical components were
virtually filtered out through Traditional Chinese Medicine
System Pharmacology (TCMSP) (https://tcmsp-e.com/
tcmsp.php)27 based on pharmacological indexes of OB and
DL greater than 30% and 0.18, respectively. OB is for the oral
bioavailability of a potential therapeutic component, whereas
DL represents drug-component affinity, which may indicate a
potential drug. Both DL and OB are more significant
characteristics of a drug.
2.2. Target Profiling of A. indica and Tuberculosis.

The target profiling is the preliminary step to highlight the
interaction frameworks of herbs used to treat a range of
a i lmen t s . Sw i s sTa r g e tP r ed i c t i on (h t t p : //www .
swisstargetprediction.ch/) was accessed to retrieve the target
genes of corresponding bioactive chemical based on the
simplified molecular input line entry system (SMILES),
confined to “Homo sapiens.”28 Only targets with a combined
score of ≥0.7 were selected for subsequent analysis. The
duplicated genes were eliminated by aligning the UNIPROT
IDs by using UniProtKB (https://www.uniprot.org/help/
uniprotkb). The target genes and their variants related to
tuberculosis were acquired from DisGeNET (https://www.
disgenet.org/) and GeneCards (https://www.genecards.org/)
databases using the terms “TB and tuberculosis.” Moreover,
these databases provide a summary of genomic data sets
coupled with physiological annotations. The records of target
genes acquired from these databases were overlapped to
predict more unique target genes involved in disease pathways.
The target genes for A. indica in TB were mapped using a Venn
diagram to identify putative targets. The researches were
advanced by considering these mapped genes.
2.3. Compound−Target Network. To visualize the

molecular processes of A. indica in tuberculosis, Cytoscape

was used to build the interaction network between active
molecules and probable targets.29 The network’s nodes signify
bioactive chemicals and potential targets. The lines indicate the
interaction of nodes known as edges. Later, a Cytoscape
plugin, Network Analyzer, was used to reveal the topological
characteristics of the network. The network was evaluated on
the basis of the degree of connectivity.
2.4. Protein−Protein Interaction Network. Protein−

protein interaction30 network of potential targets was built
with a confidence score of >0.4 by using STRING database.
The isolated points found in the network were deleted, and the
network is ready to import into Cytoscape. Cytoscape was
used to optimize the PPI network on the basis of degree of
connectivity, and the nodes with higher degree in the network
were bigger. To find out the key targets, a cytoscape plugin,
CytoHubba, was employed. These key potential targets may
serve as potential therapeutic targets that might be involved in
disease pathways.
2.5. Gene Ontology and Pathway Enrichment

Analysis. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and gene enrichment analysis were carried
out employing a database of functional annotations, DAVID
(https://david.ncifcrf.gov/). The gene function of potential
targets was categorized into biological processes (BP), cellular
components,30 and molecular functions (MFs). The pathway
enrichment analysis was carried out through KEGG database.
These ontologies and pathways were screened out based on
the probability value of <0.05. Later on, top 10 enriched
ontologies and pathways were displayed in bubble maps in the
R language using the ggplot2 package. To find out the
interactions of key hub, targets to top 10 enriched pathways
were visualized in Cytoscape (https://cytoscape.org/).
2.6. Compound−Target−Pathway Network. The com-

pound−target and pathway−target networks were merged to
build the compound−target−pathway network by using
Cytoscape. The nodes in the network represent the active
chemicals, potential targets, and signaling pathways. The edges
depict the relationship between these three types of nodes and
how they interact with each other.
2.7. Molecular Docking. Protein−ligand molecular

docking is employed to anticipate the binding sites of bioactive
constituents and potential targets identified via network
pharmacology. Molecular docking predicts interactions that
bind ligands to paired receptors in a molecular system. Binding
energy is the primary characteristic of the analysis evaluation.
The 3D conformations of ligands were retrieved from
PubChem database.31 The 3D structures of receptor proteins
were retrieved from Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSBPDB) (https://www.
rcsb.org/).32 To preprocess and minimize the receptor protein,

Table 2. Degree of Connectivity of Chemicals Explored via Cytoscape

sl. no. chemical name class degree

01 aurantiamide peptides 18
02 kaempherol flavonoid 18
03 β-sitosterol phytosterol 9
04 clionasterol phytosterol 9
05 stigmasterol phytosterol 8
06 2-monoolein glyceride 7
07 campesterol phytosterol 2
08 squalene terpenoid 1
09 diisooctyl phthalate phthalic acid 1
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a chimera was used. Autodock Vina features a user-friendly
interface that has been used to dock the receptor protein to
ligands.33 Afterward, chimera was used to visualize the
interactions between the receptors and ligands.34

2.8. Molecular Dynamics Simulation. The complexes
were MD simulated at 100 ns using the Schrodinger suite’s
Desmond software.35 In the simulation, the results of
molecular docking were used to analyze the dynamic

interactions of the protein−ligand complex. Using the
OPLS_2005 force field, the complexes were preprocessed,
optimized, and minimized.36 In an orthorhombic box with
dimensions of 10 × 10 × 10 Å3, the system builder tool was
used to add a transferable intermolecular potential with the 3-
point TIP3P solvent model.37 Counter ions were introduced
when needed to establish neutrality, and a concentration of
0.15 M NaCl was included to imitate a physiological state. The

Figure 3. (A) Interaction analysis of potential 44 target genes (protein) constructed through the STRING database. (B) The PPI network was
optimized through Cytoscape. (C) Candidate potential targets evaluated through CytoHubba based on degree.
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NPT ensemble was used to simulate the conditions of 1 atm
pressure and 300 K temperature. Before starting, the complex
was relaxed, and simulated trajectories were saved every 50 ps
for analysis.

3. RESULTS
3.1. Screening of Bioactive Chemicals of A. indica.

The phytochemical information on A. indica was collected
from different independent databases and literature min-
ing.38−43 A total of 134 chemicals of the leaves of A. indica
were collected. Among these chemicals, 12 chemicals (Ar−
curcumene, aurantiamide, β-sitosterol, campesterol, catechin,
flavoxanthin, clionasterol, kaempherol, squalene, stigmasterol,
diisooctyl phthalate, and 2-monoolein) were screened based
on pharmacokinetic indices of DL and OB. These 12 chemicals

with their chemical properties are presented, which may serve
as therapeutic drugs against the disease (Table 1).
3.2. Target Profiling of A. indica and Tuberculosis. A

total of 259 unique target genes were collected for the 9
bioactive chemicals of A. indica leaves’ extract with a
probability score of greater than zero. As there was no target
gene mapped to Ar−curcumene and catechin, these chemicals
were dropped from further investigations. Another chemical,
flavoxanthin, was also removed since it did not meet the
criteria of probability larger than zero. Following the
identification of the most potential pharmacological targets,
694 unique disease-related genes were revealed. Subsequently,
a Venn diagram was plotted to figure out the potential target
genes of A. indica and tuberculosis. A total of 44 target genes

Figure 4. Bubble map visualization of enriched gene functional annotation and signaling pathways. (A) Biological processes, (B) cellular
components, (C) molecular function, and (D) KEGG pathways.
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were identified as potential targets and further used for
subsequent investigations (Figure 1).
3.3. Compound−Target Network. The active phyto-

chemicals and potential target genes were evaluated, as the
mode of function remains a riddle. To uncover the molecular
mechanism, a network of 9 bioactive chemicals and 44
potential target genes was constructed. The network contained
53 nodes and 73 edges. The topological analysis of the network
revealed that it consists of 0.053 density, 1.310 heterogeneity,
0.305 centralization, and 3.771 average shortest path length
(Figure 2).

The chemical aurantiamide (18), kaempherol (18), β-
sitosterol (9), clionasterol (9), and stigmasterol (8) exhibited
higher degree of connectivity in the network, indicating that
these chemicals may serve as therapeutic compounds (Table
2).
3.4. Protein−Protein Interaction Network. The signal-

ing pathways of proteins are often mediated by protein
interactions. A PPI network with a confidence score of 0.4 was
built to comprehend the functional mechanism of 44 potential
target genes. The network contained 44 nodes and 223 edges
greater than the expected number of edges, which are 57. The
target genes were closely related to each other, and no isolated
point was found in the network (Figure 3A). The network was
found to be significant. The network was optimized in
Cytoscape, and the larger nodes such as AKT1 (29) and
EGFR (27) showed higher degree of connectivity. As the
degree of connectivity decreases, the size of the nodes
gradually decreases in the network. Target proteins such as
GLO1 (1) and PTGER2 (1) with less degree of connectivity
showed a smaller sized node in the network (Figure 3B). Later,
overlapped genes were analyzed, including AKT1, EGFR,

TLR4, MMP9, and PTGS2. These targets were highly
connected in the network (Figure 3C).
3.5. Gene Ontology and Pathway Enrichment

Analysis. To gain a more comprehensive knowledge of the
bioactivity of the targets addressed by the beneficial drugs, a
gene function annotation analysis was carried out. The
potential targets were involved in 155 BPs, 29 CCs, 44 MFs,
and 73 signaling pathways with an ease of <0.05 and a gene
count of >2. The top 10 enriched annotations were taken
because the targeted genes with their best ligands were
presented in top 10 enriched ontologies and 20 pathways with
least p value plotted in bubble charts (Figure 4).

The interactions of candidate potential targets to the top 20
pathways were built through Cytoscape. Earlier, it has been
disclosed that the key target genes were mainly involved in
estrogen signaling pathway, relaxin signaling pathway, C-type
lectin receptor signaling pathway, HIF-1 signaling pathway,
and tuberculosis (Figure 5).
3.6. Compound−Target−Pathway Network. To visual-

ize the interactions underlying candidate potential targets,
bioactive chemical components, and disease pathways,
compound−target networks and pathway−target networks
were combined. Each active constituent is interconnected to
multiple targets that are correspondents to signaling pathways.
It may impose synergistic effect to the disease treatment
(Figure 6).
3.7. Molecular Docking. Molecular docking was per-

formed to verify candidate target genes for chemicals that can
inhibit tuberculosis. The bioactive chemicals found in A. indica
(aurantiamide, β-sitosterol, campesterol, clionasterol, kaem-
pherol, squalene, stigmasterol, diisooctyl phthalate, and 2-
monoolein) and candidate targets, namely, AKT1 and EGFR.
Molecular docking was used to evaluate candidate bioactive

Figure 5. Interaction framework of candidate potential targets to enriched signaling pathways. The elliptical nodes represent the signaling pathway,
diamond nodes represent the potential targets, and lines between nodes represent the pattern of their interactions.
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target genes to reduce the possibility of tuberculosis
prevalence. The significantly docked complexes were screened
on the basis of binding affinity. The binding affinity of docking
complexes ranges from −4.5 to −9.2 kcal/mol (Table 3).

All of the 9 ligands successfully bind to the target proteins
AKT1 and EGFR (Figures 7 and 8). But stigmasterol was the
most prominently complexed with AKT1 and EGFR with −9
and −9.2 kcal/mol, respectively.
3.8. Molecular Dynamics Simulation. 3.8.1. Root-

Mean-Square Deviation. To assess the stability of the
protein−ligand complex, the root-mean-square deviation
(RMSD) of carbon α atoms in protein and ligand trajectories
was computed. Both complexes were found to be equilibrated
after 10 ns (Figure 9). After equilibration, the RMSD of

AKT1-complex maintained a RMSD value of ∼2−2.5 Å until
40 ns. During 40−60 ns, RMSD deviated in the range of
∼1.5−3 Å. After 60 ns, the RMSD value gradually decreased to
∼2 Å at 70 ns and then attained the stability in the range of
∼2−3 Å until the end of simulation. The RMSD of the ligand
(stigmasterol) remained in the range of ∼1−2 Å throughout
the simulation. The RMSD plot of the EGFR-complex showed
that the RMSD remained in the range ∼1.5−1.75 Å until 80 ns
and then displayed some deviations during 80−90 ns. The
RMSD attained the previous values in the last part of
simulation. Similarly, the RMSD of stigmasterol in this
complex remained in the range of ∼1−1.5 Å throughout the
simulation.

Figure 6. A. indica-induced pathways. The circular nodes represent active chemicals in the inner circle, diamond nodes in the middle circle
represent potential targets, and hexagons in the outer circle represent signaling pathways.

Table 3. Binding Affinities of Docking Complexes and Their Interacting Residues

binding affinities (kcal/mol)

sl. no. ligands AKT1 EGFR

01 aurantiamide −7.8 −6.9
02 β-sitosterol −8.5 −8.6
03 campesterol −8.7 −8.7
04 clionasterol −8.3 −8.6
05 kaempherol −7.6 −7.8
06 squalene −5.9 −4.5
07 stigmasterol −9 −9.2
08 diisooctyl phthalate −6.3 −5.9
09 2-monoolein −5.4 −5.2
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3.8.2. Root-Mean-Square Fluctuations. To examine the
dynamic behavior of protein restudies when bound to the
ligand, root-mean-square fluctuation (RMSF) values were
computed. Except for the loop areas, the RMSF values of
protein residues fluctuate less than 1 Å during the simulation
period (Figure 10). The RMSF figure demonstrated that the
protein residues were stiff and did not display significant
variations during simulation, implying that the protein−ligand
combination was stable. The RMSF values of loop residues
reached a maximum of ∼8 Å in the AKT1-complex, while the
greatest RMSF of loop regions in the EGFR-complex was ∼5
Å.
3.8.3. Protein−Ligand Contacts. MD simulations revealed

that hydrogen bonds and hydrophobic interactions were the
most critical interactions between the protein and its ligands
(Figure 11). The residues involved in hydrogen bonding in the
AKT-complex were Val185, Lys189, and Glu191, while Lys716

and Lys728 made hydrogen bonds with stigmasterol in the
EGFR-complex.
3.8.4. Principal Component Analysis. The dynamic

behavior of the protein in both complexes was analyzed by
the principal component analysis, which helps to identify the
collective motions of the MD trajectories. The PCA plots of
both complexes are shown in Figure 12A,B. The proportion of
the variance was plotted against the eigenvalue, which
represents the dynamic motions in hyperspace. Only three
PCs were plotted as covering the major fluctuations. In the
AKT1-complex, it can be observed that PC1 showed the
highest variation of 35.37% than others. PC2 and PC3
depicted the variability of 14.22 and 7.83%, respectively
(Figure 12A). While in the EGFR-complex, the highest
variation was 13.51% in PC1. Other variations in PC2 and
PC3 were 10.73 and 8.12%, respectively (Figure 12B). The
PCA analysis indicated conformational changes in all clusters

Figure 7. Docking complexes of AKT1 with 9 active chemicals.
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through simple clustering in the PC subspace; blue regions
exhibited the most significant movement, white regions
showed intermediate movement, and red regions showed less
flexibility movement.
3.8.5. Cross Correlation. The correlation among the protein

residues was investigated by a cross-correlation matrix, Figure
13A,B. The cyan color showed positively correlated residues,
while magenta color represented anticorrelated residues. It can
be observed that most of the residues had positive correlation,
while the anticorrelated residues were too short to observe.
The diagonal lines showed the positive correlation of
topological proximate residues. This analysis suggested that
the protein residues were highly correlated to each other when
bound to the respective compounds during simulation.
3.8.6. MM/GBSA. Molecular mechanics generalized Born

surface area (MM/GBSA) technique was adopted to compute

the total binding free energy (ΔGtotal) for both complexes.
ΔGtotal value is generally utilized for estimating the stability of
the complex of protein−ligand. The lower values of ΔGtotal
indicate that the complex is more stable and vice versa. It was
estimated as an addition of the protein−ligand complex and
the difference of the AKT1 and EGFR proteins and ligands
free energies. The total binding free energy calculated using the
MM/GBSA model is the resultant of the participation of
several protein−ligand interactions including van der Waals
energy (ΔEvdW), electrostatic energy (ΔEele), and ΔGGB
(electrostatic contribution to solvation free energy by
generalized Born). The total binding free energies are provided
in Table 4.

The ΔEvdW contribution of the EGFR-complex was slightly
higher than that of the AKT1-complex. The electrostatic
contribution was negligible in both complexes. The GB

Figure 8. EGFR binding site residues to the chemical components of A. indica.
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contribution showed that the AKT1-complex has higher GB
value than the EGFR-complex. The total binding free energy of
both complexes was −43.37 ± 0.52 for AKT1-complex and
−47.00 ± 0.35 for EGFR-complex.

4. DISCUSSION
Plant-derived product investigations have gained great
attention in recent years.44 An in silico drug discovery
technique, network pharmacology facilitates comprehension
of the complex correlations within drugs and their potential
target genes as well as their underlying action mechanisms.45

Furthermore, the variety of innovative drugs derived from
plants brings systematic complications.46 Natural substances,
primarily derived from herbs, are frequently used as potential
therapies, such as taxol.30 Tuberculosis is indeed a persistent,
contagious, and lethal disorder.47 Antibiotics such as

pyrazinamide and rifampicin are being used as first-line
therapies for tuberculosis.48,49 Unfortunately, a major challenge
is the development of pathogenic antibiotic resistance to such
contemporary medications.50 In the previous 46 years, only a
few drugs, including pretomanid, delamanid, and bedaquiline,
have been approved to relieve pathogens-resistant tuberculosis.
However, using herbal remedies with antipathogenic extracts
will not let the pathogens become resistant to them. A. indica
has significant clinical value in terms of boosting human health.
A. indica leaf extracts offer hope for the evolution of medicines,
as it possesses antituberculosis, antimalarial, analgesic,
antiulcer, antioxidant, anti-inflammatory, and antivenom
properties. A. indica is a primary source of metabolites,
including 134 chemical components, including peptides,
flavonoids, phytosterols, glycerides, terpenoids, and phthalic
acids. This step establishes a protocol for the investigation of

Figure 9. RMSD plots of AKT1 and EGFR complexes during the 100 ns simulation. Blue plot shows the RMSD of AKT1 protein, cyan plot shows
the RMSD of EGFR, and green plot shows the RMSD of stigmasterol.

Figure 10. Fluctuations of protein residual during simulations as determined by RSMF values. Blue plot shows the RMSF plot of the AKT1-
complex, while cyan plot shows that of the EGFR-complex.
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biologically active components of A. indica as well as a unique
pharmacological notion to investigate the molecular mecha-
nism of A. indica for tuberculosis treatment.

In this investigation, a variety of potential target genes have
mediated numerous disease-related signaling pathways. By
targeting these genes that can control disease-related pathways,

Figure 11. Interaction of protein−ligand interactions during MDS. (A) The protein−ligand contacts of AKT1-complex. (B) The protein−ligand
contacts of EGFR-complex. The interacting residues are shown are shown as large, stacked bars.

Figure 12. Principal component analysis of AKT1 and EGFR complexes. (A) The PCA plot of AKT1-complex with overall flexibility of 57.42%.
(B) The PCA plot of EGFR-complex with overall flexibility of 32.36% in three hyper spaces.
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disease progression can be minimized. The PPI interaction
analysis revealed that two potential target genes, AKT1 and
EGFR, were closely linked to other potential targets. AKT1 is a
serine/threonine protein kinase that belongs to the Akt kinase
family (Akt1, Akt2, and Akt3).51 Mtb’s subcellular proliferation
is controlled by the serine/threonine kinase AKT1.52 In mice
macrophages, the AKT1 inhibitor H-89 was reported to
minimize pathogen growth and AKT1 and AKT2 knockdown
in human THP-1 cells decreased the intracellular proliferation
of pathogens.53,54 AKT1 signaling can also influence the
adaptive immune response, which includes T and B cells. T-
cell activation and function are critical for TB infection control,
and AKT1 may play a role in modulating T-cell responses. The
epidermal growth factor receptor (EGFR), also known as
ErbB1 or HER1, is a cell surface receptor that regulates cell
development and differentiation in response to EGF and
similar ligands. EGFR inhibition reported to regulate
subcellular mycobacterial proliferation by promoting autoph-
agy, leading to increased elimination of pathogen.55 EGFR is
highly expressed on the surface of epithelial cells, especially
those lining the respiratory system. In TB, the first point of
interaction with Mtb is frequently in the lungs. EGFR
activation can affect the function of lung epithelial cells and
their response to Mtb infection. Although the EGFR can
influence several aspects of the host response to tuberculosis,

its role in tuberculosis pathogenesis is complex and context-
dependent. More researches are needed to completely
understand the mechanisms involved in the relationship
between EGFR and tuberculosis infection.

Gene ontology (GO) enrichment analysis is critical in
understanding the complex biological mechanisms underlying
diseases, such as tuberculosis. Researchers acquire important
insights into disease pathogenesis by categorizing genes into
biological processes (BPs), cellular components (CCs), and
molecular functions (MFs). BPs emphasize processes such as
immunological response and apoptosis, offering light on how
the host combats Mtb infection. CCs can identify the cellular
sites where TB-related genes are active, which is important for
understanding Mtb’s intracellular survival strategies, such as
those identified in phagosomes or cytokine receptor com-
plexes. MFs highlight the specific roles that genes perform,
such as identifying kinases that modulate immunological
signaling or transcription factors that control tuberculosis-
related gene expression. The potential targets were mainly
involved in serine-type peptidase activity, ligand-activated
transcription binding activity, ABC-type xenobiotic transporter
activity, and efflux transmembrane transporter activity. The
pathway enrichment analysis revealed that potential targets are
primarily involved in key signaling pathways related to
tuberculosis and the HIF-1 signaling pathway. Hypoxia-
inducible factor 1 (HIF-1) activation in the HIF-1 signaling
pathway regulates mycobacteria infection through enhanced
phagocytosis in infected cells.56

The interaction analysis of bioactive compounds, potential
target genes, and signaling pathways highlighted the strong
interrelation of aurantiamide, kaempherol, β-sitosterol, clio-
nasterol, and stigmasterol in the compound−target−pathway
network, indicating that they possess antituberculosis action.
Moreover, the findings of docking studies confirmed the
existence of a significant binding affinity between both the
bioactive components and the receptor proteins. Of note,
stigmasterol was prominently bound to the candidate targets

Figure 13. Dynamic cross-correlation matrix of the protein complexes to find the positive correlation in protein residues. (A) The DCCM of
AKT1-complex. (B) The DCCM of EGFR-complex.

Table 4. Binding Free Energies of the Complexes Calculated
by Implying the MM/GBSA Module

energy components AKT1 EGFR

ΔEvdW −57.44 ± 0.47 −58.29 ± 0.37
ΔEele 1.01 ± 0.20 0.23 ± 0.38
ΔEGB 19.12 ± 0.22 16.92 ± 0.40
ΔEsurf −6.06 ± 0.03 −5.87 ± 0.02
ΔGgas −56.43 ± 0.49 −58.05 ± 0.48
ΔGsolv 13.05 ± 0.22 11.05 ± 0.40
ΔGtotal −43.37 ± 0.52 −47.00 ± 0.35
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AKT1 and EGFR with higher binding affinity. In accordance
with subsequent network analysis, A. indica inhibits the
primary target genes and has therapeutic benefits against
tuberculosis. In light of network pharmacology, the current
study elaborates on the active chemicals, their potential targets,
and related pathways to treat tuberculosis (TB), providing a
conceptual structure for more scientific investigation.

There were various limitations to our study. To begin, more
testing is warranted to endorse our findings. Second, to
improve the accuracy of network pharmacology analysis
results, a larger library of traditional medicine target genes is
necessary. Third, even after combining the findings of network
pharmacology and molecular docking, we failed to fully
comprehend A. indica’s particular therapeutic mechanism.
Despite the fact that we have shown some basic encouraging
results, in-depth research and clinical trials are needed to
evaluate the potential of A. indica targeting TB and validate its
medical applications.

5. CONCLUSIONS
The current study establishes a new scientific foundation for
determining the efficacy of multitherapeutic components,
multiple potential targets, and the evaluation of novel targets
against targets against tuberculosis. Our findings reveal that
active compounds from A. indica, such as aurantiamide,
kaempherol, β-sitosterol, clionasterol, and stigmasterol, have
a high affinity for AKT1 and EGFR. The current findings were
corroborated by molecular docking and simulation studies.
These findings will serve as a solid basis for future research on
A. indica’s method of action against TB. However, the current
study has some constraints since further chemical constituents
and therapeutic investigation are required to validate our
findings.
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