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Therapeutic effects of Crataegus
monogyna inhibitors against
breast cancer

Girish Meravanige Basavarajappa1, Abdur Rehman2*,
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of Pharmacy, Prince Sattam Bin Abdulaziz University, Al-Alkharj, Saudi Arabia, 6Department of Biology,
College of Science, University of Hail, Hail, Saudi Arabia

Breast cancer is a silent killer disorder among women and a serious economic
burden in healthcare management. Every 19 s, a woman is diagnosed with breast
cancer, and every 74 s, a womanworldwide passes away from the disease. Despite
the increase in progressive research, advanced treatment approaches, and
preventive measures, breast cancer rates continue to increase. This study
provides a combination of data mining, network pharmacology, and docking
analysis that surely could revolutionize cancer treatment by exploiting prestigious
phytochemicals. Crataegus monogyna is a small, rounded deciduous tree with
glossy, deeply lobed leaves and flat sprays of cream flowers, followed by dark red
berries in autumn. Various studies demonstrated that C. monogyna is
therapeutically effective against breast cancer. However, the particular
molecular mechanism is still unknown. This study is credited for locating
bioactive substances, metabolic pathways, and target genes for breast cancer
treatment. According to the current investigation, which examined
compound–target genes–pathway networks, it was found that the bioactive
compounds of C. monogyna may operate as a viable solution against breast
cancer by altering the target genes implicated in the disease pathogenesis. The
expression level of target genes was analyzed using GSE36295 microarray data.
Docking analysis and molecular dynamic simulation studies further strengthened
the current findings by validating the effective activity of the bioactive compounds
against putative target genes. In summary, we propose that six key compounds,
luteolin, apigenin, quercetin, kaempferol, ursolic acid, and oleanolic acid,
contributed to the development of breast cancer by affecting the MMP9 and
PPARG proteins. Integration of network pharmacology and bioinformatics
revealed C. monogyna’s multitarget pharmacological mechanisms against
breast cancer. This study provides convincing evidence that C. monogyna
might partially alleviate breast cancer and ultimately lays a foundation for
further experimental research on the anti-breast cancer activity of C. monogyna.

KEYWORDS

network pharmacology, active compounds, Crataegus monogyna, breast cancer,
microarray data, molecular docking
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1 Introduction

Breast cancer is a frequently diagnosed cancer and an ongoing
challenge that is liable for the death of 685,000 women globally
(Ganesan et al., 2022; Kaushik et al., 2022). Despite countless
initiatives, breast cancer remains a severe burden on society (Noor
et al., 2021). According to recent studies, increased body weight, lack of
exercise, and alcohol intake are major risk factors for breast cancer
(Hirose et al., 1995; Feigelson et al., 2004). Additionally, it has been
noted that the condition is now being diagnosed in younger women.
Breast cancer in males is a relatively rare disease with an incidence rate
of < 1% of all breast cancer occurs in males (Leon-Ferre et al., 2018;
Gucalp et al., 2019). The higher mortality risk in females is due to a
significantly greater proportion of stromal and epithelial tissues and less
fatty adipose tissue (Nazari and Mukherjee, 2018; Hieken et al., 2022).
Breast cancer comprises a heterogeneous group of neoplasms with
distinct probabilities of relapse, molecular phenotypes, morphologies,
responses to therapy, and overall survival (Kalinowski, 2019; Rakha and
Pareja, 2021). The development of targeted therapy has been the
primary focus of modern cancer research. Using plants and their
phytochemicals to promote well-being is as old as humanity. The
tremendous richness of natural chemicals observed in plants offers
exceptional possibilities for developing novel medications. Nowadays,
scientists utilize multiple approaches to find the biological role of these
prestigious candidates to serve as novel leads in cancer treatment. These
old weapons are a novel fighter in the new war against breast cancer.

Crataegus monogyna, commonly known as hawthorn, is a round
appearing medicinal tree with a cream flower that turns dark red in
autumn (Fichtner and Wissemann, 2021; Martinelli et al., 2021;
Belabdelli et al., 2022). C. monogyna is a fantastic source of active
ingredients, including a wide range of polyphenols, including
epicatechin, procyanidins, isoquercitrin, hyperoside, and
chlorogenic acid, as well as a wide range of triterpene acids,
including ursolic acid and oleanolic acid, and many others
(Bahorun et al., 1994; Nabavi et al., 2015). The anti-oxidative and
cytotoxic effects of hawthorn’s bioactive component on the human
laryngeal cancer cell line were examined in a human laryngeal
carcinoma cell line (Belščak-Cvitanović et al., 2014). The
outcomes showed a significant reduction in radical species and
cell viability associated with various dosages and times of
administration.

Network pharmacology is a new frontier in systematic drug
research that can elucidate the drug actions and their interaction
with multiple targets (Noor et al., 2022a; Rehman et al., 2022a;
Qasim et al., 2023). This approach is considered a new trend toward
combining computational, experimental, and clinical approaches to
increase the clinical efficacy of drugs (Hopkins, 2008). This
multitarget approach is a tool for solving complex molecular
puzzles that have long perplexed researchers. Due to its ability to
provide a comprehensive understanding of systems biology through
network theories, it has been referred to as the “next paradigm in
drug development.” Recently, Batool et al. (2022) employed
bioinformatics and network pharmacology to elucidate the
anticancer effect of Fumaria indica for treating liver cancer. A
wealth of studies have reported the application of network
pharmacology in different domains, including cardiovascular
diseases, neurodegenerative diseases, cancer, and many others.
Similarly, Noor et al. (2022b) combined network pharmacology

with docking studies to uncover the multicomponent effect of Abrus
precatorius L. as a novel therapeutic option for type II diabetes.

To our knowledge, this is the first study to integrate
bioinformatics with network pharmacology to analyze the
multitarget pharmacological mechanisms and reveal the potential
targets and active ingredients of C. monogyna for breast cancer. This
approach constructs multicomponent and multitarget models to
provide a better understanding of the intricate interactions between
active compounds and target proteins from a network perspective.
Additional methods, including microarray data, survival analysis,
and molecular docking studies, were used to validate the findings.
The results were further complemented by all-atom molecular
dynamic (MD) simulation for 100 ns to investigate the stability,
conformational changes, and interaction mechanism of target
proteins when complexed with the proposed compounds. These
findings highlight the predicted therapeutic targets may be potential
targets of C. monogyna for the treatment of breast cancer. Further in
vivo and in vitro studies are mandatory to unveil the
pharmacokinetics and biosafety profile to track the candidature
status of C. monogyna in breast cancer.

2 Materials and methods

2.1 Screening of active compounds

The identification of active compounds is a preliminary step in
network pharmacology to examine the anticancer effect of Crataegus
monogyna. A detailed literature search was carried out using Google
Scholar, Google, and PubMed. Later, different public repositories
were searched using keyword “Crataegus monogyna” for retrieval of
C. monogyna-related active compounds. The Traditional Chinese
Medicine System Pharmacology (TCMSP) (Ru et al., 2014),
KNApSAcK (Nakamura et al., 2013), and Indian Medicinal
Plants, Phytochemicals, and Therapeutics (IMPPAT) (Mohanraj,
2018) databases were used in the current study to obtain compound-
related data. The compounds obtained from literature searches and
databases were then submitted to the Swiss ADME to predict their
oral bioavailability (OB). The term OB refers to the fraction of an
orally administered drug that enters the systemic circulation. In
contrast, a drug that is given intravenously is readily available in the
bloodstream and can be quickly distributed via systemic circulation
to its intended pharmacological site. In the context of drug design
and development, drug-likeness (DL), including as transporter
effects, metabolic stability, permeability, and solubility, plays a
crucial role. These properties can influence various aspects of
drug behavior, such as its metabolism, oral bioavailability, and
potential toxicity. Following this, the DL of active compounds
was predicted using MolSoft. Later, a filter was applied to
pharmacokinetics data and only those active compounds that
which met the criteria of OB ≥ 30% and DL ≥ 0.18 (Noor et al.,
2022b) were selected for subsequent analysis.

2.2 ADMET profiling

Evaluating absorption, distribution, metabolism, excretion, and
toxicity (ADMET) characteristics is crucial when assessing the
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pharmacological effects of the active compounds. In the past, many
drug candidates could not meet the requirements for clinical trials;
therefore, in silico prediction is crucial in the preliminary prediction.
The ADME profile directly influences the blood–brain barrier,
gastrointestinal environment, hydrophobicity, and physiochemical
properties of a substance before it is eliminated from the body in
feces and urine. admetSAR 2.0 (Cheng et al., 2012) and Swiss ADME
(Daina et al., 2017) were employed for ADME analysis.
Computational tools have made it possible to access the safety
profile of the required ligand molecules and quantify their
toxicity. Carcinogenicity, immunotoxicity, mutagenicity, and
cytotoxicity were then quantified using a toxicity profile. The
Protox-II tool (Banerjee et al., 2018) was employed to analyze the
toxicity of ligand molecules.

2.3 Target identification of druggable
ingredients and breast cancer

After identifying active compounds, the selected compounds
were subjected to the STITCH database (Kuhn et al., 2007) and
SwissTargetPrediction (Gfeller et al., 2014). STITCH databases
yielded a list of target genes against each compound. Only those
target genes were used for further analysis, having a combined
score ≥ 0.4. SwissTargetPrediction is a simple but useful tool for
predicting the most probable protein targets of active compounds.
Similarly, the same search criteria were used in Swiss target
prediction, and those target genes were selected with a
probability ≥ 0.4 (Noor et al., 2022b). The target proteins
obtained from the SwissTargetPrediction and STITCH database
were merged into a single file for further analysis.

The disease-related proteins were retrieved from Online
Mendelian Inheritance in Man (OMIM) (Hamosh et al., 2000)
and GeneCard (Safran, 2010). Both databases provide a
constantly updated list of human genes, allowing for correlating
these genes with diseases and developing new diagnostic and
treatment approaches. The duplicated genes were disregarded,
and UniProtKB was used to determine the common names of
the target proteins (Boutet et al., 2007). Lastly, a Venn diagram
was plotted to identify the genes that overlapped between the active
compounds and breast cancer. These overlapped genes were
considered as key targets.

2.4 GO enrichment and KEGG pathway
analysis

The overlapped targets were submitted to the DAVID database
(Dennis et al., 2003) for KEGG and gene ontology (GO) pathway
analysis. GO describes gene products in three different domains:
molecular function (MF), biological processes (BP), and cellular
components. Pathway analysis lies at the heart of systems biology.
Pathway enrichment analysis helps researchers gain mechanistic
insight into key targets generated from network pharmacology. A
p-value < 0.05 filter was applied to the GO terms and KEGG
pathways to obtain statistically significant results. Later, the
ggplot2 package of R was employed to visualize the top
20 significant GO terms and top 20 significant KEGG pathways.

2.5 Network construction

In the context of network pharmacology, the relationship between
target proteins and active compounds is established based on the ability
of a given compound to target multiple proteins. A compound–target
interaction network is constructed to investigate the molecular
mechanisms underlying the therapeutic effects of active ingredients
while minimizing potential side effects. This network enables a deeper
analysis of the action mechanisms of the active compounds at the
molecular scale. Comprehensive filtering is a crucial aspect of network
pharmacology to fully understand the multicomponent effects of such a
network. This approach can maximize the therapeutic effects while
minimizing potential adverse effects associated with multitarget drug
design. Unfortunately, owing to the overwhelming number of
interactions, it is challenging to experimentally analyze all potential
interactions between target proteins and their associated active
ingredients. In light of this, computational modeling—particularly
network approaches—offers a compelling alternative. Cytoscape
(version 3.9.0, Boston, MA, United States) (Shannon et al., 2003)
was used to predict the interaction between C. monogyna-related
compounds and target proteins. In a compound–target network, the
edges indicate relationships between compounds and targets, while the
nodes represent compounds and their corresponding targets. Later, a
compound–target–pathway was constructed using Cytoscape (version
3.9.0, Boston, MA, United States) (Shannon et al., 2003) to investigate
the multitarget effect of C. monogyna-related compounds on breast
cancer.

2.6 Identification of hub genes

The most fundamental molecular processes that underlie
cellular life depend on protein–protein interactions (PPIs), which
are frequently disturbed in disease states. The overlapped targets
were subjected to the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) (Von Mering et al., 2005) for PPI
network construction. STRING is a biological database and
online resource for PPIs that have been observed and predicted
in the past. Information from various sources, including
experimental data, computational prediction techniques, and
open text collections, is included in the STRING database. The
PPI was then imported to Cytoscape (version 3.9.0, Boston, MA,
United States) (Shannon et al., 2003) to identify hub genes. Hub
genes have a high degree of connectivity in a network. The
cytohubba plugin in Cytoscape was used to obtain proteins that
are highly correlated with each other. The top 10 genes based on the
degree method were selected and considered for further analysis.

2.7 Validation using gene expression data
and molecular docking

To validate the current study’s findings, the gene expression data
were obtained from the Gene Expression Omnibus (GEO) database
(Clough and Barrett, 2016). GEO is a public repository of high-
throughput gene expression data, microarrays, chips, and
hybridization arrays. In the current study, the GSE36295 data set
was downloaded from the GEO database. The GSE36295 data set
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contains microarray data obtained from breast cancer and healthy
individuals. The GSE36295 data set comprises 50 samples (5 healthy
individuals and 45 affected individuals). Later, the limma package of R
was used to screen differentially expressed genes (DEGs). Limma, which
includes effective tools for reading, normalizing, and interpreting gene
expression data, has evolved to be the best option for acquiring DEGs
through differential expression analysis of high-throughput data and
microarray. Screening conditions were set as adj. p-value < 0.05 and |
log(FC)| ≥ 1, |log(FC)| < −1.0. The ggplot2 package of R was used to
construct a volcano plot to visualize significant and non-significant
genes. Later, DEGs were compared with hub genes, and common genes
were selected for further analysis.

Molecular docking was then used to predict the binding affinity and
mode of action of a small molecule ligand with a target protein
(Muhammad et al., 2021; Hassan et al., 2022a; Khan et al., 2022).
The common genes were then docked with target proteins to predict
binding affinity among active compounds and target proteins. The
target protein structure was retrieved from the Protein Data Bank
(PDB). PDB is a single worldwide archive of the 3D structures of nucleic
acids and proteins. It contains protein data obtained by nuclear
magnetic resonance (NMR) spectrometry and X-ray crystallography
submitted by researchers from all over the world. After the refinement
of protein structures, the binding pockets were explored through the
CASTp tool (Tian et al., 2018). Later, PyRx (Dallakyan andOlson, 2015)
was used for protein–compound docking. A list of docked complexes
was generated using docking, but only those complexes with the highest
absolute value of root mean square deviation (RMSD) and binding
energy (kcal/mol) were considered. Lastly, Discovery Studio (Studio,
2008) and ChimeraX (Goddard et al., 2018) were used to explore
interactions between compounds and target proteins.

2.8 Molecular dynamics (MD) simulation

Molecular dynamics (MD) simulations are an important
methodology for examining the stability and compactness of docked
complexes (Aslam et al., 2021; Rehman et al., 2022b; Noor et al., 2022c).
The Desmond v3.6 program was used in the current study to validate
the finding of docking studies (Mohankumar et al., 2020). The MD
simulation was run at 100 ns under thermodynamical conditions,
including temperature, pressure, density, and applied volume. Using
ensembles, the entire system was annealed and reached equilibrium.
The structural changes in docked complexes were investigated in the
final production stages. To assess the degree of structural changes, the
trajectories of docked complexes were exposed to several generalized
parameters, including rootmean square fluctuation (RMSF), rootmean
square deviation (RMSD), polar surface area (PSA), and radius of
gyration (Rg).

3 Results

3.1 Screening of active compounds and key
targets

The data on C. monogyna -related compounds were not
available in the TCMSP database. Therefore, the KNApSAcK and
the IMPPAT databases were searched for retrieval of plant-related

compounds. Virtual screening of C. monogyna-related compounds
yielded six compounds: apigenin, luteolin, quercetin, kaempferol,
ursolic acid, and oleanolic acid (Table 1). These six compounds
fulfill the OB ≥ 30% and DL ≥ 0.18 criteria. The ADMET analysis of
bioactive compounds reveals no adverse effect of screened
compounds (Table 2). P-glycoprotein substrates, Caco-2
permeability, and BBB penetration yielded favorable results,
indicating the ability of bioactive compounds to be used as a
novel therapeutic agent. All of the predicted compounds were
found to be non-toxic, even when tested for multiple types of
toxicity, and no compound displayed toxic behavior.

3.2 Network analysis

Later, the compound–target network was constructed by
merging active compounds to the target genes. The main
purpose of constructing a compound–target network was to
comprehend the multitarget effect of C. monogyna-related
compounds on breast cancer (Figure 1). The compound–target
network consists of 600 nodes and 217 edges. The nodes in the
compound–target network represent compounds and target
proteins, and the degree of connectivity reflected the
significance of target proteins and their associated active
compounds in the network. The size and color of nodes
become large and darker with increased degree of connectivity.
The solid lines in the network signify the interconnection
between nodes. Furthermore, overlapped genes between
compound-related and disease-related targets were identified
using a Venn diagram. A total of 191 genes were found to be
common in both compound- and disease-related targets. These
compounds were then considered key targets and selected for
subsequent analysis.

The PPI network of key targets was constructed using the
STRING database. The PPI network was then imported to
Cytoscape for identification of hub genes. The top 10 genes
based on degree of connectivity were selected and considered as
the hub genes. The degree of connectivity is the number of
connections or edges the node has to other nodes. These hub
genes have the highest degree of connectivity in the PPI network:
AKT1(89), IL6(83), SRC(67), EGFR(64), MAPK3(63), ESR1(60),
PTGS2(57), PPARG(53), MMP9(42), and PPARA (39) (Figure 1C).
The MNC, MCC, betweenness, closeness, and clustering coefficient
of predicted hub genes are presented in Table 3.

3.3 GO enrichment and KEGG pathway
analysis

The 191 key targets were submitted to DAVID for function
enrichment analysis and pathway analysis. The GO terms were
mainly categorized into BP, CC, and MF. GO and KEGG pathway
analysis revealed that target proteins were mainly involved in
97 BP terms, 52 CC terms, 110 MF terms, and 74 KEGG
pathways. The GO enrichment analysis in terms of BP
revealed that key targets were mainly enriched in signal
transduction, protein phosphorylation, positive regulation of
cell proliferation, response to drug, inflammatory response,
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cell differentiation, cell division, proteolysis, positive regulation
of vasoconstriction, steroid metabolic process, cellular response
to cAMP, and apoptotic signaling pathway (Figure 2A). In case of
CC, the key targets were mainly concentrated in plasma
membrane, cytosol, macromolecular complex, integral part of

plasma membrane, receptor complex, extracellular exosome,
membrane raft, cytoplasm, nucleoplasm, and endoplasmic
reticulum membrane (Figure 2B). In terms of MF, the
overlapped genes were mainly involved in steroid binding,
enzyme binding, zinc ion binding, bile acid binding, carbonate

TABLE 1 Physiochemical properties, 2D structure, and PubChem IDs of final compounds.

Molecule name Molecular Oral
bioavailability (OB)

Drug
likeness (DL)

Structure PubChem
IDs

weight
(MW)

Apigenin 270.24 0.55 0.39 5280443

Luteolin 286.24 0.55 0.38 5280445

Quercetin 302.23 0.55 0.52 5280343

Kaempferol 286.24 0.55 0.50 5280863

Ursolic acid 456.7 0.85 0.66 64945

Oleanolic acid 456.7 0.85 0.37 10494
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dehydratase activity, identical protein binding, phosphotyrosine
binding, transcription factor binding, indanol dehydrogenase
activity, PTB domain binding, NF-kappaB binding, cyclin
binding, histone kinase activity, and estrogen receptor activity
(Figure 2C). KEGG pathway analysis revealed that key targets
were involved in cancer-related pathways, chemical
carcinogenesis, EGFR tyrosine kinase inhibitor resistance,
insulin resistance, the relaxin signaling pathway, the HIF-1
signaling pathway, the pI3K-Akt signaling pathway, the FoxO
signaling pathway, the ErbB signaling pathway, the estrogen
signaling pathway, acute myeloid leukemia, breast cancer, the
Rap1 signaling pathway, transcriptional misregulation in cancer,
the tumor necrosis factor (TNF) signaling pathway, and Th17 cell
differentiation (Figure 2D). The bubble plot of the top
20 significant terms and pathways is displayed in Figure 2.

The compound–target–pathway network was then constructed to
obtain insight into how signaling pathways could be related to the
beneficial effect of C. monogyna against breast cancer (Figure 3). The
compound–target–pathway mainly consists of bioactive compounds,
target genes, and their associated pathways. The ultimate goal of
presenting the compound–target–pathway network was to better
understand the interaction between compounds and disease.
Therefore, network analysis indicated that C. monogyna could
produce anti-breast cancer action by influencing multiple targets and
their associated pathways, thus indicating a multi-target
pharmacological mechanism of C. monogyna-related compounds.

3.4 Microarray data analysis

The gene expression level of hub genes was then analyzed
using the GSE36295 dataset. The GSE36295 dataset contains data

from five healthy and 45 breast cancer-affected individuals. The
DEGs were then identified using the Limma package of R. Only
those genes were considered as DEGs that met the criteria of adj.
p-value < 0.05 and |log(FC)| ≥ 1, |log(FC)| < −1.0 (Figure 4). The
Limma package yielded 1419 DEGs (789 upregulated and
620 downregulated genes). The core targets were then
compared with the DEGs, and only two targets, PPARG and
MMP9, were found to be overlapped. Furthermore, the
expression level of PPARG was upregulated, while the
expression level of MMP9 was downregulated.

Finally, docking analysis was performed to analyze
interactions between core targets and active compounds. The
3D structures of MMP9 and PPARG were downloaded from PDB
using pdb id: 1gkc and 1nyx, respectively. The CASTp tool was
used to predict the binding pockets of target proteins. The CASTp
score used for MMP9 and PPARG were area (SA): 472.041�A2;
volume (SA): 274.241�A3, and area (SA): 414.294�A2; volume (SA):
427.042�A3, respectively. Later, the target docking was performed
through PyRx. In PyRx, the docking grids of MMP9 and PPRAG
were X: −5.5563, Y: −12.8049, Z: −23.3022 and X: 20.9288, Y:
18.4992, Z: 30.0441, respectively, from the center with
exhaustiveness equal to 8. The findings of docking analysis
revealed that strong binding affinity exists between core targets
and active compounds (Table 4). MMP9 has a maximum binding
affinity with oleanolic acid (−17.69 kcal/mol) and apigenin
(−15.09 kcal/mol). In contrast, PPARG has the highest binding
affinity with kaempferol (−16.72 kcal/mol) and ursolic acid
(−16.11 kcal/mol). These results indicate that core targets bind
stably with active compounds and can be used as a promising
candidate for treatment of breast cancer. 3D visualization of the
active compounds and target genes is shown in Figure 4 and
Figure 5.

TABLE 2 ADMET profiling of selected compounds.

Compound Luteolin Apigenin Quercetin Kaempferol Ursolic acid Oleanolic acid

Blood–brain Barrier 7 7 7 7 7 7

Caco-2 permeability High Low Low Low High Low

Pgp-inhibitor 7 7 7 7 7 7

Pgp-substrate 7 7 7 7 7 7

CYP1A2 inhibitor 7 ✓ 7 ✓ 7 7

CYP1A2 substrate 7 7 7 7 7 ✓

CYP2C19 inhibitor ✓ 7 7 7 ✓ 7

CYP2C19 substrate 7 7 ✓ 7 7 7

CYP2C9 inhibitor 7 7 7 7 7 7

CYP2C9 substrate 7 7 ✓ 7 7 7

CYP3A4 inhibitor ✓ ✓ 7 ✓ 7 7

CYP3A4 substrate 7 7 7 7 ✓ 7

Acute toxicity Non-toxic Non-toxic Non-toxic Non-toxic Non-toxic Non-toxic

AMES toxicity Non-toxic Non-toxic Non-toxic Non-toxic Non-toxic Non-toxic
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FIGURE 1
Schematic diagram representing the overall methodology for deciphering the multitarget pharmacological mechanism of C. monogyna. (A) Venn
diagram representing the common genes between plant-related compounds and disease. (B) Compound–target network. The size and color of the
nodes represent their degree of connectivity. The higher the degree, the greater the size of the node. (C) Ranking of key genes based on degree of
connectivity. (D) Bar plot representing the degree of hub genes. (E) Observed expression hub genes in humans.

TABLE 3 Degree, MNC, MCC, betweenness, closeness, and clustering coefficient of top 10 hub genes.

Gene name Degree MNC MCC Betweenness Closeness Clustering coefficient

AKT1 89 89 2.17E+08 5025.418 137.0833 1

IL6 83 83 2.16E+08 4385.023 134 1

SRC 67 67 2.16E+08 2447.815 124.75 1

EGFR 64 64 2.10E+08 2409.659 124.0833 1

MAPK3 63 63 2.09E+08 2071.007 122.75 1

ESR1 60 60 2.05E+08 2747.78 121.3333 1

PTGS2 57 57 1.99E+08 1767.963 120.25 1

PPARG 53 52 1.61E+08 1602.4 117.5833 0.944444

MMP9 42 42 1.49E+08 993.0264 111.75 0.866667

PPARA 39 39 1.06E+08 1107.025 109.5833 0.866667
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FIGURE 2
Graphical representation of the top 20 significant GO terms and KEGG pathways.

FIGURE 3
Compound–target–pathway network. The core protein is shown as a circle, active compounds as arrows, and pathways in which the core targets
were involved as squares. Additionally, the nodes are colored with a gradient to indicate their degree of connectivity.
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3.5 Molecular dynamic simulation

MD simulations have been conducted in many previously
published studies to investigate the validity of docked complexes
(Mahmud et al., 2021; Hasan et al., 2022). MD simulation is a
strong biophysical technique that can uncover proper binding
conformations and other vital dynamic values of ligand–protein
interactions. Therefore, it is an important technique in computer-
aided drug design (Liu et al., 2019; Michael et al., 2021). MD
simulations have been very successful in recent years in optimizing
the docked hits (Vanmeert et al., 2019; Anwar et al., 2020; Guterres and
Im, 2020). The extensive data generated by MD simulation provides a
valuable resource for drug design, offering a comprehensive

understanding of the complex interactions between ligands and
proteins. In the current study, the selected compounds were
considered for 100 ns of MD simulations, and various trajectories
were obtained to analyze the results, as recommended. First, the
RMSD values of complexes were determined to estimate the
structural distance between different coordinates; that is, the RMSD
represents the mean distance between atoms at a particular site on the
protein. In other words, RMSD values code for assessing the structural
integrity of a protein–ligand docked complex. Overall, in the current
experiment, the RMSDs of all studied complexes were reported to be
stable. The RMSD value increased from 0 to 100 ns with small
fluctuations in all of the studied complexes. The average RMSD
value of oleanolic acid with MMP9 was found to be 1.5 Å from

FIGURE 4
3D visualization of MMP9 protein active compounds: (A) Oleanolic acid, (B) ursolic acid, (C) apigenin, (D) oleanolic acid, and (E) kaempferol.

TABLE 4 Binding affinity and RMSD values of core targets with active compounds.

Compound IDs Compound name Binding affinity (kcal/mol) RMSD Interacting residues

MMP9 (pdb id: 1gkc)

10494 Oleanolic acid −17.69 (kcal/mol) 1.01 His A:411, Pro A:421, Met A:422, and Leu A:187

64945 Ursolic acid −15.03 (kcal/mol) 2.81 Asp A:185, His A:411, and Leu A:187

5280443 Apigenin −15.09 (kcal/mol) 1.06 Ala A:189, Pro A:421, Leu A:188, Leu A:397, and Leu A:418

5280445 Luteolin −14.63 (kcal/mol) 1.55 Ala A:189, Glu A:402, His A:401, and Leu A:188

5280863 Kaempferol −12.39 (kcal/mol) 1.62 Tyr A:423, Val A:398, Leu A:418, and Ala A:189

PPARG (Pdb id: 1nyx)

5280863 Kaempferol −16.72 (kcal/mol) 0.97 Lys B:265, Glu B:343, Lys B:263, and Ser B:342

64945 Ursolic acid −16.11 (kcal/mol) 1.45 Lys B:263, Lys B:256, Phe B:287, His B:266, and Gly B:826

5280443 Apigenin −14.49 (kcal/mol) 2.03 Ile B:262, Phe B:264, Arg B:288, and Lys B: 256

10494 Oleanolic acid −12.17 (kcal/mol) 2.06 Pro B:227, Lys B:263, Lys B:265, and Gly B:344

5280445 Luteolin −11.95 (kcal/mol) 1.23 Ile B:262, Ser B:342, Arg B:288, Phe B:264, and Phe B:287
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30 to 50 ns, which reduced to 0.3 to 0.4 Å at 50–70 ns (Figure 6). In the
docked kaempferol and PPARG complex, a variance of 0.5 Åwas found
at 05–40 ns. At 100 ns, the kaempferol and PPARG complex showed a
variance of 0.3 Å. Briefly, the RMSD value of all studied complexes was
within the acceptable range.

The RMSF values of protein–ligand complexes were generated to
further assess residual protein-level flexibility. RMSF predicts the mean
fluctuation of a particular amino acid residue from its time-averaged

position over time. Docked-complex RMSF plots are demonstrated in
Figure 7. The docked complexes of oleanolic acid with MMP9 and
PPARG with kaempferol showed RMSF values ranging from 0.4 ±
0.8 Å and 0.9 ± 1.5 Å, which demonstrate the high level of stability
between the molecules of proteins in complex with ligands.

The compactness of the protein is described by the radius of
gyration (Rg), which was calculated for the protein backbone. Rg is
considered a novel method for understanding the shape and stability of
compounds and their protein during simulation. Rg values of both

FIGURE 5
3D visualization of PPRAG protein with active compounds: (A) Kaempferol, (B) ursolic acid, (C) apigenin, (D) oleanolic acid, and (E) luteolin.

FIGURE 6
Root mean square deviation (RMSD) of docked complexes: (A)
Oleanolic acid-MMP9 and (B) kaempferol-PPARG.

FIGURE 7
Root mean square fluctuation (RMSF) of docked complexes: (A)
Oleanolic acid-MMP9 and (B) kaempferol-PPARG.
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oleanolic acid/MMP9 and kaempferol/PPARG complexes are displayed
in Figures 8A, C. The average Rg values were as follows: for the oleanolic
acid and MMP9 complex, the Rg value was 2.96 ± 3.12 Å, while for the
PPARG and kaempferol complex, the Rg value was 3.6 ± 4.0 Å. Overall,
all of the protein–compound complexes demonstrated significant
compactness over the entire 500 ns of simulations. The area of
macromolecules that is accessible to water was determined using the
PSA. Calculating the PSA value is crucial in determining
conformational changes brought on by complicated interactions.
The PSA values of oleanolic acid with MMP9 and PPARG with
kaempferol complex were found to be 0.6 ± 1.5 nm2 and 0.2 ±
0.8 nm2 at 100 ns (Figures 8B, D).

4 Discussion

Breast cancer is frequently diagnosed in women, and its mortality
rates and incidence are expected to increase significantly in the coming
years (Momenimovahed and Salehiniya, 2019; Lei et al., 2021).
According to the latest statistics from the World Health
Organization (WHO), breast cancer is responsible for around 15%
of all cancer deaths among women worldwide, which is approximately
685,000 deaths per year (Rahman et al., 2019; Prusty et al., 2020). In the
United States, breast cancer is considered the second-leading health
concern among women, increasing drastically with 39,620 deaths and
232,240 newly diagnosed cases annually (Noor et al., 2021). Breast
cancer inmales is a relatively rare disease with an incidence rate of < 1%
of all breast cancer occurrences (Leon-Ferre et al., 2018; Gucalp et al.,
2019). The higher mortality risk in females is due to a significantly
greater proportion of stromal and epithelial tissues and less fatty adipose

tissue (Nazari and Mukherjee, 2018; Hieken et al., 2022). Breast cancer
comprises a heterogeneous group of neoplasms with distinct
probabilities of relapse, molecular phenotypes, morphologies,
responses to therapy, and overall survival (Kalinowski, 2019; Rakha
and Pareja, 2021). The aggressive behavior of breast cancer, limited
prognostic and diagnostic methods, multifactorial occurrence, and the
high rate of metastasis hinder the development of effective treatment
options for breast cancer (Francies et al., 2020).

The current therapeutic strategies for breast cancer depend
on several factors, including the subtype of breast cancer, stage of
the disease, and patient’s health status. The main treatment
modalities for breast cancer include surgery, radiation therapy,
chemotherapy, hormonal therapy, and targeted therapy.
Although these treatments can be effective in treating breast
cancer, they also have adverse side effects. Network-
pharmacology-based studies have shown great promise in
identifying new therapeutic targets and developing more
effective treatment strategies for breast cancer. By constructing
and analyzing molecular networks that underlie breast cancer,
researchers can identify critical signaling pathways and potential
drug targets that are involved in the development and
progression of the disease. Recently, Zhao et al. (2021) used
network-pharmacology-based approaches to identify a potential
drug target for triple-negative breast cancer (TNBC), a subtype of
breast cancer that is particularly aggressive and difficult to treat.
The researchers identified a protein called ITGA5 that plays a
critical role in the growth and spread of TNBC cells. They then
used a computational approach to screen a large database of
existing drugs and identified volasertib, which inhibits
ITGA5 and has shown promising results in preclinical studies.

FIGURE 8
Radius of gyration (Rg) of docked complexes: (A) Radius of gyration of oleanolic acid complex, (B) PSA for oleanolic acid complex, (C) radius of
gyration of kaempferol complex, and (D) PSA for kaempferol complex.
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In summary, network-pharmacology-based studies have the
potential to identify new therapeutic targets and treatment
strategies for breast cancer. By analyzing molecular networks
that underlie the disease, researchers can identify critical
signaling pathways and potential drug targets that can be
exploited to develop more effective treatments for breast
cancer patients.

Crataegus monogyna, also called hawthorn, is a spiny plant of
Rosaceae family (Ruiz-Rodríguez et al., 2014). C. monogyna is a
small tree or semi-evergreen shrub with thorns that grows up to five
to 15 m long (Martinelli et al., 2021; Hassan et al., 2022b; Shams ul
Hassan et al., 2022). C. monogyna are a rich source of natural
products that are considered to have anticancer qualities. Shirzadi-
Ahodashti et al. (2020) reported that leaf extracts of C. monogyna
have substantial anticancer properties toward cancer cell lines in
humans. Rodrigues et al. (2012) demonstrated that the flower of C.
monogyna has more bioactivity than the fruit. This flower bioactivity
inhibits the growth of cancer cell lines in humans. Flavonoids and
phenolic acids are the main active compounds of flower buds of C.
monogyna. This study identified the anti-breast cancer effect of C.
monogyna for the development of novel treatment options against
breast cancer.

Initially, the data related to C. monogyna-related compounds
were retrieved from databases and the literature. Later, the
compound and disease-related targets were predicted to identify
the common targets between C. monogyna and breast cancer. KEGG
pathway analysis revealed that the key targets were mainly involved
in EGFR tyrosine kinase inhibitor resistance, the PPAR signaling
pathway, proteoglycans in cancer, the relaxin signaling pathway, the
HIF-1 signaling pathway, the FoxO signaling pathway, the ErbB
signaling pathway, the estrogen signaling pathway, acute myeloid
leukemia, the IL-17 signaling pathway, breast cancer, the AMP-
activated protein kinase (AMPK) signaling pathway, the cell cycle,
the cAMP signaling pathway, the Ras signaling pathway, and the
TNF signaling pathway. Finally, the results were validated using
microarray data and docking analysis. Docking analysis
demonstrated that MMP9 and PPARG have strong binding
affinity with luteolin, apigenin, quercetin, kaempferol, ursolic
acid, and oleanolic acid. MD simulation, performed to determine
the efficacy of compounds, revealed that selected compounds
remained stable throughout 100 ns of simulations.

A pro-inflammatory cytokine known as TNF is more commonly
expressed in several types of malignancies. Disturbance in the TNF
signaling pathway leads to breast cancer. This cytokine is specifically
associated with elevated tumor cell proliferation, a higher degree of
malignancy, a greater likelihood of metastasis, and typically, a poor
prognosis for patients with breast cancer (Mercogliano et al., 2020).
Therefore, targeting the genes involved in the TNF signaling pathway
can help block the pathogenesis of breast cancer. Furthermore, AMPK
negatively regulates the mTOR signal pathway, suppressing tumor
growth and proliferation (Li et al., 2015; ul Hassan et al., 2022).
Thus, targeting AMPK signaling can help in breast cancer
prevention and treatment. Regarding core targets, it is important to
note that MMP9 contributes to the breakdown of the extracellular
matrix in various physiological and pathological contexts, including
cancer. Huang et al. (Huang, 2018) reported that overexpression of the
MMP9 protein is highly associated with breast cancer. Therefore,

MMP9 can be used as a biomarker in breast cancer and, ultimately,
development of novel treatment options.

To sum up, our study provides a scientific foundation to reveal
the C. monogyna-related compounds as a promising treatment
option for breast cancer. Integration of network pharmacology
with bioinformatics analysis revealed multitarget pharmacological
mechanism of C. monogyna in breast cancer. We validated the
results using gene expression data and molecular docking analysis.
Further in vivo and in vitro studies are required to validate the
efficacy of current findings. There are several limitations in our
study. First, additional tests are required to confirm our findings.
Second, a larger database of traditional medicines target genes is
required, which would improve the accuracy of the network
pharmacology analysis results. Third, even after combining the
outcomes of network pharmacology and molecular docking, we
could not fully comprehend the precise therapeutic mechanism of C.
monogyna. A way to navigate around this problem is to develop new
bioinformatics tools with novel strategies for ensuring the potential
targets and, ultimately, the effectiveness of multitarget drugs.
Recently, Yang et al. (Guterres and Im, 2020) proposed a novel
feature selection strategy to improve the stability and reproducibility
of the discovery of schizophrenia (SCZ) gene signatures. The new
strategy was able to identify differentially expressed genes and
demonstrated superior stability and differentiating ability
compared to previous methods. Fu et al. (2022) and Yang et al.
(2020) used NOREVA, which can evaluate processing performance,
optimize data processing, and process time-course and multiclass
metabolomics data. These tools and methods will be required to
further explore and validate the NP approaches. Despite the fact that
we have presented some interesting data, additional studies and
clinical trials are needed to explore the potential of C. monogyna to
validate their medicinal usages.

5 Conclusion

Breast cancer is a commonly diagnosed cancer and an ongoing
challenge as it is liable for the annual death of 685,000 women globally.
Due to the complexity of disease heterogeneity, resistance to anticancer
drugs, and the need for effective therapeutic targets, researchers and
clinicians are seeking promising treatment options to advance precision
medicine. Pharmacotherapy that utilizes natural scaffolds is considered
a promising and innovative approach. A network pharmacology
approach was employed in the current study in conjunction with
bioinformatics analysis to investigate the multitarget pharmacological
mechanism of Crataegus monogyna for breast cancer treatment. Our
findings uncovered that active compounds of C. monogyna, including
luteolin, apigenin, quercetin, kaempferol, ursolic acid, and oleanolic
acid, have strong binding affinity with MMP9 and PPARG. Microarray
data, docking, and simulation studies strengthened our findings. These
targets needs to be further validated using in vitro and in vivo
experiments. These proteins could serve as potential drug targets for
the development of new therapeutics that can better target and treat
breast cancer. The predicted compounds show multicomponent,
multitarget, and multipathway properties. These findings will serve
as a baseline for future research into the mechanism of C. monogyna
against breast cancer.
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The eco-friendly synthesis of metallic nanoparticles (MNPs) using biological
materials is an encouraging and innovativeness approach to nanotechnology.
Among other synthesizing methods, biological methods are chosen because of
their high efficiency and purity in many aspects. In this work, using the aqueous
extract obtained from the green leaves of the D. kaki L. (DK); silver nanoparticles
were synthesized in a short time and simply with an eco-friendly approach. The
properties of the synthesized silver nanoparticles (AgNPs) were characterized using
various techniques and measurements. In the characterization data of AgNPs,
Maximum absorbance at 453.34 nm wavelengths, the average size distribution of
27.12 nm, the surfacechargeof−22.4mV, and spherical appearancewere observed.
LC-ESI-MS/MS analysis was used to assess the compound composition of D. kaki
leaf extract. The chemical profiling of the crude extract of D. kaki leaves revealed the
presence of a variety of phytochemicals, predominantly phenolics, resulting in the
identification of five major high-feature compounds: two major phenolic acids
(Chlorogenic acid and Cynarin), and tree flavonol glucosides (hyperoside,
quercetin-3-glucoside, and quercetin-3- D-xyloside). The components with the
highest concentrations were cynarin, chlorogenic acid, quercetin-3- D-xyloside,
hyperoside, and quercetin-3-glucoside, respectively. Antimicrobial results were
determined by a MIC assay. The biosynthesized AgNPs exhibited strong
antibacterial activity against the human and food pathogen Gram (+ and −)
bacteria and good antifungal activity against pathogenic yeast. It was determined
that 0.03–0.050 μg/mL concentrations ranges of DK-AgNPs were growth
suppressive concentrations on all pathogen microorganisms. The MTT technique
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was used to study the cytotoxic effects of produced AgNPs on cancer cell lines
(Glioblastoma (U118), HumanColorectal Adenocarcinoma (Caco-2), HumanOvarian
Sarcoma (Skov-3) cancer cell lines, and Human Dermal Fibroblast (HDF) healthy cell
line). It has been observed that they have a suppressive effect on the proliferation of
cancerous cell lines. After 48 h of treatment with Ag-NPs, the DK-AgNPs were found
to be extremely cytotoxic to the CaCo-2 cell line, inhibiting cell viability by up to
59.49% at a concentration of 50 gmL−1. It was found that the viability was inversely
related to the DK-AgNP concentration. The biosynthesized AgNPs had dose-
dependent anticancer efficacy. Because of the high concentration of bioactive
chemicals in Diospyros kaki, it may be employed as a biological resource in
medicinal applications. DK-AgNPs were shown to be an effective antibacterial
agent as well as a prospective anticancer agent. The results provide a potential
approach for the biogenic production of DK-AgNPs utilizing D. kaki aqueous leaf
extract.

KEYWORDS

Diospyros kaki, gold nanoparticles, antimicrobial, anticancer, plant based nanoparticles

Introduction

Green nanotechnology, which is included in nanotechnology,
has recently attracted great attention with the elements it reveals at
the molecular level. These products continue to be a developing field
of study with their use in the treatment of various diseases in
medicine and many areas (Ramazanli and Ahmadov, 2022).
Nanoparticles (NPs) have superior properties such as physical
and chemical. In addition to the large surface areas of NPs, their
resistance to high-temperature changes are among their superior
features (Syafiuddin et al., 2017). In particular, nanometals such as
gold (Au), zinc (Zn), silver (Ag), palladium (Pd), and titanium (Ti) is
used in areas such as drug delivery systems, biological labeling,
optical devices, and some processes such as the synthesis and
stability of metal nanoparticles (NPs) attract great attention in
this field (Emmanuel et al., 2015). In addition, NPs are valuable
materials with uses in biomedical applications, cosmetics, and food
industries, bioremediation studies, etc. (Khalilov, 2023; Arroyo et al.,
2020). Different methods are used to obtain metallic NPs. Among
these methods, synthesis by biological methods has some
advantages. Among these are advantages such as being eco-
friendly, nominal energy, and cost, as it does not contain toxic
chemicals in the synthesis stages (Singh et al., 2018). Long before
antibiotics were brought into contemporary medicine, silver was
used to cure infected wounds. However, because of its high toxicity
and the availability of antibiotics, the use of silver is restricted.
Recently, silver nanoparticles (AgNPs) have piqued the interest of
scientists due to their potential application as antibacterial agents
(Gunashova, 2022). Because of their broad bactericidal and
fungicidal spectrum, they have a wide range of uses in medicine,
including medicines, cosmetics, and medical devices. The most
pressing public health issues for physicians have been antibiotic
resistance and anti-cancer agents that may be administered at low
dosages to inhibit malignant cell proliferation. As a result, research
into employing nanotechnology to improve medication delivery has
begun (Hawar et al., 2022). There are many studies using plant
sources (leaf, flower, root, fruit, or whole plant) to obtain silver
nanoparticles (AgNPs) with biological approaches (Namburi et al.,
2021). AgNPs obtained in synthesis studies with plant sources do

not require special conditions and are synthesized with an eco-
friendly approach, as well as the fact that the synthesis process is
easy, and cheap and the amount of product is higher, among the
factors that increase the interest in biological approaches (Rather
et al., 2022). Plants are the finest alternatives for finding novel anti-
cancer chemicals that have fewer side effects and are more
affordable. Infectious diseases, cancer, pyrexia, algesia, and
inflammation can all be treated using a variety of therapeutic
substances that can be found in medicinal plants (Majid et al.,
2022a; Majid et al., 2022b). Phenolic compounds, alcohols,
flavonoids, and phytochemicals containing carboxyl groups in the
extract obtained from plant sources are compounds that form silver
nanoparticles by reducing the plus-valent silver in the aqueous
structure and also have an effect on stability (Srikar et al., 2016).
AgNPs are used in medical applications as antimicrobial (Rather
et al., 2022) and anticancer (Salman et al., 2022) agents, in cosmetics,
bioremediation studies (Rani et al., 2020), in the food industry
(Velmurugan et al., 2014), and in many other areas. Diospyros kaki
L. (Persimmon of Paradise) plant, which has about 400 members of
the Ebenaceae family, is distributed throughout Asia, Africa, and
Central and South America. It is an economically valuable plant. The
leaves of the plant have medicinal uses with their positive effect in
the treatment of paralysis, skin burns, stopping bleeding, and
frostbite. It is chemical composition is rich in variable bioactive
components such as phenolic compounds, flavonoid oligomers,
tannins, ascorbic acid, and caffeine (Çifçi et al., 2021). In this
work, AgNPs were produced utilizing the aqueous extract of D.
kaki leaf. AgNPs that were produced in the plant-based green
method were assessed for two biological activities. Two Gram-
positive, two Gram-negative, and one fungus were used in the
current study to evaluate the antibacterial properties of biogenic
AgNPs. Four cell lines were employed in the study to determine
cytotoxicity. By using LCMS-MS to analyze the chemical
composition of the leaf extract, it was possible to identify
probable biologically active groups. The novelty of the present
study is that it successfully highlighted the antimicrobial and
cytotoxic potential of AgNPs synthesized for the first time using
D. kaki leaf aqueous extract using different cell lines, with abundant
evidence (Figure 1).
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Materials and methods

Extraction

The leaves of D. kaki (DK) were collected close to shedding
in late November. The leaves were washed three times with
deionized water to eliminate any pollutants and dirt. The
plants were then diced and dried in the open air until they
reached a consistent weight. Following that, dried leaves were
pulverized into a fine powder in a grinder. 150 grams of the
resulting powder were combined with 500 mL of deionized
water before being heated at 85°C and swirled at 240 rpm with
a magnetic stirrer for around 60 min. The heated solutions were
eventually filtered, and the filtrate extracts were kept in a glass
beaker at 4.0°C for further use.

Synthesis process of DK-AgNPs

5 mM (millimolar) metal solution was prepared by using silver
nitrate (99.8% purity), ACS reagent, ≥99.0% (Sigma Aldrich) for the
synthesis of DK-AgNPs. DK the leaf extract and AgNO3 solution (1:
4) were mixed at 30°C for synthesis. The colour change was observed

in 15 min. Depending on the colour change, samples were taken
from the reaction medium.

Characterization process of DK-AgNPs

UV-Vis spectroscopy is an essential method for assessing the
synthesis and stability of metal nanoparticles in aqueous solutions.
The maximum absorbance value does not change when samples
taken at various periods are analyzed, which is the stability criteria
(Jabir et al., 2021). Under optimum circumstances, a 50 mL AgNP
colloid solution was prepared with 5 mM silver nitrate and
centrifuged at 15,000 revolutions per minute for 10 min for
Fourier transform infrared (FTIR) spectroscopy analysis. After
that, the pellets were resuspended and lyophilized for 24 h. FTIR
analysis utilizing (Perkin Elmer Spectrum one) may be used to
determine the various functional groups in the generated Ag
nanoparticles. It provides information on the structure of a
molecule, which is frequently obtained through absorption
spectra (Keskin et al., 2022). The crystal patterns and crystal
sizes of the particles formed as a result of the synthesis were
analyzed using an XRD. Using the results obtained with XRD at
2θ in the range of 20–80, the crystal nano dimensions of AgNPs

FIGURE 1
Schematic representation of synthesis, characterization, and biomedical applications of silver nanoparticles synthesized using D. kaki leaf aqueous
extract.
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formed after synthesis was calculated by the Debye-Scherrer formula
(Keskin et al., 2022). Morphological appearances of synthesized
AgNPs were determined using TEM micrograph images with EVO
40 LEQ SEM, and Jeol Jem 1010 FESEM instruments. Topographic
features and phase contrast structure, morphological appearance,
and size of DK-AgNPs were determined using the AFM (Park
System XE-100 AFM) device. In addition, the data obtained from
TEM and SEM images were also used for morphological structure
evaluation. Surface charges and size distributions of synthesized DK-
AgNPs were measured by Zeta potential distribution (Malvern)
device.

Determination of chemical composition of
plant extract

To determine the phytochemicals that may be responsible for
bioreduction, the phytochemical profile of the extracted content was
defined using liquid chromatography-mass spectrometry (LC-MS/
MS) and FTIR devices. The results were also used to determine the
chemical components of the extract.

Antimicrobial activities of biogenic AgNPs

The suppressive effects of AgNPs synthesized from the extract of
DK leaves on the growth of pathogenic microorganism strains were
determined according to the minimum inhibition concentration
(MIC) value using the microdilution method (Keskin et al., 2022).
Gram-positive B. subtilis ATCC 11774 (Bacillus subtilis) and
Staphylococcus aureus ATCC 29213 (S. aureus) and Gram-
negative P. aeruginosa ATCC27833 (Pseudomonas aeruginosa)
and E. coli (Escherichia coli) ATCC25922 bacterial strains and
Candida albicans yeast (C. albicans) were used to determine
antipathogenic activities. Standard antibiotics (vancomycin,
colistin, and fluconazole) used to compare the effects of biogenic
nanoparticles were commercially purchased from Sigma Aldrich.
Solutions containing AgNPs at 1 μg/mL concentration were
prepared and transferred to microplates in appropriate amounts,
and AgNPs were dispersed in the medium with a series of micro
dilutions. Microorganisms grown on the medium plates were taken
and solutions containing microorganisms prepared by the
McFarland 0.5 (Emmanuel et al., 2015; Maillard et al., 2018;
Nishanthi et al., 2019) turbidity criteria were transferred. Some
microplate wells were defined for control steps such as sterilization.
After all these procedures, the prepared microplates were incubated
at 37°C. It was incubated overnight (24 h) for antimicrobial
interaction. The next day, the microplate wells were checked for
the proliferation of microorganisms, and the MIC was determined.

Cytotoxic effects of biogenix AgNPs on
healthy and cancerous cell lines

Cytotoxic effects of synthesized AgNPs and their suppressive
effects on cancer cells and healthy cells were investigated using the
MTT method (Khatamifar et al., 2022) at Dicle University Scientific
Research Center, Diyarbakır, Turkey. In the experimental study, the

effects of AgNPs on Glioblastoma (U118), Human Colorectal
Adenocarcinoma (Caco-2), Human Ovarian sarcoma (Skov-3)
cancer cell lines, and Human Dermal Fibroblast (HDF) healthy
cell lines were studied. In 75 t-flasks of Dulbecco’s Modified Eagle
(DMEM) medium, cell lines HDF, Caco-2, and U118 were cultured.
DMEM medium contains pentrep, 2 mM L-Glutamine, and 10%
FBS. The Skov-3 cell line was cultured in 75 t-flasks in RPMI media
with 100 U/mL penstrep and 10% FBS. The cultured flasks were
stored in a 37°C oven with 95% air, 5% CO2, and humidity. The cell
lines were then measured using a hemocytometer and resuspended
at varying concentrations depending on whether or not they were at
80% confluence. Cell lines were then incubated overnight in 96-well
microplates (24 h). After processing, varied doses of AgNPs were
introduced to the wells where the cell lines were cultivated, and the
oven was set to 37°C for 48 h. After the interval, MTT solution was
added to the wells and the microplates were incubated for 3 h. After
applying DMSO and waiting 15 min, absorbance measurements of
the cells at 540 nm wavelength were collected using a Multi Scan Go,
Thermo equipment. The equation below was used to determine
AgNPs generated with cell line absorbance values, which inhibit
their viability in cell lines (Remya et al., 2015).

%Viability � the absorbance of cells af ter exposure toAgNPs
the absorbance of the control cells

X100

(1)

Statistical analysis

The obtained data were statically analyzed using an unpaired
t-test with GraphPad Prism. The values were presented as the
mean ± SD (n = 3) (Ali et al., 2018).

Results and discussion

UV-vis spectrum data of DK-AgNPs

UV-vis spectrum (Figure 2) illustrates the influence of silver
nitrate concentration during the creation of silver nanoparticles
using D. kaki leaf extract. Brown-colored silver nanoparticles made
from 1 mM silver nitrate were found to have a distinctive surface
plasmon absorption band at 453 nm. While other concentrations
displayed a spacious peak at 453 nm, the 1 mM concentration
exhibited a narrow band with enhanced absorbance (Figure 2).
When the number of silver ions was raised from 1 to 5 mM, the
absorption rate increased. Due to the greater availability of
functional groups in the leaf extract at 1 mM concentration, the
formation of nanoparticles and size reduction got underway right
away. Due to competition between the functional groups in the
10 mL leaf extract and the silver ions, as the substrate concentration
was increased, the enormous size and aggregation of nanoparticles
occurred. Therefore, a considerable impact of concentration on the
production of silver nanoparticles was demonstrated by the
optimization investigation. According to the results of this
experiment, a concentration of 1 mM silver nitrate was ideal for
the creation of nanoparticles. Similar to intensity, an increased
concentration of nanoparticles is indicated by increasing
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intensity. A higher silver nitrate concentration may indicate the
creation of bigger nanoparticles.

XRD data of DK-AgNPs

The characteristic peaks in the XRD spectra validated and
demonstrated the XRD pattern of AgNPs formed from the leaf
extract (Figure 3). The spectra taken at 111°, 200°, 220°, and 311° in
the analysis data were performed at 2θ to elucidate the crystal
structures of the particles synthesized with DK leaf extract and to
determine the crystal nano sizes showed that the particles had a
cubic (face-centered cubic; JCPDS File No. 04–0783) pattern. Four
Bragg’s reflexion patterns at 2θ, that is, 111.00°, 200.00°, 220.00°,
311.00°, and in the whole spectrum of values ranging from 37 to 78,
were interpreted from XRD. Using the values of these spectra, the
crystal nano dimensions of AgNPs were calculated as 48.90 nm
using the Debye-Scherrer equation (Khan et al., 2018). Using this
equation, it was stated that the crystal nano dimensions of AgNPs
were calculated as 27.30 nm (Some et al., 2019) and 39.37 nm
(Baran, 2019) in Eco-Friendly synthesis studies.

Morphologies of biogenic AgNPs

SEM, FESEM, and TEMmicrograph analysis results used to define
the morphological structures of the synthesized AgNPs were spherical
in appearance and 8.13–38.5 nm in size (Figure 4). In a study, it was
reported that AgNPs obtained by mixing Pine, Ginkgo, Persimmon,
Magnolia, and Platanus plant extracts were spherical in SEM images
(Song and Kim, 2009). In another biosynthesis study, micrographs of
the spherical morphological appearance of AgNPs were presented
(Hasanzadeh et al., 2021). The same findings were expressed in the
FESEM results of AgNPs synthesized in the environmentally friendly
synthesis study of Sterculia foetida leaf extract (Premkumar et al., 2018).
Previous research, FESEM for Phyto-synthesised silver nanoparticles,
strongly validated this evaluation of AgNPs analyzed using the FESEM
approach (Khashan et al., 2020). The TEM is used to evaluate the
morphological properties of the produced NPs (TEM) (Al-Musawi
et al., 2020). From TEM images obtained in a study in which AgNPs
were synthesized and characterized (Kumar et al., 2017), it has been
reported that nanoparticles have a spherical appearance and
dimensions of 12–50 nm. In the EDX analysis to determine the
elemental content of the synthesized particles, strong peaks of silver

FIGURE 2
(A) Maximum wavelength absorbance bands showing the presence of AgNPs synthesized by leaf extract.
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FIGURE 3
Maximum wavelength absorbance bands showing the presence of AgNPs synthesized by leaf extract.

FIGURE 4
AgNPs synthesized by DK extract; (A) SEM, (B) FESEM, (C) TEM micrographs, and (D) EDX Profile.
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in Figure 4 showed the presence of AgNPs. Analysis using an Energy
Dispersive X-ray (EDX) spectrometer verified the occurrence of silver’s
elemental signal and its uniform pattern of dispersion of nanoparticles.
The horizontal axis showed energy in KeV, whereas the vertical axis
showed the quantity of X-ray counts. This confirmed that silver
particles were appropriately identified and is present in the solution.
Identification lines for themain silver emission energies were displayed,
and these coincided with peaks in the spectra. In addition to these
strong peaks, the presence of weak peaks such as carbon and oxygen
was also due to the phytochemicals in the particles (Khatamifar et al.,
2022).

AFM micrograph of biogenic AgNPs

The topographic distributions and size distributions of AgNPs
obtained as a result of the Eco-Friendly method were determined
by the results of AFM analysis. As seen in Figure 5, it was seen
that The Atomic Force Microscopy (AFM) image depicts
monodispersed silver nanoparticles that were created, and it
agrees well with the SEM and TEM images. In the AFM results
of similar studies, the data showing that AgNPs have a spherical
appearance and are below 100 nm were examined (Khashan et al.,
2020).

FIGURE 5
AFM graph of synthesized AgNPs.

FIGURE 6
Zeta potential distributions of synthesized AgNPs.
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Zeta potential distribution of DK-AgNPs

Zeta potential analysis data were evaluated in determining the
surface charges of DK-AgNPs synthesized with leaf extract. As seen
in Figure 6, the surface charge distribution of the synthesized AgNPs
was found to be −22.4 mV on average. The presence of
phytochemicals affects the negative surface charge (Remya et al.,
2015). The negative charge distribution of NPs is important for their
stability. The formation of different charges causes negative
situations such as aggregation and fluctuation with electrostatic
interaction (Pugazhendhi et al., 2018). The fact that AgNPs
synthesized with DK extract were only negatively charged was
the data showing that these NPs were stable. When previous
Eco-Friendly synthesis studies were examined, it was seen that
the surface charge distributions in the zeta potential results of
AgNPs were −18.52 mV (Tian et al., 2022), −13.7 mV (Shoaib
et al., 2021), and −43.3 mV (Soltani and Darbemamieh, 2021).

Size distribution of DK-AgNPs

The sizes of AgNPs synthesized with DK extract were defined by
zeta size distribution analysis. It was observed that AgNPs exhibited
an average size distribution of 27.12 nm below 100 nm (Figure 7). It
was stated that AgNPs synthesized with Zataria multiflora extract at
pH 9 had a size distribution of 25 nm (Barabadi et al., 2021). It was
shown that AgNPs with an average size distribution of 49.04 nm were
synthesized using Commiphora molmol extract (Awad et al., 2021).

TGA-DTA data of DK-AgNPs

TGA-DTA analysis was performed to determine the stability
and resistance of the synthesized AgNPs against heat treatments. As
seen in Table 1 and Figure 8, mass losses occurred at temperatures at
three points. The initial mass loss from these points was due to the
loss of retained water with 6.94% at 153.44°C. It was observed that
the mass losses of 12.48% and 7.67% at the second and third points,
respectively, were caused by the phytochemicals (organic

compounds) surrounding the AgNPs (Mobin et al., 2022). TGA-
DT results of AgNPs are given in some green synthesis studies
performed in Table 2.

FTIR analysis

FTIR analysis was used to characterize the potential functional
groups involved in the reduction of silver metal ions to silver
nanoparticles. Frequency shifts in 3334.66–3314.00 cm−1,
2106.57–2121.85 cm−1, and 1635.47–1635.12 cm−1 in the results of
the FTIR analysis performed to evaluate the functional groups
participating in the reaction showed that hydroxyl, carboxyl and
amine groups may be responsible for the reduction and stabilization,
respectively (Figure 9) (Hatipoğlu, 2022). Proteins and flavonoids
may have contributed to the quick reduction and capping of silver
ions into silver nanoparticles in the current analysis. Strong reducing
agents, flavonoids, which can be indicative of the reduction of silver
nitrate to generate AgNPs, were detected in the leaf extract. The
decrease of Ag+ to Ag0 may be directly attributed to the flavonoid
components found in the D. kaki extract.

Antimicrobial activities

The antimicrobial effects of AgNPs obtained after synthesis was
determined by the microdilution method. The efficacy of
synthesised DK-AgNPs (1 μg/mL concentration) was comparing
with Ag NO3 solution (11.60 μg/mL initial concentration) and
antibiotics used as standard (128 μg/mL concentration). As seen

FIGURE 7
Zeta size distributions of synthesized AgNPs.

TABLE 1 TGA-DTA results and mass loss points of synthesized AgNPs.

Mass loss points Temperature (°C) Mass loss (%)

First 153.44–327.71 6.94

Second 328.60–612.25 12.48

Third 612.25–844.77 7.67
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FIGURE 8
TGA-DTA graph of synthesized AgNPs.

TABLE 2 Mass loss points in TGA-DTA results of AgNPs synthesized in Eco-Friendly studies.

Biological source Size (nm) Mass loss temperature (°C) Mass loss (%) References

1 2 3 1 2 3

Cydonia oblonga 27.30 31–257 328–612 612–844 6.91 12.48 7.67 Mobin et al., 2022

Fritillaria (Flower) 10 200 200–600 - 77.5 18.6 - Hawar et al., 2022

Hawthorn leaves 58.54 11–85 85–235 235–934 2.56 3.56 34.35 Jun et al., 2008

Crataegus monogyna

Artemisia absinthium 14.58 30–162 162–478 478–619 1.45 13.18 4.92 Hatipoğlu, (2022)

FIGURE 9
(A) FTIR spectroscopy data of the plant extract, (B) FTIR spectroscopy data of reaction liquid with synthesized AgNPs.

Frontiers in Chemistry frontiersin.org09

Keskin et al. 10.3389/fchem.2023.1187808

30

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1187808


in Table 3, concentrations of 0.03 and 0.050 μg mL−1 showed
suppression of growth of tested strains. These concentrations of
AgNPs showed that they were effective at very low concentrations
against antibiotics and AgNO3 solution. In Table 4, the findings of
the antimicrobial effect studies obtained in other Eco-Friendly
synthesis studies are given to compare with our results.

Cytotoxic effects of DK-AgNPs

The cytotoxic effects of synthesized AgNPs on cell lines were
examined using the MTT method. As seen in Table 5, it was
determined that 25 μg mL−1 concentration did not have a toxic
effect on healthy cell lines, and had an anticancer effect on Caco-

2 and skov-3 cancer cell lines, with suppression rates of 44.40% and
18.62%, respectively. It was observed that AgNPs at a concentration
of 25 μg mL−1 showed a proliferative effect on U118. Some
concentrations may exert a proliferative effect on cancer cell lines
(Zhang and Jiang, 2020). It was determined that 50 μg mL−1

concentration of AgNPs did not show any toxic effect in healthy
cells and the best anticancer effect of this concentration occurred on
the Caco-2 cell line with a suppression rate of 59.49% at 50 μg mL−1

concentration (Table 5). In addition, 50 μg mL−1 concentration of
AgNPs synthesized on U118 and Skov-3 cancer cell lines caused a
16.01% and 51.07% suppression in cell viability and proliferation,
respectively.

The cytotoxic effects of AgNPs synthesized in the previous green
synthesis studies on cancer cells using the MTT method are given in

TABLE 3 MIK values showing inhibition on growth in the antimicrobial effects of synthesized AgNPs.

DK-AgNPs Silver nitrate Antibiotica

µg ml-1 µg ml-1 µg ml-1

S. aureus 0.06 2.65 2.00

B. subtilis 0.03 1.32 1.00

E. coli 0.25 0.66 2.00

P. aeruginosa 0.13 1.32 4.00

C. albicans 0.50 0.66 2.00

aThe antibiotics used for comparison; are Vancomycin for Gram-positive bacteria, Colistin for negatives, and Fluconazole for C. albicans.

TABLE 4 Comparative studies of AgNPs on microorganisms in Eco-Friendly synthesis studies.

Biological resource Size (nm) Shape MIC values References

µg ml-1

S. aureus E. coli

Tannic acid and sodium alginate 18.52 Spherical 31.25 - Tian et al., 2022

Zataria multiflora 25.5 Spherical 4–8 Barabadi et al., 2021

Anklet olive tree leaves 7.2 Spherical 0.06 0.13 Ejidike and Clayton, (2022)

Chitosan <20 Spherical 312.5 39.1 Wongpreecha et al., 2018

Cynara scolymus L 28.78 Spherical 0.12 0.13 Baran et al., 2021

Diospyros kaki L 27.12 Spherical 0.06 0.25 (This work)

TABLE 5 Viability rates of cell lines after 48 h of the interaction with synthesized AgNPs (n = 3).

Control 25 μg mL−1 50 μg mL−1 100 μg mL−1 200 μg mL−1 IC50

HDF 100 90.96 51.55 43.83 20.54 1.58

U118 100 108.05 96.37 83.99 81.17 3.73

CaCo-2 100 55.60 40.51 32.74 28.41 3.88

Skov-3 100 81.38 54.59 49.03 44.26 2.97
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TABLE 6 Cytotoxic effects of AgNPs on cancer cell lines in previous green synthesis studies.

AgNPs

Cell lines Shape Size (nm) Concentration range (μg mL−1) Viability (%) References

HDF Spherical 23.29 25–200 57.47–89.87 Khatamifar et al., 2022

U118 Spherical 7.2 25–200 30.58–59.75 Ejidike and Clayton, (2022)

CaCo-2 Spherical 23.29 25–200 64.99–73.92 Khatamifar et al., 2022

Skov-3 Spherical 162.72 1–40 29.36 Satpathy et al., 2018

FIGURE 10
LC-MS/MS profile of the content of DK leaf extract.

TABLE 7 LC-MS analysis results for the analysis of phenolic compounds of the plant extract.

Component RT Resp Final concentration (μg mL−1) Unit

Chlorogenic acid 5.23 50527 11210.65 ± 1.79 µg ml−1

4-Hydroxybenzaldehyde 5.72 1787 21.37 ± 0.11 µg ml−1

Cafeic acid 6.04 26124 251.77 ± 0.23 µg ml−1

P-coumaric acid 8.48 5668 34.52 ± 0.09 µg ml−1

Transferulic acid 9.56 573 92.48 ± 0.20 µg ml−1

Kersimeritrin 10.71 2209 54.18 ± 0.12 µg ml−1

Cynarin 11.18 130380 13359.86 ± 1.93 µg ml−1

Hyperocyte 11.69 413692 3091.39 ± 0.34 µg ml−1

Quercetin-3-glycoside 11.92 833019 2100.66 ± 0.15 µg ml−1

Quercetin-3- D-xyloside 12.50 624 3546.91 ± 0.19 µg ml−1

Kaemerol-3-glucoside 13.35 109366 178.42 ± 0.08 µg ml−1

Fisetin 13.35 1750 153.60 ± 0.09 µg ml−1

Biochanin A 20.53 22285 464.49 ± 0.10 µg ml−1

Diosgenin 30.53 9053 29.62 ± 0.02 µg ml−1

RT, retention time.
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Table 5. Some properties of nanoparticles such as concentration, shape,
and size have a significant effect on their toxic effect (Swamy et al.,
2015). NPs contact cells by electrostatic interaction and cause an
increase in the amount of ROS DNA, RNA, and some vital
enzymes that have a high affinity for these species (Gopu et al.,
2022). In addition, AgNPs cause cell death by activating structures
responsible for cell apoptosis (Selvan et al., 2018). Some of the studies
that evaluated the cytotoxic activities of silver nanoparticles with similar
cell lines are given in Table 6 for comparison.

LC-MS profile of DK leaf extract

Phytochemicals have very important activities such as anticancer,
antioxidant, and anti-inflammatory. Phytochemicals such as phenolic
compounds andflavonoids are biologically highly active compounds.We
take them into our bodies, especially with plant-based foods. LC-MS/MS
analysis results for the analysis of phenolic compounds of DK extract
were evaluated with the results given in Figure 10 and Table 7.When the
compounds with high concentrations in the extract were evaluated,
11210.6471 μg mL−1, 13359.8649 μg mL−1, 3091.3887 μgmL−1,
2100.6615 μg mL−1, and 3546.9109 μg mL−1 concentrations of
compounds such as chlorogenic acid, cynarin, hyperoside, quercetin-
3-glucoside, quercetin-3-D-xyloside were determined, respectively. These
compounds have very important benefits. It is a member of the ester
family of chlorogenic acids between quinic acid and trans-
hydroxycinnamic acid. It has pharmacological effects such as
antioxidant, antispasmodic, inhibition of DNA methyltransferase, and
inhibition of carcinogenic components (Jaiswal et al., 2014). Cynarine
(1,3-dicaffeoylquinic acid) is formed by the esterification of two units of
caffeic acid and one unit of quinic acid. It is a derivative of
hydroxycinnamic acid and is a biologically active functional group. It
is a compound with pharmacological effects such as antioxidant,
anticholinergic, antihistamine, and antibacterial (Topal et al., 2016).
Caffeic acid exhibits antifungal activity via inhibiting fungal 1,3-d-
glucan synthase (Mohsin et al., 2022). Quercetin-based compounds in
the flavonoid group have antiviral effects. In particular, quercetin-3-
glucoside has a strong antiviral effect against the influenza virus (Nile
et al., 2020).

Conclusion

The use of environmentally friendly technology to create
nanoparticles has various benefits, including the process’s
simplicity and practicality from an economic standpoint. We
have created a quick, environmentally friendly, and practical
process for creating silver nanoparticles with a diameter range of
8–38 nm from D. kaki aqueous leaf extract. Changes in AgNPs were
seen in UV-vis spectra at 453 nm, as well as time-dependent color
changes. The XRD pattern indicated that the sample was made up of
elemental silver crystalline face-centred cubic (fcc) lattice structures.
The essential biological components responsible for the silver
reduction in the FTIR technique were discovered. EDX was used
to examine the nanoparticles’ high absorption. The SEM image
shows the size, shape, and high density of the nanoparticles. All of
these findings indicated that AgNPs produced with Diospyros kaki
leaf extract were stable. The presence of significant phenolic

compounds in the LC-MS analysis findings for the detection and
identification of phytochemicals of extract components indicated
that these components were actively involved in the reaction. In
MIC tests, the DK-AgNPs demonstrated significant antibacterial
activity. The DK-AgNPs also suppressed the activity of treated cell
lines, confirming the viability reduction. The creation of application
phases is expected to be beneficial to future research, particularly in
the quest for anticancer and antibacterial medicines. Finally, because
the synthesis procedure is simple and inexpensive, and the raw
material is inexpensive, more in vivo tests are required to confirm
the results of this work.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

CK, conceptualization, study design, supervision, manuscript
revision, and final approval of the version to be declaration of
competing interest. AÖ, data curation, formal analysis,
investigation, and writing—original draft. AB and MB,
methodology, visualization, formal analysis, investigation, and
writing—original draft. AE, conceptualization, study design,
supervision, manuscript revision, SO, formal analysis,
methodology, and visualization. RK, resources, writing—original
draft, and writing—review and editing. EA, methodology,
visualization, formal analysis, data curation, writing—review and
editing. AS, methodology, visualization, formal analysis, data
curation, and writing—review and editing. AB and IG,
methodology, formal analysis, data curation, visualization,
writing—original draft, and writing—review and editing. All
authors contributed to the article and approved the submitted version.

Funding

This work was supported by the Bashkir State Medical University
Strategic Academic Leadership Program (PRIORITY-2030).

Acknowledgments

The authors thank Dr. Sevgi İrtegün Kandemir from Dicle
University for her valuable contribution and comments on the
manuscript. The authors are thankful to Mardin Artuklu University
for providing all necessary research facilities to carry out this research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Chemistry frontiersin.org12

Keskin et al. 10.3389/fchem.2023.1187808

33

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1187808


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Al-Musawi, S., Albukhaty, S., Al-Karagoly, H., Sulaiman, G. M., Jabir, M. S., and
Naderi-Manesh, H. (2020). Dextran-coated superparamagnetic nanoparticles modified
with folate for targeted drug delivery of camptothecin. Adv. Nat. Sci. Nanosci.
Nanotechnol. 11 (4), 045009. doi:10.1088/2043-6254/abc75b

Ali, I. H., Jabir, M. S., Al-Shmgani, H. S., Sulaiman, G. M., and Sadoon, A. H. (2018).
Pathological and immunological study on infection with Escherichia coli in ale balb/c
mice. Journal of Physics: Conference Series. England: IOP Publishing.

Arroyo, G. V., Madrid, A. T., Gavilanes, A. F., Naranjo, B., Debut, A., Arias, M. T.,
et al. (2020). Green synthesis of silver nanoparticles for application in cosmetics.
J. Environ. Sci. Health, Part A 55 (11), 1304–1320. doi:10.1080/10934529.2020.1790953

Awad, M. A., Al Olayan, E. M., Siddiqui, M. I., Merghani, N. M., Alsaif, S. S. A.-l., and
Aloufi, A. S. (2021). Antileishmanial effect of silver nanoparticles: Green synthesis,
characterization, in vivo and in vitro assessment. Biomed. Pharmacother. 137, 111294.
doi:10.1016/j.biopha.2021.111294

Barabadi, H., Mojab, F., Vahidi, H., Marashi, B., Talank, N., Hosseini, O., et al. (2021).
Green synthesis, characterization, antibacterial and biofilm inhibitory activity of silver
nanoparticles compared to commercial silver nanoparticles. Inorg. Chem. Commun.
129, 108647. doi:10.1016/j.inoche.2021.108647

Baran, A., Baran, M. F., Keskin, C., Kandemir, S. I., Valiyeva, M., Mehraliyeva, S., et al.
(2021). Ecofriendly/rapid synthesis of silver nanoparticles using extract of waste parts of
artichoke (Cynara scolymus L) and evaluation of their cytotoxic and antibacterial
activities. J. Nanomater. 2021, 1–10. doi:10.1155/2021/2270472

Baran, M. F. (2019). Synthesis, characterization and investigation of antimicrobial
activity of silver nanoparticles from Cydonia oblonga leaf, Appl. Ecol. Environ. Res. 17
(2), 2583–2592. doi:10.15666/aeer/1702_25832592

Çiftçi, H., Çalışkan, Ç. E., Öztürk, K., and Yazıcı, B. (2021). Bioactive nanoparticles
synthesized by green method. Black Sea J. Eng. Sci. 4 (1), 29–42. doi:10.34248/
bsengineering.816084

Ejidike, I. P., and Clayton, H. S. (2022). Green synthesis of silver nanoparticles
mediated by daucus carota L.: Antiradical, antimicrobial potentials, in vitro cytotoxicity
against brain glioblastoma cells. Green Chem. Lett. Rev. 15 (2), 298–311. doi:10.1080/
17518253.2022.2054290

Emmanuel, R., Palanisamy, S., Chen, S.-M., Chelladurai, K., Padmavathy, S.,
Saravanan, M., et al. (2015). Antimicrobial efficacy of green synthesized drug
blended silver nanoparticles against dental caries and periodontal disease causing
microorganisms. Mater. Sci. Eng. C 56, 374–379. doi:10.1016/j.msec.2015.06.033

Gopu, C., Chirumamilla, P., Kagithoju, S., and Taduri, S. (2022). Green synthesis of
silver nanoparticles using momordica cymbalaria aqueous leaf extracts and screening of
their antimicrobial activity: AgNPs studies in momordica cymbalaria. Proc. Natl. Acad.
Sci. India Sect. B Biol. Sci. 92 (4), 771–782. doi:10.1007/s40011-022-01367-x

Gunashova, G. Y. (2022). Synthesis of silver nanoparticles using a thermophilic
bacterium strain isolated from the spring Yukhari istisu of the Kalbajar region
(Azerbaijan). Advances in Biology and Earth Sciences 7 (3), 198–204.

Hasanzadeh, A., Gholipour, B., Rostamnia, S., Eftekhari, A., Tanomand, A., Khaksar,
S., et al. (2021). Biosynthesis of AgNPs onto the urea-based periodic mesoporous
organosilica (AgxNPs/Ur-PMO) for antibacterial and cell viability assay. J. Colloid
Interface Sci. 585, 676–683. doi:10.1016/j.jcis.2020.10.047

Hatipoğlu, A. (2022). Green synthesis of silver nanoparticles and their antimicrobial
effects on some food pathogens. Süleyman Demirel Üniversitesi Fen Bilim. Enstitüsü
Derg. 26 (1), 106–114. doi:10.19113/sdufenbed.970654

Hawar, S. N., Al-Shmgani, H. S., Al-Kubaisi, Z. A., Sulaiman, G. M., Dewir, Y. H., and
Rikisahedew, J. J. (2022). Green synthesis of silver nanoparticles from Alhagi graecorum
leaf extract and evaluation of their cytotoxicity and antifungal activity. J. Nanomater.
2022, 1–8. doi:10.1155/2022/1058119

Jabir, M. S., Nayef, U. M., Abdulkadhim, W. K., Taqi, Z. J., Sulaiman, G. M., Sahib, U.
I., et al. (2021). Fe 3 O 4 nanoparticles capped with PEG induce apoptosis in breast
cancer AMJ13 cells via mitochondrial damage and reduction of NF-κB translocation,
J. Inorg. Organomet. Polym. Mater. 31, 1241–1259. doi:10.1007/s10904-020-01791-4

Jaiswal, R., Müller, H., Müller, A., Karar, M. G. E., and Kuhnert, N. (2014).
Identification and characterization of chlorogenic acids, chlorogenic acid glycosides
and flavonoids from Lonicera henryi L(Caprifoliaceae) leaves by LC–MSn,
Phytochemistry 108, 252–263. doi:10.1016/j.phytochem.2014.08.023

Jun, Y.-w., Seo, J.-w., and Cheon, J. (2008). Nanoscaling laws of magnetic
nanoparticles and their applicabilities in biomedical sciences. Accounts Chem. Res.
41 (2), 179–189. doi:10.1021/ar700121f

Keskin, C., Baran, A., Baran, M. F., Hatipoğlu, A., Adican, M. T., Atalar, M. N., et al.
(2022). Green synthesis, characterization of gold nanomaterials using Gundelia
tournefortii leaf extract, and determination of their nanomedicinal (antibacterial,
antifungal, and cytotoxic) potential." J. Nanomater. 2022, 1, 10. doi:10.1155/2022/
7211066

Khalilov, R. (2023). A comprehensive review of advanced nano-biomaterials in
regenerative medicine and drug delivery. Advances in Biology and Earth Sciences 8
(1), 5–18.

Khan, A. U., Yuan, Q., Khan, Z. U. H., Ahmad, A., Khan, F. U., Tahir, K., et al. (2018).
An eco-benign synthesis of AgNPs using aqueous extract of Longan fruit peel:
Antiproliferative response against human breast cancer cell line MCF-7, antioxidant
and photocatalytic deprivation of methylene blue. J. Photochem. Photobiol. B Biol. 183,
367–373. doi:10.1016/j.jphotobiol.2018.05.007

Khashan, K. S., Abdulameer, F. A., Jabir, M. S., Hadi, A. A., and Sulaiman, G. M.
(2020). Anticancer activity and toxicity of carbon nanoparticles produced by pulsed
laser ablation of graphite in water. Adv. Nat. Sci. Nanosci. Nanotechnol. 11 (3), 035010.
doi:10.1088/2043-6254/aba1de

Khatamifar, M., Fatemi, S. J., Torkzadeh-Mahani, M., Mohammadi, M., and
Hassanshahian, M. (2022). Green and eco-friendly synthesis of silver nanoparticles
by quercus infectoria galls extract: Thermal behavior, antibacterial, antioxidant and
anticancer properties. Part. Sci. Technol. 40 (3), 281–289. doi:10.1080/02726351.2021.
1941455

Kumar, B., Smita, K., Cumbal, L., and Debut, A. (2017). Green synthesis of silver
nanoparticles using Andean blackberry fruit extract. Saudi J. Biol. Sci. 24 (1), 45–50.
doi:10.1016/j.sjbs.2015.09.006

Maillard, A. P. F., Dalmasso, P. R., de Mishima, B. A. L., and Hollmann, A. (2018).
Interaction of green silver nanoparticles with model membranes: Possible role in the
antibacterial activity. Colloids Surfaces B Biointerfaces 171, 320–326. doi:10.1016/j.
colsurfb.2018.07.044

Majid, M., Farhan, A., Asad, M. I., Khan, M. R., Hassan, S. S. U., Haq, I. U., et al.
(2022a). An extensive pharmacological evaluation of new anti-cancer triterpenoid
(nummularic acid) from Ipomoea batatas through in vitro, in silico, and in vivo
studies. Molecules 27 (8), 2474. doi:10.3390/molecules27082474

Majid, M., Farhan, A., Baig, M. W., Khan, M. T., Kamal, Y., Hassan, S. S. ul, et al.
(2022b). Ameliorative effect of structurally divergent oleanane triterpenoid, 3-
epifriedelinol from Ipomoea batatas against BPA-induced gonadotoxicity by
targeting PARP and NF-κB signaling in rats. Molecules 28 (1), 290. doi:10.3390/
molecules28010290

Mobin, M., Ahmad, I., and Shoeb, M. (2022). Investigation into the highly efficient
Artemisia absinthium-silver nanoparticles composite as a novel environmentally benign
corrosion inhibitor for mild steel in 1M HCl. J. Adhesion Sci. Technol. 36 (23-24),
2562–2587. doi:10.1080/01694243.2022.2075523

Mohsin, S. A., Shaukat, S., Nawaz, M., Ur-Rehman, T., Irshad, N., Majid, M., et al.
(2022). Appraisal of selected ethnomedicinal plants as alternative therapies against
onychomycosis: Evaluation of synergy and time-kill kinetics. Front. Pharmacol. 13,
1067697. doi:10.3389/fphar.2022.1067697

Namburi, K. R., Kora, A. J., Chetukuri, A., and Kota, V. S. M. K. (2021). Biogenic silver
nanoparticles as an antibacterial agent against bacterial leaf blight causing rice
phytopathogen Xanthomonas oryzae pv. oryzae. Bioprocess Biosyst. Eng. 44 (9),
1975–1988. doi:10.1007/s00449-021-02579-7

Nile, S. H., Kim, D. H., Nile, A., Park, G. S., Gansukh, E., and Kai, G. (2020). Probing
the effect of quercetin 3-glucoside from Dianthus superbus L against influenza virus
infection-in vitro and in silico biochemical and toxicological screening. Food Chem.
Toxicol. 135, 110985. doi:10.1016/j.fct.2019.110985

Nishanthi, R., Malathi, S., Palani, P., and P., P. (2019). Green synthesis and
characterization of bioinspired silver, gold and platinum nanoparticles and
evaluation of their synergistic antibacterial activity after combining with different
classes of antibiotics. Mater. Sci. Eng. C 96, 693–707. doi:10.1016/j.msec.2018.11.050

Premkumar, J., Sudhakar, T., Dhakal, A., Shrestha, J. B., Krishnakumar, S., and
Balashanmugam, P. (2018). Synthesis of silver nanoparticles (AgNPs) from cinnamon
against bacterial pathogens. Biocatal. Agric. Biotechnol. 15, 311–316. doi:10.1016/j.bcab.
2018.06.005

Pugazhendhi, S., Palanisamy, P., and Jayavel, R. (2018). Synthesis of highly stable
silver nanoparticles through a novel green method using Mirabillis jalapa for
antibacterial, nonlinear optical applications. Opt. Mater. 79, 457–463. doi:10.1016/j.
optmat.2018.04.017

Frontiers in Chemistry frontiersin.org13

Keskin et al. 10.3389/fchem.2023.1187808

34

https://doi.org/10.1088/2043-6254/abc75b
https://doi.org/10.1080/10934529.2020.1790953
https://doi.org/10.1016/j.biopha.2021.111294
https://doi.org/10.1016/j.inoche.2021.108647
https://doi.org/10.1155/2021/2270472
https://doi.org/10.15666/aeer/1702_25832592
https://doi.org/10.34248/bsengineering.816084
https://doi.org/10.34248/bsengineering.816084
https://doi.org/10.1080/17518253.2022.2054290
https://doi.org/10.1080/17518253.2022.2054290
https://doi.org/10.1016/j.msec.2015.06.033
https://doi.org/10.1007/s40011-022-01367-x
https://doi.org/10.1016/j.jcis.2020.10.047
https://doi.org/10.19113/sdufenbed.970654
https://doi.org/10.1155/2022/1058119
https://doi.org/10.1007/s10904-020-01791-4
https://doi.org/10.1016/j.phytochem.2014.08.023
https://doi.org/10.1021/ar700121f
https://doi.org/10.1155/2022/7211066
https://doi.org/10.1155/2022/7211066
https://doi.org/10.1016/j.jphotobiol.2018.05.007
https://doi.org/10.1088/2043-6254/aba1de
https://doi.org/10.1080/02726351.2021.1941455
https://doi.org/10.1080/02726351.2021.1941455
https://doi.org/10.1016/j.sjbs.2015.09.006
https://doi.org/10.1016/j.colsurfb.2018.07.044
https://doi.org/10.1016/j.colsurfb.2018.07.044
https://doi.org/10.3390/molecules27082474
https://doi.org/10.3390/molecules28010290
https://doi.org/10.3390/molecules28010290
https://doi.org/10.1080/01694243.2022.2075523
https://doi.org/10.3389/fphar.2022.1067697
https://doi.org/10.1007/s00449-021-02579-7
https://doi.org/10.1016/j.fct.2019.110985
https://doi.org/10.1016/j.msec.2018.11.050
https://doi.org/10.1016/j.bcab.2018.06.005
https://doi.org/10.1016/j.bcab.2018.06.005
https://doi.org/10.1016/j.optmat.2018.04.017
https://doi.org/10.1016/j.optmat.2018.04.017
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1187808


Ramazanli, V. N., and Ahmadov, I. S. (2022). Synthesis of silver nanoparticles by
using extract of olive leaves. Advances in Biology and Earth Sciences 7 (3), 238–244.

Rani, P., Kumar, V., Singh, P. P., Matharu, A. S., Zhang, W., Kim, K.-H., et al. (2020).
Highly stable AgNPs prepared via a novel green approach for catalytic and
photocatalytic removal of biological and non-biological pollutants. Environ. Int. 143,
105924. doi:10.1016/j.envint.2020.105924

Rather, M. A., Deori, P. J., Gupta, K., Daimary, N., Deka, D., Qureshi, A., et al. (2022).
Ecofriendly phytofabrication of silver nanoparticles using aqueous extract of Cuphea
carthagenensis and their antioxidant potential and antibacterial activity against
clinically important human pathogens. Chemosphere 300, 134497. doi:10.1016/j.
chemosphere.2022.134497

Remya, R., Rajasree, S. R., Aranganathan, L., and Suman, T. (2015). An investigation
on cytotoxic effect of bioactive AgNPs synthesized using Cassia fistula flower extract on
breast cancer cell MCF-7. Biotechnol. Rep. 8, 110–115. doi:10.1016/j.btre.2015.10.004

Salman, G., Pehlivanoglu, S., Aydin Acar, C., and Yesilot, S. (2022). Anticancer effects
of Vitis vinifera L. mediated biosynthesized silver nanoparticles and cotreatment with
5 fluorouracil on HT-29 cell line. Biol. Trace Elem. Res. 200 (7), 3159–3170. doi:10.1007/
s12011-021-02923-8

Satpathy, S., Patra, A., Ahirwar, B., and Delwar Hussain, M. (2018). Antioxidant and
anticancer activities of green synthesized silver nanoparticles using aqueous extract of
tubers of Pueraria tuberosa. Artif. cells, Nanomedicine, Biotechnol. 46 (3), 71–85. doi:10.
1080/21691401.2018.1489265

Selvan, D. A., Mahendiran, D., Kumar, R. S., and Rahiman, A. K. (2018). Garlic, green
tea and turmeric extracts-mediated green synthesis of silver nanoparticles:
Phytochemical, antioxidant and in vitro cytotoxicity studies. J. Photochem.
Photobiol. B Biol. 180, 243–252. doi:10.1016/j.jphotobiol.2018.02.014

Shoaib, M., Naz, A., Osra, F. A., Abro, S. H., Qazi, S. U., Siddiqui, F. A., et al. (2021).
Green synthesis and characterization of silver-entecavir nanoparticles with stability
determination. Arabian J. Chem. 14 (3), 102974. doi:10.1016/j.arabjc.2020.102974

Singh, J., Mehta, A., Rawat, M., and Basu, S. (2018). Green synthesis of silver nanoparticles
using sun dried tulsi leaves and its catalytic application for 4-Nitrophenol reduction.
J. Environ. Chem. Eng. 6 (1), 1468–1474. doi:10.1016/j.jece.2018.01.054

Soltani, L., and Darbemamieh, M. (2021). Biosynthesis of silver nanoparticles using
hydroethanolic extract of Cucurbita pepo L. fruit and their anti-proliferative and
apoptotic activity against breast cancer cell line (MCF-7), Multidiscip. Cancer
Investig. 5 (3), 1–10. doi:10.30699/mci.5.3.525-1

Some, S., Bulut, O., Biswas, K., Kumar, A., Roy, A., Sen, I. K., et al. (2019). Effect of
feed supplementation with biosynthesized silver nanoparticles using leaf extract of

Morus indica L V1 on Bombyx mori L(Lepidoptera: Bombycidae), Sci. Rep. 9 (1), 14839.
doi:10.1038/s41598-019-50906-6

Song, J. Y., and Kim, B. S. (2009). Rapid biological synthesis of silver nanoparticles
using plant leaf extracts. Bioprocess Biosyst. Eng. 32, 79–84. doi:10.1007/s00449-008-
0224-6

Srikar, S. K., Giri, D. D., Pal, D. B., Mishra, P. K., and Upadhyay, S. N. (2016). Green
synthesis of silver nanoparticles: A review. Green Sustain. Chem. 6 (1), 34–56. doi:10.
4236/gsc.2016.61004

Swamy, M. K., Akhtar, M. S., Mohanty, S. K., and Sinniah, U. R. (2015). Synthesis and
characterization of silver nanoparticles using fruit extract ofMomordica cymbalaria and
assessment of their in vitro antimicrobial, antioxidant and cytotoxicity activities.
Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 151, 939–944. doi:10.1016/j.saa.
2015.07.009

Syafiuddin, A., Salim, M. R., Beng Hong Kueh, A., Hadibarata, T., and Nur, H. (2017).
A review of silver nanoparticles: Research trends, global consumption, synthesis,
properties, and future challenges. J. Chin. Chem. Soc. 64 (7), 732–756. doi:10.1002/
jccs.201700067

Tian, S., Hu, Y., Chen, X., Liu, C., Xue, Y., and Han, B. (2022). Green synthesis of
silver nanoparticles using sodium alginate and tannic acid: Characterization and anti-
S. aureus activity, Int. J. Biol. Macromol. 195, 515–522. doi:10.1016/j.ijbiomac.2021.
12.031

Topal, M., Gocer, H., Topal, F., Kalin, P., Köse, L. P., Gülçin, İ., et al. (2016).
Antioxidant, antiradical, and anticholinergic properties of cynarin purified from the
Illyrian thistle (Onopordum illyricum L), J. Enzyme Inhibition Med. Chem. 31 (2),
266–275. doi:10.3109/14756366.2015.1018244

Velmurugan, P., Anbalagan, K., Manosathyadevan, M., Lee, K.-J., Cho, M., Lee, S.-
M., et al. (2014). Green synthesis of silver and gold nanoparticles using
Zingiber officinale root extract and antibacterial activity of silver nanoparticles
against food pathogens. Bioprocess Biosyst. Eng. 37, 1935–1943. doi:10.1007/
s00449-014-1169-6

Wongpreecha, J., Polpanich, D., Suteewong, T., Kaewsaneha, C., and
Tangboriboonrat, P. (2018). One-pot, large-scale green synthesis of silver
nanoparticles-chitosan with enhanced antibacterial activity and low cytotoxicity.
Carbohydr. Polym. 199, 641–648. doi:10.1016/j.carbpol.2018.07.039

Zhang, W., and Jiang, W. (2020). Antioxidant and antibacterial chitosan film
with tea polyphenols-mediated green synthesis silver nanoparticle via a novel one-
pot method. Int. J. Biol. Macromol. 155, 1252–1261. doi:10.1016/j.ijbiomac.2019.
11.093

Frontiers in Chemistry frontiersin.org14

Keskin et al. 10.3389/fchem.2023.1187808

35

https://doi.org/10.1016/j.envint.2020.105924
https://doi.org/10.1016/j.chemosphere.2022.134497
https://doi.org/10.1016/j.chemosphere.2022.134497
https://doi.org/10.1016/j.btre.2015.10.004
https://doi.org/10.1007/s12011-021-02923-8
https://doi.org/10.1007/s12011-021-02923-8
https://doi.org/10.1080/21691401.2018.1489265
https://doi.org/10.1080/21691401.2018.1489265
https://doi.org/10.1016/j.jphotobiol.2018.02.014
https://doi.org/10.1016/j.arabjc.2020.102974
https://doi.org/10.1016/j.jece.2018.01.054
https://doi.org/10.30699/mci.5.3.525-1
https://doi.org/10.1038/s41598-019-50906-6
https://doi.org/10.1007/s00449-008-0224-6
https://doi.org/10.1007/s00449-008-0224-6
https://doi.org/10.4236/gsc.2016.61004
https://doi.org/10.4236/gsc.2016.61004
https://doi.org/10.1016/j.saa.2015.07.009
https://doi.org/10.1016/j.saa.2015.07.009
https://doi.org/10.1002/jccs.201700067
https://doi.org/10.1002/jccs.201700067
https://doi.org/10.1016/j.ijbiomac.2021.12.031
https://doi.org/10.1016/j.ijbiomac.2021.12.031
https://doi.org/10.3109/14756366.2015.1018244
https://doi.org/10.1007/s00449-014-1169-6
https://doi.org/10.1007/s00449-014-1169-6
https://doi.org/10.1016/j.carbpol.2018.07.039
https://doi.org/10.1016/j.ijbiomac.2019.11.093
https://doi.org/10.1016/j.ijbiomac.2019.11.093
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1187808


Exploring the natural products
chemical space through a
molecular search to discover
potential inhibitors that target the
hypoxia-inducible factor (HIF)
prolyl hydroxylase domain (PHD)

Abrar Mohammad Sayaf1, Saif Ullah Khalid2,
Jawad Ahmed Hameed3, Abdulrahman Alshammari4,
Abbas Khan5,6, Anwar Mohammad7, Saeed Alghamdi8,
Dong-Qing Wei5,6,9,10 and KarKheng Yeoh1*
1School of Chemical Sciences, Universiti Sains Malaysia, Gelugor, Penang, Malaysia, 2Islamia University of
Bahawalpur, Bahawalpur, Punjab, Pakistan, 3Nawaz Sharif Medical College, Jalalpur Jattan, Gujrat, Punjab,
Pakistan, 4Department of Pharmacology and Toxicology, College of Pharmacy, King Saud University,
Riyadh, Saudi Arabia, 5Department of Bioinformatics and Biological Statistics, School of Life Sciences and
Biotechnology, Shanghai Jiao Tong University, Shanghai, China, 6Zhongjing Research and
Industrialization Institute of Chinese Medicine, Nayang, Henan, China, 7Department of Biochemistry and
Molecular Biology, Dasman Diabetes Institute, Dasman, Kuwait, 8Department of Pharmacy, Riyadh
Security Forces Hospital, Ministry of Interior, Riyadh, Saudi Arabia, 9State Key Laboratory of Microbial
Metabolism, Joint Laboratory of International Laboratory of Metabolic and Developmental Sciences,
Shanghai-Islamabad-Belgrade Joint Innovation Center on Antibacterial Resistances, Ministry of
Education and School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai,
China, 10Peng Cheng Laboratory, Shenzhen, Guangdong, China

Introduction: Hypoxia-inducible factor (HIF) prolyl hydroxylase domain (PHD)
enzymes are major therapeutic targets of anemia and ischemic/hypoxia diseases.
To overcome safety issues, liver failure, and problems associated with on-/off-
targets, natural products due to their novel and unique structures offer promising
alternatives as drug targets.

Methods: In the current study, the Marine Natural Products, North African, South
African, East African, and North-East African chemical space was explored for HIF-
PHD inhibitors discovery through molecular search, and the final hits were
validated using molecular simulation and free energy calculation approaches.

Results: Our results revealed that CMNPD13808 with a docking score of
−8.690 kcal/mol, CID15081178 with a docking score of −8.027 kcal/mol,
CID71496944 with a docking score of −8.48 kcal/mol and CID11821407 with a
docking score of −7.78 kcal/mol possess stronger activity than the control N-[(4-
hydroxy-8-iodoisoquinolin-3-yl)carbonyl]glycine, 4HG (−6.87 kcal/mol).
Interaction analysis revealed that the target compounds interact with Gln239,
Tyr310, Tyr329, Arg383 and Trp389 residues, and chelate the active site iron in a
bidentate manner in PHD2. Molecular simulation revealed that these target hits
robustly block the PHD2 active site by demonstrating stable dynamics.
Furthermore, the half-life of the Arg383 hydrogen bond with the target ligands,
which is an important factor for PHD2 inhibition, remained almost constant in all
the complexes during the simulation. Finally, the total binding free energy of each
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complex was calculated as CMNPD13808-PHD2 −72.91 kcal/mol, CID15081178-
PHD2 −65.55 kcal/mol, CID71496944-PHD2 −68.47 kcal/mol, and CID11821407-
PHD2 −62.06 kcal/mol, respectively.

Conclusion: The results show the compounds possess good activity in contrast to
the control drug (4HG) and need further in vitro and in vivo validation for possible
usage as potential drugs against HIF-PHD2-associated diseases.

KEYWORDS

HIF, molecular screening, natural products, molecular simulation, binding free energy

1 Introduction

Hypoxia-inducible factor (HIF) is a heterodimeric transcription
factor that is made up of two helix-loop-helix proteins, HIF-α and
HIF-β. HIF is a prime controller for cellular oxygen homeostasis,
whereas the prolyl hydroxylase domain (PHD) enzyme is a vital
regulator for HIF-α stability (Oh et al., 2015). Promoting the stability
and function of HIF through PHD inhibition has been
recommended as a potent medicinal approach for ischemic
diseases, cancer-related fatigue, and other oxidative pathological
disorders resulting from anemia (Wu et al., 2016; Wu et al., 2017).
Under normoxia, HIF-α has a comparatively short half-life (less
than 5 min) and it quickly decomposes through the ubiquitin-
proteasome pathway. Both proline residues of human HIF-1α,
Pro402, and Pro564, within its oxygen-degradation domain
(ODD), undergo oxygen-dependent prolyl hydroxylation
catalyzed by prolyl hydroxylase domain enzymes (PHD1, 2 and
3) in the presence of 2-oxoglutarate (2OG) and Fe2+ ion
(Chowdhury, 2017). Prolyl hydroxylation of HIF-α then enhances
its linking to the tumor suppressor protein called vonHippel-Lindau
(pVHL), which is a fragment of the E3-ubiquitin composite, causing
proteasomal degradation of HIF-α. On the other hand, ß-
hydroxylation of HIF-1α at its asparagine residue (Asn803)
within the C-terminal transcriptional activation domain (C-TAD)
is catalyzed by factor inhibiting HIF (FIH). This modification lowers
HIF-α bonding to coactivator p300-CBP proteins, rendering the
inactivation of HIF transcriptional action (Hampton-Smith et al.,
2019).

Under conditions of hypoxia, reduced oxygen levels inhibit
the activity of PHDs, thus preventing HIF- α prolyl
hydroxylation and its degradation. Then, accumulated HIF-α
is translocated into the nucleus and forms heterodimer by
binding to HIF-β, this subsequently leads to upregulation of
HIF transcriptional pathways (He et al., 2012). Recent studies
revealed PHD2 is a significant oxygen sensor and a major HIF-α
regulator, so considering its potency as a therapeutic target,
most inhibitors were designed (Emmanuel et al., 2003; Ashok
et al., 2017). Many of the reported PHD2 inhibitors compete
with 2OG co-substrate to bind to its active site (Rosen et al.,
2010; Pergola et al., 2016).

Many PHD drug candidates have been investigated but
some side effects and limitations such as liver failure and
hypertension were also reported (Del Vecchio and Locatelli,
2018). Natural products which have novel and unique
structures have been a principal source of drugs for many
illnesses [11–13]. Exploration of the natural product chemical
space provides an alternative way for the discovery of novel

PHD drug candidates. The objectives of the current study are
to discover novel potential inhibitors from Comprehensive
Marine Natural Products (CMNPD), North African, East
African, North-East African, and South African Natural
Products databases to target PHD2 protein. The co-crystal
structure of HIF-PHD2 was retrieved from a protein databank
in a complex with N-[(4-hydroxy-8-iodoisoquinolin-3-yl)
carbonyl]glycine (4HG). In the current study, 4HG was
used as a positive control and the best compounds were
subjected to molecular simulation and binding free energy
calculations. Our potential shortlisted candidates that
demonstrated promising activity against PHD2 need further
in vitro and in vivo validation for the development of potential
drugs against HIF-associated diseases.

2 Methodology

2.1 Description of methodology

For docking studies, the complex crystal structure of 4HG ligand
and HIF-PHD2 (PDB ID:2G19) was obtained from Research
Collaboratory for Structural Bioinformatics, Protein Data Bank
(RCSB, PDB) (Rose et al., 2016). The complex structure of
PHD2-4HG was then subjected to PyMOL for the removal of
water molecules while retaining the inhibitor and Fe2+ ion in the
receptor. The addition of hydrogen atoms and minimization of the
protein structure was achieved by using Chimera (Pettersen et al.,
2004; Goddard et al., 2005).

2.2 Data set preparation

The 3D-SDF format of African natural products from the
North, South, East, and North-East African regions were
downloaded from the African Natural Products Database
(ANPDB) and the South African Natural Compounds
Database (SANCDB) websites (http://african-compounds.org/
anpdb/) (https://sancdb.rubi.ru.ac.za/). These databases consist
of compounds with varied therapeutic significance (Ntie-Kang
et al., 2013; Lyu et al., 2021). Then the FAF-Drugs4 (https://
fafdrugs4.rpbs.univ-paris-diderot.fr/) web server was used to
filter only those molecules which obey Lipinski’s rule of five
(Lagorce et al., 2017). The approved molecules by the Lipinski
rule were then prepared and subjected to screening (Yi et al.,
2019). The prepared and filtered natural products were then
screened against the active pocket of PHD2.
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2.3 Positive control docking

The extracted 4HG was re-docked into the PHD2 cavity to validate
the effectiveness of the docking procedures. Ligand docking tasks in
EasyDock Vina 2.0 were used to perform the docking. Before virtual
screening of the positive control, the active site residues Tyr310, His313,
Asp315, Tyr329, His374, and Arg383 of protein were selected to create
the grid with dimensions of X = 4.76, Y = 46.87, and Z = 24.4.

2.4 Virtual drugs screening

For the virtual screening of all databases, EasyDock Vina 2.0 was
used. The AutoDock4 algorithm was used by EasyDock Vina to
screen and rank all the best drug-like natural products. Before the
screening, all molecules were converted to PDBQT format. The
high-scored compounds were then nominated for screening at
64 exhaustiveness (Teli et al., 2021). To eliminate false-positive
outcomes, a second time screening was conducted to re-evaluate the
ranked compounds. Then, for the top 10% of drugs selected from
each database, induced fit docking (IFD), which supports the
flexibility of receptors and ligands, was conducted (Ravindranath
et al., 2015). This docking methodology also uses similar modes like
EasyDock Vina 2.0 but is less time-consuming and precise. Finally,
to validate the final best-hit compounds further, analysis such as
molecular dynamics simulation and free energy calculation methods
were used.

2.5 Ligands-protein visualization

To observe the protein-ligand interactions Schrödinger Maestro
free Academic version 2018–1 (for visualization only) and PyMOL
software were used (Yuan et al., 2017; Maestro, 2020).

2.6 Molecular dynamics simulation

Atomistic investigation of the binding of the top hits to the
PHD2 active pocket was achieved by using the
AMBER21 simulation tool (Case et al., 2005). The antechamber,
an integrated module in AMBER, was used to generate the drug
topologies while the Amber general force field (GAFF) and ff19SB
force fields were recruited for the solvated complexes to complete the
simulation. An optimal point charge (OPC) solvation model and
sodium (Na+) ions were added for neutralization. Multi-step energy
minimization followed by heating and equilibration was completed
to relax the structure and remove discrepancies in the complexes.
The Particle Mesh Ewald (PME) algorithm (Price and Brooks III
2004), was used to treat long-range electrostatic interactions, Van
der Waals interactions, and short-range Columbic interactions were
used, while for Langevin thermostat and Berendsen barostat were
used for temperature and pressure control. A 100 ns simulation for
each complex with a time step of 2fs was performed. The dynamics,
stability, and other features of the ligand-protein complexes were
evaluated by using CPPTRAJ and PTRAJ (Roe and Cheatham,
2013). Root mean square deviation (RMSD) was used for
dynamic stability, root mean square fluctuation (RMSF)for

residues flexibility indexing, radius of gyration (Rg) for protein
size measurement, and hydrogen bonding in the trajectories were
estimated for interaction landscape.

2.7 Binding free energy calculation using
MM/GBSA

The MM/GBSA technique is frequently employed in the field of
drug development. This approach can be used to determine the most
promising candidates, by predicting the essential interactions, and
improve the quality of a lead molecule and specificity by computing
the binding free energy of a ligand and a protein. This approach
combines molecular mechanics simulations, which describe the
interactions between atoms, with implicit solvent models, which
describe the interactions between the protein and solvent (Li et al.,
2011; Khan et al., 2020; Khan et al., 2021; Teli et al., 2021; Khan et al.,
2022a). Hence, we applied this approach here to accurately compute
the total binding free energy of the protein-ligand complexes. The
binding free energy can be estimated mathematically as:

″ΔG bind( ) � ΔG complex( ) − ΔG receptor( ) + ΔG ligand( )[ ]″
(1)

Different contributing components of total binding energy were
calculated by the following equation:

″G � Gbond + Gele + GvdW + Gpol + Gnpol″ (2)
It has a wide range of applications. For example, the equation

has been used to estimate the binding energy for protein-protein or
protein-ligand complexes in different studies including SARS-CoV-
2 and neurological disorders (Fu et al., 2018; Xue et al., 2018; Arshia
et al., 2021; Jomhori et al., 2021; Fu et al., 2022; Xue et al., 2022).

3 Results and discussion

PHD enzymes play an important role in oxygen sensing and HIF
regulation and have been associated with various essential human
disorders such as anemia, inflammation, cancer, rheumatoid
arthritis, strokes, spinal cord injury, and von Hippel–Lindau
disease-related renal cell carcinoma (Kaelin Jr, 2004; Semenza,
2014; Kiriakidis et al., 2017). In this study, we explored several
natural products’ chemical spaces for the discovery of novel PHD
inhibitors. The co-crystal structure of PHD2 in complex with N-[(4-
hydroxy-8-iodoisoquinolin-3-yl)carbonyl]glycine (4HG)
(Figure 1A) was first retrieved from the protein data bank. For
the identification of potential PHD inhibitors, CMNPD
(comprehensive marine natural products database, and African
Natural Products databases were screened against the
PHD2 active site. Potential drug candidates were compared with
the positive control, 4HG, which had a docking score of −6.87 kcal/
mol. The crystal structure reveals that the nitrogen atom in the
aromatic ring and the amide carbonyl oxygen of 4HG chelate the
active site iron in a bidentate manner. The carboxylic acid in the
glycinamide group occupies the 2OG binding pocket and is
positioned to form a salt bridge with Arg383, and the 3-hydroxyl
group in the isoquinoline moiety hydrogen bonds with the nearby
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Tyr310 residue in the PHD2 active site as shown in Figure 1B. Thus,
in this study, we searched for potential natural products that can
chelate and bind strongly to PHD2 active site by interacting with
these key residues. We discovered four target-hit compounds from
screening a total of 46,318 compounds from the CMNPD and
African Natural Products databases. The interaction and binding
energies of these shortlisted top hits are better than the co-
crystalized structures reported with other drugs.

3.1 Exploring the comprehensive marine
natural products chemical space

The CMNPD has over 32,000 compounds derived from
3,400 organisms. The pre-filter of 32,000 compounds from the

CMNPD using Lipinski’s rule of five (R5′) revealed
23,764 compounds that obey R5′ while the rest were discarded.
The initial screening revealed 407 compounds that had better
docking scores than the control drug 4HG, ranging
from −7.03 kcal/mol to −8.69 kcal/mol. The top 10% of the
compounds (41 compounds) were re-evaluated for interactions
with the PHD2 active site residues. Induced fit docking (IFD)
subsequently revealed docking scores of −7.36 kcal/mol
to −8.69 kcal/mol. The biologically active compound, Distomadine
B from Pseudodistoma aureum with compound ID CMNPD13808, is
a tricyclic guanidine-containing 6-hydroxyquinoline alkaloid
(Michael, 2007). CMNPD13808 was found to have the highest
docking score, i.e., −8.69 kcal/mol, among the screened compounds
and was later selected for interaction evaluation and molecular
simulation studies. Considering the essential residues that are

FIGURE 1
(A) Stereoview ribbons representation of the secondary structure of the catalytic domain of PHD2 complexed with N-[(4-hydroxy-8-
iodoisoquinolin-3-yl)carbonyl]glycine, 4HG (yellow) and the active site Fe2+ (orange sphere) (PDB ID: 2G19). The structure of 4HG is shown in the small
box. (B) The interaction of 4HG with the active site residues of PHD2. Arg383 is one of the most essential residues in the functionality of PHD2.

FIGURE 2
Binding mode of Distomadine B (CMNPD13808) in the active site of PHD2. The left panel shows the 3D interaction pattern while the right panel
shows the 2D interaction pattern. (Schrödinger Maestro academic version for visualization only).
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required for the function of PHD2, CMNPD13808 may target and
block the 2OG binding pocket more potently than the control ligand
4HG. The 3D and 2D interaction patterns of Distomadine B
(CMNPD13808) in the PHD2 active site are shown in Figure 2.
The oxygen of its furanone carbonyl group and pyran ring chelate the
active site iron in a bidentatemanner, while the carboxyl and hydroxyl
group in its quinolone ring form hydrogen bonds with Arg322 and
Asp254. Moreover, its guanidine side chain was also capable of
forming hydrogen bonds with Thr387, Tyr303, and Arg383.
Molecular docking studies indicate CMNPD13808 may robustly
block the PHD2 2OG binding pocket, therefore, making it a
potential PHD2 drug candidate.

3.2 Exploring the African natural products
chemical space

Similarly, the North, East, North-East, and South African
Natural Products databases with a total of 14,318 compounds
were screened for potential active compounds against
PHD2 using the double screening protocol. Following the same
criteria, the four databases from African geographical regions were
pre-filtered using R5’. The top three compounds with the highest
docking scores were selected for interaction and simulation analysis.
The second hit compound identified from SANCDB was 3,9,11-
trihydroxy-6-methoxy-10-methyl-6H-chromeno[3,4-b]chromen-

FIGURE 3
Bindingmode of Boeravinone D (CID15081178) in PHD2 binding pocket. The left panel shows the 3D interaction pattern while the right panel shows
the 2D interaction pattern. (Schrödinger Maestro academic version for visualization only).

FIGURE 4
Binding mode of 3-debromolatonduine B methyl ester (CID71496944) in the active site of PHD2. The left panel shows the 3D interaction pattern
while the right panel shows the 2D interaction pattern.
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12-one or Boeravinone D (CID15081178), which gave a docking
score of −8.027 kcal/mol. Boeravinone D was originally isolated
from Abronia nana and has previously been reported to have
potent anti-oxidative, genoprotective, spasmolytic, and anti-
breast cancer effects (Park et al., 2014). Figure 3 shows the
binding mode of CID15081178 in the PHD2 binding pocket.
CID15081178 chelates the active site Fe2+ with its carbonyl and
11-hydroxyl oxygen while its 9-hydroxyl group interacts with
Tyr329 and Arg383 via hydrogen bonding.

The bioactive alkaloid, 3-debromolatonduine B methyl ester
(CID71496944) isolated from marine sponge Stylissa species, with
the docking score of −8.48 kcal/mol, was the third hit compound
identified from the East African Natural Products database

(EANPDB) (Fouad et al., 2012, !!! INVALID CITATION !!! {}).
The binding mode of CID71496944 in the PHD2 active site is given
in Figure 4. CID71496944 chelates the active site iron with its
pyrimidine nitrogen and the carboxyl oxygen in a bidentate
fashion. Interestingly, its amino group forms hydrogen bonds
with Asp315 while its pyrimidine ring interacts with
His313 and Trp389 via π-π stacking. Furthermore, the amino
group and carbonyl oxygen in its azepine-2-one ring and the
amino group in its pyrrole ring could also form hydrogen
bonding with Gln239, Tyr303, and Asp254, respectively.
Interestingly, the docking results show CID71496944 does not
form strong interaction with Arg383, which is consistent with the
binding properties observed in Molidustat, 2-[(1,10-Biphenyl)-4-

FIGURE 5
Binding mode of Des-N-Methylxestomanzamine A (CID11821407) in the active pocket of PHD2. The left panel shows the 3D interaction pattern
while the right panel shows the 2D interaction pattern. (Schrödinger Maestro academic version for visualization only).

FIGURE 6
Stability of the ligand-bound protein complexes in solvatedmodel. (A)Demonstrate the RMSD for CMNPD13808-PHD2. (B)Demonstrate the RMSD
for CID15081178-PHD2. (C) Demonstrate the RMSD for CID71496944-PHD2. (D) Demonstrate the RMSD for CID11821407-PHD2.
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yl]-8-[(1-methyl-1H-imidazol-2-yl)methyl]-2,8 diazaspiro [4.5]
decan-1-one, 6-[5-hydroxy-4-(1H-1,2,3-triazol-1-yl)-1H-
pyrazol-1-yl]nicotinicacid, and spiro [4.5] decanones
PHD2 inhibitors (McDonough et al., 2005; Chowdhury et al.,
2009; Deng et al., 2013; Holt-Martyn t al. 2019).

The last target hit compound was Des-N-
methylxestomanzamine A (CID11821407) with a docking score
of −7.78 kcal/mol. CID11821407 is a manzamine alkaloid that
was identified from both CMNPD and EANPDB in our
screening. CID11821407 has previously been reported to have
strong activity against infectious and tropical parasitic diseases
(Rao et al., 2003). The interaction pattern of CID11821407 with
PHD2 is given in Figure 5. The pyridine nitrogen atom and the
carbonyl oxygen atom are positioned to coordinate in a bidentate
manner with the active site iron. The pyridine ring interacts with
Tyr310 and His313 via π-π stacking, while the nitrogen and amino

groups in its imidazole ring interact with Arg383 and Tyr329, and
Thr387 via hydrogen bonding. In addition, the imidazole ring could
also interact with Arg383 through π-π stacking. Overall, the current
findings demonstrate that the shortlisted top-hit compounds with
higher docking scores may inhibit PHD2 more potently than the
control molecule 4HG. Therefore, validation was performed using
molecular simulation and free energy calculation was subsequently
carried out. The 2D structures of the top hit compounds and their
docking scores were summarized in Table 1.

3.3 Dynamic stability analysis of the top hits

In molecular dynamics simulation and structural biology, root-
mean-square deviation (RMSD) is often used as a measure of the
differences and to evaluate the accuracy of the structure of a protein.

TABLE 1 2D structures of the top hits and control ligands with their names, database IDs, docking scores, interacting residues, and nature are given.

S.
No

2D structure Names Database
ID

Docking
score

Interactions Interaction
Nature

1 Distomadine B CMNPD13808 −8.690

Fe2+ Metals co-
ordination

Tyr310 H-bond

Thr387 H-bond

Arg 322 and Arg383 H-bond

H-bond

2
Boeravinone D (3,9,11-trihydroxy-6-

methoxy-10-methyl-6H-chromeno[3,4-b]
chromen-12-one)

CID15081178 −8.027

Fe2+ Metal co-
ordination

Tyr329 and Arg383 H-bond

H-bond

3 3-Debromolatonduine B methyl ester CID71496944 −8.48

Fe2+ Metals co-
ordination

Gln239, Tyr303, His313 H-bond

Trp 389 Asp315 and
Asp254

H-bond

Pi-Pi

Pi-Pi

H-bond

H-bond

4 Des-N-Methylxestomanzamine A CID11821407 −7.78

Fe2+ Metal co-
ordination

Tyr310, His313, Tyr329,
Thr387 and Arg383

Pi-Pi

Pi-Pi

H-bond

H-bond

H-bond, Pi-Pi

5
(1-chloro-4-hydroxyisoquinoline-3-carbonyl)

glycine
4HG −6.87

Fe2+ Metals co-
ordination

Tyr310, Tyr329 and
Arg383

H-bond

H-bond

H-bond
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It can be used to identify the areas of a protein structure that are
significantly affected by drug binding or other factors and provide
insight into the dynamics of protein interactions (Sargsyan et al.,
2017). RMSD is used to assess the stability of a protein over time and
monitor changes in its structure. By comparing the RMSD values of
a protein structure at different stages of a simulation, essential
information can be obtained that causes changes in proteins in
response to various conditions and make predictions about its
behavior in real-world environments. Considering the higher
importance of this approach in scaling the dynamic stability of a
ligand-bound protein complex, we also used simulation trajectories
to calculate the RMSD of each complex. As given in Figure 6A, the
complex CMNPD13808-PHD2 demonstrated stable dynamic
behavior. Initially, the RMSD increased during the first 10ns and
an abrupt increase at 5 ns was reported for this complex. Then
afterward the structure RMSD stabilized at 2.0 Å soon after reaching
8 ns With a uniform pattern, the complex reported an average
RMSD of 1.96 Å which demonstrates a stable complex during the
simulation. No significant perturbation was observed except a minor
up and down between 70 and 80 ns. The RMSD overall
demonstrates a stable behavior thus showing the imposed
pharmacological behavior of the drug in the binding cavity. In
the case of the CID15081178 -PHD2 complex, the RMSD was
observed to be lower in contrast to the CMNPD13808-PHD2
complex. From the very beginning, an incline in the RMSD
graph was observed, however, soon after reaching 1.75 Å at 15 ns
the RMSD abruptly declined and continued to follow a stable
uniform behavior with no significant perturbation. An average
RMSD for this complex was calculated to be 1.45 Å which also
implies the pharmacological potential of the drug in blocking the
PHD2 active site. The RMSD pattern of the CID15081178
-PHD2 complex is given in Figure 6B. Furthermore, the
CID71496944-PHD2 complex also demonstrated stable dynamics
and showed similar pharmacological features by demonstrating
stable dynamics when bound to the PHD2 active pocket. The
RMSD reported an abrupt increase at the beginning and then
stabilized at 1.5 Å with no significant dynamic structural

perturbation until the end of the simulation. With minor
deviations at 40, 65, and 88 ns this complex demonstrated
favorable dynamic behavior till 200 ns An average RMSD was
calculated to be 1.48 Å. The RMSD pattern of the CID71496944-
PHD2 complex is given in Figure 6C. Despite the stable dynamics at
the start of the simulation until 58 ns, a continuous increase in the
RMSD pattern was observed for the rest of the simulation for the
CID11821407-PHD2 complex. As shown in Figure 6D, despite the
increase in the RMSD in the later part of the simulation, an average
RMSD for this complex was calculated to be in an acceptable range
of 1.49 Å. Overall, the results strongly imply how these top-hit
ligands strongly bind to the active pockets residues steered by
hydrogen bonds and other contacts that are preserved during the
simulation and instigate the pharmacological action by blocking the
essential residues required for PHD2 functionality. These stable
behaviors demonstrate pharmacological potential as the formation
of stable complexes by these top-hit molecules may produce the
desired therapeutic effects. Furthermore, all the complexes
converged with each other, thus showing that they attained a
similar atomic configuration during the simulation and satisfy
the accuracy of the selected molecules. Consequently, these
results may contribute to the development of new treatments for
a wide range of diseases, including anemia, inflammation, cancer,
rheumatoid arthritis, strokes, spinal cord injury, and von
Hippel–Lindau disease-associated renal cell carcinoma mediated
by HIF-PHD2.

3.4 Protein structural packing through the
radius of gyration (Rg) estimation

The radius of gyration (Rg) is a measure of the spatial
distribution of the mass of a protein molecule, which
determines the size and shape of a protein and can provide
important information about its stability and behavior during
molecular dynamics simulations. The radius of gyration of a
macromolecule can change as the protein interacts with other

FIGURE 7
Rg analysis of the ligand-bound protein complexes in the solvated model. (A) The Rg for CMNPD13808-PHD2 is demonstrated. (B) The Rg for
CID15081178 -PHD2 is demonstrated. (C) The Rg for CID71496944-PHD2 is demonstrated. (D) The Rg for CID11821407-PHD2 is demonstrated.
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molecules such as another protein, peptide, or small molecules
and as its conformation changes over time. Changes in the Rg can
provide insights into the structural dynamics of a protein,
including its folding/unfolding, binding/unbinding, and the
formation of specific interactions with other molecules. In
addition, it also provides information regarding the regions of
a receptor that are either flexible or rigid (Arnittali et al., 2019).
This information can be used to design new drugs or to predict
the behavior of proteins in different environments. To uncover
the underlying mechanisms of the top hits in this study that
govern their behavior during simulations we also calculated Rg as
a function of time. As given in Figures 7A–D, all the complexes
demonstrated a similar range of Rg values. For the
CMNPD13808-PHD2 complex, the Rg did not report any
major perturbation with a minor increment between 40 and
60 ns and then smaller deviations at different time intervals.
Moreover, the average Rg for the CMNPD13808-PHD2 complex
was calculated to be 18.55 Å and is presented in Figure 7A.
Similarly, the CID15081178 -PHD2 complex had similar
behavior as its RMSD demonstrated a wave-like pattern in the
Rg graph with no significant dynamic structural perturbation,
showing minimal unbinding events during the simulation. An
average Rg for the CID15081178 -PHD2 complex was estimated
to be 18.35 Å. The Rg graph for the CID15081178
-PHD2 complex is given in Figure 7B. Interestingly the
CID71496944-PHD2 complex showed similar behavior as its
RMSD by demonstrating an abrupt increase/decrease in the
Rg initially and then a uniform pattern was observed till the
end of the simulation. This shows consistent dynamic behavior
with minimal unbinding events during the simulation. An
average Rg for the CID71496944-PHD2 complex was
calculated to be 18.58 Å and is presented in Figure 7C. Finally,
the CID11821407-PHD2 complex also showed a stable uniform
Rg pattern with minor deviations during the simulation. The Rg
pattern of this complex demonstrated alike behavior as its RMSD
by reporting a lower Rg value. As given in Figure 7D, an average
Rg for this complex was calculated to be 18.44 Å. Overall, the
current findings demonstrated minimal unbinding events and
preserved the protein packing during the simulation to produce
the desired long-term pharmacological effect through the
interacting molecules in the binding cavity. This

pharmacologically stable behavior prioritized these molecules
for the desired clinical therapeutic effects.

3.5 Residues flexibility analysis as RMSF

Protein residue flexibility plays a decisive role in the general
behavior of a protein and can be affected by numerous elements,
including the amino acid sequence, the residues interaction network,
and the environment in which the protein is located. In molecular
simulations, the thermal motion of atoms in a protein structure is
calculated as root mean square fluctuations (RMSF), which describe the
deviation of a residue from its average position. RMSF can provide
comprehension of the structural changes and the functionality of a
protein. The flexibility index can be used to determine the protein-
protein interactions, molecular simulation, bio-catalytic mechanism,
and mutational impacts and to design new drugs that target specific
residues. This approach can also be used to understand the underlying
mechanisms that direct the stability and dynamics of proteins (Grottesi
et al., 2020). Therefore, RMSF was used here to gain insights into the
highly flexible and rigid regions of these complexes. As given in
Figure 8, all the complexes demonstrated alike behavior with mostly
minimal fluctuations except in the regions 215–224, 298–315, 325–338,
and 368–380 which correspond to the loops regions or secondary
structural transition elements. These variations in the internal residues’
flexibility show the differential effects of these ligands upon the binding
with the key active site residues and produce different levels of
inhibitory potential. These results hold promising hopes for the
development of effective treatments for diseases associated with HIF-
PHD2.

3.6 Hydrogen bonding and half-life
estimation

Hydrogen bonding helps to stabilize the structure of proteins and
other biological molecules interacting with the active site residues. It is
an important factor in determining the stability of the bound ligand and
can have a significant impact on the conformation and function of the
protein. The prominence of hydrogen bonding in protein-ligand
complexes lies in its ability to strongly and specifically bind ligands

FIGURE 8
Residue’s flexibility analysis of the CMNPD13808-PHD2, CID15081178-PHD2, CID71496944-PHD2, and CID11821407-PHD2 complexes in a
solvated model.
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to the targeted residues of a protein, which can have substantial
pharmacological potential. Understanding and predicting the
hydrogen bonding interactions between protein and ligand is,
therefore, an important step in the development of new drugs and
therapies (Khan et al., 2022b). Hence, we also calculated the total
number of hydrogen bonds in each trajectory of the simulation. As
given in Figures 9A–D, the average number of hydrogen bonds in the
CMNPD13808-PHD2 complex was calculated to be 128, in the
CID15081178-PHD2 complex the average number of hydrogen
bonds was calculated to be 126, in the CID71496944-PHD2
complex the average number of hydrogen bonds was also calculated
to be 126, and, finally, in the CID11821407-PHD2 complex the average
number of hydrogen bonds was calculated to be 124.

In molecular dynamics simulations, the half-life of hydrogen
bonding refers to the amount of time that a hydrogen bond remains
intact during a simulation. Monitoring the changes in the half-life of
hydrogen bonds during a simulation can provide information regarding
the specific interactions with other molecules (Khan et al., 2022a).
Overall, the half-life of hydrogen bonding is an important aspect and
provides valuable information regarding the pharmacological potential
of a molecule. Herein, we also calculated the half-life of the hydrogen
bond for each complex from the simulation trajectory. The hydrogen
bond by Asp254 remained consistent in the CMNPD13808-PHD2
complex in 28% of the trajectory which makes 1,400 frames, in the
CID15081178\-PHD2 complex in 15% of the trajectory which makes
750 frames, in the CID71496944-PHD2 complex in 31% of the
trajectory which makes 1,550 frames, and in the CID11821407-
PHD2 complex in 25% of the trajectory which makes 1,250 frames.
The hydrogen bond by Tyr303 remained consistent in the
CMNPD13808-PHD2 complex in 37% of the total trajectory which
makes 1850 frames, in the CID15081178-PHD2 complex in 39% of the
total trajectory which makes 1950 frames, in the CID71496944-PHD2
complex in 44% of the total trajectory whichmakes 2,200 frames, and in
the CID11821407-PHD2 complex in 29% of the total trajectory which
makes 1,540 frames.Moreover, the hydrogen bond byArg322 remained
consistent in the CMNPD13808-PHD2 complex in 54% of the total
trajectory which makes 2,700 frames, in the CID15081178-PHD2
complex in 48% of the trajectory which makes 2,400 frames, in the

CID71496944-PHD2 complex in 34% of the total trajectory which
makes 1700 frames, and in the CID11821407-PHD2 complex in 43% of
the total trajectory which makes 2,150 frames. The hydrogen bond by
Tyr303 remained consistent in the CMNPD13808-PHD2 complex in
37% of the total trajectory which makes 1850 frames, in the
CID15081178-PHD2 complex in 39% of the total trajectory which
makes 1950 frames, in the CID71496944-PHD2 complex in 44% of the
total trajectory which makes 2,200 frames, and in the CID11821407-
PHD2 complex in 29% of the total trajectory whichmakes 1,540 frames.
Furthermore, the half-life of the Arg383 hydrogen bond in the
CMNPD13808-PHD2 complex was reported to be sustained in 73%
of the total trajectory which makes 1850 frames, in the CID15081178-
PHD2 complex in 78% of the total trajectory whichmakes 1950 frames,
in the CID71496944-PHD2 complex in 69% of the total trajectory
whichmakes 2,200 frames, and in the CID11821407-PHD2 complex in
76% of the total trajectory which makes 1,540 frames. Finally, for
Thr387, the half-life in the CMNPD13808-PHD2 complex was
reported to be 21% of the total trajectory which makes
1,050 frames, in the CID15081178-PHD2 complex it was 25% of
the total trajectory which makes 1,250 frames, in the CID71496944-
PHD2 complex it was 36% of the total trajectory which makes
1800 frames, and in the CID11821407-PHD2 complex it was 39%
of the total trajectory which makes 1950 frames. Overall, the results
show that the essential interaction remained consistent during the
simulation for most of the time except Thr387 which is least important
for inhibition. In particular, Arg383, which has been reported to play an
important role in HIF-PHD2 functionally, was robustly blocked by
these molecules with stable hydrogen bonding during the simulation.
This shows the potential of these molecules to be tested and used as
clinical candidates for the treatment of various diseases. The
information regarding the half-life of hydrogen bonds with each
active site residue is given in Table 2.

3.7 Binding free energy of the top hits

Binding free energy, i.e., MM/GBSA (Molecular Mechanics/
Generalized Born Solvent Accessible), is a quantification of the

FIGURE 9
Hydrogen bonding analysis of the ligand-bound protein complexes in the solvated model. (A) The H-bonds graph for CMNPD13808-PHD2. (B) The
H-bonds graph for CID15081178 -PHD2. (C) The H-bonds graph for CID71496944-PHD2. (D) The H-bonds graph for CID11821407-PHD2.
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energy necessary to bind two or more molecules into a specific
binding configuration, and it is a key factor in comprehending the
protein-ligand association. By taking into account both the energy
required to bring the ligand and protein into a specific binding
configuration and the changes in solvent-accessible surface area
that occur during binding, the MM/GBSA technique offers a more
accurate estimate of binding free energy. It also re-evaluates the
docking conformation to determine the accuracy of the binding. In
order to create novel drugs, binding free energy calculations are
crucial since they offer a quantitative assessment of the potency of
a particular binding interaction (Sun et al., 2014). Therefore, in the
current study, we also calculated the binding free energy of each
complex using the simulation trajectories. The van der Waals forces
for these complexes were calculated as −57.41 kcal/mol for
CMNPD13808-PHD2, −48.22 kcal/mol for CID15081178-
PHD2, −53.89 kcal/mol for CID71496944-PHD2, and −46.02 kcal/
mol for CID71496944-PHD2. The electrostatic energy for these
complexes was calculated as −16.57 kcal/mol for CMNPD13808-
PHD2, −17.11 kcal/mol for CID15081178-PHD2, −9.32 kcal/mol
for CID71496944-PHD2, and −14.55 kcal/mol for CID71496944-
PHD2. The EGB for these complexes was calculated as 14.22 kcal/
mol for CMNPD13808-PHD2, 10.15 kcal/mol for CID15081178-
PHD2, 11.21 kcal/mol for CID71496944-PHD2, and 13.78 kcal/mol
for CID71496944-PHD2. The ESURF for these complexes were
calculated as −13.15 kcal/mol for CMNPD13808-PHD2,
-10.37 kcal/mol for CID15081178-PHD2, −16.47 kcal/mol for
CID71496944-PHD2, and −15.27 kcal/mol for CID71496944-PHD2
(Table 3). The DELTA G gas for these complexes was calculated
as −46.97 kcal/mol for CMNPD13808-PHD2,−43.25 kcal/mo for

CID15081178-PHD2 l, −44.17 kcal/mol for CID71496944-
PHD2, −42.36 kcal/mol for CID71496944-PHD2. The DELTA G
solvated for these complexes was calculated as 12.45 kcal/mol for
CMNPD13808-PHD2, 11.25 kcal/mol for CID15081178-PHD2,
9.98 kcal/mol for CID71496944-PHD2, and 10.63 kcal/mol for
CID71496944-PHD2. Finally, the total binding free energy for
each complex was calculated as −72.91 kcal/mol for
CMNPD13808-PHD2, −65.55 kcal/mol for CID15081178-PHD2,
-68.47 kcal/mol for CID71496944-PHD2, and −62.06 kcal/mol for
CID71496944-PHD2. These drugs possess relatively good activity
compared with previously reported drugs and therefore are the best
choice for clinical testing (Siddiq et al., 2009; Wu et al., 2017).
Consequently, these four hits may inhibit PHD2 more strongly and
need further in vitro and in vivo validation for possible usage as
potential drugs against HIF-PHD2-associated diseases.

4 Conclusion

To overcome safety issues, liver failure, and problems associated
with on-/off-targets associated with HIF-PHD2, natural products
offer promising alternatives. In the current study, the natural
products chemical space was explored which revealed
CMNPD13808, CID15081178, CID71496944, and CID11821407 as
promising hits by targeting PHD2 active sites Gln239, Tyr310, His313,
Asp315, Tyr329, Arg383, and Trp389 residues. The binding results
revealed that the shortlisted hits demonstrated better interaction
profiles in contrast to the positive control. Moreover, molecular
simulation and binding free energy studies revealed that these

TABLE 2 Hydrogen bonding information of the essential active site residues. The table shows the percentage of consistency of a particular hydrogen bondwith the
calculated frames during the simulation.

Complexes
names

Asp254 Tyr303 Arg322 Arg383 Thr387

% of
trajectory

No. of
frames

% of
trajectory

No. of
frames

% of
trajectory

No. of
frames

% of
trajectory

No. of
frames

% of
trajectory

No. of
frames

CMNPD13808 28 1,400 37 1,850 54 2,700 73 3,650 21 1,050

CID15081178 15 750 39 1,950 48 2,400 78 3,900 25 1,250

CID71496944 31 1,550 44 2,200 34 1,700 69 3,450 36 1,800

CID11821407 25 1,250 29 1,540 43 2,150 76 3,800 39 1,950

TABLE 3 Total binding free energy for each complex using the simulation trajectories.

Parameters CMNPD13808 CID15081178 CID71496944 CID11821407

VDWAALS −57.41 −48.22 −53.89 −46.02

EEL −16.57 −17.11 −9.32 −14.55

EGB 14.22 10.15 11.21 13.78

ESURF −13.15 −10.37 −16.47 −15.27

DELTA G gas −46.97 −43.25 −44.17 −42.36

DELTA G solv 12.45 11.25 9.98 10.63

DELTA TOTAL −72.91 −65.55 −68.47 −62.06
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drugs possess relatively good activity in comparison with 4HG. The
hydrogen bonding results further demonstrated that the essential
interactions remained consistent during the simulation formost of the
time except for Thr387 which is least important for inhibition. In
particular, Arg383, which has been reported to play an important role
in HIF-PHD2 functionally, was robustly blocked by these molecules
with stable hydrogen bonding during the simulation. To conclude,
these hits are potential clinical candidates but further in silico
experiments such as metadynamics and free energy perturbation
analysis, and in vitro and in vivo validations should be performed
to determine the efficacy of these small molecules against HIF-PHD in
various diseases.
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One of the most widespread metabolic diseases, Type-2 Diabetes Mellitus
(T2DM) is defined by high blood sugar levels brought on by decreased insulin
secretion, reduced insulin action, or both. Due to its cost-effectiveness and
eco-friendliness, plant-mediated green synthesis of nanomaterials has
become more and more popular. The aim of the study is to synthesize
AgNPs, their characterizations and further in-vitro and in-vivo studies.
Several methods were used to morphologically characterise the AgNPs. The
AgNPs were crystalline, spherical, and clustered, with sizes ranging from 20 to
50 nm. AgNPs were found to contain various functional groups using Fourier
transform infrared spectroscopy. This study focuses on the green-synthesis of
AgNPs from Fagonia cretica (F. cretica) leaves extract to evaluate their
synthesized AgNPs for in-vitro and in-vivo anti-diabetic function. For the
in-vivo tests, 20 male Balb/C albino-mice were split up into four different
groups. Anti-diabetic in-vivo studies showed significant weight gain and a
decrease in all biochemical markers (pancreas panel, liver function panel, renal
function panel, and lipid profile) in Streptozotocin (STZ)-induced diabetic
mice. In vitro anti-diabetic investigations were also conducted on AgNPs,
comprising α-amylase, α-glucosidase inhibitions, and antioxidant assays.
AgNPs showed antioxidant activity in both the DPPH and ABTS assays. The
research showed that the isolated nanoparticles have powerful antioxidant and
enzyme inhibitory properties, especially against the main enzymes involved
in T2DM.
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1 Introduction

Diabetes is associated with hyperglycaemia, insulin resistance,
and excessive production of inflammatory markers. In turn, chronic
hyperglycaemia produces metabolic impairment, oxidative stress,
and kidney and liver damage (Souha et al., 2021). Worldwide, high
co-morbidity rates can be attributed to the prevalence of
type2 diabetes mellitus (T2DM), also known as Insulin
Independent Diabetes Mellitus (IDDM). When pancreatic cells
fail in T2DM, the liver, skeletal muscles, and adipose tissues
become insulin resistant and insulinopenic, which causes
metabolic dysfunction and organ failure in these organ systems.
Pancreas secretes enzymes in response to signals, largely controlling
blood glucose levels. The World Health Organization estimates that
422 million people worldwide currently suffer from diabetes, with
1.6 million fatalities attributable to the disease in 2016. This ranks
diabetes as the seventh leading cause of morbidity and mortality
worldwide. Worldwide, 640 million people will have diabetes by
2040 (Wahab et al., 2022). Reducing glucose absorption from the
gastrointestinal system is one of the therapy methods for T2DM. In
order to convert dietary carbohydrates into simple mono-
saccharides, the enzyme α-glucosidase (also known as α-D-
glucoside glucohydrolase) catalyzes the release of α-glucose from
the non-reducing end of the substrate. Long-chain carbohydrates are
also broken down metabolically by the α-amylase enzyme, which
aids in their absorption in the gastrointestinal tract. The hydrolytic
breakdown of oligosaccharides is reduced by inhibitors of these
enzymes, delaying their absorption from the intestinal tract. One of
the greatest ways to prevent the onset of late diabetes complications
is to limit the postprandial rise in blood glucose, according to
scientific research. In order to prevent T2DM and lower the
after-meal glucose level in the body, these enzymes are crucial
therapeutic targets (Ayaz et al., 2022). There are many types of
drugs used to treat T2DM, such as sulfonylureas, α-glucosidase
inhibitors, thiazolidine dione, repaglinide, and insulin therapies.
However, the most generally used drug is “Metformin”, which has a
lot of side effects and works slowly (Jackson et al., 1987).

The standard treatment for diabetes, metformin, indirectly
stimulates adenosine monophosphate-activated protein kinase
(AMPK) signalling pathway by inhibiting mitochondrial activity.
Even though many people with T2DM prefer metformin, it may also
reduce the intestinal absorption of vitamin B12 and induce
flatulence, anorexia, diarrhoea, and stomach pain. In SH-SY5Y
(cell-line) cells and in mice, AMPK is activated by being
phosphorylated via the Calcium/calmodulin-dependent protein
kinase kinase (CAMKK) pathway by AgNPs, which also raise the
quantity of cytosolic calcium ions (Wahab et al., 2022). AMPK
activation increases insulin sensitivity and could influence the effects
of insulin by enhancing its activity (Li et al., 2019; Souha et al., 2021).
Insulin attaches to its receptor, causing the phosphorylation cascade
from insulin receptor substrate-1 (IRS1) to cause the transport of
glucose into the cells. Increasing the protein levels of IRS1 will
ultimately lessen the consequences associated with hyperglycaemia,
as research has shown that animal models lacking IRS1 developed
hyperglycaemia or T2DM. AgNPs cause an increase in IRS1 and
glucose transporter 2 (GLUT2) expression, which lowers blood
glucose levels. In addition, AgNPs increase insulin expression
and secretion (Wahab et al., 2022).

Nanotechnology is currently a significant field since it involves
the design, synthesis, and manipulation of particle structure,
allowing it to be utilised in several fields, such as medicine/
pharmacy and public health (Chandra et al., 2020; Mukhtar
et al., 2020; Sabir et al., 2021; Sharma et al., 2021), cosmetics,
food additives, agriculture (Behl et al., 2022), environmental
protection (Nechifor et al., 2021) etc. Among numerous noble
metal nanoparticles, AgNPs are of interest due to their electrical,
unique optical and magnetic properties that allow them to be used in
cosmetic products, composite fibres, electronic components,
antimicrobial applications, biosensor materials and cryogenic
superconducting materials, membranes (Nechifor et al., 2021;
Dimulescu et al., 2021; Nechifor et al., 2022) etc., The primary
elements influencing the unique features of AgNPs are their size and
form (15). In addition to this, they have been used in the diagnosis
and management of a number of disorders (Shaik et al., 2018).
AgNPs have been produced using a variety of physical, chemical,
and biological processes. One of the widely usedmethods is chemical
reduction, which employs a variety of inorganic and organic
reducing chemicals as well as electrochemical processes and
physicochemical reduction (Shukla and Makwana, 2014). Green
synthesis, sometimes referred to as biosynthesis, is another method
for producing AgNPs that uses algae, fungi, bacteria, or plant extract
(Panigrahi, 2013; Ali et al., 2017).

Physical and chemical methods are less flexible, more
expensive, and less environmentally beneficial than the green
synthesis (Thomas et al., 2014). This method does not require a
lot of solvent, high pressure, or high temperatures. Utilizing plant
extracts has advantages over employing microorganisms,
including easier access, fewer biohazards, and no special
preservation of cell cultures (Pugazhendhi et al., 2016). AgNPs
are largely utilized in electronic batteries, glass and ceramic
pigments and medical devices to cure diabetes, malaria, cancer
and tuberculosis. In addition to their catalytic characteristics,
AgNPs are also employed in the detection of biological molecules
(Asad et al., 2022). In recent years, antidiabetic, antibacterial, and
anticancer properties of AgNPs have been demonstrated. It has
been proposed that the antidiabetic activity of AgNPs is
associated with the efficient inhibitory action of carbohydrate
digesting enzymes such as α-amylase and α-glucosidase (Khodeer
et al., 2023; Vesa and Bungau, 2023). Diabetes is now referred to
be an oxidative stress-based condition since T2DM is also
brought on by an imbalance between the cellular reactive
oxygen species and the antioxidants produced by the body’s
natural mechanisms. Apoptosis and maturation of β-cells rise
as a result of high ROS generation, but insulin synthesis and
secretion fall. Antioxidants are utilized to treat oxidative stress,
and attention is shifting away from synthetic antioxidants toward
natural antioxidants. Since they may easily penetrate deeply into
the tissues, AgNPs provide a rich supply of antioxidants that are
immediately available for action in the tissues. It has been
demonstrated that AgNPs are an efficient scavenger of free
radicals, particularly oxygen-based ones (Wahab et al., 2022).
The antibiotic streptozotocin, which is generated by the
bacterium Streptomyces achromogenes, is commonly used to
cause diabetes in insulin-dependent as well as non-insulin-
dependent animals. The reason STZ causes diabetes is that it
is employed preferentially for the degeneration of insulin
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generating β-cells, which ultimately leads to the development of
necrosis. Its activity on the β-cells of the pancreas is related with
characteristic alterations in the blood glucose concentration and
insulin level. These changes reflect defects in the beta cell’s
ability to operate normally. The glucose oxidation process is
altered by STZ, and insulin production and secretion are both
reduced. Because it causes DNA damage and death in beta and
alpha cells of the pancreas, it is highly damaging to the
pancreatic beta and alpha cell populations. The kidney and
liver are also sensitive to the toxicity of STZ, just like the
beta- and alpha-cells in the pancreas. (Khan et al., 2022). STZ
induces diabetic mice better than Alloxan due to its higher
inductive price and lower toxicity. STZ induces DM2 better
than nicotinamide. Alloxan kills quickly and reduces
bodyweight. This article shows that STZ is safer and easier to
use than Alloxan for T2DM (Islam and Code, 2017).

Preliminary pharmacological tests have shown that the plant F.
cretica has significant therapeutic potential, making it one of the
plants with a strong therapeutic value that is highly pursued by
scientists. The green, upright, tiny, prickly bush known as F. cretica
L. is typically found in the arid calcareous rocks of Pakistan and
western India, in addition to Morocco, Tunisia, Algeria, Egypt,
Cyprus and Saudi Arabia. Both modern science as well as
traditional medicine tout the healing powers of Fagonia species,
noting their profound therapeutic effects against a wide range of
illnesses. It has a sour and bitter flavour and has been shown to be
effective in treating liver, blood, brain, and inflammation-related
disorders.

Extracts from the Fagonia genus are used for their wide range of
medicinal properties, including those of diuretic, stomachic,
antipyretic, anti-dysenteric, antiasthmatic, antitumor, tonic,

analgesic, bitter, analgesic and stimulant (Kiani et al., 2022).
Considering the benefits of green synthesis over other methods, a
new plant extract was found out called F. cretica, as a reducing also
stabilising agent for the synthesis of AgNPs. This is because F. cretica
is abundant and cheap, and it does not involve any fungal or
bacterial species like other biosynthesis methods do. This
eliminates all clinical concerns that come with other biological
synthesis methods, making F. cretica extract a good choice
(Zulfiqar et al., 2019).

The current research focuses on the biosynthesis of AgNPs from
F. cretica and characterizations using ultraviolet-visible (UV–Vis)
spectroscopy, scanning electron microscopy, transmission electron
microscopy and Fourier transform infrared (FT-IR) spectroscopy.
Furthermore, AgNPs of F. cretica will be tested for its anti-diabetic
effects by in-vitro assays (α-amylase, α-glucosidase and anti-oxidant
assays) as well as in-vivo studies on mice that have been made
diabetic by injection of STZ.

2 Materials and methods

2.1 Plant collection

The leaves of F. cretica were collected from the fields around the
Mardan region (Pakistan). The leaves of F. cretica were identified
and authenticated by Dr. Mohib Shah in the Department of Botany,
Faculty of Chemical and Life Science, Abdul Wali Khan University
Mardan, Khyber Pakhtunkhwa, Pakistan. The leaves of F. cretica
specimen were deposited in the institutional herbarium with
voucher number AWKUM. BOT.32.2.18. The F. cretica leaves
were washed thoroughly with water and then with deionized

FIGURE 1
Result of UV-vis spectrophotometric analysis of reaction mixture indicating typical absorbance peak of AgNPs, showing peaks at (205.5 nm,
206.5 nm and 211.5 nm).
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water. The leaves were thinly cut into small pieces and shade-dried at
room temperature.

2.2 Preparation of F. cretica leaves extract

After being washed with water to remove dust and other
chemicals, the fresh F. cretica leaves were air dried to remove
any remaining moisture or wetness before being milled into a
powder. For the plant extract, 160 mg of F. cretica was combined
with 10 mL of distilled water in a 250 mL conical flask and boiled for
around 10–15 min. After that, Whatman filter paper was used to
filter the resulting solution. The solution was then stored at 4°C for
subsequent use in the process of transforming silver ions (Ag+) into
AgNPs (Ali et al., 2016).

2.3 Silver nitrate (AgNO3) salt synthesis

In order to make 5 mM of AgNO3, 85 mg of AgNO3 (Sigma-
Aldrich, St. Louis, MO, United States of America) was dissolved in
100 mL of distilled water with vigorous stirring for about 30 min at
room temperature (Kwon et al., 2005).

2.4 The synthesis of AgNPs

To adjust the pH of silver nitrate solution to 11, 1 millimole of
NaOH was added very slowly. The silver nitrate solution was then
added to the extract while it was still being agitated. A change in the
solution’s colour indicates the formation of AgNPs, which may be
observed under a microscope. Once the nanoparticles were made,
they were centrifuged at 20,000 RPM to separate them from the
aqueous phase and then rinsed again. A 7-pH was achieved by
centrifuging and washing the nanoparticles. Finally, the synthesised
AgNPs were dried in a vacuum oven at 80°C (Jacob et al., 2012;
Nikbakht and Pourali, 2015).

2.5 Characterization of AgNPs

2.5.1 UV-visible spectroscopy analysis of AgNPs
AgNPs were produced utilising F. cretica leaves extract as

reducing agents, and the AgNO3 solution was validated using
UV-vis spectroscopy. The absorbency of the synthesized AgNPs
were evaluated using distilled water as a control (blank). To
investigate the synthesis of AgNPs, UV-vis spectroscopy was
done using a UV-1602 double beam UV-vis spectrometer
(Lambda 25, PerkinElmer, Waltham, MA, United States) with a
resolution of 1 nm. AgNPs produced from the reaction mixture were
tested for their spectrum absorbency at wavelengths ranging from
200 nm to 800 nm.

2.5.2 Scanning electron microscopy
To describe the shape of AgNPs, scanning electron microscopy

(SEM) was employed. The leaves extract of F. cretica were used to
prepare AgNPs, which were properly air-dried at 35°C with the use
of a vacuum dryer. A small droplet of the AgNPs was then dropped

on a carbon-coated SEM grid and left to dry. The sample was
subsequently silver coated using a spi-module sputter coater (Auto
fine coater) at the University of Peshawer, and morphological
features were examined using Field-Emission scanning electron
microscopy (FE-SEM) (JSM-5910-JEOL) (Lab tech., Yokosuka,
Japan).

2.5.3 Transmission electron microscopy
Transmission electron microscopy (TEM) was used to

examine the morphology and size of the AgNPs. The ultra-
high-resolution transmission electron microscope has a voltage
of 200 kV. (JEOL, Model No. JEM 2100 HR with EELS). The 5 μL
of the AgNP solutions were applied on copper grids that had
carbon coatings to create the TEM grids, which were then dried
under a light.

2.5.4 Fourier-transform infrared (FT-IR)
spectroscopy

To make the sample pellet, the AgNPs were dried, mixed with
KBr, and pressed using a hydraulic pellet press. FT-IR spectroscopy
was performed on the sample at the “Department of Chemistry”,
“Bacha Khan University, Charsadda, Pakistan”, using the
“PerkinElmer spectrometer FT-IR SPECTRUM ONE” (Spectra
Lab Scientific Inc., Markham, ON, Canada) with a resolution of
4 cm−1 in the range of 4,000 cm−1–0 cm−1

2.6 In vitro studies

2.6.1 Assay for α-glucosidase inhibition
The samples were tested for α-glucosidase inhibition using

(Mccue et al., 2005). In short, 0.5 units/mL of the α-glucosidase
enzyme was dissolved in 0.1 M phosphate buffer to make a solution
(pH 6.9). The final enzyme mixture contains 120 uL of 0.1 M
phosphate buffer and 20 uL of α-glucosidase (0.5 units/mL). In
the same buffer, a solution of 5 mM p-Nitrophenyl—D-
glucopyranoside, which is a substrate, was made (pH 6.9). Test
samples with concentrations between 31.25 μg/mL and 1,000 μg/mL
were prepared and combined with enzyme solution. The samples
were then incubated for 15 min at 37°C. Finally, 20 μL of substrate
solution was added to the enzyme mixture, which was then put back
in the 37°C incubator for 15 min. When 80 μL of 0.2 M sodium
carbonate solution was added, the reaction was done. UV visible
spectrophotometer was used to measure absorbance at 405 nm
(Thermo electron corporation United States). The part of the
system that did not have α-glucosidase was used as a blank, and
acarbose was used as a positive control. Each experiment was done
three times, and the percent inhibition was figured out with a
formula.

% Inhibition � Absorbance ofControl − Absorbance of Sample

Absorbance ofControl
[ ] × 100

2.6.2 Assay for α-amylase inhibition
The α-amylase inhibitory experiments followed the same

protocol (Nair et al., 2013). To summarize, plant extracts (test
substances) in concentrations ranging from 31.25 μg/mL to
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1,000 μg/mL were combined with 20 μL of enzyme in 200 μL of
0.02 M sodium phosphate buffer. After 10 minutes at 25°C ± 3°C,
200 μL of starch was added to the assay mixes. The 400 μL of DNS
reagent (dinitro salicylic acid) was added to the mixture to stop
the process. After 5 minutes in a boiling water bath, the resulting
solution was chilled. Once the liquid had cooled, further to dilute
it, 15 mL of distilled water was added, and the absorbance at
540 nm was recorded. Acarbose was the standard drug, and
enzyme inhibition was calculated with the help of a formula.

%inhibition � 1 − A/B( )[ ] × 100

Where A = absorbance of test and B = absorbance of enzyme
control.

2.6.3 DPPH antioxidant assay
The DPPH (α, α-diphenyl-β-picrylhydrazyl) anti-radicals

study was carried out in accordance with the protocol we
previously published (Boly et al., 2016; Ovais et al., 2018).
Initially, a 0.1% methanolic-DPPH solution was prepared and
100 μL of it was combined with the same volume (100 μL) of test
samples in 96-well plates, followed by 30 minutes incubation in a
dark place 25°C ± 3°C. The offered samples’ solutions were
produced in concentrations ranging from 1,000 to 62.5 μg/mL.
Similarly, Trolox methanolic solution (100 μM) was made,

followed by its five concentrations/dilutions of 1,000, 500, 250,
125, and 62.5 μM. Following incubation, a decrease in DPPH
colour was noticed, and absorbance at 540 nm was measured
using a microplate reader (Chen et al., 2013). The percentage of
scavenging was calculated as follows:

% Scavenging � A0 –A1( )/A0[ ] × 100

2.6.4 ABTS antioxidant assay
The study of ABTS (2,2′-azino-bis(3-ethylbenz-thiazoline-

6-sulfonic acid) antiradicals was conducted according to the
protocol we had previously reported (Ayaz et al., 2017; Mir et al.,
2019). 192 mg of ABTS salt were dissolved in distilled water to
create the ABTS solution, which was then transferred to a 50-
milliliter flask and the volume was adjusted. Following the
addition of 1 mL of the preceding solution to 17 μL of
140 mM potassium persulphate, the mixture was left in the
dark for 24 h.

Methanol was used to dilute 1 mL of the reaction mixture to
50 mL to generate the final ABTS dilution for the test.
Consequently, 190 μL of ABTS solution was added to 10 μL of
sample solutions and 96-well plates, which were then incubated
for 2 hours at room temperature in a dark place. After incubation,
the decrease in ABTS colour intensity was measured using a

FIGURE 2
SEM image of AgNPs of F. cretica. The shape and size of the AgNPs were measuredusing SEM.
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microplate reader at 734 nm. At concentrations between
1,000 and 62.5 μM, Positive control solutions were created
(Ayaz et al., 2022). The percentage of ABTS scavenging was
calculated using the following equation:

% Inhibition � Absorbance ofControl − Absorbance of Sample

Absorbance ofControl
[ ] × 100

2.7 In vivo anti-diabetic activity

2.7.1 Experimental animals
Male Balb/C albino mice that were 6 weeks old and weighed

between 25 and 35 g were kept in separate cages at 22°C–26°C with a
12-h light/dark cycle and free access to standard lab food. This study
was approved by the Institutional Review Board of the Department
of Biochemistry, Abdul Wali Khan University Mardan. The project

identification code of the present study is Awkum/Biochem/2021/
14, dated 10th February, 2021.

2.7.2 Acute toxicity study
According to the recommendations made by the

Organization for Economic Cooperation and Development
(OECD), an acute toxicity test was carried out (Leist et al.,
2012). Twenty Balb/C albino mice were used in the
experiment, and they were split into four groups of five
animals each. A single dosage of silver nanoparticles (AgNPs)
was administered to the mice in each group. The concentrations
were 5, 10, 15, and 20 mg/kg body weight for groups 1–4,
respectively. The mice had been observed for 30 min after the
AgNPs were given in order to identify any immediate effects,
such as mortality or abnormalities in behavior. The mice were
then routinely observed at 4 and 24 h to look for any additional
behavioral or symptom changes.

FIGURE 3
TEM image showed AgNPs of F. cretica werespherical in shape.
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2.7.3 Induction of T2DM
The mice were fasted overnight before receiving a single

intraperitoneal (i.p.) dose of freshly prepared STZ (45mg/kg body
weight) in citrate buffer (0.05M) to cause diabetes in the test animals.
Then, 5% glucose solution was administered via gavage. While other
groups received injections of STZ, the control group received only
injections of citrate buffer. By calculating the blood glucose level 72 h
after receiving a STZ injection, diabetes was artificially induced and
confirmed. Further diabetic studies used mice whose blood glucose levels
were higher than 180mg/dL. As a standard medication, metformin
(200mg/kg) was used. Body weight, random-fed blood glucose levels,
and fasting blood glucose levels were used to evaluate the anti-diabetic
activity. Mice were divided into the four groups listed below (n = 5).

2.7.4 Experimental groups
Male Balb/C albino mice were randomised into four groups. The

control group, i.e., first group received water daily for 21 days 15 mice in
the second groupwere injectedwith 45mg/kg STZ i. p. to induce diabetes
for 5 days. They were then divided into three more groups: diabetics who
received no treatment, diabetics who received AgNPs from the F. cretica
plant, and diabetics who received metformin. All groups received 21-day
treatment. Five mice per group were evenly distributed.

• Group I: (Normal control group) Water was injected i. p. into
the control group’s (n = 5) mice.

• Group II: (STZ-treated Control group): For 21 days, distilled
water was given to diabetic mice.

• Group III: AgNPs treated group: Diabetic mice were
administered an i. p. injection of AgNPs.

• Group IV: Mice with diabetes were given daily doses of
metformin (200 mg/kg body weight) for 21 days.

A weighing balance was used to determine the body weight of all
of the experimental mice. From the beginning to the end of the
study, the weight of the animals was regularly monitored (1st and
21st day). Blood glucose levels were measured using the “Rupturing
tail vein technique” using the “EASYGLUCO” metre on the first,
seventh, 14th, and twenty-first days of treatment.

2.8 Biochemical evaluation

The blood samples were sent to a medical diagnostics laboratory
so that blood biochemical parameters could be measured. Mice were
given anesthesia before they were euthanized for the experiment’s
completion, and blood was taken through cardiac puncture. Blood
samples were kept in centrifuge tubes chilled to −20°C, while tissue
samples were kept at −70°C on ice. Total cholesterol (TC),
triglyceride (TG), high density lipoprotein (HDL), low density
lipoprotein (LDL), liver functional markers such as serum alanine
transaminase (ALT), alkaline phosphatase (ALP), serum bilirubin,
serum albumin, and renal functional markers such as serum urea,
uric acid, creatinine, and amylase were measured in the separated
serum after centrifugation at 6,000 rpm for 10 min using
spectrophotometer (MINADRY BA88A, Shenzhen Mindray
Bio-Medical Electronics Co., Ltd. Mindray Building, Keji 12th
Road South, Hi-tech Industrial Park, Address: Nanshan,
ShenZhen518057, P.R. China).

2.9 Histological examination of pancreas

To determined the effect of biosynthesized AgNPs, we have
performed the histological analysis of normal, STZ induced diabetic,
AgNPs and Metformin tissue. The pancreas of all groups were
preserved in 10% formalin followed by dehydration in 70–100%
ethanol. The tissue were cleared in xylene and embedded in paraffin.
Sample were cut with microtome followed by staining as per
protocol (Bancroft and Gamble, 2008). The tissue were observed
under Nikon microscope (Nikon Y-THM Japan-0122,604; Nikon
ECLIPSE 50i Nikon Corporation, Japan).

2.10 Statistical analysis

All the in-vitro tests were performed three times, and the
collected data were presented as Mean ± Standard Error of the
Mean (SEM). One-way ANOVA accompanied by multiple
comparison, for the statistical comparison of test samples to
control groups, Dunnett’s test was utilized. The data of in-vivo
were analysed with the Origin v19 software, and a one-way analysis
of variance (ANOVA) was used, followed by the Tukey’s HSD post
hoc test for multiple comparisons. Post hoc analysis using the least
significant difference test was performed for intergroup
comparisons. p-values less than 0.05 were considered statistically
significant.

3 Results

3.1 Plant extract preparation

Following the manufacture of the F. cretica extract solution,
the silver nitrate salt solution was created by dissolving 5 mM
silver nitrate salt in distilled water (100 mL). This plant is
renowned for its therapeutic properties. The subject plant was
found to be useful for treating urinary discharges, tumours,
stomach problems, scabies, fever, and toothaches (Saleh et al.,
2011). It was also noted to have antibacterial, anti-inflammatory,
anti-hemorrhagic, thrombolytic, and antioxidant characteristics
(Sajid et al., 2011) and anti-diabetic actions (Kamran et al.,
2017).

3.2 Green synthesis of AgNPs

After the preparation of solutions containing silver nitrate
salt and plant extract from F. cretica, both solutions were
combined in the correct proportions. The 5 mL aqueous F.
cretica extract was correctly combined with 45 mL of 5 mM
AgNO3, and the mixture was allowed to stand until the
solution’s colour changed from yellow to blackish brown. For
an aqueous solution mixture containing 5 mM silver nitrate,
gradual colour shifts from yellow to reddish yellow and from
reddish yellow to dark brown were seen. The entire production of
AgNPs is indicated by the complete transformation of the
aqueous solution from yellowish brown to blackish brown
(AgNPs). Metal nanoparticles are responsible for these unique
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colour shifts (Johnson et al., 2014). A centrifugation process was
used to separate the AgNPs from the prepared solution after their
production. For approximately 40 min, the AgNPs solution was
centrifuged at a maximum speed of 6,000 rpm. After being
formed into a pellet, the AgNPs were rinsed with distilled
water three times. AgNPs powder was produced by drying the
extracted pellet in an oven at a temperature at 60°C. AgNPs
powder was obtained after 24 h of drying time. Reducing Ag1+ to
Ag0 causes the colour change (Yasmin et al., 2020). Free silver
atoms (Ag0) formed AgNPs by nucleation and growth (Raza et al.,
2016). SPR (surface plasmon resonance) is caused by electron
oscillations in the conduction band. UV-visible absorption
monitored the colour shift. Chemical stability and medicinal
uses make AgNPs clinically relevant. AgNPs are made using
chemical or physical processes. Biosynthesis approaches, which
use plant extracts to reduce NP metal salts, are popular due to
their simplicity, low cost, and safety (Souha et al., 2021).

3.3 Characterization of AgNPs

Characterization of synthetic AgNPs was done before the anti-
diabetic properties of AgNPs were examined. To put it briefly, this
study involved the room-temperature green synthesis of AgNPs
using F. cretica leaf extract. Upon the reaction of the plant extract
with the silver nitrate solution, the mixture’s visual appearance
changed to brown, indicating the creation of AgNPs. UV-Vis
spectroscopy, SEM, TEM, and FT-IR were used to characterise
biosynthesized AgNPs. A high broad absorbance peak was seen in
the UV-Visible spectra at 205.5, 206.5, and 211.5 nm, confirming

the production of AgNPs (Figure 1). FESEM was used to examine
the morphology of AgNPs, and it was discovered that the
produced nanoparticles were spherical in shape and had a size
of 29.39 nm (Figure 2). Previous research used FESEM to examine
the morphology of AgNPs, and it was discovered that the
produced nanoparticles were spherical in form and ranged in
size from 20 to 50 nm (Bibi et al., 2019). The TEM picture
displayed in Figure 3 clearly shows that the AgNPs were
spherical in shape. The majority of the biosynthesized AgNPs’
TEM and HRTEM images revealed that the particles were almost
spherical in shape and crystalline in form. In particular, the
HRTEM images revealed the presence of lattice fringe that
correlates to Ag plane (Soman and Ray, 2016).

To examine the function of the functional groups in the plant
extract as a capping agent and bio-reduction agent, FT-IR
analysis was done (Kumar et al., 2018). Figure 4 shows the
FT-IR absorption spectra of green AgNPs. The FT-IR
analysis’s measured spectra were compared to Coates’s
previously reported reference value (Coates, 2000). The leaf
extract of F. cretica showed C-H bending at the peak values of
611.01 and 623.73, indicating the presence of carbohydrates. The
aromatic C-H bending caused by glycosides was revealed by the
absorption peak at 721.87. Peak at 978.33 suggested a C=C
stretch, which may have been caused by the plant’s coumarin,
tennins, and terpenoids. The C-O stretch was shown by the
absorption peaks at 1,000 to 1,295. Esters found in plant
extracts were the cause.

The H-C-H bend at 1,448.94 suggested the presence of
unsaturated alcohols or alkanes in the plant. The absorption
peak 1,528.65 suggested an N-H bend caused by steroid amines.

FIGURE 4
FT-IR analysis of green-synthesized AgNPs by reaction of silver nitrate with leaves extract of F. cretica showed functional groups.
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The presence of proteins, steroids, lactones, and flavonoids was
indicated by the existence of an amide stretch C=O peak at
1,662.44. C=C alkynyl stretch was indicated by the peak at
2126.54. Peaks at 2975.81, 2890.30, and 2834.71 indicated
Alkyl C-H stretch caused by glycosides. Peaks at 3620.38,
3779.5, 3829.87, 3874.93, 3892.63, 3908.35, 3925.58, and
3954 revealed that aliphatic compounds exhibit C-H
stretching. That could be related to the fatty acid esters
present in the plant extracts. The peak at 3779.57 suggested
amide N-H stretch, which may have been caused by the
plant’s alkaloids (Bibi et al., 2019).

3.4 α-Glucosidase inhibition study

The results of α-glucosidase inhibition investigations are
summarised in Table 1. AgNPs obtained from F. cretica inhibited
the α-glucosidase enzyme in a concentration-dependent manner.
AgNPs were the most effective at 1,000 μg/mL, suppressing enzymes

by 81.74% ± 0.77%. AgNPs had an IC50 value of 250 μg/mL. AgNPs
had inhibitory effects comparable to the positive control group. The
inhibitory activity of acarbose at the same dose was 91.45% ± 1.50%
(IC50s = 42 μg/mL). The inhibitory activity of Ag-NPs at the same
concentrations was comparable to that of the standard drug,
acarbose.

3.5 Study of α-amylase inhibition

AgNPs showed enzyme inhibitory potentials in amylase
inhibition assays, and these were compared to the standard drug
(acarbose). In investigations on the inhibition of the enzyme α-
amylase, all fractions showed a concentration-dependent inhibition,
with AgNPs showing the highest percentage inhibitions. At the
investigated concentrations of 1,000, 500, 250, 125, and 62 μg/mL,
AgNPs demonstrated 83.53 ± 1.55, 72.97 ± 0.50, 65.84 ± 0.33,
56.75 ± 0.66, and 51.10% ± 1.00% enzyme inhibitions, respectively.
According to Table 1, IC50s for AgNPs were 118 μg/mL. The IC50 for

TABLE 1 α-amylase and α-glucosidase inhibition assay results.

α-amylase inhibition results

Sample Concentration %Inhibition IC50

AgNPs from F. cretica Sample 1,000 83.53 ± 1.55ns 118

500 72.97 ± 0.50 ns

250 65.84 ± 0.33 ns

125 56.75 ± 0.66 ns

62 51.10 ± 1.00 ns

Positive Control 1,000 87.72 ± 0.70 40

500 78.55 ± 0.55

250 71.90 ± 1.00

125 65.33 ± 1.40

62 59.80 ± 0.56

α-glucosidase inhibition results

Sample Concentration (μg/mL) %Inhibition IC50 (μg/mL)

AgNPs from F. cretica Sample

1,000 81.74 ± 0.77** 250

500 73.84 ± 0.50*

250 60.49 ± 1.60*

125 51.49 ± 1.90**

62 39.50 ± 0.33***

Positive Control

1,000 91.45 ± 1.50 42

500 78.85 ± 0.69

250 71.33 ± 1.20

125 64.89 ± 1.33

62 55.90 ± 0.88

The results of three independent experimental observations were expressed as Mean ± SEM. Following a one-way ANNOVA, a multiple comparison is made. The findings were compared to

control groups using the Dunnett’s test. ns: Values not significantly different in comparison to control at the same concentration. *: p < 0.05, **p < 0.01 and ***p < 0.001 at the same

concentrations.
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the positive control was 40 μg/mL, and the enzyme inhibition was
87.72% ± 0.70%. One of the most effective methods for treating
T2DM patients with postprandial hyperglycemia is to inhibit α-
glucosidase and α-amylase. Natural products have been shown to be
one of the most important sources for developing drugs to treat DM.

Antihyperglycemic effects of many plants have been
documented, either on their own or in combination with
standard diabetes treatments. Cinnamon, aloe, bitter melon,
coffee, guava, cocoa, green tea, nettle, garlic, soybeans, turmeric,
and walnuts are only few of the medicinal plants and their fruits and
seeds that have received renewed interest for their scientific
potential. Phenomenal, galegine, pycnogenol, miglitol, voglibose,
and acarbose are only some of the isolated natural compounds used
to treat T2DM (Ayaz et al., 2022).

3.6 Assay for DPPH antiradicals

AgNPs had a scavenging effect against DPPH radicals in the
DPPH anti-radicals assay (Table 2). The percent scavenging
potentials of AgNPs were found to be 82.31 (at concentrations
of 1,000 μg/mL), 77.92 (at concentrations of 500 μg/mL), 65.96
(at concentrations of 250 μg/mL), 60.37 (at concentrations of
125 μg/mL), and 34.30 (at concentrations of 62 μg/mL) at the
same tested concentration. Positive control (ascorbic acid)
demonstrated free radical scavenging potentials of 91.50 ±
0.80, 83.59 ± 0.40, 77.35 ± 0.33, 67.80 ± 0.99, and 61.55% ±
0.66% at 1,000, 500, 250, 125, and 62 μg/mL and an IC50 of 45 μg/
mL, respectively.

3.7 Assay for ABTS antiradicals

AgNPs demonstrated a free radical scavenging effect in the
ABTS Antiradicals assay. At the investigated doses of 1,000, 500,
250, 125, and 62 μg/mL, the AgNPs was comparably efficient against

ABTS radicals, with percent inhibitions of 92.76 ± 0.66, 84.83 ± 0.33,
81.65 ± 0.85, 68.43% ± 0.96% and 65.43% ± 0.89% inhibitions,
respectively.

AgNPs had an IC50 of 37 μg/mL against ABTS radicals. The
AgNPs showed extremely similar percent inhibitions to the positive
control, which displayed 94.78 1.60% inhibition at the highest
measured concentration (1,000 μg/mL) and an IC50 of 9 μg/mL
(Table 3). High concentrations (1,000 μg/mL) produced the best
inhibitions, while lower concentrations produced less potent results
(Table 3).

3.8 In-Vivo studies

3.8.1 Acute toxicity
Acute toxicity investigation revealed that AgNPs was safe up

to a dose of 20 mg/kg body weight because no mortality was seen
up to that point. After receiving various doses, the mice were
examined for 4 h for various behavioral changes such writhing,
drowsiness, photosensitivity, and convulsions. AgNPs was
determined to be safe up to 20 mg/kg body weight when
varied dosages were given to mice, and no fatalities or
morbidities were noticed during 24 h.

3.8.2 Effect of F. cretica plant AgNPs on body
weight

In Table 4, we can see how AgNPs andmetformin led to changes
in body weight. Diabetic control mice had a markedly lower final
body weight compared to normal control mice. Diabetic mice given
nanoparticle treatment experienced a dramatic rise in body weight.
Moderate weight gain was observed in the AgNPs treatment group
compared to the positive control group. In contrast, diabetic mice
given AgNPs showed a significant increase in body weight compared
to diabetic control (DC) mice after receiving the treatment,
suggesting that the nanoparticles may have a protective effect
against the disease.

TABLE 2 DPPH anti-radicals assay results.

Sample Name Concentration (μg/mL) %Inhibition IC50 (μg/mL)

AgNPs from F. cretica Sample 1,000 82.31 ± 1.55* 210

500 77.92 ± 0.71ns

250 65.95 ± 0.38*

125 60.37 ± 1.20 ns

62 34.30 ± 0.33***

Positive control 1,000 91.50 ± 0.80 45

500 83.59 ± 0.40

250 77.35 ± 0.33

125 67.80 ± 0.99

62 61.55 ± 0.66

Values represent Mean ± SEM of three experimental observations. Ascorbic acid was positive control. ns: values not significantly different when compared with positive control. *p < 0.05 and

***p < 0.001 when compared with control.
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TABLE 3 ABTS anti-radicals assay results.

Sample Name Concentration (μg/mL) %Inhibition IC50 (μg/mL)

AgNPs from F. cretica Sample 1,000 92.76 ± 0.66 ns 37

500 84.83 ± 0.33 ns

250 81.65 ± 0.85 ns

125 68.43 ± 0.96 ns

62 65.43 ± 0.89 ns

Positive control 1,000 94.78 ± 1.60 9

500 89.33 ± 0.84

250 81.55 ± 0.55

125 77.00 ± 1.67

62 69.90 ± 0.33

The values show the mean ± standard error of mean of three experimental observations. Positive control was ascorbic acid. ns: values not significantly different when compared with positive

control. *p < 0.05 and **p < 0.01 when compared with control.

TABLE 4 Comparison of initial and final body weights of the mice of different groups.

Body weights Group-I (normal-
control)

Group-II (diabetic-
control-STZ)

Group-III (silver-
treated)

Group-V (metformin-
treated)

Initial body weights 27.8 ± 1.60 19.2 ± 1.40 37.2 ± 0.8 28.02 ± 0.50

Final body weights 32.2 ± 1.12 15.3 ± 0.50 42 ± 0.7 33.4 ± 1.29

(n = 5 mice per group) The data are presented as Mean ± SEM. For the statistical analysis of the data, one way ANOVA was used. As compared to the groups, all of the results were significantly

different (p < 0.05). All weights are in gram (g).

TABLE 5 The Effect of AgNPs of F. cretica plant and standard drug Metformin on Pancreas panel: glucose, amylase; Liver function panel, Renal function panel and
lipid profile in STZ-induced diabetic mice.

Biochemical parameters
(Units)

Group-I (normal
control)

Group-II (diabetic control (STZ-
Induced mice))

Group-III (silver-
treated)

Group-V (metformin-
treated)

Blood sugar (mg/dL) 108.6 ± 2.52 190.5 ± 5.0* 109.8 ± 3.39** 124.2 ± 2.20**

S. amylase (U/L) 1949.2 ± 1.51 3440.3 ± 40.04* 1945 ± 2.3** 195.6 ± 0.88**

Serum bilirubin (mg/dL) 0.78 ± 0.06 2.1 ± 0.08* 0.64 ± 0.102** 0.81 ± 0.12**

SGPT (ALT) (U/L) 33.7 ± 0.61 109.3 ± 2.9* 29 ± 0.7** 32.5 ± 1.30**

ALK–Phosphatase (U/L) 167 ± 7.2 287.7 ± 1.73* 153.8 ± 2.51** 163 ± 1.53**

S. albumin (g/dL) 4.5 ± 0.06 2.46 ± 0.04* 3.9 ± 0.05** 4.41 ± 0.05**

Blood urea (mg/dL) 22.3 ± 0.4 48.8 ± 0.3* 25.2 ± 0.5** 32.61 ± 0.5**

S. creatinine (mg/dL) 0.63 ± 0.03 1.81 ± 0.03* 0.574 ± 0.03** 0.75 ± 0.04**

Uric acid (mg/dL) 3.201 ± 0.06 78.011 ± 0.2* 3.764 ± 0.05** 3.001 ± 0.02**

S. cholestrol (mg/dL) 123 ± 1.42 141.5 ± 1.07* 71.6 ± 5.5** 99.8 ± 4.9**

S. triglyceride (mg/dL) 68.9 ± 2.7 75.3 ± 2.4* 64 ± 4.03** 65.5 ± 1.7**

HDL (mg/dL) 37.05 ± 0.49 79.6 ± 0.6* 36.2 ± 0.37** 36.9 ± 0.29**

LDL (mg/dL) 84.2 ± 4.09 127.7 ± 3.90* 69 ± 2.6** 76.3 ± 2.6**

Values are mean ± standard error of the mean (n = 5). *P < 0.05, significantly different with respect to control group;**P < 0.05, significantly different with respect to diabetic group (STZ

group) for post hoc Tukey’s test.
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3.8.3 Effect of F. cretica plant AgNPs on blood
glucose

Blood glucose levels were examined in normal and
experimental groups of mice on the first, seventh, 14th, and
twenty-first days of treatment. When compared to the normal
control group, STZ treatment resulted in a significant increase
(p < 0.05) in blood glucose levels. After 21 days of treatment
with AgNPs, there was a significant reduction in blood glucose
levels, indicating the hypoglycaemic potential of AgNPs
(Table 5).

3.8.4 Effects on liver and renal functions tests
The AgNPs treated diabetic mice showed an enhanced level of

albumin and decrease level of blood bilirubin, alanine transaminase,
and alkaline phosphatase concentrations. There was a significant
rise in serum albumin level in the treated diabetic mice as compared
to diabetic. The average total albumin concentration in diabetic mice
receiving AgNPs treatment was 3.9 ± 0.05 g/dL. The conventional
medicine Metformin had a mean total albumin level of 4.41 ± 0.05 g/
dL in diabetic mice.

In contrast to the alanine transaminase levels in the untreated
diabetic mice, which had a greater mean enzyme activity at 109.3 ±
2.9 U/L, serum alanine transaminase (ALT) or Serum Glutamic
Pyruvic Transaminase (SGPT) levels demonstrate a significant
reduction in mean activity when treated with AgNPs, from 109.3
± 2.9 U/L to 29 ± 0.7 U/L. Similar to what was observed in the mice

treated with metformin, the AgNPs-treated mice had a highly
significant decline in alanine transaminase to close to normal
levels. After continued dosing for 21 days, Table 5 demonstrates
that alkaline phosphatase significantly decreased to levels close to
normal in response to treatment with F. cretica’s AgNPs.

The group of mice also receiving metformin showed the greatest
reduction in alkaline phosphatase activity, followed by the group
getting AgNPs treatment. Serum bilirubin levels were found to be
0.78 ± 0.06 mg/dL in normal mice and 2.1 ± 0.08 mg/dL in diabetic
mice produced by STZ, respectively. AgNPs and the common
medication Metformin were administered to STZ-induced
diabetic mice, and the outcomes were noticeably different from
those obtained after STZ administration (Table 5). Table 5 displays
the serum urea, creatinine, and uric acid levels, which were relatively
high in the diabetic control mice. The levels of urea, creatinine, and
uric acid in diabetic mice treated with the nanoparticles decreased
significantly over the course of treatment with AgNPs and the
standard drug, Metformin and then returned to nearly normal
levels.

3.8.5 Histopathological evaluation of pancreas
among various groups

For the histological evaluation, the pancreas from all four groups
were obtained. The result obtained from histological examination
clearly determined that the AgNPs regenerate the damaged and
necrotic tissues to a greater extent as compared to other groups. To

FIGURE 5
(A) Representative images showing Hematoxylin and Eosin stained (H&E) (×40) sections of pancreas. Control, normal pancreas showing normal
islets of Langerhans in between normal pancreatic cells. (B) Diabetic pancreas showing hyalinized, hypotropic, ruptured and destructed islets of
Langerhans with damage in β-cells. (C) Histopathological slides presenting the effect of AgNPs in streptozotocin-induced diabetic mice’ pancreatic
tissues and restores completely the islets of Langerhans. (D) Histopathological slides presenting the effect of metformin in STZ-induced diabetic
mice’ pancreatic tissues. Some cells are hyalinized, hypotropic and remaining cells are normal.
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compare the morphology of pancreas of treated and diabetic mice,
the results of the H & E stained was observed on ×40 magnification.
The pancreatic acini and Islets of Langerhans were observed on 40×
in all groups (Figures 5A–D). The Figure 5A showing normal islets
of Langerhans in between normal pancreatic cells. The Figure 5B of
Diabetic pancreas showing hyalinized, hypotropic, ruptured and
destructed islets of Langerhans with damage in β-cells. While
Figure 5C showed the istopathological slides presenting the effect
of AgNPs in streptozotocin-induced diabetic mice’ pancreatic
tissues and restores completely the islets of Langerhans. And the
Figure 5D showing histopathological slides presenting the effect of
metformin in STZ-induced diabetic mice pancreatic tissue.

4 Discussion

Since ancient times, medicinal plants have been used, and in recent
years, drugs derived from plants and other natural sources have become
more common. Finding treatments from plants as well as alternative
sources is of great interest to pharmacologists (Kamran et al., 2017).
Researchers are paying a lot of attention to the synthesis of functional
nanomaterials because of their many potential uses in fields like
biomedicine, cancer treatment, bio-imaging, drug delivery,
molecular-based detection, etc. However, the physical and chemical
methods used to synthesize nanomaterials produce massive quantities
of hazardous chemicals and toxic by-products, which have serious
consequences for both the environment and human health. The
development of non-toxic, safe, effective, non-lethal, environmentally
friendly, and economically viable biological methods for the synthesis of
NPs is therefore of increasing importance. Numerous recent reports on
the synthesis of AgNPs have made use of leaf, stem and root extracts
from plants such as Eucommia ulmoides, Dracaena cochinchinensis,
Gloriosa superba, Sargassumpolycystum andRaphanus sativus (Zulfiqar
et al., 2019). AgNPs are the most widely used of these particles due to
their wide range of applications.

The F. cretica is well known as a medicine. The subject plant was
found to be effective against fever, toothache, asthma, scabies, stomach
problems, tumors, and urinary discharges. It was also said to have
antimicrobial, anti-inflammatory, anti-bleeding, thrombolytic, and
antioxidant properties (Kiani et al., 2022). Very little is known about
how F. cretica plant extracts can be used to make AgNPs.

F. cretica’s bioreducing agents used to synthesize AgNPs are of
great interest due to the NPs’ novel properties. As a result of the
excitation of theNP surface plasmons, the reduction of AgNO3 by the F.
cretica extract results in a change in color from light orange to dark red,
indicating a significant absorption of visible light. The Ag NPs’ size,
shape, and concentration all affect how the color changes (Wang and
Joseph, 1999). Moreover, UV-vis spectra were taken to confirm the
reduction of Ag ions to metallic AgNPs, and the maximum absorbance
was seen at 205.5, 206.5, and 211.5 nm (Figure 1). Bogle et al. (Bogle
et al., 2006), reported the UV-spectra of AgNPs around 455 nm, Banala
reported at 470 nm (Banala et al., 2015), Ali et al., reported (Ali et al.,
2023) UV-spectra at 420 nm. The size of NPs is a major concern,
especially for their use in biology, because the size of NPs has a big effect
on how fast they move through biological membranes. For specific
biological applications, it is preferable that NPs be of a certain size;
Nevertheless, it has been noted in the past that smaller NPs have greater
penetrating capability; yet, the problem with having a size that is too

small is that it brings the issue of higher toxicity in comparison to bigger
size NPs (Hasan et al., 2013). Prior to their biological application, TEM
and SEM were used to analyze the morphology, size, and form of NPs.
Since the manufactured NPs are below the safe threshold for causing
toxicity within cells, the several NPswith an average size of 29.39 nmare
ideally suited for biomedical applications. According to Ul Haq, the
spherical and mono-dispersed NPs generated by the green-mediated
synthesis of AgNPs using P. niveum methanolic extract ranged in size
from 12 to 28 nm (average: 21 nm) (Haq et al., 2022). Nagaraja reported
the generated AgNPs had sizes ranging from 52.12 nm to 65.02 nm
(Nagaraja et al., 2022). The spherical, rhomboid, and cubical AgNPs
produced with the use of Punica granatum leaf extract had an average
size of 98.93 nm and a diameter that ranged from 88.0 to 120 nm
(Kumar et al., 2018). The size of alion-mediated produced
nanoparticles, according to Kumar et al. (Kumar et al., 2013), was in
the range of 287–293 nm, with an average size of 70 nm. According to
Firdhouse et al. (Firdhouse et al., 2012), AgNPs made from ethanolic
leaf extract ranged in size from 20 to 150 nm.

Figure 3’s TEM picture of AgNPs reveals that the
nanoparticles are spherical. Previous TEM analysis conducted
by Ul Haq (Haq et al., 2022), Bibi (Bibi et al., 2019), Nadzir
(Nadzir et al., 2019), Zulfiqar (Zulfiqar et al., 2019), Ibrahim
(Ibrahim, 2015) and Kumar (Karunakaran et al., 2017) also
demonstrated that AgNPs have a spherical form. There is
conclusive evidence that the particle size was less than
100 nm, confirming the presence of nanoparticles. Although
the antibacterial capabilities of AgNPs are reliant on their size,
spherical nanoparticles with lower sizes demonstrate superior
physical qualities. Dark colours on the AgNPs indicated the
presence of secondary elements, which could be
biocomponents derived from plant extracts (PE). These
biocomponents are essential for the promotion of Ag +
reduction to AgNPs. In addition, these particles serve as a
capping agent that prevents agglomeration. According to the
Fathi et al. (Fathi et al., 2017), SEM showed that the nanoparticles
were all the same size (20–30 nm) (Shankar et al., 2004). did a
study on how to make AgNPs using Azadirachtaindica. The
results of this study are the same as what they found.
Nanoparticles in the study were between 5 and 35 nm in size
and had a round shape (Sivaraman et al., 2009). The size of
AgNPs was reported to be 10 nm by (Ahmad et al., 2010) and
15 nm by (Chandran et al., 2006).

According to Nagaraja et al. (Nagaraja et al., 2022), FT-IR research
shows that Psidium guajava extract (PGE) contains numerous
functional groups that reduce and stabilize NPs before production.
FT-IR spectrum was 4,000–500 cm−1. Alkane C-H stretching vibration
mode is at 2977 cm−1. PGE primary amines (proteins) are at 1,582 cm−1.
Phenols’ O-H bond is the peak at 1,388 cm−1. FT-IR measurements of
the plant extract showed active biomolecules that capped and reduced
Ag+ to Ag0 (Khan et al., 2020). Souha et al. (Souha et al., 2021) found
that the diabetic group that got AgNPs made either with a chemical
method or with Eryngium extract had much lower levels of glucose,
urea, ALT, and the relative gene expression of chemerin and resistin
than the diabetic control group. The amount of creatinine in the blood
did not changemuch in either the control diabetic group or the diabetic
group that got SNPs made chemically or with the Eryngium extract.
SNPs that are made chemically or in a green way protect liver
hepatocytes from damage. They decreased inflammatory factors by
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lowering blood sugar. Diabetes Mellitus (DM) often causes
dyslipidemia, which raises cholesterol and triglycerides. Hormone-
sensitive enzymes like lipase may cause this rise (Soni et al., 2018).
Hypertriglyceridemia and hypercholesterolemia (Ayaz et al., 2022) are
the most prevalent lipid disorders in diabetics. In our work, STZ-
induced diabetic mice had greater levels of cholesterol and triglyceride
than AgNPs and Metformin-treated mice. Nagaraja (Nagaraja et al.,
2022) found that PGE and Psidium guajava (PG) AgNPs significantly
lowered blood glucose in diabetic rats, avoiding weight loss and
improving lipid profile markers. PGE and PG AgNPs improved
pancreas and liver cells histopathologically. Ul Haq (Haq et al.,
2022) stated there was a dramatic decrease in blood glucose levels, a
rise in body weight, and a marked enhancement in lipid, liver, and
kidney profiles. Levels of total cholesterol, triglycerides, HDL, and LDL
in the blood were affected by Phagnalon niveum extracts and AgNPs.
Cholesterol, triglyceride, and high density lipoprotein (HDL) levels all
rose in alloxan-induced diabetic rats. Fluctuating blood lipid levels are
definitely caused by extended cyclic adenosine monophosphate, which
is responsible for lipid formation. AgNPs significantly decreased
cholesterol, triglyceride, and LDL levels while increasing HDL levels
in diabetic rats. There was a notable correction of anomalies in body
weight, urine, and serum levels after administration of the
biosynthesized AgNPs, suggesting the drug has great potential as an
anti-diabetic treatment.

Wahab (Wahab et al., 2022) reported that the goal of the
study is to shed light on the therapeutic potential of AgNPs as an
antidiabetic drug in STZ-induced diabetic BALB/C mice by
reporting an unique synthesis of these nanoparticles utilizing
aqueous extract of Thymus serpyllum. The α-amylase inhibition
and antioxidant activity were checked through α-amylase and
DPPH radical scavenging assay, respectively. AgNPs mediated by
Thymus serpyllum possess substantial antioxidant and anti-
diabetic properties and can be researched further as a cost-
effective alternative treatment for T2DM. According to our
previous study, the SeNPs of F. cretica exhibited good anti-
diabetic, antioxidant activities as well as anti-hyperlipidemic
via both in-vitro and in-vivo approaches (Khan et al., 2023).
So, our results of AgNPs correlate well with the literature surveys.

5 Conclusion

According to the findings of the current research, the AgNPs
that were derived from the leaf extract of F. cretica demonstrated
properties that were anti-oxidant, anti-hyperlipidemic, and anti-
diabetic. Additionally, they have a protective effect on the kidneys
and the liver. The findings of the study were evaluated in-vitro and
in-vivo using methods that are intended to treat diabetes. It was
discovered that the AgNPs that were generated from the leaf extract
might have qualities that could help treat diabetes. Therefore, the
AgNPs found in leaf extract can be utilised to protect tissues from
oxidative stress, which is possibly the root cause of the glycemic
effects of the extract. AgNPs, which are obtained from leaf extract,
might 1 day be manufactured on a commercial scale and put to use
in the treatment of diabetes. AgNPs of the F. cretica have been

shown to have substantial anti-oxidant and anti-diabetic properties
and may be further investigated as a useful and less expensive
treatment option for T2DM.
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Ovarian cancer is a malignant tumor that primarily forms in the ovaries. It often
goes undetected until it has spread to the pelvis and abdomen, making it more
challenging to treat and often fatal. Historically, natural products and their
structural analogues have played a pivotal role in pharmacotherapy, especially
for cancer. Numerous studies have demonstrated the therapeutic potential of
Linum usitatissimum against ovarian cancer, but the specific molecular
mechanisms remain elusive. This study combines data mining, network
pharmacology, and molecular docking analysis to pioneer an innovative
approach for ovarian cancer treatment by identifying potent phytochemicals.
Findings of current study revealed that Apigenin, Vitamin E, Palmitic acid,
Riboflavin, Isolariciresinol, 5-Dehydro-avenasterol, Cholesterol, Pantothenic
acid, Nicotinic acid, Campesterol, Beta-Sitosterol, Stigmasterol, Daucosterol,
and Vitexin suppress tumor growth by influencing AKT1, JUN, EGFR, and
VEGFA. Kaplan–Meier survival analysis spotlighted AKT1, JUN, EGFR, and
VEGFA as potential diagnostic and prognostic biomarkers for ovarian cancer.
However, it is imperative to conduct in vivo and in vitro examinations to ascertain
the pharmacokinetics and biosafety profiles, bolstering the candidacy of L.
usitatissimum in ovarian cancer therapeutics.
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1 Introduction

Ovarian cancer, originating from the ovaries, is one of the most
deadly gynecological malignancies affecting women worldwide
(Bray et al., 2018). Globally, it stands as the seventh most
common cancer in women and is often termed the “silent killer”
due to its insidious onset and late-stage diagnosis (Reid et al., 2017).
Such late diagnosis is linked to its non-specific symptoms, like
abdominal discomfort, bloating, and urinary symptoms, which
can easily be misattributed to less severe conditions (Goff et al.,
2000). Histologically, ovarian cancers can be classified into several
types, with epithelial ovarian cancers (EOC) being the predominant
form, accounting for approximately 90% of cases (Kurman and Shih,
2010). These are further subdivided into serous, endometrioid,
mucinous, and clear cell carcinomas, among others, each with its
unique molecular signature and clinical course (Prat, 2012).

Several risk factors have been identified that increase the
likelihood of developing ovarian cancer. These include older age,
inherited gene mutations such as BRCA1 and BRCA2, a family
history of ovarian or breast cancer, and conditions like
endometriosis (Walsh and King, 2007). However, certain factors,
including oral contraceptive use, multiple pregnancies, and
breastfeeding, have been shown to reduce risk (Cibula et al.,
2011). The landscape of ovarian cancer treatment is ever-
evolving, with surgical removal of the tumor remaining as the
cornerstone of management. This is often followed or
complemented by chemotherapy regimens, primarily comprising
platinum-based drugs. In recent years, targeted therapies, especially
PARP inhibitors, have been introduced, offering hope to patients,
especially those with BRCA mutations (Mirza et al., 2016).

Linum usitatissimum, commonly known as flaxseed, has gained
considerable attention for its potential health benefits, particularly in
the context of cancer prevention and treatment (Morris, 2007). The
seeds are a rich source of essential fatty acids, lignans, and dietary
fiber, all of which have been shown to possess anti-carcinogenic
properties (Adolphe et al., 2010). Recent research has begun to
explore the role of flaxseed and its constituents in ovarian cancer.
Recent studies, such as research conducted by Viveky et al. (Viveky
et al., 2015) reported that secoisolariciresinol diglycoside (SDG), a
lignan abundant in flaxseed, exhibited anti-proliferative effects on
ovarian cancer cells. The lignans in flaxseed have also been shown to
act as phytoestrogens, which can modulate estrogen metabolism and
signaling pathways associated with cancer development (Flower
et al., 2014). Moreover, animal studies have shown that the
incorporation of flaxseed in the diet could lead to a reduction in
tumor growth rate in ovarian cancer models (Saggar et al., 2010).
This effect is potentially attributed to the alpha-linolenic acid (ALA),
an omega-3 fatty acid abundant in flaxseed, which has demonstrated
anti-inflammatory and anti-carcinogenic properties (Fritsche,
2015). Although these preliminary studies are promising, more
extensive research, particularly in clinical settings, is required to
establish the efficacy of flaxseed and its bioactive compounds in the
treatment or prevention of ovarian cancer. This opens a novel
avenue for researchers interested in natural alternatives or
adjuncts to current therapeutic strategies for ovarian cancer
(Vellingiri et al., 2020).

In recent years, network pharmacology has gained prominence
as a method for uncovering the therapeutic potential of medicinal

plants, particularly in the context of complex diseases such as
ovarian cancer (Noor et al., 2022; Basavarajappa et al., 2023;
Noor et al., 2023). This approach takes a holistic perspective,
examining how herbal medicine impacts molecular interactions
within the body. Previous studies have demonstrated the
effectiveness of network pharmacology in predicting the bioactive
compounds found in herbal remedies (N et al., 2022; Qasim et al.,
2023; Rehman et al., 2023). In this study, we use network
pharmacology to identify the bioactive components of L.
usitatissimum and explore their potential effectiveness against
ovarian cancer. Our primary objective is to use network
pharmacology to identify the bioactive compounds within L.
usitatissimum that may exhibit therapeutic properties against
ovarian cancer. We aim to understand the mechanisms through
which these compounds work and how they interact with specific
target proteins. To validate our findings, we conduct molecular
docking studies, which confirm the potential interactions between
the identified bioactive compounds and their target proteins.
Furthermore, we use molecular dynamic (MD) simulations,
running for 100 nanoseconds, to investigate the stability and
dynamics of these interactions. Importantly, this study represents
a pioneering effort in exploring the potential of L. usitatissimum in
the context of ovarian cancer. The insights gained from this research
not only shed light on the therapeutic potential of L. usitatissimum
but also provide a foundation for future experimental studies in this
field.

2 Materials and methods

2.1 Screening of active compounds

The compound collection was synthesized from data aggregated
from esteemed sources, namely, TCMSP (version 2.3) (Ru et al.,
2014), IMPPAT (Mohanraj et al., 2018), and KnapSack (Nakamura
et al., 2013). Post-aggregation, an exhaustive absorption,
distribution, metabolism, and excretion (ADME) screening was
employed to discern compounds exhibiting optimal
pharmacokinetic characteristics while excluding those with
subpar drug-associated attributes. Compounds advancing in the
evaluation had to adhere to two salient benchmarks: achieve an Oral
Bioavailability (OB) in excess of 30% and register a Drug Likeness
(DL) coefficient of greater than 0.18. OB delineates the fraction of an
orally-administered compound capable of infiltrating the
bloodstream, thereby executing its intended therapeutic role
(Batool et al., 2022a). By adhering to an OB baseline of 30%, this
methodology aligns with established norms in pharmaceutical
research, acknowledging that compounds with values beneath
this threshold potentially grapple with compromised efficacy due
to inhibited absorption. Conversely, the DL coefficient furnishes a
qualitative assessment of a compound’s potentiality as a proficient
oral drug. The criteria OB > 0.30 and DL > 0.18 are indicative of a
rigorous screening process for compounds with the potential to
become effective orally administered drugs. An OB value greater
than 0.30 signifies that these compounds have a high likelihood of
being well-absorbed into the bloodstream when taken orally,
suggesting their practicality for oral delivery (Batool et al.,
2022b). On the other hand, a DL score surpassing 0.18 reflects
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the compound’s similarity to established drugs, which is a crucial
aspect of drug development (Asghar et al., 2023). It suggests that
these compounds exhibit key characteristics that align with known
pharmaceuticals, making them promising candidates for further
investigation and development in the realm of drug discovery. These
criteria collectively help identify compounds with the desired
attributes for oral drug delivery, offering a more efficient path
toward potentially impactful pharmaceutical solutions. Employing
software tools such as Molsoft and SwissADME, compounds were
selected based on their surpassing of OB and DL thresholds set at
30% and 0.18, respectively.

For further refinement, molecular weight parameters and 2D
structural configurations of the predicted compounds were sourced
from authoritative repositories, notably PubChem and
Molinspiration (Kolarevic et al., 2014; Kim et al., 2021). In order
to ascertain genes symbiotically linked to these prioritized
compounds, platforms like STITCH [(Gfeller et al., 2014) and
Swiss Target Prediction (Kuhn et al., 2007) were utilized, with
Homo sapiens designated as the primary taxonomic reference.
Consistency in gene nomenclature and taxonomic designations
was maintained through reliance on the UniProt KB database,
minimizing ambiguities related to protein variant classifications
or postulated pseudogene derivations.

2.2 Elucidation of ovarian cancer-associated
targets

For the identification of molecular targets intricately associated
with ovarian cancer, a bifurcated strategy was employed,
emphasizing specific databases known for their comprehensive
genetic datasets. Firstly, the GeneCards database, a renowned
genomic compendium, was consulted (Safran et al., 2010). This
platform, replete with detailed data on human genetic markers,
facilitated the delineation of potential genes exhibiting a robust
correlation with ovarian cancer phenotypes. After that, the OMIM
database, an public repository comprising over 15,500 gene-centric
entries, was employed to further consolidate the understanding of
genotype-phenotype relationships, particularly in the context of
ovarian cancer (Hamosh et al., 2000). The analytical lens was
exclusively trained on proteins typifying H. sapiens. During this
evaluative process, meticulous scrutiny was afforded to details such
as the nature of protein-ligand interactions, the methodologies
employed for crystal structure elucidation, and the accompanying
resolution metrics.

2.3 Construction of the PPI network

To elucidate the intricate protein-protein interactions (PPI)
pertinent to ovarian cancer and the active constituents of the
botanical mixture, the STRING database (https://string-db.org/,
ver. 11.0) was consulted [29]. The exploration was confined to
proteins representative of H. sapiens. A stringent confidence
threshold of ≥0.700 was instituted to ensure the derivation of
relevant and meaningful associations, subsequently facilitating the
generation of a comprehensive PPI network. This methodology was
instrumental in highlighting putative interaction dynamics between

the botanical mixture’s active components and ovarian cancer-
linked proteins.

2.4 Analysis via the KEGG pathway

A deep dive into the biological intricacies steered by the
pinpointed targets was executed via the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis,
leveraging the clusterProfiler package in R [30]. This analytical
step not only substantiates the integrated findings’ credibility but
also illuminates critical biological conduits pivotal in ovarian
cancer’s manifestation. KEGG terms that met the stringent
criteria of a p-value ≤0.05 were earmarked for an in-depth
perusal and subsequent interpretation. This pathway-centric
exploration offers insights into the conceivable mechanisms
through which the botanical blend’s constituents could mitigate
ovarian cancer manifestations.

2.5 Network analysis

Using the Cytoscape software platform (ver. 3.5.0) (Shannon
et al., 2003), an in-depth network analysis was conducted to decipher
the intricate relationships between compounds, their specific target
interactions, and their affiliations with proteins implicated in
ovarian cancer. Specifically, three key networks were constructed:
compound-target interactions, compound-ovarian cancer protein
relationships, and a comprehensive map detailing the interactions of
the botanical blend with ovarian cancer-associated proteins.
Through the evaluation of crucial network metrics, notably
“Degree”, we identified central proteins, which are referred to as
hub genes. These hub genes indicated significant network
interconnectivity and are posited to play a fundamental role in
the context of ovarian cancer.

2.6 Prognostic evaluation

For the conclusive hub genes, prognostic evaluation was
executed using the GEPIA2 platform (http://gepia2.cancer-pku.
cn/) (Tang et al., 2019). Survival estimations based on gene
transcription levels can shed light on the clinical relevance of
specific genes. Within the GEPIA2 interface, Kaplan-Meier
survival plots were derived from the Ovarian Carcinoma dataset
to probe the correlation between hub genes and patient survival
outcomes in ovarian malignancies. The gene normalization tool in
GEPIA facilitates the comparative transcription analysis of two
separate genes provided as input. Hub genes that manifested a
p-value less than 0.05 were deemed statistically relevant and
subsequently directed to molecular docking assessments.

2.7 Validation of multi-target effect of active
compounds using molecular docking

For the verification of interactions between compounds and
their corresponding targets, molecular docking simulations were
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performed using Autodock Vina 1.1.2 within the PyRx
0.8 framework (Dallakyan and Olson, 2015). The underlying
algorithm of PyRx AutoDock Vina is recognized for its precise
and efficient docking predictions. The RCSB Protein Data Bank
(PDB) database (http://www.rcsb.org/) (Kouranov et al., 2006)
served as the source for obtaining 3D configurations of the target
proteins. During the pre-docking phase, extraneous water
molecules were eliminated, protein configurations were
refined, and only those regions pivotal to binding were
retained. In parallel, the active botanical compounds were
optimized to achieve ideal geometries for docking scenarios.
Once prepared, these ligands and the refined proteins
underwent docking via the PyRx AutoDock Vina interface.
This step entailed positioning the ligands within the protein’s
binding pocket and subsequently evaluating binding energies.
The primary objective of utilizing PyRx AutoDock Vina was to
corroborate and delve deeper into the associations between the
botanical compounds and their target proteins. Through these
simulations, detailed understanding of potential binding patterns
and strengths was attained, reinforcing the legitimacy of the
identified compound-protein interactions. The acquired results
bolster the comprehension of molecular associations
instrumental to the medicinal properties of the botanical
blend in relation to ovarian cancer.

2.8 Molecular dynamic (MD) simulation

Molecular dynamics (MD) simulation serves as a
computational approach that meticulously tracks and delineates
atom interactions and trajectories within a specified system (Abbas
et al., 2022; Shams ul Hassan et al., 2022; Aqeel et al., 2023). With
an emphasis on each individual atom, MD approaches solve
motion equations while considering the interatomic forces that
dictate atomic interactions. For the current study, GROMACS
2018 was the chosen tool for executing MD simulations (Khan
et al., 2022a; Khan et al., 2022b). The DockPrep utility was
leveraged to refine the system’s structural configuration prior to
MD simulations (Pettersen et al., 2004). The protein’s structural
framework was delineated using the OPLS-AA/L force field,
whereas the ligands received their parameters from the
SwissParam platform (Zoete et al., 2011). Adhering to
established methodologies from earlier studies (Rehman et al.,
2022), MD analyses spanned a timeline of 20 nanoseconds (ns). To
extract insights about the simulation’s nuances, we evaluated
metrics such as the root mean square fluctuation (RMSF), the
system’s radius of gyration, and the root mean square deviation
(RMSD). Such metrics illuminate the system’s dynamism,
structural stability, and potential conformational shifts
throughout the simulation.

2.9 Binding affinity calculation

Binding free energy estimations play a pivotal role in molecular
dynamics simulations by offering insights into the stability of
protein-ligand interactions. Such estimations shed light on the
binding affinity between proteins and ligands, revealing shifts in

thermodynamics when these molecules bind [41]. This knowledge
assists in forecasting the propensity of specific protein-ligand
complex formation and its robustness under various
environments. Notably, MMGBA/PBSA methods, which
amalgamate molecular mechanics energies with either
Poisson–Boltzmann or generalized Born and surface area
solvation models, emerge as a precise alternative to the
conventional scoring techniques prevalent in protein-ligand
docking studies. In our research, we employed the MMGBA/
PBSA method to deduce the binding free energies (DG) by
averaging over 1,000 simulation frames. The net DG was
discerned by contrasting the DG values of the individual ligand,
protein, and their collective complex as depicted in Eq. 2.1:

ΔGbind � ΔGcomplex − ΔGreceptor − ΔGligand (2.1)

The ensuing DG epitomizes the Gibb’s free energy, evaluated
through MMGB/PBSA, illustrated in Eq. 2.2:

ΔG � ΔEgas + ΔGsolv − ΔTSsolute (2.2)

Here Egas signifies molecular mechanics force field-derived
energy, while “T” and “S” delineate the temperature and
entropy affiliated with ligand binding, in that order. The Egas
component comprises electrostatic energies, intrinsic energy,
and interactions akin to van der Waals forces. The solvation
component (ΔGsolv), hinged on the implicit solvent model, is a
blend of polar solvation and electrostatic energy as defined in Eqs
2.3 and 2.4:

ΔGsolv � ΔGele + ΔGnp (2.3)
ΔGelePB/GB � Eele + ΔGPB/GB (2.4)

Within Eq. 2.3, ΔGnp corresponds to the non-electrostatic
component, tied to the solvent-exposed surface area of the
molecule. This metric is deduced using the Linear Combinations
of Pairwise Overlaps technique in MMPBSA [41]. In the context of
Eq. 2.4, “GB” and “PB” denote generalized born and Poisson-
Boltzmann models, respectively.

ΔGnp � γSAS + β

In Equation (2.5), the standard values used were 0.0072 kcal/
mol.Å2 and 0 kcal/mol for the γ and ß constants, respectively, in
MMGBSA, and 0.0052 kcal/mol.Å2 and 0.92 kcal/mol in
MMPBSA.

3 Results

3.1 Extraction of putative bioactive
constituents

Following a rigorous bioinformatics analysis, nine
phytochemical constituents were delineated from L.
usitatissimum. Upon eliminating redundant entries, the dataset
was consolidated to a total of 14 distinct phytochemicals
including Apigenin, Vitamin E, Palmitic acid, Riboflavin,
Isolariciresinol, 5-Dehydro-avenasterol, Cholesterol, Pantothenic
acid, Nicotinic acid, Campesterol, Beta-Sitosterol, Stigmasterol,
Daucosterol, and Vitexin, all of which are belonging to L.
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TABLE 1 Phytochemical characteristics of active constituents.

Phytochemicals Oral bioavailability (OB) Drug likeness (DL) 2D structure

Apigenin 0.55 0.39

Vitamin E 0.55 0.48

Palmitic acid 0.85 0.54

Riboflavin 0.55 0.62

Isolariciresinol 0.55 0.96

5-Dehydro-avenasterol 0.55 0.57

(Continued on following page)
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TABLE 1 (Continued) Phytochemical characteristics of active constituents.

Phytochemicals Oral bioavailability (OB) Drug likeness (DL) 2D structure

Cholesterol 0.55 0.49

Pantothenic acid 0.56 0.62

Nicotinic acid 0.85 0.3

Campesterol 0.55 0.59

beta-Sitosterol 0.55 0.78

Stigmasterol 0.55 0.62

Daucosterol 0.55 0.5

Vitexin 0.55 0.6
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usitatissimum. These compounds adhered to the specified
pharmacokinetic criteria: each exhibited a Drug Likeness (DL)
coefficient of ≥0.18, demonstrated an Oral Bioavailability (OB)
parameter of ≥0.30, and possessed a molecular mass under the
500 g/mol threshold. Their congruence with these stringent
benchmarks positions them as formidable contenders for
subsequent pharmacodynamic evaluations. A comprehensive
profile, encompassing structural motifs, physicochemical
properties, and tentative therapeutic applications of these
compounds, is systematically delineated in Table 1.

3.2 Evaluation of interactions between
compounds and targets

In our investigative analysis, we profiled the compounds and
deduced a set of 610 prospective targets (Figure 1A). The
compounds under consideration comprised Apigenin, Vitamin E,
Palmitic acid, Riboflavin, Isolariciresinol, 5-Dehydro-avenasterol,
Cholesterol, Pantothenic acid, Nicotinic acid, Campesterol, Beta-
Sitosterol, Stigmasterol, Daucosterol, and Vitexin. Subsequent stages
of the study incorporated these proteins for a more detailed

FIGURE 1
Integrated Analysis of Genes and Compound-Target Networks: (A) A Venn diagram illustrating the intersection of 494 genes common to both
ovarian cancer and the studied plants. This overlap suggests potential therapeutic or mechanistic intersections between the phytochemicals in the plants
and the pathological processes in ovarian cancer. (B) Compound-Target Network: This visually represents the interaction between the identified
phytochemicals and their associated genetic targets. Nodes within the network vary in color and size, indicating their relative degree of connectivity.
Larger and more vividly colored nodes have higher connectivity, signifying their central role within the network. (C) Protein-Protein Interaction (PPI)
Network for the 494 genes: This graphical representation underscores the complex interplay among the identified genes, depicting their mutual
interactions and offering insights into potential pathways or mechanisms that could be harnessed or disrupted for therapeutic advantage. (D)
Identification of HubGenes: From the intricate PPI network, the top 10 genes, recognized as “hub genes,”were distilled based on their extensive degree of
connectivity. (E) PPI Network of Hub Genes: A narrowed-down interaction analysis focusing exclusively on the identified hub genes, emphasizing their
mutual interactions and suggesting a core sub-network that might be especially critical in the context of ovarian cancer and the plants under study.
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examination. This facilitated the creation of an intricate network
delineating the interplay between the aforementioned compounds
and their corresponding target proteins (Figure 1B). This interaction
network features 422 nodes, out of which 409 represent target nodes
and the remaining 14 symbolize compound nodes, and is further
augmented by 782 edges. Within this network construct, an
observation of significance is the multifaceted interaction of
certain compounds with a variety of targets, suggesting the
potential of multitarget regulation. The implication drawn from
this is that the compounds sourced from L. usitatissimum could
potentially exert a combined effect on these targets, thereby
modulating therapeutic responses in disease conditions.

3.3 Network analysis

Through a comprehensive juxtaposition of the identified
compound targets and the established 10,710 ovarian cancer-
associated targets, we discerned a concurrent subset comprising
496 genes (Figure 1A). This convergence points towards a
probable association between the compounds’ biological
functionalities and ovarian cancer-driven processes.
Subsequently, a PPI network for these 343 genes was derived
using the STRING database (Figure 1C). This mapped network,

marked by notable interconnectivity (degree ≥0.700),
encompasses 494 nodes linked by 1,297 connections.
Importantly, within this PPI architecture, specific nodes such
as AKT1, SRC, VEGFA, MAPK3, EGFR, HSP90AA1, STAT3,
JUN, CASP3, and ESR1 exhibit pronounced connective
prominence (Figure 1D). The high count of their interactions
with other nodes attests to their centrality: for instance,
AKT1 has interactions with 221 proteins, SRC has interactions
with 165 proteins, VEGFA has interactions with 161 proteins,
MAPK3 had has interactions with 157 proteins, EGFR has
interactions with 154 other proteins and so forth. These nodes
are suggestive of their influential roles in ovarian cancer-centric
pathways and the consequential effects of the compounds under
investigation.

3.4 GO enrichment analysis

In the investigation of gene functionalities, multiple significant
Gene Ontology (GO) terms associated with biological processes
(BP), cellular components, and molecular functions were
discerned. The target genes were found to be involved in
93 biological processes, 42 cellular components, and
75 molecular functions. With respect to BP, the genes were

FIGURE 2
Represents an analysis of Gene Ontology. Panel (A) highlights the Biological Process (BP). Panel (B) explores the Molecular Function (MF), and (C)
depicts the Cellular Component (CC).
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notably involved in cellular responses to cadmium ions and
reactive oxygen species. Furthermore, these genes played crucial
roles in regulating processes such as protein phosphorylation, the
ERK1 and ERK2 cascade, and transcription from RNA polymerase
II promoter. They were also seen to influence peptidyl-serine
phosphorylation, protein kinase B signaling, peptidyl-tyrosine
autophosphorylation, and the apoptotic process while also
supporting cell proliferation (Figure 2A; Supplementary File S1;
Supplementary Table S1). When examining cellular components,
our genes localized to a range of cellular sites, including the
cytoplasm, nucleoplasm, and plasma membrane (Figure 2B;
Supplementary File S1; Supplementary Table S2). Their
presence was also evident in macromolecular complexes, the
nucleus, and dendritic growth cones. Further, they were
associated with structures such as the transcription factor
complex, membrane rafts, neuronal cell bodies, glutamatergic
synapses, and focal adhesions. From a molecular function
standpoint, these genes exhibited a diverse array of roles
(Figure 2C; Supplementary File S1; Supplementary Table S3).
They participated in nitric-oxide synthase regulation, enzyme
binding, protein homodimerization, and protein kinase activity,
among others. Their involvement extended to ubiquitin protein
ligase binding, chromatin binding, estrogen receptor binding, and
transcriptional activator activity, emphasizing their versatility.
Additionally, some genes exhibited enzyme inhibitor activity
and had affinities for binding to proteins and ATP. Overall, the
profound involvement of these genes in a multitude of cellular
activities accentuates their potential importance in the biological
systems being studied.

3.5 In-depth pathway analysis of L.
usitatissimum compounds in ovarian cancer

Our primary goal was to discern the potential interactions and
roles of compounds present in L. usitatissimum within the intricate
molecular landscape of ovarian cancer. To achieve this, we
conducted a comprehensive KEGG pathway enrichment analysis
(Figure 3; Supplementary File S1; Supplementary Table S4). This
meticulous process illuminated significant involvement of these
gene clusters in multiple KEGG pathways that are pivotal to our
understanding of ovarian cancer’s molecular genesis and
progression. Foremost among these is the “hsa05200: Pathways
in cancer”, a broad and multifaceted pathway that offers an
overarching view of various molecular interactions and
dysregulations common in cancers. The identification of genes
associated with the “hsa04151: PI3K-Akt signaling pathway”
underscores the potential impact of L. usitatissimum compounds
on cell survival, proliferation, and angiogenesis, all of which are key
elements in tumor growth and metastasis. The enrichment in the
“hsa05205: Proteoglycans in cancer” suggests a possible influence on
cellular communication within the tumor microenvironment, while
the presence of genes in the “hsa04012: ErbB signaling pathway”
points towards implications in cell proliferation and differentiation.

Furthermore, with the detection of genes in the “hsa05207:
Chemical carcinogenesis—receptor activation” and “hsa01521:
EGFR tyrosine kinase inhibitor resistance” pathways, there’s an
indication that the compounds may have a role in modulating
the response to certain chemotherapeutic agents, potentially
enhancing therapeutic efficacy. The significance of the “hsa05235:

FIGURE 3
KEGG pathway analysis of common genes. This plot was generated using the ClusterProfiler package in R. All pathways depicted have a significant
p-value of <0.05.
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PD-L1 expression and PD-1 checkpoint pathway in cancer” cannot
be understated in the era of immunotherapy, suggesting possible
implications of L. usitatissimum in modulating immune responses
in ovarian cancer. This pathway plays a pivotal role in immune
regulation, where the interaction between programmed death-
ligand 1 (PD-L1) expressed on cancer cells and programmed cell
death protein 1 (PD-1) on immune cells can result in immune
suppression, allowing tumor cells to evade immune surveillance. In
the context of ovarian cancer, the significance of this pathway lies in
its potential as a therapeutic target. High expression of PD-L1 by
ovarian cancer cells has been associated with immune evasion and
poor prognosis. Therefore, understanding and modulating this
pathway hold promise for enhancing the immune response
against ovarian cancer. In this study, we explore the potential of
natural phytochemicals to influence the ‘hsa05235: PD-L1
expression and PD-1 checkpoint pathway in cancer,’ shedding
light on novel avenues for ovarian cancer therapy (Pawłowska
et al., 2019). Lastly, pathways like “hsa04066: HIF-1 signaling
pathway” being highlighted showcases the potential of these
compounds in influencing the cellular response to hypoxic
conditions, a common feature of solid tumors.

Taken together, these findings not only amplify the potential
therapeutic importance of L. usitatissimum compounds in ovarian
cancer but also pave the way for subsequent studies aiming to
unravel the full spectrum of molecular interactions and
mechanisms. The elucidation of these pathways grants us a
broader vista, one where the intersection of traditional botanical
compounds and cutting-edge molecular oncology holds immense
promise for future therapeutic interventions.

3.6 Compound-target-ovarian cancer
network

To delve deeper into the potential therapeutic mechanisms of L.
usitatissimum compounds in the context of ovarian cancer, we
developed a structured compound-target-disease network
(Supplementary File S2: Supplementary Tables S1, S2). This
network intricately maps the connections between active
compounds derived from L. usitatissimum, their protein targets,
and the KEGG pathways specifically related to ovarian cancer. Using
PPI databases as our foundation, an expansive pathway-act-network
was established. This framework vividly captures the complex
interactions among various pathways, underscoring potential
cross-talk and related associations significant to ovarian cancer.
In Figure 4, the compound-target-pathway visualization reveals a
complex network comprising 45 nodes and 111 edges. This intricate
network unveils the extensive interplay between L. usitatissimum
compounds and their connection to ovarian cancer. Of particular
significance in this analysis is the pronounced synergy exhibited by
these compounds, implying their combined efficacy in addressing
ovarian cancer. This observation underscores the importance of
exploring these compounds further for potential therapeutic
interventions within the context of this disease. In summary, the
compound-target-disease network is a crucial component of our
study, enabling us to navigate the complex landscape of
phytochemical interactions in the context of ovarian cancer
therapy. It empowers us to make informed decisions about which
phytochemicals to prioritize for further investigation, offers insights
into potential molecular mechanisms, and supports the generation

FIGURE 4
Compound-Target-PathwayNetwork: The nodes depicted in red represent genes, those in green symbolize active compounds, and the cyan nodes
illustrate pathways primarily associated with the respective genes.
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of hypotheses for future research. This network-based approach
aligns with the systems pharmacology paradigm, enhancing our
understanding of natural compounds’ therapeutic potential. By
mapping out these interactions, we gain invaluable insights,
suggesting that L. usitatissimum might offer a comprehensive
approach to combating ovarian cancer and its intricate molecular
landscape.

3.7 Survival analysis of hub genes

The Kaplan-Meier method remains a foundational statistical
tool for projecting survival probabilities over time. This method
provides invaluable insights into how factors—such as treatment
modalities or genetic variations—affect survival outcomes. The
Kaplan-Meier curve visually communicates these findings by
illustrating the estimated survival rate across defined time
intervals. This visual representation offers a comprehensive
overview of the percentage of subjects remaining alive during the
course of the study. Following the generation of Kaplan-Meier
survival plots, the log-rank test, a pivotal statistical hypothesis
tool, was employed. This test specializes in comparing the
survival distributions among two or more distinct groups. In this
context, it facilitated the comparison of survival outcomes between
groups demarcated by high and low gene expression levels. In the
midst of our analyses, certain genes demonstrated significant
influence. However, the violin plot, showcasing the patient stage-
wise F values, revealed critical insights. Specifically, AKT1 exhibited
an F value of 2.1 and a Pr (>F) of 0.124. Similarly, EGFR presented
an F value of 0.11 with a Pr (>F) of 0.896, JUN had an F value of
0.233 with a Pr (>F) of 0.792, and VEGFA stood out with an F value

of 11.3 and a notably significant Pr (>F) of 1.73e-05. These statistical
revelations accentuate the potential correlation between the
expressions of these genes and ovarian cancer patient survival
rates. Given the profound implications of these findings, the
genes AKT1, EGFR, VEGFA, and JUN have been designated for
further scrutiny, culminating in detailed molecular docking
assessments (Figure 5).

3.8 Molecular docking analysis

In our exploration focused on ovarian cancer therapeutics,
molecular docking studies were undertaken to understand the
potential interactions between identified bioactive compounds
and critical proteins implicated in ovarian cancer pathogenesis
(Figure 6). In our study, we utilized the CASTp tool to identify
and assess the binding pockets of four target proteins, namely,
AKT1, EGFR, VEGFA, and JUN. The CASTp scores provided
valuable insights into the characteristics of these binding pockets,
with computed values serving as indicators of their area and volume.
For AKT1, we found an area of 499.2�A2 and a volume of 300.8�A³,
while EGFR exhibited an area of 450,1�A2 and a volume of 320.7�A³.
VEGFA displayed an area of 480.0�A2 and a volume of 310.4�A³, and
JUN had an area of 490.9�A2 and a volume of 315.5�A³.Following the
CASTp analysis, we proceeded to perform molecular docking
experiments using PyRx. In this phase, we defined docking grid
coordinates to precisely target these binding pockets. For AKT1, we
set the grid at X: −5.0, Y: −12.0, Z: −23.0, with an exhaustiveness
parameter of 8. Similarly, for EGFR, we placed the grid at X: 20.0, Y:
18.0, Z: 30.0, also with an exhaustiveness of 8. VEGFA’s grid was
positioned at X: −3.0, Y: 15.0, Z: −25.0, with an exhaustiveness of 8,

FIGURE 5
Pearson’s correlation analysis was leveraged to probe the associations among the hub genes (A, B) AKT1, (C, D) JUN (E, F) EGFR (G, H) VEGFA
employing a significance threshold of p < 0.05. Genes exhibiting no correlation are denoted in blue, those with a negative correlation in red, and those
revealing a positive correlation in green.
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while JUN’s grid coordinates were X: 22.0, Y: 20.0, Z: 32.0, also with
an exhaustiveness of 8. These methodologies allowed us to gain
valuable insights into potential binding interactions between our
target proteins and ligands, ultimately contributing to a deeper
understanding of their functional roles and potential applications
in drug discovery or therapeutic development. The AKT1 protein
stands at the crossroads of multiple cellular pathways, dictating cell
survival, growth, and proliferation. Our findings that
Compound1 formed hydrogen bonds with residues Lys A:20, Glu
A:85, and Val A:83 of AKT1 indicate that this compound might be
able to modulate AKT1 activity. Given the importance of the AKT
signaling pathway in various malignancies, including ovarian
cancer, this interaction promises potential therapeutic benefits.
The JUN protein’s role in oncogenesis, especially in cell
proliferation and differentiation, is well-established. The fact that
Compound1 interacted with JUN residues Asn A:175, Asn A:42, and
Ser:45 suggests the compound’s capacity to impede JUN’s function.
This might translate into a suppression of its oncogenic effects,
opening avenues for novel therapeutic strategies.

With the EGFR protein, a significant contributor to cancer
proliferation and survival due to its tyrosine kinase activity,
Isolariciresinol interaction at the Asp A:855 residue holds
therapeutic significance. Inhibiting EGFR signaling could halt the
malignant progression of ovarian cancer cells. Finally, VEGFA is
instrumental in fostering angiogenesis, the very process granting
tumors their nutrient supply. Isolariciresinol binding interactions
with VEGFA residues - Cys V:256, Asp Y:175, and Lys A:171 - could
signify a blockade in angiogenic pathways. By starving the tumor of

its essential nutrient supply, this interaction holds the potential to
significantly limit tumor growth and metastasis (Table 2).

While these findings spotlight Isolariciresinol diverse
therapeutic potential against ovarian cancer, they also underline
the complexity of cancer as a disease. It is imperative to further
validate these interactions through rigorous in-vitro and in-vivo
studies. Given the preliminary insights, Compound1 is poised as a
multi-target agent that might revolutionize ovarian cancer
therapeutics.

3.9 MD simulation

In the comprehensive MD simulations undertaken, distinctive
behaviors of specific proteins in their interaction with active
compounds were observed (Figure 7). The RMSD values, which
offer insights into the stability of protein-ligand interactions, showed
variances among the proteins. For AKT1 in complex with
Isolariciresinol, the RMSD measurements hovered around an
average of 3 Å (angstroms), suggesting a consistent interaction
pattern with its respective ligand. On the other hand, both JUN
and VEGFA displayed somewhat tighter interactions, as evidenced
by their RMSD values nearing 2 Å. The EGFR protein was somewhat
more dynamic, with RMSD values oscillating between 3.5 and 4.0 Å,
indicating a potentially broader range of conformational changes
during its interaction. Further insight was gathered from the RMSF
analysis, which provides a lens into the flexibility and motion of
specific regions within the protein structures. Both JUN and EGFR

FIGURE 6
Molecular Docking Analysis of Selected Proteins. This figure showcases the molecular interactions of specific compounds with four key proteins
AKT1, JUN, EGFR, and VEGFA.
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showcased heightened fluctuations, hinting at potential areas within
these proteins that may experience greater flexibility or dynamic
changes when bound to ligands. Interestingly, AKT1 displayed a
unique behavior, with its central region showing pronounced
fluctuations, suggesting this region might undergo significant
conformational changes during ligand interactions. Lastly, the
RoG analysis served as a testament to the overall stability of the
protein-ligand complexes. Across the board, all complexes
maintained stable RoG values, implying that these complexes
sustain a consistent and compact structural formation throughout
the simulation duration. This stability, coupled with the intricate
interactions observed, underscores the potential of these proteins
and their ligands as significant subjects for further investigation in
molecular research. The study successfully confirmed the potential
inhibitory effects of the selected plant-derived molecules, AKT1,
JUN, EGFR, and VEGFA proteins. Their observed stability and
minimal flexibility make these complexes promising candidates for
further research in ovarian cancer therapy. In summary, this
provides a scientific foundation for understanding the potential
of L. usitatissimum as viable treatment options for ovarian cancer.
The integration of network pharmacology and bioinformatics allows
for the identification of critical molecular pathways and interactions
related to ovarian cancer, thus offering new avenues for therapeutic
interventions. Though the findings are substantiated through
molecular docking and MD simulations, further validation via
in vitro and in vivo studies remains essential.

3.10 Binding free energy calculation using

Molecular Mechanics energies combined with the Generalized
Born and Surface Area continuum solvation (MM/GBSA) and
Molecular Mechanics energies combined with the Poisson-
Boltzmann Surface Area continuum solvation (MM/PBSA) are
powerful post-docking computational approaches (Figure 8).
They are widely employed in the drug design arena to estimate
the binding free energy between a ligand and its target protein. These
methodologies not only provide a quantitative measure of ligand
binding affinity but also offer qualitative insights into the potential
interaction modes and energetic contributions of individual residues
at the binding interface. In our recent analysis, the binding affinities
of the molecule Isolariciresinol with genes AKT1, EGFR, JUN, and
VEGFA were scrutinized using both MM/GBSA and MM/PBSA
methodologies. TheMM/GBSA analysis divulged that the binding of
Isolariciresinol to AKT1, EGFR, JUN, and VEGFA resulted in ΔG
values of −78.28, −68.92, −82.29, and −58.24 kcal/mol, respectively.
This suggests a strong and energetically favorable interaction,
particularly with the JUN protein. Subsequently, the MM/PBSA
analysis corroborated these findings, although with marginally
varied magnitudes. The ΔG values for AKT1, EGFR, JUN, and
VEGFA were recorded as −70.92, −60.19, −75.39, and −50.84 kcal/
mol, respectively. Notably, both methods indicated the highest
binding affinity with the JUN protein, reinforcing its potential as
a prime therapeutic target. It is evident from the MM/GBSA and

TABLE 2 Binding affinity and RMSD values of active proteins against active constituents.

Target receptor Compounds I’ds Compounds name Docking score RMSD Binding affinity

AKT1 160,521 Isolariciresinol −14.94 kcal/mol 1.86 −13.04 kcal/mol

14,985 Vitamin E −16.67 kcal/mol 1.04 −15.57 kcal/mol

985 Palmitic Acid −15.52 kcal/mol 0.69 −15.52 kcal/mol

493,570 Riboflavin −15.04 kcal/mol 2.02 −14.14 kcal/mol

6,613 Pantothenic Acid −14.26 kcal/mol 2.81 −12.61 kcal/mol

EGFR 160,521 Isolariciresinol −15.68 kcal/mol 0.94 −14.81 kcal/mol

222,284 Beta-Sitosterol −15.41 kcal/mol 1.96 −13.01 kcal/mol

493,570 Riboflavin −14.22 kcal/mol 1.62 −13.72 kcal/mol

44,263,331 5-Dehydroavenasterol −14.01 kcal/mol 2.86 −12.41 kcal/mol

173,183 Campestrol −12.41 kcal/mol 1.19 −11.92 kcal/mol

JUN 5,280,443 Apigenin −14.91 kcal/mol 2.05 −13.11 kcal/mol

160,521 Isolariciresinol −13.08 kcal/mol 1.76 −12.51 kcal/mol

493,570 Riboflavin −12.97 kcal/mol 0.71 −11.42 kcal/mol

14,985 Vitamin E −12.67 kcal/mol 2.16 −11.72 kcal/mol

6,613 Pantothenic Acid −12.18 kcal/mol 1.87 −11.71 kcal/mol

VEGFA 6,613 Pantothenic Acid −16.83 kcal/mol 1.09 −15.11 kcal/mol

493,570 Riboflavin −14.16 kcal/mol 1.95 −13.01 kcal/mol

44,263,331 5-Dehydroavenasterol −13.08 kcal/mol 1.35 −12.17 kcal/mol

160,521 Isolariciresinol −11.04 kcal/mol 1.64 −10.41 kcal/mol

5,280,443 Apigenin −10.82 kcal/mol 1.36 −9.21 kcal/mol
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FIGURE 7
MD simulation of target proteins with active compounds. (A) AKT1 (B) JUN (C) EGFR, and (D) VEGFA.

FIGURE 8
Binding free energies (kcal/mol) and the individual energetic terms for the systems using the MMGBSA and MMPBSA method.
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MM/PBSA results that Isolariciresinol exhibits promising binding
potential with all four genes, though its affinity with JUN stands out
prominently. Such analyses are pivotal in the drug discovery process,
aiding in refining lead compounds and steering them closer to
potential drug candidates.

4 Discussion

Ovarian cancer, often dubbed as the “silent killer” of women,
represents a severe threat in the realm of gynecological malignancies
(Jayson et al., 2014). Its subtle onset and propensity for late-stage
diagnosis have made its management a formidable challenge. While
advancements in medical sciences have considerably improved
diagnosis and treatment modalities, there’s an unequivocal
demand for more targeted, less toxic, and highly effective
therapeutic strategies. Historically, plants have been an
indispensable source of therapeutic agents. The ancient medicinal
herb, L. usitatissimum, commonly known as flaxseed, is a case in
point (Mani et al., 2011). With its rich repository of bioactive
compounds and health benefits, flaxseed’s potential role in
ameliorating or even combating ovarian cancer demands rigorous
scientific exploration.

Our investigative journey into L. usitatissimum has been both
illuminating and promising. From the array of compounds
identified, Apigenin, Vitamin E, Palmitic acid, Riboflavin,
Isolariciresinol, 5-Dehydro-avenasterol, Cholesterol, Pantothenic
acid, Nicotinic acid, Campesterol, Beta-Sitosterol, Stigmasterol,
Daucosterol, and Vitexin have emerged as stellar candidates.
Their molecular structures, pharmacokinetic properties, and
potential interactions with cellular pathways suggest a drug-like
potential, which could be harnessed for therapeutic interventions.

A deeper foray into the molecular framework unraveled an
intricate dance of 494 common genes. These genes, potentially
influenced by flaxseed’s bioactive compounds, painted a
comprehensive picture of the potential cellular impacts. Among
these genes, proteins such as AKT1, SRC, VEGFA, MAPK3, EGFR,
HSP90AA1, STAT3, JUN, CASP3, and ESR1 rose to prominence,
signaling their pivotal role in ovarian cancer’s biology. The survival
analysis further refined our focus, pinpointing AKT1, EGFR,
VEGFA, and JUN as the most crucial determinants. AKT1, a
serine/threonine kinase, is an integral part of the PI3K/AKT
signaling pathway, often found dysregulated in ovarian tumors.
Its activation is crucial for several cellular processes, including
proliferation, survival, and angiogenesis, making it a potential
therapeutic target in combatting tumor progression (Meng et al.,
2006). Parallelly, the Epidermal Growth Factor Receptor (EGFR) is
frequently overexpressed in ovarian cancer and is associated with
poor prognosis. This receptor tyrosine kinase plays a pivotal role in
cell growth, differentiation, and migration, and its aberrant signaling
often leads to uncontrolled tumor growth andmetastasis (Sheng and
Liu, 2011). Vascular Endothelial Growth Factor A (VEGFA) is
another key player, mainly responsible for promoting
angiogenesis, a fundamental process that provides the tumor with
the necessary blood supply. Elevated levels of VEGFA in ovarian
tumors have been linked to advanced disease stages and reduced
survival rates (Jang et al., 2017). Lastly, the proto-oncogene JUN, a
component of the AP-1 transcription factor complex, is involved in

regulating various cellular activities like cell cycle progression,
apoptosis, and cell differentiation. In the context of ovarian
cancer, JUN is often upregulated, driving the transcription of
genes that promote tumor growth and invasion. Together, these
four molecular giants shape the landscape of ovarian cancer
progression and offer potential avenues for targeted therapies
(Neyns et al., 1996).

The KEGG pathway analysis reveals that the identified genes are
predominantly associated with several signaling cascades with
implications for ovarian cancer. Foremost among them is the
PI3K-Akt signaling pathway, a crucial axis frequently
hyperactivated in ovarian malignancies, known to promote tumor
survival, proliferation, and angiogenesis (Ediriweera et al., 2019).
This is complemented by the VEGF signaling pathway, responsible
for angiogenesis, which is often upregulated in ovarian tumors,
suggesting a pivotal role in tumoral blood supply and nutrition (He
et al., 2016). The HIF-1 signaling pathway further solidifies the
tumor’s adaptability under hypoxic conditions, characteristic of
rapidly proliferating malignancies (Ai et al., 2016). The intricacies
of hormonal impact on ovarian tumorigenesis are also highlighted.
The Estrogen signaling pathway indicates estrogen’s central role in
ovarian cancer’s progression, and the Progesterone-mediated oocyte
maturation signaling points towards hormonal imbalances possibly
contributing to tumor genesis (Ribeiro and Freiman, 2014). While
the Prostate Cancer and Bladder Cancer pathways primarily define
other malignancies, their molecular mechanisms might intersect
with ovarian tumorigenesis, suggesting potential shared therapeutic
targets. Lastly, the cAMP signaling pathway and Osteoclast
differentiation might signify the intricate balance between cell
growth and death and potential metastatic pathways in ovarian
cancer. Collectively, these findings underscore the multi-faceted
molecular landscape of ovarian cancer and indicate that targeting
genes within these pathways could offer a comprehensive
therapeutic strategy, potentially halting tumor progression from
multiple angles.

Given the central roles these proteins play in cellular functions
and pathologies, the potential of L. usitatissimum’s bioactive
compounds to modulate their activity could reshape our
therapeutic strategies. The multifaceted actions of these
compounds, spanning from modulation of cell signaling pathways
to influencing transcriptional activities, imply a holistic therapeutic
impact, much needed in the intricate scenario of ovarian cancer.
While our research provides valuable insights into the potential
mechanisms underlying the effects of indigenous plants on ovarian
cancer, it is not without its limitations. First and foremost, the initial
results presented here are primarily computational and thus require
further validation through in vitro and in vivo experimental studies.
Such studies would help confirm the pharmacokinetic and
pharmacodynamic properties of the identified active compounds,
and their actual efficacy in modulating ovarian cancer and its
associated complications. Secondly, our network pharmacology
analysis relies on existing databases of traditional remedies and
target genes, which are not exhaustive. Future efforts to expand
and update these databases could substantially improve the
accuracy and reliability of our models. This is particularly relevant
given the vast array of traditional plant remedies that have yet to be
fully characterized, and the continually evolving understanding of
gene functions and interactions.
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Thirdly, while our study employed both network pharmacology
and molecular docking techniques, it still fell short of providing a
complete picture of the therapeutic potential of phytochemicals
against ovarian cancer. These methods primarily offer a
macroscopic view of possible compound-target interactions and
pathways but do not fully elucidate the complex pharmacological
actions, such as synergistic or antagonistic effects, that these
compounds may exhibit in a biological setting. Lastly, our research
does not address the potential influence of patient-specific variables,
such as genetics or pre-existing conditions, which could significantly
impact the effectiveness of plant-based treatments for ovarian cancer.
Nor does it consider the practical challenges associated with
converting these active compounds into clinically viable
formulations. Hence, a comprehensive and multidisciplinary
approach that integrates pharmacology, bioinformatics,
experimental biology, and clinical trials becomes imperative. This
approach is crucial for gaining a holistic understanding of how L.
usitatissimum can be effectively harnessed to combat ovarian cancer.

5 Conclusion

In conclusion, ovarian cancer, a formidable adversary in
women’s health, demands innovative therapeutic strategies that
are both efficacious and safe. Our comprehensive research
highlights the promising potential of L. usitatissimum, a natural
remedy, in addressing the healthcare challenges posed by ovarian
cancer. Through the application of advanced techniques such as data
mining, network pharmacology, and molecular docking, we have
unveiled the intricate molecular mechanisms that underlie the
therapeutic efficacy of L. usitatissimum in combatting ovarian
cancer. Hub genes, including AKT1, JUN, EGFR, and VEGFA,
have emerged as significant contributors to these mechanisms.
Moreover, compounds such as Apigenin, Isolariciresinol, and
Beta-Sitosterol have exhibited notable effects on modulating the
expression patterns of these genes. Furthermore, our rigorous
analysis, including Kaplan–Meier survival analysis, suggests that
these genes could serve as valuable biomarkers for ovarian cancer
diagnosis and prognosis. The molecular docking studies,
complemented by MMGBSA and MMPBSA analyses, not only
validate the strong binding affinities of these compounds but also
underscore their stability and robust affinity towards their respective
binding sites.While these findings illuminate a promising avenue for
ovarian cancer treatment harnessing the virtues of L. usitatissimum,
it remains quintessential to further validate these results through
rigorous in vivo and in vitro experiments. Such endeavors will pave
the way for a holistic understanding of the pharmacokinetics and
biosafety profiles, potentially elevating L. usitatissimum from a
traditional remedy to a mainstream therapeutic for ovarian cancer.
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The objective of this research was to characterize the chemical composition of
ethanolic extracts of the lichen species Placopsis contortuplicata, Ochrolechia
frigida, and Umbilicaria antarctica, their antioxidant activity, and enzymatic
inhibition through in vitro and molecular docking analysis. In total phenol
content, FRAP, ORAC, and DPPH assays, the extracts showed significant
antioxidant activity, and in in vitro assays for the inhibition of pancreatic lipase,
α-glucosidase, and α-amylase enzymes, together with in silico studies for the
prediction of pharmacokinetic properties, toxicity risks, and intermolecular
interactions of compounds, the extracts evidenced inhibitory potential. A total
of 13 compounds were identified by UHPLC-ESI-QTOF-MS in P. contortuplicata,
18 compounds in O. frigida, and 12 compounds in U. antarctica. This study
contributes to the knowledge of the pool of bioactive compounds present in
lichens of temperate and polar distribution and biological characteristics that
increase interest in the discovery of natural products that offer alternatives for
treatment studies of diseases related to oxidative stress and metabolic syndrome.

KEYWORDS

Ochrolechia, Placopsis, Umbilicaria, bioactive compounds, antioxidant, enzyme
inhibition, Antarctic lichens

1 Introduction

Diabetes mellitus (DM), with a 3% age-standardized mortality rate, is one of the
metabolic diseases that have increased in prevalence worldwide. It is characterized by
the insufficient production of insulin by the pancreas or the ineffective degradation of the
insulin produced (WHO, 2023). One of the pathophysiological mechanisms involved in the
progression of diabetes is oxidative stress with the unbalanced generation of reactive oxygen
species such as hydroxyl radical and superoxide anion and reduced activity of antioxidant
mechanisms such as catalase, glutathione peroxidase, and superoxide dismutase (Mthiyane
et al., 2022). Since ancient times and nowadays, natural products (plant, fungal, animal,
microbial, or mineral) are being increasingly used compared to therapeutic alternatives due
to the presence of active compounds with pharmacological properties (Cortes-Gallardo et al.,
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2004). Plants have been the most studied and used as resources with
antidiabetic potential, with a report of more than 500 species,
especially of the genera Ficus, Artemisia, Solanum, Terminalia,
and Euphorbia (Salehi et al., 2019). The compounds that show
the greatest benefit for the treatment of diabetes are polyphenols
such as resveratrol, curcumin, quercetin, catechins, isoflavones,
hydroxynamic acids, anthocyanins/anthocyanidins, kaempferol,
and hesperidin, among others (Pandey and Rizvi, 2009; Naz
et al., 2023).

In this context, lichenized fungi or lichens are defined as an
evolutionarily stable symbiosis between a fungus (mycobiont), algae
(phycobiont), and/or cyanobacteria (cyanobiont) (Spribille et al.,
2022), and they also represent a promising and efficient source of
more than a thousand reported secondary metabolites with multiple
biological activities (Poulsen-Silva et al., 2023) that are determined
by biosynthetic gene clusters and are processed in the network of
metabolic interactions of the primary symbionts, auxiliary
symbionts, and microbiome that make up the lichen (Nazem-
Bokaee et al., 2021; Singh, 2023). One of the groups of interest is
the Antarctic lichen species, among which isO. frigida, characterized
by a crustose, white thallus and lecanorine apothecia with a thin
taline edge; P. contortuplicata with crustose thallus, marginal lobes
separated by thin cracks or folded with a verrucous central part, and
subspherical cephalodia generally orange–brown; and U. antarctica
with foliose thallus attached to the substrate by a central umbilicus,
gray-to-brown dorsal surface, black ventral surface with abundant
simple ricines, and absent apothecia (Redón, 1985) (Figure 1). As for
the growth substrate, O. frigida grows on mosses and plant debris,
and P. contortuplicata and U. antarctica are species that grow on
rocks, small stones, and nitrogen-rich soils [10]. These three species

are distributed in the South Shetland Islands, South Orkney Islands,
Antarctic Peninsula, and Antarctic circumpolar zone; in addition,O.
frigida is also present in the Andes Mountain range in the southern
area, and P. contortuplicata is considered a bipolar cosmopolitan
species in the north and south latitudinal temperate zones (Seppelt,
1995) (Figure 2).

The objective of this research was to characterize the chemical
composition of ethanolic extracts of the lichen species P.
contortuplicata, O. frigida, and U. antarctica, their antioxidant
activity, and enzymatic inhibition through in vitro and molecular
docking analysis. The working hypothesis allows us to propose that
the extracts of these Antarctic lichen species possess enzymatic
inhibition activity, specifically for α-amylase, pancreatic lipase, and
α-glucosidase, as well as antioxidative activity that would allow us to
establish and guide efforts for the evaluation of a potential
nutraceutical product for the treatment of metabolic diseases.

2 Materials and methods

2.1 Lichen material

A total of 100 g of the lichen species O. frigida (Sw.) Lynge
(Ochrolechiaceae), P. contortuplicata I. M. Lamb (Trapeliaceae), and
U. antarctica Frey & I. M. Lamb (Umbilicariaceae) was collected by
A.T.-B., M.J.S., and N.J.-P. on Ardley Island, King George Island,
South Shetland Archipelago (Maritime Antarctica), in February and
December 2021. Specimens were determined by botanist Alfredo
Torres-Benítez and deposited at the Natural Products Laboratory of
the Universidad Austral (Valdivia, Chile), with identification

FIGURE 1
Lichen thallus of (A) O. frigida; (B) P. contortuplicata; and (C) U. antarctica.

FIGURE 2
Distribution of lichen species (GBIF): (A) O. frigida; (B) P. contortuplicata; and (C) U. antarctica.
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numbers HL-01192021 (O. frigida), HL-01202021 (P.
contortuplicata), and HL-01162021 (U. antarctica).

2.2 Preparation of ethanolic extracts

With each sample of lichen species, a total of 5 g was weighed
and macerated using an analytical ethanol solvent three times, for
20 min per cycle, using ultrasound equipment at 35°C. Each extract
solution was filtered and concentrated under reduced pressure at
38°C, obtaining three gummy extracts.

2.3 LC parameters and MS parameters

The analysis for the identification of bioactive compounds present
in the lichen ethanolic extracts was performed on a UHPLC-ESI-
QTOF-MS system equipped with UHPLC UltiMate 3000 RS using
Chromeleon 6.8 software (Dionex GmbH, Idstein, Germany) and
BrukermaXis ESI-QTOF-MS using the software Data Analysis 4.0 (all
Bruker Daltonik GmbH, Bremen, Germany). 5 mg of each extract was
dissolved in 2 mL of methanol for analysis and filtered using a
polytetrafluoroethylene (PTFE) filter, and 10 μL of the extract was
injected into the equipment. The chromatographic equipment
consisted of a quaternary pump, an autosampler, a thermostated
column compartment, and a photodiode array detector. Elution was
performed using a binary gradient systemwith eluent (A) 0.1% formic
acid in water and eluent (B) 0.1% formic acid in acetonitrile: 1% B
isocratic (0–2 min), 1%–5% B (2, 3 min), 5% B isocratic (3–5 min),
5%–10% B (5–8 min), 10%–30% B (8–30 min), 30%–95% B
(30–38 min), and 1% B isocratic (38–50 min). Separation was
carried out using a Thermo 5 μm C18 80 Å column (150 mm ×
4.6 mm) at a flow rate of 1.0 mL/min. ESI-QTOF-MS experiments
were recorded in the negative ion mode, and the scan range was
between 100 and 1,200 m/z. Electrospray ionization (ESI) conditions
included a capillary temperature of 200°C, a capillary voltage of
2.0 kV, a dry gas flow rate of 8 L/min, and a nebulizer pressure of
2 bar, and the experiments were performed in an automatic MS/MS
mode. The structural characterization of secondary metabolites was
based on HR full MS, fragmentation patterns, and comparisons with
the bibliography.

2.4 Total phenolic content

The content of total phenolic compounds was determined
according to the Folin–Ciocalteu assay with each of the working
solutions and was quantified spectrophotometrically based on a
standard curve of gallic acid (Sánchez-Rangel et al., 2013). The
analysis of the measurements was processed using a curve equation
and coefficient of determination of y = 0.0606 x + 0.082 and R2 =
0.9992.

2.5 Ferric-reducing antioxidant power assay

Trolox was used as standard and a stock concentration (1 mg/
mL) diluted in ethanol was prepared, and the concentrations 125,

250, 500, and 1,000 μg/mL were obtained. Subsequently, 290 μL of
working solution and 10 μL of each sample were mixed in a
microplate well, and after 5 min, they were measured at 593 nm
in a microplate reader (Benzie and Strain, 1996). The analysis of the
measurements was processed with a curve equation and coefficient
of determination of y = 0.0053 x + 0.0207 and R2 = 0.9945.

2.6 Oxygen radical absorbance capacity
assay

Trolox standard was prepared at the concentrations of 10, 20, 40,
40, 50, 60, 60, 80, 90, and 100 μM to make the calibration curve.
Subsequently, 75 mM phosphate buffer at pH 7.0, fluorescein
solution preincubated for 15 min at 37°C in microplate wells,
compound 2,2′-azobis (2-amidinopropane) dihydrochloride
(AAPH), and working solutions were used. The measurement
was performed every 2 min for 30 min with excitation and
emission wavelength at 485 and 530 nm, respectively (Cao and
Prior, 1999). The analysis of the measurements was processed
using a curve equation and coefficient of determination of y =
0.1337 x + 2.3241 and R2 = 0.9890.

2.7 DPPH scavenging activity

A calibration curve of gallic acid was constructed to calculate its
IC50 with a stock solution of 250 μg/mL gallic acid in absolute
methanol and diluted to prepare solutions with the following
concentrations: 1.525, 3.125, 6.225, 12.05, 25, 50, and 100 μg/mL.
Subsequently, a methanolic solution of 400 μMDPPHwas prepared,
50 μL of each sample was incorporated into the wells of the
microplate, and 150 μL of 400 μM DPPH solution was added to
each well, allowed to rest for 30 min, and measured at 515 nm in a
microplate reader (Brand-Williams et al., 1995). The analysis of the
measurements was processed with a curve equation and coefficient
of determination of y = 2.5881 x + 6.5449 and R2 = 0.9978.

2.8 α-Amylase inhibition assay

For each working solution, positive control and negative control
in an Eppendorf tube of 150 µL of the sample, 200 µL of starch, 50 µL
distilled water, and 100 µL of α-amylase enzyme were added and
incubated for 5 min at 37°C. In another Eppendorf tube of 200 µL of
the aforementioned mixture, 100 µL of DNS reagent was added and
incubated for 20 min at 100°C. Subsequently, 900 µL of distilled
water was added and cooled to room temperature. A measure of
200 μL of each solution was added to a microplate and measured at
515 nm using a microplate reader (Ali et al., 2006). The analysis of
the measurements was processed with a curve equation and
coefficient of determination of y = 0.2859 x + 35.186 and R2 = 0.9602.

2.9 α-Glucosidase inhibition assay

The standard used in this assay was acarbose, with which a
calibration curve was prepared using concentrations ranging from
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250 to 0.025 μg/mL in 20 mM phosphate buffer (0.025, 0.125, 0.25,
12.5, 25, 62.5, 125, and 250 μg/mL). For ethanolic extracts, solutions
at concentrations between 1,000 and 7.8 μg/mL (7.8, 15.6, 31.3, 62.5,
125, 250, 500, and 1,000 μg/mL) were prepared from a stock solution
of 1 mg/mL in phosphate buffer (1,000 ug/mL). 50 μL of each of the
working solutions were taken, and 50 μL of 5.0 mM pNPG was
added and incubated for 5 min at 37°C. Subsequently, 100 μL of α-
glucosidase enzyme (0.1 U/mL) was added, and absorbance was
measured at 405 nm every 1 min for 20 min using a microplate
reader (Liu et al., 2011). The analysis of the measurements was
processed with a curve equation and coefficient of determination of
y = 0.1963 x + 9.4416 and R2 = 0.9485.

2.10 Pancreatic lipase inhibition assay

The standard used was orlistat, with which a calibration curve
was prepared using concentrations ranging from 80 to 0.5 μg/mL in
70% ethanol (0.5, 1, 5, 10, 20, 30, 50, and 80 μg/mL). For ethanolic
extracts, solutions were prepared at concentrations between
1,000 and 7.8 μg/mL (7.8, 15.6, 31.3, 62.5, 125, 250, 500, and
1,000) from a stock solution of 1 mg/mL in Tris-HCl buffer
(1,000 μg/mL). With each working solution, 25 μL was taken with
50 μL of 5.0 mM NPC and 25 μL of pancreatic lipase enzyme
(10 mg/mL) and incubated for 5 min at 37°C. Subsequently,
measurement at 410 nm using a microplate reader was
performed (Lewis and Liu, 2012). The analysis of the
measurements was processed with a curve equation and
coefficient of determination of y = 0.4871 x + 41.625 and R2 = 0.9368.

2.11 Analysis of the pharmacological
properties

The pharmacological properties of the phytochemicals identified by
UHPLC-ESI-QTOF-MS obtained from the lichen species O. frigida, P.
contortuplicata, andU. antarcticawere evaluated; to determine whether
the compounds obtained are favorable as inhibitors of α-amylase, α-
glucosidase, and human pancreatic lipase, the pharmacokinetic
properties were calculated using the Osiris DataWarrior (v 5.5.0)
computational tool. Compounds were evaluated based on Lipinski’s
rule, which states that an orally administered drug must have a
molecular weight <500 Da, the partition coefficient (cLogP) must
be <5, the number of bond donors of hydrogen must be <5, the
number of hydrogen bond acceptors must be <10, and the number of
spin bonds must be <10. The topological polar surface area and the
percentage absorption (% ABS) (Eq. 1) were also calculated using the
values calculated from TPSA in each of the compounds (Zhao et al.,
2002; Ley-Martínez et al., 2022):

%ABS � 109 − 0.345 × TPSA( ). (1)

2.12 Calculation of risk toxicity

To determine the toxicological behavior of the phytochemicals
obtained from the lichen, the Osiris DataWarrior computational
tool was used. The toxicological risks that were evaluated were

mutagenicity, tumorigenicity, irritation, and reproductive effect
(Ley-Martínez et al., 2022).

2.13 Molecular docking- ligand preparation

The two-dimensional structures of the phytochemicals that did
not present any violation of Lipinsk’s relation as well as any risk of
toxicity (2.5DHA, cyperine, diospyrol, hypoxyphenone, lecanoric
acid, orsellinic acid, prephenic acid, SDA, O4BBA) were prepared
using the ChemDraw 8.0 program (PerkinElmer Informatics,
Waltham, MA, United States). Subsequently, the chemical
structures of the ligands were imported into the Avogadro
program (https://avogadro.cc, accessed on 06 June 2023) to
optimize the geometry of the ligands using the MMFF94 force
field function (Torres-Benítez et al., 2022; Torres-Benítez et al.,
2023a). All the optimized compounds were saved in the mol2 format
to carry out the molecular docking studies with the enzymes α-
amylase, α-glucosidase, and human pancreatic lipase. Acarbose was
used as the reference inhibitor for α-amylase and α-glucosidase
enzymes (Swargiary and Daimari, 2020), while methoxy undecyl
phosphonic acid (MUP) and orlistat were used as the reference
inhibitors for the human pancreatic lipase enzyme (Trang et al.,
2017).

Crystal structures of α-amylase (PDB:2QV4), α-glucosidase
(maltase) (PDB: 2QMJ), and human pancreatic lipase (PDB:1LPB)
were downloaded from the PDB database (http://www.rcsb.org/pdb).
These crystal structures are crystallized with the acarbose ligand used
as a reference inhibitor for α-amylase and α-glucosidase, while the
MUP and orlistat ligands were used for human pancreatic lipase
(Trang et al., 2017; Swargiary and Daimari, 2020). The information of
the amino acids of the active site in the enzymes was used as a
reference to carry out a targeted coupling in the catalytic sites in each
of the crystallized inhibitors. Enzyme optimization was performed
using UCSF Chimera software (v1.16, San Francisco, California,
United States); water molecules were removed, and ligands were
removed from the active site of crystallographic enzymes. All polar
hydrogen atoms aggregated at pH = 7.4, considering the appropriate
ionization states for basic and acidic amino acid residues (Silman et al.,
1994; Torres-Benítez et al., 2022).

2.14 Docking simulation

After preparing the ligands (phytochemicals and acarbose) and
the target proteins (α-amylase, α-glucosidase, and human pancreatic

TABLE 1 Grid box parameters for docking α-amylase, α-glucosidase, and
human pancreatic lipase.

Enzyme Grid box
size (Å)

Grid center
coordinate

X Y Z X Y Z

α-Amylase 50 50 50 12.37 48.13 26.24

α-Glucosidase 40 40 40 −20.83 −6.56 −5.04

Human pancreatic lipase 40 40 40 8.88 23.74 53.35
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lipase), molecular docking was performed using the rigid crystalline
enzyme structures and the flexible ligands where twist angles were
identified (for 10 independent urns per ligand). Grid parameters
(Table 1) were determined using the inhibitors crystallized in each of
the enzymes as a reference (acarbose for α-amylase and α-
glucosidase and MUP and orlistat for human pancreatic lipase).
Each ligand was coupled with the enzymes separately, and the final
energy (binding affinity in kcal/mol) of the ligand–enzyme
interaction was obtained after each coupling. The evaluation of
the interactions was carried out using the BIOVIA Discovery Studio
program (v20.1.0.19295, San Diego: Dassault Systemes, 2020)
(Torres-Benítez et al., 2022).

2.15 Statistical analysis

Three measurements were performed with each sample solution,
and the results were expressed as mean values ±standard deviation
usingMicrosoft Excel 2019 software. For comparison of means, a one-
way analysis of variance (ANOVA with Tukey’s test at a significance
level p ˂ 0.05) was calculated using GraphPad Prism 8 software.

3 Results and discussion

3.1 Qualitative analysis of phytoconstituents
of lichen extracts

The chromatographic analysis of the ethanolic extract of the
lichen O. frigida by high-resolution mass spectrometric analysis
(UHPLC-MS) in the negative mode allowed the identification of
18 compounds including aromatics, carbohydrates, acids, lipids, and
depsides (Table 2; Figures 3, 4).

Acid derivatives: Peak 1 corresponded to Na formate (C4H2O4)
used as the internal standard. Peak 3 was identified as citric acid
(C6H7O7).

Carbohydrates: Peak 3 was identified as mannitol (C6H13O6),
peak 9 as undecyl glucoside (C17H33O6) with diagnostic peaks at m/z
193.0056 and 181.0059, and peak 15 as tetradecyl glucoside
(C20H39O6).

Lipids: Peak 4 was identified as azelaic acid (C9H15O4) and peak
12 as 3,6,9,12-tetraoxapentacosanoic acid (C21H41O6). Peaks 16 and
17 were identified as 18-hydroxy linoleic acid (C18H31O3) and 18-
hydroxy linolenic acid (C18H29O3), respectively.

TABLE 2 Identification of bioactive compounds in O. frigida by UHPLC-ESI-QTOF-MS.

Peak Tentative
identification

[M-H]- Retention
time (min)

Theoretical
mass (m/z)

Measured
mass (m/z)

Accuracy
(ppm)

Metabolite
type

MS
ions
(ppm)

1 Na formate (internal
standard)

C4H2O4 0.37 112.9829 112.9856 3.1 Ac -

2 Mannitol C6H13O6 1.83 181.0712 181.0723 3.9 C 151.0598

3 Citric acid C6H7O7 10.04 191.0192 191.0184 4.2 Ac 111.0074

4 Azelaic acid C9H15O4 11.02 187.0775 187.0969 −3.63 L -

5 Hypoxyphenone C10H9O5 11.22 209.0455 209.0415 8.8 A 167.0304

6 Prephenic acid C10H9O6 11.82 225.0345 225.0365 −17.2 A -

7 Orsellinic acid C13H9O5 13.78 167.0314 167.0312 2.3 A 123.0432

8 3,4-Dihydroxybenzoic acid C7H5O4 14.50 153.0169 153.0193 −15.6 A 109.0285

9 Undecyl glucoside C17H33O6 18.68 333.2282 333.2225 −17.2 C 193.0056,
181.0059

10 Wedelolactone C16H9O7 19.81 313.0295 313.0308 4.37 A 269.03821

11 Unknown C26H16O4 20.05 392.1075 392.1054 5.32 d 350.0945

12 3,6,9,12-
Tetraoxapentacosanoic acid

C21H41O6 20.80 389.2849 389.2853 0.87 L 315.2125

13 Lecanoric acid C16H13O7 22.03 317.0666 317.0653 −3.2 d 167.0342

14 o-(4-Biphenylylcarbonyl)
benzoic acid

C20H13O3 22.65 301.0870 301.0856 −4.5 A 167.0304

15 Tetradecyl glucoside C20H39O6 23.25 375.2693 375.2681 −3.22 C 347.0362

16 18-Hydroxylinoleic acid C18H31O3 24.21 295.2278 295.2279 −6.8 L 277.2133

17 18-Hydroxylinolenic acid C18H29O3 24.54 293.2122 293.2071 −17.2 L 243.19740

18 Diospyrol C22H17O4 25.28 345.1195 345.1132 −19.8 A 230.9846,
167.0309

A, aromatic; C, carbohydrate; Ac, acid; L, lipid; d, depside.
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FIGURE 3
Chromatograms of lichen extracts: (A) O. frigida; (B) P. contortuplicata; and (C) U. antarctica.

FIGURE 4
Chemical structures of some major compounds identified in ethanolic extracts of O. frigida, P. contortuplicata, and U. antarctica: (A) 2,5DHA (2,5-
dihydroxyterephthalic acid); (B) cyperine; (C) diospyrol; (D) hypoxyphenone; (E) lecanoric acid; (F) orsellinic acid; (G) prephenic acid; (H) SDA
(succinyldisalicylic acid); and (I) O4BBA (o-(4-biphenylylcarbonyl) benzoic acid).
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Aromatic derivatives: Peaks 5, 6, 7, 8, 10, and 14 were identified
as hypoxyphenone (C10H9O5), prephenic acid (C10H9O6), orsellinic
acid (C13H9O5), 3,4-dihydroxybenzoic acid (C7H5O4),
wedelolactone (C16H9O7), and o-(4-biphenylylcarbonyl) benzoic
acid (C20H13O3), respectively. Peak 18 was identified as diospyrol
(C22H17O4) with diagnostic peaks at m/z 230.9846 and 167.0309.

Depsides: Peak 13 was identified as lecanoric acid (C16H13O7),
and peak 11 was identified as an unknown compound (C26H16O4).

The chromatographic analysis of the ethanolic extract of the
lichen P. contortuplicata by high-resolution mass spectrometric
analysis (UHPLC-MS) in the negative mode allowed the
identification of 13 compounds including aromatics,
carbohydrates, acids, and depsides (Table 3; Figures 3, 4).

Acid derivatives: Peak 1 corresponded to Na formate (C4H2O4)
used as the internal standard.

Carbohydrates: Peak 2 was identified as mannitol (C6H13O6),
and peak 10 was identified as stearyl glucose (C24H47O6) with
diagnostic peaks at m/z 289.0750 and 149.0276.

Aromatic derivatives: Peak 3 was identified as 3,4-
dihydroxybenzoic acid (C7H5O4) ([M-H]- ion at m/z
153.01953 and diagnostic peak at m/z 109.03217), peak 4 as
phthalic acid (C8H5O4) ([M-H]- ion at m/z 165.01933 and
diagnostic peaks at m/z 139.0379 and 123.05044), and peak 5 as
a 3,4-dihydroxybenzoic acid isomer (C7H5O4) ([M-H]- ion at m/z
153.0169 and diagnostic peak at m/z 109.0285). Peak 6, with a

molecular anion at m/z 357.06159 and diagnostic peaks at m/z
124.05044 and 165.06600, was identified as succinyldisalicylic acid
(C18H13O8), while peak 7 was identified as cyperine (C15H15O4) with
an [M-H]- ion at m/z 259.09758 and diagnostic peaks at m/z
135.04781 and 241.01395 and peak 8 as octadecyl beta-maltoside
(C30H57O11) with an [M-H]- ion at m/z 593.38985 and diagnostic
peaks at m/z 389.29418, 259.00562, and 241.0077. Peak 11 was
identified as crustinic acid (C24H20O11) with a molecular anion at m/
z 483.0932 and diagnostic peaks at m/z 431.3434 and 333.03409.
Peak 13, with a molecular anion at m/z 497.07255 and diagnostic
peaks at m/z 347.04615 and 317.05815, was identified as tetrafucol A
(C24H17O12).

Depsides: Peak 9 was identified as lecanoric acid (C16H13O7) and
peak 12 as a lecanoric acid isomer with diagnostic peaks at m/z
167.0378 and 167.03772, respectively.

The chromatographic analysis of the ethanolic extract of the
lichen U. antarctica by high-resolution mass spectrometric analysis
(UHPLC-MS) in the negative mode allowed the identification of
12 compounds including aromatics, carbohydrates, acids, and
depsides (Table 4; Figures 3, 4).

Acid derivatives: Peak 1 corresponded to Na formate (C4H2O4)
used as the internal standard.

Carbohydrates: Peak 2 was identified as mannitol (C6H13O6).
Aromatic derivatives: Peaks 3, 4, 5, 6, 7, 8, 10, and 12 were

identified as hypoxyphenone (C10H9O5), prephenic acid (C10H9O6),

TABLE 3 Identification of bioactive compounds in P. contortuplicata by UHPLC-ESI-QTOF-MS.

Peak Tentative
identification

[M-H]- Retention
time (min)

Theoretical
mass (m/z)

Measured
mass (m/z)

Accuracy
(ppm)

Metabolite
type

MS
ions (ppm)

1 Na formate (internal
standard)

C4H2O4 0.37 112.9829 112.9856 3.1 Ac -

2 Mannitol C6H13O6 2.02 181.0712 181.0723 3.9 C 151.0598

3 3,4-Dihydroxybenzoic
acid

C7H5O4 10.13 153.01953 153.02201 17.51 A 109.03217

4 Phthalic acid C8H5O4 11.02 165.01933 165.02154 13.37 A 139.0379,
123.05044

5 3,4-Dihydroxybenzoic
acid isomer

C7H5O4 11.76 153.0169 153.0193 −15.6 A 109.0285

6 Succinyldisalicylic acid C18H13O8 14.31 357.06159 357.06131 −0.79 A 124.05044,
165.06600

7 Cyperine C15H15O4 16.47 259.09758 259.10266 19.58 A 135.04781,
241.01395

8 Octadecyl beta-
maltoside

C30H57O11 20.83 593.38985 593.39064 −1.32 A 389.29418,
259.00562,
241.0077

9 Lecanoric acid C16H13O7 21.72 317.0666 317.0682 4.79 d 167.0378

10 Stearyl glucose C24H47O6 22.34 431.3378 431.3404 6.01 C 289.0750,
149.0276

11 Crustinic acid C24H20O11 23.15 483.0932 483.0963 6.31 A 431.3434,
333.03409

12 Lecanoric acid isomer C16H13O7 24.17 317.0666 317.0681 4.71 d 167.03772

13 Tetrafucol A C24H17O12 28.99 497.07255 497.07404 2.99 A 347.04615,
317.05815

A, aromatic; C, carbohydrate; Ac, acid; d, depside.
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2,5-dihydroxyterephthalic acid (C8H5O4), phthalic acid (C8H5O4),
3,4-dihydroxybenzoic acid (C7H5O4), orsellinic acid (C8H7O4),
rhein (C15H8O6), and 4-hydroxyisophthalaldehyde (C8H5O3),
respectively.

Depsides: Peak 9 was identified as lecanoric acid (C16H13O7) and
peak 11 as a lecanoric acid isomer with diagnostic peaks at m/z
167.0342 and 167.0326, respectively.

In recent years, metabolomic studies have intensified in lichenic
species of tropical and, especially, temperate distribution and polar
territories, strengthening the bank of reported compounds that
make up chemotaxonomic variables for the differentiation of
species and their complexes (Torres-Benítez et al., 2017).
Likewise, the use of robust state-of-the-art techniques such as
ultra-high performance liquid chromatography with a diode array
(UHPLC-DAD) coupled to an electrospray ionization tandem mass
spectrometer (ESI-MS-MS) traditionally used in plant extracts has
also allowed greater precision in the identification and elucidation of
bioactive compounds in lichens (Sepúlveda et al., 2022; Torres-
Benítez et al., 2023b). Compounds present in the species O. frigida,
P. contortuplicata, and U. antarctica are shared with other Antarctic
species such as Lecania brialmontii, Pseudephebe pubescens,
Sphaerophorus globosus (Torres-Benítez et al., 2022), Cladonia
gracilis, Cladonia chlorophaea (Torres-Benítez et al., 2023a), and
Himantormia lugubris (Areche et al., 2022), including
carbohydrates, phenolic compounds (such as lecanoric acid,
orselinic acid, and orcinol derivatives), and lipids.

The large number of compounds reported in lichens and
classified in the groups of dibenzofurans, depsides, depsidones,
depsones, lactones, quinones, and pulvinic acid derivatives are
highly complex due to their synthesis through various
biosynthetic pathways and their potential medicinal use as
antibiotics, antitumor/antimutagenic, antiviral, enzyme inhibitor,

and antioxidants (Bostie and Grube, 2005; Ureña-Vacas et al., 2022a;
Ureña-Vacas et al., 2023). The lichen genera that group most species
with reported biological activities are Acarospora, Alectoria, Bryoria,
Bulbothrix, Candelariella, Cetraria, Cetrelia, Cladia, Cladonia,
Dirinaria, Evernia, Heterodermia, Hypogymnia, Lethariella,
Lobaria, Melanelixia, Myelochroa, Parmelia, Parmotrema,
Peltigera, Platismatia, Pleurosticta, Pseudevernia, Pseudoparmelia,
Ramalina, Stereocaulon, Sticta, Teloschistes, Thamnolia,
Umbilicaria, Usnea, Vulpicida, and Xanthoparmelia; on the other
hand, the isolated compounds with more biological evidence are
atranorin, barbatic, diffractaic, evernic, fumarprotocetraric,
gyrophoric, lobaric, orsellinic, physodic, protocetraric, usnic, and
vulpinic acids (Adenubi et al., 2022).

3.2 Total phenolic content and antioxidant
activity

Table 5 shows the values obtained from the total phenolic and
antioxidant activity assays for the three ethanolic extracts under
study. For phenolic content, the species O. frigida (1,000.6 ±
0.01 mg GAE) showed the highest values, followed by P.
contortuplicata (561.2 ± 0.009 mg GAE) with medium values
and U. antarctica with the lowest values (245 ± 0.011 mg GAE).
In ORAC and FRAP, the results for the three extracts are
comparable to the reported phenolic concentration, showing
in O. frigida the optimum values 525.11 ± 0.135 and 45.004 ±
0.066 µmol Trolox/g, respectively. As for the DPPH analysis, the
three extracts evidenced an IC50 value much higher than the
gallic acid standard, suggesting a medium–low inhibition
capacity of the study concentrations used; however, the
extract of O. frigida continued to show better antioxidant

TABLE 4 Identification of bioactive compounds in U. antarctica by UHPLC-ESI-QTOF-MS.

Peak Tentative
identification

[M-H]- Retention
time (min)

Theoretical
mass (m/z)

Measured
mass (m/z)

Accuracy
(ppm)

Metabolite
type

MS
ions
(ppm)

1 Na formate (internal
standard)

C4H2O4 0.37 112.9829 112.9856 3.1 Ac -

2 Mannitol C6H13O6 1.83 181.0712 181.0723 3.9 C 151.0598

3 Hypoxyphenone C10H9O5 10.23 209.0455 209.0415 8.8 A 167.0304

4 Prephenic acid C10H9O6 11.12 225.0345 225.0365 −17.2 A -

5 2,5-dihydroxyterephthalic
Acid

C8H5O4 11.72 197.0091 197.0064 −13.65 A 153.0181

6 Phthalic acid C8H5O4 13.82 165.0193 165.0163 −18.27 A 139.0379

7 3,4-dihydroxybenzoic acid C7H5O4 14.50 153.0169 153.0193 −15.6 A 109.0285

8 Orsellinic acid C8H7O4 20.12 167.0349 167.0317 −19.22 A 124.0456

9 Lecanoric acid C16H13O7 22.03 317.0666 317.0653 −3.2 d 167.0342

10 Rhein C15H8O6 23.32 283.0189 283.0205 5.82 A 242.1724

11 Lecanoric acid isomer C16H13O7 23.96 317.0666 317.0632 −10.95 d 167.0326

12 4-
Hydroxyisophthalaldehyde

C8H5O3 25.28 149.0244 149.0230 −8.9 A -

A, aromatic; C, carbohydrate; Ac, acid; d, depside.
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activity than the extracts of P. contortuplicata and U. antarctica
(307.981 ± 0.053, 441.106 ± 0.095, and 444.392 ± 0.066 μg/mL,
respectively).

These results correlate positively with the reports of extracts and
compounds isolated from other lichen species that show highly
effective phenolic concentration and antioxidant activity through

TABLE 5 Total phenolic content (TPC) and antioxidant activity (FRAP, ORAC, and DPPH) of the extracts of lichen species O. frigida, P. contortuplicata, and U.
antarctica.

Assay TPC (mg GAE/g) FRAP (µmol Trolox/g) ORAC (µmol Trolox/g) DPPH IC50 (µg/mL)

O. frigida 1,000.6 ± 0.01* 45.004 ± 0.066* 525.11 ± 0.135* 307.981 ± 0.053*

P. contortuplicata 561.2 ± 0.009* 19.458 ± 0.027* 204.88 ± 0.632* 441.106 ± 0.095*

U. antarctica 245 ± 0.011* 8.367 ± 0.009* 82.77 ± 0.168* 444.392 ± 0.066*

Gallic acid# - - - 2.24 ± 0.04*

The values represent the means ± SD of three replicates (n = 3). Values marked with * are statistically different using Tukey’s test at 0.05 level of significance (p ˂ 0.05). #, positive control.

TABLE 6 Enzyme inhibitory activity of the extracts of lichen species O. frigida, P. contortuplicata, and U. antarctica.

Assay α-Glucosidase IC50 (µg/mL) Pancreatic lipase IC50 (µg/mL) α-Amylase IC50 (µg/mL)

O. frigida 16 ± 0.015* 180.5535 ± 0.045* 1,609.838 ± 0.055*

P. contortuplicata 139.56 ± 0.056* 394.7333 ± 0.028* 308.856 ± 0.036*

U. antarctica 151.94 ± 0.022* 198.1632 ± 0.052* 607.531 ± 0.038*

Orlistat®# - 2.149 ± 0.008* -

Acarbose# 206.614 ± 0.008* - 6.477 ± 0.003*

The values represent the means ± SD of three replicates (n = 3). Values marked with * are statistically different using Tukey’s test at 0.05 level of significance (p ˂ 0.05). #, positive control.

FIGURE 5
Docking molecular between phytochemicals and the α-amylase enzyme in a surface view. (A) α-Amylase and 2,5DHA; (B) α-amylase and cyperine;
(C) α-amylase and diospyrol; (D) α-amylase and hypoxyphenone; (E) α-amylase and lecanoric acid; (F) α-amylase and orsellinic acid; (G) α-amylase and
prephenic acid; (H) α-amylase and SDA; and (I) α-amylase and O4BBA.
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colorimetric techniques (Luo et al., 2009; Mitrović et al., 2011; Jha
et al., 2017; Studzińska-Sroka et al., 2021a; Elečko et al., 2022) and
electrochemical, computational, and genetic studies (Kalra et al.,
2023; Yañez et al., 2023). Likewise, the variability in the antioxidant
properties of lichens is mediated by the geographical, altitudinal,
and/or microhabitat conditions in which they develop working
concentrations, metabolite isolation efficiency, types of solvent,
and forms of extraction and exploration of the mechanisms of
action (Ranković et al., 2012; White et al., 2014; Studzińska-
Sroka et al., 2021b; Li et al., 2022; Popovici et al., 2022; Sánchez
et al., 2022). On the other hand, the evident antioxidant capacity of
lichenic species has supported their use for the evaluation of
neuroprotective effects in in vitro and in vivo models, yielding
positive results regarding cell viability, protection against induced
oxidative stress, decrease in reactive oxygen species, improvement of
mitochondrial function, and suppression of signaling pathways that
induce inflammatory response in astrocytes (Fernández-Moriano

et al., 2015; Fernández-Moriano et al., 2016; Lee et al., 2021; Ureña-
Vacas et al., 2022b).

3.3 Enzymatic inhibitory activity

Table 6 shows the values obtained in the enzyme inhibition
assays for the three extracts under study. For α-glucosidase, the
extract of O. frigida presented the best activity (16 ± 0.015 μg/mL)
with a lower IC50 compared to the standard acarbose; as for the
extracts of P. contortuplicata and U. antarctica, the values obtained
indicated a low inhibition of the enzyme (139.56 ± 0.056 and
151.94 ± 0.022 μg/mL, respectively). For pancreatic lipase, the
three extracts showed low inhibition of the enzyme compared to
the orlistat standard, with values similar to each other for O. frigida
and U. antarctica (180.5535 ± 0.045 and 198.1632 ± 0.052 μg/mL,
respectively) and an even higher value for P. contortuplicata

TABLE 7 Pharmacokinetic properties obtained from the software Osiris DataWarrior program of the phytochemicals obtained from lichens based on Lipinski’s rule.

Compound %ABSa TPSA (Å2)b MWc cLogPd HBDe HBAf n-ROTBg Violation of Lipinski’s rule

Rule - - <500 ≤5 ≤5 ≤10 ≤10 ≤1

18-HA 89.15 57.53 296.45 5.54 2 3 15 2

2,5DHA 69.30 115.06 198.13 −0.06 4 6 2 0

3,4DHA 82.17 77.76 154.12 0.45 3 4 1 0

TOPA 83.39 74.22 390.56 4.33 1 6 23 1

4-HSA 90.24 54.37 150.13 1.18 1 3 2 0

Azelaic acid 83.26 74.60 188.22 1.60 2 4 8 0

Crustinic acid 43.09 191.05 484.41 3.31 6 11 7 2

Cyperine 88.67 58.92 260.29 2.98 2 4 3 0

Diospyrol 81.08 80.92 346.38 5.01 4 4 1 0

Hypoxyphenone 80.08 83.83 210.18 1.16 2 5 3 0

Lecanoric acid 66.12 124.29 318.28 2.23 4 7 4 0

OBM 47.41 178.53 594.78 3.65 7 11 22 4

Orsellinic acid 82.17 77.76 168.15 0.80 3 4 1 0

Phthalic acid 83.26 74.60 166.13 0.63 2 4 2 0

Prephenic acid 70.39 111.9 226.18 −1.45 3 6 4 0

Rhein 70.39 111.9 284.22 1.83 3 6 1 0

SDA 65.12 127.2 358.30 2.19 2 8 9 0

Tetrafucol A 25.25 242.76 498.40 2.49 12 12 3 2

Wedelolactone 71.27 109.36 314.25 2.43 3 7 1 0

O4BBA 90.24 54.37 302.33 3.93 1 3 4 0

aPercentage of absorption (%ABS).
bTopological polar surface area (TPSA).
cMolecular weight (MW).
dLogarithm of partition coefficient between n-octanol and water (cLogP).
eNumber of hydrogen bond donors (HBD).
fNumber of hydrogen bond acceptors (HBA).
gNumber of rotable bonds (n-ROTB); 18HA, 18-hydroxylinoleic acid; 2,5DHA, 2,5-dihydroxyterephthalic acid; 3,4DHA, 3,4-dihydroxybenzoic acid; TOPA, 3,6,9,12-tetraoxapentacosanoic

acid; 4-HAS, 4-hydroxyisophthalaldehyde; OBM, octadecyl beta-maltoside; SDA, succinyldisalicylic acid; O4BBA, o-(4-biphenylylcarbonyl) benzoic acid.
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(394.7333 ± 0.028 μg/mL). For α-amylase, the extracts show low
inhibition of the enzyme compared to the standard orlistat; however,
the best result was obtained in the extract of P. contortuplicata with
an IC50 of 308.856 ± 0.036 μg/mL, followed by U. antarctica with an
IC50 of 607.531 ± 0.038 μg/mL and O. frigida with the least efficient
value of inhibition (1,609 ± 0.055 μg/mL).

The results obtained for the enzyme α-glucosidase with the three
study species are comparable with those reported for the ethanolic
extracts of the Antarctic species C. gracilis and C. chlorophaea
(IC50 = 91.323 ± 0.010 and 108.590 ± 0.006 μg/mL, respectively),
with less effective values against the acarbose standard, except for O.
frigida, which showed the highest inhibitory potential (Torres-
Benítez et al., 2023a). Similar values have been found in other
species of O. frigida, such as Xanthoria elegans (IC50 = >3 μg/
mL), X. parietina (IC50 = 0.6 ± 0.0 μg/mL), Parmotrema
dilatatum (IC50 = 17.5 μg/mL), and compounds isolated from
Parmotrema tsavoense (IC50 = 10.7–17.6 μg/mL) (Devi et al.,
2020; Duong et al., 2020; Mukemre et al., 2021). As for
pancreatic lipase enzyme, C. gracilis and C. chlorophaea species
(IC50 = 345.135 ± 0.050 and 125.310 ± 0.049 μg/mL, respectively)
presented concentrations similar to those found in O. frigida, P.
contortuplicata, and U. antarctica; however, in methanolic extracts
of species such as X. elegans, X. parietina, and Xanthoria candelaria

(IC50 = 79 ± 5, 68 ± 5 and 55 ± 3 μg/mL, respectively), better
inhibition effectiveness was observed (Mukemre et al., 2021; Torres-
Benítez et al., 2023a). For enzyme α-amylase, the reports in lichen
species, especially those of temperate and polar distribution, are very
scarce, and some species, such as X. elegans, X. parietina, and X.
candelaria (IC50 = 2.1 ± 0.1, 1.7 ± 0.1, 2.0 ± 0.1 μg/mL, respectively),
show effective values of enzyme suppression compared to those
obtained in P. contortuplicata, U. antarctica and even greater
difference in O. frigida (Mukemre et al., 2021).

3.4 Prediction of pharmacokinetic and
toxicological properties

The pharmacokinetic properties of the phytochemicals obtained
from the lichen species were evaluated using the Osiris DataWarrior
computational tool (Table 7). For a compound to be considered as a
potential orally administered drug, it must comply with Lipinski’s
rules (Torres-Benítez et al., 2022; Torres-Benítez et al., 2023a). These
rules allow the evaluation and monitoring of drugs according to their
biological and pharmacological functions. The molecules that did not
show any violation of Lipinski’s rules were 2.5DHA, 3.4DHA, 4-HSA,
azelaic acid, cyperine, diospyrol, hypoxyphenone, lecanoric acid,

TABLE 8 Toxicity risk of the phytochemicals obtained from O. frigida, P. contortuplicata, and U. antarctica extracts.

Compound Mutagenic Tumorigenic Reproductive effect Irritant

18-HA None None None High

2,5DHA None None None None

3,4DHA High None None None

TOPA None None None High

4-HSA None None None High

Azelaic acid None None None High

Crustinic acid None None None None

Cyperine None None None None

Diospyrol None None None None

Hypoxyphenone None None None None

Lecanoric acid None None None None

OBM None None None None

Orsellinic acid None None None None

Phthalic acid High None High Low

Prephenic acid None None None None

Rhein None None None High

SDA None None None None

Tetrafucol A None None None None

Wedelolactone None None High None

O4BBA None None None None

18HA, 18-hydroxylinoleic acid; 2,5DHA, 2,5-dihydroxyterephthalic acid; 3,4DHA, 3,4-dihydroxybenzoic acid; TOPA, 3,6,9,12-tetraoxapentacosanoic acid; 4-HAS, 4-hydroxyisophthalaldehyde;

OBM, octadecyl beta-maltoside; SDA, succinyldisalicylic acid; O4BBA, o-(4-biphenylylcarbonyl) benzoic acid.
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orsellinic acid, phthalic acid, prephenic acid, rhein, SDA,
wedelolactone, and O4BBA. As they do not present any violation
of Lipinski’s rules, they can be considered as possible inhibitors of
enzymes α-amylase, α-glucosidase, and human pancreatic lipase. In
the sameway, the toxicological analysis of all the compounds obtained
from lichens was carried out using the Osiris DataWarrior
computational tool (Torres-Benítez et al., 2022; Torres-Benítez
et al., 2023a) where it was possible to observe that the compounds
that did not present any risk of toxicity were 2.5DHA, cyperin,
diospirol, hypoxyphenone, lecanoric acid, orselinic acid, prephenic
acid, SDA, and O4BBA (Table 8). As they present no risk of toxicity
and no violation of Lipinski’s rules, these compounds were proposed
as possible inhibitors of enzymes α-amylase, α-glucosidase, and
human pancreatic lipase. Therefore, they were evaluated by in
silico analysis to observe their performance as inhibitors,
comparing them with the known inhibitors of these enzymes
(acarbose for α-amylase and α-glucosidase and MUP for human
pancreatic lipase).

The bioavailability of compounds present in lichens is
assessed by topological polar surface area analysis (TPSA)
(Torres-Benítez et al., 2022; Torres-Benítez et al., 2023a). This
parameter is closely related to the passive molecular transport of
drugs through cell membranes; it will allow predicting the
behavior and properties of drug transport to assess their
possible bioavailability. The TPSA parameter helped to predict
the percentage absorption of the compounds (Torres-Benítez
et al., 2022). The compounds that presented a higher
percentage of absorption according to their TPSA values were
4-HSA (90.24%), O4BBA (90.24%), 18-HA (89.15%), cyperine
(88, 67%), TOPA (83.39%), azelaic acid (83.26%), and phthalic
acid (83.26%). With the results of the evaluation of the
pharmacological and toxicological properties, it was observed
that those compounds that did not present any toxicological risk
and any violation of Lipinski’s rules were proposed as possible
inhibitors of the enzymes to be evaluated; therefore, the
compounds 2,5DHA, cyperin, diospyrol, hypoxyphenone,

FIGURE 6
Molecular interactions of between phytochemicals and the α-amylase enzyme. (A)Molecular interactions of 2,5DHA and α-amylase; (B)molecular
interactions of cyperine and α-amylase; (C) molecular interactions of diospyrol and α-amylase; (D) molecular interactions of hypoxyphenone and α-
amylase; (E) molecular interactions of lecanoric acid and α-amylase; (F) molecular interactions of orsellinic and acid α-amylase; (G) molecular
interactions of prephenic acid and α-amylase; (H) molecular interactions of SDA and α-amylase; and (I) molecular interactions of O4BBA and α-
amylase.
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lecanoric acid, orsellinic acid, prephenic acid, SDA, and O4BBA
were those that were used for the in silico analysis to observe the
behavior against these enzymes, comparing them with known
inhibitors such as acarbose, orlistat, and MUP (Trang et al., 2017;
Swargiary and Daimari, 2020).

3.5 Evaluation of docking α-amylase
inhibition

Subsequent to the pharmacokinetic and toxicological analyses,
those compounds that did not appear to be at any risk of toxicity,

TABLE 9 Binding affinities of phytochemicals with α-amylase, α-glucosidase, and human pancreatic lipase enzymes.

Compound α-Amylase (kcal/mol) α-Glucosidase (kcal/mol) Human pancreatic lipase (kcal/mol)

2,5DHA −6.10 −5.80 −6.60

Cyperine −7.30 −7.20 −8.10

Diospyrol −9.00 −8.80 −11.0

Hypoxyphenone −6.00 −4.90 −6.80

Lecanoric acid −8.10 −7.00 −9.00

Orsellinic acid −6.10 −5.10 −6.50

Prephenic acid −6.10 −4.90 −6.50

SDA −7.60 −7.30 −8.50

O4BBA −8.70 −8.40 −10.5

Acarbose* −7.80 −7.00 -

Orlistat* - - −7.10

MUP* - - −5.70

5DHA, 2,5-dihydroxyterephthalic acid; SDA, succinyldisalicylic acid; O4BBA, o-(4-biphenylylcarbonyl) benzoic acid; MUP, methoxy undecyl phosphonic acid. *, reference inhibitor.

FIGURE 7
Dockingmolecular between phytochemicals and the α-glucosidase enzyme in a surface view. (A) α-Glucosidase and 2,5DHA; (B) α-glucosidase and
cyperine; (C) α-glucosidase and diospyrol; (D) α-glucosidase and hypoxyphenone; (E) α-glucosidase and lecanoric acid; (F) α-glucosidase and orsellinic
acid; (G) α-glucosidase and prephenic acid; (H) α-glucosidase and SDA; and (I) α-glucosidase and O4BBA.
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and no violation of Lipinski’s rules were chosen (Figure 4). These
compounds (Figure 4) were proposed as potential α-amylase
inhibitors and evaluated by in silico molecular sugar analysis to
investigate their behavior and binding properties at the α-amylase
catalytic site (Figures 5, 6). Table 9 shows the binding affinities of
the compounds proposed as inhibitors and each of the enzymes.
These compounds were compared with the reference inhibitor
(acarbose) to see if the affinity at the catalytic site was similar or
better. The study of the phytochemical–enzyme interaction
showed that the compounds diospyrol, O4BBA, and lecanoric
acid presented the highest binding affinities with the enzyme α-
amylase. The binding affinities were found to be −9.00, −8.70,
and −8.10 kcal/mol, respectively (Table 9). These affinities that
these compounds appeared to have in comparison with the
reference inhibitor acarbose (−7.80 kcal/mol) were higher
because the map of ligand interactions (Figures 6C, E, I
respectively) and the geometry adopted in the catalytic pocket
(Figures 5C, E, I; respectively) were suitable for energetic and
geometric stability at the catalytic site.

The diospyrol compound presented two conventional H bonds
with the amino acid Gln63 because the hydroxyl functional group
of one of its aromatic rings allows the donation of a hydrogen bond
as well as the acceptance of a hydrogen bond, and it is also observed
that diospyrol presents a π-anion-type interaction between the π

electrons of the aromatic ring and the amino acid Asp300. These
interactions are highly involved in the energetic and geometric
stability of the diospyrol compound, so this compound had a
higher binding affinity at the α-amylase catalytic site (Figure 5C).
The compound O4BBA and lecanoric acid showed similar values
in the binding affinity (−8.70 and −8.10 kcal/mol, respectively);
however, it is observed that lecanoric acid has a lower binding
affinity because it presents an unfavorable donor–donor
interaction between a hydroxyl group of one of its aromatic
rings and the amino acid His299; however, it is observed that it
presents a higher binding affinity than the reference inhibitor
acarbose because it presents three strong H-bond interactions with
the amino acids Gln63, Asp197, and Asp300 (Figure 6E).
Compounds SDA and cyperine presented binding affinities

FIGURE 8
Molecular interactions between phytochemicals and the α-glucosidase enzyme. (A)Molecular interactions between 2,5DHA and α-glucosidase; (B)
molecular interactions between cyperine and α-glucosidase; (C)molecular interactions between diospyrol and α-glucosidase; (D)molecular interactions
between hypoxyphenone and α-glucosidase; (E) molecular interactions between lecanoric acid and α-glucosidase; (F) molecular interactions between
orsellinic and acid α-glucosidase; (G) molecular interactions between prephenic acid and α-glucosidase; (H) molecular interactions between SDA
and α-glucosidase; and (I) molecular interactions between O4BBA and α-glucosidase.
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(−7.60 and −7.30 kcal/mol, respectively) similar to those of the
reference inhibitor acarbose (−7.80 kcal/mol) because the
geometric distribution (Figures 5B, H) and the interactions at
the catalytic site (Figures 6B, H, respectively) were very similar to
those of acarbose. Both compounds presented a strong H-bond-
type interaction; the SDA compound interacted with
His299 amino acid (Figure 6H), while the cyperine compound
interacted with Asp300 amino acid (Figure 6B).

The compounds 2.5DHA, hypoxyphenone, orselinic acid, and
prephenic acid had similar and lower binding affinities
(−6.10, −6.00, −6.10, and −6.10 kcal/mol, respectively) compared
to the inhibitor acarbose; this is mainly because the binding was
carried out of the catalytic site of α-amylase, so the geometric
distribution in the binding site was not the most adequate
(Figures 5A, D, F, G; respectively).

3.6 Evaluation of docking α-glucosidase
inhibition

The results of the in silico analysis of the phytochemicals and α-
glucosidase enzyme are shown in Figures 7, 8. The compounds were
compared with the reference inhibitor acarbose to see if the behavior
of the phytochemicals was similar or better against enzyme α-
glucosidase. For each of the compounds, together with acarbose,
their binding affinity (Table 9) against the α-glucosidase enzyme was

calculated. It was observed that the compounds diospyrol and
O4BBA presented higher binding affinities (−8.80 and −8.40 kcal/
mol, respectively) compared to the reference inhibitor acarbose
(−7.00 kcal/mol) (Table 9). In the interaction map (Figure 8), it
is observed that the diospyrol compound presented four H-bond-
type interactions with the amino acids Asp197, Thr199, Asp437, and
Asp536 (Figure 8C); in addition, this compound presented four π-
anion-type interactions with the amino acids Asp197 and Asp536.
These interactions presented by the compound diospyrol caused its
affinity and geometry in the catalytic site to bemore stable compared
to the inhibitor acarbose (Figures 7C, 8C).

The O4BBA compound presented three π-anion-type
interactions between the π electrons of its aromatic rings and the
amino acids Asp197, Asp437, and Asp536 (Figure 8I) which allow
an electrostatic attraction at the catalytic site of α-glucosidase
(Figure 7I). Five van der Waals-type interactions were also
observed with the amino acids Arg196, Asp321, Met438, Ser442,
Phe444, and Arg520. The compounds SDA, cyperine, and lecanoric
acid presented binding affinities (−7.30, −7.20 and −7.00 kcal/mol;
respectively) similar to the inhibitor acarbose (−7.00 kcal/mol). The
SDA compound presented two H-bond interactions, mainly with
the oxygens of the carbonyl groups and the amino acids Trp400 and
Arg520 (Figure 8H). Two π-anion-type interactions were presented
with the amino acids Trp400 and Tyr293. However, it was observed
that the SDA compound presented two unfavorable
negative–negative interactions with the amino acids Asp321 and

FIGURE 9
Docking molecular between phytochemicals and the human pancreatic lipase enzyme in a surface view. (A) Human pancreatic lipase and 2,5DHA;
(B) human pancreatic lipase and cyperine; (C) human pancreatic lipase and diospyrol; (D) human pancreatic lipase and hypoxyphenone; (E) human
pancreatic lipase and lecanoric acid; (F) human pancreatic lipase and orsellinic acid; (G) human pancreatic lipase and prephenic acid; (H) human
pancreatic lipase and SDA; and (I) human pancreatic lipase and O4BBA.
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Asp437; these interactions directly affect the energetic and geometric
stability within the catalytic site of α-glucosidase (Figure 7H).

Compounds showing lower binding affinities than acarbose
were 2.5DHA, hypoxyphenone, orsellinic acid, and prephenic
acid (−5.80, −4.90, −5.10l, and −4.90 kcal/mol, respectively). Of
the compounds that presented lower affinities than acarbose, the
one that presented important interactions in the catalytic site of α-
glucosidase was 2.5DHA (Figures 7A, 8A). Three H-bond
interactions were observed with the amino acids Asp437, Arg520,
and His594 (Figure 8A). Two π-anion-type interactions were also
observed between the π electrons of the aromatic ring and the amino
acid Asp535 and the carboxylate with the amino acid Arg592.

3.7 Evaluation of docking pancreatic lipase
inhibition

To carry out the in silico analysis of the phytochemicals, the
cocrystallized ligand (MUP) of the human pancreatic lipase

enzyme was used, which was used as a reference compound for
coupling and to determine the coordinates of the catalytic site of
the enzyme to the compound orlistat as a reference inhibitor since
it is the only drug approved by the FDA that acts on pancreatic
lipase. The binding affinity results showed that the compounds
cyperine, diospyrol, lecanoric acid, SDA, and O4BBA presented
binding affinities (−8.10; −11.0; −9.00; −8.50, and −10.5 kcal/mol,
respectively) higher than those of the reference inhibitors orlistat
and MUP (−7.10 and −5.70 kcal/mol, respectively). This behavior
is mainly because the geometry adopted by these compounds in
the catalytic site of the enzyme (Figure 9) allowed a better
interaction with the amino acids directly involved in the
catalytic sites (Ser152, Phe215, Arg256, His263, and Leu264).
The diospyrol compound was the one that presented the
highest binding affinity in the catalytic site (Figure 9C) because
it presented two π-cation-type interactions between the π

electrons of the aromatic ring and the amino acid His263,
which is directly involved in the inhibition of human
pancreatic lipase (Figure 10C).

FIGURE 10
Molecular interactions between phytochemicals and the human pancreatic lipase enzyme. (A)Molecular interactions between 2,5DHA and human
pancreatic lipase; (B) cyperine and human pancreatic lipase; (C) diospyrol and human pancreatic lipase; (D) hypoxyphenone and human pancreatic lipase;
(E) lecanoric acid and human pancreatic lipase; (F) orsellinic and human pancreatic lipase; (G) prephenic acid and human pancreatic lipase; (H) SDA and
human pancreatic lipase; and (I) O4BBA and human pancreatic lipase.
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In addition, five van der Waals interactions were observed with
the amino acids Phe77, Asp79, Ser152, Leu153, Ile209, and
Arg256 of which the amino acids Ser152 and Arg256 are directly
involved in the enzyme binding site. The compound O4BBA was the
second compound that presented a higher binding affinity in the
human pancreatic lipase enzyme due to the conformation it adopted
in the catalytic site (Figure 9I). This compound presented two
H-bond-type interactions with the amino acids Phe77 and
Ser152; however, it also presented an unfavorable
acceptor–acceptor interaction with the amino acid Ser152,
causing it to have an interaction similar to that of the diospyrol
compound (Figure 10I). The compounds cyperine, lecanoric acid,
and SDA showed similar conformations and binding affinities at the
catalytic site of human pancreatic lipase (Figures 9, 10B, E, H). This
behavior is mainly because they presented similar interactions with
the residues directly involved in the catalytic site (Figure 10). The
cyperine compound presented three H-bond-type interactions with
the amino acids Phe77, Asp79, and Arg256; in addition, it presented
attractive charge-type interactions between two carboxylate groups
and a hydroxyl with the amino acids His151, His263, and Arg256
(Figure 10B). These interactions allowed adequate stabilization at
the binding site. Figure 10E shows the main interactions presented
by the lecanoric acid compound against the human pancreatic lipase
enzyme. This compound presented some H-bond interactions with
the amino acid Arg256 and five van derWaals-type interactions with
the amino acids Phe77, Asp79, Ala178, Ile209, and His263
(Figure 10E).

The SDA compound presented three H-bond interactions with
the amino acids Phe77, Ser152, and Arg256 (Figure 10H). It also
presented two attractive charge-type interactions with the amino
acids Arg256 and His263. These interactions with the amino acids
that were in the binding site allowed the conformation of the SDA
compound (Figure 10H) to stabilize and have better binding affinity
with the reference inhibitors (orlistat and MUP).

According to molecular docking analyses, there is a greater
potential for pharmacological effect when evaluating isolated
compounds present in the extracts of Psoroma species, which is
evident with other Antarctic lichen species, such as H. lugubris
where the isolation of compounds such as usnic acid, barbatolic acid,
atranol, and 5,7-dihydroxy-6-methylphthalide demonstrates greater
antioxidant and enzyme inhibition activity (Areche et al., 2022);
likewise, computational studies carried out with compounds present
in the extracts of other Antarctic species, such as L. brialmontii, P.
pubescens, S. globosus, C. gracilis, and C. chlorophaea (Torres-
Benítez et al., 2022; Torres-Benítez et al., 2023a), validate the
promising use of compounds of phenolic nature for the
treatment of different pathologies of wide prevalence and
incidence as well as the understanding of their mechanisms of
action at the organismic and cellular level (White et al., 2014). In
addition, in the last 2 decades, biologically active metabolites have
been isolated, such as atranorin (Melo et al., 2011; Zhou et al., 2017;
Urbanska et al., 2022), barbatic acid (Reddy et al., 2019), diffractaic
acid (Karagoz et al., 2015; Emsen et al., 2018), evernic acid
(Fernandez-Moriano et al., 2017a; Shameera Ahamed et al., 2019;
Lee eta al., 2021), fumarprotocetraric acid (Kosanić et al., 2014;
Fernández-Moriano et al., 2017b), gyrophoric acid (Candan et al.,
2006; Bačkorová et al., 2011), lobaric acid (Hong et al., 2018),
physodic acid (Studzińska-Sroka et al., 2021b), protocetraric acid

(Nguyen et al., 2023), thamnolan (Omarsdottir et al., 2007), usnic
acid (Luzina and Salakhutdinov, 2018), and vulpinic acid (Varol
et al., 2016; Kılıç et al., 2018), which are present in the species of the
genera Cladonia, Parmotrema, Lepraria, Lethariella, Pseudoevernia,
Hypotrachyna, Umbilicaria, Usnea, among others.

4 Conclusion

The extracts of the lichenized fungi species O. frigida, P.
contortuplicata, and U. antarctica contain various bioactive
compounds of aromatic, carbohydrate, acid, lipid, and depside
types that determine the possibility of positive effects on
different biological activities in vitro and in vivo. The three
species reported a moderately significant antioxidant activity
that is proportionally related to the concentration of total
phenols, especially more abundant in the lichen O. frigida.
Regarding the in vitro enzyme inhibition activity, the extracts
of the three species presented considerably better values for the
α-glucosidase enzyme compared to the standard and less
effective results for α-amylase and pancreatic lipase enzymes;
however, with the in silico evaluation of a strong intermolecular
interaction of compounds 2,5-dihidroxyterephthalic acid,
cyperine, diospyrol, hypoxyphenone, lecanoric acid, orsellinic
acid, prephenic acid, succinyldisalicylic acid, and o-(4-
biphenylylcarbonyl) benzoic acid, the catalytic sites of α-
glucosidase, α-amylase, and pancreatic lipase enzymes were
detected. In this research, the potential of extracts and
compounds of these species for the promising treatment of
metabolic diseases such as diabetes mellitus and those related
to oxidative damage such as Alzheimer’s, Parkinson’s and
amyotrophic lateral sclerosis is highlighted. Furthermore, the
prospects for the near future in this type of research is the
biodirected study of ethanolic extract fractions, the isolation,
elucidation, and biological assays of major compounds, and
the testing of extracts, active fractions, and compounds in
murine models with the aim of further strengthening the
pharmacological, nutritional, and biomedical potential of the
chemical world of lichenized mushrooms.
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Typha domingensis, a medicinal plant with significant traditional importance for
curing various human diseases, has potentially bioactive compounds but was less
explored previously. Therefore, this study aims to investigate the therapeutic
potential of T. domingensis by evaluating the phytochemical profile through
high-performance liquid chromatography (HPLC) techniques and its biological
activities (in vitro and in vivo) from the methanolic extract derived from the
entire plant (TDME). The secondary metabolite profile of TDME regulated by
reverse phase ultra-high-performance liquid chromatography–mass
spectrometry (RP-UHPLC–MS) revealed some bioactive compounds by -ve and
+ve modes of ionization. The HPLC quantification study showed the precise
quantity of polyphenols (p-coumaric acid, 207.47; gallic acid, 96.25; and
kaempferol, 95.78 μg/g extract). The enzyme inhibition assays revealed the IC50

of TDME as 44.75 ± 0.51, 52.71 ± 0.01, and 67.19 ± 0.68 µgmL-1, which were
significant compared to their respective standards (indomethacin, 18.03 ± 0.12;
quercetin, 4.11 ± 0.01; and thiourea, 8.97 ± 0.11) for lipoxygenase, α-glucosidase,
and urease, respectively. Safety was assessed by in vitro hemolysis (4.25% ± 0.16%
compared to triton × 100, 93.51% ± 0.36%), which was further confirmed (up to
10 g/kg) by an in vivo model of rats. TDME demonstrated significant (p < 0.05)
potential in analgesic activity by hot plate and tail immersion tests and anti-
inflammatory activity by the carrageenan-induced hind paw edema model. Pain
latency decreased significantly, and the anti-inflammatory effect increased in a
dose-dependentway. Additionally, in silicomolecular docking revealed that 1,3,4,5-
tetracaffeoylquinic acid and formononetin 7-O-glucoside-6″-O-malonate possibly
contribute to enzyme inhibitory activities due to their higher binding affinities
compared to standard inhibitors. An in silico absorption, distribution,
metabolism, excretion, and toxicological study also predicted the
pharmacokinetics and safety of the chosen compounds identified from TDME.
To sum up, it was shown that TDME contains bioactive chemicals and has strong
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biological activities. The current investigations on T. domingensis could be extended
to explore its potential applications in nutraceutical industries and encourage the
isolation of novel molecules with anti-inflammatory and analgesic effects.

KEYWORDS

T. domingensis extract, phytochemical profiling by UHPLC–MS, phenolic quantification by
HPLC, in vitro biological activities, in vivo anti-inflammatory and analgesic, in silico
docking and ADMET predictions

1 Introduction

Natural products and their pharmaceutical compounds are used
to treat a wide range of human illnesses. Despite advances in medical
science over the last few decades, many major diseases remain
difficult to cure (Singh, 2010). Medicinal plants have a wide
range of bioactive qualities and have been used for therapeutic
purposes since ancient times, and they continue to play an
important role in modern medical study and practice (Sofowora
et al., 2013). Cancer, bacterial infections, and immunological
abnormalities are examples of these ailments, and over 25% of all
prescribed medications in the world come from plants (Uddin et al.,
2011). Chronic inflammatory diseases continue to be a major global
health concern and are linked to many health conditions (Khan N.
U. et al., 2022). The body’s natural and reversible defense
mechanism against a variety of harmful substances, including
toxins, microbial attacks, physical agents, and immunological
responses, is inflammation. Inflammation that lasts too long or
becomes uncontrolled can lead to serious illnesses (Chen et al., 2018;
Khan K. et al., 2022).

The naturally occurring bioactive compounds including various
phenolics and flavonoids occurring in medicinal plants were found
to be promising inhibitors of several enzymes involved in human
pathologies (Shahzad et al., 2022). Pain is a sensual modality that,
under many circumstances, is the solitary indication used to
diagnose a variety of disorders. Throughout history, numerous
therapeutic methods have been used for pain relief, with the
widespread use of medicinal plants standing out prominently
(Uritu et al., 2018). Furthermore, in recent times, there has been
a notable increase in the exploration of wild medicinal plants for
their potential antidiabetic effects, and it was found that highly
effective natural antidiabetic agents that were reported with
phytochemicals exhibit several possible modes of action (Ahmed
et al., 2022b). Urease inhibitors are also gaining importance due to
their potential applications in gastric and urinary tract infections
(UTIs). Gastric ulcers, urolithiasis, and UTIs are frequent ailments
of this era that involve urease enzymes in their pathology (Nile et al.,
2017).

Typha domingensis, commonly known as cattail, is a herbaceous,
perennial wetland plant found all around the world (Beare and
Zedler, 1987). There are 30 species of Typha in the family Typhaceae
(Pandey and Verma, 2018). Turkish folk medicine uses female
Typha species topically to stop bleeding (Akkol et al., 2011).
Additionally, these were also used for healing wounds and burns.
The pollen is astringent, diuretic, desiccant, hemostatic, and
vulnerable. The leaves are diuretics. Typha domingensis also has
nutritional value. Species of Typha such as Typha elephantine
(Roxb), Typha angustifolia (Watt), and Typha latifolia (Edgew)
are recognized as reservoirs of antimycobacterial agents (Rao

et al., 2016). All parts of the Typha plant, predominantly the
rhizomes, are edible for consumption. The presence of starch
grains in grinding stones suggests that they were utilized as a
food source in Europe a considerable time ago (Zeng et al.,
2020). Because of their higher carbohydrate content than
potatoes, rootstocks and rhizomes are consumed as a nutritious
food source during the spring season. Furthermore, they have
protein levels equivalent to maize and rice (Morton, 1975; Zeng
et al., 2020). The root can likewise be dried, ground into a powder,
and afterward added to cereal flours or utilized as a thickener in
different dishes. This flour, which is high in protein, is used to make
bread, cakes, biscuits, etc. (Aljazy et al., 2021).

The goal of this study is to investigate T. domingensis, as a
medicinal plant, with a variety of useful features, including
toxicology and central analgesic activity, as well as anti-
inflammatory and enzymatic inhibition activities. This might
open the door to the discovery of bioactive chemical substances
without the negative side effects usually connected with synthetic
drugs.

2 Materials and methods

2.1 Collection, identification, and
preparation of the methanolic extract of T.
domingensis

Themature plant as a whole was inspected and authorized by the
herbarium of the Department of Botany, which is part of the Faculty
of Life Science at the Islamia University of Bahawalpur in Pakistan.
In March 2019, a specimen was then assigned the reference number
412 and cataloged in the herbarium.

After being collected, the plant was carefully cleaned before
being spread out on a fresh sheet of paper to dry naturally for
20 days. The plant pieces were mechanically crushed into a powdery
state after drying. Approximately 3 kg of the powdered substance
was submerged in 80% methanol for 14 days while being stirred on
occasion. To assure further purification, the subsequent solutions
were first filtered through a muslin cloth and then through
Whatman 1 filter paper having a pore size of 11 μm. By applying
reduced pressure to a rotary evaporator (Heidolph Laborota 4,000,
Schwabach, Germany), the filtrate that resulted was concentrated
into a partially solid mass. A lyophilizer was then used to completely
dry the concentrated solution. The semisolid mass was subsequently
consolidated in the open air, producing 270 g of the finished
product. The labeled T. domingensis specimens were properly
preserved in an airtight container and set aside for future
examination according to the previously reported procedures
(Nazir et al., 2021).
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2.2 Phytochemical analysis of TDME

2.2.1 Reverse phase ultra-high-performance liquid
chromatography–mass spectrometry analysis of
TDME

The Agilent 1,290 Infinity UHPLC system, which was coupled to
the Agilent 6,520 Accurate-Mass Q-TOF mass spectrometer, was
used in conjunction with the Agilent Eclipse XDB-C18 column,
which had dimensions of 2.1 × 150 mm and a particle size of 3.5 m.
Throughout the analysis, the column temperature was held constant
at 25 °C, while the auto-sampler temperature was set and held at 4 °C
[18]. Mobile phase A, which flowed at a rate of 0.5 mL/min and
contained a 0.1% formic acid solution in water, was chosen for the
analysis. This was chosen in preference to another mobile phase
(mobile phase B), which was a 0.1% solution of formic acid in
acetonitrile. The analysis was performed for 25 min after infusing
1.0 μL of plant extracts that had been diluted in methanol of high-
performance liquid chromatography (HPLC) grade. A post-run
time of 5 minutes was noticed after the run. Nitrogen gas was
used to create nebulization at a start-up flow rate of 25 L per
hour. This was followed by increasing the flow rate to 600 L per
hour to facilitate drying at 350 °C. The fragmentation voltage was
kept at 125 V, while the capillary voltage was set at 3500 V (Saleem
et al., 2019). Similar to previous findings, RP-UHPLC–MS analyses
were carried out to evaluate the polyphenolic composition of TDME.
Agilent MassHunter Qualitative Analysis B.05.00 software was used
to evaluate the data using the Metabolomics-2017–00004. m
method. Utilizing particular criteria, such as a match tolerance of
5 ppm, the compounds were found using the exploration database
METLIN_AM_PCDL-Ne 170502 cdb. Both negative ion modes like
H- and positive ion modes like H+, Na+, and NH4+ were employed
(Locatelli et al., 2017).

2.2.2 Polyphenolic profile by HPLC (quantitative
analysis)

A Shimadzu HPLC system from Japan was used to quantify
the sample extract (Al-Qahtani et al., 2023). To determine the
phenolic profile, a dried sample weighing 0.1 g was combined
with 1 mL of methanol. The sample was filtered through a
0.45 μm syringe filter and centrifuged at 6,000 g for 15 min. A
10 μL volume was then injected into the HPLC apparatus after
that. The Shimadzu Shim-pack CLC-ODS C-18 column (with
dimensions of 5 cm × 4.5 mm and a particle size of 5 m) was used
to analyze the samples. The standards used in this analysis for the
quantification of polyphenols are chlorogenic acid, p-coumaric
acid, gallic acid, ƿ-hyydroxy benzoic acid, caffeic acid, vanillic
acid, kaempferol, sinapic acid, ferulic acid, salicylic acid,
coumarin, quercetin, benzoic acid, and rutin. The calculation
of the k-factor was used. The limit of detection and limit of
quantification of these compounds were in the range of
0.15–0.46 and 0.42–2.47 μg/mL, respectively. Glacial acetic
acid (1% in water), which was solution A, and methanol B
were combined in the mobile phase at the volumetric ratios of
90:10, 84:16, 72:28, 65:35, 50:50, and finally, to 90:10 (acetic acid:
methanol) at time intervals of 0–5, 6–20, 21–35, 36–45, and
46–60 min, and the final concentration in the mobile phase
was run for 61–75 min to restore the original conditions,
before the new sample was injected. The flow rate was

maintained at 0.8 mL/min, and the injection volume was
10 μL. An RS Diode UV–VIS matrix detector was used to
detect the signals of chromatogram and operated in a
wavelength range of 270–370 nm. The temperature of the
column was maintained at 25 °C, and identification of peaks
was performed by the comparison of peaks obtained by
running the standard compounds under similar conditions.
The similar procedure was also reported by Basit et al. (2023).
The experiment was performed in triplicates, and the obtained
chromatogram is shown in Figure 1.

Concentration of compound μg/g( )

� Area of the Peak * k-factor of the compound.

2.3 In vitro biological investigation

2.3.1 Enzyme inhibition assays
2.3.1.1 Lipoxygenase inhibition activity

The anti-lipoxygenase action was evaluated using the same
modification test techniques as previously published (Singsai
et al., 2020). Lipoxygenase from soybean and linoleic acid
(substrate) were used in their native forms as supplied by
Sigma-Aldrich, and the extract’s analytic solution was
prepared in methanol (1 mg/mL) and then diluted in different
aliquots (0.05–1 mg/mL). Following the procedure indicated by
Singsai et al., the reaction solution was created, and then, 1.0 mL
of substrate was added (linoleic acid at a concentration of
0.6 mM) following the incubation process. At 234 nm, the
absorbance was measured after thorough mixing. As a
reference inhibitor of lipoxygenase, indomethacin at the
concentration of 1 mg/mL in methanol (with dilutions as
mentioned for the extract) was used to quantify the
percentage of inhibition. The percentage of inhibition was
calculated by comparing it to the inhibitory action of
indomethacin, a well-known standard lipoxygenase inhibitor.
Then, the percentage inhibition was determined using the
following expression:

Lipoxygenase enzyme inhibition %( )
� Absorb. of sample − Absorb. of negative control( )

Absorb. of positive control
× 100.

2.3.1.2 α-Glucosidase inhibition activity
The standard procedure was already established (Nisar et al.,

2022) for the α-glucosidase inhibition activity, with a few minor
adjustments. The extracts and the standard solutions were
prepared in the concentration of 1 mg/mL along with different
dilutions of 0.05–1 mg/mL. An α-glucosidase enzyme solution of
1U/mL in 50 mM phosphate buffer (pH 6.8), 0.5 mM para-
nitrophenyl-β-D-glucopyranoside (pNPG) solution, and
standard solution or positive control (acarbose) with different
concentrations was prepared. The α-glucosidase enzyme (10 μL)
was added to 96-well plates for the α-glucosidase inhibition
experiment. The wells were formerly filled with 20 μL of the
extracts or a reference solution and 50 μL of phosphate buffer at a
pH of 6.8. After 15 min of incubation at 37 °C to stop the
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enzymatic activity, the mixture was tested for absorbance at a
wavelength of 405 nm. The same response mixture received 20 μL
of a 0.5 mM solution of para-nitrophenyl-D-glucopyranoside
(pNPG). The mixture was allowed to sit at room temperature
for 30 min. Using the provided formula, the final absorbance at
405 nm was measured to estimate the level of inhibition of the α-
glucosidase enzyme. Methanol (20 μL) was added as the blank in
place of the sample/standard.

α − Glucosidase enzyme inhibition %( )
� Absorb. of sample − Absorb. of negative control( )

Absorb. of positive control
× 100.

2.3.1.3 Urease inhibition activity
The urease inhibition assay for TDME was appropriate with minor

changes to an earlier described procedure (Nisar et al., 2022). The

FIGURE 1
Chromatogram of the phenolic compound profile by HPLC (quantitative analysis).

TABLE 1 The secondary metabolites from TDME were tentatively identified using UHPLC-Q–TOF-MS analysis in the -ve ionization mode.

RT M.
Mass

Identification M.
Formula

B. Peak
(m/z)

Chemical class Reported biological activity

0.64 226.07 5-Acetylamino-6-formylamino-3-
methylurssacil

C8H10N4O4 225.06 Pyrimidine-dione Acetyltransferase; Tang et al. (1983)

0.64 180.06 Theobromine C7H8N4O2 179.05 Dimethyl xanthine Antitussive; Usmani et al. (2005)

6.42 247.99 Vanillic acid 4-sulfate C8H8O7S 246.99 Phenolic acids Anti-inflammatory and antidiabetic; Cutler et al.
2018()

9.64 188.10 Nonic acid C9H16 O4 187.09 Carboxylic acid

11.18 840.18 1.3,4,5-Tetracaffeoylquinic acid C43H36O18 839.18 Hydroxycinnamic
acid

Anti-inflammatory, analgesic, and antioxidant;
Yeboah et al. (2022)

11.70 208 Stipitatonate C9H4O6 206.99 Stipitatonates

12.47 222.12 Annuionone B C13H18O3 221.11 Oxepanes Allelopathic agents; Macıas et al. (2004)

RT, retention time; M. Mass, molecular mass; M. Formula, molecular formula; B. Peak, base peak.
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extract and standard (thiourea) solutions were prepared at a
concentration of 1 mg/mL, and different dilutions were also
prepared (0.05–1 mg/mL). In 1M phosphate buffer with a pH of
7.0, the urease enzyme was produced as a solution at a
concentration of 0.025%. The produced enzyme solution was then
poured (20 μL) into 96-well plates. Methanol (20 μL) was added as the
blank in place of the sample/standard. The reaction mixture was then
given a 60 μL addition of a 2.25% urea solution after the preceding
procedures. The resulting mixture was then incubated for 15 min at a
temperature of 37 °C. The mixture’s absorbance was then assessed at λ:
630 nm. The reaction mixture was then given a 60 μL boost from the
phenol reagent before receiving a 100 μL boost from the sodium
hypochlorite solution. The resulting mixture was then incubated at a
temperature of 37 °C for further 15 min. The reaction mixture’s
absorbance was subsequently measured at a wavelength of 630 nm.
The technique for the negative control was also performed as described
previously, except that 20 μL of methanol was used in place of the
extracts or standards. The following formula determines the inhibition
of the urease enzyme. IC50 values were used to represent the results.

Urease enzyme inhibition %( )

� Absorb. of sample − Absorb. of negative control( )
Absorb. of positive control

× 100.

2.3.4 Hemolytic activity
The method outlined earlier was utilized to measure the

hemolytic impact of the TDME. A total of 10 mL of human
blood was obtained from volunteer participants and placed in a
sterile EDTA tube with a screw top. The tube was then put in a
centrifuge and spun for 5 min at an acceleration of 850×g. After
removing the top layer, the erythrocytes were carefully washed with
10 mL of sterile, cooled, isotonic PBS (pH 7.4). The previously
cleaned erythrocytes were then reconstituted in 20 mL of sterile, cold
PBS. The extracts were then added to the erythrocyte solution at a
concentration of 1,000 μg/mL, and the mixture was then incubated
at 37 °C for 60 min. The absorbance of hemoglobin in the
supernatant at 540 nm was measured to estimate the rate of
hemolysis. The proportion of hemolysis was computed using the

stated formula. Triton X-100 (0.1%) was used as the +ve control, and
PBS was used as the -ve control (Tabassum et al., 2022).

Hemolysis percentage %( )

� Absorb. of sample - Absorb. of negative control( )

Absorb. of positive control
× 100.

2.3.5 In vitro anti-inflammatory activity
The technique of stabilizing the membrane of the human red blood

cell was exploited in this study. Healthy human volunteers’ blood
samples were combined with an equal amount of Alsever’s solution
(5 mL blood sample and 5 mL Alsever’s solution). Alsever’s solution
consists of 2% dextrose, 0.8% sodium citrate, 0.05% citric acid, and
0.42% sodium chloride. The mixture of blood sample and Alsever’s
solution was formerly centrifuged at room temperature for 15 min at a
speed of 3,000 rpm. These RBCs were washed with saline solution to
eliminate impurities and to prepare a 10% suspension of RBCs. At the
time of the experiment, different preparations were made: a control
using distilled water and a standard solution of diclofenac sodium (at a
conc. of 500 μg/mL and various concentrations of TDME at 500, 1,000,
and 3,000 μg/mL). Distilled water, 1 mL of phosphate buffer, 2 mL of
hyposaline (0.36%), and last, 0.5 mL of the red blood cell (RBC)
suspension were added to each of these preparations in that order.
The study followed the guidelines set in the Helsinki Declaration and
received approval from the institutional ethical committee known as
PREC. The assay combination was centrifuged for 20 min at a speed of
3,000 rpm following a 30-min incubation at 37 °C. At 560 nm, the
supernatant solution’s hemoglobin content was calculated by
spectrophotometry (Chirumamilla et al., 2022).

% inhibition � 1 – Absorbance of sample/Absorbance of control( )* 100.

2.4 In vivo biological evaluation

2.4.1 Chemicals
All of the materials utilized in the study were highly pure and

appropriate for scientific investigation. Sigma-Aldrich

FIGURE 2
Chromatographic representation of TDME by using UHPLC-Q–TOF-MS (-ve mode).
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TABLE 2 The secondary metabolites from TDME were tentatively identified using UHPLC-Q–TOF-MS analysis in the +ve ionization mode.

RT M.
Mass

Identification M.
Formula

B. Peak
(m/z)

Chemical class Reported biological activity

0.65 180.06 L-galactose C6H12O6 198.09 Aldohexoses Glactosemia and neurological
symptoms; Conte et al. (2021)

0.65 126.03 4-Hydroxy-6-methylpyran-2-one C6H6O3 127.03 Pyranone Antimicrobial; Mohamed-Smati et al.
(2021)

0.65 162.05 3-Hydroxy-3-methyl-glutaric acid C6H10O5 180.08 Hydroxy acid Inhibition of hepatic cholesterol
synthesis; Beg and Lupien (1972)

0.65 144.04 Methylitaconate C6H8O4 145.04 Itaconic acid

0.66 342.11 Nigerose (Sakebiose) C12H22O11 360.15 Disaccharide Anticarcinogenic activity; Konishi and
Shindo (1997)

0.67 254.10 Galactosylglycerol C9H18O8 277.08 Galactolipids Antitumor; Wei et al. (2013)

0.70 341.13 6-(alpha-D-glucosaminyl)-1D-myo-inositol C12H23NO10 342.13 Inositol glycon Antimicrobial and antioxidant;
Hamadou et al. (2022)

0.79 120.04 Purine C5H4N4 121.05 Hetrocyclic aromatic
organic compound

Gout and leukemia; Huang et al. (2021)

9.52 516.12 Formononetin 7-O-glucoside-6″-O-malonate C25H24O12 517.13 Flavonoid glycoside Anti-inflammatory and antioxidant
activity; Hinderer et al. (1987)

11.87 162.06 8Z-decene-4,6-diynoic acid C10H10O2 163.07 Fatty acid Antioxidant; Ahmad et al. (2016)

12.17 273.26 C16 sphinganine C16H35NO2 274.27 Sphingolipids Schizophrenia; Song et al. (2023)

12.91 267.14 Codonopsine C14H21NO4 268.15 Pyrrolidizine alkaloid Antimicrobial activity; El-Nezhawy
et al. (2019)

13.41 176.04 4-Methylumbelliferone C10H8O3 177.05 Coumarin Anti-cancer activity; Sinha et al. (2019)

14.65 194.09 Ethyl 4-methylphenoxyacetate C11H14O3 195.10 Phenoxyacetic acid
derivative

Flavoring agents; Ahmad et al. (2016)

16.03 234.16 Curcumenol C15H22O2 235.16 Sesquiterpenoid Anti-inflammatory agents; Tanaka
et al. (2008)

16.43 342.14 Deoxymiroestrol C20H22O5 343.15 Phenolic coumarin Estrogenic activity; Udomsuk et al.
(2011)

16.97 278.15 Emmotin A C16H22O4 279.15 Sesquiterpenoid Neurodegenerative diseases; Ngu et al.
(2022)

17.47 229.20 2S-amino-tridecanoic acid C13H27NO2 252.19 Long-chain fatty acid Antimicrobial; Chowdhury et al. (2021)

18.04 286.21 2,3-Dihydroxycyclopentaneundecanoic acid C16H30O4 304.24 Long-chain fatty acid Antioxidant; Palakkal et al. (2017)

19.51 330.27 1-Monopalmitin C19H38O4 353.26 Monoacylglycerole

19.69 227.22 Halaminol A C14H29NO 228.23 Amino alcohol Anthelmintic activity; Herath et al.
(2019)

20.20 208.14 (5alpha,8beta,9beta)-5,9-Epoxy-3,6-
megastigmadien-8-ol

C13H20O2 Benzopyran Xenobiotics; Dave et al. (2020)

20.42 224.21 3,7,11-Trimethyl-6E,10-dodecadien-1-ol C15H28O 242.24 Terpene alcohol

20.45 210.16 10-Tridecynoic acid C13H22O2 228.19 Fatty acid Antimicrobial; Krishnaveni et al.
(2015)

20.81 255.25 Palmitic amide C16H33N O 256.26 Amide Anti-colon cancer cells; Wangchuk
et al. (2014)

21.31 112.12 Cis-1,2-dimethylcyclohexane C8H16 113.13 Cycloalkane

22.19 283.28 Stearamide C18H37N O 284.29 Amide Lubricant; Briscoe et al. (1972)

23.24 448.49 8-Methyl-3-hentriacontene C32H64 466.53 Aliphatic hydrocarbon

24.11 426.37 Hexacosanedioic acid C26H50O4 427.37 Dicarboxylic acid

(Continued on following page)
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(United States) provided carrageenan, Novartis Pharma Ltd.
provided diclofenac sodium, and Indus Pharma provided
pentazocine (Javed et al., 2020).

2.4.2 Drugs
TDME (at dosages of 30, 100, and 300 mg/kg), pentazocine (at a

dose of 10 mg/kg), diclofenac sodium, and indomethacin (at a dose

TABLE 2 (Continued) The secondary metabolites from TDME were tentatively identified using UHPLC-Q–TOF-MS analysis in the +ve ionization mode.

RT M.
Mass

Identification M.
Formula

B. Peak
(m/z)

Chemical class Reported biological activity

24.46 337.33 N-cyclohexanecarbonylpentadecylamine C22H43NO 338.34 Amide Acid amidase inhibitor; Tsuboi et al.
(2004)

RT, retention time;M. Mass, molecular mass; M. Formula, molecular formula; B. Peak, base peak.

FIGURE 3
Chromatographic representation of TDME by using UHPLC-Q–TOF-MS (+ve mode).

TABLE 3 HPLC quantification of TDME.

Component name Peak # RT (min) Area K-factor Conc. (µg/g)

p-Coumaric acid 3 3.16 691,590.0 0.0003 207.47

Gallic acid 4 3.39 1093814.8 0.00088 96.25

Kaempherol 14 10.78 2,347,633.2 0.0000408 95.78

TABLE 4 Enzyme nhibition activities of TDME.

Extract Lipoxygenase IC50 (µgmL-1) ± SD α-Glucosidase IC50 (µgmL-1) ± SD Urease IC50 (µgmL-1) ± SD

TDME 44.75 ± 0.51 52.71 ± 0.01 67.19 ± 0.68

Standard 18.03 ± 0.12a 4.11 ± 0.01 b 8.97 ± 0.11c

Values are expressed as the mean ± SD of three parallel measurements. “a” represents indomethacin, “b” represents quercetin, and “c” represents thiourea.

TABLE 5 Hemolytic activities to assess the safety and anti-inflammatory action of TDME.

Extract Hemolysis (%) Hemolysis inhibition (%)

TDME 4.25 ± 0.16 39.16 ± 1.33

Standards 93.51 ± 0.36a 55.91 ± 1.78b

For each experiment, the process was performed three times. The data are shown as the mean ± standard deviation (n = 3). aTriton × 100 serves as the reference standard in hemolytic activity for

safety analysis; bdiclofenac sodium serves as standard to investigate anti-inflammatory properties.
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of 15 mg/kg) were produced and dissolved in distilled water. These
solutions were given intraperitoneally at a dosage of 5 mL/kg, acting
as reference substances for assessing their anti-inflammatory and
analgesic effects (Javed et al., 2020).

2.4.3 Experimental animals
The Wistar albino rats were housed and cared for in the animal

facility of the Pharmacology & Physiology research laboratory in
Pakistan (the Islamia University of Bahawalpur’s Faculty of
Pharmacy and Alternative Medicine). The rats were both male

and female, weighing between 140 and 225 g. In this
investigation, polycarbonate cages with a maximum animal
occupancy of six were used, measuring 47 × 34 × 18 cm3.
Standard environmental parameters were upheld throughout the
trial, including a temperature of 25°C ± 2 °C, humidity levels of 50%–

55%, and a consistent 12-h cycle of light and darkness. Throughout
the trial, the animals received standard animal feed and had full
access to water. The experimental circumstances were kept up for a
week before the trial began to reduce stress on the animals. Under
the reference number PAEC22/74, the institution’s Pharmacy

TABLE 6 Effect of TDME and indomethacin in carrageenan-induced paw edema test in rats.

Treatment Paw size (mm)

0 hr 1 hr 2 hr 3 hr 4 hr

Control (distilled water (DW)) (5 mL/kg) 7.32 ± 0.16 8.98 ± 0.15 9.20 ± 0.20 10.20 ± 0.20 10.38 ± 0.18

Indomethacin (15 mg/kg) 7.35 ± 0.16 8.35 ± 0.15 8.25 ± 0.15*** 8.10 ± 0.10*** 7.94 ± 0.13***

TDME (30 mg/kg) 7.43 ± 0.13 8.55 ± 0.21 8.50 ± 0.21 ** 8.44 ± 0.20*** 8.40 ± 0.19***

TDME (100 mg/kg) 7.35 ± 0.18 8.50 ± 0.20 8.40 ± 0.21 ** 8.35 ± 0.21*** 8.30 ± 0.25***

TDME (300 mg/kg) 7.43 ± 0.15 8.43 ± 0.18 8.35 ± 0.16 ** 8.29 ± 0.19*** 8.26 ± 0.18***

All values are presented as mean ± SD. p < 0.001 (***) and p < 0.05 (**) versus the control. A two-way ANOVA was used in the statistical analysis, followed by Bonferroni’s test.

TABLE 7 Effects of diclofenac, pentazocine, and TDME on the hot plate test in rats.

Treatment Reaction time (sec)

0 min 30 min 60 min 90 min 120 min

Control (DW) (5 mL/kg) 2.78 ± 0.31 2.27 ± 0.21 3.33 ± 0.33 3.50 ± 0.22 3.33 ± 0.42

Diclofenac (15 mg/kg) 2.71 ± 0.21 3.65 ± 0.36 3.67 ± 0.21 3.50 ± 0.34 4.03 ± 0.25

Pentazocine (10 mg/kg) 2.79 ± 0.3 8.95 ± 0.43*** 12.17 ± 0.65*** 14.17 ± 0.65*** 14.83 ± 0.70***

TDME (30 mg/kg) 2.45 ± 0.22 3.63 ± 0.49*** 4.47 ± 0.73*** 4.59 ± 0.55*** 4.17 ± 0.40***

TDME (100 mg/kg) 2.24 ± 0.21 5.29 ± 1.02*** 6.67 ± 0.94*** 8.34 ± 0.95*** 6.76 ± 0.75***

TDME (300 mg/kg) 2.50 ± 0.21 7.52 ± 0.65*** 7.83 ± 0.87*** 8.65 ± 0.76*** 7.50 ± 0.88***

The longer latency time observed in the hot plate test on Wistar albino rats implies that various doses of TDME, diclofenac, and pentazocine have analgesic effects compared to –ve control

distilled water. All values are given in mean ± SEM. N = 6. p < 0.001 (***), as compared to control (two-way ANOVA followed by Bonferroni’s test).

TABLE 8 Tail immersion test of TDME.

Reaction time (sec)

Treatment 0 min 30 min 60 min 90 min 120 min

Control (distilled water (DW)) (5 mL/kg) 3.05 ± 0.24 2.45 ± 0.23 3.40 ± 0.35 3.59 ± 0.22 3.40 ± 0.42

Diclofenac (15 mg/kg) 2.70 ± 0.20 3.20 ± 0.33 3.70 ± 0.25 3.50 ± 0.32 4.2 ± 0.22

Pentazocine (10 mg/kg) 2.82 ± 0.35 9.82 ± 0.49*** 13 ± 0.68*** 15 ± 0.63*** 15 ± 0.70***

TDME (30 mg/kg) 2.55 ± 0.25 6.35 ± 0.53*** 7.26 ± 0.42*** 7.9 ± 0.63*** 8.40 ± 0.45***

TDME (100 mg/kg) 2.70 ± 0.21 7.92 ± 0.72*** 9.25 ± 0.63*** 9.90 ± 0.85*** 10.55 ± 0.62***

TDME (300 mg/kg) 2.70 ± 0.23 9.27 ± 0.92*** 11.17 ± 0.72*** 12.72 ± 0.45*** 13.2 ± 0.31***

All values are given in mean ± SEM. N = 6. p < 0.001 (***) as compared to the control (two-way ANOVA followed by Bonferroni’s test).
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Research Ethics Committee (PREC) authorized the study’s protocols
and procedures (Basit et al., 2022).

2.4.4 Acute toxicity assay
An acute toxicity experiment was used to evaluate the safety

of the TDME, with a few minor adjustments made based on the
previously published research (Lalitha et al., 2012). Five groups of
Wistar albino rats, each with five rats, were constructed, having
both males and females in each group. The rats were given plenty
of food and drink before the trial began, and they also got used to
the laboratory environment. The rats that had been fasting for
12 h were given TDME at increasing doses (0.3, 1, 3, and 10 g/kg).
The intraperitoneal (i.p.) method was used to administer the
extracts. The study also included a control group that received the
normal saline solution (10 mL/kg) for comparison. For the first
12 h, the rat was monitored every 1 h and then daily for the next
14 days. The mortality rate was measured after 48 h, and various
physical and behavioral signs were identified and closely tracked
in the animals. Tremors, convulsions, salivation, perspiration,
lacrimation (tear production), the writhing reflex, somatomotor
activity, and any notable behavioral abnormalities were among
the symptoms.

2.4.5 In vivo anti-inflammatory activity
A modified version of a previously established approach was

used to examine the anti-inflammatory properties of TDME. For
this assessment, the carrageenan-induced paw edema model was
used (Basit et al., 2022). Thirty rats were taken. Six rats were
included in each of the five groups from which the animals were
separated. As a baseline measurement, the right hind paw of each rat
was estimated with a screw gauge. The test drug, TDME, was given

to separate groups of rats intraperitoneally (i.p.) at dosages of 30,
100, and 300 mg/kg. Distilled water was used as the administration
method, and a dose of 5 mL/kg intraperitoneally was applied.
Another group received a normal medication, indomethacin, at a
dose of 15 mg/kg i. p. After giving the rats these drugs, 0.1 mL of a
1% carrageenan solution was injected into the plantar tissue of their
right hind feet to cause edema. Before 1, 2, 3, and 4 h after the
injection of carrageenan, the width of the paws was measured. The
difference in paw thickness was calculated by deducting the first
measurement (“0 h”) from the measurements collected at the
following hourly intervals to calculate the growth in paw
thickness (Vázquez et al., 1996).

2.4.6 Analgesic activity
The study used six groups of Wistar albino rats weighing

between 150 and 200g and consisted of both males and females.
Each group had six animals. The control group of rats received
5 mL/kg of distilled water intraperitoneally (i.p.). The control group
obtained intraperitoneal (i.p.) injections of 15 mg/kg diclofenac
sodium and 10 mg/kg pentazocine. The other groups received
TDME intraperitoneally (i.p.) at dosages of 30, 100, and
300 mg/kg (Javed et al., 2020).

2.4.6.1 Hot plate test
The process mentioned previously was carried out with minor

adjustments (Sajid-Ur-Rehman et al., 2021). The hot plate test was
carried out at a persistent temperature of 52 °C. By examining the
rats’ responses to thermal discomfort, such as paw licking or
jumping, the latency period, or reaction time, was assessed in
seconds. The reaction time was tested before administration
(0 min), as well as 30, 60, 90, and 120 min after administration.

FIGURE 4
Carrageenan-induced paw edema of TDME.
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Amaximum duration limit of 25 s was set to prevent any damage to
the paws.

2.4.6.2 Tail immersion test
A water heater was used as the instrument for the tail-flick

test. The thermostat was adjusted to keep the water bath at a
constant temperature of 53°C ± 2 °C. The bottom section of each
rat’s tail was measured and plunged in warmed water, which
remained at 53°C ± 2 °C. The rats reacted by pulling their tails out
of the hot water. The initial latency was measured first, followed
by the administration of the proper dosage to each group. The
reaction time was then assessed at 30 min, 60 min, 90 min, and
120 min following intravenous injection. To avoid tissue injury,
the maximum allowable duration for tail flick measurement was
determined at 25 s (Sewell and Spencer, 1976).

2.5 In silico prediction studies

2.5.1 Molecular docking
Computer-aided drug design and the advancement in

molecular biology both benefit from the use of molecular
docking. For molecular recovery, a technique for producing
compounds as PDB files and a targeted search database in a

valid Protein Data Bank (PDB) format is required. For this
reason, many technologies such as the AutoDock Vina
program, MGL Tools, Discovery Studio, PyRx, and Babel can
be used. The PDB was used to find the receptor molecule used for
the investigation. The responsibility for additional receptor
preparation fell to Discovery Studio (Discovery Studio
2021 client). All the compounds screened by LC–MS were
downloaded from PubChem as SDF files (structured data
format). To make ligand compounds, the Babel was employed.
Then, Vina, which was integrated into PyRx, was given the
receptors and ligands. Specific target proteins were selected for
the in vitro or in vivo assays involving them. α-Glucosidase
(1obb) and urease (3la4) were used to find the relationship of
compounds with in vitro inhibition properties of TDME.
Lipoxygenase (6ncf) and cyclooxygenase (6y3c.COX1 and
6bl4. COX2) proteins were selected to evaluate the effect of
compounds on in vitro and in vivo anti-inflammatory,
analgesic, and antipyretic activities of TDME. The
incorporation of tiny protein molecules into a target requires
a planned sample of the ligand’s ability to precisely conform to a
certain target pattern to produce an ideal complex form. By using
the program evaluation function, this may be done. Vina was
applied for docking, and Discovery Studio was used to display the
findings of interactions from the docking (Meng et al., 2011).

FIGURE 5
Hot plate test of TDME.
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2.5.2 In silico absorption, distribution, metabolism,
excretion, and toxicological characterization of
compounds

On 28 June 2023, the absorption, distribution, metabolism, and
excretion (ADME) features of bioactive compounds derived from reverse
phase ultra-high-performance liquid chromatography–quadrupole time-
of-flight mass spectrometry (RP-UHPLC–QTOF-MS) were evaluated by
using SwissADME (https://www.swissadme.ch/) online tools, and these
substances also underwent docking testing against several enzymes (Khan
et al., 2023). Protox-II (https://tox-new.charite.de/) was used to evaluate
the toxicity by following the reported procedure (Abdullahi et al., 2021).

2.6 Statistical analysis

The data detailed were given as the mean standard error of the
mean (SEM) after three repetitions of each measurement. Following
a one-way ANOVA, the LSD post hoc test was used for statistical
analysis. The significance level of p ≤ 0.05 was used. Prism
GraphPad-7 software was used to analyze the experimental data.

3 Results and discussion

3.1 Analysis and identification of secondary
metabolites by RP-UHPLC–QTOF-MS

Furthermore, the methanolic extract of TDME was examined
by using reverse phase ultra-high-performance liquid

chromatography–mass spectrometry (RP-UHPLC–MS) to acquire
comprehensive profiles of several secondary metabolites. To
visualize the identified chemicals, standard total ion
chromatograms with mass spectrometric peaks for both samples
were prepared. This is the first time, according to our research, that
this plant has been documented in such detail. Secondary metabolite
profiles of TDME were regulated using RP-UHPLC–MS in both -ve
and +ve modes. The -ve mode of ionization is shown in Table 1 and
Figure 2, as well as Supplementary Figure S1 and Supplementary
Figure S2, while the +ve mode is shown in Table 2 and Figure 3, as
well as Supplementary Figure S3 and Supplementary Figure S4.

Several compounds were revealed in different classes, e.g.,
pyrimidine-dione, dimethyl xanthine, phenolic acids, carboxylic
acid, hydroxycinnamic acid, stipitatonates, oxepanes, aldohexoses,
pyranone, hydroxy acid, itaconic acid, disaccharide, galactolipids,
inositol glycon, fatty acid, pyrrolidizine alkaloid, coumarin,
phenoxyaceticacid derivative, sesquiterpenoid, monoacylglycerole,
benzopyran, and dicarboxylic acid. Previous studies on various parts
and extracts also indicated the presence of several compounds
belonging to the classes of terpenoids, fatty acids, esters, and
steroids by GCMS analysis; moreover, the presence of
polyphenols was also observed by spectroscopic methods
(Dilshad et al., 2022; Khalid et al., 2022). The occurrence of
phenolic compounds was further established in another study by
Akhter et al. (2021). This evidence signifies our results, showing the
existence of various bioactive phytochemicals from fatty acids,
esters, steroids, alcohols, and polyphenolic compounds.

These classes of chemical compounds showed a lot of
biological and medicinal activities, e.g., mildly diuretic,

FIGURE 6
Tail immersion test of TDME.
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respiratory stimulant, mutagenic agents, anti-inflammatory,
analgesic, antioxidant, anticancer activity, vitamin D3,
inhibition of hepatic cholesterol synthesis, antitumor,
antimicrobial, gout, leukemia, anti-obesity, type 2 diabetes,
estrogenic activity, P-GP-inhibitor, anthelmintic activity, anti-
colon cancer cells, lubricant, and acid amidase inhibitor which
are described in Table 1 and Table 2.

3.2 Polyphenolics profile by HPLC
(quantitative analysis)

We evaluated the material toward 14 regularly used reference
standards during our investigation. As a consequence, three major
compounds were quantified in the sample: p-coumaric acid,
207.47 μg/g; gallic acid, 96.25 μg/g; and kaempferol, 95.78 μg/g
(Table 3). A previous study on the roots and leaves of T.
domingensis was found compatible with our results in which the
presence of p-coumarates and ferulates was reported (He et al.,
2015). It was further substantiated by a study previously performed

on an aqueous extract of flowers from this plant showing the
presence of phenols, hydroxycinnamic acids, flavonoids, and pro-
anthocyanidins (Chai et al., 2014).

Natural substances called polyphenols are widely present in the
foods and plants we frequently eat (Shams ul Hassan et al., 2022).
They are essential for several biological processes that take place in
the seeds, leaves, roots, and other plant tissues. These include
controlling enzyme activity, regulating protein synthesis,
promoting photosynthesis, and maintaining the cytoskeleton’s
structural integrity (Zhang et al., 2019). The powerful analytical
method known as HPLC is utilized to identify and measure the
chemical components in samples. It enables the exact and accurate
measurement and identification of various chemicals. HPLC can
also be used to separate and gather particular quantities of
individual compounds by placing a fraction collector behind
the detector’s flow cell, allowing their purification and
collection (Javed et al., 2020).

Among the discovered polyphenols from TDME, p-coumaric
acid belongs to the hydroxycinnamic acid group and is classified
as a phenolic acid with anti-inflammatory, antidiabetic,

TABLE 9 Interaction of different ligands with α-glucosidase, urease, and cyclooxygenase enzyme.

Compound
name

α-Glucosidase Urease Lipoxygenase (LOX) Cyclooxygenase
COX-1

Cyclooxygenase
COX-2

DFR
in
Kcal/
mol

Interaction DFR
in
Kcal/
mol

Interaction DFR
in
Kcal/
mol

Interaction DFR
in
Kcal/
mol

Interaction DFR
in
Kcal/
mol

Interaction

Formononetin 7-O-
glucoside-6″-O-
malonate

−8 HB: Leu227 and
Asn301

−8.7 HB: Pro1300,
Thr1305,
Leu1558

−7.9 HB: Phe555,
Ser608, Tyr660,
Arg666

−9.4 HB: Thr206,
Tyr385,
Tpr387, His388

−10.3 HB: Asn39,
Arg44, Glu46,
Cys47, Pro154,
Gln461

π π: Ala224 π π: Leu152,
Lys468, Arg469

1.3,4,5-
Tetracaffeoylquinic
acid

−9.2 HB: Thr226,
Ala229, Glu231,
Asn301, Glu377,
Ala378, and
Gly399

−7.7 HB: Ser1436,
Lys1443,
Pro1444,
Ala1445,
Arg1563,
Tyr1564

−12.0 −10.7 HB: Tyr148,
Thr212, Met379

−13.1

π π: Pro230, and
Val334

π π: Pro1457 π π: Ala202,
Lys211, Val291,
Val451

Quercetin (standard) −8 HB: Leu227,
Leu227, Met302,
Glu396

π π: Pro230, and
Val334

Hydroxyurea
(standard)

−4.9 HB: Gly1277,
Glu1274,
Thr1298,
Glu1345

Indomethacin
(standard)

−7.4 HB: Val112 −7.4 HB: Asn382,
Tyr385

−8.0 HB: Tyr122,
Ser471

π π: Arg44,
Arg469, Pro474

HB, hydrogen bonding; π and π, pi alkyl bond.
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antioxidant, anti-platelet, anti-ulcer, and anti-cancer
characteristics (Ilavenil et al., 2016). Gallic acid is frequently
found in antioxidant tea formulations and Ayurvedic plants. It
has several health advantages, including antioxidant qualities,

anti-inflammatory properties, and possibly anti-cancer potential
(Aqeel et al., 2023). Gallic acid, a trihydroxy benzoic acid found
in plant metabolites all over the world, is effective in the
treatment of gastrointestinal, cognitive, metabolic, and

FIGURE 7
Two-dimensional interactions of 1,3,4,5-tetracaffeoylquinic acid (left) and formononetin 7-O-glucoside-6″-O-malonate (right) against α-
glucosidase.

FIGURE 8
Two-dimensional interactions of 1,3,4,5-tetracaffeoylquinic acid (left) and formononetin 7-O-glucoside-6″-O-malonate (right) against urease.

Frontiers in Chemistry frontiersin.org13

Dilshad et al. 10.3389/fchem.2023.1273191

114

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1273191


FIGURE 9
Two-dimensional interactions of 1,3,4,5-tetracaffeoylquinic acid (left) and formononetin 7-O-glucoside-6″-O-malonate (right) against
lipoxygenase (5-LOX).

FIGURE 10
Two-dimensional interactions of 1,3,4,5-tetracaffeoylquinic acid (left) and formononetin 7-O-glucoside-6″-O-malonate (right) against
cyclooxygenase-1 (COX-1).
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cardiovascular problems. It can defend biological cells, tissues,
and organs from damage brought on by oxidative stress because
of its outstanding antioxidant and free radical scavenging
activities (Kahkeshani et al., 2019).

A polyphenol antioxidant called kaempferol belongs to the
flavonoids class and is found in medicinal plants, some fruits, and
vegetables. Studies have repeatedly shown that eating foods high in
kaempferol can lower the risk of getting chronic illnesses. The body’s
antioxidant defenses are strengthened by kaempferol because it fights
free radicals. Additionally, it influences crucial processes like metastasis,
angiogenesis, inflammation, and apoptosis (Chen and Chen, 2013).

3.3 In vitro biological investigation

3.3.1 Enzyme inhibition activities (lipoxygenase, α-
glucosidase, and urease)

The results of the current study showed good results of enzyme
inhibitions (Table 4). The lipoxygenase (44.75 ± 0.51 μgmL-1), α-
glucosidase (52.71 ± 0.01 μgmL-1), and urease (67.19 ± 0.68 μgmL-1)
inhibition showed significant results of TDME, which were comparable
to the standards used (indomethacin, 18.03 ± 0.12 μgmL-1; quercetin,
4.11 ± 0.01 μgmL-1; thiourea, 8.97 ± 0.11 μgmL-1). Our results were also
in agreement with evidence by Sen et al. on lipoxygenase inhibition by
the methanolic extract of another Typha species (Typha elephantina).
Lipoxygenases (LOX) are enzymes that play an important part in the
manufacture of leukotrienes, which are bioactive lipids. Their strength

resides in their involvement in several physiological processes such as
inflammation (Abbas et al., 2022), immune response control, and cell
signaling, making them promising therapeutic targets in disorders such
as asthma and other inflammatory ailments. Furthermore, the ability of
lipoxygenases to catalyze lipid oxidation events increases their
importance in lipid metabolism and overall cellular homeostasis
(Sajid-ur-Rehman et al., 2023).

According to the previous study, T. domingensis is an excellent
source of glucosidase inhibitors, iron chelators, and natural
antioxidants. Oxidative stress is also a central consideration during
the management of diabetes, and many bioactive phytochemicals
including polyphenols are acknowledged as potent antioxidants
(Ahmed et al., 2022b). The plant’s fruit extract is more effective as
an anti-glucosidase and antioxidant than the male and female flower
extract. In contrast, the female floral extract has the greatest ability to
chelate iron among the three extracts. The phenolic content of the
extract can be credited with both antioxidant and anti-glucosidase
properties. Our research offers a molecular explanation for TDME’s
capacity to treat diabetes and promote wound healing (Chai et al.,
2014). This antioxidant potential is primarily due to the inhibition of
pro-inflammatory mediator release, free radical neutralization, ROS,
and RNS, which reduces lipid peroxidation and activates the
cyclooxygenase pathway (Khatri et al., 2019). Additionally, they
influence blood glucose levels by several methods, including limiting
intestinal glucose absorption, promoting cell insulin production, and
improving glucose uptake in insulin-sensitive tissue (Vinayagam et al.,
2016).

FIGURE 11
Two-dimensional interactions of 1,3,4,5-tetracaffeoylquinic acid (left) and formononetin 7-O-glucoside-6″-O-malonate (right) against
cyclooxygenase-2 (COX-2).
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TABLE 10 Pharmacokinetics, bioavailability, structural parameters, Lipinski rule violation count, and solubility predictions of major compounds from TDME.

Compound name and their
bioavailability radar

Physicochemical
property

Lipophilicity Water
solubility

Pharmacokinetics Drug-likeness

Curcumenol MR: 69.25; TPSA:
29.46 A2

C log P 0/w:2.91 Log S (E Sol):
-2.70; Log S
(Ali): -2.49;
Log S
(SILICOS-
IT): -2.67

GI Abs: high; BBB: yes;
P-gp substrate: no;
CYP1A2 inhibitor; Log
Kp: -6.14 cm/s

Lipinski
0 violation:
yes

HBD: 1;
HBA: 2

Ghose: yes

Veber: yes

Egan: yes

Muegge: yes

B score: 0.55

Deoxymiroestrol MR: 90.98; TPSA:
86.99 A2

C log P 0/w: 1.66 Log S (E Sol):
-2.75; Log S
(Ali): -2.37;
Log S
(SILICOS-
IT): -2.94

GI Abs: high; BBB: no;
P-gp substrate: yes;
CYP1A2 inhibitor: no;
Log Kp: -7.71 cm/s

Lipinski
0 violation:
yes

HBD: 3;
HBA: 5

Ghose: yes

Veber: yes

Egan: yes

Muegge: yes

B score: 0.55

Ethyl 4-
methylphenoxyacetate

MR: 53.61; TPSA:
35.53 A2

C log P 0/w: 2.13 Log S (E Sol):
-2.45; Log S
(Ali): -2.63;
Log S
(SILICOS-
IT): -3.41

GI Abs: high; BBB: yes;
P-gp substrate: no;
CYP1A2 inhibitor: yes;
Log Kp: -5.89 cm/s

Lipinski
0 violation:
yes

HBD: 0;
HBA: 3

Ghose: yes

Veber: yes

Egan: yes

Muegge: no. 1 violation
MW < 200

B score: 0.55

Theobromine MR: 47.14; TPSA:
72.68 A2

C log P 0/
w: -0.20

Log S (E Sol):
-0.98; Log S
(Ali): -0.27;
Log S
(SILICOS-
IT): -1.10

GI Abs: high; BBB: no;
P-gp substrate: no;
CYP1A2 inhibitor: no;
Log Kp: -7.95 cm/s

Lipinski
0 violation:
yes

HBD: 1;
HBA: 3

Ghose: no. 1 violation
WLOPG < −0.4

Veber: yes

Egan: yes

Muegge: no. 1 violation
MW < 200

B score: 0.55

(Continued on following page)
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Anti-urease drugs are now focusing on their potent anti-ulcer
properties. Urease enzyme activity has been identified as a key
pathogenic determinant in the etiology of several serious
disorders that are harmful to human health, animals, and
agriculture [67]. Sesquiterpene hydrocarbons or alcohols, or their
synergistic action, may have very strong antibacterial urease activity.
The primary defense against Helicobacter pylori may be due to
urease inhibition, which prevents the bacteria from adhering to the
gastric mucosa. The process of urease inhibition was discovered to
be non-competitive, with both the substrate and inhibitor being
incompetently attached to the enzyme.

3.3.2 Hemolytic activity to investigate the in vitro
safety of TDME

Data on the hemolytic activity of the TDME are shown in
Table 5. TDME has a hemolytic percentage value of 4.25 0.16%,

and the cytotoxic positive control showed significantly high
hemolysis (93.51% ± 0.36%). Previously, many methanolic
extracts from plants were tested by the hemolytic activity to
establish their possible safety, and our results fall in a similar
range (Tabassum et al., 2023). The ability of some chemicals,
such as toxins or enzymes, to cause the lysis or destruction of
RBCs is referred to as hemolytic activity. This characteristic is
useful in a variety of research and diagnostic applications, such
as determining pathogen pathogenicity, researching the impact
of certain substances on blood cells, and identifying specific
medical problems associated with aberrant hemolysis. It can,
however, be a negative component, creating health problems
when detected in certain pathogenic agents or poisons.
According to the reported methods, the hemolysis activity of
less than 30% is considered safe and non-toxic for humans
(Tabassum et al., 2022).

TABLE 10 (Continued) Pharmacokinetics, bioavailability, structural parameters, Lipinski rule violation count, and solubility predictions of major compounds from
TDME.

Compound name and their
bioavailability radar

Physicochemical
property

Lipophilicity Water
solubility

Pharmacokinetics Drug-likeness

3-Hydroxy-3-methyl-glutaric acid MR: 35.66; TPSA:
94.83 A2

C log P 0/
w: -0.40

Log S (E Sol):
-0.24; Log S
(Ali): -0.98;
Log S
(SILICOS-
IT): 1.07

GI Abs: high; BBB: no;
P-gp substrate: no;
CYP1A2 inhibitor: no;
Log Kp: -7.67 cm/s

Lipinski
0 violation:
yes

HBD: 3;
HBA: 5

Ghose: 2 violation:
WLOGP < -0.4, MR < 40

Veber: yes

Egan: yes

Muegge: no. 1 violation:
MW < 200

B score: 0.56

Nonic acid MR: 47.15; TPSA:
37.30 A2

C log P 0/w: 2.60 Log S (E Sol):
-2.51; Log S
(Ali): -3.88;
Log S
(SILICOS-
IT): -2.46

GI Abs: high; BBB: yes;
P-gp substrate: no;
CYP1A2 inhibitor: no;
Log Kp: -4.84 cm/s

Lipinski
0 violation:
yes

HBD: 2;
HBA: 4

Ghose: no. 1 violation:
MW < 200

Veber: yes

Egan: yes

Muegge: no. 1 violation:
MW < 200

B score: 0.85

Annuionone B MR: 61.17; TPSA:
43.37 A2

C log P 0/w: 1.72 Log S (E Sol):
-1.36; Log S
(Ali): -0.92;
Log S
(SILICOS-
IT): -2.40

GI Abs: high; BBB: yes;
P-gp substrate: no;
CYP1A2 inhibitor: no;
Log Kp: -7.34 cm/s

Lipinski
0 violation: yes

HBD:
0;
HBA:
3

Ghose: yes

Veber: yes

Egan: yes

Muegge: yes

B score: 0.55

MR, molar refractivity; TPSA, topological polar surface area, C log, consensus log P; Log S (E Sol): estimated solubility; S by Ali et al., solubility by Ali et al.; SF by IT P, solubility filter by IT,

programmed; GI Abs, gastrointestinal track; P-gp substrate, P glycoprotein substrate, BBB permeant, blood–brain barrier; CYP1A2 inhibitor, cytochrome P450 1A2 inhibitor; Log Kp, skin

permeation; B score, bioavailability score; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor.
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3.3.3 In vitro anti-inflammatory activity
Water-induced lysis of RBCs was significantly inhibited by

TDME (Table 5). The results of percentage hemolysis inhibition
showed a value of 39.16% ± 1.33%, compared to the standard
inhibitor of inflammation (diclofenac sodium) in this study, which
showed an inhibition value of 55.91% ± 1.78% at the dose of 1,000 μg/
mL. It was reported that the denaturation of protein cells and tissue
injury are reflected in good correlation with inflammatory diseases
[28]. This finding demonstrates the anti-inflammatory action of
TDME. Several compounds identified in the current study
(Table 1; Table 2; Table 3) may be responsible for this activity.

3.4 In vivo biological investigation

3.4.1 Acute toxicity assay
The TDMEwas shown to be non-toxic up to a dosage of 10 g/kg in

acute toxicity experiments on rates to assess the potential negative
effects of increasing doses of TDME. No poisoning symptoms were
noticed, and no deaths were reported over the 48-h observation period.

3.4.2 Anti-inflammatory activity (carrageenan-
induced paw edema)

All dose levels of TDME showed anti-inflammatory effects
(Figure 4 and Table 6). Notably, after carrageenan
administration, significant anti-inflammatory effects from
TDME were observed during the third and fourth hours. The
300 mg/kg dose had the strongest effect during the fourth hour
of the doses examined. Carrageenan is a potent inflammatory
agent used to induce edema. Various inflammatory mediators
are involved in the development of carrageenan paw edema, and
that has been extensively used to assess the anti-edema effects of
natural products [69]. In the current study, various
phytochemicals, especially polyphenols (Table 1; Table 2;
Table 3), may be contributing to the reduction of
inflammation. Moreover, several phytochemicals identified by
HPLC–MS also have reported anti-inflammatory effects
(Table 1; Table 2), which also shows a probability of their
participation in declining inflammation.

3.4.3 Analgesic activity
3.4.3.1 Hot plate test

The hot plate test, like the tail-flick test, assesses the pain response in
animals. Both the hot plate and tail immersion methods are commonly
used to assess centrally acting analgesics [70]. Pentazocine and diclofenac
sodium, standard drugs, substantially reduced pain latency at 30, 60, 90,
and 120min, whereas TDME at 30 mg/kg had no significant effect on
pain reduction at any of the observation intervals (Figure 5 and Table 7).
When compared to the control group, TDME at 100 and 300 mg/kg
doses significantly reduced pain latency at all monitoring intervals (30,
60, 90, and 120min) as compared to the control group.

3.4.3.2 Tail immersion test
An additional measure used to assess a substance’s analgesic

potential is the tail immersion test. All three doses of TDME (30,
100, and 300 mg/kg) significantly decreased pain latency when
compared to the control group (Figure 6 and Table 8). The tail
immersion assay is a thermally based test used to assess a substance’s

analgesic capabilities. This particular test has the advantage of not being
sedation-affected, unlike other assays like the hot plate test, and is known
for evaluating pain-related responses that are predominantly driven by
spinal mechanisms. A unique sensitivity to partial agonists and narcotic
agonists was seen in the tail immersion test performed on rats. In light of
this, it is advised to use this test to assess the antinociceptive efficacy of
partial agonists in small laboratory animals (Javed et al., 2020).

3.5 In silico prediction studies

3.5.1 Molecular docking
The crystal structures of α-glucosidase (PDB: 3WY1), urease

(PDB: 1EJX), 5-lipoxygenase LOX (PDB: 6NCF), and
cyclooxygenases (COX1, PDB: 6y3c and COX2, PDB: 1CX2)
were obtained from https://www.rcsb.org/. The ligands were
chosen from RP-UHPLC–MS, and their structures were
downloaded from PubChem.

α-Glucosidase inhibitors are used for the treatment of type
2 diabetes to slow down the digestion and absorption of
carbohydrates, helping to regulate blood sugar levels (Kashtoh
and Baek, 2022). The ligands from RP-UHPLC–MS showed very
good binding affinity against α-glucosidase. 1,3,4,5-
Tetracaffeoylquinic acid (−9.2), deoxymiroestrol (−8.1),
formononetin 7-O-glucoside-6″-O-malonate (−8.0), stipitatonate
(−6.9), N-cyclohexanecarbonylpentadecylamine (−6.9), 4-
methylumbelliferone (−6.8), nigerose (sakebiose) (−6.7), vanillic
acid 4-sulfate (−6.5), emmotin A (−6.6), vanillic acid 4-sulfate
(−6.5), nonic acid (−5.6), annuionone B (−5.4), L-galactose
(−5.9), purine (−5.4), curcumenol (−6.4), theobromine (−5.7),
ethyl 4-methylphenoxyacetate (−6.3), 3-eydroxy-3-methyl-glutaric
acid (−5.7), and curcumenol (−6.4) are presented in Table 9. The
higher negative values of the binding energy score represent the
higher binding affinity of the ligand with the receptor molecule,
which may be due to the chemical structures and interactions of
compounds with amino acid residues (Ahmed et al., 2022a). The
2D interactions of α-glucosidase with ligands having the highest
docking score are shown in Figure 7. The standard used for α-
glucosidase was quercetin. The previous study also showed that
the fruit and female flower extracts of T. domingensis are
promising sources of glucosidase inhibitors (Chai et al., 2014).

Urease is used to determine theH. pylori infection, a common cause
of gastritis and gastrointestinal ulcers. In-depth research on diverse
classes of urease inhibitors has been provoked by the need to treat such
illnesses (Kosikowska and Berlicki, 2011). A lot of ligands showed the
strongest binding affinity like formononetin 7-O-glucoside-6″-O-
malonate (8.7), deoxymiroestrol (−8.1), 1.3,4,5-tetracaffeoylquinic
acid (−7.7), stipitatonate (−6.7), 6-(alpha-D-glucosaminyl)-1D-myo-
inositol (−6.7), vanillic acid 4-sulfate (−6.6), codonopsine (6.5), l5-
acetylamino-6-formylamino-3-methylurssacil (−6.4), emmotin A
(−6.4), nonic acid (−4.9), annuionone B (−6.0), L-galactose (−5.5),
purine (−5.1), gurcumenol (−6.7), theobromine (−5.4), ethyl 4-
methylphenoxyacetate (−5.8), 3-eydroxy-3-methyl-glutaric acid
(−5.0), and nigerose (6.3), as presented in Table 9. The 2D
interactions of ligands with the highest docking score against urease
are presented in Figure 8.

Lipoxygenase (LOX) is an oxidoreductase enzyme that is found in
both plants and animals. Its enzymatic action results in the formation of
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aromatic molecules, making it useful in the production of pleasant
fragrances. Furthermore, LOX regulates the synthesis of volatile
compounds, making it a great natural taste enhancer in the food
preparation process (Steele et al., 2000). The binding affinity of
deoxymiroestrol (−8.6), N-cyclohexanecarbonylpentadecylamine
(−7.3), emmotin A (−7.0), and vanillic acid 4-sulfate (−7.4) showed
good results. Indomethacin standard was used for LOX. Formononetin
7-O-glucoside-6″-O-malonate and 1,3,4,5-tetracaffeoylquinic acid
showed better binding affinity as compared to the standard
compound. The 2D interactions of ligands with the highest docking
score against lipoxygenase are presented in Figure 9.

Cyclooxygenase COX-1 inhibitors are used for the reduction of
inflammation and also anti-platelet properties. Cyclooxygenase COX-2
inhibitors are used to alleviate pain and inflammation while minimizing
gastrointestinal side effects compared to traditional nonsteroidal anti-
inflammatory drugs (NSAIDs) (Ahmad et al., 2018). The binding
affinity of deoxymiroestrol (COX-1, -8.0 and COX-2, -8.7),
N-cyclohexanecarbonylpentadecylamine (COX-1, -7.0 and COX-2,
-8.3), emmotin A (COX-1, -7.4 and COX-2, -7.3), and vanillic acid
4-sulfate (COX-1, -6.5 and COX-2, -6.8) is shown. The standard used
for cyclooxygenase was indomethacin. Many compounds showed
results higher than standard. The 2D interactions of ligands with the
highest docking score against COX-1 and COX-2 are presented in
Figure 10 and Figure 11, respectively.

3.5.2 In silico absorption, distribution, metabolism,
excretion, and toxicological characterization of
compounds

All dots showed within pink color which is near to target. So, this is
called an optimized drug. Smaller TPSA values (usually below
140–160 Å2) are frequently chosen for oral bioavailability in drug
development, for instance, as bigger TPSA values may result in
decreased permeability through cell membranes. On the other hand,
compounds designed to engage with particular targets or receptors may
benefit from having higher TPSA values (over 80–100 Å2). Typically, the
molar refractivity range is 0–100 cm³/mol. The range of consensus Log P
o/w is between −3 and +6. The solubility range is < −10 < poorly < −6 <
moderately < −4 < soluble < -2 very <0 < highly. Skin permeation range
is −1.2 to +1.32. If any compound follows at least three rules of drug-
likeness, it can act as an oral drug (Shahid et al., 2023). To determine
pharmacokinetic drug features, such as absorption, distribution,
metabolism, and excretion, the Lipinski rule makes use of certain
physicochemical qualities. The product’s molecular weight should not
exceed 500 Da. The number of atoms in its molecules should range
between 20 and 70, with an average of 50. The polar surface areamust be
less than 140 Å2. Furthermore, the product should not contain more
than five hydrogen bond donor sites and not surpass 10 hydrogen bond
acceptor sites (Lipinski et al., 2012). The results of ADME and
toxicological studies are presented in Table 10 and 11, respectively.

4 Conclusion

The study represents the chemical constitution and biological
activities (in vitro, in vivo, and in silico) of the methanolic extract of
T. domingensis (TDME). The result of RP-UHPLC–QTOF-MS
screening revealed the presence of various classes of bioactive
compounds. HPLC quantification offered a reliable and adaptable

approach, enabling precise analysis and facilitating a diversity of
academic and industrial applications. The inhibition of lipoxygenase,
urease, and α-glucosidase offer considerable potential in the
development of innovative treatment approaches for gastrointestinal
diseases and metabolic disorders. The detected hemolytic activity of the
TDME has disruptive effects on RBCs and suggests its importance in
both research and therapeutic settings to validate the safety of the
analyte, which was further confirmed by the in vivo acute toxicity
method. Both in vitro and in vivo experiments showed significant
analgesic and anti-inflammatory effects of TDME. Hence, this recent
research provides support for the plant’s efficacy in alleviating pain and
addressing inflammatory diseases. This research highlights the
therapeutic potential of TDME, which could be further investigated
for its applications in the nutraceutical and pharmaceutical industries.
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Introduction: Nipah (NiV) is the zoonotic deadly bat-borne virus that causes
neurological and respiratory infections which ultimately lead to death. There are
706 infected cases reported up till now especially in Asia, out of which
409 patients died. There is no vaccine and effective treatment available for NiV
infections and we have to timely design such strategies as world could not bear
another pandemic situation.

Methods: In this study, we screened viral proteins of NiV strains based on
pangenomics analysis, antigenicity, molecular weight, and sub-cellular
localization. The immunoproteomics based approach was used to predict
T-cell epitopes of MHC class-I and II as potential vaccine candidates. These
epitopes are capable to activate CD4+, CD8+, and T-cell dependent
B-lymphocytes.

Results: The two surface proteins including fusion glycoprotein (F) and
attachment glycoprotein (G) are antigenic with molecular weights of 60 kDa
and 67 kDa respectively. Three epitopes of F protein (VNYNSEGIA, PNFILVRNT,
and IKMIPNVSN) were ranked and selected based on the binding affinity with MHC
class-I, and 3 epitopes (VILNKRYYS, ILVRNTLIS, and VKLQETAEK) with MHC-II
molecules. Similarly, for G protein, 3 epitopes each for MHC-I (GKYDKVMPY,
ILKPKLISY, and KNKIWCISL) and MHC-II (LRNIEKGKY, FLIDRINWI, and
FLLKNKIWC) with substantial binding energies were predicted. Based on the
physicochemical properties, all these epitopes are non-toxic, hydrophilic, and
stable.

Conclusion:Our vaccinomics and system-level investigation could help to trigger
the host immune system to prevent NiV infection.
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Nipah virus, Pangenome analysis, reverse vaccinology, CD4 + and CD8 + T-cell epitopes,
physicochemical properties
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1 Introduction

Nipah is a fatal bat-borne virus that can infect both humans and
animals. In 1998, it first appeared in Malaysia and then spread to
India, Singapore, and Bangladesh (Shariff, 2019). Fruit bats,
especially Pteropus species are the natural host of the NiV
(Soman Pillai et al., 2020). In September 1998, the first outbreak
of NiV took place in Malaysia (Aljofan, 2013). When the initial
outbreak occurred in Bangladesh in April 2001, 13 cases of NiV were
identified (Ang et al., 2018). The first epidemic case was reported in
India in January and February 2001. There have been 706 infected
patients recorded so far, with 409 patients died. According to genetic
analysis, the NiV has two strains, i.e., NiV-M and NiV-B for
Malaysian and Bangladesh strains respectively. These two strains
were the sources of epidemics in different parts of the world
(Harcourt et al., 2005). Since 2001, a total of 325 human NiV
cases with a fatality rate of 71% were reported in Bangladesh
(Agrawal et al., 2023). Recently, 11 cases of NiV including eight
deaths with a case fatality rate of 73% were reported in Bangladesh
between January 2023 to February 2023 (WHO, 2023a). The most
recent outbreak of NiV occurred in Kerala state of India between
12 and 15 September where six cases were reported including two
deaths (WHO, 2023b).

It is an enveloped non-segmented RNA virus with a genome size
of roughly 18.2 kb that belongs to the Paramyxoviridae family and
the genus henipavirus. The virus contains single-stranded RNA
(ssRNA) (King et al., 2011) containing six genes. The proteins
are encoded by these six genes including nucleocapsid (N),
matrix protein (M), phosphoprotein (P), attachment fusion (F),
attachment glycoprotein (G), and long polymerase (L) protein
(Yahya et al., 2021). The order and pattern of all proteins is 3′N-
P-M-F-G-L 5′ (Sun et al., 2018). NiV is made up of
ribonucleoprotein (RNP) surrounded by a viral envelope
containing L, N, and P proteins (Cox and Plemper, 2017).

The risk factors include intimate association with animal
reservoirs, contaminated food consumption, and close association
with animals infected with NiV (Ambat et al., 2019). The bat’s
excretory products included urine, feces, and urine was the other
common source of transmission (Hauser et al., 2021). Nosocomial
infections, such as close contact with patients who were infected or
touching infected surgical instruments were the additional risk factors.
The infection period for the Malaysian epidemic lasted between 5 days
and 2 months, while it took 10 days for the Bangladeshi outbreak to
emerge. Indian isolates had an incubation period of 7–14 days.
Vomiting, deterioration, headache, myalgia, behavioral changes,
fever, pneumonia, and coughing were some of the typical
symptoms. However, acute encephalitis and respiratory illness were
the severe symptoms (Sharma et al., 2019). NiV diagnosis is a crucial
step since NiV is a BSL-4 virus and is challenging to treat. The samples
taken from human patients came from blood, cerebrospinal fluid
(CSF), urine, throat swabs, and urine. Immunohistochemistry, virus
isolation, histopathology, serological and molecular testing, and
neutralization are all components of the diagnosing process. For its
diagnosis, PCR is the most popular technique. Scientists have
administered drugs including ribavirin, acyclovir, and favipiravir to
affected individuals. Yet, no vaccination has been approved (Soman
Pillai et al., 2020), so this study is significant to address this issue. We
studied the genomic conservation across all strains to highlight the

association of these strains and genomic differences (Sherman and
Salzberg, 2020) and to design subunit vaccines based on T-cell epitopes
to activate the immune system (Figure 1A). The potential vaccine
candidates are designed using the reverse vaccinology (RA) and
pangenomics. Due to the pathogen and antigens diversity,
immunoinformatics greatly contributed to our understanding of the
function of the immune system. This method of designing vaccines is
relatively simple, economical, time-consuming, and accurate (Oli et al.,
2020). The objective of this study is to design and identify the CD4+

and CD8+ T-cell epitopes of Nipah virus based on pangenomic and
immunoinformatics system level analysis. We used integrative
framework to evaluate the antigenicity, molecular modeling and
interaction studies, simulation analysis and physicochemical
predictions and structural stability analysis of potential NiV epitopes.

2 Materials and methods

2.1 Accession of data

The Virus Pathogen Resource Database (VIPR) was used to
obtain the genomic and proteomic sequences (structural and
functional genes) of NiV. The database includes complete
genomic and proteomic information of each variant (Pickett
et al., 2012). The integrative framework of our study (Figure 1B)
was carried out using tools, software, online servers and databases
(Table 1) to predict potential vaccine candidates of NiV.

2.2 Multiple Sequence Alignment and
phylogenetic analysis

Multiple Sequence Alignment (MSA) was performed to analyze
the sequences of NiV variants to observe the differences and
similarities among the isolates (Edgar and Batzoglou, 2006).
Comparative assessment is important to determine structural and
functional role of proteins. Proteins with less than 70% sequence
similarity were excluded from further analysis. To analyze the
evolutionary relationships of NiV variant, the phylogenetic tree
was constructed using MEGA-11 software (Hassan et al., 2016)
based on Neighbor-Joining method with 1000 bootstrap values.

2.3 Pangenomic analysis

The ROARY tool was used to carry out pan-genomic analysis
(Page et al., 2015). Initially, Galaxy PROKKA (Prokaryotic Genome
Annotation) tool was applied to annotate the entire genome of NiV
isolates, transforming the initial genomic datasets into functional
proteins (Jalili et al., 2020).

2.4 Subcellular localization and antigenicity
prediction

The Virus-mPLoc tool was used to predict the subcellular
localization elaborating the subcellular location of proteins within
the host cell (Shen and Chou, 2010). The antigenicity determination
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is a crucial step as antigenic proteins can elicit an immune response.
The VaxiJen server was used to predict the antigenicity of core
proteins based on the threshold level set at 0.45 (Doytchinova and
Flower, 2007). To analyze the molecular weight (m/w) of antigenic
proteins, the ProtParam server (Gasteiger et al., 2005) was applied.

2.5 T-cell epitopes prediction and 3D
modelling of epitopes

MHC class-I and II specific epitopes were predicted by ProPred
tool (Singh and Raghava, 2001). These T-cell epitopes were further
verified by the HLAPred tool (Adams and Koziol, 1995). To find the
binding affinities of epitopes and asses how epitopes attach to the
MHCs molecules as targets, 3D models of epitopes were constructed
by the PEP-FOLD server (Shen et al., 2014; Du et al., 2021). The
epitope sequence was positioned and labelled in a protein structure
using the Chimera software (Goddard et al., 2018). The ERRAT tool
was used to estimate the 3D structure’s quality (Colovos and Yeates,
1993). The amino acids sequences in favorable and unfavorable
regions were determined by Ramachandran plots (Gopalakrishnan
et al., 2007). The QMEAN server computed the qualitative Model
Energy Analysis score of epitopes, and it was used to assess the
similarity between predicted and experimental structure (Studer
et al., 2020).

2.6 Identifying epitope physicochemical
properties

We determined the physicochemical parameters of the epitopes.
CamSol server was applied to analyze the solubility of epitopes that
would help to determine how quickly it would dissolve in a solvent
(Sormanni et al., 2017). ToxinPred, a server for the prediction of
toxicity, charge, and SVM score were used for screening of epitopes
(Gupta et al., 2013). Similarly, we calculated the half-life, aliphatic
index, molecular weight, grand average hydropathicity (GRAVY),
and instability index of all epitopes (Gasteiger et al., 2005) by using
the ProtParam tool. We analyzed the allergenicity of epitopes by
AllergenFp server (Dimitrov et al., 2014).

2.7 Conservational analysis and population
coverage of epitopes

The conservation evaluation is important to study the
conservancy of epitopes among all NiV variants using IEDB tool
(Bui et al., 2007). The fraction of the epitope in human alleles was
studied by the population coverage analysis using the same tool (Bui
et al., 2006). To evaluate the spectrum and overall effect, we looked
at the conservation of our selected epitopes among different variants
of NiV. The degree of conservancy of an epitope within a given

FIGURE 1
(A)Hypothetical model presenting the interaction of NiV epitopes with T-lymphocytes to activate host immune system (B) Integrative framework of
our methodology to design potential NiV vaccine candidates.
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protein sequences was calculated using the Epitope Conservancy
Analysis tool. BLAST analysis at NCBI server was performed against
human proteome in order to exclude NiV epitope conservancy with
human amino acid sequences.

2.8 Proteasomal cleavage and virus-host
protein-protein interaction network analysis

Proteasomal cleavage is a necessary step for MHC-I epitopes
because the process of breaking down proteins into small peptides
that can be displayed on the MHC-I surface took place through this
process. The NetChop tool was used for proteasomal cleavage
analysis (Nielsen et al., 2005). The selected proteins were allowed

to form a network to investigate how the proteins of NiV interact
with human proteins. TheMolecular Interaction Database identified
the NiV proteins involved in interaction with human proteins
(MINT) (Chatr-Aryamontri et al., 2007). The interactive network
was built via Cytoscape server that connects the source protein to the
target proteins (Shannon et al., 2003).

2.9 Binding energy and in-silico cloning

Using the Molecular Operating Environment (MOE) software,
the binding affinity of the selective epitopes with MHCs molecules
was analyzed. Ligands with low binding energies bind to the
immune receptors more precisely (Tomar et al., 2010). The

TABLE 1 List of Tools/Databases/Servers used in the Research.

Sr. No. Database Uses Web link References

1 VIPR Viral database https://www.viprbrc.org/ Pickett et al. (2012)

2 Galaxy Genome annotation https://usegalaxy.org/ Jalili et al. (2020)

3 Roary Pangenome analysis https://sanger-pathogens.github.io/Roary/ Page et al. (2015)

4 Virus-mPLoc Sub cellular localization http://www.csbio.sjtu.edu.cn/cgi-bin/VirusmPLoc.cgi Shen and Chou (2010)

5 VaxiJen Proteins Antigenicity http://www.ddg-pharmfac.net/vaxijen/VaxiJen/ Doytchinova and Flower (2007)

6 Propred MHC-II epitope prediction http://crdd.osdd.net/raghava/propred/ Singh and Raghava (2001)

7 IEDB Immunogenicity prediction of MHC-I http://tools.iedb.org/immunogenicity/ Calis et al. (2013)

8 Allergen FP Allergenicity https://ddg-pharmfac.net/AllergenFP/ Dimitrov et al. (2014)

9 ToxinPred Toxicity prediction http://crdd.osdd.net/raghava/ Gupta et al. (2013)

10 ProtParam Physicochemical properties https://web.expasy.org/ Gasteiger et al. (2005)

11 NetChop Proteosomal Cleavage Analysis http://tools.iedb.org/netchop/ Nielsen et al. (2005)

12 Pepfold 3D structure of epitopes https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/ Shen et al. (2014)

13 ERRAT Model Quality estimation https://saves.mbi.ucla.edu/ Colovos and Yeates (1993)

14 MINT PPI analysis https://mint.bio.uniroma2.it Chatr-Aryamontri et al. (2007)

15 Cytoscape PPI network https://cytoscape.org/ Shannon et al. (2003)

16 JCAT Codon Optimization http://www.jcat.de/ Grote et al. (2005)

TABLE 2 Pangenes of characterized isolates of Nipah Virus.

Sr. No. Region No. of
isolates

Accession no. Pangenes

Core
genes

Shell
genes

Cloud genes

1 Malaysia 3 MK673562, KY425655, KY425646 L G M N F P/V/C
group_1

group_7 group_8 group_9

2 Bangladesh 32 AY988601, JN808857, JN808863, JN808864, MK673564,
MK673565, MK673566, MK673567, MK673568, MK673570,
MK673571, MK673572, MK673573, MK673574, MK673575,
MK673576, MK673577, MK673578, MK673579, MK673580,
MK673581, MK673582, MK673583, MK673584, MK673585,
MK673586, MK673587, MK673588, MK673589, MK673590,
MK673591, MK673592

3 India 6 MH396625, MH523642, MH523640, MH523641,
MK336155, MK336156
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MHC-I and II as protein targets were docked with the 3D structure
of epitopes. After the optimization of amino acid codon sequence,
the monovalent vaccine construct is cloned. Codon optimization is a
technique of enhancing the codon composition of a peptide without
changing its sequence so that it may be expressed in a plasmid
vector. Java Codon Adaptation Tool (JCAT) was applied for
adapting the codons at default parameters, and the E. coli
K12 strain was selected as the host organism. It provided the GC
content and the value of the Codon Adaptation Index (CAI) (Grote
et al., 2005). Codon optimization resulted the nucleotide sequence
was used to clone the desired fragment. SnapGene tool was applied
in cloning and it was carried out by the plasmid vector E. coli pET30a
(+) and BamHI and HindIII enzymes were used for restriction.

2.10 Molecular dynamics simulations

The epitopes-MHCs complex was subjected to 100 ns of MD
simulations with previous minimization and NVT/NPT
equilibration phases. For the MD simulations, Amber99SB-ILDN
protein force-field and TIP3P water model (Ochoa et al., 2022) were
employed along with GROMACS v5.1. A minimum of 8 from each
protein atom, the protein was solvated in a cubic water box with
periodic boundaries. Na+ and Cl-counterions were added to the
solvent after solvation to keep the box neutral. The Particle Mesh
Ewald (PME) approach with 1.0 nm short-range electrostatic and

van der Waals cutoffs was used to calculate the electrostatic
interactions. To enable quick exploration of the conformational
space, the simulations were run at a temperature of 350 K. To keep
the system stable at this temperature, we employed a modified
Berendsen thermostat (Ochoa et al., 2019) and a Parrinello-
Rahman barostat (Okumura et al., 2007), and we constrained any
receptor atoms that were more than 12 away from any peptide atom.
The peptide’s flexibility was maintained, as were the receptor’s
atoms that were closer to the threshold. By counting the number
of hydrogen bonds between the peptide and protein, the number of
heavy atom interactions, the all-atom root mean-square deviation
(RMSD) of the peptide, and the root mean-square fluctuation of the
protein and peptide, the simulations’ convergence was observed.

The MD trajectory conformations were scored using a variety of
scoring systems. The majority of the scoring functions are statistical
and knowledge-based potentials utilized for protein-protein and
protein-ligand docking, however semiempirical techniques were
also used. The total conformations of the protein-peptide
complex were used to determine the scores. For each complex,
the average score and standard deviation were determined using the
MD trajectories from the last quarter (Guedes et al., 2018).

We determined whether the experimental activity difference (ΔΔG)
and the projected score difference for each potential pair of peptides
coincide on the sign of the difference. Based on this, we determined
whether a peptide, when compared to another, boosts or decreases the
activity as a dichotomous response, individually for each scoring

FIGURE 2
(A) Multiple sequence alignment and sequence similarity analysis of different proteins of NiV isolates (B) Evolutionary and phylogenetic tree of
1000 Bootstrap replicates of NiV isolates.
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function and in a consensus framework. We checked the consensus
strategies to see if the prediction matches the experimental ΔΔG
between peptides A and B (ΔΔGAB). A linear regression model

serves as the foundation of the first consensus strategy. In this
instance, the response variable is the anticipated ΔΔG, and the
independent variables are the scores for each pair of peptides that
differ from one another. When the experimental and anticipated ΔΔG
signs coincide, the prediction is said to be accurate.We used a leave-out-
one training and testing method to cross-validate the model (Ochoa
et al., 2019). One peptide was taken out of the training set, and the test
group was constructed using any conceivable pairs that could be created
between the taken-out peptide and the rest of the peptides. For every
peptide that was accessible, the procedure was repeated. The final
performance of all the sets produced using the leave-one-out technique
was averaged in order to evaluate the resilience of themodel. Regression
of the sign of the ΔΔGAB for each pair of peptides A and B using logistic
analysis is the second consensus technique.Where, the average score for
peptide A is represented by Sk

A, and for peptide B by Sk
B. The bitstrings

are shown:

1, sign SAk − SBk( )� sign ΔΔGAB( )
0, otherwise

{

The linear regression model uses the same training and
validation strategy (also known as the leave-one-out approach).
In order to apply the bootstrapping method to evaluate the errors,
we selected the consensus strategy with the best performance out of
the two that we tested. To execute the consensus procedure, we
repeatedly employed arbitrary blocks of the mean scores. The final
accuracy was calculated by averaging all of the units, and it was then
compared to the earlier consensus conclusions.

FIGURE 3
(A) Newick tree of 41 isolates with the conserved area highlighted in blue (B) Pie-chart displaying classification of core, soft-core, cloud, and shell
genes in NiV isolates (C) Distribution and frequency of total number of genes NiV isolates.

FIGURE 4
Subcellular localization and distribution of structural and
functional proteins into different compartments of NiV.
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3 Results

3.1 Multiple Sequence Alignment and
proteomic analysis

The FASTA sequences of nine proteins with 41 isolates were
analyzed. Additionally, the full genomic sequences of all isolates
were retrieved (Table 2). To determine the degree of similarity
between isolates, each antigen was examined. The NiV “C” protein
showed 56.6 percent similarity, indicating that it cannot be used as
potential vaccine candidates while other proteins demonstrated
greater than 70% similarity (Figure 2A).

3.2 Phylogenetic and pan-genome analysis

All NiV isolates were evaluated by the phylogenetic tree. The
distance demonstrated the evolutionary distance among various
strains. The degree of divergence between isolates increases with
increasing distance. Since the virus was originally propagated in
Malaysia, the MK673562, KY425655, and KY425646 were the
ancestors of all isolates (Figure 2B). The literature mining
showed that the isolate AY988601 is more pathogenic compared
to other variants. According to a pan-genome analysis, there are
total number of 10 genes including 5 core genes, 2 shell genes, and
3 cloud genes, but there was no soft-core genes (Table 2). The F, M,
N, G, and L proteins of NiV are among the core genes, which
account for 95% of genome conservation (Figure 3).

3.3 Sub-cellular localization and antigenicity
prediction

The sub-cellular localization of NiV core proteins showed that
out of the five core proteins, three (F, M, and G) were extracellular
proteins (Figure 4). To choose the effective antigenic protein,

antigenicity was also computed, although two of the proteins had
antigenicities above the 0.45 threshold. Only the F (Fusion
Glycoprotein) and the G (Attachment Glycoprotein) protein had
significant antigenicity.

3.4 Predicting T-cell epitopes

The epitopes of 9-mer amino acid residues of F and G proteins
for MHC-I and II was studied to target the most alleles in human
populations. Multi-allelic CD4+ and CD8+ T-cell epitopes of
antigenic proteins (F and G) of NiV were predicted (Table 3).

3.5 Physico-chemical parameters of
epitopes

The immunogenicity prediction of F and G protein for MHC
class I revealed that the epitopes are highly immunogenic. The
molecular weight of the F and G proteins is more than 60 kDa
highlighting the significant antigenicity. The solubility data
demonstrated that these epitopes are soluble at pH 7, as the
positive value over 0 indicates high solubility. All epitopes were
low-level allergens, according to the allergenicity analysis. Therefore,
the three MHC-I epitopes (PNFILVRNT, VNYNSEGIA, and
IKMIPNVSN) and the three MHC-II epitopes (ILVRNTLIS,
VKLQETAEK, and VILNKRYYS) of the F proteins, and the
three MHC-I (ILKPKLISY, KNKIWCISL, and GKYDKVMPY)
and three MHC-II (FLLKNKIWC, LRNIEKGKY, and
FLIDRINWI) epitopes of the G protein were selected as potential
epitopes based on the physicochemical properties. Each epitope is
non-toxic based on the significant SVM threshold value of 0.5. The
substantial SVM indicates a negative value. The half-life is 1.1 h
indicating a lower range and 100 h as the highest range
demonstrating best for epitopes. These epitopes are stable
peptides based on the threshold of stability index (< 40). The

TABLE 3 Potential CD4+ and CD8+ T-cell epitopes of antigenic proteins (F and G) of NiV.

Classes NiV
proteins

Epitopes No. of
alleles

Position Antigenicity Immunogenicity Allergenicity Molecular
weight (KDa)

MHC Class-
I (CD4+)

F Protein VNYNSEGIA 5 436–444 0.8164 0.0318 + 9.66

PNFILVRNT 4 312–320 0.8719 0.23988 + 10.73

IKMIPNVSN 4 59–67 0.6047 −0.00179 + 10.15

G Protein GKYDKVMPY 4 343–351 0.6545 −0.3047 + 11

ILKPKLISY 5 197–206 0.8331 −0.28594 + 10.74

KNKIWCISL 5 569–578 2.3553 0.24453 + 11.04

MHC Class-
II (CD8+)

F Protein VILNKRYYS 20 11-Mar 1.1435 0.1915 + 11.55

ILVRNTLIS 19 316–324 0.7085 0.23351 + 10.28

VKLQETAEK 10 159–167 0.7777 0.18541 + 10.07

G Protein LRNIEKGKY 14 337–346 1.2281 0.22265 + 11.2

FLIDRINWI 11 512–521 0.7847 0.31092 + 11.89

FLLKNKIWC 16 566–574 1.765 0.25014 + 11.64
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TABLE 4 Physico-chemical properties of MHC-I and II T-cell epitopes of antigenic proteins (F and G protein) of NiV.

Classes NiV
proteins

Epitopes Binding
affinity

Toxicity Solubility Hydropathicity
(GRAVY)

SVM
score

Charge Half-life
(hours)

Theoretical
pI

Instability
index

Aliphatic
index

MHC Class-
I (CD4+)

F Proteins VNYNSEGIA −10.1561 Non-
Toxic

1.726011 −0.28 −0.77 −1 100 4 20.86 86.67

PNFILVRNT −9.1994 Non-
Toxic

1.028095 −1.04 −1.04 1 >20 10.18 17.87 118.89

IKMIPNVSN −9.3395 Non-
Toxic

1.675904 0.2 −0.69 1 20 8.75 32.48 118.89

G protein GKYDKVMPY −10.7214 Non-
Toxic

1.637499 −1.09 −0.85 1 30 8.43 55.72 32.22

ILKPKLISY −9.4375 Non-
Toxic

1.467253 0.57 −1.42 2 20 9.7 3 173.33

KNKIWCISL −9.2548 Non-
Toxic

0.444427 0.26 −0.03 2 1.3 9.31 25.77 130

MHC Class-
II (CD8+)

F Proteins VILNKRYYS −12.5699 Non-
Toxic

1.489251 −0.31 −0.33 2 100 9.7 98.16 118.89

ILVRNTLIS −11.103 Non-
Toxic

1.201023 1.26 −1.12 1 20 9.75 34.57 205.56

VKLQETAEK −11.526 Non-
Toxic

2.110302 0.3 −0.64 0 100 6.11 53.88 86.67

G protein LRNIEKGKY −11.5854 Non-
Toxic

2.166611 −1.41 −0.94 2 5.5 9.7 122.78 86.67

FLIDRINWI −11.2844 Non-
Toxic

1.04248 0.86 −0.8 0 1.1 5.84 −11.01 173.33

FLLKNKIWC −11.1999 Non-
Toxic

1.306684 0.58 −0.24 2 1.1 9.31 16.33 130
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aliphatic index and theoretical pI values showed the significant score
(Table 4).

3.6 Conservational, proteasomal cleavage
and quality assessement

All epitopes are conserved indicating more than 70% conservation.
The population coverage analysis showed that these epitopes are

17–51 percent conserved in entire population against multiple alleles.
To determine the number of cleavage sites, the proteasomal cleavage of F
and G protein showed a significant score greater than 0.5 indicating an
amino acid’s ability to cleave at a favorable position (Figure 5). The
quality of 3D models of epitope is assessed by QMEAN score (Table 5).
Each epitope with aQMEAN score less than−4.0 indicates the quality of
models. The Ramachandran plots also verified the quality of the models
indicating 80% of amino acids residues are in favourable region
(Figure 6).

FIGURE 5
Proteasomal cleavage analysis of F and G proteins of NiV isolates.

TABLE 5 Quality assessment, conservational, and population coverage analysis of NiV epitopes.

Proteins Classes Epitopes QMEAN score Conservational analysis (%) % of population coverage

F Protein MHC-I VNYNSEGIA −1.56 97.56 31.97

PNFILVRNT −4.42 100.00 31.97

IKMIPNVSN −5.61 100.00 33.88

MHC-II VILNKRYYS −0.48 92.68 45.74

ILVRNTLIS −4.35 100.00 31.94

VKLQETAEK −1.51 100.00 19.15

G Protein MHC-I GKYDKVMPY −1.32 78.04 37.25

ILKPKLISY 2.02 100.00 17.71

KNKIWCISL −0.65 100.00 20.69

MHC-II LRNIEKGKY −0.25 78.04 36.06

FLIDRINWI −4.01 100.00 28.05

FLLKNKIWC −0.51 100.00 23.74
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3.7 Virus to host protein-protein interaction

The two NiV proteins G and F perform the activities of
attachment and fusion during infection of the host, but they also
interact with many other human proteins. Both the protein G and F
interact with EFNB3 and EFNB2, which are crucial for viral entry.
SELENOF, FBXO2, GPX1, SERINC1, CERS1, and PGRMC2 all
interact with the G protein. FKBP10, RUFY3, DNAJC10, GET4,
ALDH1L2, ARHGAP21, ALDH3A2, PON2, TES, NSF, UBL 4A,
HLA-C, TFRC, and NAP1L1 are interacting with F protein. The
functional interaction of these human and NiV proteins are
responsible for pathogenesis (Figure 7).

3.8 Binding energy and molecular dynamics

The epitopes were docked with MHC-I and II molecules. The
most crucial screening criterion is the binding energies of epitopes.
The lowest binding affinity value demonstrates a strong interaction
with the target. Each MHC-I and II epitope displayed the lowest
score of binding energy. The MHC-I epitopes PNFILVRNT,
VNYNSEGIA, and IKMIPNVSN of the F protein and
ILKPKLISY, GKYDKVMPY, and KNKIWCISL of the G protein,
showed binding affinities of −9.19, −10.15, −9.33, −9.43, −10.72,
and −9.25 kcal/mol respectively. These epitopes demonstrated
interactions with the MHC-I amino acids histidine, isoleucine,

FIGURE 6
3D models of potential epitopes of MHC class-I and II validated by Ramachandran plots (A) F protein (B) G protein.
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alanine, tyrosine, phenylalanine, lysine, valine, arginine, glutamic
acid, glycine, asparagine, serine, glutamine, and tryptophan. The
MHC-II epitopes ILVRNTLIS, VILNKRYYS, and VKLQETAEK
of the F protein and FLIDRINWI, LRNIEKGKY, and
FLLKNKIWC of the G protein have binding affinities
of −11.10, −12.56, −11.52, −11.28, −11.58, and −11.19 kcal/mol.
The amino acids glutamic acid, glycine, phenylalanine,
asparagine, leucine, glutamine, arginine, lysine, proline,
histidine, threonine, serine, vaine, and isoleucine of MHC-II
were discovered to interact with these epitopes (Figure 8).

Molecular dynamics simulation was performed to assess the
molecular behavior and stability of each docked complex. The
complex’s deformability relied on the individual distortion of each
residue, represented by the hinges in the chain. The MHC-I
epitopes PNFILVRNT, VNYNSEGIA, and IKMIPNVSN of the
F protein and ILKPKLISY, GKYDKVMPY, and KNKIWCISL of
the G protein showed the eigen values of 3.05e−05, 3.00e−05,
3.06e−05, 2.97e−05, 2.98e−05 and 2.70e−05 respectively. The MHC-
II epitopes ILVRNTLIS, VILNKRYYS, and VKLQETAEK of the F
protein and FLIDRINWI, LRNIEKGKY, and FLLKNKIWC of the
G protein displayed the eigen values of 1.24e−04, 1.23e−04, 1.22e−04,
1.22e−04, 1.234e−04 and 1.237e−04 respectively. The B-factor scores
were equivalent to RMS. The coupling between pairs of residues
was explained by the covariance matrix, where various pairs
displayed correlated, anti-correlated, or uncorrelated motions,
which were represented by red, blue, and white colors,
respectively. The elastic network model displayed the pair of
atoms connected by springs in accordance with the degree of
stiffness between them. This stiffness was represented by color,

moving from lighter grey with softer strings to darker grey with
stiffer strings (Figure 9).

3.9 Codon optimization and cloning

The epitopes expression in the K12 strain of E. coli was verified
using in silico cloning. Each codon-optimized epitope has a 39 bp
sequence and was created using the JCAT server. The GC content
ranges between 30% and 70%, while the CAI value barrier is between
0.8 and 1.0. For both MHC class I and II epitopes of F and G
proteins, every optimized epitope had a CAI value of 1.0 and a GC
concentration of more than 37%. All the epitopes were restricted
using the NheI and HindIII enzymes, and high expression levels of
the epitopes were observed at several cloning regions in pET30a (+)
(Figure 10).

4 Discussion

Reverse vaccinology is time and cost effective, as it benefits from
breakthroughs in genomics and proteomics, whereas traditional
approaches are expensive and time-consuming (Nezafat et al.,
2016). Several vaccines designed through in silico techniques have
passed successful clinical testing. The COVID-19 vaccine was
designed with a lot of aid from this innovative procedures (Oli
and Rowaiye, 2022). Nipah virus is a fatal infection that may spread
from person to person, from animal to animal, and from excretory
materials of bats to humans. It causes encephalitis and respiratory

FIGURE 7
Interactomic analysis of viral proteins with host proteins indicating the transformational modifications and pathogenesis. In a network, nodes
indicate proteins while edges show interactions visualized by different colors.
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collapse in humans (Singh et al., 2019). Because of its high death
rate, the zoonotic potential of human-to-human transmission, and
the lack of a vaccine, NiV is observed as a global health concern by
the World Health Organization (WHO), National Institute of
Allergy and Infectious Diseases (NIAID), Research and
Development activities (R&D), and Centre for Disease Control
and Prevention (CDC). The most recent incidence proved that
the virus first appeared in India in September 2021 (Skowron
et al., 2021).

Currently, the WHO has identified a number of cases of NiV,
but yet there is no vaccination. Till now, 721 cases of NiV with
419 deaths were reported in India, Bangladesh, Malaysia and
Singapore (Chattu et al., 2018; WHO, 2023a; Nazmunnahar

et al., 2023). Recently, a 6th outbreak of NiV occurred in India
since 2001. Six NiV cases including two deaths were reported in
Kerala, India between 12 and 15 September (WHO, 2023b). Despite
the high fatality rates associated with Nipah outbreaks (>70% in
Southeast Asia), there are currently no approved medications or
vaccines. To avoid uncontrollable situation, it is necessary to develop
therapeutic strategy or suitable vaccine to treat NiV (Sen et al.,
2019).

To design epitope based vaccines of NiV, the complete
proteomic sequence information is available now. Previous
studies predicted B and T-cell epitopes of F, V, W, and G
proteins, however they missed important subcellular localization
and molecular weight estimation (Kamthania and Sharma, 2015;

FIGURE 8
Molecular docking of potential epitopes models as ligands with MHC class I and II molecules as targets (A) F protein (B) G protein.
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FIGURE 9
Molecular dynamics of epitope-MHC complex; Each complex’stability was assessed through (a) B-factor, (b) deformability, (c) eigenvalue, (d)
covariance index and (e) elastic network model. (A) F protein (B) G protein.

FIGURE 10
In silico cloned codon-optimized epitopes into E. coli strain K12 expression system. The inserted construct DNA sequence is shown in red color.
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Soltan et al., 2021). Some studies predicted the epitopes of F protein
leaving the other antigenic proteins (Ali et al., 2015). For
immunoinformatics based vaccine designing, the population
coverage analysis is vital that reflects the broader spectrum of
epitopes (Moten et al., 2022).

In current study, we applied an integrative system-level
immunoinformatics based framework to predict the CD4+ and
CD8+ T-cell epitopes of NiV involving rigorous analysis of
antigenicity predictions, screening, protein to protein
interactions, and in silico binding affinity analysis. Pangenomic to
proteomic level analysis showed that the NiV has nine structural and
functional proteins, each involved in pathogenesis. The subcellular
localization analysis is important as potential vaccine candidates are
either membrane bound or extracellular proteins and we observed
that among five, three proteins (F, M, and G) are surface and the
remaining are intracellular proteins.

F and G are significant proteins with molecular weight of more
than 60 kDa. T-cell epitopes of G and F proteins are antigenic, as
evidenced by the primary screening of the epitopes based on
substantial cut off parameters. We observed the binding affinity
of these peptides with MHCs molecules to analyze the
pharmacological activities and the immunological response
(Moten et al., 2022). All epitopes showed strong physical and
chemical characteristics and these criteria demonstrated their
capacity to elicit an immune response.

The pan-genome analysis is important to find and provide
information for efficient findings on core and accessory genomes
of pathogenic microbes. The core proteins could be used for epitopes
predictions as conserved antigenic proteins are potential vaccine
candidates.

5 Conclusion

In conclusion, we found 12 antigenic T-cell epitopes of F and G
proteins of NiV, as they have potential affinity for HLA alleles. Two
epitopes of G protein including KNKIWCISL of MHC-I, and
FLLKNKIWC of MHC-II, and similarly two epitopes of F
protein including PNFILVRNT of class MHC-I and ILNKRYYS
of MHC-II showed high antigenicity values of 2.35, 1.76, 0.87 and
1.14 kcal/mol respectively. The immunoinformatics based approach

for designing NiV vaccine is an important step to cope against this
infection.
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Interactive wound dressings have displayed promising outcomes in enhancing the
wound healing process. This study focuses on creating a nanocomposite wound
dressing with interactive and bioactive properties, showcasing potent antioxidant
effects. To achieve this, we developed cerium oxide nanoparticles utilizing
curcumin as both the reducing and capping agent. Characterization
techniques such as SEM, EDX, DLS, Zetasizer, FTIR, and XRD were utilized to
analyze the cerium oxide nanoparticles synthesized through a green approach.
The image analysis on the obtained TEM images showed that the curcumin-
assisted biosynthesized CeO2NPs have a size of 18.8 ± 4.1 nm. The peaks located
at 28.1, 32.7, 47.1, 56.0, 58.7, 69.0, and 76.4 correspond to (111), (200), (220), (311),
(222), (400), and (331) crystallographic planes. We applied the Debye–Scherrer
equation and observed that the approximate crystallite size of the biosynthesized
NPs is around 8.2 nm based on the most intensive broad Bragg peak at 28.1°. The
cerium oxide nanoparticles synthesized were integrated into an alginate hydrogel
matrix, and the microstructure, porosity, and swelling behavior of the resulting
wound dressing were assessed. The characterization analyses provided insights
into the physical and chemical properties of the green-synthesized cerium oxide
nanoparticles and the alginate hydrogel-based wound dressing. In vitro studies
demonstrated that the wound dressing based on alginate hydrogel exhibited
favorable antioxidant properties and displayed hemocompatibility and
biocompatibility. Animal studies conducted on a rat full-thickness skin wound
model showed that the alginate hydrogel-based wound dressing effectively
accelerated the wound healing process. Overall, these findings suggest that
the alginate hydrogel-based wound dressing holds promise as a highly
effective material for wound healing applications.
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1 Introduction

With advancements in nanotechnology and nanoscience, novel
nanomaterials have surfaced, raising concerns about their potential
impact on human health and the environment. However, amidst
these concerns, a group of scientists is actively refining eco-friendly
techniques for manufacturing metal and metal oxide nanoparticles
(Hutchison, 2016). It is preferable to use green nanotechnology in
production and application since it reduces dangers related to
nanotechnology (Hutchison, 2008; Ali et al., 2022; Talha et al.,
2022). The emergence of engineered nanoparticles is a significant
milestone in the fields of nanotechnology and materials engineering.
Nanotechnology has revolutionized the pharmaceutical industry
and various areas of medicine, leading to numerous
advancements. However, it is crucial to transition these
innovations from the confines of the laboratory to practical
applications in the real world in order to fully harness their
potential. Engineered nanoparticles have become prevalent across
various industries, with their presence particularly noticeable in
sectors such as personal care, cosmetics, and clothing (Hobson,
2009; Shi et al., 2010; Mahmoodi et al., 2023).

In order to drive human progress and global development, the
commercialization of disruptive technologies plays a pivotal role.
However, it is imperative that we approach this process with caution,
considering the capabilities, health implications, and environmental
impact of these innovations. One such technology that requires
immediate attention is nanoparticles (NPs), as they pose significant
risks to human health. Unfortunately, their manufacturing and
distribution often occur without proper regulation, particularly in
the expanding global market.

While cutting-edge chemical processes are being developed with a
strong emphasis on safety, it is crucial to adhere to a set of universal
principles that aim to reduce or eliminate potentially harmful
substances. This alignment with such principles is an integral
aspect of the burgeoning field of green chemistry (Xia et al., 2009;
Boregowda et al., 2021; Kumari et al., 2021; Kashyap et al., 2023).

The skin, the largest organ in the human body, covers
approximately 2 square meters. It serves as a vital protective barrier
against the harsh external environment. In addition to its role as a
shield, the skin performs several essential functions. It helps maintain
moisture levels, enhances sensory perception, regulates body
temperature, promotes the equilibrium of bodily fluids, and acts as a
defense against foreign infections (Peate, 2021; Alalaiwe et al., 2023;
Panieri et al., 2023). The skin possesses impressive adaptability, allowing
it to withstand a range of environmental stressors over time. However,
when the skin sustains damage, it can give rise to potential health
complications. Emergency rooms frequently encounter various types of
injuries, including burns, surgical incisions, contusions, scrapes, and
trauma-induced scratches. These injuries require prompt medical
attention and care (Janda et al., 1997; Hassan et al., 2022; Mlambo
et al., 2022; Kumari et al., 2023). The wounds of most living things heal
within 3 months, depending on their severity, thanks to their self-
healing abilities. The process of wound healing is becoming increasingly
challenging for clinicians, making any newmaterials or methods highly
sought after. Massive advancements in nanotechnology, especially in
nanochemistry and nanomanufacturing, have completely altered the
pharmaceutical and biotechnology sectors. Because of their unique
structure, nanomaterials (those with at least one dimension below
100 nm) exhibit unusual physical and chemical characteristics, such
as enhanced quantum tunneling at small and large scales. Due to their
increased adsorption capacity, antibacterial characteristics, and
medication loading, nanomaterials have also recently seen
widespread application in wound healing (Scrinis and Lyons, 2007;
Pachuau, 2015; Huang et al., 2021; Malik et al., 2023; Zhao et al., 2023).

For its controlled synthesis and catalytic uses, CeO2 has been
widely researched due to its high oxygen vacancy content and
reversible transformation between Ce (iii) and Ce (IV). It has
come to light in recent years that CeO2 nanoparticles can
function as free radical scavengers, neutralizing harmful reactive
oxygen and nitrogen species (ROS and RNS) like superoxide
radicals, hydrogen peroxides, hydroxyl radicals, and nitric oxide
radicals (Hojo et al., 2010; Rong et al., 2020). This has sparked
growing interest in their possible biomedical applications. CeO2

nanoparticles have shown promise in preventing a variety of diseases
linked to oxidative stress, including chronic inflammation, ischemic
stroke, and neurological disorders, according to preliminary
biological research. It has been found that CeO2 nanoparticles
promote the growth and migration of major skin-producing cells,
which in turn speeds up the healing of cutaneous wounds (Celardo

FIGURE 1
Induced wound on the back of a rat. The full-thickness wounds
(1 cm in diameter) were induced in the dorsum via a 10 mm sterile
disposable biopsy punch.
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et al., 2011; Wason and Zhao, 2013; Siposova et al., 2019; Allu et al.,
2023). However, the impact of CeO2 nanoparticles on molecular
biology during the wound healing process has not been published as
of yet, to the best of our knowledge.

Lately, there has been increasing interest in studying the
antioxidant potential of cerium oxide nanoparticles (nanoceria).
It has been suggested that nanoceria could potentially scavenge
superoxide radicals, hydrogen peroxide radicals, hydroxyl radicals,
and nitric oxide radicals (Ganesana et al., 2012; Yadav et al., 2019;
Zhao et al., 2023). Therefore, nanoceria has garnered significant
attention in biological research due to its potential ability to prevent
tissue damage caused by radiation, shield the retina from laser light,
extend the lifespan of photoreceptor cells, reduce the severity of
spinal cord injuries, alleviate chronic inflammation, and enhance

angiogenic processes (Gao et al., 2014; Andrabi et al., 2020).
Considering the advantageous characteristics of CeO2

nanoparticles (NPs) and the utilization of a sustainable green
synthesis approach, our team has opted to create innovative
bioactive CeO2 NPs by incorporating a potent natural substance,
curcumin. We have then employed these CeO2 NPs as a bioactive
component within interactive wound healing materials, maximizing
their therapeutic properties. According to a report, the
amalgamation of cerium oxide nanoparticles and curcumin has
been found to enhance the stability of curcumin, hence,
potentially offering therapeutic benefits for a certain disease.
Several studies have documented the potential benefits of an
effective cerium oxide-curcumin combination in terms of
enhanced bioavailability and decreased toxicity, hence, aiding in

FIGURE 2
XRD pattern of the Curcumin assisted biosynthesized CeO2NPs. XRD pattern is well matched to the XRD pattern of the standard sample (card no
96–900-9009) according to the Joint Committee on Powder Diffraction Standards (JCPDS).

FIGURE 3
TEM micrograph of curcumin-assisted biosynthesized CeO2NPs. The results showed that the NPs are relatively spherical and are well dispersed.
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the treatment of chronic illnesses (Andrabi et al., 2020). CeO2

nanoparticles (NPs) were synthesized and then integrated into
alginate hydrogel for their application as wound healing
materials. Characterization techniques and biological evaluations
demonstrated that these developed wound healing materials are
interactive, bioactive, and hold great potential, as they displayed
significant biological activities.

2 Materials and methods

2.1 Materials

Curcumin, dimethyl sulfoxide (DMSO), K2CO3, CaCl2, Cerium
nitrate (Ce (NO3)3·6H2O) with 99.9% purity (trace metal basis), and
Alginate were obtained from Sigma-Aldrich as a reagent-grade
chemical. DMEM cell culture medium, FBS, and antibiotics (Pen/
Strep) were obtained from Invitrogen.

2.2 Instrumentation

The FTIR spectrum of samples was obtained using Shimadzu
8101M FTIR (Kyoto, Japan) at ambient conditions. The samples

were mixed with potassium bromide (KBr) and pressed to form a
pellet. SEM (Jeol JSM-6390 SEM) and EDX detector (Oxford Link
SATW ultrathin window) equipped SEM were applied to obtain
SEM micrographs and semi-quantitative elemental analysis. The
samples were coated with conductive elements to avoid any
interferences with the imaging and analyzing process. A TEM
microscopy (Zeiss Leo q06) was used to provide proper TEM
images from the NPs at 200 kV accelerating voltage. The NPs
were dispersed in solution with low concertation and a small
amount of the dispersed NPs (10 µL) was poured on the TEM
grid and allowed to dry. A Zetasizer Nano ZS90 was applied to
measure the hydrodynamic size and zeta potential of NPs at RT. The
UV-vis spectrum of the synthesized NPs was recorded using a
spectrophotometer (Shimadzu 1650 PC UV-vis
spectrophotometer. Kyoto, Japan). Siemens D5000 diffractometer
(Aubrey, Texas, United States) was applied to record the X-ray
diffraction (XRD) pattern of the synthesized NPs.

2.3 Synthesis of NPs

The green synthesis method was applied to obtain CeO2 NPs. In
this approach, the applied natural/herbal substance (curcumin in
this study) is applied as the reducing agent and stabilizing/capping

FIGURE 4
FTIR spectrum of pure curcumin (A) and curcumin-assisted biosynthesized CeO2NPs (B).
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agent for the supplier source of cerium (cerium nitrate salt in this
study). First, Cur was dissolved in DMSO with the final
concentration of 20 mM, then 120 µL of the prepared Cur/
DMSO solution was diluted with 7 mL of DI water. Next, K2CO3

(150 mM) was used (drop-wise) to adjust the pH of the solution in
9–10. The as-prepared solution was stirred for 10 min to induce the
release of hydrogens from hydroxyl groups of Cur (a critical step
that makes Cur a reducing agent). Then, the cerium nitrate solution
(1 mM) was added drop-wise to the Cur solution and allowed to stir
until the formation of a white precipitate. After 2 days, the reaction
was complete in this colloidal solution. Smaller particles formed as
the concentration of Cur increased. Using centrifuge filter tubes
(Amicon Ultra-50 C) and heating them to 4,000 rpm for 4 min at
room temperature, we were able to remove all unreacted Cur and
salt from our samples. Four rounds of centrifugation were
performed until no UV-Vis absorbance spectra showed evidence
of Cur.

2.4 Characterization of NPs

The synthesized Cur-CeO NPs were characterized with
different and related techniques. The synthesized Cur-CeO NPs
were dispersed in DI water and sonicated thoroughly and their
UV-vis spectrum was recorded. Moreover, the UV-vis spectrum of
free Cur was recorded. The functional groups of the synthesized
NPs and the specific site of interaction of Ce salt on curcumin were

evaluated using FTIR spectroscopy. For this experiment, the
synthesized CeO2 NPs were lyophilized by Telstar freeze dryers
(Lyo Quest −85), and the obtained dried powder was blended with
KBr and pressed to form a pellet. The hydrodynamic diameter
(average NP size), PDI, and zeta potential of as-synthesized NPs
were assessed using a Zeta sizer. The morphology, actual size,
uniformity, and size distribution of the synthesized NPs were
obtained using the TEM imaging technique. The NPs were
drop-casted on the TEM grid (a carbon-coated copper grid)
and let down to air dry. The imaging was performed at 200 kV
accelerating voltage. Semi-quantitative elemental analysis of the
synthesized NPs was recorded by EDX analysis. The crystallinity
state of as-synthesized NPs was evaluated based on the powder
XRD experiments.

2.5 Fabrication of the scaffold

In this experiment, a scaffold was fabricated from Alginate
(Alg) biopolymer. The Alg powder was dissolved in DI water with
the final concentration of 2% w/v and stirred for 1 day to
completely dissolve the biopolymer. After completely
dissolving the biopolymer, the cross-linker (CaCl2, 100 mM)
solution was added to the as-prepared polymeric solution.
Since Alg is an anionic polymer, cationic substances (e.g.,
CaCl2) can physically cross-link the Alg monomers to form a
relatively stable hydrogel network. For the fabrication of NP-

FIGURE 5
SEM images of the fabricated pure Alg hydrogel (A), Alg-CeO2 3% hydrogel (B), Alg-CeO2 5% hydrogel (C), and Alg-CeO2 7% hydrogel (D). Scale bar:
300 μm.
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bearing scaffolds, first, as-synthesized CeO2 NPs were dispersed
into the DI water, stirred for 1 day at RT, and then sonicated
several times to thoroughly disperse the NPs. Then, the
biopolymer (Alg) was added to the dispersion with the final
concentration of 2% w/v and stirred for 24h at RT. Finally, the
cross-linker (CaCl2, 100 mM) was added to the dispersion and
gently shacked to form hydrogel-bearing NPs. The fabricated
structures were soaked in DI water for 12 h and the DI water was
replaced with a fresh one to wash out unreacted substances (Alg
and a cross-linker). The resultant samples were lyophilized by
Telstar freeze dryers (Lyo Quest −85) and stored for further
experiments and applications.

2.6 Characterization of scaffolds

The morphology of as-prepared scaffolds was assessed and
visualized using the SEM imaging technique. The lyophilized
specimens were crashed (to visualize the internal structure) and
covered with conducting elements to properly image. The water
uptake and retention capacity of the scaffolds were investigated in
PBS solution (pH: 7.4) using the weighing method. The specimens
were weighed (W0), soaked in PBS for 1 day, and weighed again
(W1). Formulation 1 was utilized to calculate the water uptake
capacity.

Water uptake %( ) � W1−W0

W0
( )× 100 (1)

The porosity of the structure was measured based on the soaking
of the scaffolds into a solution (usually ETOH), letting the solution
fill the scaffold pores, and calculating the solution volume changes.
Briefly, the initial volume of the solution was measured; the scaffolds
were soaked in the solution for 1 h and the solution volume was
measured, and finally, the scaffold was removed and the solution
volume was measured again.

2.7 The biological evaluations

2.7.1 The antioxidant activity
The antioxidant potential of the synthesized NPs and NP-

bearing scaffolds was assessed using the DPPH assay kit. This
experiment is based on the ability of substances/structures (the
synthesized NPs and NP-bearing scaffolds in this study) to scavenge
and neutralize the free radical (1, 1-diphenyl-2-picril-hydrazine)
which is a purple-colored substance that turns yellow after
scavenging. The samples were incubated with the reagent (1 mL
of DPPH 0.1 mM in methanol), and the absorbance of the solution
was read at 517 nm using a microplate reader.

2.7.2 Cell toxicity assay
The viability of the fibroblast L929 cells under incubation with

as-prepared structures was measured and assessed using the MTT
assay protocol. The cells were grown until 70% confluence in a cell
culture medium (DMEL) containing FBS (10%), and Pen/Strep (1%)

FIGURE 6
Water uptake capacity of the fabricated hydrogels. To promote
the synthesis of a new extracellular matrix (ECM), an ideal skin scaffold
should possess the capability to absorb water at a range of
100–800 times its dry weight without undergoing swelling.

FIGURE 7
Porosity percentage of the fabricated hydrogels. The porosity of
wound dressings and healing structures plays a pivotal role in skin
tissue engineering. It is critical as it creates essential gaps for cell
inhabitation, proliferation, migration, and differentiation.
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at 37°C under 5% CO2 in a cell culture incubator. Then, the cells
were trypsinized, collected from the cell culture flask, re-dispersed in
cell culture medium, and incubated with sterilized scaffolds (with
ETOH 70%) in a density of 1×104 cells/scaffold. The wells were
incubated in a standard cell culture condition (at 37°C under 5%
CO2 in a cell culture incubator) for 1 and 3 days. At each time point,
the cell culture medium was carefully removed and the cells or
scaffolds were incubated with MTT salt (0.5 mg/mL) for 4 h at 37°C
in a dark environment. Subsequently, the appropriate solvent
(DMSO) was added to the system, and the absorbance of the
solution was measured at 570 nm using a microplate reader.

2.7.3 Animal experiments
The in vivo studies were conducted on Male Sprague-Dawley

rats based on the approved guidelines. The animals with weights of
240 ± 20 g were housed in separate cages individually at 25°C with
proper light/dark cycle (12:12) and free access to water and food.
The skin’s full thickness was induced based on previous studies with
a slight modification. The rats were anesthetized through the IP
injection of ketamine/xylazine (1:1), and the dorsumwas shaved and
cleaned with povidone-iodine and 70% ethanol. The full-thickness
wounds (1 cm in diameter) were induced in the dorsum via a 10 mm
sterile disposable biopsy punch (Figure 1). The induced wounds
were treated by the fabricated biomaterials. The histological
evaluations were conducted 14 days post-treatment to observe
and evaluate the efficacy of the applied treatment. For this
experiment, a 10 mm biopsy punch was applied to harvest the
biopsies. The samples were soaked in a 10% neutral buffered

formalin for fixation for 1 day. Then, the samples were subjected
to tissue processing, and the slices were stained with Hematoxylin
and Eosin (H&E) staining.

3 Results and discussion

3.1 Characteristics of CeO2 NPs

In this project, we utilized a green synthesis approach to produce
biogenic CeO2 NPs. In this case, a natural substance (curcumin in
our study) served as both the reducing and capping/stabilizing
agent. Additionally, the resulting NPs obtained from this
approach inherit certain biological activities imparted by
curcumin. Curcumin is widely recognized for its positive
biological properties including antioxidant, anti-inflammatory,
antimicrobial, and antitumoral activities. Some of these activities
are suitable for regenerative medicine and wound-healing
applications. The Indian spice turmeric (Curcuma longa) has
been used for millennia in herbal therapy to treat conditions as
diverse as rheumatism, diabetic ulcers, anorexia, cough, and
sinusitis. The yellow pigment in turmeric comes from a
compound called curcumin (diferuloylmethane). Anti-
inflammatory, anti-oxidant, anti-carcinogenic, anti-mutagenic,
anti-coagulant, and anti-infectious properties have all been seen
in curcumin. The anti-inflammatory and antioxidant effects of

FIGURE 8
Hemolysis induced by the fabricated hydrogels. The treatment
with the fabricated structures demonstrated Hb leakage values below
10%, indicating minimal hemolysis induction by the scaffolds.

FIGURE 9
Inhibitory effect of the hydrogels onDPPH radical. The evaluation
of radical scavenging potential revealed that the synthesized
CeO2 nanoparticles exhibit remarkable antioxidant activity. The
results suggest that these nanoparticles possess strong
capabilities in scavenging radicals.
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curcumin are complemented by its demonstrated effectiveness in
treating wounds. It speeds up recovery by influencing multiple
points in the body’s innate wound-healing process. We applied
curcumin as the reducing agent and capping agent in the synthesis
process of CeO2NPs and characterized the NPs with proper and
informative methods.

The crystallinity of nanomaterials has a significant role in the
performance of the nanomaterials in the intended application. The
results of the XRD analysis (Figure 2) showed that the obtained XRD
pattern is well matched to the XRD pattern of the standard sample
(card no 96-900-9009) according to the Joint Committee on Powder
Diffraction Standards (JCPDS). The peaks located at 28.1, 32.7, 47.1,
56.0, 58.7, 69.0, and 76.4 corresponded to (111), (200), (220), (311),
(222), (400), and (331) crystallographic planes. There were no
additional peaks in the obtained XRD pattern that indicate the
purity of bioproduced NPs and efficacy of the applied green
synthesis. According to the results and obtained crystal lattice,
the biosynthesized NPs had a single-phase cubic fluorite structure
with face-centered cubic fashion (a = b = c = 5.14, α = β = γ = 90°)
and each cerium site was occupied by eight oxygen sites. We applied
the Debye–Scherrer equation and observed that the approximate
crystallite size of the biosynthesized NPs was around 8.2 nm based
on the most intensive broad Bragg peak at 28.1°. Previous studies
also reported the possibility of the synthesis of sophisticated
CeONPs based on green chemistry methods. Maqbool et al. used
Olea europaea leaf extract to synthesize CeO2NPs and observed that
the resultant NPs possessed a single-face cubic center (fluorite
structure) (Maqbool et al., 2016).

We applied the TEM technique to observe the morphology and
measure the actual size of the curcumin-assisted biosynthesized
CeO2NPs. TEM is a powerful and sophisticated imaging technique

for visualizing objects with a size lower than 100 nm. The results
(Figure 3) showed that the resultant NPs are relatively spherical in
shape and are well dispersed. The image analysis on the obtained
TEM images showed that the curcumin-assisted biosynthesized
CeO2NPs have a size of 18.8 ± 4.1 nm. Maqbool et al. (2016).
Synthesized CeO2NPs from O. europaea leaf extract and reported
that the green-produced CeO2NPs had highly homogenous
symmetry, a spherical shape, and an average particle size of 24 nm.

The FTIR spectroscopy was applied to identify the surface
functional groups of pure curcumin and curcumin-assisted
biosynthesized CeO2NPs and the results are presented in
Figure 4. The intense band located at around 3,500 cm–1 relates
to the stretching vibration of hydrogen-bonded O–H of Curcumin.
The bond around 2,920 and 2,850 cm–1 can be attributed to
asymmetric stretching vibrations of Csp2–H and Csp3–H bonds,
respectively. The peak centered at around 1,627 cm–1 is related to the
C–H frequency of the aromatic overtone. The peaks at around
1,450 and 1,420 cm–1 are related to the aromatic stretching
vibrations of the benzene ring. The sharp peak at 1,510 cm–1

originates from the stretching vibration of the conjugated
carbonyl (C=O) (Pawar et al., 2018; Hettiarachchi et al., 2021;
Chen et al., 2023).

3.2 Characteristics of hydrogel
nanocomposite

Hydrogel dressings, comprising complex hydrophilic
polymers, exhibit a high water content, typically up to 90%. As
the name suggests, hydrogels assist in maintaining hydration,
facilitating rehydration, and promoting autolytic debridement of

FIGURE 10
Effect of the hydrogels on the viability of fibroblast cells evaluated by the MTT assay. Developed wound-healing hydrogels exhibited both
biocompatibility and a stimulatory effect on cell proliferation. The synthesized hydrogels not only supported cell growth but also contributed to the
healing process. Data represented as Mean ± SD, *: p < 0.05, **: p < 0.001.
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wounds. Examples of hydrogels include sheet dressings,
amorphous gels, and dressings impregnated with hydrogel
sheets—all composed of water-swelling, insoluble polymers.
Hydrogels foster a moist environment conducive to cell
migration and possess the capacity to absorb certain wound
exudates. Notably, hydrogel dressings offer the additional
advantage of autolytic debridement without disturbing
granulation or epithelial cells. These hydrogels are effective in
the breakdown of slough on the wound surface and are suitable for
wounds ranging from dry to mildly exuding (Weller and Team,
2019; Demeter et al., 2023; Jia et al., 2023; Qiao et al., 2023). Based

on the aforementioned qualities, hydrogels are a promising
product for use as wound dressings. In addition to offering
physical protection and keeping the microenvironment moist,
the antioxidative, antibacterial, and injectable hydrogel wound
dressings now under development can also aid the healing
process by influencing the phase of wound repair. Antioxidant
hydrogels, for instance, have been shown to remove excess reactive
oxygen species in chronic wounds, thereby reducing oxidative
stress, enhancing the wound microenvironment, supporting
collagen production and re-epithelialization, and decreasing the
wound’s pH value to speed up healing and reduce infection (Lei

FIGURE 11
The histopathological observation of the wounds. (A) and (a): negative control (wound without treatment, (B) and (b): wound treated with pure
alginate hydrogel, (C) and (c):wound treated with Alg/CeONPs 3%, (D) and (d):wound treated with Alg/CeO NPs 5%, and (E) and (e):wound treated with
Alg/CeO NPs 7%.
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et al., 2020). Figure 5 represents SEM images of the fabricated
hydrogels.

By utilizing hydrogel-based wound dressings, a favorable moist
environment can be established, aiding the healing process. This
approach of moist wound healing contrasts with the traditional
medical approach of forming a scab. Interestingly, epithelialization
occurs twice as quickly in humid occlusive/semi-occlusive
environments compared to dry ones. While advanced wound
care dressings effectively maintain moisture and accelerate
healing, excessive moisture within the wound bed may lead to
maceration and tissue deterioration. The optimum skin scaffold or
wound dressing, as indicated above, should avoid drying the
wound in addition to maintaining a moist environment and be
able to drain the excessive wound exudate. To facilitate the
production of new ECM, a good skin scaffold should be able to
absorb between 100 and 800 times its dry weight in water without
becoming swollen. Excessive pain is experienced by the patient due
to the accumulation of wound exudate at the wounded site, which
degrades ECM components and involves the surrounding tissues
(Morgado et al., 2015; Nosrati et al., 2021; Wang et al., 2023; Lu
et al., 2022). Figure 6 shows the water uptake capacity of the
hydrogels.

Figure 7 shows the porosity of the fabricated hydrogels. The
porosity of a wound dressing/healing structure is crucial in skin
tissue engineering because it provides the necessary gaps for cell
habitation, proliferation, migration, and differentiation.
Furthermore, the porous 3D matrix of the scaffold aids in
supplying oxygen and nutrients to the injured skin, reducing the
risk of infection. Structures with a porosity of 60%–90% have been
found to be effective for wound healing, as they allow for adequate
cellular function, oxygen and nutrient transport, and the synthesis of
new ECM. The scaffold’s porosity and mechanical qualities should
be in harmony because increasing the scaffold’s porosity decreases
the aforementioned mechanical parameters. Nanobiomaterials, such
as carbon nanotubes and ceramic or metallic nanoparticles, can be
employed to prevent a major decrease in the scaffold’s mechanical
qualities and, in addition, to encourage angiogenesis (Freyman et al.,
2001; Boccaccini et al., 2010; Karuppuswamy et al., 2014; Nosrati
et al., 2021).

3.3 Bioevaluation results

Patient safety is the primary concern while designing medical
dressings. It is well known at this point that hemolysis can affect
the wound-healing process. Vascularization, for instance,
requires active nitric oxide (NO), and the free hemoglobin
(Hb) released from damaged RBCs can trigger NO
inactivation, which in turn slows down the healing process.
Fibroblast growth and collagen remodeling are also negatively
affected by free Hb (Herold et al., 2001; Jensen, 2009; Bernatchez
et al., 2013; Qu et al., 2018; Zare-Gachi et al., 2020). The results of
the Hb leakage under treatment with the fabricated structures
(Figure 8) showed that the scaffolds induced hemolysis lower
than 10%. It can be concluded that the obtained scaffolds are
hemocompatible.

An imbalance between the body’s pro- and antioxidant defenses
can lead to oxidative stress, which has significant implications.

During this process, the production of ROS (Reactive Oxygen
Species) increases, playing a crucial role in wound healing. ROS,
in low levels, regulates multiple signal transduction pathways within
cells and provides energy to phagocytes for bacteria phagocytosis.
However, excessive active oxygen can have predominantly negative
effects on biological systems. High concentrations of ROS directly
interact with lipids, proteins, and DNA in cells, causing damage and
even cell death (Guo and DiPietro, 2010; Jiang et al., 2011; Dunnill
et al., 2017; Cheng et al., 2023; Park et al., 2023). CeO2 has been
thoroughly explored for its controlled synthesis and catalytic uses
due to its plentiful oxygen vacancies and reversible transition
between Ce (iii) and Ce (iv) 3. The ability of CeO2 NPs to
neutralize abundant ROS and RNS has recently come to light,
sparking interest in their potential biological applications. CeO2

NPs can protect a wide range of oxidative stress-related ailments,
including chronic inflammation, ischemic stroke, and neurological
disorders, according to preliminary biological investigations. CeO2

NPs in particular have been shown to hasten the healing of
cutaneous wounds by promoting the proliferation and migration
of key skin-generating cells (Sun et al., 2012; Montini et al., 2016).
The results of the radical scavenging potential evaluation showed
that of the synthesized CeO2, NPs have remarkable antioxidant
activity (Figure 9). Moreover, the incorporation of the synthesized
CeO2 NPs into the Alg hydrogel endowed the antioxidant potential
to the structure.

MTT assay was conducted to assess the cytotoxicity of the
samples and their effects on the viability and proliferation of cells
(Figure 10). The results showed that the fabricated wound healing
hydrogels not only were biocompatible but also induced
proliferative effects on the cells. The beneficial effects of CeO2

NPs on wound healing-involved cells (e.g., keratinocytes,
fibroblasts, and vascular endothelial cells) have been reported by
other researchers (Chigurupati et al., 2013).

The process of wound healing is a dynamic and complex one
that ultimately results in the injured tissue regaining its normal
anatomy and functioning normally. Yet, unusually prolonged
inflammation produces the production of excessive cytotoxic
enzymes, inflammatory mediators, free radicals, and cytokines,
all of which cause significant cell damage to the surrounding tissue
and pave the way for the proliferative phase. The excessive creation
of free radicals also produces oxidative stress, which leads to
cytotoxic effects that are harmful and cause delays in the
healing process of wounds. As a result, the utilization of a
substance that is both anti-inflammatory and anti-oxidative in
order to mitigate chronic inflammation and cut down on an
excessive amount of free radicals might be an essential method
for improving wound healing (Dissemond et al., 2002; Kant et al.,
2014; Huang et al., 2018). The beneficial effects of CeO2 NPs and
CeO2 NPs-embedded structures on the wound healing process
have been reported by other studies. Chigurupati et al. reported
that water-soluble CeO2 NPs accelerated the healing of full-
thickness dermal wounds in mice. They proposed that
enhancement of the migration and proliferation and migration
of fibroblasts, keratinocytes, and vascular endothelial cells under
treatment with water-soluble CeO2 NPs are involved mechanisms
(Chigurupati et al., 2013). Huang et al. fabricated chitosan-coated
CeO2 nanocubes and applied them as wound-healing biomaterials
in excision wounds on adult Sprague Dawley rats. They observed

Frontiers in Chemistry frontiersin.org10

Zhao et al. 10.3389/fchem.2023.1298808

148

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1298808


that the wound-healing potential of the applied structure was
higher than the recombinant human epidermal growth factor
(rhEGF). They proposed that the observed remarkable wound-
healing potential can be due to the antioxidant potential of CeO2

nanocubes since they reduced the expression of tumor necrosis
factor-alpha (an inflammatory cytokine) and increased the
expression of interleukin-10 (an anti-inflammatory cytokine)
(Huang et al., 2018). The histopathological evaluations
(Figure 11) revealed that the treatment of the induced wound
with CeO2 NP-bearing hydrogels enhanced the wound-healing
process.

4 Conclusion

Refractory wounds and ulcers are a major contributor to the
quality of life decline seen in people with oxidative stress-related
disorders like diabetes. Hyperglycemia-induced oxidative stress in
refractory diabetic ulcers disrupts vascular endothelial cells and
worsens inflammation, while also activating a number of aberrant
metabolic pathways that collectively limit wound healing. In the
current experiment, we synthesized CeO NPs via a green chemistry
approach and used curcumin as the reducing and capping agent.
The synthesized NPs exhibited the desired properties. The NPs were
incorporated into Alg hydrogel and applied as wound-healing
biomaterials. As a result, we proposed that CeO NP-bearing Alg
hydrogels with significant anti-inflammatory and anti-oxidative
capabilities could be employed to treat these recalcitrant wounds
caused by oxidative stress. Moreover, for the future direction of this
study, the fabricated CeO NP-bearing Alg hydrogels can be applied
for diabetic wound healing. The non-healing of chronic diabetes
wounds can be attributed to several key factors, including
inadequate cell proliferation, impaired cell migration, and
insufficient angiogenesis. The utilization of cerium oxide
nanoparticles (nCeO2) in the composition of wound dressings
holds significant potential as a viable strategy for enhancing
angiogenesis and facilitating the healing process of diabetic
wounds. CeO2NPs possess properties that make them well-suited
for use as diabetic wound-healing materials due to their antioxidant,
anti-inflammatory, and regenerative attributes. Research findings
indicate that CeO2NPs have the potential to promote wound
healing, facilitate tissue regeneration, and mitigate scar formation.
Cerium oxide nanoparticles (CeO2NPs) have the potential to
mitigate bacterial infections and enhance immune responses at
wound sites.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by Ethics animal committee of
Shandong Provincial Hospital and Shandong First Medical
University. The study was conducted in accordance with the
local legislation and institutional requirements.

Author contributions

RZ: Writing–original draft. CZ: Data curation, Methodology,
Writing–review and editing. YiW: Resources, Visualization,
Writing–review and editing. SA: Supervision, Validation,
Writing–review and editing. YbW: Investigation, Project
administration, Writing–review and editing.

Funding

This research was funded by Natural Science Foundation of
Shandong Province (ZR2021MH103), and China Postdoctoral
Science Foundation (2021M702032).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Alalaiwe, A., Lin, Y.-C., Lin, C.-F., Huang, C.-C., Wang, P.-W., and Fang, J.-Y. (2023).
TiO2-embedded mesoporous silica with lower porosity is beneficial to adsorb the
pollutants and retard UV filter absorption: a possible application for outdoor skin
protection. Eur. J. Pharm. Sci. 180, 106344. doi:10.1016/j.ejps.2022.106344

Ali, L., Subhan, F., Ayaz, M., Hassan, S. S., Byeon, C. C., Kim, J. S., et al. (2022).
Exfoliation of MoS2 quantum dots: recent progress and challenges. Nanomaterials 12,
3465–3523. doi:10.3390/nano12193465

Allu, I., Kumar Sahi, A., Kumari, P., Sakhile, K., Sionkowska, A., and Gundu, S.
(2023). A brief review on cerium oxide (CeO2NPs)-based scaffolds: recent advances in
wound healing applications. Micromachines 14, 865. doi:10.3390/mi14040865

Andrabi, S. M., Majumder, S., Gupta, K. C., and Kumar, A. (2020). Dextran based
amphiphilic nano-hybrid hydrogel system incorporated with curcumin and cerium

oxide nanoparticles for wound healing. Colloids Surfaces B Biointerfaces 195, 111263.
doi:10.1016/j.colsurfb.2020.111263

Bernatchez, S. F., Menon, V., Stoffel, J., Walters, S. H., Lindroos, W. E., Crossland, M.
C., et al. (2013). Nitric oxide levels in wound fluid may reflect the healing trajectory.
Wound Repair Regen. 21, 410–417. doi:10.1111/wrr.12048

Boccaccini, A. R., Erol, M., Stark, W. J., Mohn, D., Hong, Z., and Mano, J. F. (2010).
Polymer/bioactive glass nanocomposites for biomedical applications: a review. Compos.
Sci. Technol. 70, 1764–1776. doi:10.1016/j.compscitech.2010.06.002

Boregowda, N., Jogigowda, S. C., Bhavya, G., Sunilkumar, C. R., Geetha, N., Udikeri, S.
S., et al. (2021). Recent advances in nanoremediation: carving sustainable solution to
clean-up polluted agriculture soils. Environ. Pollut. 297, 118728. doi:10.1016/j.envpol.
2021.118728

Frontiers in Chemistry frontiersin.org11

Zhao et al. 10.3389/fchem.2023.1298808

149

https://doi.org/10.1016/j.ejps.2022.106344
https://doi.org/10.3390/nano12193465
https://doi.org/10.3390/mi14040865
https://doi.org/10.1016/j.colsurfb.2020.111263
https://doi.org/10.1111/wrr.12048
https://doi.org/10.1016/j.compscitech.2010.06.002
https://doi.org/10.1016/j.envpol.2021.118728
https://doi.org/10.1016/j.envpol.2021.118728
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1298808


Celardo, I., Traversa, E., and Ghibelli, L. (2011). Cerium oxide nanoparticles: a
promise for applications in therapy. J. Exp. Ther. Oncol. 9, 47–51.

Chen, J., Li, X., Liu, H., Zhong, D., Yin, K., Li, Y., et al. (2023). Bone marrow stromal
cell-derived exosomal circular RNA improves diabetic foot ulcer wound healing by
activating the nuclear factor erythroid 2-related factor 2 pathway and inhibiting
ferroptosis. Diabet. Med. 40, e15031. doi:10.1111/dme.15031

Cheng, C., Liu, K., Xu, Y., Shen, F., Han, Y., Hou, Y., et al. (2023). Ginsenoside CK
targeting KEAP1-DGR/Kelch domain disrupts the binding between KEAP1 and NRF2-
DLG motif to ameliorate oxidative stress damage. Phytomedicine 119, 154992. doi:10.
1016/j.phymed.2023.154992

Chigurupati, S., Mughal, M. R., Okun, E., Das, S., Kumar, A., Mccaffery, M., et al.
(2013). Effects of cerium oxide nanoparticles on the growth of keratinocytes, fibroblasts
and vascular endothelial cells in cutaneous wound healing. Biomaterials 34, 2194–2201.
doi:10.1016/j.biomaterials.2012.11.061

Demeter, M., Scărișoreanu, A., and Călina, I. (2023). State of the art of hydrogel
wound dressings developed by ionizing radiation. Gels 9, 55. doi:10.3390/gels9010055

Dissemond, J., Goos,M., andWagner, S. (2002). Die Bedeutung von oxidativem Stress
in der Genese und Therapie chronischer Wunden. Der Hautarzt 53, 718–723. doi:10.
1007/s00105-001-0325-5

Dunnill, C., Patton, T., Brennan, J., Barrett, J., Dryden, M., Cooke, J., et al. (2017).
Reactive oxygen species (ROS) and wound healing: the functional role of ROS and
emerging ROS-modulating technologies for augmentation of the healing process. Int.
wound J. 14, 89–96. doi:10.1111/iwj.12557

Freyman, T., Yannas, I., and Gibson, L. (2001). Cellular materials as porous scaffolds
for tissue engineering. Prog. Mater. Sci. 46, 273–282. doi:10.1016/s0079-6425(00)
00018-9

Ganesana, M., Erlichman, J. S., and Andreescu, S. (2012). Real-time monitoring of
superoxide accumulation and antioxidant activity in a brain slice model using an
electrochemical cytochrome c biosensor. Free Radic. Biol. Med. 53, 2240–2249. doi:10.
1016/j.freeradbiomed.2012.10.540

Gao, Y., Chen, K., Ma, J.-L., and Gao, F. (2014). Cerium oxide nanoparticles in cancer.
OncoTargets Ther. 7, 835–840. doi:10.2147/ott.s62057

Guo, S. A., and Dipietro, L. A. (2010). Factors affecting wound healing. J. Dent. Res.
89, 219–229. doi:10.1177/0022034509359125

Hassan, S. S. ul, Abdel-Daim, M.M., Behl, T., and Bungau, S. (2022). Natural products
for chronic diseases: a ray of hope.Molecules 27, 5573. doi:10.3390/molecules27175573

Herold, S., Exner, M., and Nauser, T. (2001). Kinetic and mechanistic studies of the
NO·-mediated oxidation of oxymyoglobin and oxyhemoglobin. Biochemistry 40,
3385–3395. doi:10.1021/bi002407m

Hettiarachchi, S. S., Dunuweera, S. P., Dunuweera, A. N., and Rajapakse, R. G. (2021).
Synthesis of curcumin nanoparticles from raw turmeric rhizome. ACS omega 6,
8246–8252. doi:10.1021/acsomega.0c06314

Hobson, D. W. (2009). Commercialization of nanotechnology.Wiley Interdiscip. Rev.
Nanomedicine Nanobiotechnology 1, 189–202. doi:10.1002/wnan.28

Hojo, H., Mizoguchi, T., Ohta, H., Findlay, S. D., Shibata, N., Yamamoto, T., et al.
(2010). Atomic structure of a CeO2 grain boundary: the role of oxygen vacancies. Nano
Lett. 10, 4668–4672. doi:10.1021/nl1029336

Huang, X., He, D., Pan, Z., Luo, G., and Deng, J. (2021). Reactive-oxygen-species-
scavenging nanomaterials for resolving inflammation. Mater. Today Bio 11, 100124.
doi:10.1016/j.mtbio.2021.100124

Huang, X., Li, L.-D., Lyu, G.-M., Shen, B.-Y., Han, Y.-F., Shi, J.-L., et al. (2018).
Chitosan-coated cerium oxide nanocubes accelerate cutaneous wound healing by
curtailing persistent inflammation. Inorg. Chem. Front. 5, 386–393. doi:10.1039/
c7qi00707h

Hutchison, J. E. (2008). Greener nanoscience: a proactive approach to advancing
applications and reducing implications of nanotechnology. ACS Nano 2, 395–402.
doi:10.1021/nn800131j

Hutchison, J. E. (2016). The road to sustainable nanotechnology: challenges, progress
and opportunities. Washington, DC: ACS Publications.

Janda, J., Abbott, S., and Brenden, R. (1997). Overview of the etiology of wound
infections with particular emphasis on community-acquired illnesses. Eur. J. Clin.
Microbiol. Infect. Dis. 16, 189–201. doi:10.1007/bf01709581

Jensen, F. B. (2009). The dual roles of red blood cells in tissue oxygen delivery: oxygen
carriers and regulators of local blood flow. J. Exp. Biol. 212, 3387–3393. doi:10.1242/jeb.
023697

Jia, B., Li, G., Cao, E., Luo, J., Zhao, X., and Huang, H. (2023). Recent progress of
antibacterial hydrogels in wound dressings.Mater. Today Bio 19, 100582. doi:10.1016/j.
mtbio.2023.100582

Jiang, F., Zhang, Y., and Dusting, G. J. (2011). NADPH oxidase-mediated redox
signaling: roles in cellular stress response, stress tolerance, and tissue repair. Pharmacol.
Rev. 63, 218–242. doi:10.1124/pr.110.002980

Kant, V., Gopal, A., Kumar, D., Gopalkrishnan, A., Pathak, N. N., Kurade, N. P., et al.
(2014). Topical pluronic F-127 gel application enhances cutaneous wound healing in
rats. Acta Histochem. 116, 5–13. doi:10.1016/j.acthis.2013.04.010

Karuppuswamy, P., Venugopal, J. R., Navaneethan, B., Laiva, A. L., Sridhar, S., and
Ramakrishna, S. (2014). Functionalized hybrid nanofibers to mimic native ECM for
tissue engineering applications. Appl. Surf. Sci. 322, 162–168. doi:10.1016/j.apsusc.2014.
10.074

Kashyap, K., Verma, D. K., Pattanayak, S. K., and Khan, F. (2023). Green synthesized
cerium oxide nanoparticles as efficient adsorbent for removal of fluoride ion from
aqueous solution. Water, Air, & Soil Pollut. 234, 179. doi:10.1007/s11270-023-06191-1

Kumari, J., Das, K., Babaei, M., Rokni, G. R., and Goldust, M. (2023). The impact of
blue light and digital screens on the skin. J. Cosmet. Dermatology 22, 1185–1190. doi:10.
1111/jocd.15576

Kumari, P., Seth, R., and Meena, A. (2021). “Consequences of nanomaterials on
human health and ecosystem,” in Nanotoxicology (United States: CRC Press), 157–200.

Lei, H., Zhu, C., and Fan, D. (2020). Optimization of human-like collagen composite
polysaccharide hydrogel dressing preparation using response surface for burn repair.
Carbohydr. Polym. 239, 116249. doi:10.1016/j.carbpol.2020.116249

Lu, J., Chen, Y., Ding, M., Fan, X., Hu, J., Chen, Y., et al. (2022). A 4arm-PEG
macromolecule crosslinked chitosan hydrogels as antibacterial wound dressing.
Carbohydr. Polym. 277, 118871. doi:10.1016/j.carbpol.2021.118871

Mahmoodi, P., Motavalizadehkakhky, A., Darroudi, M., Mehrzad, J., and Zhiani, R.
(2023). Green synthesis of zinc and nickel dual-doped cerium oxide nanoparticles:
antioxidant activity and cytotoxicity effects. Bioprocess Biosyst. Eng. 46, 1569–1578.
doi:10.1007/s00449-023-02920-2

Malik, S., Muhammad, K., and Waheed, Y. (2023). Nanotechnology: a revolution in
modern industry. Molecules 28, 661. doi:10.3390/molecules28020661

Maqbool, Q., Nazar, M., Naz, S., Hussain, T., Jabeen, N., Kausar, R., et al. (2016).
Antimicrobial potential of green synthesized CeO2 nanoparticles from Olea europaea
leaf extract. Int. J. nanomedicine 11, 5015–5025. doi:10.2147/ijn.s113508

Mlambo, S. S., Parkar, H., Naude, L., and Cromarty, A. D. (2022). Treatment of acute
wounds and injuries: cuts, bites, bruises and sprains. SA Pharm. J. 89, 12–18.

Montini, T., Melchionna, M., Monai, M., and Fornasiero, P. (2016). Fundamentals
and catalytic applications of CeO2-based materials. Chem. Rev. 116, 5987–6041. doi:10.
1021/acs.chemrev.5b00603

Morgado, P. I., Aguiar-Ricardo, A., and Correia, I. J. (2015). Asymmetric membranes
as ideal wound dressings: an overview on production methods, structure, properties and
performance relationship. J. Membr. Sci. 490, 139–151. doi:10.1016/j.memsci.2015.
04.064

Nosrati, H., Aramideh Khouy, R., Nosrati, A., Khodaei, M., Banitalebi-Dehkordi, M.,
Ashrafi-Dehkordi, K., et al. (2021). Nanocomposite scaffolds for accelerating chronic
wound healing by enhancing angiogenesis. J. Nanobiotechnology 19, 1–21. doi:10.1186/
s12951-020-00755-7

Pachuau, L. (2015). Recent developments in novel drug delivery systems for wound
healing. Expert Opin. drug Deliv. 12, 1895–1909. doi:10.1517/17425247.2015.1070143

Panieri, E., Telkoparan-Akillilar, P., and Saso, L. (2023). NRF2, a crucial modulator of
skin cells protection against vitiligo, psoriasis, and cancer. Biofactors 49, 228–250.
doi:10.1002/biof.1912

Park, C., Cha, H.-J., Song, K.-S., Kim, H.-S., Bang, E., Lee, H., et al. (2023). Nrf2-
mediated activation of HO-1 is required in the blocking effect of compound K, a ginseng
saponin metabolite, against oxidative stress damage in ARPE-19 human retinal pigment
epithelial cells. J. Ginseng Res. 47, 311–318. doi:10.1016/j.jgr.2022.09.007

Pawar, H., Gavasane, A., and Choudhary, P. (2018). A novel and simple approach for
extraction and isolation of curcuminoids from turmeric rhizomes.Nat. Prod. Chem. Res.
6. doi:10.4172/2475-7675.1000300

Peate, I. (2021). The skin: largest organ of the body. Br. J. Healthc. Assistants 15,
446–451. doi:10.12968/bjha.2021.15.9.446

Qiao, L., Liang, Y., Chen, J., Huang, Y., Alsareii, S. A., Alamri, A. M., et al. (2023).
Antibacterial conductive self-healing hydrogel wound dressing with dual dynamic
bonds promotes infected wound healing. Bioact. Mater. 30, 129–141. doi:10.1016/j.
bioactmat.2023.07.015

Qu, J., Zhao, X., Liang, Y., Zhang, T., Ma, P. X., and Guo, B. (2018). Antibacterial
adhesive injectable hydrogels with rapid self-healing, extensibility and compressibility
as wound dressing for joints skin wound healing. Biomaterials 183, 185–199. doi:10.
1016/j.biomaterials.2018.08.044

Rong, W., Chen, H., Huang, Z., and Wu, K. (2020). Strain-induced oxygen vacancies
in monolayered CeO2 (111) islands grown on Pt (111). J. Phys. Chem. C 124,
6284–6289. doi:10.1021/acs.jpcc.0c00630

Scrinis, G., and Lyons, K. (2007). The emerging nano-corporate paradigm:
nanotechnology and the transformation of nature, food and agri-food systems. Int.
J. Sociol. Agric. Food 15, 22–44.

Shi, J., Votruba, A. R., Farokhzad, O. C., and Langer, R. (2010). Nanotechnology in
drug delivery and tissue engineering: from discovery to applications. Nano Lett. 10,
3223–3230. doi:10.1021/nl102184c

Siposova, K., Huntosova, V., Shlapa, Y., Lenkavska, L., Macajova, M., Belous, A., et al.
(2019). Advances in the study of cerium oxide nanoparticles: new insights into
antiamyloidogenic activity. ACS Appl. Bio Mater. 2, 1884–1896. doi:10.1021/acsabm.
8b00816

Frontiers in Chemistry frontiersin.org12

Zhao et al. 10.3389/fchem.2023.1298808

150

https://doi.org/10.1111/dme.15031
https://doi.org/10.1016/j.phymed.2023.154992
https://doi.org/10.1016/j.phymed.2023.154992
https://doi.org/10.1016/j.biomaterials.2012.11.061
https://doi.org/10.3390/gels9010055
https://doi.org/10.1007/s00105-001-0325-5
https://doi.org/10.1007/s00105-001-0325-5
https://doi.org/10.1111/iwj.12557
https://doi.org/10.1016/s0079-6425(00)00018-9
https://doi.org/10.1016/s0079-6425(00)00018-9
https://doi.org/10.1016/j.freeradbiomed.2012.10.540
https://doi.org/10.1016/j.freeradbiomed.2012.10.540
https://doi.org/10.2147/ott.s62057
https://doi.org/10.1177/0022034509359125
https://doi.org/10.3390/molecules27175573
https://doi.org/10.1021/bi002407m
https://doi.org/10.1021/acsomega.0c06314
https://doi.org/10.1002/wnan.28
https://doi.org/10.1021/nl1029336
https://doi.org/10.1016/j.mtbio.2021.100124
https://doi.org/10.1039/c7qi00707h
https://doi.org/10.1039/c7qi00707h
https://doi.org/10.1021/nn800131j
https://doi.org/10.1007/bf01709581
https://doi.org/10.1242/jeb.023697
https://doi.org/10.1242/jeb.023697
https://doi.org/10.1016/j.mtbio.2023.100582
https://doi.org/10.1016/j.mtbio.2023.100582
https://doi.org/10.1124/pr.110.002980
https://doi.org/10.1016/j.acthis.2013.04.010
https://doi.org/10.1016/j.apsusc.2014.10.074
https://doi.org/10.1016/j.apsusc.2014.10.074
https://doi.org/10.1007/s11270-023-06191-1
https://doi.org/10.1111/jocd.15576
https://doi.org/10.1111/jocd.15576
https://doi.org/10.1016/j.carbpol.2020.116249
https://doi.org/10.1016/j.carbpol.2021.118871
https://doi.org/10.1007/s00449-023-02920-2
https://doi.org/10.3390/molecules28020661
https://doi.org/10.2147/ijn.s113508
https://doi.org/10.1021/acs.chemrev.5b00603
https://doi.org/10.1021/acs.chemrev.5b00603
https://doi.org/10.1016/j.memsci.2015.04.064
https://doi.org/10.1016/j.memsci.2015.04.064
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1517/17425247.2015.1070143
https://doi.org/10.1002/biof.1912
https://doi.org/10.1016/j.jgr.2022.09.007
https://doi.org/10.4172/2475-7675.1000300
https://doi.org/10.12968/bjha.2021.15.9.446
https://doi.org/10.1016/j.bioactmat.2023.07.015
https://doi.org/10.1016/j.bioactmat.2023.07.015
https://doi.org/10.1016/j.biomaterials.2018.08.044
https://doi.org/10.1016/j.biomaterials.2018.08.044
https://doi.org/10.1021/acs.jpcc.0c00630
https://doi.org/10.1021/nl102184c
https://doi.org/10.1021/acsabm.8b00816
https://doi.org/10.1021/acsabm.8b00816
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1298808


Sun, C., Li, H., and Chen, L. (2012). Nanostructured ceria-based materials: synthesis,
properties, and applications. Energy & Environ. Sci. 5, 8475–8505. doi:10.1039/c2ee22310d

Talha, M., Islam, N. U., Zahoor, M., Sadiq, A., Nawaz, A., Khan, F. A., et al. (2022).
Biological evaluation, phytochemical screening, and fabrication of Indigofera linifolia
leaves extract-loaded nanoparticles. Molecules 27, 4707. doi:10.3390/molecules27154707

Wang, Y., Zhai, W., Li, J., Liu, H., Li, C., and Li, J. (2023). Friction behavior of
biodegradable electrospun polyester nanofibrous membranes. Tribol. Int. 188, 108891.
doi:10.1016/j.triboint.2023.108891

Wason, M. S., and Zhao, J. (2013). Cerium oxide nanoparticles: potential applications
for cancer and other diseases. Am. J. Transl. Res. 5, 126–131.

Weller, C., and Team, V. (2019). “Interactive dressings and their role in moist
wound management,” in Advanced textiles for wound care (Netherlands: Elsevier),
105–134.

Xia, T., Li, N., and Nel, A. E. (2009). Potential health impact of nanoparticles. Annu.
Rev. public health 30, 137–150. doi:10.1146/annurev.publhealth.031308.100155

Yadav, N., Patel, V., and Singh, S. (2019). “Cerium oxide-based Nanozymes in biology
and medicine,” in Advances in spectroscopy: molecules to materials: proceedings of
NCASMM 2018 (Berlin, Germany: Springer), 193–213.

Zare-Gachi, M., Daemi, H., Mohammadi, J., Baei, P., Bazgir, F., Hosseini-Salekdeh,
S., et al. (2020). Improving anti-hemolytic, antibacterial and wound healing
properties of alginate fibrous wound dressings by exchanging counter-cation for
infected full-thickness skin wounds.Mater. Sci. Eng. 107, 110321. doi:10.1016/j.msec.
2019.110321

Zhao, R., Zhao, C., Wan, Y., and Wang, Y. (2023). In vitro and in vivo evaluation of
alginate hydrogel-based wound dressing loaded with green chemistry cerium oxide
nanoparticles. Front. Chem. 11, 1298808. doi:10.3389/fchem.2023.1298808

Frontiers in Chemistry frontiersin.org13

Zhao et al. 10.3389/fchem.2023.1298808

151

https://doi.org/10.1039/c2ee22310d
https://doi.org/10.3390/molecules27154707
https://doi.org/10.1016/j.triboint.2023.108891
https://doi.org/10.1146/annurev.publhealth.031308.100155
https://doi.org/10.1016/j.msec.2019.110321
https://doi.org/10.1016/j.msec.2019.110321
https://doi.org/10.3389/fchem.2023.1298808
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1298808


GC–MS profiling of Bacillus
spp. metabolites with an in vitro
biological activity assessment and
computational analysis of their
impact on epithelial glioblastoma
cancer genes

Muhammad Naveed1*, Huda Ishfaq1, Shafique Ur Rehman2,
Aneela Javed3, Muhammad Waseem1, Syeda Izma Makhdoom1,
Tariq Aziz4*, Metab Alharbi5, Abdulrahman Alshammari5 and
Abdullah F. Alasmari5

1Department of Biotechnology, Faculty of Life Sciences, University of Central Punjab, Lahore, Pakistan,
2Department of Basic and Applied Chemistry, Faculty of Sciences, University of Central Punjab, Lahore,
Pakistan, 3Department of Healthcare Biotechnology, Atta-ur-Rahman School of Applied Biosciences
(ASAB), National University of Science and Technology Islamabad, Islamabad, Pakistan, 4Department of
Agriculture University of Ioannina, Arta, Greece, 5Department of Pharmacology and Toxicology, College
of Pharmacy, King Saud University, Riyadh, Saudi Arabia

Background: Bacterial metabolites play a crucial role in human health and have
proven effective in treating various diseases. In this study, the 16S rRNA method and
streakingwere employed to isolate andmolecularly identify a bacterial strain, with the
goal of characterizing bioactive volatile metabolites extracted using nonpolar and
polar solvents.

Methods:Gaschromatography–mass spectrometry (GC–MS) analysiswas conducted
to identify 29 compounds in the bacterial metabolites, including key compounds
associated with Bacillus spp. The main compounds identified included 2-propanone,
4,4-ethylenedioxy-1-pentylamine, 1,2-benzenedicarboxylic acid, 1,1-butoxy-1-
isobutoxy-butane, and 3,3-ethoxycarbonyl-5-hydroxytetrahydropyran-2-one.

Results: The literature indicates the diverse biological and pharmacological
applications of these compounds. Different concentrations of the metabolites
from Bacillus species were tested for biological activities, revealing significant
inhibitory effects on anti-diabetic activity (84.66%), anti-inflammatory activity
(99%), antioxidant activity (99.8%), and anti-hemolytic activity (90%). Disc
diffusion method testing also demonstrated a noteworthy inhibitory effect
against tested strains.

Conclusion: In silico screening revealed that 1,2-benzenedicarboxylic acid
exhibited anticancer activity and promising drug-designing properties against
epithelial glioblastoma cancer genes. The study highlights the potential of
Bacillus spp. as a valuable target for drug research, emphasizing the significance
of bacterial metabolites in the production of biological antibacterial agents.
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1 Introduction

Bacillus species, ubiquitous in nature, are known for their
remarkable metabolic versatility and have been extensively
studied for their potential in the production of various
biologically active compounds (Ajilogba and Babalola, 2019).
Recent research has focused on identifying metabolites from
Bacillus spp. and investigating their pharmacological
properties, including their impact on cancer cells.
Glioblastoma is one of the most aggressive forms of brain
cancer, characterized by rapid proliferation and resistance to
therapy (Valli et al., 2012). The use of natural compounds and
their derivatives to combat this devastating disease has gained
significant attention. This study explores the potential of Bacillus
species metabolites in inhibiting glioblastoma cancer cell growth
through in vitro experiments while also computationally
assessing their effects on epithelial glioblastoma cancer genes.

In the realm of natural product discovery, gas
chromatography–mass spectrometry (GC–MS) has emerged as
a powerful tool for identification and analysis of diverse chemical
compounds in microbial extracts (Faridha Begum et al., 2016).
The application of GC–MS to Bacillus spp. extracts allows for the
identification of a wide array of metabolites, which can be further
assessed for their biological activities (Caulier et al., 2019). This
analytical technique provides invaluable information on the
composition of metabolites produced by Bacillus spp., laying
the foundation for understanding their potential
pharmacological properties (Karlovsky, 2008).

In vitro biological studies form a critical part of this research.
The goal is to assess the biological activities of Bacillus
spp. metabolites, particularly their impact on glioblastoma
cancer cells (Motta et al., 2008). The in vitro experiments will
provide insights into the cytotoxicity and anticancer potential of
these metabolites, shedding light on their ability to inhibit
glioblastoma cell growth and potentially induce apoptosis.
These experiments will be conducted following established
protocols and methodologies to ensure the robustness of the
results (Mishra et al., 2015).

Complementary to in vitro studies, computational analysis
is employed to investigate the effects of Bacillus spp. metabolites
on epithelial glioblastoma cancer genes (Mora et al., 2015). By
using advanced bioinformatics tools and databases, this
approach will allow us to explore how these metabolites may
influence the expression and regulation of genes associated with
glioblastoma (Zugazagoitia et al., 2016). By integrating
experimental and computational data, we aim to gain a
comprehensive understanding of the potential therapeutic
value of Bacillus spp. metabolites in glioblastoma treatment
(Mohan et al., 2021).

This study aims to unveil the potential of Bacillus
spp. metabolites as a source of natural compounds with the
ability to inhibit glioblastoma cancer cell growth and to
computationally elucidate their impact on epithelial glioblastoma
cancer genes. The integration of GC–MS analysis, in vitro biological
experiments, and computational methods will provide a holistic
approach for exploring the pharmacological properties of these
metabolites and their therapeutic potential in the context of
glioblastoma treatment.

2 Materials and methods

2.1 Bacterial strain isolation and
identification

Bacteria are isolated from a soil sample which was obtained from
Punjab University botanical garden. Serial dilutions of the soil
sample were prepared and spread on Luria Broth (LB) agar
plates. The plates were allowed to solidify before serial dilutions
of the sample were inoculated and kept in an incubator at 30 °C for a
24-h growth period. A sterile loop was used to isolate colonies from
bacterial cultures, which were then streaked onto new plates for
further investigation.

2.2 Molecular identification of bacterial
strains

Molecular identification of bacterial isolates will be
accomplished through DNA extraction and PCR testing of their
DNA isolates. For this, the cetyltrimethylammonium bromide
(CTAB) technique was used to distinguish between bacterial
strains as it is soluble in both alcohol and water.

2.2.1 DNA extraction method
DNA extraction from bacterial cells followed the CTABmethod.

Initially, 1.5 mL of inoculated LB was centrifuged at 15,000 rpm for
5 min, and the resulting pellet was discarded. The pellet was
dissolved in 570 µL of TE buffer, combined with 2–3 µL of
proteinase K and 30 µL of 10% SDS, and incubated at 37 °C for
1 h. Post-incubation, 100 µL of 5 M NaCl and approximately 80 µL
of CTAB were added, and the solution was incubated at 37°C for
30 min. Then, 500 µL of chloroform and isoamyl alcohol (24:1 ratio)
were added, followed by centrifugation at 13,000 rpm for 5 min. The
supernatant was transferred to another Eppendorf tube and re-
centrifuged for 6 min with phenol, chloroform, and isoamyl alcohol
(25:24:1 ratio, respectively). The aqueous layer was removed, cold
ethanol was added, and the mixture was stored at −20 to −80 °C for
approximately 1 h. Following cold storage, the Eppendorf tube was
centrifuged again for 12 min at 13,000 rpm, and all liquids were
drained before air-drying with a fan. Subsequently, 20–30 µL of TE
buffer was added, along with 2 µL of RNase for RNA removal,
followed by a 30-min incubation at 35°C in a water bath. To this
solution, approximately 150 µL of ethanol and 25–30 µL of TE buffer
were added, mixed, and centrifuged for 12 min at 13,000 rpm to
remove the solution. Finally, the pellets were air-dried in the
Eppendorf tube and then suspended in 45–50 µL of TE buffer.

2.2.2 Gel electrophoresis
For DNA analysis, a 1.5% agarose gel was prepared and placed in

an electrophoresis chamber. Running buffer (1X TAE) was added to
fully submerge the gel (2–3 mm above the gel). Next, 3 µL of 6X
DNA loading dye (Thermo Scientific) was mixed with 5 µL of the
extracted DNA samples. Each well was loaded with a total volume of
8 µL, containing the prepared DNA. After loading all the samples,
the electrophoresis chamber was sealed, and electrodes were
connected. The gel was run at 100 V for 30 min. Upon
completion, the gel was carefully removed from the tray using
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gloves and evaluated under UV light in the gel doc to determine the
presence of DNA.

2.2.3 PCR
In the PCR reaction procedure, all necessary reagents were

combined in autoclaved PCR tubes. Initially, 12.5 mL of the
master mix was added to each tube, followed by the addition of
2 µL of the DNA sample and 8.5 µL of water. Subsequently, the
forward and reverse primers were individually introduced into the
tubes, and the components were gently vortexed to ensure thorough
mixing. Then, the prepared sample reactions were then placed in the
PCR machine. For the amplification of 16S rRNA, a temperature
gradient was applied within a thermocycler under ideal reaction
conditions. Universal primers (27F/1492R) were employed to
amplify unidentified bacterial strains, targeting the conserved 16S
rRNA gene sequence. The PCR reaction amplification conditions
involved an initial denaturation at 95°C for 5 min, followed by
denaturation at 95°C for 1 min, annealing at 54°C for 30 s,
extension at 72°C for 1 min, and a final extension at 72°C.

2.3 Bacterial metabolite extraction and
identification

2.3.1 Bacterial extract preparation
A bacterial isolate was subjected to a series of incubation and

fermentation processes in a 500-mL Erlenmeyer flask. To create the
broth, a mixture of tryptone, NaCl, and yeast extract was prepared
and added to the flask. Subsequently, the flask was placed inside a
shaking incubator for a duration of 3–4 days. Following this initial
incubation, the fermentation media comprising tryptone (5 g), NaCl
(5 g), oatmeal (0.5 g), phenol red (0.09 g), and distilled water
(500 mL) were added to the same flask, and the entire setup was
further incubated at 37°C while being shaken at 110 rpm.

2.3.2 Separation of compounds from bacterial
metabolites

After the completion of the fermentation process, the culture broth
was divided into three separate funnels, with each funnel containing
500 mL of the broth. To investigate the efficacy of different extraction
solvents, namely, ethyl acetate, methanol, ethanol, and n-butanol, they
were added individually to the funnels. This allowed for a comparative
analysis of their ability to extract specific compounds or substances
from the culture broth. Overnight, the solvents and the culture broth in
the separating funnels formed distinct layers, indicating successful
extraction of different compounds from the broth into each solvent.
These solvent layers were carefully collected in separate beakers to
ensure proper isolation of the extracted materials.

To remove any remaining traces of the solvents and to
concentrate the extracted compounds, the beakers were placed in
a water bath set at 60°C for drying. This step aimed to evaporate the
solvents, leaving behind the concentrated extracts from the culture
broth. Once the extracts were fully dried and free of any residual
solvents, they were transferred into test vials for further analysis and
experimentation. The use of test vials allowed for convenient and
organized storage of the extracts, ensuring they were readily
available for subsequent research and characterization.

2.3.3 Gas chromatography–Mass
spectrophotometry

The crude sample was sent for size- and polarity-based GC-
MS analysis. The chemicals found in metabolites were identified
using GC-MS. The GC-MS analysis was performed using a
PerkinElmer GC Clarus 500 system and a gas chromatograph
connected to a mass spectrometer. For GC-MS detection, an
electron ionization system with an ionization energy of 70 eV
was used in the electron impact mode. An injection volume of
2 µL was employed, and helium gas (99.999%) was used as a
carrier gas at a continuous flow rate of 1°mL/min. The injector
temperature was kept constant at 250°C, the ion-source
temperature was kept constant at 200°C, and the oven
temperature was programmed to begin at 110°C, then
increased by 10 °C/min to 200°C, and then increased by 5 °C/
min to 280°C, finishing with a 9-min isothermal at 280 °C.
Fragments ranging in size from 45 to 450 kDa were used in
the mass spectra. The total GC–MS run time was 36 min, with a
solvent delay of 0–2 min. The relative percentage quantity
of each component was determined by comparing the
average peak area of each component to the total areas.

2.4 Biological activities

2.4.1 Antioxidant analysis
By using the colorimetric DPPH (2, 2-diphenyl-1-

picrylhydrazyl) test, the antioxidant capacity of the samples was
determined in vitro. The technique was finished by estimating the
DPPH solution’s inhibitory concentrations, scavenging activity
percentages, and reduction in violet hue using the samples under
investigation (El-Amier et al., 2023). For this experiment, 1 mL of
90 M DPPH was combined with various fractions of extracted
bacterial metabolites, i.e., 150, 250, 350, 450, and 550 µL in the
dark. Ascorbic acid was utilized as the standard at the same
concentration of 150, 250, 350, 450, and 550 µL. At 37°C, the
mixture was incubated for 30 min. The absorbance at 517 nm
was measured using an ELISA plate, and the activity was
expressed as a percentage inhibition.

%Radical scavenging � Abs control – Abs sample/Abs control( ) × 100.

2.4.2 Anti-diabetic activity
Alpha-amylase test results were calculated using the anti-

diabetic activity. The bacterial samples were used at various
concentrations (200, 400, 600, 800, and 1000 µL), and metformin
was used as the control. In the Falcon tube, an alpha-amylase
solution was prepared. Test tubes were filled with various
bacterial sample concentrations and 10 µL of alpha-amylase and
placed in an incubator set at 37 °C. Then, the same tubes were filled
with 50 µL of a 1% starch solution and left to stand for 1 h. A 50-µL
solution of 1% iodine was added and left to incubate for 30 min after
the first hour. An ELISA reader set to 630 nm was used to check the
absorbance at the end. The following equation was used to
determine anti-diabetic activity percentages:

% Inhibition � Abs control − Abs sample( )[ ]/Abs sample × 100.
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2.4.3 Anti-inflammatory activity
The protein denaturation bioassay was used to assess the

potential for anti-inflammatory affects in vitro (Chaudhari et al.,
2013). These included 100, 200, 300, 400, and 500 µL of different
bacterial sample concentrations. Aspirin was utilized as a control
in this analysis. The above concentrations were combined in test
tubes marked with the corresponding concentrations with 2.8 mL
of the PBS solution and 0.2 mL of fresh egg white, added to a
water bath having a temperature of 37°C, and heated for 20 min.
After the incubation, they were placed in the water bath at 70°C
for 5 minutes.

% Inhibition of protein denaturation = 1 – Abs of Sample/Abs of
Control X 100.

2.4.4 Antibacterial activity
The antibacterial effectiveness of various strains such as

Serratia marcescens and Staphylococcus aureus was measured
using the disc diffusion method. The nutrient agar was mixed
with 200 mL of distilled water in a conical flask (250 mL). The
mixture was autoclave-sterilized for 15 min at 15 lbs and 121°C.
The medium was allowed to cool to 45°–50°C. The mixture was
shaken before being poured into sterile Petri dishes. After
pouring, it was left for 15 min to solidify. The antibacterial
activity of the bacterial samples was assessed using a disc
diffusion assay with an inoculum of 106 bacterial cells/mL
spread on nutrient agar plates. The bacterial sample was
immersed in the antibiotic disc and sterilized filter paper until
saturation. The discs were placed on top of agar plates that had
been seeded with specific bacterial microorganisms. At 37°C, the
plates were incubated for 18–24 h. The coloration around the disc
was calculated and compared to that of the positive control after
18–24 h.

2.4.5 Hemolytic activity
Five milliliter of human blood was drawn from a healthy person

and placed in EDTA vials. The supernatant from centrifugation of
blood was discarded. The pellet was rinsed with 150 mM NaCl,
two–three times. By increasing the volume of blood suspension in
phosphate-buffered saline (PBS) refrigerated at 4°C, the erythrocyte
suspension was created. Several concentrations (50,100,150, 200,
and 250 µL) of bacterial samples were mixed with 0.2 mL of the
blood suspension in a micro-centrifuge tube. Following a 15-minute
period of centrifugation at 16,000 rpm, a 30-minute incubation at
37°C was carried out. Following this, 100 µL of the supernatant was
collected and combined with 900 µL of PBS to calculate the
absorbance at 630 nm in the ELISA plate. PBS was used as a
negative control, and 0.1% Triton X was used as a positive control.

The formula mentioned below was used to calculate hemolytic
percentages:

% hemolysis � Abs of sample –Abs of –ve control /

Abs of control X 100.

2.4.6 Cytotoxicity analysis
U87 cells derived from human malignant glioblastoma

multiforme were cultured for cell line activity in Dulbecco’s

modified Eagle medium (DMEM)—high glucose with 10% FBS
(Thermo Fisher Scientific, Waltham, MA, United States) and
1% pen–strep MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO,
United States). The cell line studies of tested compounds
(compound F) were carried out on these cells. The
percentage cytotoxicity of all compounds was evaluated by
dose-dependent MTT analysis. Exponentially growing cells
were counted, and 10,000 cells per well were plated, in
triplicates, in flat-bottomed 96-well plates (Nunc, Roskilde,
Denmark).

The volume of the cells was kept at 100 μL per well. Each
tested compound was dissolved separately in supplemented
media to obtain different concentrations (200 ug/mL, 150 μg/
mL, 100 ug/mL, 80 ug/mL, and 40 ug/mL). Each concentration
of the drugs was added to the 96-well plate to obtain a final
volume of ~200 μL/well. In addition, each concentration was
tested in triplicate on U87 cells. Control wells contained solvent
control (without drug) and blank media (without cells).
Subsequently, 5 mg/mL of MTT was dissolved in 1 mL PBS.
Accordingly, 15 μL of the prepared MTT solution was added to
each well and incubated for 3 h at 37°C, making intracellular
purple formazan crystals visible under a microscope. Following
the formation of formazan crystals, all of the solution from each
well was removed. Then, a solubilizing solution, i.e., 150 μL
DMSO, was added in each well. The plates were left at room
temperature for a few minutes, while DMSO solution was mixed
thoroughly by pipetting up and down to dissolve the formazan
crystals. Finally, the absorbance of the cells was measured by
using a spectrophotometer at 550 nm.

2.5 Computational analysis

2.5.1 Retrieval of the epithelial glioblastoma-
causing gene

Epithelial glioblastoma cancer genes were found using the
human gene database (GeneCards, https://www.genecards.org/,
retrieved on 10 July 2023). This database offers detailed and
approachable information on all predicted and annotated human
genes in a searchable format.

2.5.2 Structural retrieval of bacterial metabolites
The PubChem database (National Institutes of Health (NIH)) is

a free resource for obtaining chemical information. It includes data
on the physical and chemical properties, chemical compositions,
toxicity, biological activities, and health consequences of all small
molecules or macromolecules that have been chemically altered.
Safety and patentability were also addressed, and it was accessed on
13 July 2023.

2.5.3 Functional annotation of retrieved genes
A set of tools known as g: Profiler (https://biit.cs.ut.ee/gprofiler)

is frequently used in the standard pipelines of computational
analysis focused on biological entities (genes and proteins). It
carries out the functional enrichment analysis of genes (Raudvere
et al., 2019) and was accessed on 14 July 2023.
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2.5.4 Protein–protein network construction
(STRING)

STRING (https://string-db.org, version 11.0), accessed on
16 July 2023, imported 20 target genes from the Venn diagram
intersection in order to methodically construct a PPI network to
understand protein interactions. The PPI network was built using
homo sapiens, with a medium confidence interaction score of 0.
40 and the exclusion of any protein nodes that were not connected to
anything else.

2.5.5 Venn analysis
On 15 July 2023, the Venn diagram

(bioinformatics.psb.ugent.be/webtools/Venn) was accessed to
show how evolutionary genomics and bioinformatics systems are
employed to develop drug and disease targets that intersect.

2.5.6 Molecular docking analysis (PyRx)
Docking was done using PyRx and the PDB-sourced 3D

structures of epithelial glioblastoma cancer genes. The
compounds isolated from Bacillus spp. bacterial metabolites were
docked with the hit molecule discovered through virtual screening.
PubChem (https://pubchem.ncbi.nlm.nih.gov) was accessed to
retrieve all of the compound structures in the SDF format. Of
the compounds, 1,2-benzenedicarboxylic acid (PubChem: 33934)
displayed the highest binding energies with all 20 epithelial
glioblastoma cancer genes. The findings were displayed in terms
of energies, and the substances considered the top candidates of anti-
inflammatory activity had the least docking energies.

2.5.7 QSAR modeling (3D-QSAR)
The cloud 3D-QSAR server can be accessed at http://chemyang.

ccnu.edu.cn/ccb/server/cloud3dQSAR/. The website will run 3D-
QSAR jobs by uploading IC50 and molecular structure values on
1 August 2022. Energy is reduced after molecules are transformed
into 3D structures. They are all subjected to 3D-QSAR modeling
after being randomly split into test and training sets. Other results
are analyzed and sorted automatically, and force field files are
automatically generated.

2.5.8 Molecular dynamic simulation
It is a computer-aided simulation method for analyzing atoms

or molecules’ physical motions. A few significant interactions can
be identified using the molecular dynamics (MD) simulation of
hydrogen bond interactions. MD simulations make virtual
screening and protein docking possible. The IMODS server
was used to run molecular dynamics simulations for this
study. This server offers details on routes involving
macromolecules or homology that can be searched using
normal mode analyses.

2.5.9 Pharmacokinetic ADME evaluation
A molecule’s water solubility, blood–brain permeability,

hepatotoxicity, and physiochemical, pharmacokinetic, and
medicinal chemistry were all determined using the free online
tool SwissADME. SwissADME was employed to characterize the
top compounds determined by docking results and having the
highest inhibitory affinities for epithelial glioblastoma genes. It
established the compounds’ toxicity and characteristics.

3 Results

3.1 Isolation and identification of bacterial
strains

Isolation of the pure strain of Bacillus spp. was performed using the
streaking method. The bacterial strains were streaked from the samples
using LB medium. The collected bacterial samples were streaked on
nutrient agar Petri plates in an aseptic environment in the biosafety
cabinet. Bacterial growth and results were observed on the Petri plates.

3.2 Molecular characterization

Using the 10% CTAB method, DNA was extracted. The next
step was to perform gel electrophoresis using 1.5% agarose gel. The
DNA band is seen in Figure 4.2 after the DNA samples were run on
the gel and visualized using the gel dock (Figure 1A). The 16S RNA
region was amplified with 16S rRNA universal primers. The 16S
RNA was amplified on 2% gel electrophoresis. After their
confirmation in the gel documentation system, the thermocycler
PCR (Applied Biosystems) was used to amplify the bacterial DNA
extract. Using a set of 27F/1492R primers, 16S rRNA was amplified.
The results of the amplified 16S rRNA are shown in Figure 1B.

3.3 Sequencing of 16S rRNA

The samples were delivered to a Malaysian company for
sequencing after the visualization of 16S rRNA via gel
electrophoresis. Sanger sequencing was carried out on the
samples. The chromatograph’s results are shown in Figure 2.

3.4 Identification of 16S rRNA

The sequence obtained after sequencing was bio-edited and then
identified using NCBI BLASTN. The results are displayed in Table 1.

3.5 Bacterial metabolite extraction and
identification

3.5.1 GC-MS results of the crude sample
A total of four solvents (n-butanol, methanol, ethyl acetate, and

ethanol) were used. A total of 35 compounds from n-butanol ethyl
acetate, methanol, and ethanol were identified, which are shown in
Table 2.

3.6 Biological activities

3.6.1 Antioxidant activity analysis
The DPPH radical’s ability to reduce was measured by the

decline in its absorbance at 517 nm brought on by a number of
antioxidants, demonstrating the link between antioxidants and
radical scavenging. This decline in the absorbance of the DPPH
radical is what triggers radical scavenging via hydrogen donation. At
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a maximum concentration of 500 g/mL, the bacterial metabolites
exhibited the highest antioxidant activity of 99.8% (Figure 3).

3.6.2 Peptide hemolytic activity
The activity was concentration-dependent, and the results were

shown after the hemolytic activity was completed. The highest
hemolysis inhibition percentage was found to be 90% at the
maximum concentration of 250 g/mL. Based on the percentage of
hemolysis activity, the results showed that bacteria were non-toxic
and biocompatible. Without assessing hemolysis activity, the use of
bacterial metabolites under uncontrolled conditions is harmful
(Figure 4).

3.6.3 Anti-inflammatory activity
At various concentrations, the potential of bacterial metabolite

extracts to protect denaturation of bovine serum albumin has been
measured. At 500 g/mL concentrations of bacterial metabolites, the
maximum percentage inhibition of protein denaturation was 99%

(Figure 5). According to the findings, the bacterial metabolite is
more effective than the control drug (aspirin) in inhibiting albumin
protein denaturation.

3.6.4 Anti-diabetic activity
Bacterial metabolites were identified as alpha-amylase enzyme

inhibitors by use of the alpha-amylase assay because the intensity of
red color was less. The percentage of inhibition increased with the
concentration (200–1,000 g/mL; 79%–84.66%) and was dose-
dependent. Bacterial metabolites exhibit a maximum inhibition of
84.66%, whereas metformin, a commonly used drug, only exhibits a
maximum inhibition of 66.11% at the same dose (1,000 g/mL)
(Figure 6).

3.6.5 Anti-microbial activity
The antibiotic cefoxitin was used to research the

antimicrobial properties of bacterial metabolites. When
compared to antibiotics, bacterial metabolites at 30 μg/mL

FIGURE 2
Chromatograph of the Bacillus.

TABLE 1 16S rRNA BLASTN results.

Strain ID Strain
name

Number of nucleotides of the
16S rRNA gene

Sequence similarity (%)of the 16S rRNA gene
with closely related taxa

Sequence query
coverage (%)

MBBL2 Bacillus spp. 942 bp 93.79% 99%

FIGURE 1
Molecular characterization. (A) Bacterial DNA extraction; (B) 16S rRNA amplification of bacillus spp. on gel electrophoresis.
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demonstrated a minor zone of inhibition against Serratia
marcesens at a 20 mm depth (Figure 7).

3.6.6 Cytotoxicity analysis
The results obtained from the MTT analysis for the U87 cell line

indicated that % cell cytotoxicity for “compound F” was 49%
(250 ug/mL), 46.4% (200 ug/mL), 54.4% (150 ug/mL), 56.5%
(100 ug/mL), and −5.8% (50 ug/mL). Therefore, It is evident
from the results that compound “F” showed a significant trend in
% cell cytotoxicity in a dose-dependent manner, i.e., with increasing
concentration, cytotoxicity is also increasing (Figure 8).

3.7 Computational analysis

3.7.1 Retrieval of epithelial glioblastoma cancer
genes

GeneCards was used to search for the target genes
associated with epithelial glioblastoma; there are 246 genes in
GeneCards, with no overlapping of target genes. From
GeneCards, a total of 20 genes associated with epithelial
glioblastoma cancer were discovered. The genes were chosen
based on prior studies that were significant in terms of drug
development.

TABLE 2 Compounds from GC-MS analysis of Bacillus spp.

Sr. No Compound Molecular weight Molecular formula Retention time

1 1,2-Benzenedicarboxylic acid 390 C24H38O4 17.80

2 1-Butoxy-1-isobutoxy-butane 202 C12H26O2 7.39

3 2-Propanone 202 C11H22O3 7.39

4 3-Ethoxycarbonyl-5-hydroxytetrahydropyran-2-one 188 C8H12O5 8.31

5 4,4-Ethylenedioxy-1-pentylamine 145 C7H15NO2 8.10

6 Allyl nonanoate 198 C12H22O2 16.45

7 Benzene 106 C8H10 3.90

8 Butane, 1,1-dibutoxy 202 C12H26O2 7.39

9 Decanoic acid 212 C13H24O2 16.45

10 di-tert-butyl decarbonate 218 C10H18O5 7.39

11 2,2’-[1,2 ethanediylbis (oxy)]bis-, diacetate 234 C10H18O6 8.10

12 Ethanol,2,2′-oxybis-, diacetate 190 C8H14O5 7.69

13 Hexadecane 594 C40H82O2 16.45

14 Octadecanoic acid 324 C21H40O2 16.45

15 o-Xylene 106 C8H10 3.90

16 Propanedioic acid 230 C11H18O5 7.39

17 p-Xylene 106 C8H10 4.28

18 1,3,5-Trisilacyclohexane 132 C3H12Si3 17.43

19 1,3-Dioxolane 116 C7H14O2 8.29

20 5-Hexen-3-ol 142 C9H18O 8.29

21 6-Ethyl-3- trimethylsilyloxydecane 258 C15H34OSi 18.62

22 Di-n-octyl phthalate 390 C24H38O4 17.80

23 Bis(2-ethylhexyl) phthalate 390 C24H38O4 17.81

24 Mono(2-ethylhexyl) ester 278 C16H22O4 17.81

25 2-Pentanone 116 C11H22O3 3.50

26 Decane, 1-fluoro 160 C10H21F 16.45

27 Ethylbenzene 106 C8H10 3.74

28 p-Dioxane 232 C12H24O4 7.39

29 Propanedioic acid 230 C11H18O5 7.39
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3.7.2 Tertiary structure retrieval of genes (PDB)
The PDB was used to retrieve the complete gene sequences for

20 cancerous genes related to epithelial glioblastoma with the
subsequent PDB ID: TP53 (1A1U), PTEN (1D5R), MSH6
(2GFU), APC (1BEB), CHEK2 (1GXC), PMS2 (1EA6), KRAS
(1D8D), BR1P1 (1T15), CDKN2A (1A5E), MET (1FYR),
EPCAM (4MZY), CTNNB (1G3J), BRAF (1UWH), MSH2
(208B), BARD1 (1JM7), RB1 (1AD6), MUTYH (1X51), TERT
(2BCK), HRAS (121P), and KIT (1PKG). Discovery Studio
Visualizer was used to visualize the genes, and PyMOL created
the complex.

3.7.3 Structural retrieval of compounds (PubChem)
The PDB format is used to retrieve the structures of the bacterial

compounds from PubChem discovered by GC-MS analysis
described in Table 2.

3.7.4 Prediction of target genes according to
retrieved metabolites (g: Profiler)

Gene enrichment analysis were done through g: profiler, and the
target genes were TP53, PTEN, MSH6, APC, CHEK2, PMS2, KRAS,
BR1P1, CDKN2A, MET, EPCAM, CTNNB, BRAF, MSH2, BARD1,
RB1, MUTYH, TERT, HRAS, and KIT (Supplementary Figure S1).

FIGURE 3
Graph for antioxidant activity showing the highest percent free radical scavenging of bacterial metabolites (99.8%) at a concentration of 500 μg/mL.

FIGURE 4
Graphical representation of activity showing % inhibition in hemolysis by bacterial metabolites at different concentrations.
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3.7.5 Protein–protein network construction
(STRING)

PPI networks are constructed by hiding nodes connected to
independent targets and using a confidence level greater than 0.40.
In the PPI network, protein–protein interactions are shown as edges
and proteins are shown as nodes. The network has 19 nodes,
119 edges, and an average node-to-node distance of 12.5° (Figure 9).

3.7.6 Molecular docking analysis (PyRx)
With all targeted genes or docking scores, five compounds were

molecularly docked. When compared to all other substances,
1, 2-benzenedicarboxylic acid has a high docking energy, with
gene MET being −7.9 (Table 3) (Figure 10).

3.7.7 Pharmacokinetic study (ADME)
Swiss ADME results showed that 1, 2-benzenedicarboxylic

acid is the most effective anti-cancer compound against epithelial
glioblastoma cancer genes due to its high lipophilicity. The
LogP value of the compound is greater than 4 which means it
is water soluble. C24H38O4 is the molecular formula of
diethylhexylphthalate, and the molecular weight is 390.56 s g/
mol. The drug was effectively absorbed in the GI tract, according
to the pharmacokinetic analysis, and it did not break Lipinski’s
rule. The compounds’ interactions and pharmacokinetic analyses
revealed low glycoprotein permeability and no inhibitory effect
on CYP2C19 and CYP2C9. Figure 11 shows a BOILED-Egg
representation of 1, 2-benzenedicarboxylic acid.

FIGURE 5
Graphical representation of % inhibition in protein denaturation showing 99% anti-inflammatory activity by bacterial metabolites at 500 μg/mL.

FIGURE 6
Graphical representation of anti-diabetic activity showing the % inhibition of α-amylase by bacterial metabolites at different concentrations.
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3.7.8 Venn analysis (bioinformatics and
evolutionary genomics analysis)

The intersection of recognized targets about identified chemical
compounds and epithelial glioblastoma cancer is depicted in the
Venn diagram. A total of five compounds are obtained using 1,2-
benzenedicarboxylic acid, 1-butoxy-1-isobutoxy-butane, 2-
propanone, 3-ethoxycarbonyl-5-hydroxytetrahydropyran-2-one,
and 4,4-ethylenedioxy-1-pentylamine to create Venn diagrams
(Figure 12).

3.7.9 Molecular dynamic simulation (iMODs)
MD stimulation was performed on the iMOD server. The

docked complex was used to perform the MD stimulation.
Results from iMODs, including deformability, variance,
eigenvalue, covariance map, elastic network, and B-factor, are
shown in Figure 13.

3.7.10 QSAR modeling (3D-QSAR)
The in silico 3D-QSAR research’s objective is to evaluate how

the structural characteristics of the targeted compounds
impacted their biological activities. In order to determine the
biological activities of the ligands, the method primarily makes
use of three-dimensional properties. A dataset of five compounds
derived through GC-MS analysis was used to construct the QSAR
model. The best ligand’s activity was predicted by the generated
model, which demonstrated its accuracy. Predicting which ligand
would be the most active was a way to test the model. For 1,2-
benzenedicarboxylic acid, a good statistic was obtained in all
models. The significant r2 and the cross-validated correlation
coefficient q2 were both 0.1712. Figure 14 shows the contour map
for the compound with the best hit.

4 Discussion

The Bacillus genus is best known for producing some of themost
well-known natural products due to its extremely active metabolism.
A number of significant metabolites are produced by Bacillus
species, such as iturin, surfactin, fengycin, and cyclic lipopeptide
antibiotics. Surfactin, streptavidin, and bacillomycin D are some of
these natural therapies that can be used to treat cancer (Zhou et al.,
2018). They belong to the Bacillus family, which has been shown to
produce a spectrum of secondary metabolites, such as polyketides

FIGURE 7
Anti-bacterial analysis of bacterial metabolites showing the zone
of inhibition against cefoxitin antibiotic and bacterial metabolites at
various concentrations.

FIGURE 8
Graphical representation of % cytotoxicity of the U87-MG cell line and morphology of the U87-MG cell line after 24 h and comparison with the
control.
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(PKs), terpenes, and siderophores, as well as ribosomally and non-
ribosomally produced peptides with anti-cancer properties
(Harwood et al., 2018). However, further study is needed to
uncover the potential biological functions of other elements.

One of the most intriguing subgroups of natural product
producers is the Bacillus genus, and studies on it frequently result
in the discovery of new active compounds (Mondol et al., 2013).
The Bacillus genus has also been demonstrated to be a significant
producer of novel antibiotics. Bacillus metabolites are widely
distributed and have a variety of bioactivities. On the basis of
recent research, we still know very little about the metabolite
repertoire of Bacillus. Bacillus metabolites are thought to be a
source of potential new drugs that require further investigation,
despite the fact that some have been shown to inhibit bacteria and
suppress cancer (Shao et al., 2021).

In this study, Bacillus strains were collected from the Molecular
Biology and Biotechnology culture collection Laboratory (MBBL)
and were identified through 16S rRNA PCR amplification. The
DNA was extracted using the CTAB procedure and visualized
through gel electrophoresis. After successful PCR amplification of
the 16S rRNA gene, the strain was identified and verified through
GenBank submission (Hassan, 2016). Following the identification,
Bacillus spp. strains were cultured, and metabolites were extracted
from the culture medium. Then, these extracts were subjected to
GC–MS analysis. GC-MS revealed the presence of 29 compounds,
with major compounds including 1,2-benzenedicarboxylic acid, 1,1-
butoxy-1-isobutoxy-butane, 2-propanone, 3,3-ethoxycarbonyl-5-
hydroxytetrahydropyran-2-one, and 4,4-ethylenedioxy-1-
pentylamine (Nas et al., 2021). Previous research findings, such
as those of Munjal et al. (2016), have identified similar compounds
from Bacillus strains using GC-MS. The majority of bacterial
secondary metabolites are known for their diverse characteristics,

FIGURE 9
PPI network of epithelial glioblastoma cancer genes. Each node represents the relevant gene, and the edges represent protein–protein associations.

TABLE 3 Binding energies of docked complexes of identified compounds and
cancerous genes.

Cancerous genes Binding energies (KJ/mol)

MET −7.9

EPCAM −7.2

KIT −6.9

KRAS −6.9

PTEN −6.8

BRAF −6.6

CTNNB −6.4

CHEK2 −6.8

MUTYH −6.2

MSH2 −5.9

RB1 −5.8

BR1P1 −5.7

TP53 −5.7

PMS2 −5.6

MSH6 −5.4

APC −5.3

CDKN2A −5.1

BARD1 −5.1

HRAS −5

TERT −4.9
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including antioxidant, anti-inflammatory, and antimicrobial
properties (Munjal et al., 2016). The anti-inflammatory and
antioxidant potential of these metabolites was demonstrated
through protein denaturation inhibition and DPPH analysis,
respectively. Additionally, their antimicrobial activity was compared
with that of cefoxitin, yielding promising results (Gao et al., 2018).

This study extended into the realm of cancer research. Target
genes for epithelial glioblastoma cancer were identified, and ligands
such as 1,2-benzenedicarboxylic acid were docked against these genes.
Among the ligands, this compound (1,2-benzenedicarboxylic acid)

exhibited the highest binding affinity, particularly with crucial cancer-
related genes, including MET, EPCAM, PTEN, and CHEK2. 3D-
QSAR analysis confirmed its promising characteristics, and ADMET
analysis indicated its suitability for drug development. This study
underscores the untapped potential of Bacillus metabolites and their
diverse applications, from antimicrobial and anti-inflammatory
agents to potential anticancer drugs. The compound 1,2-
benzenedicarboxylic acid emerges as a strong candidate for further
exploration in cancer treatment, with the potential to effectively target
a variety of cancer cell lines.

FIGURE 10
Molecular interaction of 1, 2-benzenedicarboxylic acid and MET (−7.9). (A) 2D image of the docked complex; (B) 3D image of the docked complex.

FIGURE 11
(A) Chemical structure prediction of 1, 2-benzenedicarboxylic acid; (B) BOILED-Egg representation; (C) radar plot of 1,2-benzenedicarboxylic acid.
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5 Conclusion

According to the study, the bacterial metabolites present in Bacillus
bacteria have antioxidant, antibacterial, anti-hemolytic, anti-
inflammatory, anti-diabetic, and anti-cancerous activity in vitro. The
GC-MS analysis of the bacterial extract revealed the discovery of several
bacterial compounds with substantial biological activity. Bacterial
compounds derived from these fractions could be potential
therapeutic candidates. The compounds identified as ligands through
GC-MS analysis were evaluated in silico against epithelial glioblastoma

cancer genes, with the results indicating that 1,2-benzenedicarboxylic
acid is a strong candidate for new therapeutics because of its good
ADMET properties and high binding energy properties. These findings
suggest that Bacillus species are a promising treatment option for
inflammation and other human-related illnesses. The medicinal or
pharmacological potential of the Bacillus spp. revealed that it is quite
promising as a versatile therapeutic bacterium and that more research
should be done on it. These compounds have not previously been
reported from Bacillus spp., according to the literature review. While
little work has been done to use these compounds, fundamental research

FIGURE 12
A Venn diagram illustrating the intersection of identified
compounds with the following elements: 1,2-benzenedicarboxylic
acid (132), 1-butoxy-1-isobutoxy-butane (71), 2-propanone (63), 3-
ethoxycarbonyl-5-hydroxytetrahydropyran-2-one (46), and 4,4-
ethylenedioxyl-1-pentylamine.

FIGURE 13
Shows a simulation of molecular dynamics of the best docked complex. (A) Deformability of the complex; (B) B-factor graph; (C) elastic network
(gray matter indicates a stiffer region); (D) covariance map: correlated (red), uncorrelated (white), or anti-correlated (blue) motions; (E) The eigenvalue
plot illustrates the minimum energy required to deform the complex; (F) Variance individual variance (purple) and cumulative variance (green).

FIGURE 14
Contour diagram of the best hit compound, 1,2-
benzenedicarboxylic acid.
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should be enhanced in order to leverage the hidden potentials of both
these compounds and the organisms that make them, as this could lead
to uncovering of an entirely novel world of metabolism in bacteria.
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Synthesis of
chromium-D-phenylalanine
complex and exploring its effects
on reproduction and development
in Drosophila melanogaster
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The present study was undertaken to explore the effect of Chromium-D-
phenylalanine (Cr (D-phe)3) on the reproduction and development of
Drosophila melanogaster. Cr (D-phe)3 was synthesized and characterized by
infrared spectral analysis, melting point (DSC), and UV spectral analysis. D.
melanogaster was raised in corn flour agar medium containing 0, 5, 10, 15, and
20 μg/mL of Cr (D-phe)3. The effect of Cr (D-phe)3 was evaluated by observing the
larval period, pupal period, percentage of egg hatching, morphometric analysis of
eggs, larvae, pupae and adults, fertility, fecundity, lifespan of the emerged flies, and
levels of antioxidant enzymes such as catalase, glutathione-S-transferase (GST),
and superoxide dismutase (SOD) in the supernatant of flies homogenate
suspension. The study results indicate that Cr (D-phe)3 showed beneficial
effects on reproduction and development in D. melanogaster. Cr (D-phe)3
significantly improved the larval period, pupal period, percentage of egg
hatching, morphometric characters of the larva, pupa, and adult, fertility,
fecundity, and lifespan of D. melanogaster. Moreover, Cr (D-phe)3 also
significantly elevated the levels of catalase (p < 0.01), GST (p < 0.05), and SOD
(p < 0.01) inD.melanogaster, and results were statistically significant at the dose of
15 μg/mL. The study results indicate that Cr (D-phe)3 has a positive effect on the
reproduction and development ofD. melanogaster. The literature review revealed
that there is a strong relationship between the physiology ofmetabolism, oxidative
stress and reproduction and development. Several studies propose that Cr(III)
influences insulin sensitivity and thereby the metabolism of carbohydrates,
proteins, and fats. Cr (D-phe)3 also has antioxidant and anti-inflammatory
properties. Hence, the observed beneficial effects of Cr (D-phe)3 on
reproduction and development of D. melanogaster may be attributed to its
physiological effect on carbohydrate, protein, and lipid metabolism and its
antioxidant and anti-inflammatory properties.
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1 Introduction

Chromium (Cr) is one of the most common elements that occur
in the earth’s crust and seawater. Cr exists in various oxidation states
from 0 to VI; however, the most stable forms found in
environmental and food samples are trivalent [Cr(III)] and
hexavalent [Cr(VI)] (Peng and Yang, 2015).

Cr(VI) is highly toxic: it has an allergic, teratogenic, mutagenic,
and carcinogenic impact on humans (Sun et al., 2015; Shams Ul
Hassan et al., 2019). As per the recommendations of the
International Agency for Research of Cancer (IARC) 2022,
Cr(VI) is classified as Group 1—Carcinogenic to humans—and
can cause lung cancer. Inhalation exposure to Cr(VI) can cause
irritation, inflammation, and damage to the respiratory system.
Prolonged skin contact can cause skin ulcers and allergic
reactions (IARC 2022).

According to IARC-2022, Cr(III) is not carcinogenic to humans
(IARC 2022) and is considered an essential trace element. Humans
require about 30–40 µg of chromium per day for normal metabolism
of glucose, fats, proteins, and nucleic acids (Peng and Yang, 2015;
Nagarjun et al., 2017). Cr(III) encourages the action of insulin in
tissues and also helps to maintain normal serum cholesterol levels
(Peng and Yang, 2015; Nagarjun et al., 2017). Several studies
propose that Cr(III) influences insulin sensitivity by enhancing
insulin receptor binding and increasing both receptor numbers
and intracellular insulin signalling. Additionally, it facilitates
GLUT4 translocation through the AMPK-mediated pathway
(Vincent, 2017; Lukaski, 2019). Cr(III) further contributes to
elevated protein synthesis by activating post-receptor insulin
signal transduction pathways and initiating phosphorylation
cascades, thereby promoting anabolic protein responses in
skeletal muscle (Lukaski, 2019). Furthermore, the
supplementation of Cr(III) has been observed to impact lipid
synthesis, leading to a reduction in the expression of genes linked
to fatty acid synthesis in adipocytes. This effect extends to a decrease
in fat accumulation in both the liver and skeletal muscle (Lukaski,
2019).

Cr demand drastically increases during long periods of stress
such as pregnancy, infection, physical trauma, and strenuous
exercise as additional Cr loss is found in these situations
(Swaroop et al., 2019). Many people, such as athletes,
diabetics, pregnant women, and the elderly, are especially at
risk of Cr deficiency, leading to impaired insulin function,
inhibition of protein synthesis and energy production, type
2 diabetes, and cardiovascular complications (Swaroop et al.,
2019). Hence, supplementation of Cr through diet plays an
important role in protecting against Cr deficiency-induced
health complications in this group of people. In addition,
Cr(III) compounds have demonstrated extensive applications
in healthy blood sugar regulation, dietetics, and sports
nutrition (Peng and Yang, 2015; Nagarjun et al., 2017;
Swaroop et al., 2019).

Significant dietary sources of Cr (III) are present in a variety of
foods, including whole-grain products, high-bran breakfast cereals,
egg yolks, coffee, nuts, green beans, broccoli, meat, Brewer’s yeast,
and certain brands of beer and wine. Cr(III) is also naturally
occurring in many mineral or multivitamin supplements. As per
the National Research Council (NRC), the Estimated Safe and

Adequate Daily Dietary Intake (ESADDI) for Cr(III) ranges from
50 to 200 μg/day, corresponding to 0.83–3.33 μg/kg/day for adults
weighing 60 kg. The Food and Drug Administration (FDA) has
selected a Reference Daily Intake (RDI) of 120 μg/day for Cr
(Swaroop et al., 2019).

Dietary Cr is not readily absorbed (about 0.5%–2%); the
coupling of Cr to a suitable ligand increases its bioavailability
(Peng and Yang, 2015; Swaroop et al., 2019). The pharmaceutical
and dietary supplement market is growing fast by offering various
chemical forms of Cr(III) compounds like Cr (III)-picolinate,
Cr(III)-polynicotinate, Cr(III)-glycinate, Cr (III)-D-
phenylalaninate, Cr (III)-histidinate, etc. (Maret, 2019). But
Cr(III)-D-phenylalanine complex [Cr (D-phe)3] is reported as
biologically safe compared to all others (Nagarjun et al., 2017).

Cr(III) compounds are commercially available either
individually or as a component of herbal blends or mixed
formulations with vitamins, minerals, or anabolic nutrients. In
addition to traditional capsules or tablets, Cr(III) compounds are
included in nutrition bars, chewing gum, and some sports drinks
(Peng and Yang, 2015; Swaroop et al., 2019). Some scientific
literature has raised concerns about the toxicities of these Cr (III)
supplements, particularly regarding reproductive and
developmental toxicities (Hepburn et al., 2003; Bailey et al., 2008).

Cr(III) complexes have the potential to affect insulin function,
protein synthesis, and fat synthesis and reduce food intake (Vincent,
2017; Lukaski, 2019). These processes are often crucial in normal
reproduction and fetal development (Sliwowska et al., 2014;
Marshall et al., 2022). However, no studies have thoroughly
evaluated and explored the effect of dietary supplement forms of
Cr(III) in reproduction and development.

The Drosophila melanogaster (fruit fly) has long been a premier
model for developmental biologists and geneticists (Rand et al.,
2014). In addition, D. melanogaster is a model organism owing to its
importance in toxicity studies: having a shorter life span and a large
number of progenies is an ideal model for studying developmental
and reproductive effects (Singh and Chowdhuri, 2017; Pb et al.,
2020).

Hence, the present study was planned to synthesize Cr
(D-phen)3 complex and explore its effects on reproduction and
development in D. melanogaster.

2 Materials and methods

2.1 Chemicals

Chromium chloride (III) (Sd-fine-chem, Mumbai, India),
D-phenylalanine, thiobarbituric acid, (Hi- Media Laboratories
Pvt. Ltd, Mumbai, India), and 5,5-dithiobis-2- nitrobenzoic acid
(Sigma-Aldrich, St. Louis, United States) were purchased. All other
chemicals used were of analytical grade.

2.2 Drosophila melanogaster

Wild strains of D. melanogaster (W1118) were obtained from
the National Centre for Biological Sciences (TIFR), Bangalore and
sub-cultured into standard corn flour cream agar media and
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maintained at 25°C ± 1°C in a low-temperature incubator (REMI) at
65% humidity were used in the study.

2.3 Preparation of corn flour cream agar
media

Corn flour (80 g), jaggery (70 g), agar (9 g), and yeast powder
(15 g) were weighed separately and kept aside. Corn flour was added
to a pressure cooker containing 1 L of warmed (~35°C) distilled
water and mixed thoroughly to avoid the formation of clumps.
Subsequently, jaggery, agar, and yeast powder were also added,
mixed thoroughly, and the pressure cooker was closed without a
weight/whistle and kept on high heat for 5 min. Then cooker lid was
opened carefully, the content was mixed thoroughly, and the lid was
closed again and a whistle placed. Heating was continued for 25 min
at low flame. The heat was turned off and it was left to cool for
15–20 min. The pressure in the cooker was released; the lid was
opened and the cooked media was mixed thoroughly and cooled to
50°C–55°C. Then, the required amount of methyl para hydroxy
benzoate (1.25 g) dissolved in a small quantity of ethanol (4 mL) and
propionic acid (4.4 mL) were added to the media with thorough
mixing. The prepared media was poured into glass vials (10 cm in
length × 2 cm in diameter) to approximately 2 cm from the bottom.

2.4 Synthesis of Cr (D-phen)3 complex

Cr (D-phen)3 complex was systhesized as per the method
prescribed in our previously published work (Nagarjun et al., 2017).
Shortly, solutions of 2.6 g of CrCl3.6H2O in 50 mL water and 4.8 g, of
D-phenylalanine in 50 mL water were mixed at 80°C and refluxed for
4 h. The homogeneous green reaction mixture was freeze–dried to
obtain a greenish-violet solid and washed several times with acetone,
dried in an air oven, and stored in a closed container for further use. The
synthesized Cr (D-phen)3 complex was characterized by its infrared
spectral analysis, melting point (differential scanning calorimeter), and
UV spectral analysis [the results of characterization are given in our
previous publication (Nagarjun et al., 2017)].

2.5 Exploring effects of Cr (D-phen)3 on
reproduction and development

To evaluate the effect of Cr (D-phen)3 complex on reproduction
and development, the flies of D. melanogaster (W1118) were raised
in five replicates of standard corn flour cream agar medium
containing 0, 5, 10, 15 and 20 μg/mL of Cr (D-phe)3 (equivalent
weight of chromium) in glass vials (10 cm in length × 2 cm in
diameter) and grouped as shown below.

Group I (normal control): flies were raised on a basal diet
Group II: flies were raised on a basal diet containing 5 μg/mL of
Cr (D-phe)3
Group III: flies were raised on a basal diet containing 10 μg/mL of
Cr (D-phe)3
Group IV: flies were raised on a basal diet containing 15 μg/mL of
Cr (D-phe)3, and

Group V: flies were raised on a basal diet containing 20 μg/mL of
Cr (D-phe)3

The effect of Cr (D-phe)3 was evaluated by determination of
larval period, pupal period, percentage of egg hatching,
morphometric analysis of egg, larvae, pupae, and adults, fertility,
fecundity, lifespan, and levels of antioxidant enzymes such as
catalase, glutathione-S-transferase, and superoxide dismutase.

2.5.1 Determination of pupation and maturity
percentage

Five replicates of standard corn flour cream agar medium
containing different doses of Cr (D-phe)3 (0, 5, 10, 15, and
20 μg/mL) separately were prepared, and five pairs of 3-day-old
flies were transferred to each vial. After permitting the flies to lay
eggs for 8 h, they were allowed to exit the vials. The vials were then
incubated at 25°C until the eggs hatched and larvae emerged, and
they were allowed to grow until they reached the third instar. Larvae
from each vial were collected carefully by washing with tap water
through a fine-meshed muslin cloth and counted. The larvae were
then moved to new media with the same concentrations and
incubated once more until they pupated. The number of pupae
appearing on the surface and next to the medium was counted. The
vials were again incubated till flies were enclosed from the pupae.
The number of adult flies emerged were counted by shaking them
into flasks containing 70% ethanol. The percentage of emerging
larvae, pupae, and adult flies was calculated. Additionally, the
average time needed for the first larvae, pre-pupae, and adult to
emerge from each concentration was noted, and the average
duration of the larval period and pupal period were determined
(Pb et al., 2020).

2.5.2 Morphometric analysis of eggs
Five pairs of freshly enclosed flies that had spent their larval

stage in media containing varying doses of Cr (D-phe)3 (0, 5, 10, 15,
and 20 μg/mL) were moved to a newmedium, where they were given
8 h to mate and lay their eggs. The adult flies were then permitted to
leave the vials, and the length and width of the eggs were measured
micrometrically (Pb et al., 2020).

2.5.3 Percentage of hatched eggs
Newly enclosed flies who spent their larval period in respective

media containing different doses of Cr (D-phe)3 (0, 5, 10, 15, and
20 μg/mL) were taken and five pairs of them were allowed to mate
and lay eggs for 8 h. After allowing the adult flies to leave the bottles,
the eggs laid were counted using a stereomicroscope. The bottles
were then incubated at 25°C till the eggs hatched and the larvae
reached the third instar stage. They were counted, the difference
between the number of eggs laid and the number of larvae that
emerged was determined, and then the percentage of eggs that
hatched was computed using the pooled data from the five replicates
(Pb et al., 2020).

2.5.4 Morphometric variation in larvae, pupae and
adults

Similar media with different Cr (D-phe)3 dosages were
made in flat-bottomed flasks with a 100 mL capacity. Each
container contained 20 adult fly pairs that were allowed to
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mate and lay eggs for 8 h. The bottles were incubated until the
larvae emerged after the flies were permitted to leave them.
After the first moulting, seven larvae were taken from each
bottle and measured micrometrically for length and width.
Sampling was repeated every 12 h for eight more times after
which they pupate. The length and breadth of the pupae were
similarly measured and few pupae were allowed to eclose to
become sample adults to measure their chest width after 3 days
(Pb et al., 2020).

2.5.5 Determination of fitness
Five replicates of standard corn flour cream agar medium

containing four doses of Cr (D-phe)3 (0, 5, 10, 15, and 20 μg/
mL) separately were prepared. Five pairs of 3-day-old flies were
transferred to each vial. The flies were allowed to exit the vials after
allowing them to lay eggs for 8 h. Eggs from each vial were collected
carefully by washing with tap water through a fine-meshed muslin
cloth (Pb et al., 2020).

An equal number of eggs were then transferred to fresh media
containing the same concentrations and again incubated at 25°C.
Three components were measured to assess fitness: dynamics of
eclosion, developmental time, and egg-to-adult survival. Egg-to-
adult survival is expressed as the ratio of adult flies to the number of
eggs placed in each bottle (Pb et al., 2020).

2.5.6 Determination of fertility and fecundity
The flies were allowed to grow in their respective medium for

five generations. The fifth-generation adults were collected, and five
pairs of male and female flies were transferred to vials containing
fresh corn cream agar medium in five replicates. The male flies after
48 h of mating were allowed to exit, and the female flies were
transferred to fresh vials every 24 h the average number of eggs
laid per female per day was calculated to determine the fecundity.
The vials were incubated at 25°C till the larvae were pupated and
eclosed to emerge as adult flies. The number of flies was quantified
by capturing them in 70% ethanol. Fertility was determined as the
average number of adult flies that emerged from each pair of flies (Pb
et al., 2020).

2.5.7 Determination of lifespan
For assessing lifespan, standard corn flour cream agar medium

containing Cr (D-phe)3 (0, 5, 10, 15, and 20 μg/mL) was prepared,
and 3-day-old flies were transferred to each vial with five replicates.
All the vials were maintained at 25°C, and every second day the flies
were transferred to new vials containing fresh media. Mortality per
day was noted in each vial, and survival time for each group was
calculated (Pb et al., 2020).

2.5.8 Determination of antioxidant enzymes
Assays of antioxidant enzymes were performed in the

homogenate of 20 flies in 500 µL of Tris buffer (20 mM, pH 7.0)
and subsequent centrifugation at 20,000 g for 5 min at 4°C. This
supernatant was used to measure levels of catalase (CAT) based on
its ability to catalyze the breakdown of hydrogen peroxide (H2O2)
into water (H2O) and molecular oxygen (O2) (Veerapur et al., 2011;
Nagakannan et al., 2012; Shivasharan et al., 2013). Glutathione
S-transferase (GST) activity was measured as described in the
published protocol and the results were expressed as nmol of

CDNB conjugate formed/min/mg protein (Shivasharan et al.,
2013). Superoxide dismutase (SOD) activity was estimated by
measuring its ability to catalyze the dismutation of superoxide
radicals (O2−) into oxygen (O2) and hydrogen peroxide
(H2O2)(Nagakannan et al., 2012). Total protein content was
assessed following the Bradford method using bovine serum
albumin as standard (Dhadde et al., 2016).

2.6 Statistical analysis

The values were expressed as mean ± SEM. The statistical
analysis was carried out by One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. p < 0.05 was
considered statistically significant.

3 Results

3.1 Pupation and maturity percentage

3.1.1 Larval period
The normal control flies spent an average of 108.2 ± 0.86 h in the

larval period. This time was reduced by 1%–20% in the files
supplemented with Cr (D-phe)3. The flies supplemented with 10,
15, and 20 μg/mL of Cr (D-phe)3 showed significantly (p < 0.05, p <
0.001, and p < 0.001) reduced larval periods compared with the
normal control. The results of the effect of Cr (D-phe)3 on flies in the
larval period are shown in Figure 1A.

3.1.2 Pupal period
The normal control group spent an average of 85.80 ± 2.01 h in

the pupal period. This time was reduced by 1.39%–11.18% in the
group supplemented with different concentrations of Cr (D-phe)3.
The flies supplemented with 15 and 20 μg/mL of Cr (D-phe)3
showed significantly (p < 0.05 and p < 0.05) reduced pupal
periods compared with the normal control. The results of the
effect of Cr (D-phe)3 on the flies’ pupal period duration are
shown in Figure 1B.

3.1.3 Percentage of larvae emerged
In the normal control group, 71.80% ± 3.35% of laid eggs

emerged as larvae. Supplementation of Cr (D-phe)3 improved the
emergence of larvae from the laid eggs. The percentage of larvae at
5 μg/mL was 73% ± 3.20%, at 10 μg/mL was 76% ± 2.34%, at 15 μg/
mL was 83.60% ± 1.50% (p < 0.05), and at 20 μg/mL was 78.0% ±
1.41%. The results of the effect of Cr (D-phe)3 on a percentage of
larvae emerging are shown in Figure 2A.

3.1.4 Percentage of pupae emerged
In the normal control group, 90.20% ± 1.46% of larvae were

grown to pupae. Supplementation of Cr (D-phe)3 improved the
emergence of pupae from the larvae. The percentage of growth of
pupae from larvae in 5 μg/mL was 92.40% ± 1.40%, in 10 μg/mL was
95.20% ± 1.65%, in 15 μg/mL was 97.40.60% ± 1.50% (p < 0.05), and
in 20 μg/mL was 92.60% ± 1.69%. The results of the effect of Cr
(D-phe)3 on percentage growth of pupae from larvae are shown in
Figure 2B.
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3.1.5 Percentage of adult flies emerged
In the normal control group, 90.60% ± 2.37% of pupae matured

and became adult flies. Supplementation of Cr (D-phe)3 improved

the emergence of adult flies from the pupae. The percentage of
growth of adult flies from pupae in 5 μg/mL was 91.40% ± 1.03%, in
10 μg/mL was 92.20% ± 1.06%, in 15 μg/mL was 98.0% ± 0.07% (p <

FIGURE 1
Effect of Cr (D-phe)3 supplementation on the (A) larval period and (B) pupal period of D. melanogaster. Values are expressed in mean ± SEM, *p <
0.05 and ***p < 0.001 when compared with normal control group. One-way analysis of variance (ANOVA) followed by Tukeys’ post hoc test.

FIGURE 2
Effect of Cr (D-phe)3 supplementation on the (A) percentage of larvae emerging; (B) percentage growth of pupae from larvae; (C) percentage
growth of adult flies from pupae of D. melanogaster. Values are expressed in mean ± SEM, *p < 0.05 and **p < 0.01when compared with normal control
group. One-way analysis of variance (ANOVA) followed by Tukeys’ post hoc test.

FIGURE 3
Effect of Cr (D-phe)3 supplementation onmorphometric analysis of eggs ofD. melanogaster, (A) Egg length and (B) egg width. Values are expressed
in mean ± SEM, statistically non-significant when compared with normal control group. One-way analysis of variance (ANOVA) followed by Tukeys’ post
hoc test.
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0.01), and in 20 μg/mL was 97.40% ± 0.67% (p < 0.05). The results of
the effect of Cr (D-phe)3 on percentage growth of adult flies from
pupae are shown in Figure 2C.

3.2 Morphometric analysis of eggs

The results of morphometric analysis of egg revealed that
there is no statistically significant change in the length and width
of the egg observed in Cr (D-phe)3 supplemented flies compared
to the normal control group. The results of the effect of Cr
(D-phe)3 on the morphometric analysis of eggs are shown in
Figure 3.

3.3 Percentage of hatched eggs

In the normal control group, the percentage of egg hatching
was found to be 78.40% ± 3.94%. The egg hatching was improved
in Cr (D-phe)3 supplemented group compared to the normal
control. The egg hatching was found to be 81.0% ± 3.17% at 5 μg/
mL, 84.0% ± 3.39% at 10 μg/mL, 91.40% ± 0.92% (p < 0.05) at
15 μg/mL, and 90.40% ± 0.50% (p < 0.05) at 20 μg/mL. The results
of the effect of Cr (D-phe)3 on the percentage of egg hatching are
shown in Figure 4.

3.4 Morphometric variation in larvae, pupae
and adults

The results of morphometric variation in larvae, pupae, and
adults revealed that there is no statistically significant variation in
the length and width of larvae and pupae and chest width of adults
supplemented with Cr (D-phe)3 compared to the normal control
group. The results of the effect of Cr (D-phe)3 on the morphometric
variation in larvae, pupae, and adults are shown in Table 1.

3.5 Fitness

Flies emerged from day 10 to day 21 in all groupsexcept for the
Cr (D-phe)3 15 μg/mL supplemented group; in all other groups, the
maximum number of flies emerged on day 17, in the Cr (D-phe)3
15 μg/mL supplemented group the highest number of flies emerged
on day 16. The effect of Cr (D-phe)3 on the dynamics of eclosion of
flies is shown in Figure 5.

The mean developmental time required for normal control flies
was 16.7 ± 0.49 days. There was no statistically significant change in
the mean developmental time observed in the flies supplemented
with different doses of Cr (D-phe)3; however, there was a slight
decrease in the mean developmental time required in treated groups.
The effect of Cr (D-phe)3 mean developmental time of flies is shown
in Figure 6A.

The ratio of adult flies to the number of eggs was found to be
0.81 ± 0.04 in the normal control. This ratio was slightly
increased in the flies supplemented with Cr (D-phe)3 and it
was found to be 0.84 ± 0.02 at 5 μg/mL, 0.86 ± 0.02 at 10 μg/
mL, 0.91 ± 0.02 at 15 μg/mL, and 0.88 ± 0.02 at 20 μg/mL. The
change in ratio of adult flies to the number of eggs was not
statistically significant when compared to the normal control.
The results of effect of Cr (D-phe)3 on the ratio of adult flies to
the number of eggs is shown in Figure 6B.

3.6 Fertility and fecundity

The fecundity parameter is calculated as the number of offspring
that can be produced by a single-mated female fly. The egg-
producing capability was considerably improved to a great extent
in flies supplemented with Cr (D-phe)3 when compared with normal
control flies. Similarly, the fertility parameter is expressed as the

FIGURE 4
Effect of Cr (D-phe)3 supplementation on the percentage of egg
hatching of D. melanogaster. Values are expressed in mean ± SEM,
*p < 0.05 when compared with normal control group. One-way
analysis of variance (ANOVA) followed by Tukeys’ post hoc test.

TABLE 1 Morphometric variation in larvae, pupae, and adults.

Group Larvae Pupae Adult flies chest width

Length (mm) Width (mm) Length (mm) Width (mm)

Normal control 4.33 ± 0.13 1.74 ± 0.01 3.66 ± 0.07 1.14 ± 0.05 1.07 ± 0.08

Cr (D-phe)3 5 μg/mL 4.32 ± 0.13 1.73 ± 0.01 3.62 ± 0.05 1.18 ± 0.04 1.08 ± 0.04

Cr (D-phe)3 10 μg/mL 4.49 ± 0.12 1.74 ± 0.01 3.75 ± 0.05 1.18 ± 0.05 1.07 ± 0.05

Cr (D-phe)3 15 μg/mL 4.64 ± 0.13 1.74 ± 0.01 3.76 ± 0.07 1.23 ± 0.04 1.10 ± 0.05

Cr (D-phe)3 20 μg/mL 4.51 ± 0.10 1.72 ± 0.01 3.68 ± 0.06 1.20 ± 0.04 1.07 ± 0.05

Values are expressed in mean ± SEM, statistically non-significant when compared with normal control group. One-way analysis of variance (ANOVA) followed by Tukeys’ post hoc test.
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FIGURE 5
Effect of Cr (D-phe)3 supplementation on dynamics of eclosion ofD.melanogaster. Values are expressed inmean ± SEM, *p < 0.05when compared
with normal control group. One-way analysis of variance (ANOVA) followed by Tukeys’ post hoc test.

FIGURE 6
Effect of Cr (D-phe)3 supplementation on (A) mean developmental time and (B) ratio of adult flies emerged to the number of eggs of D.
melanogaster. Values are expressed in mean ± SEM, statistically non-significant when compared with normal control group. One-way analysis of
variance (ANOVA) followed by Tukeys’ post hoc test.

FIGURE 7
Effect of Cr (D-phe)3 supplementation on (A) fertility and (B) fecundity of D. melanogaster. Values are expressed in mean ± SEM, *p < 0.05 when
compared with normal control group. One-way analysis of variance (ANOVA) followed by Tukeys’ post hoc test.
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number of offspring that have developed from a single fly pair.
Fertility was significantly increased in flies supplemented with 15 μg/
mL of Cr (D-phe)3 when compared with normal control flies. The
effect of Cr (D-phe)3 on the fertility and fecundity of flies is shown in
Figure 7.

3.7 Lifespan

The mean life span in the normal control flies was found to be
47.06 ± 1.49 days. Supplementation with Cr (D-phe)3 increased the
life span in the flies by 4.22%–16.47%; it was found to be 49.06 ±
1.54 days at 5 μg/mL, 50.19 ± 1.69 days at 10 μg/mL, 54.81 ± 1.82
(p < 0.05) days at 15 μg/mL, and 50.59 ± 1.94 days at 20 μg/mL. The
results of effect of Cr (D-phe)3 onmean life span of flies are shown in
Figure 8, and the % survival of flies with increasing days is shown in
Figure 9.

3.8 Antioxidant enzymes

Antioxidant enzymes such as catalase, GST, and SOD levels were
increased in the flies supplemented with different doses of Cr
(D-phe)3. The increase in the levels of antioxidant enzymes was
in the range of 8.45%–28.87% (catalase), 2.29%–11.73% (GST), and
5.67%–25.40% (SOD). Supplementation of Cr (D-phe)3 at the dose
of 15 μg/mL showed significantly improved levels of catalase (p <
0.01), GST (p < 0.05), and SOD (p < 0.01). Cr (D-phe)3 at the dose of
15 mg/kg showed statistically significant improvement in terms of
the levels of catalase (p < 0.05) and SOD (p < 0.01). The effect of Cr
(D-phe)3 supplementation on antioxidant levels is shown in
Figure 10.

4 Discussion

Chromium (III) is recognised as a unique micronutrient for its
advantageous role in human nutrition, acting as an essential cofactor
in the action of insulin as well as providing nutritional support for
energy, glucose, and lipid metabolism (Piotrowska et al., 2018).
Currently, chromium (III) salts, including chelates, have shown a
wide range of medical applications, particularly in the areas of
dietetics, sports nutrition, and good blood sugar regulation
(Swaroop et al., 2019).

Over the last 2 decades, Cr nutritional supplements become very
popular for weight loss, muscle development and diabetes (Peng and
Yang, 2015; Swaroop et al., 2019). Various chemical forms of Cr(III),
including Cr picolinate, Cr histidinate, Cr nicotinate, Cr glycinate
and Cr - D-phenylalanine have been used worldwide as Cr
supplement (Peng and Yang, 2015; Swaroop et al., 2019). As
mentioned above, Cr (D-phe)3 is biologically safe compared to
other Cr-complexs.

In the present study, Cr (D-phe)3 was evaluated for its effects
on reproduction and development in D. melanogaster. The study
results suggest that Cr (D-phe)3 supplementation at the dose of 5,

FIGURE 8
Effect of Cr (D-phe)3 supplementation on mean life span of D.
melanogaster. Values are expressed in mean ± SEM, *p < 0.05 when
compared with normal control group. One-way analysis of variance
(ANOVA) followed by Tukeys’ post hoc test.

FIGURE 9
Effect of Cr (D-phe)3 supplementation on % survival of flies with increasing days of D. melanogaster. Values are expressed in mean ± SEM.
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10, 15, and 20 μg/mL did not show any harmful effects on the
reproduction and development of D. melanogaster. Instead, the
supplementation of Cr (D-phe)3 showed positive effects on the
reproduction and development of D. melanogaster. This was
evidenced by its positive effects on pupation and maturity
percentage, percentage of pupae and adult flies that emerged,
percentage of eggs hatched, and antioxidant enzyme levels in the
Cr (D-phe)3 supplemented flies compared to the normal control.

The metabolism of carbohydrates, proteins, and fats plays a
crucial role in providing the energy required for reproductive
processes and supporting the development of a healthy foetus
(Sliwowska et al., 2014; Marshall et al., 2022). Maintaining
balanced blood sugar levels, insulin sensitivity, and overall
metabolic health is important for both male and female
reproductive function. Protein metabolism is necessary for the
synthesis and regulation of reproductive hormones, which
orchestrate the menstrual cycle, ovulation, and support
pregnancy (Sliwowska et al., 2014). Additionally, protein
metabolism is essential for maintaining the structural integrity of
maternal tissues during pregnancy (Sliwowska et al., 2014).

Oxidative stress plays an important role in male and female
subfertility (Tremellen, 2008; Poston et al., 2011; Smits et al., 2018).
Reduced fertility in men has been associated with oxidative damage to
sperm (Poston et al., 2011). Excessive ROS synthesis will impair oocyte
maturation (meiosis II), and an inadequate intracellular antioxidant
capacity can limit successful ovulation and fertilization (Poston et al.,
2011). Reduced levels of endogenous antioxidants such as SOD, GSH,
and Glutathione peroxidase (GPX) in sperm and seminal plasma were
found in infertile males (Tremellen, 2008). Cr-Dphe has very good
antioxidant and anti-inflammatory properties (Nagarjun et al., 2017). In
the present study, supplementation of Cr (D-phe)3 to D. melanogaster
improved the levels of endogenous antioxidants well supports the above
findings.

Phenylalanine is an essential nutrient and is an important precursor
to many biomolecules such as neurotransmitters, hormones, and
enzymes, and is also a precursor for many vitamins and minerals
(Litwack, 2018). In addition, it has been shown to have a positive effect
on the metabolism of carbohydrates, proteins, and fats. Research has
found D-Phe has anti-inflammatory, anti-oxidant, and neuroprotective
effects. It also has a positive effect on the immune, cardiovascular, and
nervous systems (Litwack, 2018). Moreover, phenylalanine is important

for the synthesis of thyroid hormones that control metabolic processes,
thereby influencing the growth of different body structures; feed
efficiency; oxygen consumption; synthesis and metabolism of
proteins, carbohydrates and lipids; thermogenesis; and acclimation
to environmental changes (Nagarjun et al., 2017; Litwack, 2018). All
these effects of D-Phe also contributed to the beneficial effects observed
in the present study.

Among the different tested doses of Cr (D-phe)3, a dose of
15 μg/mL showed optimum results based on the evaluated
parameters. The beneficial effect of Cr (D-phe)3 increases with
its increasing dose from 5 to 15 μg/mL and a further increase in
the dose to 20 μg/mL did not show an increase in response;
instead, 20 μg/mL slightly reduced the beneficial actions
compared to the 15 μg/mL. This indicates that up to a certain
dose, chromium shows a beneficial effect that the action
decreases with a further increase in dose.

5 Limitation of the present study

This study was conducted on flies, hence the effect of Cr (III)
supplements in higher animals needs to be conducted for further
confirmation of the study outcome. Moreover, in this study, only
one complex of chromium was evaluated. The comparison of the
effect of different supplementary forms of chromium compound
needs to be explored.

6 Conclusion

In conclusion, the present study data indicated that
supplementation of Cr (D-phe)3 to D. melanogaster did not show
any reproductive and developmental toxicities. Instead, the Cr (D-phe)3
showed beneficial effects in the reproduction and development of D.
melanogaster. The literature review revealed that there is a strong
relationship between the physiology of metabolism and oxidative
stress. Several studies propose that Cr(III) influences insulin
sensitivity and thereby metabolism of carbohydrates, proteins, and
fats and also has antioxidant and anti-inflammatory properties.
Hence, the observed beneficial effects of Cr (D-phe)3 on
reproduction and development of D. melanogaster may be attributed

FIGURE 10
Effect of Cr (D-phe)3 supplementation on antioxidant levels (A) catalase; (B) glutathione-S-transferase; (C) superoxide dismutase in D.
melanogaster. Values are expressed in mean ± SEM, *p < 0.05 and **p < 0.01 when compared with normal control group. One-way analysis of variance
(ANOVA) followed by Tukeys’ post hoc test.
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to its physiological effect on carbohydrate, protein, and lipid
metabolism and its antioxidant and anti-inflammatory properties.
The effect of Cr (III) supplements in the higher animals needs to be
conducted for further confirmation of the study outcomes.
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Exercise fatigue is a normal protective mechanism of the body. However, long-
term fatigue hinders normal metabolism and exercise capacity. The generation
and recovery from exercise fatigue involves alterations in multiple signaling
pathways, mainly AMPK, PI3K/Akt, Nrf2/ARE, NF-κB, PINK1/Parkin, and BDNF/
TrkB, as well as MAPK signaling pathways that mediate energy supply, reduction of
metabolites, oxidative stress homeostasis, muscle fiber type switching, and central
protective effects. In recent studies, a rich variety of natural active ingredients have
been identified in traditional Chinese medicines and plant extracts with anti-
fatigue effects, opening up the field of research in new anti-fatigue drugs. In this
review we give an overview of the signaling pathways associated with the activity
of natural food active ingredients against exercise fatigue. Such a comprehensive
review is necessary to understand the potential of these materials as preventive
measures and treatments of exercise fatigue. We expect the findings highlighted
and discussed here will help guide the development of new health products and
provide a theoretical and scientific basis for future research on exercise fatigue.

KEYWORDS

exercise fatigue, signaling pathways, natural active ingredients, recover, mechanism

1 Introduction

Fatigue is a complex physiological and pathological phenomenon that manifests as a
feeling of exhaustion, tiredness, weariness, or lack of energy (Hsiao et al., 2018). The most
common definition of fatigue is given by Chaudhuri and Behan, who define fatigue as the
difficulty in starting or maintaining voluntary activity and can be categorized as peripheral
and central fatigue (Liu et al., 2022). Fatigue is usually caused by intense physical work,
continuous exercise, and prolonged heavy mental work, and can lead to various physical
diseases, such as aging, depression, cancer, multiple sclerosis, and Parkinson’s disease (Hsiao
et al., 2018; Klosterhoff et al., 2018). Exercise fatigue—which varies with intensity of
exercise—is the body’s inability to maintain strength and energy output, resulting in
impairment of basic energy production mechanisms and is essentially a non-pathological
physiological phenomenon influenced by peripheral muscle and respiratory effects as well as
the state of the central nervous system and psyche (Song et al., 2023). A certain amount of
episodic fatigue—as in athletic training—can promote continuous improvements in motor
skills through reasonable means of recovery; however, continuous or excessive fatigue can

OPEN ACCESS

EDITED BY

Syed Shams ul Hassan,
Chinese Academy of Sciences, China

REVIEWED BY

Zhiqiu Xia,
University of Nebraska Medical Center,
United States
Tariq Aziz,
University of Ioannina, Greece

*CORRESPONDENCE

Jiao Liu,
liujiao8616@163.com

†These authors have contributed equally
to this work

RECEIVED 31 July 2023
ACCEPTED 04 December 2023
PUBLISHED 14 December 2023

CITATION

Zhao R, Wu R, Jin J, Ning K, Wang Z, Yi X,
Kapilevich L and Liu J (2023), Signaling
pathways regulated by natural active
ingredients in the fight against exercise
fatigue-a review.
Front. Pharmacol. 14:1269878.
doi: 10.3389/fphar.2023.1269878

COPYRIGHT

© 2023 Zhao, Wu, Jin, Ning, Wang, Yi,
Kapilevich and Liu. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Review
PUBLISHED 14 December 2023
DOI 10.3389/fphar.2023.1269878

176

https://www.frontiersin.org/articles/10.3389/fphar.2023.1269878/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1269878/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1269878/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1269878/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1269878&domain=pdf&date_stamp=2023-12-14
mailto:liujiao8616@163.com
mailto:liujiao8616@163.com
https://doi.org/10.3389/fphar.2023.1269878
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1269878


lead to endocrine disorders, decreased immunity, and even organic
diseases that threaten physical health (Liu et al., 2022).

In recent years, researchers have found that some natural active
ingredients in herbs and foods act against exercise fatigue, and the
molecular mechanisms underlying these functions have become a
hot research topic. The intermolecular regulatory pathways
associated with exercise fatigue are complex; investigating these
interactions is fundamental to understanding the onset of exercise
fatigue and recovery. Accordingly, in this review, we systematically

investigated the mechanisms of exercise fatigue generation and the
signaling pathways mediated by natural active ingredients, resulting
in fatigue recovery with the goal of deepening the knowledge base of
the causes, prevention, and potential remedies of exercise fatigue.

In searching the literature in the databases PubMed, Embase,
SciHub, and others, we utilized the keywords “exercise fatigue”,
“signaling pathways”, “natural active ingredients”, and “recovery”.
The output of this search consisted of 136 relevant studies published
between 1985 and 2023.

FIGURE 1
Energy metabolism is regulated through a signaling pathway consisting of AMPK and its downstream related factors.

FIGURE 2
Oxidative stress is regulated through signaling pathways consisting of AMPK, Nrf2, PI3K and related downstream factors, resulting in elimination of
fatigue.
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FIGURE 3
Inflammatory factors NF-κB, IL-6, TNF, and IL-1β both induce and ameliorate fatigue.

FIGURE 4
Regulation of fine apoptosis induced by cerebral ischemia by hippocampal ERK/CREB/BDNF repair and JAK1/STAT1.
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2 Mechanisms of exercise fatigue
generation and recovery

The following is a summary of some of the main mechanisms
known to trigger exercise fatigue, as documented in recent years,
along with a review of the relevant signaling pathways associated
with these mechanisms.

2.1 Energy supply

Energy is essential for muscle contraction (Hargreaves and
Spriet, 2020). Adenosine triphosphate (ATP) is the direct energy
source for all vital activities in the body, and nutrients, such as

phosphocreatine, glycogen, glucose, fat, and protein, provide
indirect energy for exercise. During exercise, the phosphagen,
lactic acid, and aerobic oxidation systems provide energy for vital
activities. When the energy supply is sufficient, the muscle tissue
works normally, completing the exercise process. When there is a
shortage of energy, the exercise demand cannot be met, and muscle
contraction is impaired, resulting in fatigue.

AMP-activated protein kinase (AMPK), an “energy receptor,” is
a key factor involved in the metabolism of various energy substrates
and in glucose utilization, promotion of fatty acid oxidation,
mitochondrial biosynthesis, and myofiber type transformation.
AMPK is also involved in the regulation of cellular oxidative
stress via the downstream mammalian target of rapamycin
(mTOR) protein and plays a key role in the regulation of

FIGURE 5
Signaling pathways involved in the mechanism of anti-exercise fatigue activity of natural food active ingredients.
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exercise fatigue. It is generally accepted that AMPK is sensitive to
energy changes; in acute exercise, skeletal muscle contraction
induces the AMPK signaling pathway to adapt to exercise-
induced systemic metabolic responses, thereby maintaining
energy homeostasis (Kjøbsted et al., 2018). As a result of elevated
AMP/ATP in the cytosol, AMPK is activated and enhances glucose
uptake and utilization, as well as fatty acid oxidation, producing
more energy. AMPK also inhibits the glucose xenobiotic and lipid
and glycogen synthesis pathways to reduce energy expenditure, thus
maintaining the balance of intracellular energy metabolism.
Peroxisome proliferator-activated receptor γ coactivator-1 (PGC-
1α), known as the “molecular switch” for various metabolic
pathways, has been shown to play an important role in slow
myofibrillogenesis, regulation of glucolipid metabolism,
mitochondrial production, electron transport chain, and oxygen
radical elimination (Han et al., 2023; Liang et al., 2023; Yao et al.,
2023). In addition, in skeletal muscle, AMPK regulates the activity of
PGC-1α in the activated state, prompting the conversion of muscle
fibers to type I and type IIa in muscle. Type I and type IIa muscle
fibers mainly perform aerobic metabolic reactions, whereas type IId/
x and type IIb muscle fibers mainly use glycolysis for energy supply.
Increasing the ratio of type I and type IIa muscle fibers is conducive
to improving exercise endurance (Yao et al., 2023). Silent message
modifier 1 (SIRT1), which can activate the expression of the PGC-1α
gene and increase the transcriptional activity of PGC-1α (thus

enhancing mitochondrial biogenesis), is closely related to
physiological processes, namely oxidative stress, fatty acid
oxidation, and glucose synthesis (Balcerczyk and Pirola, 2010).
Oxidized fatty acids are essential for the metabolic requirements
of endurance exercise. Peroxisome proliferator-activated receptor
(PPAR), a nuclear hormone receptor activated by fatty acids and
their derivatives, acts as a lipid receptor and regulates the expression
of genes related to glucose metabolism, lipids, and inflammation
(Marion-Letellier et al., 2016). One of the subtypes of PPAR, PPARα,
exerts a role in scavenging circulating or cellular lipids by regulating
the expression of genes related to lipid metabolism in liver and
skeletal muscle. By upregulating PPARα expression in skeletal
muscle, fatty acid oxidation can be activated to improve exercise
endurance and achieve anti-fatigue effects. Phosphatidylinositol 3-
kinase (PI3K) is commonly found in somatic cells and is important
for cellular energy metabolism, anti-oxidative stress, cell
proliferation, and differentiation. Protein kinase B (Akt) is an
important downstream molecule of PI3K, and the PI3K/Akt
signaling pathway plays an important role in cell survival,
metabolism, growth, differentiation, and cytoskeletal
reorganization, usually by promoting glycogen synthesis in the
body and exerting anti-fatigue effects (Goldar et al., 2015).
PTEN-induced putative kinase 1 (PINK1) is a member of the
serine/threonine protein kinase family and is highly expressed in
the inner mitochondrial membrane. Parkin protein(Parkin) is a

TABLE 1 Signal pathway of natural food active components in anti-exercise fatigue.

Mechanism of action Ingredients Signaling pathways

Regulation of oxidative stress in skeletal muscle, mitochondrial
energy metabolism in hepatocytes

Lycium barbarum Polysaccharide Nrf2/ARE,AMPK/PGC-1α

Anti-oxidation β-glucan (Salecan) Nrf2/HO-1/Trx

Anti-oxidative nerve damage Cordyceps acidi polysaccharide PI3K/NRF2/HO-1

Regulation of mitochondrial energy metabolism, antioxidant Anwulignan AMPK/PGC-1α, Nrf2/ARE

Improves energy metabolism and antioxidant capacity of skeletal
muscle

Arctigenin AMPK/PGC-1α/PPARα, AMPK/p53/Nrf2

Improves oxidative stress and energy metabolism in the body Curcumin PI3K/Akt/AMPK/mTOR, Nrf2/ARE

Reduction of oxidative stress damage Phlorizin Nrf2/ARE

Luteolin-6-C-Neohesperidoside Nrf2/ARE

Gastrodin

Sulforaphane

Astaxanthin

Trilobati Nrf2/ARE/Iron Death

Embryo chicken egg extract AMPK/mTOR

Mediates protein synthesis and skeletal muscle hypertrophy Fermented soybean protein peptides pAMPK/PGC-1αPI3K/Akt/mTOR

Improves damaged myocardial function, antioxidants and
inflammation

hypericin BDNF/TrkB, AMPK/p53/Nrf, NF-κB

Promotes slow muscle fiber expression and mitochondrial
function

Porcine Whole Blood Protein Hydrolysate AMPK/SIRT1

Promotes slow muscle fiber production Urocortin 2 ERK1/2

Regulation of mitochondrial biogenesis Hydrogen water Pparγ/Pgc-1α/Tfam
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cytoplasmic E3 ubiquitin ligase that is highly expressed in skeletal
muscle, brain, heart, and other tissues (Gouspillou et al., 2018).
PINK1 and Parkin are key factors mediating mitochondrial
autophagy during cellular removal of damaged mitochondria, and
there is a direct correlation between mitochondrial autophagy and
the body’s ability to resist fatigue (Botella et al., 2018). In the
presence of impaired and imbalanced mitochondrial membrane
potential, PINK1 translocates from the cytosol to the outer
mitochondrial membrane and phosphorylates Parkin on serine
65, activating Parkin’s ligase activity and thereby regulating
mitochondrial autophagy (Youle and Narendra, 2011; Zhang
et al., 2019a). In summary, intervention of AMPK and
downstream PGC-1α, mTOR, SIRT1, and other related factors, as
well as the PINK1/Parkin, PI3K/Akt signaling pathway, can
effectively alleviate exercise fatigue. (Figure 1)

2.2 Metabolite accumulation

The theory of metabolite accumulation suggests that athletes
consume more energy substances and produce more metabolites
(lactic acid, NH4

+, H+, etc.) during high-intensity exercise than at
rest. These metabolites accumulate in the blood and skeletal muscle,
thereby disrupting homeostasis of the internal environment (Ament
and Verkerke, 2009), which in turn causes a decrease in the motor
function of muscle tissue, resulting in exercise fatigue. Lactate
accumulation is considered one of the most important causes of
skeletal muscle fatigue (Westerblad et al., 2002). In high-intensity
exercise—as is the case with athletes—energy is mainly supplied
through the lactic acid energy system: glycogen (glucose)
decomposes under hypoxic conditions, producing lactic acid;
with the increase in exercise intensity, the lactic acid content
continues to accumulate, lactic acid dissociates, producing H+,
which reduces the pH of the internal environment, thus
inhibiting phosphorylase and phosphofructokinase activity and
hindering the lactic acid energy system, resulting in insufficient
supply of ATP and ensuing fatigue (Boscá et al., 1985). Research by
Shanely and Coast Shanely and Coast, 2002 confirmed that the
higher the lactic acid content, the more pronounced the decline in
the body’s motor function and the lengthier the fatigue recovery
period. During a period of strenuous exercise, the body is heavily
depleted of ATP, and ammonia (NH4

+) content increases in skeletal
muscle. This in turn promotes glycolytic reactions, which increases
blood lactic acid (BLA) and muscle lactic acid (MLA) as well as
blood urea nitrogen (BUN), creatine kinase (CK), and
malondialdehyde (MDA). These processes disrupts normal
homeostasis and cause fatigue (Takeda et al., 2011; Gough et al.,
2021).Researchers have confirmed that elevated blood ammonia
levels can enter brain tissue and have neurotoxic effects on brain
cells, disrupting the balance of glutamate and γ-aminobutyric acid
and leading to central fatigue production (Banister and Cameron,
1990; Fernstrom and Fernstrom, 2006). Prolonged and high-
intensity exercise may lead to dysfunctional ATP production and
utilization, resulting in increased ATP consumption accompanied
by the accumulation of metabolic byproducts such as H+ and
inorganic phosphate (Liu et al., 2022). An increased H+

concentration (lower pH) leads to the inhibition of glycolysis and
impaired ATP supply. H+ accumulation also inhibits the binding of

Ga2+ to troponin (Tn), which affects cross-bridge circulation and
sarcoplasmic reticulum Ca2+ pumps ultimately leading to muscle
fatigue (Dutka and Lamb, 2000; Westerblad et al., 2002; Bandschapp
et al., 2012; Xu et al., 2017). Clearly, the removal of metabolites is
important for recovery from post-exercise fatigue; however, there is
a lack of relevant studies on the molecules and mechanisms involved
in this process.

2.3 Oxidative stress

Oxidative stress occurs as a response to harmful stimuli;
excessive levels of highly reactive molecular reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are produced,
and the degree of oxidation exceeds the rate of oxidant removal, thus
causing an imbalance between the oxidant and antioxidant systems
in the body, resulting in damage to large molecules, such as DNA,
lipids, proteins, or even somatic tissues (DeMarchi et al., 2022). Free
radical generation is related to the intensity of muscle contraction.
Short- or low-intensity muscle contractions induce the generation of
ROS and nitric oxide (NO) at levels that increase the calcium
sensitivity of myogenic fibers and enhance the skeletal muscle
contractile force. In contrast, high-intensity exercise produces
excessive ROS/NO, which inhibit the calcium sensitivity of
myogenic fibers, resulting in impaired skeletal muscle contractile
function and force output (Mason et al., 2016). In addition, the
production of free radicals is related to substance transport; in a
quiet state, oxidative stress in the body is low, and a moderate
amount of free radicals promotes vasodilation and enhances the flow
of O2 and nutrients. Excessive levels of free radicals, however, inhibit
vasodilation and reduce blood flow, resulting in an insufficient
supply of O2 and nutrients to body tissues and organs such as
skeletal muscle, heart, skin, and brain, accelerating fatigue (Trinity
et al., 2016).

Nuclear factor E2-related factor 2 (Nrf2), a major antioxidant
transcription factor responsible for maintaining intracellular redox
homeostasis, is expressed in most tissues. Under normal conditions,
Nrf2 binds to Kelch-like ECH-associated protein 1 (Keap1) in the
cytoplasm and is continuously degraded by ubiquitination. When
oxidative stress occurs, Nrf2 breaks away from Keap1 and migrates
to the nucleus, where it binds to the antioxidant response element
(ARE) and promotes its transcription and translation, thereby
producing the antioxidant enzymes HO-1 and Trx, which
scavenge excess free radicals and maintain redox homeostasis
(Eggler et al., 2008; Hayes and Dinkova-Kostova, 2014). AMPK
activation helps reduce ROS (Swarup et al., 2008). The accumulation
of ROS produced by the mitochondrial respiratory chain in skeletal
muscles during exercise causes fatigue and increases oxidative
damage to cells (Browning and Horton, 2004). AMPK activation
prevents the overproduction and accumulation of ROS in the
mitochondria (Shin and Kim, 2009). Studies have confirmed that
AMPK controls exercise endurance, mitochondrial oxidative
capacity, and skeletal muscle integrity (Lantier et al., 2014) and
that activation of AMPK improves muscle resistance to fatigue (Wen
et al., 2021). In addition to the direct activation of AMPK by elevated
AMP/ATP levels, AMPK can also be activated by oxidative stress.
Activated AMPK combines with downstream antioxidant genes to
resist oxidative stress damage in the body (Awad et al., 2014). AMPK
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negatively regulates mTOR, inhibits mTOR activity, and affects the
expression of downstream proteins. The AMPK/mTOR pathway is
an important regulatory pathway for oxidative stress and cellular
adaptation for survival. Increased p53 phosphorylation through
AMPK activation stabilizes Nrf2 and upregulates antioxidant-
related genes (Wu et al., 2014). The PI3K/Akt signaling pathway
is one of the pathways through which the body resists damage from
oxidative stress. PI3K and Akt, as key proteins in the regulation of
various intracellular biological responses, can promote
mitochondrial function and biosynthesis by affecting PGC1α in
addition to regulating glycogen synthesis, and improve the
antioxidant capacity of skeletal muscle to improve muscle
atrophy and increase the endurance level of muscle exercise
(Huang et al., 2023). Therefore, interventions in the Nrf2/ARE,
PI3K/Akt, and AMPK/mTOR signaling pathways can effectively
alleviate exercise fatigue. (Figure 2)

2.4 Inflammatory injury

A growing body of literature suggests that inflammation is one
of the factors that induces exercise fatigue. This is because exercise
injuries produce large amounts of ROS and inflammatory factors,
such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor
necrosis factor-α (TNF-α) (Liu et al., 2017; de Barcellos et al.,
2021). Increased levels of ROS leads to the development of
oxidative stress, which aggravates the inflammation of muscle
caused by exercise, and physical function decreases as a result
(Powers et al., 2011). Elevated pro-inflammatory cytokines have
been reported to activate nuclear factor κ-B (NF-κB) and produce a
vicious cycle of inflammatory response and mitochondrial
dysfunction (Liu et al., 2022). Damaged mitochondria produce
more ROS, trapping them in a vicious cycle, and leading to
decreased muscle strength and fatigue (Vargas and Marino, 2014).

Among the proinflammatory factors released during high-
intensity exercise, IL-6 significantly affects exercise fatigue
(Knudsen et al., 2017). IL-6 exerts anti-inflammatory effects
during moderate-to-vigorous exercise and pro-inflammatory
effects during prolonged vigorous exercise (Shephard, 2002).
Studies have shown that high concentrations of IL-6 are
important factors that trigger fatigue in the body (Shui et al.,
2019). Signal Transducer And Activator Of Transcription 3
(STAT3) is a major factor mediating IL-6 function and plays an
important regulatory role in pathological processes, such as the
inflammatory and immune responses (Li et al., 2020). NF-κB is a key
indicator of the body’s inflammatory response. Under conditions of
immune system stimulation, NF-κB migrates to the nucleus and
promotes the release of various inflammatory factors, such as TNF,
IL-1β and transforming growth factor-β1 (TGF-β1) (Sun et al., 2016;
Fan et al., 2018). (Figure 3)

2.5 Protection of the central nervous system

Inhibition of the central nervous system plays an important role
in exercise-induced fatigue and is considered a neurotransmitter-
mediated defense (Vargas and Marino, 2014). Neural excitation of
skeletal muscle contraction continuously stimulates the

corresponding neurons in the cerebral cortex and maintains
excitation during exercise, resulting in the continuous
consumption of ATP, fatty acids, PCr, and glucose (Hirvonen
et al., 1992; Hargreaves, 2015). Subsequently, the cerebral cortex
and the central nervous system switch from excitation to inhibition
through negative feedback regulatory mechanisms, thus preventing
excessive energy consumption that would lead to fatigue (Liu et al.,
2022). Well-studied brain neurotransmitters, such as serotonin (5-
hydroxytryptamine, 5-HT) and dopamine (DA) have been shown to
be dominant factors in the acceleration of fatigue during strenuous
exercise. 5-HT is a neurotransmitter synthesized from tryptophan
(TRP) and can be transported across the blood-brain barrier with
the help of specific carriers (Roelands and Meeusen, 2010). Elevated
concentrations of TRP in plasma and brain, subsequently leading to
increased levels of 5-HT in the brain during prolonged exercise.
High levels of 5-HT have been reported to promote drowsiness and
perceived exertion, thereby inducing motor performance limitations
and central fatigue (Meeusen et al., 2006). Heat therapy—a key
limiting factor in long-term exercise—has been shown to affect core
thermoregulation during exercise, which is thought to be an
important fatigue-related factor (Zheng and Hasegawa, 2016).
Additionally, increased 5-HT activity and decreased DA activity
have been shown to contribute to exercise-induced fatigue (Meeusen
et al., 2007; Leite et al., 2010).

Prolonged high-intensity exercise results in insufficient oxygen
supply to the brain, increased release of oxygen free radicals and
nitric oxide and can result in ischemic and hypoxic injuries, which
cause apoptosis of brain tissues and decreased neurological function.
The JAK kinase (Janus kinase, JAK)/signal transducers and
activators of transcription (STAT) pathway regulates apoptosis
caused by cerebral ischemia and ameliorates neuronal injury
caused by cerebral ischemia. The JAK1/STAT pathway is an
important pathway, regulating apoptosis induced by cerebral
ischemia and ameliorating neuronal damage caused by cerebral
ischemia (Huang et al., 2015). Extracellular signals recognize and
bind to cytokine receptors on the cell membrane, form high-affinity
JAK binding sites in the cytoplasm, and undergo tyrosine
phosphorylation and activation; activated JAKs recruit
intracytoplasmic STATs and activate hydroxytyrosine
phosphorylation, which reduces the affinity of STATs for the
receptor; the STATs then separate from the receptor and bind to
the specific reaction of the target genes. The combination with
specific response elements of the target gene induces the expression
of the target gene and completes the cytokine receptor-mediated
signaling process, thus exerting a variety of biological effects
(Kisseleva et al., 2002).

Changes in neurotransmitter levels can affect the function of the
central nervous system, leading to the development of exercise
fatigue. One of the hot topics in recent years has been the
investigation of the role of the mitogen-activated protein kinase
(MAPK) signaling pathway and extracellular regulated protein
kinase (ERK), a member of the MAPK family. ERK and its
upstream protein, mitogen-activated protein kinase (MEK), are
key components of the MAPK signaling pathway, which activates
ERKmolecules through phosphorylation. The activated ERK further
phosphorylates downstream kinases to regulate transcription factor
activity, resulting in cellular effects related to cell growth,
development, and gene transcription, as well as neuronal
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apoptosis, and protective mechanisms (Kyriakis and Avruch, 2001).
Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophic factor family, is highly expressed in the
hippocampus of the brain (Ernfors et al., 1990). After ERK
activation (cAMP-response element binding protein, CREB),
phosphorylated (p)-CREB can be involved in hippocampal
memory formation, thus enhancing cognitive function (Ko et al.,
2018). Increased BDNF expression has a protective effect on
damaged nerves and may be involved in neuronal damage in the
hippocampal regions of fatigued rats (Zhu et al., 2018). The repair of
hippocampal neuronal damage in rats with chronic fatigue
syndrome by activating the ERK/CREB/BDNF signaling pathway
suggests that this pathway may be a target for anti-motor fatigue.
The electrophysiological properties of spinal cord motoneurons
have been observed to change after several different forms of
chronic exercise through several studies in rats. During acute
exercise, rat spinal motor neurons experience a decrease in AHP
amplitude and hyperpolarization of the Vth (MacDonell et al.,
2015). Various forms of chronic exercise increase the excitability
of rodent spinal cord motor neurons by modulating RMP, Vth,
rheostat bases, discharge frequency, and AHP (Cormery et al., 2005;
MacDonell et al., 2012; Krutki et al., 2015; Krutki et al., 2017; Bączyk
et al., 2020). Following acute or chronic exercise, various ion
channels are involved in regulating neuronal plasticity and
excitability, including a) transient sodium channels, b) persistent
sodium channels, c) L-type calcium channels, d) K(DR) channels,
and e) K(Ca) channels (Büschges et al., 2000; Sah and Faber, 2002;
Dai et al., 2018). In several studies on human motoneurons, the
physiological properties of human spinal motoneurons during acute
exercise were found to be similar to those of spinal motoneurons
during fictive exercise in nonhuman vertebrates. Nonetheless, most
studies have been based on animal models, thus limiting the
conclusions that can be drawn with respect to the human central
and motor systems (Forman et al., 2014; Power et al., 2022).
(Figure 4)

2.6 Endocrine system

Strenuous exercise has been reported to activate the
hypothalamus-pituitary-adrenal gland (HPA) (Ulrich-Lai and
Herman, 2009; Clark and Mach, 2016), which releases
catecholamines (such as epinephrine norepinephrine) and
glucocorticoids into the circulatory system, resulting in elevated
heart rate and blood pressure during short periods of moderate
exercise. The key role of catecholamines is to regulate oxidative
metabolism, lipoprotein metabolism, glycogenolysis, and energy
expenditure. Therefore, elevated catecholamine concentrations
lead to increased exercise capacity in the short term. However,
an increase in exercise intensity and duration further leads to a
decrease in energy substrates, and although catecholamine
concentrations remain at high levels, a deficiency in
catecholamine receptors and weakening of receptor-mediated
signaling result in an inability to enhance exercise capacity
through compensatory mechanisms. Thus, elevated
catecholamine levels do not enhance long-term exercise capacity
or even diminish it (Zouhal et al., 2008). Additionally, exercise stress
increases cortisol concentrations to regulate energy, metabolic, and

immune processes (Grandys et al., 2016). Prolonged and intense
exercise triggers a sustained increase in cortisol levels, which
suppress the HPA axis and lower serum testosterone levels,
leading to decreased physical function.

3 Signaling pathways affected by
natural active ingredients against
exercise fatigue

Active ingredients in natural medicines and foods have been
increasingly used in recent years for the recovery from exercise
fatigue because of their better efficacy and fewer side effects. The
following is a classification of the active ingredients present in
medicinal foods in terms of the signaling pathways that hinder
the onset of exercise fatigue or improve recovery from fatigue.

3.1 Polysaccharides

Polysaccharides—a class of naturally occurring biological
macromolecules composed of monosaccharides—are widely
found in plants, animals, and microorganisms (Shen et al., 2017).
Due to their rapid absorption and metabolism, polysaccharides have
been widely used in energy drinks (Boeriu, 2013). Studies have
shown that the active ingredients of polysaccharides can
significantly improve exercise endurance and resistance by
promoting the synthesis of liver and muscle glycogen, reducing
exercise metabolites, and increasing hypoxia tolerance, which are
important processes in the prevention and elimination of exercise
fatigue (Zhou and Jiang, 2019).

A variety of biochemical indicators can be used to assess post-
exercise fatigue; Lycium barbarum polysaccharide (Peng et al., 2022)
was found to decrease levels of MDA and BUN, and increased CAT,
SOD, GSH, MG and LG levels in skeletal muscle and liver. Based on
the results of RT-PCR and protein blotting, L. barbarum
polysaccharide treatment was found to exert a significant
protective effect, probably related to activation of the Nrf2/ARE
signaling pathway, which attenuated the oxidative stress effect on
cells by increasing the high expression of antioxidant enzymes
downstream of the pathway. The effect of L. barbarum
polysaccharide is similar to the effect of β-glucan (Salecan) in
liver and skeletal muscle of fatigued rats. In addition, LBP
activated AMPK/PGC-1α signaling pathway in mitochondria of
rat hepatocytes and enhanced cellular energy metabolism (Xu
et al., 2018). The PI3K/AKT axis regulates hepatic glycogen
synthesis, gluconeogenesis, and lipid synthesis (Petersen and
Shulman, 2018). Glycogen synthase kinase 3β (GSK3β) is one of
the important substrates of the Akt signaling pathway, which
mediates the activation of glycogen synthase and thus promotes
glycogen synthesis (Feng et al., 2023). In skeletal muscle, mTOR is a
common transduction signal for numerous signaling pathways and
nutrients. The PI3K/Akt/mTOR signaling pathway is regulated by a
variety of conditions such as growth factors, energy deficiency,
insulin, hypoxia, and exercise. In addition, Cordyceps acidic
polysaccharide modulates the PI3K/Nrf2/HO-1 pathway to exert
antioxidant effects on nerve injury, suggesting that PI3K and
Nrf2 combine to exert antioxidant effects (Bai et al., 2023).
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3.2 Lignans

Lignans, a large group of natural compounds derived from the
biosynthetic pathway of mangiferic acid, contain two or more basic
skeletal units of phenylpropane (Scholz, 1991). Lignans are widely
distributed in plants, being found in the roots, stems, leaves, flowers,
fruits, seeds, and other parts (Lu and Liu, 1992; Wu et al., 2019).
Recently, researchers have found that higher concentrations of
lignans in flaxseed extracts protect against acute myeloid
leukemia (AML) when secoisolariciresinol (SECO) released by
gastrointestinal bacteria is hydroxylated and demethylated to
produce mammalian lignan enterodiol (END) (Noreen et al.,
2023). The structural diversity of lignans has been studied in
depth, and many lignans have been found to exhibit fatigue-
relieving pharmacological activities. Anwulignan (Zhang et al.,
2019b), extracted from the dried ripe fruits of species of
Magnoliaceae, modulates Nrf2/ARE in the mouse liver to exert
anti-fatigue effects. In addition, anwulignan may exert anti-fatigue
effects by upregulating p-AMPK expression, which in turn regulates
both Nrf2/ARE and AMPK/PGC-1α signaling pathways. It is worth
noting that AMPK not only regulates the expression of PGC-1α, but
is also an important regulatory protein of Nrf2, and there are
interactions between redox and metabolic signaling pathways
(Zimmermann et al., 2015). Using xanthohumol (XN), a small
molecule probe that activates AMPK and Nrf2, the authors
determined that AMPK activation has an enhancing effect on
Nrf2/hemeoxygenase1 (HO-1) signaling in mouse embryonic
fibroblasts. The enhanced effect of AMPK activation on the Nrf2/
HO-1 signaling pathway in mouse embryonic fibroblasts revealed,
for the first time, the involvement of AMPK in the Nrf2/HO-
1 signaling axis. In addition, AMPK directly phosphorylates
Nrf2 and indirectly promotes the intranuclear accumulation of
Nrf2 by inhibiting GSK-3β activity, and Nrf2 binding to ARE
drives the expression of antioxidant enzyme genes, which in turn
regulates cellular oxidative stress homeostasis (Joo et al., 2016).

One of the isoforms of PPAR, PPARδ, is involved in a variety of
biological processes related to glycolipid metabolism in humans
(Zhou and Jiang, 2019). Sustained activation of PPARδ increases the
proportion of type I fibers in mouse skeletal muscle and modulates
exercise endurance (Luquet et al., 2003). Arctigenin (Wu et al., 2014)
is a lignan-like compound isolated from burdock seeds, which
improves the antioxidant capacity of skeletal muscle by activating
two antioxidant pathways, AMPK/PGC1α/PPARα in mitochondria
and AMPK/p53/Nrf2 in the nucleus, effectively enhancing the
endurance of sedentary Sprague-Dawley rats, in which AMPK
can exert its biological function by regulating the downstream
factor PGC-1α protein or transcriptional activity, promoting
mitochondrial biosynthesis, improving mitochondrial function
and energy metabolism and oxidative stress (Kim et al., 2018; Yu
et al., 2018; Zhang and Liang, 2019).

3.3 Polyphenols

Polyphenols, such as flavonoids, tannins, and phenolic acids,
are aromatic compounds containing multiple hydroxyl groups.
They are secondary metabolites produced by many plants and
have significant antioxidant and anti-fatigue activities, which can

reduce the accumulation of free radicals and thus slow down the
rate of decline in exercise capacity. In addition, polyphenolic
compounds can exert their anti-fatigue effects by regulating
energy substrate consumption, accumulation of metabolic
byproducts, and inflammatory responses, and phenolic
compounds have great potential for application in the field of
anti-exercise fatigue treatments (Sharma et al., 2019).

In a previous study it was found that supplementation
with >1,000 mg of polyphenols per day for 3 days or more
before and after exercise promotes recovery after muscle injury
through both antioxidant and anti-inflammatory mechanisms
(Bowtell and Kelly, 2019). Polyphenols have been shown to
inhibit cyclooxygenase activity (COX1 and COX2) in a manner
similar to that of non-steroidal anti-inflammatory drugs, and
there is a large amount of evidence, both in vitro and in vivo,
that polyphenols have anti-inflammatory effects (Peluso et al.,
2013). Many other studies have found that polyphenol
supplementation before strenuous exercise reduces the markers
of oxidative damage in the body after exercise (Howatson et al.,
2010; Bowtell et al., 2011). The pharmacological action of
turmeric is largely attributed to curcumin, a plant polyphenol
with antioxidant and anti-inflammatory properties. In two clinical
studies, curcumin was found to reduce muscle fatigue and
soreness after exercise and to reduce, lactic acid accumulation
and the level of inflammatory factors, indicating its potential to
alleviate sports injuries (Mallard and Briskey, 2021; Bai et al.,
2022). Curcumin upregulates Nrf2, PI3K, Akt, AMPK, and mTOR
protein expression in fatigued mice, possibly by acting on PI3K/
Akt/AMPK/mTOR and Nrf2 pathways, thus improving oxidative
stress and energy metabolism (Chen et al., 2022c; Hu et al., 2023).
Resveratrol is a natural polyphenol that exerts antifatigue effects
on multiple targets, possibly by acting on core target genes, such as
TP53, PIK3R1, AKT1, PIK3CA, and MAPK1 (Ma et al., 2023).
Phlorizin, luteolin-6-C-neohesperidoside, and trilobati have been
found to target Nrf2, reducing oxidative stress damage and
inflammatory responses in liver and skeletal muscle and thus
alleviating exercise fatigue (Duan et al., 2017; Ma et al., 2022; Xiao
et al., 2022). Xiao et al. demonstrated for the first time that the
Nrf2/ARE/iron death axis was mediated and oxidative stress
induced by exercise fatigue alleviated. Iron death has been
described as a newly discovered form of programmed cell
death induced by iron-dependent lipid peroxidation and
oxidative stress, and Nrf2 coordinates cellular antioxidant
defenses in the regulation of iron death (Chen et al., 2022a). In
mice, the activation of the PPAR isoform PPARδ is required for
PPAR to inhibit glucose uptake and glycolytic processes and
promote fat utilization, thereby enhancing exercise capacity.
The authors report that this results from the upstream AMPK
of PPARδ enhancing pyruvate dehydrogenase kinase 4 (PDK4)
protein expression to inhibit the activity of pyruvate
dehydrogenase (PDH), thus slowing down the oxidation rate of
glucose and shifting the source of energy to fatty acids, which
facilitates glycogen synthesis and eliminates fatigue after exercise
(Fritzen et al., 2015). In mice, upregulation of PGC-1α induced by
cyanidin-3-glucoside reduces blood lactate levels in
gastrocnemius and biceps femoris after exercise and thus
enhances exercise performance. In addition to the animal
experiment, the authors of a 2017 study used C2C12 myotubes
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as a cellular model of skeletal muscle and found that the activation
of the AMPK-PGC-1α pathway promoted mitochondrial
biogenesis and exerted an anti-exercise fatigue effect
(Matsukawa et al., 2017).

3.4 Active peptides

In recent years, bioactive peptides have become a popular
research topic in the field of nutrition because of their easy
absorption and multi-physiological effects. Bioactive peptides
have high absorption efficiency and can participate in energy
metabolism (Chai et al., 2021; Hayes, 2021). It has been reported
in the literature that ginseng and walnut oligopeptides can reduce
blood lactate levels and exert anti-fatigue effects in mice (Bao et al.,
2016; Liu et al., 2018).

In an analysis of fermented soybean protein (Fang and Zhang,
2022), peptides were found to significantly increase myoglycogen
and hepatic glycogen levels, activate p-AMPK/PGC1-α and PI3K/
Akt/mTOR signaling pathways, mediate muscle protein synthesis
and skeletal muscle hypertrophy, and provide energy to muscle cells,
in addition to regulating the gut microbiota; however, it is still
unclear what are the exact mechanisms related to the anti-fatigue
effects of gut microbes. Intervention with peanut oligopeptides
significantly increased the expression of mtTFA and NRF-1 in
gastrocnemius mitochondria, suggesting that peanut oligopeptides
improvemitochondrial function and promote energymetabolism by
reducing damage to mitochondrial membranes due to oxidative
stress, resulting in anti-fatigue effects (Liu et al., 2023).

3.5 Other bioactive components

In addition to the abovementioned components, the following
active ingredients have anti-fatigue effects, such as antioxidant
activity, central nervous system protection, reduction of
inflammatory responses, promotion of glycogen synthesis, and
regulation of intestinal microbiota responses.

Astaxanthin (Zhang and Gao, 2022), sulforaphane (Ruhee
and Suzuki, 2020), gastrodin (Zhang et al., 2023), and embryo
chicken egg extract (Zhang et al., 2021) enhance antioxidant
stress and improve exercise tolerance in mice by interfering with
the AMPK and Nrf2 signaling pathways. Extracts of A. japonica
were found to contain dithranolone, which is the most
biologically active substance in A. japonica. Dithranolone can
inhibit the NF-κB signaling pathway and reduce the
inflammatory response in skeletal muscle and cardiac muscle
of fatigued mice, whereas, in the case of chronically fatigued
mice, the antioxidant effect was only achieved through the
AMPK/p53/Nrf pathway. Changes in AMPK phosphorylation
levels and p53 expression in acutely fatigued mice were not
significant, and Nrf expression decreased, suggesting that the
antioxidant effect of hypericin in acutely fatigued mice may be
achieved through the Nrf-related oxidative signaling pathway;
however, further studies are needed (Sun et al., 2022).
Supplementation with porcine whole blood protein
hydrolysate also exerts anti-fatigue effects via this pathway
(Jin et al., 2022), likely due to the fact that, in muscle,

SIRT1 deacetylates PGC-1α and FOXO-1, leading to increased
mitochondrial biosynthesis and oxidative metabolism (Ryall
et al., 2015). In addition, high expression of Sirt1 promotes
proliferation of myogenic cells and maintenance of muscle
satellite cells (Wang et al., 2018), which are the prerequisites
for enhancing sports endurance.

In addition, the MEK1-extracellular signal-regulated kinase1/2
(ERK1/2) signaling pathway produces more slow-twitch muscle
fibers in the skeletal muscle, which are more fatigue-resistant
than fast-twitch glycolytic fibers (Boyer et al., 2019). Lautherbach
et al. found that urocortin 2 (Ucn2) may activate the ERK1/
2 signaling pathway and increase muscle fatigue resistance
(Lautherbach et al., 2022).

High-intensity exercise is accompanied by dysbiosis of the gut
microbiota, which impairs the function of the gastrointestinal tract
(Miranda-Comas et al., 2022). The intestinal microbiota is a
collection of microorganisms rich in metabolic enzymes,
imparting a powerful metabolic capacity (Tremaroli and
Bäckhed, 2012). Hydrogen is a regular product of anaerobic
fermentation by intestinal flora and contributes to energy
production (Pimentel et al., 2006).Luo et al. found that hydrogen
water promotes glucose absorption into the bloodstream, repairs
intestinal barrier damage, and improves mitochondrial biogenesis
and high-intensity exercise endurance by upregulating the Pparγ/
Pgc-1α/Tfam pathway (Luo et al., 2022). The use of probiotics as
sports nutrition supplements is gradually increasing, and an
increasing number of studies have demonstrated that
supplementation with probiotics targeting the gut microbiota has
great application prospects for delaying post-exercise fatigue in
athletes. Its anti-fatigue performance is closely related to
antioxidant capacity, reduction of lipid peroxidation and
scavenging of free radicals, and the potential molecular
mechanisms mainly involve activation of Nrf2 pathway,
reduction of TNF-α, expression of iNOS (Kokubo et al., 2019;
Cui et al., 2021; Zhang et al., 2021; Chen et al., 2022b). (Figure 5
and Table 1)

4 Conclusion and outlook

Exercise fatigue is a complex physiological and biochemical
process that affects the entire body. Exercise fatigue involves
mechanisms such as energy depletion, metabolite accumulation,
oxidative stress, and inflammation, and is also closely related to
neurotransmitters and the endocrine system. As for the molecular
mechanisms involved in the development and recovery of exercise
fatigue, most of these are limited to a series of intermolecular
changes resulting from the intervention of edible ingredients; far
less research has been conducted on the intervention of the central
system and gut microorganisms in key signaling pathways. The
application of Chinese medicine in the recovery of exercise fatigue
has been receiving increasing attention given that such treatments
are relatively safe, have fewer side effects, and can be used to improve
sports endurance and accelerate the recovery of exercise fatigue by
adding or replacing single medicine components on the basis of the
original formula.

The mechanisms of the existing signaling pathways involved in
the elimination of exercise fatigue are not well understood and need
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to be further explored. In this review, focused on the physiological
mechanism of exercise fatigue, we collected relevant data and
systematically sorted out the signaling pathways related to the
production and recovery of exercise fatigue from the molecular
level, and the interactions between the molecules involved cross each
other to form a complex signaling pathway “network,” and the
interactions between these molecules are at the root of the
occurrence and recovery of exercise fatigue. Moreover, the active
extracts of drugs and foods regulate physiological and biochemical
processes in the body through relevant pathways to prevent or alleviate
exercise fatigue. Among them, the target protein AMPK is activated to
mutate and stimulate PGC-1α, PPARα, and mTOR transduction
pathways to enhance the utilization of fatty acids and glucose by
peripheral tissues, especially skeletal muscle, mediating recovery
from exercise fatigue from signaling pathways related to regulation
of energy levels, metabolic substrate utilization, adaptation of cellular
OS, mitochondrial biosynthesis, and changes in muscle fiber type. pi3k/
Akt are mainly involved in promoting glycogen synthesis in the body.
nrf2/ARE regulates cellular oxidative stress homeostasis. pink1/parkin
mediates mitochondrial autophagy. nf-κb signaling pathway attenuates
inflammatory damage. MAPK, downstream ERK, and MEK regulate
the oxygen radical-scavenging capacity of skeletal muscles and promote
slowmuscle fiber production. MEK/ERK and BDNF/TrkB are involved
in repairing hippocampal injury. In skeletal muscle, mTOR is a co-
transduction signal for numerous signaling pathways and nutrients. For
example, AMPK/mTOR is an important regulatory pathway for
oxidative stress and cellular adaptation for survival. PI3K/Akt/
mTOR mediates muscle protein synthesis and participates in skeletal
muscle hypertrophy by providing energy to muscle cells. In addition,
regulation of microbiota may open new avenues for the amelioration of
diseases caused by excessive exercise and provide a basis for the
prevention and treatment of exercise fatigue, but there is a lack in
the understanding of the supporting molecular mechanisms.

5 Recommendations

Because the occurrence of exercise fatigue involves a wide range
of mechanisms, if there are omissions in the signaling pathways,
further additions are required to repair the mechanism. There is a
lack of effective cellular experiments and further studies should be
conducted at both the cellular and molecular levels. At present, most
studies on fatigue recovery are performed with animal exhaustion
exercises as the model, and the modeling methods include
swimming, stage running, stick turning, and pole climbing
experiments, which depend on subjective judgment and have
certain limitations. Existing anti-fatigue animal models are
mostly based on physiological fatigue, ignoring psychological

fatigue. Most research hotspots on exercise fatigue are based on
experimental studies that lack clinical application, and clinical trials
should be conducted.

Author contributions

RZ: Methodology, Validation, Writing–original draft. RW:
Validation, Methodology, Writing–original draft. JJ:
Methodology, Validation, Writing–original draft. KN:
Methodology, Validation, Writing–review and editing. ZW:
Methodology, Validation, Writing–review and editing. XY:
Writing–review and editing, Validation. LK: Validation,
Writing–review and editing. JL: Conceptualization, Funding
acquisition, Methodology, Project administration, Writing–review
and editing, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This paper
was supported by the Liaoning Provincial Department of Education
Fund project LJKZ1050.

Acknowledgments

The author acknowledges BioRender for providing the drawing
platform. We would like to thank Editage (www.editage.cn) for
English language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ament, W., and Verkerke, G. J. (2009). Exercise and fatigue. Sports Med. 39 (5),
389–422. doi:10.2165/00007256-200939050-00005

Awad, H., Nolette, N., Hinton, M., and Dakshinamurti, S. (2014). AMPK and
FoxO1 regulate catalase expression in hypoxic pulmonary arterial smooth muscle.
Pediatr. Pulmonol. 49 (9), 885–897. doi:10.1002/ppul.22919

Bączyk, M., Drzymała-Celichowska, H., Mrówczyński, W., and Krutki, P. (2020).
Polarity-dependent adaptations of motoneuron electrophysiological properties after 5-

wk transcutaneous spinal direct current stimulation in rats. J. Appl. Physiol. (1985) 129
(4), 646–655. doi:10.1152/japplphysiol.00301.2020

Bai, K. Y., Liu, G. H., Fan, C. H., Kuo, L. T., Hsu, W. H., Yu, P. A., et al. (2022). 12-
week curcumin supplementation may relieve postexercise muscle fatigue in adolescent
athletes. Front. Nutr. 9, 1078108. doi:10.3389/fnut.2022.1078108

Bai, L., Tan, C., Ren, J., Liu, J., Zou,W., Liu, G., et al. (2023). Cordyceps militaris acidic
polysaccharides improve learning and memory impairment in mice with exercise

Frontiers in Pharmacology frontiersin.org11

Zhao et al. 10.3389/fphar.2023.1269878

186

http://www.editage.cn
https://doi.org/10.2165/00007256-200939050-00005
https://doi.org/10.1002/ppul.22919
https://doi.org/10.1152/japplphysiol.00301.2020
https://doi.org/10.3389/fnut.2022.1078108
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1269878


fatigue through the PI3K/NRF2/HO-1 signalling pathway. Int. J. Biol. Macromol. 227,
158–172. doi:10.1016/j.ijbiomac.2022.12.071

Balcerczyk, A., and Pirola, L. (2010). Therapeutic potential of activators and inhibitors
of sirtuins. Biofactors 36 (5), 383–393. doi:10.1002/biof.112

Bandschapp, O., Soule, C. L., and Iaizzo, P. A. (2012). Lactic acid restores skeletal
muscle force in an in vitro fatigue model: are voltage-gated chloride channels
involved? Am. J. Physiol. Cell Physiol. 302 (7), C1019–C1025. doi:10.1152/ajpcell.
00279.2011

Banister, E. W., and Cameron, B. J. (1990). Exercise-induced hyperammonemia:
peripheral and central effects. Int. J. Sports Med. 11 (Suppl. 2), S129–S142. doi:10.1055/
s-2007-1024864

Bao, L., Cai, X., Wang, J., Zhang, Y., Sun, B., and Li, Y. (2016). Anti-fatigue effects of
small molecule oligopeptides isolated from panax ginseng C. A. Meyer in mice.
Nutrients 8 (12), 807. doi:10.3390/nu8120807

Boeriu, C. G. (2013). Polysaccharides as source of advanced and sustainable products.
Carbohydr. Polym. 93 (1), 1. doi:10.1016/j.carbpol.2012.12.022

Boscá, L., Aragón, J. J., and Sols, A. (1985). Modulation of muscle
phosphofructokinase at physiological concentration of enzyme. J. Biol. Chem. 260
(4), 2100–2107. doi:10.1016/s0021-9258(18)89522-9

Botella, J., Saner, N., and Granata, C. (2018). Guardian of mitochondrial function: an
expanded role of Parkin in skeletal muscle. J. Physiol. 596 (24), 6139–6140. doi:10.1113/
jp276841

Bowtell, J., and Kelly, V. (2019). Fruit-derived polyphenol supplementation for athlete
recovery and performance. Sports Med. 49 (Suppl. 1), 3–23. doi:10.1007/s40279-018-
0998-x

Bowtell, J. L., Sumners, D. P., Dyer, A., Fox, P., and Mileva, K. N. (2011).
Montmorency cherry juice reduces muscle damage caused by intensive strength
exercise.Med. Sci. Sports Exerc 43 (8), 1544–1551. doi:10.1249/MSS.0b013e31820e5adc

Boyer, J. G., Prasad, V., Song, T., Lee, D., Fu, X., Grimes, K. M., et al. (2019). ERK1/
2 signaling induces skeletal muscle slow fiber-type switching and reduces muscular
dystrophy disease severity. JCI Insight 5 (10), e127356. doi:10.1172/jci.insight.127356

Browning, J. D., and Horton, J. D. (2004). Molecular mediators of hepatic steatosis
and liver injury. J. Clin. Invest. 114 (2), 147–152. doi:10.1172/jci22422

Büschges, A., Wikström, M. A., Grillner, S., and El Manira, A. (2000). Roles of high-
voltage-activated calcium channel subtypes in a vertebrate spinal locomotor network.
J. Neurophysiol. 84 (6), 2758–2766. doi:10.1152/jn.2000.84.6.2758

Chai, T. T., Ee, K. Y., Kumar, D. T., Manan, F. A., and Wong, F. C. (2021). Plant
bioactive peptides: current status and prospects towards use on human health. Protein
Pept. Lett. 28 (6), 623–642. doi:10.2174/0929866527999201211195936

Chen, G. H., Song, C. C., Pantopoulos, K., Wei, X. L., Zheng, H., and Luo, Z. (2022a).
Mitochondrial oxidative stress mediated Fe-induced ferroptosis via the NRF2-ARE
pathway. Free Radic. Biol. Med. 180, 95–107. doi:10.1016/j.freeradbiomed.2022.01.012

Chen, Q., Liu, C., Zhang, Y., Wang, S., and Li, F. (2022b). Effect of Lactobacillus
plantarum KSFY01 on the exercise capacity of D-galactose-induced oxidative stress-
aged mice. Front. Microbiol. 13, 1030833. doi:10.3389/fmicb.2022.1030833

Chen, Y., Wang, J., Jing, Z., Ordovas, J. M.,Wang, J., and Shen, L. (2022c). Anti-fatigue and
anti-oxidant effects of curcumin supplementation in exhaustive swimming mice via Nrf2/
Keap1 signal pathway. Curr. Res. Food Sci. 5, 1148–1157. doi:10.1016/j.crfs.2022.07.006

Clark, A., and Mach, N. (2016). Exercise-induced stress behavior, gut-microbiota-
brain axis and diet: a systematic review for athletes. J. Int. Soc. Sports Nutr. 13, 43. doi:10.
1186/s12970-016-0155-6

Cormery, B., Beaumont, E., Csukly, K., and Gardiner, P. (2005). Hindlimb
unweighting for 2 weeks alters physiological properties of rat hindlimb
motoneurones. J. Physiol. 568 (Pt 3), 841–850. doi:10.1113/jphysiol.2005.091835

Cui, J., Shi, C., Xia, P., Ning, K., Xiang, H., and Xie, Q. (2021). Fermented deer
blood ameliorates intense exercise-induced fatigue via modulating small intestine
microbiota and metabolites in mice. Nutrients 13 (5), 1543. doi:10.3390/
nu13051543

Dai, Y., Cheng, Y., Fedirchuk, B., Jordan, L. M., and Chu, J. (2018). Motoneuron
output regulated by ionic channels: a modeling study of motoneuron frequency-current
relationships during fictive locomotion. J. Neurophysiol. 120 (4), 1840–1858. doi:10.
1152/jn.00068.2018

de Barcellos, L. A. M., Gonçalves, W. A., Esteves de Oliveira, M. P., Guimarães, J. B.,
Queiroz-Junior, C. M., de Resende, C. B., et al. (2021). Effect of physical training on
exercise-induced inflammation and performance in mice. Front. Cell Dev. Biol. 9,
625680. doi:10.3389/fcell.2021.625680

De Marchi, T., Ferlito, J. V., Ferlito, M. V., Salvador, M., and Leal-Junior, E. C. P.
(2022). Can photobiomodulation therapy (pbmt) minimize exercise-induced oxidative
stress? A systematic review and meta-analysis. Antioxidants (Basel) 11 (9), 1671. doi:10.
3390/antiox11091671

Duan, F. F., Guo, Y., Li, J. W., and Yuan, K. (2017). Antifatigue effect of luteolin-6-C-
neohesperidoside on oxidative stress injury induced by forced swimming of rats through
modulation of Nrf2/ARE signaling pathways. Oxid. Med. Cell Longev. 2017, 3159358.
doi:10.1155/2017/3159358

Dutka, T. L., and Lamb, G. D. (2000). Effect of lactate on depolarization-induced
Ca(2+) release in mechanically skinned skeletal muscle fibers. Am. J. Physiol. Cell
Physiol. 278 (3), C517–C525. doi:10.1152/ajpcell.2000.278.3.C517

Eggler, A. L., Gay, K. A., and Mesecar, A. D. (2008). Molecular mechanisms of natural
products in chemoprevention: induction of cytoprotective enzymes by Nrf2.Mol. Nutr.
Food Res. 52 (Suppl. 1), S84–S94. doi:10.1002/mnfr.200700249

Ernfors, P., Wetmore, C., Olson, L., and Persson, H. (1990). Identification of cells in
rat brain and peripheral tissues expressing mRNA for members of the nerve growth
factor family. Neuron 5 (4), 511–526. doi:10.1016/0896-6273(90)90090-3

Fan, Z., Wang, Y., Xu, X., and Wu, Y. (2018). Inhibitor of Bruton’s tyrosine kinases,
PCI-32765, decreases pro-inflammatory mediators’ production in high glucose-induced
macrophages. Int. Immunopharmacol. 58, 145–153. doi:10.1016/j.intimp.2018.03.019

Fang, L., Zhang, R. X., Wei, Y., Ling, K., Lu, L., Wang, J., et al. (2022). Anti-fatigue
effects of fermented soybean protein peptides in mice. J. Sci. Food Agric. 102 (7),
2693–2703. doi:10.1002/jsfa.11609

Feng, C., Jiang, Y., Wu, G., Shi, Y., Ge, Y., Li, B., et al. (2023). Dietary methionine
restriction improves gastrocnemius muscle glucose metabolism through improved
insulin secretion and H19/IRS-1/akt pathway in middle-aged mice. J. Agric. Food
Chem. 71 (14), 5655–5666. doi:10.1021/acs.jafc.2c08373

Fernstrom, J. D., and Fernstrom, M. H. (2006). Exercise, serum free tryptophan, and
central fatigue. J. Nutr. 136 (2), 553S–559s. doi:10.1093/jn/136.2.553S

Forman, D., Raj, A., Button, D. C., and Power, K. E. (2014). Corticospinal excitability
of the biceps brachii is higher during arm cycling than an intensity-matched tonic
contraction. J. Neurophysiol. 112 (5), 1142–1151. doi:10.1152/jn.00210.2014

Fritzen, A. M., Lundsgaard, A. M., Jeppesen, J., Christiansen, M. L., Biensø, R., Dyck,
J. R., et al. (2015). 5’-AMP activated protein kinase α2 controls substrate metabolism
during post-exercise recovery via regulation of pyruvate dehydrogenase kinase 4.
J. Physiol. 593 (21), 4765–4780. doi:10.1113/jp270821

Goldar, S., Khaniani, M. S., Derakhshan, S. M., and Baradaran, B. (2015). Molecular
mechanisms of apoptosis and roles in cancer development and treatment. Asian Pac
J. Cancer Prev. 16 (6), 2129–2144. doi:10.7314/apjcp.2015.16.6.2129

Gough, L. A., Sparks, S. A., McNaughton, L. R., Higgins, M. F., Newbury, J. W.,
Trexler, E., et al. (2021). A critical review of citrulline malate supplementation and
exercise performance. Eur. J. Appl. Physiol. 121 (12), 3283–3295. doi:10.1007/s00421-
021-04774-6

Gouspillou, G., Godin, R., Piquereau, J., Picard, M., Mofarrahi, M., Mathew, J., et al.
(2018). Protective role of Parkin in skeletal muscle contractile and mitochondrial
function. J. Physiol. 596 (13), 2565–2579. doi:10.1113/jp275604

Grandys, M., Majerczak, J., Kulpa, J., Duda, K., Rychlik, U., and Zoladz, J. A. (2016).
The importance of the training-induced decrease in basal cortisol concentration in the
improvement in muscular performance in humans. Physiol. Res. 65 (1), 109–120. doi:10.
33549/physiolres.933039

Han, X., Wang, J., Li, R., Huang, M., Yue, G., Guan, L., et al. (2023). Placental
mesenchymal stem cells alleviate podocyte injury in diabetic kidney disease by
modulating mitophagy via the SIRT1-PGC-1alpha-TFAM pathway. Int. J. Mol. Sci.
24 (5), 4696. doi:10.3390/ijms24054696

Hargreaves, M. (2015). Exercise, muscle, and CHO metabolism. Scand. J. Med. Sci.
Sports 25 (Suppl. 4), 29–33. doi:10.1111/sms.12607

Hargreaves, M., and Spriet, L. L. (2020). Skeletal muscle energy metabolism during
exercise. Nat. Metab. 2 (9), 817–828. doi:10.1038/s42255-020-0251-4

Hayes, J. D., and Dinkova-Kostova, A. T. (2014). The Nrf2 regulatory network
provides an interface between redox and intermediary metabolism. Trends Biochem. Sci.
39 (4), 199–218. doi:10.1016/j.tibs.2014.02.002

Hayes, M. (2021). Bioactive peptides in preventative healthcare: an overview of
bioactivities and suggested methods to assess potential applications. Curr. Pharm. Des.
27 (11), 1332–1341. doi:10.2174/1381612827666210125155048

Hirvonen, J., Nummela, A., Rusko, H., Rehunen, S., and Härkönen, M. (1992). Fatigue
and changes of ATP, creatine phosphate, and lactate during the 400-m sprint. Can.
J. Sport Sci. 17 (2), 141–144.

Howatson, G., McHugh,M. P., Hill, J. A., Brouner, J., Jewell, A. P., van Someren, K. A.,
et al. (2010). Influence of tart cherry juice on indices of recovery following marathon
running. Scand. J. Med. Sci. Sports 20 (6), 843–852. doi:10.1111/j.1600-0838.2009.
01005.x

Hsiao, C. Y., Hsu, Y. J., Tung, Y. T., Lee, M. C., Huang, C. C., and Hsieh, C. C. (2018).
Effects of Antrodia camphorata and Panax ginseng supplementation on anti-fatigue
properties in mice. J. Vet. Med. Sci. 80 (2), 284–291. doi:10.1292/jvms.17-0572

Hu, M., Han, M., Zhang, H., Li, Z., Xu, K., Kang, H., et al. (2023). Curcumin
(CUMINUP60®) mitigates exercise fatigue through regulating PI3K/Akt/AMPK/
mTOR pathway in mice. Aging (Albany NY) 15 (6), 2308–2320. doi:10.18632/aging.
204614

Huang, M., Yan, Y., Deng, Z., Zhou, L., She, M., Yang, Y., et al. (2023). Saikosaponin A
and D attenuate skeletal muscle atrophy in chronic kidney disease by reducing oxidative
stress through activation of PI3K/AKT/Nrf2 pathway. Phytomedicine 114, 154766.
doi:10.1016/j.phymed.2023.154766

Frontiers in Pharmacology frontiersin.org12

Zhao et al. 10.3389/fphar.2023.1269878

187

https://doi.org/10.1016/j.ijbiomac.2022.12.071
https://doi.org/10.1002/biof.112
https://doi.org/10.1152/ajpcell.00279.2011
https://doi.org/10.1152/ajpcell.00279.2011
https://doi.org/10.1055/s-2007-1024864
https://doi.org/10.1055/s-2007-1024864
https://doi.org/10.3390/nu8120807
https://doi.org/10.1016/j.carbpol.2012.12.022
https://doi.org/10.1016/s0021-9258(18)89522-9
https://doi.org/10.1113/jp276841
https://doi.org/10.1113/jp276841
https://doi.org/10.1007/s40279-018-0998-x
https://doi.org/10.1007/s40279-018-0998-x
https://doi.org/10.1249/MSS.0b013e31820e5adc
https://doi.org/10.1172/jci.insight.127356
https://doi.org/10.1172/jci22422
https://doi.org/10.1152/jn.2000.84.6.2758
https://doi.org/10.2174/0929866527999201211195936
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.3389/fmicb.2022.1030833
https://doi.org/10.1016/j.crfs.2022.07.006
https://doi.org/10.1186/s12970-016-0155-6
https://doi.org/10.1186/s12970-016-0155-6
https://doi.org/10.1113/jphysiol.2005.091835
https://doi.org/10.3390/nu13051543
https://doi.org/10.3390/nu13051543
https://doi.org/10.1152/jn.00068.2018
https://doi.org/10.1152/jn.00068.2018
https://doi.org/10.3389/fcell.2021.625680
https://doi.org/10.3390/antiox11091671
https://doi.org/10.3390/antiox11091671
https://doi.org/10.1155/2017/3159358
https://doi.org/10.1152/ajpcell.2000.278.3.C517
https://doi.org/10.1002/mnfr.200700249
https://doi.org/10.1016/0896-6273(90)90090-3
https://doi.org/10.1016/j.intimp.2018.03.019
https://doi.org/10.1002/jsfa.11609
https://doi.org/10.1021/acs.jafc.2c08373
https://doi.org/10.1093/jn/136.2.553S
https://doi.org/10.1152/jn.00210.2014
https://doi.org/10.1113/jp270821
https://doi.org/10.7314/apjcp.2015.16.6.2129
https://doi.org/10.1007/s00421-021-04774-6
https://doi.org/10.1007/s00421-021-04774-6
https://doi.org/10.1113/jp275604
https://doi.org/10.33549/physiolres.933039
https://doi.org/10.33549/physiolres.933039
https://doi.org/10.3390/ijms24054696
https://doi.org/10.1111/sms.12607
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.2174/1381612827666210125155048
https://doi.org/10.1111/j.1600-0838.2009.01005.x
https://doi.org/10.1111/j.1600-0838.2009.01005.x
https://doi.org/10.1292/jvms.17-0572
https://doi.org/10.18632/aging.204614
https://doi.org/10.18632/aging.204614
https://doi.org/10.1016/j.phymed.2023.154766
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1269878


Huang, X. P., Ding, H., Lu, J. D., Tang, Y. H., Deng, B. X., and Deng, C. Q. (2015).
Effects of the combination of the main active components of Astragalus and panax
notoginseng on inflammation and apoptosis of nerve cell after cerebral ischemia-
reperfusion. Am. J. Chin. Med. 43 (7), 1419–1438. doi:10.1142/s0192415x15500809

Jin, S. W., Lee, G. H., Kim, J. Y., Kim, C. Y., Choo, Y. M., Cho, W., et al. (2022). Effect
of porcine whole blood protein hydrolysate on slow-twitch muscle fiber expression and
mitochondrial biogenesis via the AMPK/SIRT1 pathway. Int. J. Mol. Sci. 23 (3), 1229.
doi:10.3390/ijms23031229

Joo, M. S., Kim, W. D., Lee, K. Y., Kim, J. H., Koo, J. H., and Kim, S. G. (2016). AMPK
facilitates nuclear accumulation of nrf2 by phosphorylating at serine 550.Mol. Cell Biol.
36 (14), 1931–1942. doi:10.1128/mcb.00118-16

Kim, M. B., Kim, T., Kim, C., and Hwang, J. K. (2018). Standardized kaempferia
parviflora extract enhances exercise performance through activation of mitochondrial
biogenesis. J. Med. Food 21 (1), 30–38. doi:10.1089/jmf.2017.3989

Kisseleva, T., Bhattacharya, S., Braunstein, J., and Schindler, C. W. (2002). Signaling
through the JAK/STAT pathway, recent advances and future challenges.Gene 285 (1-2),
1–24. doi:10.1016/s0378-1119(02)00398-0

Kjøbsted, R., Hingst, J. R., Fentz, J., Foretz, M., Sanz, M. N., Pehmøller, C., et al.
(2018). AMPK in skeletal muscle function and metabolism. Faseb J. 32 (4), 1741–1777.
doi:10.1096/fj.201700442R

Klosterhoff, R. R., Kanazawa, L. K. S., Furlanetto, A., Peixoto, J. V. C., Corso, C. R.,
Adami, E. R., et al. (2018). Anti-fatigue activity of an arabinan-rich pectin from acerola
(Malpighia emarginata). Int. J. Biol. Macromol. 109, 1147–1153. doi:10.1016/j.ijbiomac.
2017.11.105

Knudsen, J. G., Gudiksen, A., Bertholdt, L., Overby, P., Villesen, I., Schwartz, C. L.,
et al. (2017). Skeletal muscle IL-6 regulates muscle substrate utilization and adipose
tissue metabolism during recovery from an acute bout of exercise. PLoS One 12 (12),
e0189301. doi:10.1371/journal.pone.0189301

Ko, Y. H., Kwon, S. H., Hwang, J. Y., Kim, K. I., Seo, J. Y., Nguyen, T. L., et al. (2018).
The memory-enhancing effects of liquiritigenin by activation of NMDA receptors and
the CREB signaling pathway in mice. Biomol. Ther. Seoul. 26 (2), 109–114. doi:10.4062/
biomolther.2016.284

Kokubo, T., Komano, Y., Tsuji, R., Fujiwara, D., Fujii, T., and Kanauchi, O. (2019).
The effects of plasmacytoid dendritic cell-stimulative lactic acid bacteria, lactococcus
lactis strain plasma, on exercise-induced fatigue and recovery via immunomodulatory
action. Int. J. Sport Nutr. Exerc Metab. 29 (4), 354–358. doi:10.1123/ijsnem.2018-0377

Krutki, P., Hałuszka, A., Mrówczyński, W., Gardiner, P. F., and Celichowski, J. (2015).
Adaptations of motoneuron properties to chronic compensatory muscle overload.
J. Neurophysiol. 113 (7), 2769–2777. doi:10.1152/jn.00968.2014

Krutki, P., Mrówczyński, W., Bączyk, M., Łochyński, D., and Celichowski, J. (2017).
Adaptations of motoneuron properties after weight-lifting training in rats. J. Appl.
Physiol. (1985) 123 (3), 664–673. doi:10.1152/japplphysiol.00121.2017

Kyriakis, J. M., and Avruch, J. (2001). Mammalian mitogen-activated protein kinase
signal transduction pathways activated by stress and inflammation. Physiol. Rev. 81 (2),
807–869. doi:10.1152/physrev.2001.81.2.807

Lantier, L., Fentz, J., Mounier, R., Leclerc, J., Treebak, J. T., Pehmøller, C., et al. (2014).
AMPK controls exercise endurance, mitochondrial oxidative capacity, and skeletal
muscle integrity. Faseb J. 28 (7), 3211–3224. doi:10.1096/fj.14-250449

Lautherbach, N., Gonçalves, D. A. P., Silveira, W. A., Paula-Gomes, S., Valentim, R.
R., Zanon, N. M., et al. (2022). Urocortin 2 promotes hypertrophy and enhances skeletal
muscle function through cAMP and insulin/IGF-1 signaling pathways.Mol. Metab. 60,
101492. doi:10.1016/j.molmet.2022.101492

Leite, L. H., Rodrigues, A. G., Soares, D. D., Marubayashi, U., and Coimbra, C. C.
(2010). Central fatigue induced by losartan involves brain serotonin and dopamine
content.Med. Sci. Sports Exerc 42 (8), 1469–1476. doi:10.1249/MSS.0b013e3181d03d36

Li, C., Li, T. G., Wang, H. M., Shui, L., Lu, J., Wu, J. H., et al. (2020). Effect of
moxibustion on IL-6/STAT3 signaling in frontal cortex of fatigue rats. Zhen Ci Yan Jiu
45 (6), 468–472. doi:10.13702/j.1000-0607.190618

Liang, W., Ho, C. T., Lan, Y., Xiao, J., Huang, Q., Cao, Y., et al. (2023). Capsaicin
ameliorates diet-induced disturbances of glucose homeostasis and gut microbiota in
mice associated with the circadian clock. Food Funct. 14 (3), 1662–1673. doi:10.1039/
d2fo03523e

Liu, L., Wu, X., Zhang, B., Yang, W., Li, D., Dong, Y., et al. (2017). Protective effects of
tea polyphenols on exhaustive exercise-induced fatigue, inflammation and tissue
damage. Food Nutr. Res. 61 (1), 1333390. doi:10.1080/16546628.2017.1333390

Liu, R., Li, Z., Yu, X. C., Hu, J. N., Zhu, N., Liu, X. R., et al. (2023). The effects of peanut
oligopeptides on exercise-induced fatigue in mice and its underlying mechanism.
Nutrients 15 (7), 1743. doi:10.3390/nu15071743

Liu, R., Wu, L., Du, Q., Ren, J. W., Chen, Q. H., Li, D., et al. (2018). Small molecule
oligopeptides isolated from walnut (juglans regia L.) and their anti-fatigue effects in
mice. Molecules 24 (1), 45. doi:10.3390/molecules24010045

Liu, Y., Li, C., Shen, X., and Liu, Y. (2022). The use of traditional Chinese medicines in
relieving exercise-induced fatigue. Front. Pharmacol. 13, 969827. doi:10.3389/fphar.
2022.969827

Lu, H., and Liu, G. T. (1992). Anti-oxidant activity of dibenzocyclooctene lignans
isolated from Schisandraceae. Planta Med. 58 (4), 311–313. doi:10.1055/s-2006-961473

Luo, M., Lu, J., Li, C., Wen, B., Chu, W., Dang, X., et al. (2022). Hydrogen improves
exercise endurance in rats by promoting mitochondrial biogenesis. Genomics 114 (6),
110523. doi:10.1016/j.ygeno.2022.110523

Luquet, S., Lopez-Soriano, J., Holst, D., Fredenrich, A., Melki, J., Rassoulzadegan, M.,
et al. (2003). Peroxisome proliferator-activated receptor delta controls muscle
development and oxidative capability. Faseb J. 17 (15), 2299–2301. doi:10.1096/fj.03-
0269fje

Ma, C., Deng, Y., Xiao, R., Xu, F., Li, M., Gong, Q., et al. (2022). Anti-fatigue effect of
phlorizin on exhaustive exercise-induced oxidative injury mediated by Nrf2/ARE
signaling pathway in mice. Eur. J. Pharmacol. 918, 174563. doi:10.1016/j.ejphar.
2021.174563

Ma, P., Li, J., Huang, Q., Wei, S., Ge, H., and Wang, Z. (2023). Exploring the
mechanism of anti-fatigue of resveratrol based on network pharmacology and
molecular docking, and in vitro studies. Sci. Rep. 13 (1), 2894. doi:10.1038/s41598-
023-30141-w

MacDonell, C. W., Button, D. C., Beaumont, E., Cormery, B., and Gardiner, P. F.
(2012). Plasticity of rat motoneuron rhythmic firing properties with varying levels of
afferent and descending inputs. J. Neurophysiol. 107 (1), 265–272. doi:10.1152/jn.00122.
2011

MacDonell, C. W., Power, K. E., Chopek, J. W., Gardiner, K. R., and Gardiner, P. F.
(2015). Extensor motoneurone properties are altered immediately before and during
fictive locomotion in the adult decerebrate rat. J. Physiol. 593 (10), 2327–2342. doi:10.
1113/jp270239

Mallard, A. R., Briskey, D., Richards BexSSc, A., and Rao, A. (2021). Curcumin
improves delayed onset muscle soreness and postexercise lactate accumulation. Muscle
Soreness Postexercise Lactate Accumulation 18 (5), 531–542. doi:10.1080/19390211.
2020.1796885

Marion-Letellier, R., Savoye, G., and Ghosh, S. (2016). Fatty acids, eicosanoids and
PPAR gamma. Eur. J. Pharmacol. 785, 44–49. doi:10.1016/j.ejphar.2015.11.004

Mason, S. A., Morrison, D., McConell, G. K., andWadley, G. D. (2016). Muscle redox
signalling pathways in exercise. Role of antioxidants. Free Radic. Biol. Med. 98, 29–45.
doi:10.1016/j.freeradbiomed.2016.02.022

Matsukawa, T., Motojima, H., Sato, Y., Takahashi, S., Villareal, M. O., and Isoda, H.
(2017). Upregulation of skeletal muscle PGC-1α through the elevation of cyclic AMP
levels by Cyanidin-3-glucoside enhances exercise performance. Sci. Rep. 7, 44799.
doi:10.1038/srep44799

Meeusen, R., Watson, P., Hasegawa, H., Roelands, B., and Piacentini, M. F. (2006).
Central fatigue: the serotonin hypothesis and beyond. Sports Med. 36 (10), 881–909.
doi:10.2165/00007256-200636100-00006

Meeusen, R., Watson, P., Hasegawa, H., Roelands, B., and Piacentini, M. F. (2007).
Brain neurotransmitters in fatigue and overtraining. Appl. Physiol. Nutr. Metab. 32 (5),
857–864. doi:10.1139/h07-080

Miranda-Comas, G., Petering, R. C., Zaman, N., and Chang, R. (2022). Implications of
the gut microbiome in sports. Sports Health 14 (6), 894–898. doi:10.1177/
19417381211060006

Noreen, S., Tufail, T., Ul Ain, H. B., and Awuchi, C. G. (2023). Pharmacological,
nutraceutical, and nutritional properties of flaxseed (Linum usitatissimum): an insight
into its functionality and disease mitigation. Food Sci. Nutr. 11 (11), 6820–6829. doi:10.
1002/fsn3.3662

Peluso, I., Raguzzini, A., and Serafini, M. (2013). Effect of flavonoids on circulating
levels of TNF-α and IL-6 in humans: a systematic review and meta-analysis.Mol. Nutr.
Food Res. 57 (5), 784–801. doi:10.1002/mnfr.201200721

Peng, Y., Zhao, L., Hu, K., Yang, Y., Ma, J., Zhai, Y., et al. (2022). Anti-fatigue effects of
Lycium barbarum polysaccharide and effervescent tablets by regulating oxidative stress
and energy metabolism in rats. Int. J. Mol. Sci. 23 (18), 10920. doi:10.3390/
ijms231810920

Petersen, M. C., and Shulman, G. I. (2018). Mechanisms of insulin action and insulin
resistance. Physiol. Rev. 98 (4), 2133–2223. doi:10.1152/physrev.00063.2017

Pimentel, M., Lin, H. C., Enayati, P., van den Burg, B., Lee, H. R., Chen, J. H., et al.
(2006). Methane, a gas produced by enteric bacteria, slows intestinal transit and
augments small intestinal contractile activity. Am. J. Physiol. Gastrointest. Liver
Physiol. 290 (6), G1089–G1095. doi:10.1152/ajpgi.00574.2004

Power, K. E., Lockyer, E. J., Botter, A., Vieira, T., and Button, D. C. (2022). Endurance-
exercise training adaptations in spinal motoneurones: potential functional relevance to
locomotor output and assessment in humans. Eur. J. Appl. Physiol. 122 (6), 1367–1381.
doi:10.1007/s00421-022-04918-2

Powers, S. K., Nelson, W. B., and Hudson, M. B. (2011). Exercise-induced oxidative
stress in humans: cause and consequences. Free Radic. Biol. Med. 51 (5), 942–950.
doi:10.1016/j.freeradbiomed.2010.12.009

Roelands, B., and Meeusen, R. (2010). Alterations in central fatigue by
pharmacological manipulations of neurotransmitters in normal and high ambient
temperature. Sports Med. 40 (3), 229–246. doi:10.2165/11533670-000000000-00000

Frontiers in Pharmacology frontiersin.org13

Zhao et al. 10.3389/fphar.2023.1269878

188

https://doi.org/10.1142/s0192415x15500809
https://doi.org/10.3390/ijms23031229
https://doi.org/10.1128/mcb.00118-16
https://doi.org/10.1089/jmf.2017.3989
https://doi.org/10.1016/s0378-1119(02)00398-0
https://doi.org/10.1096/fj.201700442R
https://doi.org/10.1016/j.ijbiomac.2017.11.105
https://doi.org/10.1016/j.ijbiomac.2017.11.105
https://doi.org/10.1371/journal.pone.0189301
https://doi.org/10.4062/biomolther.2016.284
https://doi.org/10.4062/biomolther.2016.284
https://doi.org/10.1123/ijsnem.2018-0377
https://doi.org/10.1152/jn.00968.2014
https://doi.org/10.1152/japplphysiol.00121.2017
https://doi.org/10.1152/physrev.2001.81.2.807
https://doi.org/10.1096/fj.14-250449
https://doi.org/10.1016/j.molmet.2022.101492
https://doi.org/10.1249/MSS.0b013e3181d03d36
https://doi.org/10.13702/j.1000-0607.190618
https://doi.org/10.1039/d2fo03523e
https://doi.org/10.1039/d2fo03523e
https://doi.org/10.1080/16546628.2017.1333390
https://doi.org/10.3390/nu15071743
https://doi.org/10.3390/molecules24010045
https://doi.org/10.3389/fphar.2022.969827
https://doi.org/10.3389/fphar.2022.969827
https://doi.org/10.1055/s-2006-961473
https://doi.org/10.1016/j.ygeno.2022.110523
https://doi.org/10.1096/fj.03-0269fje
https://doi.org/10.1096/fj.03-0269fje
https://doi.org/10.1016/j.ejphar.2021.174563
https://doi.org/10.1016/j.ejphar.2021.174563
https://doi.org/10.1038/s41598-023-30141-w
https://doi.org/10.1038/s41598-023-30141-w
https://doi.org/10.1152/jn.00122.2011
https://doi.org/10.1152/jn.00122.2011
https://doi.org/10.1113/jp270239
https://doi.org/10.1113/jp270239
https://doi.org/10.1080/19390211.2020.1796885
https://doi.org/10.1080/19390211.2020.1796885
https://doi.org/10.1016/j.ejphar.2015.11.004
https://doi.org/10.1016/j.freeradbiomed.2016.02.022
https://doi.org/10.1038/srep44799
https://doi.org/10.2165/00007256-200636100-00006
https://doi.org/10.1139/h07-080
https://doi.org/10.1177/19417381211060006
https://doi.org/10.1177/19417381211060006
https://doi.org/10.1002/fsn3.3662
https://doi.org/10.1002/fsn3.3662
https://doi.org/10.1002/mnfr.201200721
https://doi.org/10.3390/ijms231810920
https://doi.org/10.3390/ijms231810920
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/ajpgi.00574.2004
https://doi.org/10.1007/s00421-022-04918-2
https://doi.org/10.1016/j.freeradbiomed.2010.12.009
https://doi.org/10.2165/11533670-000000000-00000
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1269878


Ruhee, R. T., and Suzuki, K. (2020). The integrative role of sulforaphane in preventing
inflammation, oxidative stress and fatigue: a review of a potential protective
phytochemical. Antioxidants (Basel) 9 (6), 521. doi:10.3390/antiox9060521

Ryall, J. G., Dell’Orso, S., Derfoul, A., Juan, A., Zare, H., Feng, X., et al. (2015). TheNAD(+)-
dependent SIRT1 deacetylase translates a metabolic switch into regulatory epigenetics in
skeletal muscle stem cells. Cell Stem Cell 16 (2), 171–183. doi:10.1016/j.stem.2014.12.004

Sah, P., and Faber, E. S. (2002). Channels underlying neuronal calcium-activated potassium
currents. Prog. Neurobiol. 66 (5), 345–353. doi:10.1016/s0301-0082(02)00004-7

Scholz, E. (1991). Review of "liganans, chemical, biological and clinical properties.
Planta Med. 57 (5), 508. doi:10.1055/s-2006-960192

Shanely, R. A., and Coast, J. R. (2002). Effect of ammonia on in vitro diaphragmatic
contractility, fatigue and recovery. Respiration 69 (6), 534–541. doi:10.1159/000066459

Sharma, D., Gondaliya, P., Tiwari, V., and Kalia, K. (2019). Kaempferol attenuates
diabetic nephropathy by inhibiting RhoA/Rho-kinase mediated inflammatory
signalling. Biomed. Pharmacother. 109, 1610–1619. doi:10.1016/j.biopha.2018.10.195

Shen, C. Y., Yang, L., Jiang, J. G., Zheng, C. Y., and Zhu, W. (2017). Immune
enhancement effects and extraction optimization of polysaccharides from Citrus
aurantium L. var. amara Engl. Food Funct. 8 (2), 796–807. doi:10.1039/c6fo01545j

Shephard, R. J. (2002). Cytokine responses to physical activity, with particular reference to
IL-6: sources, actions, and clinical implications. Crit. Rev. Immunol. 22 (3), 165–182.

Shin, S. M., and Kim, S. G. (2009). Inhibition of arachidonic acid and iron-induced
mitochondrial dysfunction and apoptosis by oltipraz and novel 1,2-dithiole-3-thione
congeners. Mol. Pharmacol. 75 (1), 242–253. doi:10.1124/mol.108.051128

Shui, L., Yi, R. N., Wu, Y. J., Bai, S. M., Si, Q., Bo, A. G., et al. (2019). Effects of
Mongolian warm acupuncture on iNOS/NO and inflammatory cytokines in the
Hippocampus of chronic fatigue rats. Front. Integr. Neurosci. 13, 78. doi:10.3389/
fnint.2019.00078

Song, Y., Shi, X., Gao, Z., Li, R., Tian, J., Cao, X., et al. (2023). Acupoint catgut
embedding improves lipid metabolism in exercise-induced fatigue rats via the PPAR
signaling pathway. Anim. (Basel) 13 (4), 558. doi:10.3390/ani13040558

Sun, Y., Liang, C., Zheng, L., Liu, L., Li, Z., Yang, G., et al. (2022). Anti-fatigue effect of
hypericin in a chronic forced exercise mouse model. J. Ethnopharmacol. 284, 114767.
doi:10.1016/j.jep.2021.114767

Sun, Y., Peng, R., Peng, H., Liu, H., Wen, L., Wu, T., et al. (2016). miR-451 suppresses
the NF-kappaB-mediated proinflammatory molecules expression through inhibiting
LMP7 in diabetic nephropathy. Mol. Cell Endocrinol. 433, 75–86. doi:10.1016/j.mce.
2016.06.004

Swarup, V., Ghosh, J., Mishra, M. K., and Basu, A. (2008). Novel strategy for
treatment of Japanese encephalitis using arctigenin, a plant lignan. J. Antimicrob.
Chemother. 61 (3), 679–688. doi:10.1093/jac/dkm503

Takeda, K., Machida, M., Kohara, A., Omi, N., and Takemasa, T. (2011). Effects of
citrulline supplementation on fatigue and exercise performance in mice. J. Nutr. Sci.
Vitaminol. (Tokyo) 57 (3), 246–250. doi:10.3177/jnsv.57.246

Tremaroli, V., and Bäckhed, F. (2012). Functional interactions between the gut
microbiota and host metabolism.Nature 489 (7415), 242–249. doi:10.1038/nature11552

Trinity, J. D., Broxterman, R. M., and Richardson, R. S. (2016). Regulation of exercise
blood flow: role of free radicals. Free Radic. Biol. Med. 98, 90–102. doi:10.1016/j.
freeradbiomed.2016.01.017

Ulrich-Lai, Y. M., and Herman, J. P. (2009). Neural regulation of endocrine and
autonomic stress responses. Nat. Rev. Neurosci. 10 (6), 397–409. doi:10.1038/nrn2647

Vargas, N. T., and Marino, F. (2014). A neuroinflammatory model for acute fatigue
during exercise. Sports Med. 44 (11), 1479–1487. doi:10.1007/s40279-014-0232-4

Wang, R., Zang, P., Chen, J., Wu, F., Zheng, Z., Ma, J., et al. (2018). Gut microbiota
play an essential role in the antidiabetic effects of rhein. Evid. Based Complement. Altern.
Med. 2018, 6093282. doi:10.1155/2018/6093282

Wen,W., Chen, X., Huang, Z., Chen, D., Yu, B., He, J., et al. (2021). Lycopene increases the
proportion of slow-twitch muscle fiber by AMPK signaling to improve muscle anti-fatigue
ability. J. Nutr. Biochem. 94, 108750. doi:10.1016/j.jnutbio.2021.108750

Westerblad, H., Allen, D. G., and Lännergren, J. (2002). Muscle fatigue: lactic acid or
inorganic phosphate the major cause? News Physiol. Sci. 17, 17–21. doi:10.1152/
physiologyonline.2002.17.1.17

Wu, R.M., Sun, Y. Y., Zhou, T. T., Zhu, Z. Y., Zhuang, J. J., Tang, X., et al. (2014). Arctigenin
enhances swimming endurance of sedentary rats partially by regulation of antioxidant
pathways. Acta Pharmacol. Sin. 35 (10), 1274–1284. doi:10.1038/aps.2014.70

Wu, X. Q., Li, W., Chen, J. X., Zhai, J. W., Xu, H. Y., Ni, L., et al. (2019). Chemical
constituents and biological activity profiles on pleione (orchidaceae).Molecules 24 (17),
3195. doi:10.3390/molecules24173195

Xiao, R., Wei, Y., Zhang, Y., Xu, F., Ma, C., Gong, Q., et al. (2022). Trilobatin, a
naturally occurring food additive, ameliorates exhaustive exercise-induced fatigue in
mice: involvement of Nrf2/ARE/ferroptosis signaling pathway. Front. Pharmacol. 13,
913367. doi:10.3389/fphar.2022.913367

Xu, M., Liang, R., Li, Y., and Wang, J. (2017). Anti-fatigue effects of dietary
nucleotides in mice. Food Nutr. Res. 61 (1), 1334485. doi:10.1080/16546628.2017.
1334485

Xu, X., Ding, Y., Yang, Y., Gao, Y., Sun, Q., Liu, J., et al. (2018). β-Glucan salecan
improves exercise performance and displays anti-fatigue effects through regulating
energy metabolism and oxidative stress in mice. Nutrients 10 (7), 858. doi:10.3390/
nu10070858

Yao, W., Guo, B., Jin, T., Bao, Z., Wang, T., Wen, S., et al. (2023). Garcinol promotes
the formation of slow-twitch muscle fibers by inhibiting p300-dependent acetylation of
PGC-1α. Int. J. Mol. Sci. 24 (3), 2702. doi:10.3390/ijms24032702

Youle, R. J., and Narendra, D. P. (2011). Mechanisms of mitophagy. Nat. Rev. Mol.
Cell Biol. 12 (1), 9–14. doi:10.1038/nrm3028

Yu, Y., Zhao, Y., Teng, F., Li, J., Guan, Y., Xu, J., et al. (2018). Berberine improves
cognitive deficiency and muscular dysfunction via activation of the AMPK/SIRT1/
PGC-1a pathway in skeletal muscle from naturally aging rats. J. Nutr. Health Aging 22
(6), 710–717. doi:10.1007/s12603-018-1015-7

Zhang, H., Xu, Y., Fohlerova, Z., Chang, H., Iliescu, C., and Neuzil, P. (2019a). LAMP-
on-a-chip: revising microfluidic platforms for loop-mediated DNA amplification.
Trends Anal. Chem. 113, 44–53. doi:10.1016/j.trac.2019.01.015

Zhang, J., Chen, L., Zhang, L., Chen, Q., Tan, F., and Zhao, X. (2021). Effect of
lactobacillus fermentum HFY03 on the antifatigue and antioxidation ability of running
exhausted mice. Oxid. Med. Cell Longev. 2021, 8013681. doi:10.1155/2021/8013681

Zhang, M., Cui, S., Mao, B., Zhang, Q., Zhao, J., Tang, X., et al. (2023). Effects and
mechanism of gastrodin supplementation on exercise-induced fatigue in mice. Food
Funct. 14 (2), 787–795. doi:10.1039/d2fo03095k

Zhang, Q., and Liang, X. C. (2019). Effects of mitochondrial dysfunction via AMPK/
PGC-1 α signal pathway on pathogenic mechanism of diabetic peripheral neuropathy
and the protective effects of Chinese medicine. Chin. J. Integr. Med. 25 (5), 386–394.
doi:10.1007/s11655-018-2579-0

Zhang, X., Jing, S., Lin, H., Sun, W., Jiang, W., Yu, C., et al. (2019b). Anti-fatigue effect
of anwulignan via the NRF2 and PGC-1α signaling pathway in mice. Food Funct. 10
(12), 7755–7766. doi:10.1039/c9fo01182j

Zhang, Z., and Gao, B. (2022). Mechanism of hyperbaric oxygen combined with
astaxanthin mediating keap1/nrf2/HO-1 pathway to improve exercise fatigue in mice.
Comput. Intell. Neurosci. 2022, 6444747. doi:10.1155/2022/6444747

Zheng, X., and Hasegawa, H. (2016). Central dopaminergic neurotransmission plays
an important role in thermoregulation and performance during endurance exercise.
Eur. J. Sport Sci. 16 (7), 818–828. doi:10.1080/17461391.2015.1111938

Zhou, S. S., and Jiang, J. G. (2019). Anti-fatigue effects of active ingredients from
traditional Chinese medicine: a review. Curr. Med. Chem. 26 (10), 1833–1848. doi:10.
2174/0929867324666170414164607

Zhu, H. Z., Zhang, Y., Zhu, M. J., Wu, R. L., and Zeng, Z. G. (2018). Protective effects
of spirulina on hippocampal injury in exercise-fatigue mice and its mechanism.
Zhongguo Ying Yong Sheng Li Xue Za Zhi 34 (6), 562–567. doi:10.12047/j.cjap.5695.
2018.126

Zimmermann, K., Baldinger, J., Mayerhofer, B., Atanasov, A. G., Dirsch, V. M., and
Heiss, E. H. (2015). Activated AMPK boosts the Nrf2/HO-1 signaling axis--A role for
the unfolded protein response. Free Radic. Biol. Med. 88 (Pt B), 417–426. doi:10.1016/j.
freeradbiomed.2015.03.030

Zouhal, H., Jacob, C., Delamarche, P., and Gratas-Delamarche, A. (2008).
Catecholamines and the effects of exercise, training and gender. Sports Med. 38 (5),
401–423. doi:10.2165/00007256-200838050-00004

Frontiers in Pharmacology frontiersin.org14

Zhao et al. 10.3389/fphar.2023.1269878

189

https://doi.org/10.3390/antiox9060521
https://doi.org/10.1016/j.stem.2014.12.004
https://doi.org/10.1016/s0301-0082(02)00004-7
https://doi.org/10.1055/s-2006-960192
https://doi.org/10.1159/000066459
https://doi.org/10.1016/j.biopha.2018.10.195
https://doi.org/10.1039/c6fo01545j
https://doi.org/10.1124/mol.108.051128
https://doi.org/10.3389/fnint.2019.00078
https://doi.org/10.3389/fnint.2019.00078
https://doi.org/10.3390/ani13040558
https://doi.org/10.1016/j.jep.2021.114767
https://doi.org/10.1016/j.mce.2016.06.004
https://doi.org/10.1016/j.mce.2016.06.004
https://doi.org/10.1093/jac/dkm503
https://doi.org/10.3177/jnsv.57.246
https://doi.org/10.1038/nature11552
https://doi.org/10.1016/j.freeradbiomed.2016.01.017
https://doi.org/10.1016/j.freeradbiomed.2016.01.017
https://doi.org/10.1038/nrn2647
https://doi.org/10.1007/s40279-014-0232-4
https://doi.org/10.1155/2018/6093282
https://doi.org/10.1016/j.jnutbio.2021.108750
https://doi.org/10.1152/physiologyonline.2002.17.1.17
https://doi.org/10.1152/physiologyonline.2002.17.1.17
https://doi.org/10.1038/aps.2014.70
https://doi.org/10.3390/molecules24173195
https://doi.org/10.3389/fphar.2022.913367
https://doi.org/10.1080/16546628.2017.1334485
https://doi.org/10.1080/16546628.2017.1334485
https://doi.org/10.3390/nu10070858
https://doi.org/10.3390/nu10070858
https://doi.org/10.3390/ijms24032702
https://doi.org/10.1038/nrm3028
https://doi.org/10.1007/s12603-018-1015-7
https://doi.org/10.1016/j.trac.2019.01.015
https://doi.org/10.1155/2021/8013681
https://doi.org/10.1039/d2fo03095k
https://doi.org/10.1007/s11655-018-2579-0
https://doi.org/10.1039/c9fo01182j
https://doi.org/10.1155/2022/6444747
https://doi.org/10.1080/17461391.2015.1111938
https://doi.org/10.2174/0929867324666170414164607
https://doi.org/10.2174/0929867324666170414164607
https://doi.org/10.12047/j.cjap.5695.2018.126
https://doi.org/10.12047/j.cjap.5695.2018.126
https://doi.org/10.1016/j.freeradbiomed.2015.03.030
https://doi.org/10.1016/j.freeradbiomed.2015.03.030
https://doi.org/10.2165/00007256-200838050-00004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1269878


Cardioprotective effect of
Sanguisorba minor against
isoprenaline-induced myocardial
infarction in rats

Azar Hosseini1,2, Atieh Ghorbani3, Mohaddeseh Sadat Alavi2,
Nima Forouhi1, Arezoo Rajabian4,
Samaneh Boroumand-Noughabi5, Amirhossein Sahebkar6,7* and
Ali H. Eid8*
1Department of Pharmacology, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad,
Iran, 2Pharmacological Research Center of Medicinal Plants, Mashhad University of Medical Sciences,
Mashhad, Iran, 3Department of Physiology, Faculty of Medicine, Mashhad University of Medical Sciences,
Mashhad, Iran, 4Department of Internal Medicine, Faculty of Medicine, Mashhad University of Medical
Science, Mashhad, Iran, 5Department of Pathology, Faculty of Medicine, Mashhad University of Medical
Sciences, Mashhad, Iran, 6Biotechnology Research Center, Pharmaceutical Technology Institute,
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Introduction: Oxidative stress is a major instigator of various cardiovascular
diseases, including myocardial infarction (MI). Despite available drugs, there is
still an increased need to look for alternative therapies or identify new bioactive
compounds. Sanguisorba minor (S. minor) is a native herb characterized by its
potent antioxidant activity. This study was designed to evaluate the effect of S.
minor against isoprenaline-induced MI.

Methods: Rats were treated with the hydro-ethanolic extract of the aerial parts of
S. minor at doses of 100 or 300mg/kg orally for 9 days. Isoprenaline was injected
subcutaneously at the dose of 85 mg/kg on days 8 and 9. Then, the activities of
various cardiac injury markers including cardiac troponin (cTnT), lactate
dehydrogenase (LDH), creatinine kinase muscle brain (CK-MB), creatinine
phosphokinase (CPK), and antioxidant enzymes in serum were determined.
Malondialdehyde (MDA) and thiol content were measured in cardiac tissue, and
histopathological analysis was conducted.

Results: Our results show that isoprenaline increased the serum levels of cTnT,
LDH, CK-MB, and CPK (p < 0.001) and elevated MDA levels (p < 0.001) in cardiac
tissue. Isoprenaline also reduced superoxide dismutase (SOD), catalase, and thiol
content (p < 0.001). Importantly, the extract abolished isoprenaline-induced MI by
elevating SOD and catalase (p < 0.001), reducing levels of MDA, and diminishing
levels of cTnT, LDH, CK-MB, and CPK cardiac markers (p < 0.001).
Histopathological studies of the cardiac tissue showed isoprenaline-induced
injury that was significantly attenuated by the extract.
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Conclusion: Our results suggest that S. minor could abrogate isoprenaline-
induced cardiac toxicity due to its ability to mitigate oxidative stress.

KEYWORDS

myocardial infarction, isoprenaline, oxidative stress, cardiotoxicity, herbal medicine,
superoxide dismutase

1 Introduction

Cardiovascular disease (CVD) continues to be a leading cause of
morbidity and mortality despite advances in modern medicine.
Ischemic heart disease and myocardial infarction (MI) are more
common than other CVDs. MI, in particular, is a major contributor
to CVD-associated mortality. That is not surprising as MI causes
irreversible structural and functional damage to the cardiac tissue
(Surekha et al., 2007; Ansari et al., 2019).

There is an increased appreciation of medicinal plants and their
phytochemicals both in pharmacological studies and drug
development programs (Al Dhaheri et al., 2014; El Hasasna et al.,
2015; El Hasasna et al., 2016; Athamneh et al., 2017; Alsamri et al.,
2019; Badran et al., 2019; Alsamri et al., 2021a; Mesmar et al., 2021;
AlKahlout et al., 2022; Alsamri et al., 2022). Approximately, a third
of all drugs approved by the Food and Drug Administration (FDA)
over the past 20 years have been obtained from or inspired by
natural/herbal compounds/derivatives (Izzo et al., 2020). In
traditional medicine, there are several natural products such as
extracts, herbomineral, polyherbal formulations, and crude
herbals, which can be used for CVD (Upaganlawar et al., 2011;
Anwar et al., 2018; Hosseini et al., 2022). For example, the
cardioprotective activities of some phytochemicals such as
silymarin, quercetin, curcumin, berberine, naringenin, baicalin,
resveratrol, and myricitrin have been well documented in various
studies (Rao and Viswanath, 2007; Giannouli et al., 2018; Hesari
et al., 2021). These beneficial effects are due to the presence of a
broad spectrum of antioxidative, antiangiogenic, anti-ischemic, anti-
thrombotic, and anti-inflammatory activities (Hesari et al., 2021).
Among the attractive reasons for utilizing these natural products are
their documented fewer side effects, ease of access, and affordability
(Upaganlawar et al., 2011; Al Disi et al., 2015; Anwar et al., 2016;
Samaha et al., 2019; Salama et al., 2020).

There are various approaches that could be employed to mimic
MI in the laboratory. Examples include ligating the coronary artery
(Thang et al., 2018) or administration of a high dose of isoprenaline
(ISO), a β-adrenergic agonist. The advantage of using ISO is that it is
a non-invasive method that has been shown to exert damage to
cardiac myocytes via various mechanisms including hypoxia,
calcium overload, production of free radicals, and energy
depletion (Patel et al., 2010).

Different studies have shown that medicinal herbs or their active
compounds can attenuate ISO-induced MI by virtue of their
antioxidative capacities (Upaganlawar and Balaraman, 2011). One
plant that appears to possess several bioactives which are potent
antioxidants is Sanguisorba. minor (S. minor). This plant belongs to
the Rosaceae family and is used in traditional medicine for bleeding,
eczema, diarrhea, etc. (Zhao et al., 2017). Reports show that several
phytochemicals such as phenols, flavonoids, and terpenoids can be
isolated from the Sanguisorba genus and are known to abate

oxidative milieu (Zhao et al., 2017). In particular, the antioxidant
activity of S. minor is owed primarily to its bountiful polyphenols.
Moreover, the pharmacological profile of S. minor includes anti-
bacterial, neuroprotective, anti-inflammatory, and anti-cancer
properties (Zhao et al., 2017; Finimundy et al., 2020; Ćirović
et al., 2021). Given the antioxidant activity of various bioactives
in S. minor, we undertook this study to determine the potential
effects of S. minor against ISO-induced MI in rats.

2 Materials and methods

2.1 Reagents

Isoprenaline, trichloroacetic acid (TCA), 2-thiobarbituric acid
(TBA), ketamine, xylazine hydrochloride, and 3-(4,5-
dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT)
were bought from Sigma-Aldrich (St. Louis, MO, United States).
5,5′-Dithiobis-(2-nitrobenzoic) acid (DTNB) and pyrogallol were
obtained from Cayman (Michigan, United States).

2.2 Preparation of extracts

S. minor was obtained from Quchan, Iran (37.1008° N, 58.5054° E).
The collected plant was identified by M.R. Joharchi from the Ferdowsi
University of Mashhad. The voucher specimen (No. 45489) was
recorded and deposited in the Herbarium of the School of
Agriculture, Ferdowsi University of Mashhad, Mashhad, Iran. To this
end, we used the aerial parts of the S. minor which were collected in the
spring.

After drying the plant, the aerial parts were ground to fine
powder, and 50 g of the powder was soaked in 200 mL of a hydro-
ethanolic solution (50%, v/v) for 48 h at 40°C. Afterward, the extract
was dried using a rotary vacuum evaporator at 37 °C (Norouzi et al.,
2019). The yield of extract was 20% (w/w).

2.3 Animals

Adult male Wistar rats weighing 200–250 g were obtained from
the Animal Research Center of the Faculty of Medicine, Mashhad
University of Medical Sciences, Mashhad, Iran. Rats were kept in a
temperature-controlled environment (22 ± 4°C) with a 12 h day/
night cycle. Animals had free access to food and tap water ad libitum.
All experiments were performed in accordance with the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Ethics Committee of
Mashhad University of Medical Sciences, Mashhad, Iran
(IR.MUMS.MEDICAL.REC.1399.426).
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2.4 Stimulation of MI

MI was induced by administration of ISO (subcutaneously; SC)
at the dose of 85 mg/kg daily for 2 days (on days 8 and 9) as
previously published (El-Gohary and Allam, 2017).

2.5 Experimental protocol

Rats were divided into five groups, each comprising six animals.
Saline was gavaged to the control group for 9 days. The ISO group
received normal saline for 9 days; ISO was injected SC (0.3 mL) on days
8 and 9. The experimental/therapeutic groups received hydroalcoholic
extract orally at the doses of 100 and 300 mg/kg for 9 days; ISO was
injected SC (0.3 mL) on days 8 and 9 as performed with the control
group. To assess the potential toxicity of the extract, one group of
animals received a high dose of the extract (300 mg/kg) for 9 days. For
collecting blood samples from the heart, rats were anesthetized with
ketamine/xylazine on the last day, and then, the heart tissue was
immediately separated and frozen in liquid nitrogen. Tissue and
serum samples were stored at −80 °C for further biochemical
analyses and histopathological studies (Figure 1).

2.5.1 Measurement of malondialdehyde
Lipid peroxidation was evaluated by the determination of

malondialdehyde (MDA) in cardiac tissue as previously
published (Boroushaki et al., 2019). In brief, trichloroacetic acid
(10%) and thiobarbituric acid (0.67%) were added to the sample and
boiled for 40 min. HCl and n-butanol were added to cooled samples.
After centrifugation, the absorbance of the supernatant was read at
535 nm. Furthermore, the concentration of MDAwas determined as
equal to absorbance/(1.56*105 cm−1M−1).

2.5.2 Determination of thiol contents
The thiol content was measured according to the work of

Hosseini et al. (2017). Then, 50 μL of tissue homogenate was
mixed with Tris-EDTA buffer (pH = 8.6), and absorbance was
measured at 412 nm (A1). 5,5′-Dithiobis-(2-nitrobenzoic) acid

(DTNB) was added to the solution, and then, the absorbance
after 15 min was determined (A2). DTNB was used as blank (B).
The equation used to quantitate the amount of thiol content is total
thiol concentration (mM) = ((A2-A1-B)*0.7)/0.05*14.

2.5.3 Determination of catalase activity
Catalase (CAT) activity was measured according to the Aebi

protocol (Aebi, 1984). This method is based on the constant rate (k)
of hydrogen peroxide destruction detection by measuring its
reduction in absorbance at 240 nm/min. The catalase activity was
measured as K (constant)/L.

2.5.4 Evaluation of superoxide dismutase activity
The activity of superoxide dismutase (SOD) was determined as

previously published (Madesh and Balasubramanian, 1998). In brief,
this is a colorimetric assay involving superoxide production by
pyrogallol auto-oxidation. Suppression of superoxide-dependent
reduction of the MTT by SOD was calculated at 570 nm. A unit
of SOD activity is defined as the amount of enzyme that induces 50%
inhibition in the MTT reduction rate (Madesh and
Balasubramanian, 1998).

2.5.5 Measurement of enzyme markers
The amount of lactate dehydrogenase (LDH), creatinine kinase

(CPK), cardiac troponin (cTn-T), creatinine kinase-MB (CK-MB),
ALT, and AST was measured in serum according to standard kits as
previously published (Lewandrowski et al., 2002).

2.5.6 Measurement of lipid profile
The number of lipids such as total cholesterol (TC),

triglyceride (TG), very low-density lipoprotein (VLDL), low-
density lipoprotein (LDL), and high-density lipoprotein (HDL)
was measured in serum as per the manufacturer’s protocol (Pars
Azmun Co., Karaj, Iran).

2.5.7 Histopathological investigation
Formalin (10%) was used to fix isolated cardiac for

histopathological studies. The tissues were paraffinized and

FIGURE 1
Diagrammatic sketch showing the experimental protocol. ISO: isoprenaline, cTnT: cardiac troponin, LDH: lactate dehydrogenase, CK-MB:
creatinine kinase muscle brain, CPK: creatinine phosphokinase, MDA: malondialdehyde, and SOD: superoxide dismutase.
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cut into 3–4 mm slices. Hematoxylin and eosin (H&E) staining
was performed, and sections were visualized by light
microscopy.

2.6 Statistical analysis

All data are expressed as mean ± SEM. One-way ANOVA
followed by the Tukey–Kramer test was performed, and a p <
0.05 was considered significant.

3 Results

3.1 Effect of S. minor on lipid peroxidation
and thiol content

MDA is considered a lipid peroxidation index. As expected,
treatment with ISO increased the level of MDA following MI (###p <
0.001). S. minor extract significantly reduced the level of MDA at the
doses of 100 and 300mg/kg (**p < 0.01, ***p < 0.001) (Figure 2). On the
other hand, ISO decreased thiol content (###p < 0.001) in cardiac tissue,

FIGURE 2
Effect of S. minor on themalondialdehyde level and thiol content
in heart tissue after isoprenaline administration. The level of MDA (A)
and thiol (B) content was evaluated in heart tissue. Data were
expressed as mean ± SEM. ###p < 0.001 in comparison with the
control group. **p < 0.01 and ***p < 0.001 in comparison with
isoprenaline (85 mg/kg).

FIGURE 3
Effect of S. minor on the activity of superoxide dismutase and
catalase after isoproterenol administration. The activity of SOD (A) and
CAT (B) was evaluated in tissue. Data were expressed as mean ± SEM.
###p < 0.001 in comparison with the control group. **p < 0.01
and ***p < 0.001 in comparison with isoprenaline (85 mg/kg).
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while S. minor (300mg/kg) increased the total thiol content (***p <
0.001) (Figure 1). Importantly, the level of MDA and thiol in the extract-
only group (i.e., the group without ISO) was similar to that in the control
group (Figure 2). Taken together, these findings argue for a
cardioprotective effect of S. minor against ISO-induced lipid
peroxidation or thiol suppression.

3.2 Effect of S. minor on antioxidant
enzymes

As shown in Figure 3, the level of the antioxidant enzymes, SOD
and CAT, was attenuated following ISO administration (###p < 0.001).
Importantly, oral pretreatment with S. minor at the doses of 100 and
300 mg/kg (**p < 0.01, ***p < 0.001). This result shows that the S. minor
extract abrogates ISO-induced suppression of antioxidant defense
mechanisms.

3.3 Effect of S.minoroncardiac injurymarkers

Compared with the control group, animals treated with ISO
exhibited significant elevation in serum levels of cTn-T, CPK,

CKMB, and LDH (Figure 4) (###p < 0.001). Importantly,
both doses (100 and 300 mg/kg) of the extract significantly
reduced the level of CPK (***p < 0.001) and LDH (***p <
0.001). The levels of CKMB and cTn-T were decreased
significantly by the extract at the dose of 300 mg/kg
(***p < 0.001). Importantly, the extract alone did not change
the level of cardiac injury markers. Thus, these results argue for
an ameliorative effect of the S. minor extract against cardiac
injury.

3.4 Effect of S. minor on liver enzymes

The serum levels of AST and ALT were measured in serum as
shown in Figure 5. ISO caused a dramatic increase in both
enzymes in comparison with the control group (###p <
0.001). Importantly, 100 mg/kg and 300 mg/kg (***p < 0.001)
of S. minor attenuated the ISO-induced increase of AST and ALT
(Figure 5). It is worth mentioning that the high dose of S. minor
did not elicit any effects on the levels of both enzymes in the
animals treated with the extract alone (i.e., absent of ISO)
(Figure 5).

FIGURE 4
Effect of S. minor on the levels of cTn-T, CK-MB, LDH, and CPK after isoproterenol administration. The levels of cTn-T (A), CK-MB (C), CPK (B), and
LDH (D)were evaluated in serum. Data were expressed as mean ± SEM. ###p < 0.001 in comparison with the control group. ***p < 0.001 in comparison
with isoprenaline (85 mg/kg).
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3.5 Effect of S. minor on the lipid profile

Our results (Table 1) show that ISO increased (###p <
0.001) the level of serum lipids following MI induction and
decreased the amount of HDL in serum. Oral pretreatment with
300 mg/kg (***p < 0.001) of the extract reduced the amount of
TG, TC, LDL, and VLDL, and increased HDL in comparison
with the ISO group. A similar effect was noted for 100 mg/kg
(*p < 0.05) except that TC was not affected by this dose.
Importantly, treatment of S. minor alone (i.e., without ISO)
did not modify the lipid profile (Table 1). Thus, S. minor exerts
a favorable effect on the dysregulated lipid profile induced
by ISO.

3.6 Histopathological effects of S. minor

The microscopic evaluation of the ISO-treated group revealed
marked cellular damage including cytoplasmic hypereosinophilia,
nuclear shrinkage, edema, congestion, small foci of hemorrhage, and
foci of inflammatory cell infiltration composed of macrophages,
lymphocytes, and neutrophils (Figure 6). Oral pretreatment with the
extract at the dose of 300 mg/kg showed less-pronounced changes
including mild edema and congestion, but not hemorrhage, and
scarce foci of mild inflammatory reaction (Figure 6). Importantly,
treatment with the extract alone at a dose of 100 mg/kg showed some
edema and inflammatory infiltrates, while the higher dose
(300 mg/kg) exhibited only very mild inflammatory infiltration.

4 Discussion

In this report, we employed ISO as an agent to induce a
phenotype similar to MI. Our findings showed that ISO
increased the levels of TC, TG, LDL-C, and VLDL-C and
reduced the amount of HDL-C. This result is in agreement with
previous reports showing a dyslipidemic effect of an ISO insult
(Manjula et al., 1992). The elevation of lipids in serum following ISO
administration in rats might be due to increased mobilization of
lipids from adipose tissue or via increased cyclic adenosine
monophosphate (Strålfors et al., 1984; Paritha and Shyamala,
1997). Interestingly, recent studies have reported that plants from
the Rosacea family can play an ameliorative role in the modulation
of the lipid profile (Klevanova and Trzhetsynskiy, 2015; Jung et al.,
2016).

In this study, we showed that pretreatment with the extract of S.
minor, a member of the Rosacea family, significantly reduced serum
levels of TC, TG, LDL-C, and VLDL-C, while, at the same time,
increasing levels of HDL-C. This favorable modulate of lipidemia by
S. minor supports its utilization for such an effect. To the best of our
knowledge, this is the first study to report the hypolipidemic effects
of S. minor. Interestingly, however, several studies have previously
reported the hypolipidemic effects of quercetin and ellagic acid, two
bioactives of S. minor. Similarly, studies of other Sanguisorba species
such as Sanguisorba officinalis also alluded to a hypolipidemic effect.
For instance, Mai et al., showed that ellagic acid reduced the lipid
profile following ISO administration via HMG-CoA reductase
inhibition (Elhemely et al., 2014). Likewise, quercetin decreased
the lipid profile following doxorubicin (Aziz, 2021a), and the S.
officinalis extract modulated the lipid profile in obese mice (Zheng
et al., 2023). Based on these studies, it is reasonable to assume that
the hypolipidemic effect of S. minor is due to its bountiful content of
many bioactives, including quercetin and ellagic acid. Although
these protective effects of S. minor are in accordance with the
reported anti-hyperlipidemia effect of this plant family, further
research is still needed to better determine and elucidate the
underlying mechanisms of S. minor.

CK-MB and LDH are two diagnostic markers that are
commonly used to determine cardiac injury. They are typically
present in the cellular compartment and play a significant role in
proper gradients for essential ions across cellular membranes within
the myocytes (Preus et al., 1988). Moreover, it is well established that
alterations in the properties of these enzymes impart a significant

FIGURE 5
Effect of S. minor on the levels of AST (A) and ALT (B) after
isoproterenol administration. The levels of these enzymes were
evaluated in serum. Data were expressed as mean ± SEM. ###p <
0.001 in comparison with the control group. ***p < 0.001 in
comparison with isoprenaline (85 mg/kg).
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effect on the function of the heart. Contextually, during myocardial
damage, CK-MB and LDH leak out into the circulation due to the
disintegration of cardiomyocytes (Mari Kannan and Darlin Quine,
2011). It is the stabilization of the sarcolemma that protects
cardiomyocytes against injury and, hence, does not allow for
dramatic cell damage and release of the aforementioned enzymes.
Moreover, as expected, ISO caused a dramatic increase in the levels
of several enzymes, namely, CK-MB, CPK, LDH, AST, and ALT.
Previous studies have revealed cardiomyocyte injury, resulting from
glucose or oxygen deprivation, robustly modified membrane
permeability and promoted leakage of these enzymes (Todd

et al., 1980). In addition, the cardiac cytosolic calcium level is a
key factor involved in maintaining normal activity levels of cardiac
enzymes. ISO-induced myocardial necrosis has been reported to
enhance adenylate cyclase activity, resulting in increased formation
of cAMP and elevation of the cardiac cytosolic calcium level (Suchal
et al., 2016).

The levels of LDH, CK-MB, and CK increase after MI and
decrease to a normal range within 24 h. Total CK and CK-MB could
be related to infarct size and can be used as predictors of prognosis.
Elevation of these markers is intimately associated with cell
membrane rupture; therefore, stabilization of the membrane by

TABLE 1 Modulation of the lipid profile by the S. minor extract.

Biochemical parameter
(mg/dL)

Control ISO Extract
(100 mg/kg)+ISO

Extract
(300 mg/kg)+ISO

Extract alone
(300 mg/kg)

TG 72 ± 6.4 218 ± 4.3### 199 ± 8* 174 ± 9*** 75 ± 7

TC 98 ± 5.4 221 ± 7### 210 ± 5 155 ± 4*** 100 ± 6.5

LDL 48 ± 2.3 137.5 ± 3### 122 ± 5.5* 81 ± 5.2*** 51 ± 2.8

VLDL 10.8 ± 0.7 33 ± 0.6### 28 ± 0.7* 21 ± 0.4*** 11.5 ± 0.78

HDL 27 ± 0.8 19 ± 1.5### 21 ± 1.7* 24 ± 0.9*** 26 ± 0.88

The levels of TG, TC, VLDL-C, LDL-C, and HDL-C were measured in serum. Data were expressed as mean ± SEM. ###p < 0.001 in comparison with the control group. **p < 0.001 and ***p <
0.001 in comparison with isoprenaline (85 mg/kg).

FIGURE 6
Effects of S. minor on histological changes of heart tissue in rats. (A) Control group (×400, H&E), (B,C) isoprenaline group shows edema (white
arrows) and intense inflammatory infiltration (black arrows) (B) (×400, H&E) and cellular damage including cytoplasmic hyper eosinophilia (white arrows)
and nuclear shrinkage (black arrows) (C) (×400, H&E), and (D) isoprenaline + 100 mg/kg extract shows edema (white Arrow) and severe inflammatory
infiltrate (black Arrow), similar to the isoprenaline group (×400, H&E), while isoprenaline + 300 mg/kg extract [(E) ×400, H&E] shows very milder
inflammatory infiltration (black arrows).
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natural products or phytochemicals can have a role in the
attenuation of these markers (Aydin et al., 2019). In this study, S.
minor decreased these markers following ISO-induced MI. We
previously reported the characterization of the S. minor extract
by liquid chromatography–mass spectrometry, which confirmed the
presence of quercetin, myricetin, kaempferol, catechin, ellagic acid,
and gallic acid derivatives. Here, we show that S. minor can be
effective in ameliorating the induced infarction, which could be due
to the presence of different bioactive ingredients such as quercetin
(Panda and Kar, 2015), kaempferol (Vishwakarma et al., 2018a),
myricetin (Tiwari et al., 2009), catechin (Devika and Prince, 2008),
and ellagic acid (Warpe et al., 2015). These and other flavonoids are
well known to exert various beneficial effects including
cardiovasculoprotective ones (Fardoun et al., 2019; Maaliki et al.,
2019; Fardoun et al., 2020; Alsamri et al., 2021b; Slika et al., 2022). In
particular, the cardioprotective effects of quercetin have been widely
documented in both in vitro and in vivo experimental models of
cardiac injury. Quercetin exerts cardioprotection in
ischemia–reperfusion injury, autoimmune myocarditis, ISO- and
doxorubicin-induced cardiotoxicities, and diabetic cardiomyopathy
(Arumugam et al., 2012; Chen et al., 2013; Wang et al., 2013; Cote
et al., 2015; Kumar et al., 2017). Numerous mechanisms such as
suppression of oxidative stress, inhibition of inflammation and
apoptosis, and affecting intracellular protein kinase cascades are
involved in the cardioprotective potential of quercetin (Li et al.,
2016; Ferenczyova et al., 2020). Kaempferol, a flavonoid that is
bountiful in S. minor, could protect against cardiotoxicity
precipitated by angiotensin II (Du et al., 2019), cisplatin (Qi
et al., 2020), 5-fluorouracil (Safarpour et al., 2022), ISO
(Vishwakarma et al., 2018b), or doxorubicin (Xiao et al., 2012).
This protection occurs by virtue of the antiapoptotic, antioxidative,
anti-inflammatory, calcium regulatory, and antifibrotic mechanisms
of kaempferol (Kamisah et al., 2023). Likewise, ellagic acid, another
important component of S. minor, showed cardioprotection against
ISO-induced MI by the inhibition of oxidative stress and
improvement of cardiac enzymes (Kannan and Quine, 2011).

CTn-T is a contractile protein that controls the calcium-
mediated interaction of actin and myosin, which results in
contraction and relaxation of striated muscle (Mari Kannan
and Darlin Quine, 2011). This protein is not typically
expressed in high levels under physiological conditions;
however, its levels markedly increased following cardiac
necrosis or infarction (Weil et al., 2017). The level of cTn-T
after MI has been correlated with the severity of infarction in
experimental animal models and contemplated for early
detection of cardiotoxic potential in rodents. ISO-caused
oxidative damage to the myocardium changes the cell
membrane permeability and leads to cTn-T cardiac enzyme
leakage to the circulation (Zhang et al., 2008). Here, ISO, and
rather expectedly, increased the level of cTn-T, indicative of
cellular injury, which was confirmed by Bertinchant et al.
(2000). Pretreatment with the extract greatly diminished the
increased cTn-T levels and, thus, helped prevent further
excessive damage by preserving the structural integrity of the
cells.

Oxidative stress plays a critical role in the onset and
pathogenesis of many diseases, including CVD (Al Dhaheri
et al., 2014; Shouk et al., 2014; Thuan et al., 2018; Alsamri
et al., 2019; Mesmar et al., 2021; Shaito et al., 2022; Slika
et al., 2022; Aramouni et al., 2023). Our study investigated the
level of MDA as an oxidative stress index increased in rats that
received ISO. The extract dramatically abrogated the ISO-
induced MDA, strongly suggestive of the potent antioxidant
activity of S. minor. This attenuation by the extract might be
due to the elevation of the antioxidant activity of enzymes such as
SOD and CAT (Cristina et al., 2021; Ćirović et al., 2021).
Superoxide is an antioxidant enzyme that catalyzes the
dismutation reaction of superoxide radicals (McCord and
Fridovich, 1969). Contextually, the activity of SOD was
reduced in ISO-treated rats, while pretreatment with extract
restored the activity of SOD. This is in accordance with the
report of Shiny et al. (2005) and Shen et al. (2019). Likewise, the

FIGURE 7
A summary of the key findings.
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activity of catalase decreased in ISO-treated rats in comparison
with other groups. The activity of catalase increased following
administration of the extract, indicating the antioxidant effects
and free radical scavenging potential of the S. minor extract
(Ćirović et al., 2021). It is well known that MI leads to the
accumulation of superoxide radicals in the damaged site,
imparting further necrotic effects on the myocardium
(Saravanan and Prakash, 2004). Taken together, this shows
that the extract decreases the depletion of antioxidant enzymes
and, hence, exerts a protective effect against ISO-induced
oxidative milieu.

The microscopic evaluation of the ISO-treated group revealed
marked cellular damage, edema, congestion, small foci of
hemorrhage, and foci of inflammatory cell infiltration composed
of macrophages, lymphocytes, and neutrophils. Oral pretreatment of
extract at high dose showed less-pronounced changes including
mild edema and congestion, but not hemorrhage and scars foci of
mild inflammatory reaction. In accordance with our findings, others
have shown that ISO induces degenerative changes in heart tissue
(Zaafan et al., 2013; Yaseen et al., 2017) and that quercetin improves
histopathologic alterations induced by ISO (Zaafan et al., 2013) or
doxorubicin (Aziz, 2021b).

The biochemical findings were confirmed by histopathological
studies. ISO stimulated degenerative myocardium, inflammation,
and hemorrhage which led to more release of cardiac markers, while
pretreatment with S. minor indicated regenerative effects and
attenuated pathological changes. As such, the favorable
modulation of the biochemical parameters discussed herewith
may, at least partly, explain these beneficial effects of S. minor
observed in the histopathological findings. Although the present
findings provide promising evidence as to the cardioprotective
effects of S. minor against MI, there are limitations deserving
acknowledgment. Assessment of cardiac function, e.g., through
echocardiography, was not conducted in this study. In addition,
assessment of cardiac stress, inflammation, fibrosis, and endothelial
function indices could have added further insights as to the
mechanisms underlying the cardioprotective effects of S. minor
during ISO-induced MI. In a rat ISO model of cardiotoxicity,
overstimulation of β-receptors evokes a decrease in the cardiac
output and stroke volume and impairs systolic and diastolic
functions in echocardiography (Filipský et al., 2012). As such,
future studies addressing these limitations may provide better
insights into the holistic benefits of S. minor in cardiovascular
disease, particularly ISO-induced cardiac damage (Filipský et al.,
2012).

Finally, it is particularly important here to mention that the
content of bioactive compounds varies according to several
factors including plant organ, phenological stage, growing
regions, climatic patterns, and temperature. For instance, the
aerial parts of S. minor (leaves and stems) have a high flavonoid
content, with quercetin and ellagic acid being predominant, while
they are less abundant in roots (Tocai Moţoc et al., 2023). The
level of phenolic compounds during spring–summer seasons is
higher than in other seasons, which may be related to the
production of new current-year leaves (Karkanis et al., 2019).
Therefore, careful attention to the content would become
important for pharmacotherapeutic applications.

5 Conclusion

It is evident from the current study that oral pretreatment
with S. minor modulated oxidative stress and reduced ISO-
induced cardiac injury (Figure 7). The cardioprotective effects
of S. minormay be linked to the bountiful presence of antioxidant
bioactives, such as quercetin, myricetin, kaempferol, catechin,
ellagic acid, and gallic acid, in this plant. This supports the
traditional use of the plant and adds one more piece of
evidence for its incorporation in complementary and
alternative approaches in the war against CVD. Given the
seasonal variability in the content of the extract and the
aforementioned factors contributing to such contents, caution
must be taken as the generalizability of findings might be affected
by these factors. This necessitates further research on the
identification and purification of active ingredients of the
plant. Moreover, further studies are certainly needed to absorb
this plant or its bioactives into clinical settings.
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A Corrigendum on
Cardioprotective effect of Sanguisorba minor against isoprenaline-
induced myocardial infarction in rats

by Hosseini A, Ghorbani A, Alavi MS, Forouhi N, Rajabian A, Boroumand-Noughabi S, Sahebkar A
and Eid AH (2023). Front. Pharmacol. 14:1305816. doi: 10.3389/fphar.2023.1305816

In the published article, there was an error in Figure 4A as published. During the last
stage of revision, labels in Figure 4A were inadvertently altered, and the group labels in the
figure were mistakenly substituted. The corrected Figure 4A appears below:

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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FIGURE 4
Effect of S. minor on the levels of cTn-T, CK-MB, LDH, and CPK after isoproterenol administration. The levels of cTn-T (A), CK-MB (C), CPK (B), and
LDH (D)were evaluated in serum. Data were expressed as mean ± SEM. ###p < 0.001 in comparison with the control group. ***p < 0.001 in comparison
with isoprenaline (85 mg/kg).
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The protective effect of PL 1-3 on
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The aging population has become an issue that cannot be ignored, and research
on aging is receiving increasing attention. PL 1-3 possesses diverse
pharmacological properties including anti-oxidative stress, inhibits
inflammatory responses and anti-apoptosis. This study showed that PL 1-3
could protect mice, especially the brain, against the aging caused by
D-galactose (D-gal). D-gal could cause oxidative stress, inflammation,
apoptosis and tissue pathological injury and so on in aging mice. The
treatment of PL 1-3 could increase the anti-oxidative stress ability in the
serum, liver, kidney and brain of aging mice, via increasing the total antioxidant
capacity and the levels of anti-oxidative defense enzymes (superoxide dismutase,
glutathione peroxidase, and catalase), and reducing the end product of lipid
peroxidation (malondialdehyde). In the brain, in addition to the enhanced anti-
oxidative stress via upregulating the level of the nuclear factor erythroid 2-related
factor 2 and heme oxygenase 1, PL 1-3 could improve the dysfunction of the
cholinergic system via reducing the active of acetylcholinesterase so as to
increase the level of acetylcholine, increase the anti-inflammatory and anti-
apoptosis activities via downregulating the expressions of pro-inflammatory
cytokines (interleukin-6 and tumor necrosis factor-α) and pro-apoptosis
proteins (Bcl-2 associated X protein and Caspase-3) in the D-gal-induced
aging mice, to enhance the anti-aging ability via upregulating the expression of
sirtuin 1 and downregulating the expressions of p53, p21, and p16. Besides, PL 1-3
could reverse the liver, kidney and spleen damages induced by D-gal in aging
mice. These results suggested that PL 1-3may be developed as an anti-aging drug
for the prevention and intervention of age-related diseases.

KEYWORDS

anti-aging, brain aging, oxidative stress, inflammation, apoptosis, PL 1-3, piperlongumine
derivative, D-galactose

1 Introduction

As the population ages, the incidence of age-related ailments such as inflammation,
cardiovascular disease, hypertension, diabetes, Alzheimer’s and osteoarthritis has increased
significantly (Harshman and Shea, 2016; Wei et al., 2022). The aging population has become
an issue that cannot be ignored, and research on aging is receiving increasing attention.
Aging is an irreversible physiological process (Esiri, 2007), characterized by the degeneration
of function and structure, as well as the decrease of resistance and adaptability. Aging is
highly sensitive to many brain changes, which are associated with changes in brain structure
and cognitive functions (Oschwald et al., 2019). The pathological characteristics of brain
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aging are complex, including oxidative stress, inflammation,
neuronal degeneration, cell metabolic imbalance and so on
(Prolla and Mattson, 2001; Paradies et al., 2011).

D-galactose (D-gal) is an aldohexose that is a commonly used
experimental aging inducer. Research has demonstrated that the
consumption of D-gal can contribute to the development of aging
markers, including advanced glycation end-products (AGEs), the
receptor for advanced glycation end-products (RAGEs), telomere
shortening, amyloid-β (Aβ), and aging-related pathways such as
p53, p21, and p16. p53/p21, and p16/Rb pathways are two important
signal pathways that regulate cellular senescence through cell cycle
arrest (Herranz and Gil, 2018; Mijit et al., 2020). The arrest of cell
cycle is the prerequisite for aging, and the accumulation of p53, p21,
and p16 can serve as biomarkers of aging. Furthermore, it can lead to
the presence of senescence-associated beta-galactosidase (SA-β-gal)
staining positive (Azman and Zakaria, 2019). Accumulating
evidence suggests that prolonged exposure to D-gal leads to a
reduction in antioxidant enzymes, including catalase (CAT),
heme oxygenase 1 (HO-1), superoxide dismutase (SOD),
glutathione peroxidase (GPx), and nitric oxide synthase (NOS),
resulting in a decrease in overall antioxidant capacity (Dehghani
et al., 2019; Wang et al., 2019). Moreover, the protein levels of pro-
apoptotic proteins, such as Bcl2-Associated X (Bax), cleaved caspase
3 (active caspase-3) and pro-caspase 3, were increased by D-gal in
liver tissue (Shahroudi et al., 2017; Zhang et al., 2019). Overall,
chronic D-gal stimulation is considered to successfully mimic the
natural aging process by increasing oxidative stress, inflammation,
apoptosis and organ injury (Cai et al., 2022). Elevated D-gal level can
lead to excessive production of ROS in the body, causing the
imbalance of the redox system, leading to oxidative stress, and
further inducing aging, especially brain aging. This is because among
various organs in the body, the brain is the most susceptible/
vulnerable to oxidative stress and relative lack of antioxidant
defense (Çakatay, 2010). And the brain aging processes induced
by D-gal in mice are similar to those in humans (Ho et al., 2003; El
Assar et al., 2013).

Natural products have historically been extensively researched
as a crucial source for discovering new drugs to treat numerous
diseases. The lead compounds discovered from natural sources are
used as safer and more efficient substitutes for conventional drugs.
The Piperlongumine (PL) was originally isolated from fruits of black
pepper (Piper nigrum Linn) and long pepper (Piper longum L.) (Zhu
et al., 2021). Cumulative evidence has suggested that PL and its
derivatives elicit a broad spectrum of pharmacological activities,
including anti-inflammatory (Sant’Ana et al., 2020), neuroprotective
(Bezerra et al., 2013; Jung et al., 2013; Carreiro et al., 2014; Wiemann
et al., 2017), antioxidant (Li et al., 2019), anti-cancer (Piska et al.,
2018; Tripathi and Biswal, 2020; Sun et al., 2021), antiplatelet
aggregation (Wang et al., 2016), anti-diabetes (Rao et al., 2012)
and other biological activities. In 2018, Go et al. reported PL
treatment has been shown to regulate age-related cognitive
decline in age correlates and hippocampal dysfunction in elderly
mice (Go et al., 2018). In 2015, Fang et al. reported that two active PL
derivatives (4 and 5) (Figure 1), owing low cytotoxicity, could
protect PC12 cells from oxidative injury via increasing the
cellular antioxidant capacity, and could be as potential
neuroprotective agents via activating the nuclear factor erythroid
2-related factor 2 (Nrf2) (Peng et al., 2015). Moreover, in our

previous study, we found another active derivative PL 1-3 [(E)-1-
(3-(3-fluorophenyl)acryloyl)pyrrolidin-2-one] (Figure 1) through
the structure-activity relationship in the inflammatory cell model
(Wang et al., 2021). PL 1-3 owned lower cytotoxicity than PL in
Raw264.7 cells and had good oral safety in mice. And it exerted anti-
oxidative stress, anti-inflammatory and apoptosis activities, via
suppressing the overproductions of reactive nitrogen/oxygen
species [NO, malondialdehyde (MDA), and myeloperoxidase
(MPO)], pro-inflammatory cytokines [tumor necrosis factor-α
(TNF-α) and interleukin-1β (IL-1β)] and the apoptosis-associated
proteins of Bax and Caspase 3 (Wang et al., 2021; Li et al., 2022).
However, the anti-aging (especially anti-brain aging) effect of the
active derivative PL 1-3 treatment in the D-gal aging model remains
unexplored.

In the present study, D-gal-induced subacute aging mouse
model was used to detect biomarkers related to aging,
inflammation, apoptosis, and oxidative stress-associated in serum,
brain tissue and other important organs. We aimed to determine
whether active derivatives PL 1-3 had a protective impact on brain
injury by D-gal-induced aging in mice and explore its
underlying mechanism.

2 Results and discussion

2.1 PL 1-3 reversed D-gal-induced damages
in liver and kidney in aging mice

AST, ALT, BUN, and CRE are effective markers for evaluating
liver and kidney function injury. As shown in Figure 2, Compared
with the control group, the serum AST, BUN, and CRE levels were
significantly increased in the model group (Figures 2A, C, D). This
suggested that D-gal stimulation caused some damage to the liver
and kidney. In contrast, the serum AST, BUN and CRE levels were
significantly reduced following PL 1-3 administration compared
with those in the model groups.

As depicted in Figure 3, histopathological observations were
performed on vital organs including the kidney and liver to support
biochemical findings. D-gal treatment induced binucleation of
hepatocytes (arrow) and swelling of hepatocytes (triangle) in the
liver, and an increase in glomerular volume (star) in the kidney in
the model group (Figure 3). However, treatment of PL 1-3
significantly attenuated these organ injuries caused by D-gal.
After administration of PL 1-3, such pathological abnormalities
were less frequently observed. The serum biochemical levels and
histopathological results suggested that PL 1-3 had potential
protective effects on the liver and kidney injury caused by D-Gal.

2.2 PL 1-3 protected the serum, liver, kidney
and brain against oxidative stress caused by
D-Gal in aging mice

Some biomarkers of oxidative stress, the total antioxidant
capacity (T-AOC), anti-oxidative defense enzymes (SOD, GPx,
and CAT) and an end product of lipid peroxidation (MDA),
were measured to evaluate the anti-oxidative stress ability
of PL 1-3.
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As shown in Figure 4, T-AOC, CAT, GPx, and SOD levels in the
serum of aging mice in the model group were lower than those of
normal mice in the control group, which was caused by oxidative
stress induced by D-Gal. The treatment of PL 1-3 could weaken or
reverse these levels of decrease, thereby enhancing the ability to
resist oxidative stress.

As shown in Figures 5, 6, CAT and SOD levels in the liver and
kidney of aging mice in the model group were lower than those
of normal mice in the control group, which was caused by
oxidative stress induced by D-Gal. PL 1-3 treatment increased
those levels.

The MDA level in the liver and kidney of aging mice in the
model group was increased by D-Gal, compared with the control
group (Figures 5, 6). However, PL 1-3 treatment reduced the
increased MDA level. These changes in CAT, SOD and MDA
indicated that the liver and kidney were undergoing oxidative

stress injury caused by D-gal, but PL 1-3 could increase the anti-
oxidative stress capacity of the liver.

As shown in Figure 7, CAT and GPx levels in the brain of aging
mice in themodel group were lower than those of normal mice in the
control group, which was caused by D-Gal. Similarly, PL 1-3
treatment increased those decreases in CAT and GPx levels
caused by D-Gal.

The MDA level in the brain of aging mice in the model group was
increased by D-Gal, compared with the control group (Figure 7). The
MDA level was decreased by treating with PL 1-3. These changes in
CAT, GPx, and MDA indicated that the brain of aging mice was
undergoing oxidative stress injury caused by D-gal, but PL 1-3 could
increase the anti-oxidative stress capacity of the brain.

These results related to oxidative stress in serum, liver and brain
suggested that PL 1-3 could enhance the anti-oxidative stress ability
of mice, and resist the oxidative stress caused by D-gal in aging mice.

FIGURE 1
Chemical structures of PL and its active derivatives.

FIGURE 2
Serum AST (A), ALT(B), BUN (C) and CRE (D) levels in mice. **p < 0.01, ***p < 0.001, when compared to the control group. ##p < 0.01, ###p < 0.001,
when compared to the model group.
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2.3 PL 1-3 protected the spleen against
aging and inflammation caused by D-Gal
in mice

The spleen is the largest immune organ within the human body.
As age increases, the decline of the immune system weakens the
body’s resistance to tumors and pathogens, while increasing the risk
of autoimmune diseases and causing chronic inflammatory states.

Interleukin (IL)-6 and TNF-α, two pro-inflammatory
cytokines, could promote inflammation and immune

regulation. Inducible nitric oxide synthase (iNOS) plays an
important role in the production of NO in various diseases
such as inflammation, infection and cancer. IL-6, TNF-α, and
iNOS were determined using western blot. As shown in Figures
8A, B, the expressions of IL-6, TNF-α and iNOS of the spleen in
the aging mice induced by D-gal were higher than those in the
control mice. The treatment of PL 1-3 could downregulate the
expression of these two pro-inflammatory cytokines. At the same
time, the expression of SA-β-gal, a biomarker of aging, was
upregulated by D-gal; and was reversed by PL 1-3. These

FIGURE 3
Effects of PL 1-3 in the liver and kidney organ damage in D-gal-induced aging mice. HE staining. (▲, triangle, swollen; →, arrow, binuclear
phenomenon; +, star, an increase in glomerular volume) (Scale bar: liver, 50 μm; kidney, 50 μm).

FIGURE 4
Effects of PL 1-3 on (A) T-AOC, (B) CAT, (C) GPx, and (D) SOD levels in the serum of D-gal-induced aging mice. *p < 0.05, **p < 0.01, ***p < 0.001,
when compared to the control group. ##p < 0.01, ###p < 0.001, when compared to the model group.
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FIGURE 5
Effects of PL 1-3 on (A)MDA, (B) CAT, (C)GPx, and (D) SOD levels in the liver of D-gal-induced aging mice. *p < 0.05, ***p < 0.001, when compared
to the control group. ###p < 0.001, when compared to the model group.

FIGURE 6
Effects of PL 1-3 on (A) MDA, (B) CAT, (C) GPx, and (D) SOD levels in the kidney of D-gal-induced aging mice. *p < 0.05, ***p < 0.001, when
compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, when compared to the model group.
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results suggested that D-gal could cause mice aging and
inflammation, and PL 1-3 could protect against inflammation
caused by D-gal in the aging mice.

Further, histopathological observations were performed on the
spleen (Figure 8). The morphology of normal spleen tissue was
normal; however, the white pulp of the spleen (arrow) in aging mice

FIGURE 7
Effect of PL 1-3 on (A) T-AOC, (B)CAT, (C)GPx, and (D) SOD levels in the brain of D-gal induced agingmice. *p < 0.05, ***p < 0.001, when compared
to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, when compared to the model group.

FIGURE 8
Effects of PL 1-3 on the spleen tissue of D-gal-induced aging mouse. (A,B) The expressions of the senescence-associated protein SA-β-gal and the
inflammation-associated proteins IL-6, TNF-α, and iNOS; (C) HE staining of the spleen tissue. *p < 0.05, **p < 0.01, ***p < 0.001, when compared to the
control group. ##p < 0.01, ###p < 0.001, when compared to the model group. (→, arrow, the white pulp) (Scale bar: spleen, 200 μm).
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caused by D-gal was significantly reduced in the model group. PL 1-
3 treatment improved the pathological condition.

These results suggested that PL 1-3 could protect the spleen
against aging, inflammation and histopathological changes caused
by D-gal in mice.

2.4 PL 1-3 protected the brain against aging
by improving the dysfunction of the
cholinergic system

The cholinergic system is related to cognitive function.
Cholinergic system dysfunction has been observed in several
neurodegenerative diseases, such as Alzheimer’s disease, Lewy
body dementia and so on (Förstl et al., 2008; Mufson et al., 2008;
Ferreira-Vieira et al., 2016). The cholinergic system uses
acetylcholine (ACh) as a neurotransmitter. The cholinesterase
(AChE) is present in the cholinergic synapse, where it functions
to break down ACh. By doing so, it counteracts the excitatory
impacts of neurotransmitters on the postsynaptic membrane and
guarantees the smooth transmission of neural signals within the
body (Zhang et al., 2019). The alterations observed in ACh and
AChE levels in the brain serve as crucial markers for investigating
the process of brain aging.

As shown in Figure 9, long-term injection of D-gal in mice led to
the decrease of acetylcholine level and an increase of
acetylcholinesterase activity in the model group. However, PL1-3
increased ACh levels in a dose-dependent manner and significantly
inhibited the increase in AChE activity. These results indicate that
PL 1-3 could protect the brain against aging induced by D-gal via
improving the dysfunction of the cholinergic system.

2.5 PL 1-3 improved histopathological
alternations of the brain in the aging mice
caused by D-gal

As depicted in Figure 10A, histopathological observations were
performed on the brain. There were no pathological alterations in
the brain tissues from the control group. In contrast, the
morphology of CA1, CA3 and DG in the hippocampus of mice

in the model group changed significantly, including loose structure,
indistinct cell membranes and changes in the morphology of the DG
area (arrow). These results demonstrated that D-gal treatment
increased the damage of neurons. After administration of PL 1-3,
such pathological abnormalities were less frequently observed.

Subsequently, Nissl staining was performed to assess the
morphology of the hippocampus in mouse brain. Nissl bodies are
a type of basophilic material within the cytoplasm which can be
stained by Nissl and can be used as status marker for neurons. The
morphological changes in hippocampal CA1, CA3, and DG regions
were shown in Figure 10B. The number of Nissl bodies in the model
group decreased. However, PL 1-3 treatment significantly increased
the number of Nissl bodies. HE and Nissl staining showed that PL 1-
3 could improve the brain histopathological changes caused by
D-gal, improve brain aging caused by D-gal, and inhibit the
apoptosis of hippocampal neurons.

2.6 PL 1-3 protected the brain against aging
by inhibiting oxidative stress, inflammation
and apoptosis

During the aging process of the body, the aging of the brain is
more sensitive, and the prevention of brain aging is more important.
The brain aging is complex, and its pathological features include
oxidative stress, inflammation, apoptosis and so on.

2.6.1 Brain aging-associated gene expression in
aging mice caused by D-gal

As shown in Figure 11, sirtuin 1 (Sirt1), p53, p21, and p16, the
senescence-associated proteins, were chosen to assay using western
blot. SIRT1 is an important protein related to mammalian aging
(Bordone and Guarente, 2005; Hwang et al., 2013). In the process of
cellular senescence, there are two signaling pathways-p53/p21 and
p16/retinoblastoma protein (pRB), which play crucial roles
(Herranz and Gil, 2018; Mijit et al., 2020).

As shown in Figures 11A, B, the expression of SIRT1 was
markedly decreased in mice with aging induced by D-gal than
that in healthy mice. The treatment of PL 1-3 could upregulate
the expression of SIRT1. As shown in Figures 11A, B, in the mice
aging model, the expressions of p53, p21, and p16 of the brain were

FIGURE 9
Effects of PL 1-3 on (A) ACh and (B) AChE levels in the brain of D-gal induced aging mice. **p < 0.01, ***p < 0.001, when compared to the control
group. ##p < 0.01, ###p < 0.001, when compared to the model group.
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upregulated; however, the treatment of PL 1-3 could reverse these
upregulations. These results suggested that, in the mice aging model,
the treatment of PL 1-3 could intervene the brain aging and reduce
the degree of aging via upregulating SIRT1 and downregulating p53,
p21, and p16.

2.6.2 Brain oxidative stress-associated gene
expression in aging mice caused by D-gal

Nuclear factor erythroid 2-related factor 2 (Nrf2)/HO-
1 signaling pathway is an important anti-oxidant stress pathway
in the body, which plays an important role in age-related
neurodegenerative diseases and brain aging such as Parkinson’s
disease, Alzheimer’s disease and so on.

As shown in Figures 12A, B, D-gal downregulated the protein
expressions of total-Nrf2, nuclear-Nrf2 and HO-1 of the brain in
aging mice, which indicated the anti-oxidative stress ability of aging
mice was decreased. The treatment with PL 1-3 upregulated total-
Nrf2, nuclear-Nrf2 and HO-1 expressions. These results suggested
that PL 1-3 could enhance the antioxidant stress capacity of aging
mice via regulating the Nrf2/HO-1 signaling pathway, thereby
protecting the brain from aging.

2.6.3 Brain inflammation-associated gene
expression in aging mice induced by D-gal

Pro-inflammatory cytokines are a type of cytokines that
promote inflammation and immune regulation. IL-6 and TNF-α,
two pro-inflammatory cytokines, were chose to assay using
western blot.

As shown in Figures 13A, B, the expressions of IL-6 and TNF-α
of the brain were upregulated in the D-gal-induced aging mice. The
treatment with PL 1-3 inhibited the increases of IL-6 and TNF-α in a
dose-dependent manner. These results suggested PL 1-3 could resist
the brain aging via inhibiting inflammation caused by D-gal.

2.6.4 Brain apoptosis-associated gene expression
in aging mice caused by D-gal

The mitochondrial pathway is one of the most important signal
transduction pathways of apoptosis, in which the bcl-2 family and
caspase family play extremely important roles. Bax belongs to the
bcl-2 family and can directly activate the death effector factor
caspase-3 or alter cell membrane permeability, causing the release
of cytochrome C, activating caspase-3 activity, and initiating caspase
cascade reactions.

FIGURE 10
Effects of PL 1-3 on brain injury in hippocampus CA1, CA3 and DG of aging mice caused by D-gal. (A) HE staining. (B) Nissl staining. (Scale bar: CA1,
50 μm; CA2, 50 μm; DG, 200 μm).

FIGURE 11
Effects of PL 1-3 on aging (SIRT1, p53, p21, and p16) in the brain tissue. **p < 0.01, ***p < 0.001, when compared to the control group. ##p < 0.001,
###p < 0.001, when compared to the model group.
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As shown in Figures 14A, B, D-gal caused the upregulation of
expressions of the apoptosis-associated proteins Bax and caspase-3
of the brain in aging mice. While, the treatment of PL 1-3 reduced
these upregulations in a dose-dependent manner. These results
suggested PL 1-3 could inhibit the brain aging of mice caused by
D-gal via inhibiting the apoptosis of the brain.

According to research on brain gene expression, PL 1-3 could
intervene the brain aging in mice through reducing oxidative stress,
inflammation and apoptosis caused by D-gal.

3 Conclusion

In summary, this study showed that PL 1-3 could protect mice,
especially the brain, against the aging caused by D-gal in mice. The
treatment of PL 1-3 could increase the anti-oxidative stress ability
(T-AOC, MDA and anti-oxidative enzymes) in the serum, liver,
kidney and brain of aging mice. In the brain, in addition to
enhancing antioxidant stress, PL 1-3 could also improve the
cerebral cholinergic system of the brain by regulating the content
of Ach and expression of AchE, increase the anti-apoptosis (Bax and
Caspase-3) and anti-inflammatory (IL-6 and TNF-α) activities of

aging mice which were induced by D-gal. Besides, PL 1-3 could
reverse the liver and kidney damage induced by D-gal in aging mice.
These results suggested that PL 1-3 may be developed as an anti-
aging drug for the prevention and intervention of age-
related diseases.

4 Experimental

4.1 Materials

Active piperlongumine derivative PL 1-3, was obtained
according to the our previously published procedure (Wang
et al., 2021). D-gal was purchased from Amresco Inc. All
reagent kits for research were purchased from Applygen
Technologies Inc, Nanjing Jiancheng Bioengineering Inc and
Beyotime Biotechnology Inc. Antibodies related to western blot
experiments were purchased from Wanleibio Inc, Cell Signaling
Technology Inc, Beyotime Biotechnology Inc and Santa Cruz
Biotechnology Inc. Other reagents used were purchased from
Beyotime Biotechnology Inc. Detailed product numbers were
described in the experimental steps.

FIGURE 12
Effects of PL 1-3 on oxidative stress (Nrf2 and HO-1) in the brain tissue. t-Nrf2, total-Nrf2; n-Nrf2, nuclear-Nrf2. *p < 0.05, ***p < 0.001, when
compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, when compared to the model group.

FIGURE 13
Effects of PL 1-3 on inflammation (IL-6 and TNF-α) in the brain tissue. *p < 0.05, **p < 0.01, ***p < 0.001, when compared to the control
group. ###p < 0.001, when compared to the model group.
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4.2 Pre-experiments

According to literature reports, we selected different mice
(Kunming mice, male; Kunming mice, female; C57bl/6j mice,
male) for preliminary experiments, using different D-gal
concentrations and for different experimental times. The content
of MDA in the liver was measured and compared with the control
group (Table 1). The significant increase inMDA levels served as the
indicator for the success of modeling (Yang et al., 2019).

For different gender of Kunming mice, there was the
difference in experimental data between male and female
mice, and it was difficult to discuss and analyze them
together. When the single male C57bl/6j mice were used as
the study subjects and continuously intraperitoneally injected
500 mg/kg/day D-gal for 10 weeks, the MDA level of the model
group showed a significant increase.

4.3 Experimental animals

C57bl/6j mice (7 months old, male, 25 g–35 g) were bought
from Pengyue experimental animal company. The National
Institute Guide for the Care and Use of Laboratory Animals
was the basis for all animal studies. The ethics committee of
Liaocheng University gave its approval to the experimental
protocols for the utilization of animals. At room temperature,
animals were kept in a 12-h light/12-h dark cycle with
unrestricted access to sustenance and water.

4.4 Brain aging model and animal treatment

After 1 week of acclimatization, mice were randomly divided
into 5 groups (n = 6 per group), each group was treated with the
assigned treatment regimen for 10 weeks: (1) the control group, (2)
the model group, (3) the low-dose PL 1-3 group, (4) the middle-dose
PL 1-3 group and (5) the high-dose PL 1-3 group. D-gal (500 mg/kg,
dissolved in saline), and PL 1-3 (50/100/200 mg/kg, suspended in
deionized water). Mice in the control group received intragastric
doses of distilled water and intraperitoneal injection with 0.9%
normal saline solution. Except for the control group, all four
groups of mice were intraperitoneally injected with D-gal once a
day. The mice in PL 1-3 groups were administered by gavage once a
day. Body weight was monitored every 5 days. The doses of D-gal
and PL 1-3 were adjusted according to their body weight. The
experiment lasted for 10 weeks.

4.5 Determination of blood
biochemical indices

Blood samples were taken and centrifuged at 1,000 g at 4°C for
15 min to extract serum. The serum AST and ALT levels were
determined by using Aspartate aminotransferase Assay Kit (Applygen
Technologies Inc, E2023, China) and Alanine aminotransferase
Assay Kit (Applygen Technologies Inc, E2021, China). The serum
levels of BUN and CRE were measured by using Urea Assay Kit
(Nanjing Jiancheng Bioengineering Institute, C013-1-1, China)

FIGURE 14
Effects of PL 1-3 on apoptosis (caspase 3 and Bax) in the brain tissue. *p < 0.05, ***p < 0.001, when compared to the control group. #p < 0.05,
###p < 0.001, when compared to the model group.

TABLE 1 The relative ratio of MDA in the model to the control group.

Group Mice D-gal mg/kg/day Period days The relative ratio of MDA (Model/Control)

1 Kunming mice, male 100 50 0.98±0.12

2 Kunming mice, female 100 50 1.16±0.14

3 Kunming mice, female 150 80 1.22±0.03

4 Kunming mice, female 300 80 1.29±0.16

5 Kunming mice, female 500 80 1.47±0.07

6 C57bl/6j mice, male 500 70 1.82±0.10
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and Creatinine Assay kit (Nanjing Jiancheng Bioengineering
Institute, C011-2-1, China). Repeat the experiment at least
three times.

4.6 Oxidative stress level and cholinergic
function evaluation

The brain, liver, kidney and spleen tissues were ground in a
TissueMaster™ Handheld Homogenizer (Beyotime, E6600, China)
with physiological saline. Then, the samples were centrifuged at
12,000 rpm at 4°C for 5 min, the supernatant were stored in new
sterile test tube, and the protein concentration were determined
using BCA protein assay kit (Beyotime, P0011, China). The CAT,
MDA, SOD, T-AOC, and GPx levels in serum, brain, liver,
kidney and spleen tissues were measured by chemical kits
(Beyotime, China). The AChE and ACh in brain tissues were
measured by chemical kits (Nanjing Jiancheng Bioengineering
Institute, China). All procedures and concentration calculations
in the experiments were carried out in full compliance with the
manufacturer’s instructions. Repeat the experiment at least
three times.

4.7 Histopathological analysis

Liver, kidney and brain tissues were collected and fixed in 4%
Paraformaldehyde Fix Solution (Beyotime, P0099, China). The
tissue was then dehydrated in a series of alcohols (70%, 80%,
90%, 95%, and 100%), made transparent with xylene, embedded
in paraffin, and sectioned. The tissue sections were then dewaxed
twice in xylene, eluted with 100%, 90%, 80%, and 70% ethanol and
rinsed with water. The sections were then stained with hematoxylin
staining solution (Beyotime, C0107, China) for 10 min and washed.
Then, the sections were stained with eosin staining solution
(Beyotime, C0109, China) for 2 min. After dehydration and
transparency again, sections were sealed with the glycerol jelly
mounting medium (Beyotime, C0187, China). The sections were
viewed under microscopy (Olympus, BX53 + DP80, Japan) for
histopathological analysis.

4.8 Nissl staining

After dewaxing and eluteing, paraffin sections were stained with
Nissl staining solution. (Beyotime, C0117, China) at 37°C for
15 min, and then washed twice with deionized water. The
sections were dehydrated twice with 95% alcohol, xylene
transparent, and sealed with the glycerol jelly mounting medium
(Beyotime, C0187, China). Finally, the changes in Nissl bodies were
obtained and analyzed using a microscope (Olympus, BX53 +
DP80, Japan).

4.9 Western blot analysis

Brain was harvested after treatment, lysed with the Cell lysis
buffer for Western and IP (Beyotime, P0013, China) or the frozen

sample nuclear protein extraction kit (Kang Lang Biological
technology, 202311046, China) added with Protease inhibitor
cocktail (Beyotime, P1005, China). Protein samples were
separated by SDS-polyacrylamide gel electrophoresis (PAGE)
and then transferred to 0.45 µm PVDF membranes (Millipore,
IPVH00010, USA). Using 5% non-fat milk blocked the
membranes for 1 h and incubated with primary antibodies
including Anti-β-actin Rabbit pAb (Wanleibio, WL01372, 1:
1,000), Anti-IL-6 Rabbit pAb (Wanleibio, WL02841, 1:1,000),
Anti-TNF-α Rabbit pAb (Wanleibio, WL01581, 1:1,000), Bax
(Cell Signaling Technology, #2772, 1:1,000), Anti-Caspase-3/
Cleaved Caspase-3 Rabbit pAb (Wanleibio, WL02117, 1:1,000),
Anti-HO-1/Heme Oxygenase 1 Rabbit pAb (Wanleibio,
WL02400, 1:1,000), Nrf2 Rabbit Polyclonal Antibody
(Beyotime, AF7623, 1:1,000), Anti-CDKN2A/P16INK4a Rabbit
pAb (Wanleibio, WL01418, 1: 1,000), Anti-P21/WAF1 Rabbit
pAb (Wanleibio, WL0362, 1: 1,000), Anti-p53 Rabbit pAb
(Wanleibio, WL01919, 1: 1,000), Anti-SIRT1 Rabbit pAb
(Wanleibio, WL00599, 1:1,000). Membranes were then
incubated with the designated antibodies at 4°C overnight,
washed, and incubated with secondary antibodies for 1 h at
room temperature: HRP-labeled Goat Anti-Mouse IgG (H +
L) (Beyotime, A0216, 1:2000) or HRP-labeled Goat Anti-
Rabbit IgG (H + L) (Beyotime, A0208, 1:2000). After washing
thrice with TBST, protein bands were performed using the Chemi
Doc imaging system. (Tanon-4600, China). Repeat the
experiment at least three times.

4.10 Statistical analysis

The experimental variables were subjected to one-way ANOVA,
followed by the Dunnett’s test (compare all columns vs. control
column or model column) using GraphPad Prism software. All data
were expressed as mean ± SEM. Statistical significance was set
at p < 0.05.
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Thyroid carcinoma (TC) is a prevalent malignancy of the endocrine system, with a
notable rise in its detection rate in recent decades. The primary therapeutic
approaches for TC now encompass thyroidectomy and radioactive iodine
therapy, yielding favorable prognoses for the majority of patients. TC survivors
may necessitate ongoing surveillance, remedial treatment, and thyroid hormone
supplementation, while also enduring the adverse consequences of thyroid
hormone fluctuations, surgical complications, or side effects linked to
radioactive iodine administration, and encountering enduring physical,
psychosocial, and economic hardships. In vitro and in vivo studies of natural
products against TC are demonstrating the potential of these natural products as
alternatives to the treatment of thyroid cancer. This therapy may offer greater
convenience, affordability, and acceptability than traditional therapies. In the early
screening of natural products, we mainly use a combination of database prediction
and literature search. The pharmacological effects on TC of selected natural
products (quercetin, genistein, apigenin, luteolin, chrysin, myricetin, resveratrol,
curcumin and nobiletin), which hold promise for therapeutic applications in TC,
are reviewed in detail in this article throughmost of the cell-level evidence, animal-
level evidence, and a small amount of human-level evidence. In addition, this article
explores possible issues, such as bioavailability, drug safety.

KEYWORDS

natural product, thyroid carcinoma, treatment challenges, thyroid carcinoma survivors,
redifferentiation, drug resistance

1 Introduction

Thyroid carcinoma (TC) is a prevalent malignancy, with a notable increase in its
detection rate over recent decades. According to the categorization outlined in the 5th
edition of theWorld Health Organization (Baloch et al., 2022), endocrine tumors originating
from follicular cells in the thyroid gland are primarily classified as follicular carcinoma,
papillary carcinoma, eosinophilic carcinoma, high-grade follicular-derived carcinoma, etc.
High-grade follicular-derived carcinoma mainly includes differentiated high-grade
carcinoma, poorly differentiated carcinoma, and undifferentiated follicular-derived
carcinoma, and medullary thyroid cancer is a unique type as thyroid C-cell-derived
tumor. The prevalence of papillary thyroid carcinoma (PTC), the most commonly
occurring type of thyroid cancer, has exhibited an upward trend over the past 30 years,
particularly in Northern America, Asia, Europe, and other regions (SEER*Explorer: an
interactive website for SEER cancer statistics [Internet], 2023). In the last decade, this
increase has plateaued. PTC generally presents a positive prognosis, with a five-year survival
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rate surpassing 99% irrespective of gender (Bray et al., 2018).
However, the prognosis for advanced PTC is typically
unfavorable (Zhong et al., 2019). Medullary thyroid carcinoma
(MTC) is a relatively uncommon form of thyroid cancer,
representing approximately 1%–2% of all cases (Angelousi et al.,
2022). However, it is responsible for a significant proportion of
thyroid cancer-related deaths, accounting for approximately 13% of
all thyroid cancer-related deaths. The majority of MTC cases are
sporadic, and 25 percent are associated with genetic mutations in the
RET proto-oncogene (Randle et al., 2017). Anaplastic thyroid cancer
(ATC), as undifferentiated thyroid cancer, is a rare but highly
aggressive malignancy of the thyroid. It constitutes a mere 2% of
all thyroid cancers, yet its aggressive nature is evident as it accounts
for 15%–50% of patients with distant metastases (Haddad et al.,
2022). The prognosis for patients with anaplastic thyroid carcinoma
is exceedingly unfavorable, with a median survival time less than
4–12 months (Jannin et al., 2022) and a five-year disease-free
survival rate approaching 0% (Ramirez-Moya and Santisteban,
2021). Standard therapies for certain types of thyroid carcinomas,
such as differentiated thyroid carcinomas (DTCs) and medullary
thyroid carcinomas, as well as virtually all cases of ATC,
demonstrate limited efficacy, frequently leading to metastasis to
distant sites (Naoum et al., 2018). Consequently, there remains a
pressing need to introduce more dependable treatment modalities
for thyroid cancer.

Natural products (NPs) can be broadly defined as a group of
small molecules from the environment, mostly genetically encoded
and produced by secondary metabolic pathways, and NPs and their
molecular frameworks are becoming an important source for the
exploration of medicinal chemistry and therapeutic compounds
(Pye et al., 2017). From 1981 to 2019, a significant proportion of
anticancer drugs approved by the Food and Drug Administration
(FDA) consisted of NPs and their derivatives, accounting for
approximately 75% of the total (Newman and Cragg, 2020).
Notable examples include paclitaxel, a broad-spectrum anti-

cancer drug approved in the previous century, pyrotinib, recently
approved for breast cancer treatment, and sintilimab, approved for
Hodgkin lymphoma treatment. Consequently, NPs remain pivotal
in the quest for novel agents and are considered the optimal selection
for active templates. NPs are of interest due to their interesting
biological activity and chemical structure (Ahmed et al., 2022). Over
the years, natural product-based medicines have made significant
progress in the treatment of human diseases and have shown great
potential, which is one of the reasons why researchers around the
world remain enthusiastic about it (Newman, 2022). Contemporary
computation omics technology can help researchers effectively
identify drug candidates and develop clinical drugs from too
many molecules produced in nature (Rodrigues et al., 2016;
Mullowney et al., 2023), encompassing genomics,
transcriptomics, proteomics, metabolomics, bioinformatics, and
integrative omics (Zhang HW. et al., 2021a).

In in vitro and in vivo studies of thyroid cancer, NPs have
shown good therapeutic potential. Numerous studies have
demonstrated that various natural compounds derived from
food and herbs possess the ability to inhibit TC, including
inhibiting the occurrence and development of TC (Yu et al.,
2013; Hong et al., 2021; Lu et al., 2022), promoting
redifferentiation of poorly differentiated TC (Lakshmanan
et al., 2015; Zhang L. et al., 2021b), alleviating TC drug
treatment resistance (Li et al., 2018; Bian et al., 2020; Celano
et al., 2020), and so on. Previously, my research group published
basic research on tangeretin and nobiletin. Based on the good
experimental results, we are full of interest in plant-derived NPs,
especially those distributed in traditional Chinese medicine. I
made a preliminary prediction of disease-related active
ingredients through the traditional Chinese medicine systems
pharmacology database (TCMSP) and analysis platform database
(Ru et al., 2014), and combined with the literature search results,
to select nine NPs for review. Details are in Table 1. The
pharmacological effects on TC of selected NPs, which hold
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promise for therapeutic applications in TC, are reviewed in detail
in this article through most of the cell-level evidence, animal-
level evidence, and a small amount of human-level evidence.

2 Thyroid cancer treatment and
challenges

Thyroidectomy and radioactive iodine therapy have become the
mainstay of treatment for TC. Patients with DTC without local
progression and local/distant metastases can usually achieve better
outcomes with surgery and radioactive iodine (RAI) therapy (Liu
et al., 2023). Nonetheless, the rates of structural recurrence
(locoregional or distant metastases) in low-risk, intermediate-risk,
and high-risk patients are 3%–13%, 21%–36%, and 68%,
respectively, and patients are classified by the American Thyroid
Association risk stratification criteria (Coca-Pelaz et al., 2023).For
patients with unresectable or metastatic DTC, RAI therapy is
considered the primary therapeutic approach. Only one-third of
patients achieve complete remission, and those outside of it become
RAI refractory (RAIR) and have a poor overall prognosis, which is
an unavoidable problem in the current medical management of the
disease (Jin et al., 2018). 5%–15% of DTCs and 50% of metastatic
DTCs progress to RAIR, and overall survival is significantly reduced,
less than 10% at 10 years (Lorusso et al., 2023). Treatment options
for symptomatic, rapidly progressing, inoperable locally advanced/
extensive metastatic RAIR-DTC are limited to FDA-approved
tyrosine kinase inhibitors (TKIs) (Satapathy and Bal, 2022).
However, the use of TKIs is associated with a variety of adverse
events, such as cardiotoxicity, hematologic toxicity, fatigue, skin
reactions, etc., which can limit patients’ daily activities, reduce
compliance, and lead to high treatment withdrawal rates
(Chrisoulidou et al., 2015). Timely identification and intervention
for MTC are crucial, as patients diagnosed with early-stage MTC
exhibit a five-year survival rate of 90 percent. Nevertheless, the
overall survival in all stages of MTC remain disheartening, with a
five-year survival rate of less than 40 percent (Bhoj et al., 2021). The
objective response rates of cytotoxic chemotherapy are suboptimal,
while targeted therapy and immunotherapy demonstrate limited
effectiveness (Angelousi et al., 2022). Due to genetic factors and the
lack of effective and safe medical therapy, guidelines from both the

American Thyroid Association and the British Thyroid Association
recommend total thyroidectomy for MTC (Yang et al., 2022). As the
deadliest thyroid malignancy, ATC is highly metastasis and has long
lacked reliable treatment, with a mortality rate approaching 100%
(Haddad et al., 2022). ATC patients often do not respond well to
conventional treatment, including radio-iodine ablation,
chemotherapy, and external-beam radiotherapy (Saini et al., 2019).

Thyroid cancer survivors may necessitate ongoing surveillance,
remedial therapy (surgery or RAI therapy), and thyroid hormone
supplementation. Additionally, they may contend with the adverse
consequences of thyroid hormone fluctuations, surgical
complications, or side effects linked to RAI administration, as
well as encounter enduring physical, psychosocial, and economic
challenges (Lubitz and Sosa, 2016; Hedman et al., 2017). Standard
treatments frequently entail complications, including postoperative
issues such as damage to the parathyroid glands, recurrent laryngeal
nerve, and laryngeal nerve, which significantly impact patients’
quality of life (Nagel et al., 2022). The administration of RAI
entails immediate risks such as nausea, vomiting, insomnia, loss
of taste, swelling and pain in the salivary glands. Additionally, there
are potential long-term complications including recurring
sialadenitis accompanied by dry mouth, oral pain, dental caries,
pulmonary fibrosis, nasolacrimal outflow tract obstruction, and a
secondary primary malignancy (Lee, 2010).

Furthermore, the long-term postoperative survival of TC
patients poses a significant financial burden on both individuals
and society. A comprehensive analysis of stacked cohorts in the
United States (Lubitz et al., 2014), spanning from 1985 to 2013,
revealed that the total societal cost of care for TC patients diagnosed
after 1985 amounted to $1.6 billion in 2013. Notably, the expenses
associated with survivor surveillance and non-surgical deaths
resulting from thyroid cancer care accounted for 59% of the
overall cost, surpassing the expenditures related to diagnosis,
surgery, and adjuvant treatment for newly diagnosed patients,
which constituted 41% of the total cost. A study of 52,012 adult
thyroid cancer patients undergoing thyroid surgery (Sahli et al.,
2021) suggests that there is a more cost-effective shift in thyroid
surgery practice, such as an increase in outpatient surgery, but the
cost continues to increase by 4.3% per year. Mongelli (Mongelli
et al., 2020) et al. included 1,743 TC survivors for a questionnaire.
The findings of the research indicated that 23.7% of the participants
had depleted a significant portion or the entirety of their savings.
15.1% of the respondents resorted to borrowing funds from
acquaintances or family members, and a smaller percentage of
3% declared bankruptcy. Moreover, 12% of the individuals
reached the maximum limit on their credit cards, and 4.4% were
compelled to seek additional loans or mortgages, and 15.9%
reported being contacted by debt collection agencies. They
suggested that TC survivors had relatively high bankruptcy
filings, and that various forms of financial strain were linked to
diminished health-related quality of life in this population. Based on
the current increase in thyroid cancer incidence, it is projected that
the total societal cost of care for TC patients will reach a sum of
$3.5 billion by the year 2030 (Lubitz et al., 2014).

Patients often require lifelong monitoring, and cancer
recurrence also carries a psychological burden. They may
confront chronic psychiatric issues such as health anxiety (Zoltek
et al., 2022). The apprehensions associated with TC are particularly

TABLE 1 Natural product properties in the TCMSP database.

Name Pubchem CID OB (%) DL Caco-2 MW

Quercetin 5280343 46.43 0.28 0.05 302.25

Genistein 5280961 17.93 0.21 0.43 270.25

Apigenin 5280443 23.06 0.21 0.43 270.25

Luteolin 5280445 36.16 0.25 0.19 286.25

Chrysin 5281607 22.61 0.18 0.70 254.25

Myricetin 5281672 13.75 0.31 −0.15 318.25

Resveratrol 445154 19.07 0.11 0.80 228.26

Curcumin 5281767 5.15 0.41 0.50 368.41

Nobiletin 72344 61.67 0.52 1.05 402.43
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pronounced among younger survivors, as well as those who have
been confirmed or suspected relapses. Various factors, such as age,
sex, educational attainment, marital status, ethnicity, transition to
parenthood, time and disease severity after thyroid cancer diagnosis,
have been found to be linked to the level of concern (Bresner et al.,
2015; Papaleontiou et al., 2019). Consequently, the importance of
thyroid cancer therapy optimization should not be overshadowed by
the relatively high survival rate. The identification of cost-effective
and convenient drug and effective therapeutic targets is of utmost
urgency, which helps to reduce the physical, economic,
psychological pain and social burden of patients.

3 Promising natural products for the
treatment of thyroid cancer

3.1 Quercetin

Quercetin, a polyphenolic flavonoid that is commonly present in
numerous foods and herbs, constitutes a regular component of a
typical dietary intake. It has been employed for the purpose of
mitigating or averting an array of ailments, encompassing
cardiovascular disease, cancer, diabetes, neurological disorders,
obesity, allergic asthma, and atopic diseases (Ulusoy and Sanlier,
2020). Quercetin can diminish PTC cell (BCPAP) viability through
the initiation of apoptosis, reduction of cell adhesion and migration,
induction of partial mesenchymal-to-epithelial transformation
phenotype, and stimulation of NIS expression and RAI uptake
(Goncalves et al., 2021; Sun et al., 2022). The significance of NIS
expression, localization, and function in RAI treatment is widely
acknowledged, thereby indicating the potential therapeutic value of
quercetin in RAI treatment. NAG-1, a member of the TGF-β
superfamily cytokine, exists in two primary forms: precursor and
mature (Baek and Eling, 2019). These two forms of NAG-1 exhibit
distinct activities in relation to cancer: the precursor type
demonstrates anticancer properties, while the mature type
promotes cancer development during tumorigenesis (Min et al.,
2016). In comparison to normal controls, thyroid cancer tissue
expresses higher levels of mature NAG-1, whereas normal thyroid
tissue expresses higher levels of precursor NAG-1. When applied to
PTC cell lines, quercetin induces the expression of precursor NAG-1
but not mature NAG-1, leading to apoptosis and cell cycle arrest
(Hong et al., 2021). Bromodomain and extra-terminal (BET)
proteins play a crucial role as epigenetic readers in the
development of cancer. BET inhibitors have been developed as
anticancer drugs, and their limited monotherapy activity and
drug resistance have led to the attention of combination therapy
(Stathis and Bertoni, 2018). hnRNPA1 and BET protein BRD4 are
co-expressed in the human thyroid gland. Notably, the targeted
intervention of hnRNPA1 with quercetin has been found to enhance
the efficacy of BET inhibitors in thyroid cancer cells (K1 and 8505c)
(Pham et al., 2019). Solafenib, a multi-kinase inhibitor possessing
antiangiogenic properties, has been granted approval for the
treatment of DTC (Cabanillas et al., 2016). However, the
frequent dose-dependent side effects of sorafenib in clinical trials
impede its efficacy in suppressing cancer. In vitro studies have
demonstrated that co-administration of quercetin with sorafenib

can mitigate the required anticancer dose against thyroid cancer
cells (Celano et al., 2020).

3.2 Genistein

Genistein, a 7-hydroxyisoflavone, is commonly recognized as an
angiogenesis inhibitor, phytoestrogen and insect repellent. Its
primary source is soybeans and soy products. It exerts inhibitory
effects on PTC cell proliferation, induces cell death and cell cycle
arrest, and counteracts epithelial-mesenchymal transition trends by
preventing nuclear translocation of β-catenin (Zhang et al., 2019).
As previously mentioned, certain medullary thyroid carcinomas
(MTCs) arise due to gain-of-function mutations in the RET
proto-oncogene, which encodes the transmembrane tyrosine
kinase receptor. In vitro evaluation of MTC cells by tyrosine
kinase inhibitors, genistein effectively inhibits cell growth and
RET tyrosine kinase activity in a dose-dependent manner (Cohen
et al., 2002). A case-control study comprising 387 histologically
confirmed cases of thyroid cancer and 433 normal control
populations suggests that adequate intake of genistein is
protective in women with thyroid cancer (>1 cm) (Wang
et al., 2020).

3.3 Apigenin

Apigenin, a trihydroxyflavonoid, exhibits low toxicity and is
frequently present in olive oil, sage, marjoram, and other sources.
It possesses a diverse range of advantageous biological properties,
encompassing antitumor, antioxidant, anti-inflammatory,
antiviral, and other activities (Xu X. et al., 2020a). By
stimulating the production of reactive oxygen species,
apigenin induces DNA damage, resulting in G2/M cell cycle
arrest and subsequent autophagic cell death. This mechanism
effectively inhibits the activity of papillary thyroid cancer cells
(Zhang L. et al., 2015a). And apigenin can induce apoptosis in
ATC cells through c-Myc-mediated apoptosis, accompanied by
phosphorylation of p53 and p38 (Kim et al., 2013). The inhibitory
effect of TGF-β on radioactive iodine uptake, achieved through
the downregulation of NIS, can be counteracted by the
administration of apigenin. This suggests that apigenin holds
potential as a dietary supplement to improve the therapeutic
efficacy of radioactive iodine at the margins of aggressive tumors,
thereby mitigating the incidence of metastatic events
(Lakshmanan et al., 2015).

3.4 Luteolin

Luteolin is a tetrahydroxyflavonoid with antioxidant, anti-
inflammatory, anticancer, and immunomodulatory activities. It
was initially employed in the production of dyes derived from
thyme, olive oil, rosemary, artichoke and oregano (Lopez-Lazaro,
2009). Luteolin can reduce the expression of BRAF-activated
BANCR, further downregulate TSHR, and exert anti-PTC and
FTC effects in vitro (Liu et al., 2017).
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3.5 Chrysin

Chrysin is a dihydroxyflavonoid present in honey, propolis,
passionflower, and Indian trumpet flower, and is widely
acknowledged for its neuroprotective, anti-inflammatory,
antioxidant, and anticancer properties (Zhang Z. et al., 2015b).
The functional activity of Notch1 induced by chrysin is
confirmed through a luciferase reporter gene assay incorporating
the C promoter-binding factor 1 binding site. The novel
Notch1 activator chrysin inhibits tumor growth in ATC both
in vitro and in vivo. Compared with the control group, oral
administration of chrysin leads to a significant average inhibition
of ATC xenograft growth by 59%. Additionally, the median tumor
progression time in the group treated with chrysin is approximately
twice as long as that observed in the control group of mice with
tumors (Yu et al., 2013).

3.6 Myricetin

Myricetin is a hexahydroxyflavonoid commonly found in wine,
oranges, and other sources, which exhibits cytotoxic effects on PTC
cells and ATC cells. Furthermore, it induces dose-dependent DNA
agglomeration, upregulates the activation of the caspase pathway,
and enhances the expression of bax/bcl2, thereby inducing apoptosis
(Ha et al., 2017; Jo et al., 2017). In a comparative study examining
the variances in growth and iodide content among various natural
flavonoids (kaempferol, apigenin, luteolin, myricetin) within human
Na+/I− homologous transfected FTC cell lines, myricetin exhibited
the unique characteristic of enhancing iodization intake while
concurrently reducing iodine efflux. This finding implies a
potentially superior therapeutic efficacy in TC RAI therapy
(Schroder-van der Elst et al., 2004).

3.7 Resveratrol

Resveratrol is a stilbene compound predominantly found in red
grapes, red wine, cranberries, strawberries, red currants, mulberries,
and peanuts (Neveu et al., 2010). This widely recognized NP exhibits
a diverse range of biological activities, including anti-inflammatory,
antioxidant, anticancer, anti-aging, anti-diabetic, and anti-obesity
activities (Bird et al., 2017; Wu SX. et al., 2022a). DMD encompasses
three different genotoxic carcinogens, namely, diethylnitrosamine
(DEN), dihydroxy-di-N-propylnitrosamine (DHPN), and
N-methyl-N-nitrosourea (MNU). Animal models of TC induced
by the carcinogen DMD are suitable for investigating potential
therapeutic agents capable of impeding the progressive cellular
and molecular alterations of TC. The administration of
resveratrol via intragastric and intraperitoneal injection has been
shown to effectively mitigate the occurrence and severity of TC-
related lesions. Furthermore, prolonged resveratrol treatment has
demonstrated the potential to enhance the overall health of rats
induced with DMD. Additionally, oral administration of resveratrol
can achieve a similar therapeutic effect to intraperitoneal injection
(Zheng et al., 2018a). Multiple studies have demonstrated that
resveratrol has good inhibitory effects in PTC, ATC and MTC.
Resveratrol exerts its effects by modulating the Ras-MAPKK-MAPK

signaling pathway, leading to increased expression of p53, serine
phosphorylation of p53, and p53-dependent apoptosis in PTC and
FTC cell lines, thereby exerting tumor suppressor effects (Shih et al.,
2002). The sialyltransferase (ST) family and the Hippo signaling
pathway (Sekido, 2018) play a key role in cancer regulation, with ST
further classified into ST3GAL, ST6GAL, ST6GALNAC, and
ST8SIA. The findings from next-generation sequencing revealed a
significant upregulation of ST6 beta-galactoside alpha-2,6-
sialyltransferase 2 (ST6GAL2) mRNA expression in FTC cells
(FTC133 and FTC238) compared with normal thyroid cells.
Furthermore, in vitro experiments have demonstrated that this
upregulation has a regulatory effect on tumor proliferation,
migration and invasion. In in vitro and in vitro experiments,
resveratrol significantly inhibits the occurrence and development
of FTC by modulating the ST6GAL2-Hippo pathway (Xu G. et al.,
2020b). Oxidative damage caused by the accumulation of reactive
oxygen species in cells is one of the therapeutic effects of anticancer
drugs, which is closely related to the chemical sensitivity of cancer
cells. Resveratrol is able to increase reactive oxygen species
production and oxidation-associated cytopathies in resveratrol-
sensitive ATC cell line THJ-16T by activating the reactive oxygen
species-mitochondrial signaling pathway (Zheng et al., 2018b).
Moreover, resveratrol triggers Notch2-mediated apoptosis of
MTC cells and suppresses the expression of neuroendocrine
markers ASCL1 and CgA (Truong et al., 2011).

Resveratrol has been found to increase iodine capture in rat thyroid
cell FRTL-5, which has an additive effect with TSH and can increase
iodide influx and RIS protein levels in rats even in the absence of TSH
(Sebai et al., 2010). However, it has been suggested that resveratrol has
little effect on the proliferation and intracellular distribution of human
normal thyroid cell lines (Nthy-ori 3-1). Additionally, while resveratrol
may promote the redifferentiation of ATC cells and upregulation of
NIS expression, it remains challenging to enhance ATC iodine uptake
(Xiong et al., 2020). In fact, the existing literature on resveratrol and TC
iodine uptake is limited, necessitating further research to address the
conflicting findings.

Tretinoin is commonly employed in conjunction with radiation
therapy for the treatment of aggressive thyroid cancer. However,
retinoid-based differentiation therapy remains a topic of controversy
(Courbon et al., 2006). The ATC cell line THJ-11T is not sensitive to
tretinoin therapy. CRABP2 is considered a core player in the exertion
of retinoic acid in tumor suppression (Yang et al., 2016), while
resveratrol can upregulate thyroglobulin and cadherin E expression
by activating CRABP2/RAL-mediated tumor suppressor signaling,
thereby effectively reversing the resistance of THJ-11T to tretinoin (Li
et al., 2018). The combination therapy of dabrafenib, an FDA-
approved BRAF inhibitor, and trametinib, a MEK inhibitor,
against BRAFV600E-mutated ATC (Subbiah et al., 2020), can extend
survival to 12 months in 12 percent of patients (Subbiah et al., 2018).
In contrast, resveratrol has a more potent anti-ATC effect compared
to BRAF-MAPK-targeted drugs (dabrafenib and trametinib) by
simultaneously inhibiting the BRAF-MAPK and STAT3 signaling
pathways in ATC cell lines with BRAF fusion or point mutation (Lu
et al., 2022). The activation of JAK2/STAT3 is thought to be a
significant factor contributing to cancer cell resistance towards
drugs targeting the MAPK pathway (Crispo et al., 2019).
Resveratrol can effectively inhibit the signaling of STAT3 activated
by dabrafenib and trametinib, suggesting that combining resveratrol
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with BRAF-MAPK-targeted agents could potentially enhance the
efficacy of treatment for ATC. Furthermore, resveratrol can also
modulate PI3K/AKT/mTOR signaling, increasing the sensitivity of
anti-PTC cell lines to rapamycin (Bian et al., 2020). This non-toxic
polyphenolic compound has potential value in improving the clinical
management of lethal ATCs, especially those that develop drug
resistance.

3.8 Curcumin

Turmeric, a plant frequently employed in South and Southeast
Asian tropical regions for the production of curry powder,
possesses a rhizome that holds significant value for culinary and
medicinal applications. Curcumin, the most potent constituent
within turmeric, exhibits diverse biological functions
encompassing, anti-inflammatory, antibacterial, and anticancer
properties (Shishodia et al., 2005). Curcumin dose-dependently
inhibits the proliferation and migration of PTC cell line K1 cells
(Tan et al., 2015), while also induces its apoptosis. This ability to
resist apoptosis is attributed to the rapid production of significant
levels of reactive oxygen species (ROS) and increased intracellular
Ca2+ concentrations (Song et al., 2012). Curcumin has been
observed to exhibit a dose-dependent inhibition of cell viability
in the PTC cell lines B-CPAP and KTC-1. Additionally, it has been
found to inhibit the JAK/STAT3 signaling pathway and elevate
ROS levels to induce apoptosis (Zhang et al., 2016; Khan et al.,
2020). Furthermore, curcumin can promote cell differentiation
and enhance the expression of thyroid-specific transcription
factors TTF-1, TTF-2, and PAX8, along with iodine metabolism
proteins such as thyroid-stimulating hormone receptor, thyroid
peroxidase and sodium iodide transporter. Significantly, curcumin
has the ability to enhance NIS glycosylation and facilitate its
membrane transport, resulting in notable enhancements in vitro
radioactive iodine uptake. And it can enhance radioiodine
sensitivity by inhibiting the PI3K-AKT-mTOR signaling
pathway (Zhang L. et al., 2021b). RAI therapy, widely employed
in thyroid cancer, frequently induces impaired salivary gland
dysfunction. The combination treatment of RAI and curcumin
showed evidence of tissue remodeling compared with the control
group, and resulted in a higher count of salivary epithelial cells,
salivary duct cells, endothelial cells and myoepithelial cells, thereby
ameliorating RAI-induced salivary gland dysfunction in mice
(Kim et al., 2019). The overexpression of HO-1 has been shown
to reduce cell viability and potentially activate ferroptosis signaling
pathway, while curcumin has the ability to modulate the
expression of HO-1 in the ferroptosis pathway, to thereby
inhibit FTC growth (Chen et al., 2023).

The aggressive nature of ATC is primarily attributed to the
presence of cancer stem cell (CSC) phenotype (Lee et al., 2022). The
efficacy of cytostatic compounds is largely compromised due to the
multidrug resistance mechanism driven by the CSC phenotype. In
intervention experiments conducted on the ATC cell line CAL-62,
curcumin could significantly inhibit the spheroid formation and cell
motility in Matrigel, inhibit the accumulation of G0/1 phase cells
and the oxidative stress index, and alter the invasion behavior of
ATC cells through the inhibition of the CSC phenotype (Kocdor
et al., 2019). Curcumin synergistically enhances the anticancer

activity of cisplatin in PTC cells and cancer stem cell-like cells by
targeting STAT3 (Khan et al., 2020), and can also enhance the
antitumor activity of docetaxel in ATC cells by interfering with NF-
κB and COX-2 (Hong et al., 2014). This suggests that the
combination of curcumin and chemotherapy drugs may provide
better therapeutic effect.

3.9 Nobiletin

Nobiletin is a hexamethoxyflavone with various activities
such as enhancing circadian rhythm (He et al., 2016),
antagonizing metabolic syndrome, inhibiting tumor (Chen
et al., 2022), and treating liver ischemia (Dusabimana et al.,
2019). It is commonly derived from citrus peel but can also be
found in Chinese herbal medicines such as Centipedae Herba,
Citrus Reticulata, Tripterygii Radix. Bioinformatics analysis and
cell assays showed that nobiletin suppressed the proliferation and
migration of a PTC cell line (B-CPAP) by modulating the PI3K/
AKT signaling pathway (Du et al., 2023). The viability of ATC cell
lines (T235 and T238) with the intervention of nobiletin, was
observed to decrease in a dose-dependent manner, but the cell
cycle was not affected. Moreover, at a concentration of 100μM,
nobiletin was as effective in reducing ATC cell viability as
conventional drugs such as cisplatin, while nobiletin was less
toxic to normal thyroid cells (Sousa et al., 2020).

4 Outlook and summary

NPs and their derivatives have consistently demonstrated
remarkable efficacy against a range of diseases (Hassan et al.,
2022), particularly cancer (Memariani et al., 2021) and infectious
diseases. Nevertheless, the advancement and clinical
implementation of these NPs encounter numerous challenges,
necessitating the overcoming of technical barriers in screening,
isolation, characterization, and optimization. Unmodified NPs
may exhibit various deficiencies in absorption, distribution,
metabolism, excretion, and toxicity (Alexander et al., 2016).
Fortunately, recent advances in the field of science and
technology have presented a multitude of opportunities for the
development of NP drugs, such as improved omics analysis tools
(Wolfender et al., 2019), genome mining and engineering
techniques (Kayrouz et al., 2020), microbial culture systems,
and novel drug delivery systems (Lou et al., 2023). Drug
nanotechnologies have proven to be one of the most efficient
and reliable delivery systems due to their ability to enhance
solubility, absorption, pharmacokinetics, bioavailability and
provide toxicity protection (Alexander et al., 2016).
Nanoparticles loaded with nobiletin have a small and uniform
size and show beneficial potential in enhancing colloidal stability
and averting premature drug seepage. These nanoparticles
possess superior capabilities in inducing apoptosis in tumor
cells and inhibiting metastasis in both human non-small cell
lung cancer and human fibrosarcoma, surpassing the efficacy of
naked drug formulations (Wu D. et al., 2022b). Injectable
targeted nanoparticles developed for advanced hepatocellular
carcinoma can effectively transport curcumin and resveratrol
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to hepatoma cells (Zheng et al., 2022). This novel formulation can
reduce the dose of the drug and increase the bioavailability of the
encapsulated drug. A significant increase in the concentration of
the drug around the tumor is often accompanied by a favorable
therapeutic effect and negligible adverse effects. Koppolu et al.
(2012) developed a temperature-sensitive silane-coupled iron
oxide nanoparticles as targeted drug delivery vehicles for
treatments of ATC, and in vitro tests were performed with
doxorubicin. Consequently, despite the numerous obstacles,
the significance of nanoparticles in drug development and the
optimization of novel drugs remains substantial.

This article provides an overview of plant-derivedNPs that exhibit
promising potential in the treatment of TC. Nevertheless, there are
some weaknesses in this review. First, although these components
have shown good results in cell and animal experiments in intervening
PTC, only a small number of relevant clinical studies have been
retrieved, and there is a lack of evidence from a large number of
clinical studies to demonstrate the safety and therapeutic potential of
the selected NPs in TC patients. However, there are studies that show
the safety of the mentioned NPs in cells, animals, healthy people. High
doses of quercetin in animal studies may lead to enhanced
nephrotoxic effects, and limited data from human intervention
studies have not been shown to have an adverse effect on kidney
function (Andres et al., 2018). Nano-genistein is well tolerated by
animals, and no toxic effects are found in animals with an intervention
of nano-genistein doses up to 400 mg/kg/day for up to 7 days per week
for 20 weeks (Kaytor et al., 2023). In vitro studies apigenin has no toxic
effect on some normal cells, such as prostate epithelial cells and
hepatocytes (Ahmed et al., 2021), and computer prediction tools have
shown that apigenin is not hepatotoxic or skin sensitized (Hossain
et al., 2023). Although luteolin has been reported to cause cytotoxicity
in primary rat hepatocytes, this is time- and dose-dependent (Yao
et al., 2023). In vivo experiments on zebrafish eggs showed that the
toxicity of chrysin loaded poloxamer micelles was dose-effective,
which are safe for the growth of zebrafish embryos at drug doses
of 10 ng/mL or less (Sassa-Deepaeng et al., 2016). Myricetin has been
acknowledged as generally safe, as evidenced by the absence of
mortality in mice even at high doses of 1,000 mg/kg administered
intraperitoneally, but the release of reactive oxygen species at
pH above 7.4 may cause toxic effects on biomolecules (Rahmani
et al., 2023). Resveratrol is considered safe. No serious adverse events
were detected on clinical, biochemical, or hematologic measures
during the intervention and 2-week follow-up phases in healthy
populations, with the most common toxicity being gastrointestinal
toxicity (Patel et al., 2011). The safety, tolerability, and non-toxicity of
high-dose curcumin in healthy people have been demonstrated
through clinical trials (Gupta et al., 2013). In a randomized,
placebo-controlled, double-blind, crossover study (Ito et al., 2023),
no associated serious adverse events were observed in nocturia
patients taking a mixture of nobiletin and tangeretin. There was a
lack of statistically significant impact observed on blood pressure or
heart rate, and no clinically aberrant results were identified in
hematological or biochemical parameters. In general, the safety of
NPs in TC needs to be continuously explored.

Second, this review selects only some NPs derived from plants,
especially herbal medicines. Among the NPs involved in this paper, it
is obvious that resveratrol and curcumin havemore preclinical studies
on TC and have better research accumulation compared with other

NPs. The Clinicaltrials.gov currently has 329 clinical trials for
curcumin, of which 86 are anti-cancer, and resveratrol has
209 clinical trials, of which 19 are anti-cancer. Most of these NPs
have inhibitory effects on TC in vitro and in vivo. Quercetin, apigenin,
myricetin, and curcumin may have potential therapeutic value in
promoting iodine uptake in TC, while resveratrol is controversial for
the redifferentiation of TC. Quercetin, resveratrol, and curcumin have
performedwell in combination therapy andmay help alleviate the side
effects and resistance of some approved drugs. In addition, what is
more interesting is the protective effect of genistein in human studies.
There are relatively few studies on luteolin, chrysin, myricetin, and
nobiletin in TC, and they have good therapeutic potential, which
deserve more attention. And the review lacks information on NPs
derived from animals, microorganisms, and marine organisms.

Third, there are still many gaps to be filled in the development of
novel drug delivery systems for TC. Existing studies have focused on
ATC and lack attention to other pathological types. As mentioned
above, resveratrol has more basic research, and we can pay attention
to related nano-formulations, such as liposomes, polymer
nanoparticles, lipid nanocarriers and inorganic nanoparticles, etc.
(Sarfraz et al., 2023), which will open up new ways to explore the
nano-system development of other NPs. Application of these
recommendations may accelerate the clinical translation of NPs
in TC treatment, providing TC survivors with a wider range of
clinical treatment alternatives.
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The antisense RNA molecule is a unique DNA transcript consisting of
19–23 nucleotides, characterized by its complementary nature to mRNA.
These antisense RNAs play a crucial role in regulating gene expression at
various stages, including replication, transcription, and translation. Additionally,
artificial antisense RNAs have demonstrated their ability to effectively modulate
gene expression in host cells. Consequently, there has been a substantial increase
in research dedicated to investigating the roles of antisense RNAs. These
molecules have been found to be influential in various cellular processes, such
as X-chromosome inactivation and imprinted silencing in healthy cells. However,
it is important to recognize that in cancer cells; aberrantly expressed antisense
RNAs can trigger the epigenetic silencing of tumor suppressor genes. Moreover,
the presence of deletion-induced aberrant antisense RNAs can lead to the
development of diseases through epigenetic silencing. One area of drug
development worth mentioning is antisense oligonucleotides (ASOs), and a
prime example of an oncogenic trans-acting long noncoding RNA (lncRNA) is
HOTAIR (HOX transcript antisense RNA). NATs (noncoding antisense transcripts)
are dysregulated in many cancers, and researchers are just beginning to unravel
their roles as crucial regulators of cancer’s hallmarks, as well as their potential for
cancer therapy. In this review, we summarize the emerging roles andmechanisms
of antisense RNA and explore their application in cancer therapy.

KEYWORDS

AntisenseRNA, epigenetics regulation, cancer therapy, precision medicine, RNA biology

1 Introduction

Antisense transcripts, which were previously regarded as mere transcriptional noise, are
currently recognized as significant regulators of gene expression (Kumar and Carmichael,
1998). It is now widely understood that antisense RNAs (asRNAs) are abundant across all
biological kingdoms. An estimated 50% of messenger RNAs (mRNAs) in human cells are
accompanied by corresponding antisense transcripts (Brantl, 2002). Non-coding RNAs,
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specifically asRNAs, play a unique and pioneering role in the
intricate network governing gene expression (Fang and Fullwood,
2016). asRNAs significantly influence the cellular function of
animals and contribute to the pathological processes that
underlie various human illnesses. Specifically, in cancer biology,
asRNAs play a crucial role in regulating cellular development, cell
cycle progression, cellular differentiation, as well as the processes of
invasion and metastasis (Werner, 2013). asRNAs play a crucial role
in the initiation and advancement of diverse cancer types, either by
promoting carcinogenesis as “Onco-asRNAs” or by inhibiting
carcinogenesis as “Ts-asRNAs (Yu et al., 2008)”. The crucial
involvement of asRNAs in tumor development becomes apparent
as their expression is disrupted and they exert influence over
protein-coding genes. In malignant cells and tissues, the
prevailing trend is an increase in the expression of oncogenic
asRNAs, whereas tumor suppressor asRNAs tend to be
frequently downregulated (Iacobucci et al., 2010). The study of
noncoding RNAs (ncRNAs) has gained considerable momentum
in the past decade due to the identification of various influential
ncRNA categories, such as small interfering RNA (siRNA),
microRNA (miRNA), long noncoding RNA (lncRNA), and
PIWI-interacting RNA (piRNA) (Richard Boland, 2017). A study
administered pelacarsen subcutaneously to 286 individuals with
established cardiovascular disease (CVD) and elevated lipoprotein
(a) [Lp(a)] levels. It was observed that Lp(a) levels decreased in a
dose-dependent manner, ranging from 35% to 80%, with a favorable
safety profile. Pelacarsen, an antisense oligonucleotide (ASO)
medication candidate for CVD, has demonstrated promise in
phase 2 trials and is currently undergoing evaluation in phase
3 studiesThe majority of long noncoding RNAs (lncRNAs)
exhibit an antisense orientation, but it is also important to
recognize the existence of intronic lncRNAs, intergenic lncRNAs,
and bidirectional (or divergent) lncRNAs (Latgé et al., 2018).
Antisense long non-coding RNAs (lncRNAs) are synthesized
from the complementary strand of genes that possess either
protein-coding or non-coding functions (Bhan et al., 2017).
Similar to ncRNAs, antisense lncRNAs are categorized based on
their proximity to protein-coding genes, yet they lack the ability to
encode proteins. The production levels of antisense lncRNAs vary
across different cell types, exerting control over the activity of
particular genes and specific signaling pathways (Zhao et al.,
2020). Interestingly, either these entities could serve a role in the
regulation of genes, in cis or trans. Trans-acting antisense long non-
coding RNAs (lncRNAs) exert their impact on the expression of
other genes through partial sequence complementarity. In contrast,
cis-acting antisense lncRNAs modulate the expression of the genes
fromwhich they originate by interacting with the promoter region in
a manner that involves absolute sequence complementarity
(Pelechano and Steinmetz, 2013). Similar to ncRNAs, they are
classified based on their proximity to protein-coding genes but
cannot be translated into proteins. Different cell types have
varying production levels of antisense lncRNAs, which control
the activity of certain genes and specific signaling pathways
(Zhao et al., 2020). The available research data derived from
published studies unequivocally establish that specific asRNAs
possess the capability to initiate carcinogenesis or aid in the
progression of cancer (Potaczek et al., 2016). On the other hand,
certain asRNAs have protective properties and can even

demonstrate therapeutic efficacy in malignant diseases by
suppressing the oncogenic potential within cells (Sullenger and
Nair, 2016). Co currently with the swift acquisition of
information regarding antisense RNAs (asRNAs), there is a quick
emergence of technologies that use these molecules as therapeutic
targets or agents (Naidu et al., 2015). These advancements hold
significant potential for future applications in the treatment of
human malignancies (Figure 1).

This review article presents a comprehensive compilation of
current knowledge on antisense RNAs, focusing specifically on their
synthesis, functioning, and regulatory effects on target gene
expression. Additionally, we examine the therapeutic potential of
asRNAs in cancer treatment. Moreover, we explore the crucial role
that antisense RNAs play in governing gene expression and their
potential therapeutic applications in combating viral infections
and cancer.

2 Research history of antisense RNA

Although the history of scientific exploration spans a vast and
intricate landscape, our focus centers on the nucleic acid-based gene
silencing/modification field, delving into significant research, facts,
and findings. Acknowledging the extensive literature on antisense
RNAs, we recognize the necessity of a selective approach. The
practical application of antisense oligonucleotides (ASOs) traces
its roots back to 1967 in Novosibirsk (Russia) when Grineva
pioneered the concept (Georg et al., 2009). Her groundbreaking
proposal involved attaching active chemical groups to
oligonucleotides, guiding these groups to specific nucleic acid
fragments complementary to the oligonucleotide. This directed
chemical reaction, termed the “method of complementary-
addressed modification,” facilitated modifications in targeted
regions of the nucleic acid near the formed duplex structure. In
1977, Grineva and her colleagues displayed the effectiveness of the
antisense approach by modifying valine tRNA, demonstrating
alkylation with a reagent bound to the corresponding
oligonucleotide at specific points along the valine tRNA. Nobel
laureate Gobind Khorana, in 1972, devised a strategy for
synthesizing a DNA duplex with a sequence mirroring the major
yeast alanine transfer RNA using overlapping DNA oligonucleotides
(Figure 2).

The initial documentation of the in vivo repression function of
natural antisense RNAs occurred in the early 1988, specifically in
plasmid CoIEI of bacteria. Following the CoIEI discovery, various
systems were characterized, revealing instances where antisense
RNA plays a role in inhibiting gene expression to regulate
processes such as plasmid replication, transposition, and
conjugation in prokaryotes. In the realm of eukaryotic cells, Izant
and Weintraub were pioneers in demonstrating the functionality of
antisense gene constructs. They accomplished this by modifying a
vector, excising the herpes simplex virus (HSV) thymidine kinase
gene (TK), and subsequently reinserting it into the vector in a
reverse orientation.When co-injecting the modified and unmodified
vectors with wild-type TK into TK mouse L cells, they observed a
fourfold drop in TK activity (Izant and Weintraub, 1984). One year
later, these researchers introduced antisense plasmid constructs into
eukaryotic cells through methods such as transfection or
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microinjection. They conducted both transient and stable
transformation assays, revealing that antisense transcripts
complementary to as few as 52 nucleotides of the 5′ untranslated
target gene mRNA could effectively suppress gene activity. This
provided additional evidence that the mechanism of suppression by
antisense RNA is conserved in eukaryotic cells. In the same
timeframe, two separate research groups independently displayed
the phenomenon of RNA antisense repression in higher organisms.
One group utilized a SP6 vector in an in vitro transcription system to
generate Kr antisense RNA, which was subsequently injected into
wild-type Drosophila embryos. This resulted in the inactivation of
Kr, leading to the development of Drosophila embryos with
phenotypes resembling those of Kr mutant embryos (Rosenberg
et al., 1985). Two independent research teams working withXenopus
have identified endogenous antisense RNA for basic Fibroblast
Growth Factor (bFGF), suggesting a potential role in modulating
the stability of bFGF mRNA (Kimelman and Kirschner, 1989). An
additional observation revealed that nuclear antisense RNA induces
adenosine deamination, leading to nuclear transcript retention, and
subsequently contributing to transcript degradation (Kumar and
Carmichael, 1997). In 2003, a study presented the inaugural
evidence indicating that a deletion in LUC7L gives rise to
juxtaposition with a neighboring HBA2 gene and the generation
of antisense RNA. This event culminates in the epigenetic silencing
of HBA2 in a patient affected by α-thalassemia (Tufarelli et al.,
2003). A multitude of natural antisense RNAs exhibiting repressive

functions have been discerned across diverse species. Ongoing
exploration of genome-wide antisense transcription is presently
underway in various animal and plant species, facilitated by
advancements in laboratory tools. Noteworthy instances of such
species encompass humans, mice, rice, and Arabidopsis thaliana
(Chen et al., 2004; Wang X. J. et al., 2005). The inaugural systematic
identification of genome-wide sense-antisense transcripts through
molecular biological methodologies was executed in the year 2004
(Wang X. J. et al., 2005). Devised an experimental methodology
enabling the genome-wide identification of endogenous mRNA
featuring extended complementary sequences to other transcripts
in both human normal mammary epithelial and breast cancer cells
(Røsok and Sioud, 2004; He et al., 2008; Yu et al., 2008; Raal et al.,
2010; Geary et al., 2015) In a parallel endeavor, He et al. introduced a
technique named Asymmetric Strand-Specific Analysis of Gene
Expression (ASSAGE), which facilitated the comprehensive
identification of sense and antisense transcripts from expressed
genes across five distinct human cell types. While conventional
understanding posited that gene regulation by antisense RNA
primarily occurs post-transcriptionally, functioning solely as a
repressor of mRNA translation, a recent investigation challenged
this notion. This study demonstrated that antisense RNA might
exert silencing effects on its sense gene at the transcriptional level.
This impact involves influencing A study administered pelacarsen
subcutaneously to 286 individuals with established cardiovascular
disease (CVD) and elevated lipoprotein (a) [Lp(a)] levels. It was

FIGURE 1
The overview of the therapeutic approach of directing therapeutic agents towards long non-coding RNA (lncRNA) for the treatment of cancer.
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observed that Lp(a) levels decreased in a dose-dependent manner,
ranging from 35% to 80%, with a favorable safety profile. Pelacarsen,
an antisense oligonucleotide (ASO) medication candidate for CVD,
has demonstrated promise in phase 2 trials and is currently
undergoing evaluation in phase 3 studies. However, the European
Medicines Agency ultimately decided against approving
Mipomersen despite these positive findings because of safety
concerns related to liver damage. Although it gained FDA
approval in 2013, its usage has been limited by safety concerns
and the availability of alternative therapies (Sochol et al., 2019).
Inotersen, like Mipomersen, is a GAPmer-structured, 2′-O-MOE-
modified ASO from the second generation. Using it to treat
transthyretin amyloidosis has been given the go-light as of 2018
(Keam, 2018).

The spliceosome is a complex molecular machinery responsible
for removing introns from transcribed pre-mRNA, enabling the
connection of exons to generate mature mRNA. ASOs can regulate
spliceosome activity by binding to specific sequences in pre-
mRNA, leading to the exclusion or inclusion of exons, thereby
modifying the resulting mRNA. Dystrophin is a vital protein for
maintaining muscle fiber integrity. Mutations in the dystrophin
gene result in the absence or dysfunction of dystrophin, causing
Duchenne muscular dystrophy (DMD). ASO-mediated exon
skipping aims to restore the production of partially functional
dystrophin proteins to alleviate DMD symptoms. Eteplirsen is a
splice-modulating oligonucleotide used in the therapeutic
management of individuals with DMD. In DMD, exon skipping

targets the restoration of the reading frame of the disrupted
dystrophin gene, leading to the synthesis of a shorter yet
partially functional dystrophin protein. Eteplirsen is effective for
approximately 13%–14% of DMD patients who carry specific
mutations. To address additional splicing defects in DMD,
approved drugs such as golodirsen, viltolarsen, and casimersen
are available. These pharmaceutical agents facilitate the skipping of
exon 53 or 45, thereby enhancing dystrophin protein production.
All these pharmaceutical substances, including eteplirsen, belong
to the third-generation antisense oligonucleotide (ASO)
medications, distinguished by their advanced chemical
modifications called phosphorodiamidate morpholino oligomers
(PMOs) (Nakano et al., 2010). The urgency of patients’ clinical
situations has led to the development of patient-customized
oligonucleotide treatments. Milasen is an example, being the
first patient-customized ASO used to treat neuronal ceroid
lipofuscinosis 7, a fatal neurodegenerative disease. Milasen’s
therapy showed acceptable side effects (Heo, 2020; Kim et al.,
2020). It is worth noting, that the emergence of patient-customized
treatments signifies a noteworthy advancement in the field of
antisense RNA therapeutics, presenting a novel approach to
address diseases that exhibit limited response to conventional
drug regimens. Antisense RNA therapeutics operate through
targeted manipulation of the expression and activity of specific
molecules, thereby offering promising prospects for personalized
medicines catering to the needs of individuals affected by
rare diseases.

FIGURE 2
Brief history of RNAs and antisense RNA in from 1972 to 2022.
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Ongoing clinical trials are being conducted to investigate the
therapeutic potential of ribozymes in the treatment of solid tumors,
HIV, and several other disorders. One such ribozyme, RPI.4610
(Angiozyme), targets the vascular endothelial growth factor receptor
one (VEGFR1) mRNA to inhibit angiogenesis (Morrow et al., 2012).
However, its poor efficacy has hindered further clinical development
(Mitsuyasu et al., 2009; Karuppiah et al., 2021). This suggests cell-
mediated gene delivery could be a safe therapeutic approach for HIV
patients and potentially a conventional HIV treatment (Mitsuyasu
et al., 2009). While the earliest clinical studies with ribozymes
showed promising outcomes, further research is required to
ascertain their stability, in vivo functionality, targeted delivery to
specific tissues, and sustained expression over an extended period of
time. Addressing these aspects will be crucial for successfully
implementing ribozymes as therapeutics. Transthyretin is a
plasma protein produced in the liver that, along with the retinol-
binding protein complex, is responsible for transporting the thyroid
hormone thyroxin throughout the body. Amyloid deposits in
various organs result from single-nucleotide polymorphisms in
the transthyretin gene, including coding and non-coding regions
(Sikora et al., 2015). Patients given weekly subcutaneous injections
of Inotersen showed reduced levels of circulating transthyretin,
slowed disease progression, and enhanced quality of life in a
randomized, double-blind, placebo-controlled phase 3 clinical
study (Benson et al., 2018). Oligonucleotides have become a
powerful tool for treating genetic diseases and cancer by altering
protein synthesis. Methods for transporting oligonucleotide drugs
include bio conjugation to escort moieties, chemical modification of
nucleic acids, and development of nanoparticle carriers. Many
medications have been brought to clinical approval thanks to
these technical advancements, but the problem of efficient and
focused distribution persists.

3 Characterization of antisense RNA

Lehner et al. (2002); Yelin et al. (2003); Collani and Barcaccia
(2012); Loganathan and Doss C (2023) A study administered
pelacarsen subcutaneously to 286 individuals with established
cardiovascular disease (CVD) and elevated lipoprotein (a) [Lp(a)]
levels. It was observed that Lp(a) levels decreased in a dose-
dependent manner, ranging from 35% to 80%, with a favorable
safety profile. Pelacarsen, an antisense oligonucleotide (ASO)
medication candidate for CVD, has demonstrated promise in
phase 2 trials and is currently undergoing evaluation in phase
3 studies In the context of eukaryotes, viruses, and notably the
human immunodeficiency virus type one (HIV-1), have garnered
considerable attention from scientists. This study specifically
investigated the HIV-1, revealing the identification of functional
antisense RNAs transcribed from the viral genome (Berro et al.,
2007). The findings indicate that these antisense transcripts possess
the capability to affect viral replication through the modulation of
gene expression. The exploration of antisense RNAs in HIV-1
infection holds promise in elucidating the complex mechanisms
underlying viral gene regulation and may pave the way for the
development of innovative antiviral therapies (Streib et al., 2007).
These antisense RNAs have been found to modulate the expression
and replication of HIV-1 genes. Thus providing evidence that

antisense RNA-mediated silencing of viral genes might be an
effective antiviral therapy target (Berro et al., 2007).

Piero Carninci et al, conducted a study to better understand the
breadth and possible functional roles of these non-coding RNA
molecules, the researchers set out to discover and describe all
antisense transcripts in the mammalian transcriptome (Katayama
et al., 2005b). In the study, publicly available databases and freshly
developed RNA sequencing (RNA-seq) data were used to collect
transcriptome data from diverse mammalian species, including
humans and mice. The team created methods to compare
sequencing reads to identified sense transcripts or mRNAs to
detect antisense transcripts (Lindberg and Lundeberg, 2010).
Researchers annotated genomic locations, lengths, and other
features of antisense transcripts. They compared antisense and
sense transcript expression levels (Katayama et al., 2005a).
Functional enrichment analysis revealed the antisense transcripts’
putative roles. Associating antisense transcripts with Gene Ontology
(GO) keywords, biochemical pathways, and biological processes
helped reveal their possible functions in cellular regulation
(Katayama et al., 2005b). The collaborative investigation revealed
the frequency and characteristics of antisense transcripts in the
mammalian transcriptome (Deveson et al., 2017). This investigation
significantly advanced our understanding of the intricate regulatory
mechanisms governing gene expression in mammals. Specifically, it
illuminated the prevalence and functional implications of antisense
transcription. Researchers in this study focused on the impact of
antisense long noncoding RNAs (lncRNAs) on morphine tolerance
in mice. Notably, certain antisense lncRNAs exhibited elevated
expression levels following long-term morphine therapy, and
their influence was demonstrated in modulating the expression of
genes encoding opioid receptors, thereby affecting morphine
sensitivity and tolerance. Lu Z. et al. (2020).

Antisense RNA characterization is a new and quickly developing
area of study. A multitude of antisense transcripts with diverse
functions has been uncovered, providing insights into their
regulatory roles in gene expression. Potential applications in
biotechnology and medicine hinge on understanding the
processes of antisense RNA-mediated gene control, which is still
a topic of ongoing research. Undoubtedly, further studies in this area
will help us better grasp how genes and cells function together.

4 Function of antisense RNA

The transcript or the transcription process can mediate an
antisense transcript’s function. In addition, the functional effects
of antisense expression can be classified as either cis (affecting only
the alleles on the strand of DNA from which they are produced,
typically locally) or trans (affecting alleles on different strands of
DNA) in nature (Berretta et al., 2008). When antisense effects are
observed in trans, the commonly held assumption is that the
transcribed RNA molecules are accountable for these effects.
Conversely, antisense effects in cis are generally attributed to the
process of antisense transcription itself. However, both
interpretations are incorrect (Wery et al., 2011). Interactions
mediate trans effects between antisense transcription regions and
other loci via the three-dimensional organization of chromatin, and
cis effects are mediated by the persistence of antisense transcripts at
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the sites of their synthesis (via stalled polymerases, R-loops or triple
helices, for example,) (Camblong et al., 2009). The fact that both
antisense and sense transcripts are produced from the same area
implies that antisense transcripts function more frequently in cis
than other ncRNAs that usually operate in transcription rather than
in cis (Camblong et al., 2007; Rinn et al., 2007). Modulating a gene’s
expression and then analyzing the resulting changes in phenotype is
a tried-and-true method for identifying its role (Woo et al., 2017).
However, their chromosomal location makes antisense transcripts
notoriously difficult to manipulate without altering sense
expression. Antisense RNA (asRNA) is essential in controlling
gene expression in many different types of organisms. It is an
antisense molecule to the sense RNA, also known as messenger
RNA (mRNA), generated from the DNA strand encoding the
protein (Ma et al., 2021). Different regulatory effects, which affect
gene expression at varying levels, might result from antisense RNA
interacting with its target mRNA (Statello et al., 2021).

4.1 Epigenetics regulation

Epigenetics is commonly described as alterations in gene
expression that are passed down without alterations to the DNA
sequence. Recent studies indicate that the impact of antisense long
noncoding RNAs (lncRNAs) on gene expression involves
influencing epigenetic modifications, including DNA methylation
and histone modifications. DNA methylation, a crucial epigenetic
mechanism regulating gene expression, plays a significant role in
cancer development, highlighting the importance of alterations in
DNA methylation patterns (Meissner et al., 2008).

A study administered pelacarsen subcutaneously to
286 individuals with established cardiovascular disease (CVD)
and elevated lipoprotein (a) [Lp(a)] levels. It was observed that
Lp(a) levels decreased in a dose-dependent manner, ranging from
35% to 80%, with a favorable safety profile. Pelacarsen, an antisense
oligonucleotide (ASO) medication candidate for CVD, has
demonstrated promise in phase 2 trials and is currently
undergoing evaluation in phase 3 studies. Similarly, AGAP2-AS1
induces histone acetylation in the MYD88 promoter region, which
stimulates cell proliferation and suppresses apoptosis in breast
cancer (BC). Furthermore, certain antisense long noncoding
RNAs (lncRNAs) have been implicated in additional histone
modifications. Specifically, in gastric cancer (GC), the heightened
expression of FOXD2-AS1 facilitates carcinogenesis by orchestrating
the epigenetic silencing of EPHB3. This is achieved through the
recruitment of EZH2 and LSD1, resulting inH3K27methylation and
H3K4 demethylation, respectively (Xu T. P. et al., 2018).

4.2 Antisense transcriptional activation

Positive regulation of gene expression by antisense RNA occurs
via increased transcription. In this case, the antisense RNA binds to
regulatory elements such as promoters and enhancers of the target
gene (Gil and Ulitsky, 2020). This binding might stabilize
transcription factors or chromatin-modifying complexes to assist
transcription initiation and elongation better, resulting in an open
chromatin shape (Gil and Ulitsky, 2020). Shearwin et al. have

developed multiple theoretical models to offer a deeper
understanding of the fundamental mechanisms involved in
antisense-mediated transcriptional interference (Zhao et al.,
2020). These models shed light on the potential occurrence of
such interference not only during transcription start but also
throughout the process of transcription elongation. (A) Promoter
competition occurs when the presence of an antisense promoter
limits the occupancy of RNA polymerase (RNAP) at the sense
promoter, leading to the downregulation of both transcripts. (B)
Dislodgement refers to the sensitivity of the sense promoter to
RNAP binding, which is a slow process, resulting in displacement by
the antisense RNAP complex. (C) Occlusion describes the situation
where the RNAP complex obstructs the sense promoter, preventing
its proper functioning. The first three of these models could be
associated with the initiation phase of sense gene transcription,
while the last two may play a role in the elongation phase of sense
gene transcription (Shearwin et al., 2005). Figure 3, however, is
unclear that such simplistic models can account for all aspects of
transcriptional interference. The study of transcriptional
interference in higher eukaryotes is intricate due to factors like
the diversity of transcription initiation complexes and the intricacies
of chromatin structure. Several examples of antisense-mediated
transcription activation in genes involved in development, stress
responses, and immunological control (Rahman et al., 2017). The
investigation focused on the role of antisense RNA in enhancing
LRP1 gene transcription. An antisense transcript from the
LRP1 locus was shown to interact with HMGB2, a protein found
in chromatin (Shinohara et al., 2017). Because of this interaction,
RNA polymerase II and other components of the transcriptional
machinery were brought to the promoter region of the sense
LRP1 gene, leading to the activation of transcription. The
research showed that antisense RNA may positively regulate gene
expression by altering chromatin structure (Yamanaka et al., 2015).
The potential of antisense RNA in gene silencing through
transcription was examined in Escherichia coli. It was found that
transcriptional repression occurred when antisense RNA molecules
were targeted at the promoter region of specific genes. The target
genes were silenced by transcriptional silencing due to this method
(Overlöper et al., 2014). Although this work focused on
transcriptional repression, the ability of antisense RNA to
modulate gene expression in either a positive or negative
direction was highlighted (Georg et al., 2020). Alternative splicing
(AS) is frequently linked to the process of transcription, and long
non-coding RNAs (lncRNAs) have the potential to modulate AS by
means of transcriptional control (Olivero et al., 2020). Lung cancer
growth is inhibited by the lncRNA Pvt1b, which reduces the
transcriptional activity and overall level of c-Myc (Olivero et al.,
2019). The well-documented phenomenon involves the oncogenic
transcription factor c-Myc causing the deregulation of pyruvate
kinase mRNA splicing. This occurs via the transcriptional activation
of hnRNP proteins (David et al., 2010). (HCC) also exhibits
carcinogenic activity due to an increase in the lncRNA MALAT1
(Metastasis-associated lung adenocarcinoma transcript 1) (Malakar
et al., 2017). Mechanism analysis indicated that MALAT1 targets the
Wnt pathway/c-Myc axis to stimulate the production of the
oncogenic splicing factor SRSF1 (Malakar et al., 2017).
Furthermore, investigating the function of antisense
transcriptional activation in development, tissue-specific
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expression, and numerous illnesses would be of interest.
Understanding how this regulatory system contributes to normal
cellular activities and abnormal circumstances might have major
implications for therapeutic approaches.

4.3 Alternative splicing regulation

Alternative splicing is a crucial mechanism that allows a single
gene to produce multiple protein isoforms, thereby expanding
proteomic diversity. It plays a significant role in various biological
processes, including cell differentiation, and its dysregulation has been
implicated in disease states. Eukaryotic gene expression relies heavily
on alternative splicing, allowing various mRNA isoforms to be
generated from a single gene by selectively incorporating or
deleting exons (Wright et al., 2022). This mechanism allows the
production of many proteins from a single gene, each serving a
unique purpose. Development, tissue-specific expression, and the
response to environmental signals rely heavily on the closely
regulated process of alternative splicing (Nembaware et al., 2008).
Antisense RNA continues to be a subject of active research due to the
limited understanding of its role in splicing. The antisense strand of an

RNAmolecule is a sequence of nucleotides complementary to a gene’s
sense strand. Antisense RNA may affect splicing because of RNA-
RNA interactions, in which it may build double-stranded RNA
structures with the sense RNA (Santos et al., 2022). By forming
complementary base pairs with pre-mRNA, antisense RNAmolecules
may interfere with correctly identifying splice sites and splicing
regulatory elements. Exon inclusion or exclusion is regulated by
the degree to which this interaction promotes or inhibits the use
of certain splice sites (Santos et al., 2022). Traditionally, NATs interact
with certain splicing factors to regulate alternative splicing (Romero-
Barrios et al., 2018). The role of the antisense non-coding RNA
EGOT, which is transcribed from the sense ITPR1, involves the
stimulation of autophagy and enhancement of the susceptibility of
breast cancer cells to paclitaxel, an anti-cancer agent that impedes
mitosis and diminishes the proliferation of cancerous cells (Xu et al.,
2019). ITPR1 overexpression can be achieved because EGOT can
muddle to the ITPR1 pre-mRNA, which recruits the splicing factor
hnRNPH1 through motif-specific recruitment. As an oncogene,
EGOT functions this way (Xu et al., 2019). Additionally, NAT
may directly disturb splicing variant equilibrium by creating an
RNA-RNA duplex with its sense RNA to hide splice sites. ZEB2-
AS1, ZEB2’s NAT, is one such well-known instance (Pelechano and

FIGURE 3
The phenomenon of transcriptional interference facilitated by natural antisense transcripts (NATs). During the initiation phase, namely, in the initial
stage denoted as promoter competition, a competitive interaction occurs between the promoters of sense and antisense genes in order to secure the
RNA polymerase (RNAP) complex. The introduction of the antisense gene RNAP complex results in the displacement of the RNAP complex associated
with the promoter of the sense gene. During the process of antisense transcript elongation, the complex formed by the antisense RNA polymerase
(RNAP) obstructs the promoter region of the sense gene. During the elongation stage of transcription. The phenomenon of collision arises when RNA
polymerase (RNAP) complexes come into contact inside the region where sense and antisense genes overlap, thereby impeding the ongoing process of
transcription.
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Steinmetz, 2013). ZEB2, a transcription factor that serves as a
biomarker for the process of endothelial-mesenchymal transition
(EMT), exerts a significant influence on the intricacies of cancer.
Since ZEB2-AS1 overlaps with the intron of ZEB2’s 5′UTR
(untranslated region), which includes an internal ribosome entry
site (IRES) essential for ZEB2 translation, an RNA-RNA duplex is
formed to shield the IRES from processing, which improves ZEB2’s
translation efficiency (Beltran et al., 2008). This is likely what
motivates EMTs in some forms of malignancy. Antisense RNA-
mediated splicing control is of great interest because of its
potential impact on human illness. New treatment approaches may
be possible if we learn how this mechanism’s dysregulation leads to
various clinical diseases.

4.4 Post-transcriptional

Post-transcriptional gene regulation involves the control of gene
expression after the transcription of RNA from DNA. This process
includes RNA splicing, RNA editing, and the regulation of mRNA
stability and translation. It is a critical step in the fine-tuning of gene
expression and the generation of proteomic diversity. Many
antisense lncRNAs function as ceRNAs at the post-
transcriptional stage, controlling the development and
progression of cancer. CeRNAs refer to competitive endogenous
RNAs, which are messenger RNAs that are targeted by microRNAs
(miRNAs). These CeRNAs interact with miRNAs to exert regulatory
control over the expression of the specific mRNA under
consideration. Antisense lncRNAs can influence cancer
development via this miRNA-mediated pathway (Rupaimoole
and Slack, 2017). Prostate cancer (PCa) cells exhibit notable
expression of the antisense long non-coding RNA (lncRNA)
FOXP4-AS1 and its corresponding coding transcript FOXP4.
Elevated levels of FOXP4-AS1 have been observed to promote
cancer cell proliferation and are correlated with an unfavorable
prognosis (Wu et al., 2019).

Interestingly, miR-3184-5p, which explicitly targets FOXP4,
binds to FOXP4-AS1. The binding of miR-3184-5p by
FOXP4 and FOXP4-AS1 is competitive. Therefore, it acts to
increase FOXP4 protein levels. Numerous research studies have
shown the tumor-promoting roles of ZEB1-AS1 (Lv et al., 2018);
Two of them prove that ZEB1-AS1 is a ceRNA that promotes CRC
cell growth and migration; however, the two targeted-miRNAs are
distinct. A study revealed the presence of a negative correlation
between the expression levels of miR-181a-5p in colorectal cancer
(CRC) cells and the levels of ZEB1-AS1. Additionally, the study
explored the role of the antisense lncRNA FOXC2-AS1 in
doxorubicin resistance in osteosarcoma. Drug resistance in
osteosarcoma cells was discovered to be facilitated by FOXC2-
AS1, which functions as a ceRNA by binding competitively to
miR-3607-3p and increasing FOXC2 expression (Zhang et al.,
2017). Scientists looked at the breast cancer cell regulatory
network for ceRNAs. They showed that SPRY4-IT1, an antisense
lncRNA, acts as a ceRNA to enhance breast cancer cell proliferation
by regulating ZNF703 expression via miR-211-3p sponging (Shi
et al., 2015). Additional miRNA targets for ZEB1-AS1 are expected
to be uncovered, given its involvement in carcinogenesis and
progression in various cancer types. Furthermore, FOXC2-AS1 in

PCa is a target of miR-1253. Furthermore, miR-324-5p uses TPT1-
AS1 as a sponge in CC (Jiang et al., 2018). Future research in this
field could lead to the creation of effective therapies, as there is a
growing realization that several antisense long non-coding RNAs
(LncRNAs) exert their functions in cancer through the competing
endogenous RNA (ceRNA) pathway.

4.5 Genome imprinting

Genome imprinting is an epigenetic phenomenon that results in
the differential expression of alleles depending on their parental
origin. It plays a crucial role in mammalian development and has
been implicated in various genetic disorders and diseases, making it
an important area of study in genetics and developmental biology.
Some genes are expressed monoallelically due to the epigenetic
process known as genomic imprinting, in which only one of the two
paternal alleles is active, and the other is repressed. This monoallelic
expression pattern is set during gametogenesis and persists
throughout the organism’s life (da Rocha and Gendrel, 2019).
Genomic imprinting relies on regulating the expression of
imprinted genes, and recent evidence suggests that antisense
RNAs play a crucial part in this process (Manoharan et al.,
2004). Imprinted genes frequently co-occur with natural
antisense transcripts, with a frequency of 81% or more in one
research (Katayama et al., 2005b). Over 160 imprinted genes
have been discovered in both humans and mice, with the
majority of them arranged in clusters. The process of directed
chromatin and DNA alteration by antisense RNA spreads to
include surrounding genes for several imprinted genes, including
insulin-like growth factor type 2 receptor (igf2r) and the imprinting
regulatory region of Kcnq1 (Sleutels et al., 2002; Pandey et al., 2008).
The study investigated that Kcnq1ot1 is an imprinted noncoding
RNA gene on mouse chromosome 7’s Kcnq1 domain, and its
imprinting was studied to determine the function of antisense
transcription in this process (Faghihi et al., 2010). Kcnq1ot1 is
an essential regulator of the expression of several imprinted genes
within the Kcnq1 domain and is expressed only from the paternal
allele (Rosikiewicz and Makałowska, 2016). The lncRNA H19 was
studied to see if it had a part in genomic imprinting in developing
mice. The H19 gene locus has an ICR that controls transcription
from the maternal allele. This gene is a well-known example of an
imprinted gene. Specifically, they discovered that the father’s
H19 ICR allele transcribes an antisense RNA. Proper H19 gene
imprinting and preservation of the differential DNA methylation
pattern at the H19 ICR rely on this antisense RNA (Kallen et al.,
2013). Abnormal methylation patterns at the H19 ICR and changes
in H19 gene expression were seen when the antisense RNA was
deleted, demonstrating the critical involvement of antisense RNA
in genomic imprinting at this locus (Schmitt and Chang, 2016).
These effects are not caused by the RNAi pathway (Rossi and
Paiardini, 2022). Similar to X chromosome inactivation (below),
although with less penetrance, suppressive chromatin changes
travel in both directions to nearby genes (Sleutels et al., 2002).
Investigating the functions and regulatory mechanisms of
antisense RNAs in genomic imprinting can deepen our
understanding of gene regulation during development and
disease. As the field progresses, we can expect discoveries and
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potential therapeutic implications from studying antisense RNA in
genomic imprinting.

5 Applications of antisense RNA in
anticancer treatments

Cancer is one of the leading causes of death in humans and
one of the most rapidly spreading lethal diseases (Cavalli, 2013).
Despite extensive research into cancer, early detection and
treatment techniques are lacking (Xu J. et al., 2018). Cancer is
widely recognized as a complex process that involves the
inactivation of genes that suppress cancer and the activation of
genes that promote cancer. Fortunately, evidence shows that
antisense RNAs can be crucial in cancer detection and
treatment (Hansen et al., 2015). Some ncRNAs may be helpful
as diagnostic markers for cancer. Multiple studies have shown that
aberrant expression of antisense RNA may be utilized as an
indication in cancer detection, which is crucial for effective
and clinically useful biomarkers in cancer treatment (Koch,
2014). One study demonstrated major differences in the
expression levels of 15 miRNAs between healthy and malignant
tissues. Finding new medications to control the expression of
carcinogenic factors and associated genes is an urgent need for
cancer patients awaiting effective therapies (Bustin and Murphy,
2013). It has been shown that Stat5 or survivin is overexpressed in
several types of human cancer cells and primary tumors (Iorio
et al., 2005). Therefore, several scientists use antisense RNAs to
dampen Stat5 or survivin expression, reducing tumor cell
proliferation and death (Wang T. H. et al., 2005). Some
antisense RNAs have been shown to promote cancer (miR-21,
miR-155, miR-17–20), while others have been found to decrease
cancer (miR-15, miR-16, miR-143) (Zhang et al., 2012). Antisense
RNA allows researchers to manipulate gene expression in two
ways: they may increase the expression of tumor-suppressing
genes or decrease the expression of cancer-promoting genes,
respectively; this allows them to study the genes’ targets and
determine the best ways to treat cancer. Antisense
oligonucleotides (ASOs) are presently the most cutting-edge
approach to therapeutic lncRNA targeting. These molecules are
short stretches of DNA that may be rapidly constructed using
criteria like sequence similarity and RNA accessibility (Lee and
Mendell, 2020). ASOs have the ability to effectively trigger co-
transcriptional cleavage mediated by RNase H at the binding site
of the ASO. This process leads to premature termination of
transcription and subsequently reduces the amounts of long
non-coding RNA (lncRNA). While ASOs demonstrate high
efficacy inside cellular environments, their clinical application
is hindered by challenges such as in vivo toxicity and inadequate
transport pathways, which restrict the effective targeting of
therapeutic ASOs to tissues (Lai et al., 2020). Many ASOs
undergo chemical modifications to enhance their hybridization
affinity with target RNA, hence increasing resistance to nuclease
degradation and reducing non-specific immunostimulatory
activity. These modifications aim to improve the
pharmacological properties of ASOs. GapmeR ASOs are one
type of these chemical variants; they are triple-stranded RNA-
DNA-RNA oligonucleotides in which some of the ribonucleotides

have a 2′-O-methoxyethyl modified sugar backbone222 or other
modifications such as locked nucleic acids and S-constrained ethyl
residues (Seth et al., 2010).

5.1 Antisense oligonucleotide-
based therapies

Synthetic antisense oligonucleotides (ASOs) are commonly
used to trigger RNase H-mediated RNA degradation by forming
a DNA-RNA hybrid with target RNA (Zhang et al., 2019).
Occupancy-only ASOs may potentially trigger endogenous
cellular monitoring programs that eliminate aberrant mRNAs,
which we address in the application section (Ward et al., 2014).
When ASOs operate on pre-mRNAs to generate mRNAs with
premature termination codons (PTCs), the targets may be
destroyed by nonsense-mediated mRNA decay (NMD) (Melton,
1985). In addition, ASOs may either halt or kick-start the
translation process (Baker et al., 1999). ASOs, on the one hand
(Liang et al., 2016), may silence the target RNA by altering
polyadenylation or inhibiting translation at the 5′cap (Vickers
et al., 2001). However, ASOs may also attach to inhibitory elements
like uORF upstream of the target gene (Liang et al., 2017).
Alternatively, other translation inhibitory elements (TIEs) might
boost target RNA expression (Cereda et al., 2015). The
pharmacological characteristics of ASOs may be enhanced using
occupancy-only ASOs rather than those reliant on RNase H1 (Li
and Rana, 2014). To avoid unwanted cleavage of target RNA by
RNase H1 or Ago2, it is crucial that occupancy-only ASOs do not
form an RNA-DNA duplex. One alternative commonly used in
ASOs is phosphorodiamidate morpholino oligomers (PMOs),
which replace the standard ribofuranose ring with a six-
membered morpholino ring and have a backbone linked by
phosphorodiamidates. This structural alteration safeguards the
PMO against nucleases, while also minimizing the reduction in
complementary RNA affinity (Crooke et al., 2021) (Figure 4).
Furthermore, an additional design of (ASOs) is the RNase H
independent or occupancy-only route. These ASOs are
specifically engineered to act as steric hindrances, physically
impeding or preventing the translation or splicing of the RNA
molecule being targeted (Damase et al., 2021). The FDA and EMA
have authorized a number of ASO medicines. Too far, nine ASO-
based medications have been authorized for commercial usage, all
of which treat uncommon disorders. However, the ASOs now
under development demonstrate how the ASO platform is being
used to treat other prevalent illnesses (Gagliardi and Ashizawa,
2021). Casimersen, the latest ASO-based medication to receive
approval, was granted expedited clearance by the US Food and
Drug Administration for the treatment of Duchenne muscular
dystrophy (DMD). Frameshift or nonsense mutations in the DMD
gene, which codes for the dystrophin protein, block functional
dystrophin synthesis and cause Duchenne muscular dystrophy
(DMD), a degenerative neuromuscular illness that is inherited via
the X chromosome (Shirley, 2021). ASOs do not only focus on
uncommon illnesses; they also aim to treat cardiovascular
conditions. Researchers are also investigating ASO medication
candidates for the treatment of cardiovascular disease (CVD),
and they share certain similarities with siRNA therapeutics.
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Using RNase H1 dependent cleavage, Pelacarsen, a first-in-class
GalNAc-conjugated PS ASO, specifically targets apolipoprotein(a)
(apo(a)) mRNA (Wagner et al., 2021). The PMO medication
candidate demonstrated good tolerability during a phase 1/
2 study in individuals with DMD eligible for exon 45 skipping.
All evaluable casimersen recipients showed an increase in exon
45 skipping, according to interim results from the phase
3 ESSENCE trial (NCT identifier: NCT02500381). However, the
sample size is small, and the trial is still ongoing, making it difficult
to determine whether or not Casimersen can improve motor
function (Crooke et al., 2021). Elevated levels of lipoprotein(a),
referred to as Lp(a), which is a lipoprotein similar to LDL
composed of ApoB and apo(a) connected by a disulfide bridge,
have been linked to an increased risk of cardiovascular disease. A
study administered pelacarsen subcutaneously to 286 individuals
with established cardiovascular disease (CVD) and elevated
lipoprotein(a) [Lp(a)] levels. It was observed that Lp(a) levels
decreased in a dose-dependent manner, ranging from 35% to
80%, with a favorable safety profile. Pelacarsen, an antisense
oligonucleotide (ASO) medication candidate for CVD, has
demonstrated promise in phase 2 trials and is currently
undergoing evaluation in phase 3 studies (Fernandez-Prado
et al., 2020). Recent developments in antisense technology have
spurred the creation of ASOs, proving the adaptability and safety
of ASO-based therapeutics. Many ASO candidates for treating

more prevalent illnesses are undergoing cutting-edge clinical
research and are expected to show promising results in the
future. Unlike RNAi, which is ineffective against nuclear NATs,
ASOs may effectively target nuclear NATs since RNase H is highly
expressed there (Setten et al., 2019). In particular, the ASOs
developed to block cis-NATs are known as antagonists (Derrien
et al., 2012b). This may prevent sense transcripts from interacting
with their antisense counterparts, leading to a breakdown of the
NAT and transcriptional depression of the adjacent sense
transcript (Derrien et al., 2012a). Loss-of-function studies on
NATs have gained significant interest, but there are still
significant barriers to their clinical applicability, including off-
target effects, limited cellular uptake, and cytotoxicity (Arun et al.,
2018). Fortunately, gene-editing technologies have advanced to the
point where they may be used as an alternate method for NAT-
targeted treatment.

5.2 Exploring the clinical implications and
diagnostic/therapeutic opportunities of
HOTAIR upregulation in cancer

At least 24 distinct forms of solid tumors have been associated
with aberrant HOTAIR expression and function (Gupta et al., 2010).
In cancer, increased HOTAIR expression is linked to worse

FIGURE 4
Schematic representation of the mechanism of action of ASO. In the cytoplasm, A, ASOs bind to specific RNA for RNase H cleavage, resulting in
target mRNA destruction. In the cytoplasm, ASOs have the ability to bind to mRNA, thereby preventing RNA binding protein complexes from interacting
and subsequently inhibiting the translation of target mRNA. ASOs, also known as antisense oligonucleotides, have the ability to penetrate the nucleus and
regulate the process of splicing. This regulation occurs through the binding and obstruction of a splice junction or exonic/intronic sequences,
resulting in the exclusion or inclusion of specific exons. The ribonucleoprotein (RNP) complex facilitates the catalysis of this process.
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outcomes in both overall and disease-free survival and metastasis
and treatment resistance (Zhang et al., 2015). HOTAIR has been
shown to support proliferation, survival, stemness, invasion, and
resistance to treatment via interactions with molecules such as
chromatin modifiers, ubiquitin ligases, and miRNAs (Sun et al.,
2015). These shows that increased HOTAIR expression is a
biomarker for cancer diagnosis, metastasis, therapeutic resistance,
and poor survival (Heubach et al., 2015).

Given that HOTAIR is stable and detectable in bodily fluids and
that its elevation has prognostic and diagnostic implications for
cervical, breast, glioblastoma, pancreatic, and gastric cancers, as well
as melanoma, it holds potential as a biomarker (Shen et al., 2018).
Due to its ability to stimulate growth, survival, and invasion in
several cancer cell types (Table 1), HOTAIR has emerged as a
prospective therapeutic target (Marczynski et al., 2020).
Accordingly, antisense oligonucleotides targeting HOTAIR have
shown promise as a treatment in animal models. Breast,
pancreatic, and gastric cancer cell growth and invasion may all
be stopped using a small interfering RNA (siRNA) directed against
HOTAIR (Kishikawa et al., 2015). Furthermore, it is enticing to
consider selectively disrupting the interactions between HOTAIR
and its partners in order to halt their carcinogenic activities. To
make platinum more effective against ovarian tumors that have
become resistant to chemotherapy, researchers developed a peptide-
nucleic acid hybrid that blocks HOTAIR binding to EZH2 (Özeş
et al., 2017). Therefore, expanding this approach to disrupt
HOTAIR’s connections with additional partners in cancer cells is
feasible. To fully harness HOTAIR’s diagnostic and therapeutic
potential, it is essential to acquire a comprehensive
understanding of how the expression and activity of HOTAIR
become dysregulated in cancer cells. As a result, in the following
paragraphs, we will examine why HOTAIR is malfunctioning
with cancer.

5.3 CRISPR Cas9 and lncRNA in treatment
of cancer

Tumors are caused by dysregulation of cell proliferation,
including activating proto-oncogenes and inactivating tumor-
suppressive genes (Skoulidis and Heymach, 2019). CRISPR/Cas9’s
ability to alter numerous genes gives it significant potential in cancer
treatment, and genome engineering technology offers fresh hope for
cancer treatment (Martínez-Jiménez et al., 2020). With the
advancements in CRISPR/Cas biology such as the discovery and
characterization of diverse types of Cas proteins and gRNA
engineering, the use CRISPR/Cas technology to knockout
oncogenes have become a very effective way to prevent tumor
growth. For instance, fixing tumor suppressor genes and
restoring their function can be used to prevent tumor formation
(Azangou-Khyavy et al., 2020). Lung, colorectal, head, and
hepatocellular carcinoma research currently focuses on CRISPR/
Cas9-based gene therapy (Lu Y. et al., 2020; Xu et al., 2020). Recent
research has indicated that the utilization of CRISPR/Cas9 has
demonstrated efficacy in effectively suppressing the
transcriptional activity of loci that express long non-coding
RNAs (lncRNAs) (Koch, 2017). CRISPR/Cas9 system has been
employed to specifically target the gene promoters in order to

induce transcriptional silencing. Research has indicated that a
substantial number of over 16,000 lncRNA promoters throughout
the human genome have the potential to be selectively influenced by
guide RNAs (Gilbert et al., 2014). In addition to target the
promoters, CRISPR/Cas9 system has been employed for
specifically targeting genomic DNA within cancer cells and
animal cancer models. For instance, the metastatic process was
significantly impeded upon the deletion of lncRNA-NEAT1 and
lncRNA-MALAT1 (Thakore et al., 2015). Previous studies have
revealed that lncRNA-GMAN, a long non-coding RNA, is
associated with gastric cancer metastasis. The GMAN gene
exhibits notably increased expression levels within gastric cancer
cells. This heightened expression of GMAN has been found to be
correlated with an unfavorable prognosis (Liu et al., 2017). A
meticulously designed proof-of-concept animal experiment
highlighted the effectiveness of a GMAN-targeting CRISPR/
Cas9 system in inhibiting the spread of gastric cancer cells and
improving the overall survival rate in murine subjects (Adriaens
et al., 2016).

The CRISPR/Cas9 system has extensive flexibility and precise
targeting capabilities as a genome-editing tool in theory. However, it
is important to note that in real implementations, there is still a
possibility of off-target cleavage events occurring. Hence, it is
imperative for oncologists to exercise increased prudence while
formulating gene-editing treatment. The clinical use of the
CRISPR/Cas9 system for targeting lncRNA in cancer treatment
may lack clarity. In addition, it is crucial to prioritize the
development of gene-editing technologies that are more precise
and tailored to specific genetic modifications.

5.4 RNAi-based therapy

Too far, the Food and Drug Administration (FDA) has granted
authorization for three small interfering RNA (siRNA) drugs,
namely, patisiran, givosiran, and lumasiran. Additionally, there
are currently seven siRNA candidates, including inclisiran,
vutrisiran, fitusiran, cosdosiran, nedosiran, tivanisiran, and
teprasiran, that are undergoing Phase III clinical research.
Patisiran is a significant milestone as the inaugural RNAi-based
medication sanctioned by the FDA for the management of
hereditary transthyretin-mediated polyneuropathy. This
achievement heralds a promising era for the development and
application of RNAi therapies (Mitsuyasu et al., 2009; Adams
et al., 2018). The patisiran small interfering RNA (siRNA)
molecule, also known as ALN-18328, functions in a manner akin
to inotersen by effectively suppressing any potential messenger
RNAs (mRNAs) that exhibit coding region modifications. This is
achieved through the specific targeting of the (3UTR) of the
transthyretin (TTR) gene (Benson et al., 2018). Alnylam
developed the stabilization chemistry-GalNAc delivery platform
with the objective of augmenting the therapeutic efficacy of
siRNA therapeutics (Adams et al., 2018). As of the present time,
over 33% of RNA interference (RNAi) medications undergoing
clinical trials consist of small interfering RNAs (siRNAs) coupled
with GalNAc (Zimmermann et al., 2017). Revusiran, a GalNAc-
siRNA medication, shown a notable enhancement in the absorption
of asialoglycoprotein receptors for hepatic administration, marking
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it as the pioneering medicine in this category (Garber, 2016).
Nevertheless, the “ENDEAVOUR” phase III clinical research
(NCT02319005) was terminated due to an inequitable dispersion
of mortality rates (Nair et al., 2017). Alnylam has continued to create
GalNAc-siRNA conjugates for therapeutic use despite the failure of
revusiran by carefully integrating chemical changes into the siRNA
that can provide further stability against nuclease activity
(Markham, 2021). Givosiran and Lumasiran, the second and
third small interfering RNA (siRNA) medications that have
received approval from the Food and Drug Administration
(FDA), have provided evidence indicating that GalNAc-
conjugated siRNAs given subcutaneously are associated with
favorable tolerability, substantial reduction in target mRNA
levels, and a low risk profile (Morrison, 2018).

Moreover, numerous well-established corporations have
implemented sophisticated RNA interference (RNAi) techniques,
involving comprehensive chemical modifications and metabolic
stabilization. These techniques incorporate various secondary
structures and patterns of chemical alteration. RNA interference
(RNAi) therapy has demonstrated significant potential in treating a
broad spectrum of disorders, extending beyond liver-related
conditions. It can effectively target both rare and common
diseases that afflict a substantial number of patients. One
exemplar corporation proficient in the development of
pharmaceuticals is Quark Pharmaceuticals. They have
successfully formulated specialized medications to combat kidney
damage (referred to as QPI-1002) and various eye ailments (known
as QPI-1007) (Khvalevsky et al., 2013; Mathison et al., 2017).
Presently, there has been a rapid change in the pharmaceutical
industry’s attention towards the development of RNA interference
(RNAi) medications for treating cancer. The SiG12D LODER
(Local medication EluteR) is a biodegradable polymeric matrix
that incorporates the KRASG12D siRNA (siG12D) medication.
The purpose of this medication is to intervene therapeutically in
pancreatic ductal adenocarcinoma, as evidenced by clinical trial
identifier NCT01188785. Furthermore, the development of TKM-
080301, a Plk1 inhibitor, had been undertaken for the treatment of
hepatocellular carcinoma (Titze-de-Almeida et al., 2017).
Furthermore, Atu027, designed to target protein kinase N3, has
been explored for its potential effectiveness against advanced solid
tumors. Well beyond siRNA. MicroRNA inhibitors (also known as
Anti-miRs) and microRNA mimics have the potential to modulate
the expression of microRNAs, by either suppressing or enhancing
their activity (Samir and Pessler, 2016). Miravirsen (SPC3649) and
RG-101 are antimiRs designed to target miR-122 in order to cure
infections caused by the hepatitis C virus. MRX34, also known as
the miR-34a mimic, represents a significant milestone as the
inaugural miRNA medicine specifically designed to target
cancer (Drury et al., 2017). However, it is crucial to
acknowledge that none of these methods is currently employed
in clinical practice. In conclusion, the incorporation of RNA
chemical modifications and the utilization of nanocarrier
systems hold promise in improving the effectiveness of RNA
drug delivery. Further investigation into RNA-based therapies,
encompassing the utilization of RNA molecules as therapeutic
agents and the precise targeting of RNA using small molecules, has
the potential to broaden the range of RNA-based therapeutics
accessible for patient treatment.

5.5 saRNA therapeutics

The category of diminutive double-stranded RNA (dsRNA)
encompasses a subgroup known as small activating RNA
(saRNA), which was initially documented by (Li et al., 2006).
The researchers made a discovery that involved the use of 21-nt
dsRNAs to target certain gene promoters, resulting in the induction
of transcriptional gene activation. This phenomenon was
subsequently termed RNA activation (RNAa). Both findings
elucidated a naturally occurring phenomenon involving the
activation of gene expression through the mediation of tiny
duplex RNA (Janowski et al., 2007). The proposed 21-nucleotide
double-stranded RNA (dsRNA) that is complementary to the
promoter region of E-cadherin, p21, and VEGF genes has been
observed to increase gene expression in a manner that is specific to
the sequence. This induction is dependent on Ago2, similar to the
mechanism of RNA interference (RNAi) (Li et al., 2006). The study
exhibited an observed increase in the expression of the progesterone
receptor with the use of complementary duplex RNAs that
specifically targeted the promoter region of the receptor
(Janowski et al., 2007; Huang et al., 2010). Furthermore, it has
been demonstrated that RNAs is conserved throughout a diverse
range of mammalian cell types. There exist molecular parallels
between the mechanisms of RNA interference (RNAi) and RNA
activation (RNAa), as observed. In the context of RNAa, small
activating RNAs (saRNAs) are incorporated into the Ago2 protein,
resulting in the formation of the RNA-induced transcriptional
activation (RITA) complex (Portnoy et al., 2016). The saRNA/
Ago2 complex, RNA helicase A, and the RNA polymerase-
associated protein CTR9, which interacts with RNA Pol II to
promote transcriptional initiation and productive elongation,
make up the RITA complex (Portnoy et al., 2016). RNAa
exhibits unique characteristics in terms of its molecular
dynamics, its ability to target specific regions of the genome, and
its capacity to activate the elongation of target gene transcription
within the nucleus (Ghanbarian et al., 2021). The identification of
RNAa and the involvement of small activating RNA (saRNA)
provide novel perspectives in the investigation of targeted gene
activation. Moreover, self-amplifying RNA (saRNA) presents itself
as an innovative therapeutic approach for increasing gene
expression in disorders characterized by suppressed
transcriptional activity (Voutila et al., 2017). While the majority
of candidates remain in the preclinical phase, the compound MTL-
CEBPA, which has been developed by MiNA Therapeutics, has
progressed to phase2. This advancement involves the utilization of
sorafenib, a protein kinase inhibitor, in combination with MTL-
CEBPA for treating patients who are afflicted with advanced (HCC)
due to infection from hepatitis B or C. The NCT identifier
(NCT04710641) identifies this clinical trial. MTL-CEBPA is a
novel synthetic RNA molecule known as a saRNA
oligonucleotide. It possesses a 2′-O-Me alteration and is encased
within liposomal nanoparticles called SMARTICLES. This
therapeutic agent is provided to patients with (HCC) via
intravenous infusion (Sarker et al., 2020). The transcription
element C/EBP-a is a leucine zipper protein that primes and
activates myeloid gene expression by binding to the promoter
region of the myeloid gene, which is known to be involved in
hepatocyte regulation. Researchers discovered C/EBP-a
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downregulation in myeloid-derived suppressor cells in murine
tumor models, while C/EBP-a upregulation reduced tumor
growth in liver cancer animal models (Reebye et al., 2018). To
ascertain supplementary protein contents linked to saRNA effector
complexes, the researchers utilized a ChIP-based biotinylated RNA
pull-down experiment (ChIbRP) in combination with mass
spectrometry (MS) (Portnoy et al., 2016). Within the group of
42 proteins, there are two distinct proteins, CTR9 (RNA
polymerase-associated protein CTR9 homolog) and RHA
(nuclear DNA helicase II), that have been verified as
transcriptional activators. These proteins exhibit the capacity to
unravel and attach to DNA/RNA molecules. These proteins have
been validated as interactors with RNAP II. In the context of
immunoprecipitation tests, it was observed that two proteins
located in the nucleus were co-immunoprecipitated with both
AGO2 and RNAP II when saRNAs were used as therapy. This
finding suggests a robust link between the saRNA-AGO2 complex
and the proteins RHA, CTR9, and RNAP II. In brief,
AGO2 facilitates the loading of the guide strand of saRNAs,
resulting in the formation of a functional saRNA-AGO2 complex
(Portnoy et al., 2016). The binding of saRNA-loaded AGO2 to the
promoter region leads to the induction of an open chromatin
structure and the recruitment of the CTR9 and RHA complex.

The process of RNA-induced transcriptional activation (RITA),
facilitated by AGO2, initiates transcription by inducing
phosphorylation of RNA polymerase II at Ser2 and
ubiquitination of histone H2B (Yoon and Rossi, 2018). At
present, the prevailing conceptual framework on the molecular
mechanisms underlying the activation of gene expression by
synthetic activating RNA (saRNA) is illustrated. If we enhance
the targeting area of the gene may focus on improving the
precision and specificity of saRNA targeting, minimizing off-
target effects (Figure 5).

6 Discussion and future prospective

In a specific context, asRNAs are a group of naturally occurring
single-stranded transcripts. They have the ability to attach to their
corresponding sense RNA (mRNA) through sequence
complementarity, thus effectively inhibiting mRNA translation
and protein synthesis. It is worth noting that asRNAs can be
considered the same as natural antisense transcripts (NATs).
However, in a more general context, asRNAs encompass a wider
array of RNA types. These RNA types regulate the abundance and
functions of their target RNAs through sequence complementarity.

FIGURE 5
The schematic picture illustrates the mechanism of action of self-amplifying RNA (saRNA). The saRNA molecule is introduced and subsequently
loaded into the Ago2 protein. This process is then followed by the selection of a certain strand of the saRNA molecule. The Ago2 protein cleaves the
selected strand, resulting in the formation of the saRNA/Ago2 complex. Finally, this complex is translocated into the nucleus. The RITA complex, in its
active state, selectively interacts with and forms a complex with the promoter region of the genomic target locus. This complex also interacts with
RHA and CTR9, resulting in the activation of transcriptional activity through the involvement of RNA Polymerase II (RNAP II).
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As a result, they serve as a shared mechanism that ultimately
modifies gene expression. This broader perspective suggests that
NATs, mRNAs, miRNAs, siRNAs, and competing endogenous
RNAs (ceRNAs) all have the potential to function as antisense
RNAs (Wang et al., 2019). asRNAs have consistently shown
rapid growth and are recognized as significant regulators of gene
expression within complex regulatory networks. The dysregulation
of NATs has been observed in numerous malignancies and has been
associated with a wide range of malignant phenotypes (Modarresi
et al., 2012). Recent studies have highlighted the growing
significance of NATs in the fundamental characteristics of
cancer. These NATs have been found to exert their influence by
modulating post-transcriptional modifications (PTMs) of
messenger RNAs (mRNAs) and regulating epigenetic alterations.
Notably, numerous preclinical investigations have indicated the
promising potential of various strategies such as RNAi, artificial
splicing, and CRISPR-based techniques for targeting NATs (Liu
et al., 2018). Evidence supports the existence of both oncogenic and
tumor-suppressive asRNAs. With the advancement of our
understanding of asRNAs, new opportunities have emerged for
leveraging asRNA technology in the research and development of
innovative approaches for cancer treatment.

However, given the extensive pool of antisense RNAs (asRNAs)
consisting of numerous diverse classes, our current knowledge of
asRNAs barely scratches the surface. Therefore, there is a pressing
need to deepen our understanding of asRNAs in order to effectively
utilize them for future anticancer therapies. Subsequent research will
focus on the following factors:

The discovery and confirmation of new asRNAs will expand the
already substantial collection of established asRNAs. Particularly, the
groundbreaking concept that messenger RNAs can function as asRNAs
necessitates a reevaluation of our assumptions regarding the role of
RNA and prompts the search for mRNAs with asRNA capabilities.

To enhance our comprehension of asRNA function in
carcinogenesis, it is crucial to conduct tissue- and cell-specific
expression profiling of asRNAs in various malignancies and at
different stages of cancer.

To attain a comprehensive understanding of asRNA functions in
cancer biology, as well as their mechanisms of action, it is essential to
broaden our investigations to encompass both existing and yet-to-
be-discovered asRNAs, conducting further validation and
characterization.
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Amid the ongoing monkeypox outbreak, there is an urgent need for the rapid
development of effective therapeutic interventions capable of countering the
immune evasion mechanisms employed by the monkeypox virus (MPXV). The
evasion strategy involves the binding of the F3L protein to dsRNA, resulting in
diminished interferon (IFN) production. Consequently, our current research
focuses on utilizing virtual drug screening techniques to target the RNA
binding domain of the F3L protein. Out of the 954 compounds within the
South African natural compound database, only four demonstrated notable
docking scores: −6.55, −6.47, −6.37, and −6.35 kcal/mol. The dissociation
constant (KD) analysis revealed a stronger binding affinity of the top hits 1-4
(−5.34, −5.32, −5.29, and −5.36 kcal/mol) with the F3L in the MPXV. All-atom
simulations of the top-ranked hits 1 to 4 consistently exhibited stable dynamics,
suggesting their potential to interact effectively with interface residues. This was
further substantiated through analyses of parameters such as radius of gyration
(Rg), Root Mean Square Fluctuation, and hydrogen bonding. Cumulative
assessments of binding free energy confirmed the top-performing candidates
among all the compounds, with values of −35.90, −52.74, −28.17, and −32.11 kcal/
mol for top hits 1-4, respectively. These results indicate that compounds top hit 1-
4 could hold significant promise for advancing innovative drug therapies,
suggesting their suitability for both in vivo and in vitro experiments.

KEYWORDS

monkeypox, dsRNA, drug screening, MD simulation, binding free energy

OPEN ACCESS

EDITED BY

Syed Shams ul Hassan,
Chinese Academy of Sciences, China

REVIEWED BY

Udhaya Kumar,
Baylor College of Medicine, United States
Moataz Ahmed Shaldam,
Kafrelsheikh University, Egypt

*CORRESPONDENCE

Sergio Crovella,
sgrovella@qu.edu.qa

Hadi M. Yassine,
hyassine@qu.edu.qa

RECEIVED 26 October 2023
ACCEPTED 19 December 2023
PUBLISHED 10 January 2024

CITATION

Suleman M, Ahmad T, shah K,
Albekairi NA, Alshammari A, Khan A,
Wei D-Q, Yassine HM and Crovella S
(2024), Exploring the natural products
chemical space to abrogate the F3L-
dsRNA interface of monkeypox virus to
enhance the immune responses using
molecular screening and free
energy calculations.
Front. Pharmacol. 14:1328308.
doi: 10.3389/fphar.2023.1328308

COPYRIGHT

© 2024 Suleman, Ahmad, shah, Albekairi,
Alshammari, Khan, Wei, Yassine and
Crovella. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 10 January 2024
DOI 10.3389/fphar.2023.1328308

245

https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1328308/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1328308&domain=pdf&date_stamp=2024-01-10
mailto:sgrovella@qu.edu.qa
mailto:sgrovella@qu.edu.qa
mailto:hyassine@qu.edu.qa
mailto:hyassine@qu.edu.qa
https://doi.org/10.3389/fphar.2023.1328308
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1328308


Introduction

Monkeypox, resulting from infection with the monkeypox virus
(MPXV), a member of the orthopoxvirus genus, has traditionally
been prevalent in central and western Africa (Durski et al., 2018;
Doshi et al., 2019). However, since May 2022, occurrences of
monkeypox in humans have surfaced in numerous countries
outside its endemic regions. The global attention towards the
disease has heightened due to an increasing number of confirmed
cases and unusual instances of human-to-human and community
transmission. The situation has reached over 79,000 confirmed cases
spanning across 100+ countries, leading the World Health
Organization (WHO) to declare it a Public Health Emergency of
International Concern (PHEIC) on 23 July 2022 (Bunge et al., 2022;
Guarner et al., 2022; Thornhill et al., 2022).

The monkeypox virus is characterized as a double-stranded
DNA virus with a genome size measuring 197 kb. Its genetic
makeup encompasses over 197 distinct nonoverlapping open
reading frames (ORFs) (Manes et al., 2008; Iwasaki and
Medzhitov, 2010; Bosworth et al., 2022; Khan et al., 2023).
Within the virus’s structure, notable components include
membrane proteins, structural proteins, and DNA-dependent
RNA polymerase (Manes et al., 2008). The primary modes of
transmission for the monkeypox virus involve the dispersion of
large respiratory droplets, close personal contact with individuals
exhibiting skin lesions, and the potential for contamination from
objects they have come into contact with (Bosworth et al., 2022). The
ongoing epidemic is having a more pronounced impact on
individuals identifying as gay or bisexual, along with other men
engaging in sexual activities with men, indicating a possible
amplification of the infection’s spread within sexual networks.
Clinical manifestations of monkeypox in humans closely
resemble those observed in smallpox, featuring symptoms such as
fever, rash, and skin lesions (Khan et al., 2023).

Cells of the innate immune system become active upon the
attachment of pathogen-associated molecular patterns (PAMPs)
using their PRRs (pattern-recognition receptors). Among the
most prevalent PRRs are MDA5 (melanoma differentiation-
associated protein 5), CLRs (C-type lectin-like receptors), RLR
(RIG-1-like receptor), TLRs (toll-like receptors) and PKR
(cytosolic protein kinase R) (Uematsu and Akira, 2006; Iwasaki
and Medzhitov, 2010). When viral genetic material is detected, a
response is triggered involving the collaboration of kinases such as
TANK-Binding Kinase 1 (TBK1) and IlB Kinase Epsilon (IKK-ε).
These kinases work together to add phosphate groups to IRF3, NF-
kB (nuclear factor kappa B), and IRF7 (interferon regulatory factor
7) (Kawai and Akira, 2006). Typically, activation of RIG/
MDA5 prompts the movement of IRF-3 into the cell nucleus,
leading to subsequent processes.

Analysis of genomic data has uncovered striking similarities in
the genetic sequences of MPXV and VACV. These two viruses share
about 92% similarity at the nucleotide level and 88% similarity in
terms of their protein sequences. Notably, the F3 protein in MPXV
and the E3 protein in VACV exhibit homology, with strong
structural and functional resemblances (Arndt et al., 2015). The
C-terminal dsRNA-binding domain of the F3 protein remains intact
and functional. However, a segment comprising the initial 37 amino
acids of the Z-NA binding domain is absent (Yuwen et al., 1993;

Langland and Jacobs, 2004). MPXV closely mimics the wild-type
VACV in terms of its response to interferon (IFN) and its host range.
It outperforms a VACV mutant with a corresponding N-terminal
deletion in E3 by more efficiently dampening the cellular antiviral
immune response. MPXV employs a strategy aimed at inhibiting
type I IFN responses, effectively circumventing the host’s innate
antiviral immunity. Studies indicate a noticeable increase in double-
stranded RNA (dsRNA) during MPXV infection. Interestingly, the
MPXV F3 protein possesses the capability to bind to dsRNA
molecules, effectively sequestering them and preventing their
interaction with recognized pathogen-sensing receptors like
MDA-5, RIG-I, and PKR. Specifically, it disrupts the
phosphorylation of PKR and eukaryotic translation initiation
factor 2 (eIF2α) in the presence of dsRNA, resulting in a
cessation of protein synthesis and a decrease in interferon (IFN)
production. IFNs are crucial signaling proteins in the immune
response. (Arndt et al., 2015; Arndt et al., 2016).

Currently, there are no targeted therapies available for
monkeypox; however, certain approaches have shown
effectiveness in addressing outbreaks. These include antiviral
drugs, VIG (vaccinia immune globulin), and employment of the
smallpox vaccine (Dryvax). Notably, the use of the Dryvax vaccine
has limitations, as it can lead to unfavorable outcomes such as
immune system irregularities in both the vaccinated person and
those in close proximity (Haider et al., 2022). Throughout human
history and the course of evolution, the utilization of natural
products has been played a pivotal role in treating various
diseases. Essential oils and extracts obtained from plants and
animals are recognized as a significant reservoir of bioactive
compounds (Donia and Hamann, 2003; Kumar et al., 2013; Lee
and Hur, 2017; Ahmad et al., 2020; Denaro et al., 2020). The
therapeutic properties of natural products have found extensive
applications in fields like pharmaceuticals and ethnobotany,
encompassing areas such as inflammation, cancer, oxidative
stress, and viral infections. Many bioactive agents derived from
natural sources have demonstrated effectiveness against a range of
viruses including Dengue virus, Coronaviruses, Enterovirus,
Hepatitis B, Influenza virus, and HIV (Lin et al., 2014; Hussain
et al., 2017). Bioinformatics provides powerful computational tools
such as virtual drug design which is a crucial strategy in the fight
against infections as it offers a swift and effective method to pinpoint
potential drug candidates. This approach specifically targets proteins
implicated in the advancement of an infection, allowing scientists to
streamline the selection of promising drug candidates before
investing resources and time in laborious experimental
procedures. However, the molecular dynamic simulation analysis
offering detailed insights into the behavior of drug-protein
complexes at the molecular level (Kumar et al., 2021a; Kumar
et al., 2021b; Kumar and Doss, 2021; Tayubi et al., 2022;
Abduljaleel et al., 2023). As part of the current investigation,
virtual drug design tools were employed to screen the South
African natural database against the F3 protein. The objective
was to identify potent drugs capable of inhibiting the binding of
the F3 protein with double-stranded RNA (dsRNA). Molecular
simulation and the calculation of binding free energies were
subsequently employed to validate the binding affinity between
the identified top-hit compounds and the F3 protein. In essence,
this study aims to offer pre-clinical proof of concept for the
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development of therapeutics targeting the ongoing monkeypox virus
infection pandemic.

Materials and methods

Sequence retrieval and 3D modeling

The three-dimensional arrangement of a protein’s structure
plays a crucial role in determining its functional capabilities. This
intricate configuration governs how the protein interacts with other
molecules and carries out specific biological tasks. To predict the 3D
structure of the F3L protein, which is associated with the
monkeypox virus, we retrieved its corresponding protein
sequence (ID: Q5IXX3) from the UniProt database. Utilizing the
AlphaFold 2.0 server, (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb#scrollTo=
kOblAo-xetgx), we conducted computational modeling to anticipate
the F3L protein’s three-dimensional structure. This server is capable
of predicting protein structures with remarkable precision at the
atomic level, even in scenarios where similar protein structures are
not readily available. AlphaFold uses an attention-based neural
network architecture for predicting protein structures, including a
method for handling side chain conformations called “trRosetta
(Jumper et al., 2021). The server generated five models and to select
the best model, additional validation steps were undertaken,
involving the utilization of ProSA-web analysis (https://prosa.
services.came.sbg.ac.at/prosa.php) as well as Ramachandran plot
(https://saves.mbi.ucla.edu/) assessment. The ProSA-web analysis
serves as a crucial tool for evaluating protein structure quality,
stability, and overall model validation (Wiederstein and Sippl,
2007). Concurrently, the Ramachandran plot, a visual depiction
frequently employed in structural biology, was employed to
scrutinize the distribution of dihedral angles within the protein’s
polypeptide chain (Gopalakrishnan et al., 2007). Prior to initiating
virtual drug screening, the model protein underwent a process of
minimization to optimize its conformation.

Screening of African natural drug database
against the F3L protein

The 3D-SDF formatted South African natural compounds were
sourced from the African Natural Products Databases (ANPDB)
website (http://african-compounds.org/anpdb/), and subjected to
necessary preparations for subsequent screening (Ntie-Kang et al.
, 2013). These databases encompass a wide array of natural products
hailing from South Africa, each possessing varied medicinal
attributes. Prior to subjecting these databases to computational
screening procedures, the FAF-Drugs4 webserver was employed.
Its purpose was to selectively retrieve compounds that are both non-
toxic and exhibit drug-like characteristics, aligning with Lipinski’s
rule of five (Lagorce et al., 2017). Before conducting virtual drug
screening using EasyDock Vina 2.0, all drugs were converted to the.
pdbqt format. For the Ligands the pdbqt format was genereated,
where atomic charges and atom types were assigned using tools like
Open Babel. Non-polar hydrogen atoms, Gasteiger charges, and
torsion tree roots for flexibility analysis were considered for the

ligand’s preparations. On the other hand, the receptor needs to be
prepared as grid maps in AutoGrid to define the docking space. This
involves setting the grid dimensions, spacing, and specifying the
macromolecule in pdbqt format, with added hydrogen atoms,
charges, and atom types. Additionally, the receptor grid was
defined based on the dsRNA binding motif (80–147 amino
acids). This software provides a user-friendly graphical interface
for screening virtual databases. The screening process employed the
AUTODOCK4 algorithm to assess and rank potential drug
candidates. To facilitate quick initial screening, a lower
exhaustiveness setting of 16 was selected. Subsequently, the most
promising compounds, based on their scores, underwent a second
screening using a higher exhaustiveness value of 64. This step aimed
to eliminate false-positive outcomes and to re-evaluate the top-
ranking compounds. Subsequently, out of 954 compounds the
highest-ranking 10% of drugs identified through the preceding
process underwent induced-fit docking (IFD) utilizing
AutoDockFR. AutoDockFR typically employs force fields like
AMBER or CHARMM, simulation protocols such as molecular
dynamics (MD), and scoring functions like AMBER scoring or
force-field-based scoring for induced-fit docking (IFD)
simulations. We used the default parameters for the IFD docking.
This technique accommodates receptor flexibility and facilitates a
covalent docking (Ravindranath et al., 2015). The selected top four
hits compounds were subjected to further processing.

Dissociation constant (KD) analysis of top
hits drug-F3L complex

Assessing the binding strength of a biological complex holds
significance in enhancing our comprehension of specific pathways,
disease mechanisms, and potential therapeutic approaches (Ma
et al., 2018; Suleman et al., 2023a). To offer more accurate
insights into the interactions of shortlisted drug-F3L complexes,
we determined their KD values using the PRODIGY online web
server (protein binding energy prediction) accessible at https://
wenmr.science.uu.nl/prodigy/. This platform facilitates the
computation of binding energies for both protein-protein and
protein-ligand associations, while also identifying binding
interfaces (Vangone et al., 2019). A higher likelihood of
effectively modulating the target’s activity is indicated by a lower
Kd value, which signifies a stronger binding between the drug and
the protein. (Khan et al., 2022a; Suleman et al., 2022a).

Molecular dynamic simulation of top hits-
F3L complexes

We used the AMBER20 package to assess the dynamic stability
of tophits-F3L complexes (Shams ul Hassan et al., 2022). The
FF19SB force field and GAFF (General Amber Force Field) were
used to parameterize both the protein and small drug molecules,
respectively (Wang et al., 2001; Case et al., 2005). To neutralize the
effect of any charge Na+ and Cl+ ions were inoculated (Price and
Brooks, 2004) followed by energy minimization in two steps
(algorithms: steepest descent and conjugate gradient) was
achieved (Meza, 2010; Watowich et al., 1988). Following the
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minimization process, the system underwent equilibration and was
gradually heated under a constant pressure of 1 atm at a temperature
of 300 K. Subsequently, a production run of 100 ns was performed
for each complex. To handle long-range electrostatic interactions
with a cutoff distance of 10.0 Å, the particle mesh Ewald algorithm
was employed. Meanwhile, any existing covalent bonds were
managed using the SHAKE algorithm. The CPPTRAJ package
was utilized for trajectory analysis, and the simulations were
executed using PMEMD.cuda (Salomon-Ferrer et al., 2013; Roe
and Cheatham, 2013; Khan et al., 2022b).

Post-simulation analysis

CPPTRAJ and PTRAJ software packages were employed to
assess the compactness, dynamic stability, average hydrogen bond
formation, and flexibility of the tophits-F3L complexes. (Roe and
Cheatham, 2013). To evaluate the structural compactness
throughout the simulation period, we computed the radius of
gyration (Rg) using the below mathematical formula:

r2RG � ∑N
i�1mi ri − rCM( )2

∑N
i�1mi

The assessment of structural stability was carried out by
calculating the RMSD (Root Mean Square Deviation). The
RMSD was calculated by using the following mathematical formula:

In order to examine the flexibility of the structure RMSD ��������
1
N∑N

i�1δ
2
i

√
at the level of individual residues, we employed Root

Mean Square Fluctuation (RMSF) computations. Throughout the
simulation period, RMSF was determined by assessing the
fluctuations in residues rather than the positional variations of
the entire complex. The RMSF calculation was carried out by the
following mathematical expression:

B � 8π2

3
〈Δr2〉

By rearranging the above equation and accounting for 3 spatial
dimensions, we can obtain the RMSF by the following equation:

RMSE �
���
3B
8π2

√

Binding strength analysis by calculating
binding free energies

The MM/GBSA methodology was employed to compute the
binding free energies of the top hits compound and F3L complexes.
This technique stands out as a preferred choice in various research
endeavors for accurately calculating the actual binding energies in
diverse biological interactions, including protein-DNA/RNA,
protein-protein, and protein-ligand interactions (Genheden and
Ryde, 2015; Suleman et al., 2021). The assessment of the overall
binding free energy for the top ligand complexes was performed
using the MMGBSA.py script (Chen et al., 2016a). Within this
analysis, each energy component, encompassing van der Waals
forces, electrostatic interactions, Generalized Born solvation

energy, and surface area contributions, was individually
computed as integral parts contributing to the overall binding
energy estimation.

The following mathematical equation was used for free energies
calculation:

ΔG bind( ) � ΔG complex( ) − ΔG receptor( ) + ΔG ligand( )[ ]

However, to calculate each component separately we used the
following equation:

G � Gbond + Gele + GvdW + Gpol + Gnpol − TS

Principal component analysis (PCA)

Principal Component Analysis (PCA) was employed to compute
the substantial fluctuations within the protein structure (Berezin
et al., 2004). Utilizing the CPPTRAJ package, the covariance matrix
was derived based on the Cα coordinates, and subsequently,
eigenvectors and eigenvalues were obtained through
diagonalization of this matrix. PCA calculations were performed
using 5,000 snapshots extracted from the trajectory of each system.
The eigenvectors represent the direction of motion, while the
eigenvalues indicate the magnitude of mean square fluctuation.
PC1 and PC2 were utilized for visualization to track the protein’s
motion. The identification of the most stable state was facilitated by
examining the free energy landscape (FEL), highlighting low-energy
stable states as deep valleys on the plot, while intermediate states
were characterized by boundaries between these valleys (Xu
et al., 2017).

Dynamics cross-correlation analysis

The dynamics cross-correlation maps (DCCM) approach was
utilized to track the sequential movements of Calcium (Ca) atoms.
By employing this method, a correlation matrix was generated to
comprehend the synchronized and opposing motions among
C-alpha (C-a) atoms across all residues within the systems. The
equation used for the DCCM calculations was:

Cij � <Δri •Δrj> / <Δri 2 > <Δrj 2 >( ) 1 /2

Here, the matrix Cij encodes time-correlated information
between the atoms i and j. In the graphical representation,
positive values denote synchronized motions, while negative
values signify opposing movements observed throughout the
simulation.

Results and discussion

Reports indicate that MPXV infection results in the production
of double-stranded RNA (dsRNA) and the expression of the
F3 protein. The F3 protein possesses the ability to bind to
dsRNA molecules, effectively sequestering them from Pattern
Recognition Receptors (PRRs) like MDA-5, RIG-I, and PKR.
Consequently, this impedes the activation of these receptors,
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leading to a reduction in interferon (IFN) production through a
dsRNA-dependent mechanism. (Arndt et al., 2015; Arndt et al.,
2016). Given the current monkeypox pandemic, there is an urgent
need for the rapid development of effective therapeutic interventions
that can counteract the immune evasion mechanisms of the
monkeypox virus. Consequently, our ongoing research is
centered on utilizing virtual drug screening techniques to target
the RNA binding domain of the F3L protein. The objective is to
disrupt its interaction with double-stranded RNA (dsRNA), with the
potential outcome of reducing the virus’s increased infectivity. The
mechanism of immune evasion by monkeypox, as well as all
molecular actors involed in this process, is shown in Figure 1.

Structure modeling and validation

We used the AlfaFold 2.0 sever to predict the three-dimension
structure of F3L protein of monkeypox virus. The aforementioned
server is the only computational tool that can regularly predict the
structure of protein with atomic level accuracy even in the cases
where no similar structures are available (Jumper et al., 2021).
Figure 2A is showing the AlfaFold generated 3D structure of F3L
protein. To gain insight into the accuracy of the predicted structure,

we used the 3D structure validation tools called the Ramachandran
and ProSA-web analysis. The Ramachandran analysis revealed that
the majority (95.0%) of the amino acids were found in the most
favored regions while 5.0% and 0.0% amino acids were found in the
additional allowed regions and disallowed region respectively
(Figure 2B). Moreover, the ProSA-web assessment resulted in a Z
score of −5.33 concerning the anticipated structure of the F3L
protein (Figure 2C). Through a comparison of the outcomes
from structural validation with data previously documented, it
has been ascertained that the values fall within the typical range
for protein structures of similar size (Suleman et al., 2022b). The
pLDDT score was observed to be > 90 which shows the reliability of
our predicted model and therefore can be used for the subsequent
analysis. The sequence coverage and pLDDT graphs are given in
Figures 2D, E. The alignment of the F3L protein sequence and the
templates used are shown in Figure 2F.

Virtual drug screening against the F3L
protein to halt its binding with dsRNA

Virtual drug screening plays a vital role in the drug design
field by expediting the identification of promising drug

FIGURE 1
The mechanism of immune evasion by monkeypox virus.
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candidates and enhancing their chemical and biological
properties (Carpenter et al., 2018; Lin et al., 2020). Natural
products have shown great potential as pharmacological
agents, and their discovery can be expedited through the use
of advanced computational methods (Atanasov et al., 2015;
Harvey et al., 2015). As part of our current investigation, we
employed virtual drug screening on the South African natural
product database to pinpoint lead compounds capable of
targeting the F3L protein in monkeypox. The aim is to disrupt
its binding with double-stranded RNA (dsRNA) and mitigate the
heightened infectivity of the monkeypox virus. Prior to the
database screening, we applied Lipinski’s rule of five to
exclude drug-like molecules, a criterion utilized in numerous
studies (Sayaf et al., 2023). The computational drug screening
was performed using AutoDock Vina, targeting the F3L protein
of the monkeypox virus. From a pool of 954 compounds in the
South African database, we retained 823 molecules based on Rule
of Five criteria. These 823 compounds underwent a multi-step

screening approach. Initially, the first round of virtual screening
produced docking scores spanning from −6.38 to 3.82 kcal/mol.
After this round, we selected compounds with docking scores
ranging from −6.38 to −5.00 kcal/mol. These selected compounds
were then subjected to induced-fit docking. In this phase,
induced-fit docking yielded docking scores ranging
from −6.55 to −4.50 kcal/mol. Among the screened
compounds, only 17 showed docking scores higher
than −6.0 kcal/mol and demonstrated favorable interaction
profiles. Based on the high docking score only four
compounds, namely, (3R,5S)-3-[(3S,5S,9R,10S,13S,14R,16R,17R)-
16-hydroxy-10,13-dimethyl-3-[(2R,3S,4S,5R,6S)-3,4,5-trihyd, [(2S,
3S,6E,10E,14E,18R)-2,3,18,19-tetrahydroxy-2,6,11,15,19-pentamethyl-
icosa-6,10,14-trienyl], 8-oxo-16-[(2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydropyran-2-yl]oxy-hexadecanoic, (2R)-2-[(3S,
4S)-3,4-dihydroxy-2,2-dimethyl-8-(4-methylpent-3 -enoxy)chroman-
6- yl]-5,7-dihydroxy-chrom with a docking score of −6.55 kcal/
mol, −6.47 kcal/mol, −6.37 kcal/mol and −6.35 kcal/mol respectively.

FIGURE 2
3D structural modeling and validation of F3L protein of monkeypox virus. (A) represents the AlphaFold generated 3D model of F3L protein. (B)
represents the validation of F3L protein model by Ramachandran analysis. (C) validation of F3L protein model by ProSA-web. (D) represents the IDDT
score per position (E) represents the sequence coverage of the predicted protein model. (F) sequence alignment of F3L and the templates used.
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A similar approach has been used by the previous study which uses the
FDA approved drugs against the three different targets such as
topoisomerase1, p37, and thymidylate kinase of the monkey pox
virus (Srivastava et al., 2023). Another study used drug
screening against monkey pox virus cysteine proteinase (Odhar,
2022). The drugs IDs, 2D structures, name and docking score are
shown in Table 1.

Bonding analysis of tophits-F3L
protein complexes

The bonding network analysis of tophits-F3L protein complexes
revealed the formation of hydrogen bonds, salt bridges and hydrophobic
interaction between the drug and target protein. The examination of the
tophit1-F3L complex unveiled a docking score of −6.55 kcal/mol,

TABLE 1 List of top hits compounds along with structures and docking scores.

Drug IDs 2D structure Name Docking
score

EA_0096 (3R,5S)-3-[(3S,5S,9R,10S,13S,14R,16R,17R)-16-hydroxy-10,13-dimethyl-3-
[(2R,3S,4S,5R,6S)-3,4,5-trihyd

−6.55 kcal/mol

EA_0082 [(2S,3S,6E,10E,14E,18R)-2,3,18,19-tetrahydroxy-2,6,11,15,19-pentamethyl-icosa-
6,10,14-trienyl]

−6.47 kcal/mol

SA_0090 8-oxo-16-[(2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)
tetrahydropyran-2-yl]oxy-hexadecanoic

−6.37 kcal/mol

BMC_00079 (2R)-2-[(3S,4S)-3,4-dihydroxy-2,2-dimethyl-8-(4-methylpent-3-enoxy)chroman-
6-yl]-5,7-dihydroxy-chrom

−6.35 kcal/mol

FIGURE 3
2D and 3D interaction of top hit1 and 2with F3L protein. (A) showing the bonding network between tophit1 and F3L protein as a 3D interaction (B) 2D
interaction between top hit 1 and F3L protein (C) showing the bonding network between tophit2 and F3L protein as a 3D interaction (D) 2D interaction
between top hit 2 and F3L protein.
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showcasing the presence of one salt bridge, seven hydrogen bonds, and
three hydrophobic interactions. The bonding network between the top
hit1 compound and the target proteinwas primarilymediated by specific
amino acids, namely, Lys62, Ser63, Asp65, Thr92, Arg93, Arg120, and
Tyr148, as depicted in Figures 3A, B. Similarly, our analysis of the top

hit2-F3L complex revealed the formation of 11 hydrogen and
3 hydrophobic interaction with a docking score of −6.47 kcal/mol.
The key hotspot residues Lys62, Asp65, Arg94, Arg120, Tyr148,
Val149 and Ile150 were involved in hydrogen and hydrophobic
bonds formation (Figures 3C, D).

FIGURE 4
2D and 3D interaction of top hit3 and 4with F3L protein (A) showing the bonding network between tophit3 and F3L protein as a 3D interaction (B) 2D
interaction between top hit 3 and F3L protein (C) showing the bonding network between tophit4 and F3L protein as a 3D interaction (D) 2D interaction
between top hit 4 and F3L protein.

FIGURE 5
Dynamic stability analysis of top hits and protein as RMSD. (A) showing dynamic stability of tophit1-protien complex as RMSD value (B) showing
dynamic stability of tophit2-protien complex as RMSD value (C) showing dynamic stability of tophit3-protien complex as RMSD value (D) showing
dynamic stability of tophit4-protien complex as RMSD value (E) showing dynamic stability of apo protein as RMSD value.
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Additionally, our analysis of the bonding network indicated
that the top hit 3 compounds displayed highly favorable
interactions with the F3L protein. Specifically, it formed a
total of 9 hydrogen bonds and 3 hydrophobic bonds with
particular amino acids. These amino acids include Ser63,
Asp65, Asp66, Ile91, Arg94, Asp118, Tyr148, and Ile150, as
illustrated in Figures 4A, B. Finally, the interaction analysis of
top hit 4-F3L complex found the existence of 4 hydrogen bonds
and 2 hydrophobic interactions with the docking score
of −6.35 kcal/mol. The key residues involved in the bonding
network of the top hit4-F3L complex were Glu59, Asp65,
Thr92, and Arg94 (Figures 4C, D). Our results indicate that
these compounds hold substantial promise as potential drug
candidates. They display favorable interactions with the target
protein, effectively hindering the binding of the F3L protein to
dsRNA, which could potentially diminish the monkeypox virus
ability to evade the immune system.

Dissociation constant (KD) analysis of top
hits-F3L complexes

We calculated the KD values for the complexes of all the top-
hit compounds with F3L using the PRODIGY approach.
PRODIGY, short for PROtein binDIng enerGY, operates as a
web server specifically designed for predicting binding affinity in
both protein-protein and protein-ligand complexes. Leveraging
fundamental structural features, such as interactions between
residues at the interface, PRODIGY has demonstrated
remarkable predictive capabilities, surpassing existing state-of-
the-art predictors in the field. Moreover, the PRODIGY-LIG
extension, tailored for small ligands, has been improved to
utilize atomic contacts at the interface for more accurate
predictions. (Vangone et al., 2019). PRODIGY analysis
revealed the binding scores of −5.34 kcal/mol for top hit1-F3L
complex, −5.32 kcal/mol for top hit2-F3L

FIGURE 6
Compactness analysis of top hits-protein complexes and apo protein as Rg. (A) showing the Rg value of tophit1-protien complex (B) showing the Rg
value of tophit2-protien complex (C) showing the Rg value of tophit3-protien complex (D) showing the Rg value of tophit4-protien complex (E) showing
the Rg value of protein alone.

FIGURE 7
Residual fluctuation analysis of top hits-protein complexes and apo protein as RMSF.
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complex, −5.29 kcal/mol for top hit3-F3L complex,
and −5.36 kcal/mol for top hit4-F3L complex. These scores
indicated the strong binding affinity of these compounds with
the F3L protein target. Our findings coincide with various
comparable studies that have also reported similar range of
scores indicating a heightened binding affinity within the

protein-ligand complexes (Khan et al., 2023; Suleman et al.,
2023b). This heightened affinity suggests the potential of these
molecules to effectively hinder the F3L protein’s interaction with
dsRNA during monkeypox virus infection.

Dynamic stability analysis of top hits-protein
complexes by MD simulation

Evaluating the dynamic stability of a protein when it’s bound
to a ligand is crucial for establishing the pharmacological
efficacy of that specific compound (Liu et al., 2017; Jalal
et al., 2022). To ascertain the stability of these simulations,
we employ the Root Mean Square Deviation (RMSD) function
integrated into simulation tools. Therefore, in order to assess
whether these compounds maintain their stability throughout
the simulation, we have computed the RMSD values for these
trajectories over time. The RMSD of the tophit1-protien
complex stabilized at 6.0 A and remained stable throughout
the time of simulation however, only minor deviations were
observed at different time points. The average Root Mean Square
Deviation (RMSD) for the first complex was measured at 6.0 Å,
displaying a consistently straight line pattern, indicative of the
stable dynamics maintained throughout the simulation period
(Figure 5A). Conversely, the tophit2-protein complex exhibited
a more variable behavior, with an average RMSD of 10 Å.
However, a minor fluctuation was noted between 10 and
20 ns, introducing some variability into the stability profile of
this complex (Figure 5B). In the case of the tophit3-protein
complex, the RMSD initially increased up to the 30 ns mark,
followed by a gradual decrease for the remainder of the
simulation, without significant deviations. The average RMSD
for the tophit3-protein complex was approximately 10 Å
(Figure 5C). Finally, the tophit4-protein complex achieved
equilibrium at 10 ns with an RMSD value of 10 Å,
maintaining stability until the end of the simulation. The
average RMSD for this complex showed a consistent straight

FIGURE 8
Hydrogen bonding analysis of top hits-protein complexes. (A) showing the average hydrogen bonds in the tophit1-protien complex (B) showing the
average hydrogen bonds in the tophit2-protien complex (C) showing the average hydrogen bonds in the tophit3-protien complex (D) showing the
average hydrogen bonds in the tophit4-protien complex.

TABLE 2 Binding free energies calculation by MM/GBSA approach.

MM/GBSA

Parameters Top hit
1-F3L

Top hit
2-F3L

Top hit
3-F3L

Top hit
4-F3L

ΔEvdw −48.2627 −43.2109 −34.2082 −42.3340

ΔEele −15.0011 −195.2000 −70.9841 −5.8987

ESURF −5.1196 −6.9751 −5.1203 −4.9830

EGB 32.4755 192.6451 82.1424 21.1039

Delta G Gas −63.2638 −238.4109 −105.1923 −48.2328

Delta G Solv 27.3559 185.6700 77.0221 16.1209

ΔG total −35.9079 −52.7409 −28.1702 −32.1119

MM/PBSA

Parameters Top hit
1-F3L

Top hit
2-F3L

Top hit
3-F3L

Top hit
4-F3L

vdW −48.2627 −43.2109 −34.2082 −42.334

EEL −15.0011 −195.2000 −70.9841 −5.8987

EPB 46.5471 205.2701 105.1224 37.5169

ENPOLAR −13.45 −14.2078 −21.2185 −14.1163

DELTA G gas −63.4110 −178.2057 −52.1359 −45.3581

DELTA G solv 31.0812 69.3008 53.1398 44.3410

DELTA TOTAL −30.1667 −47.3486 −21.2884 −24.8321
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line throughout the simulation time period (Figure 5D).Similar
stability results were found previously for the analysis of drugs
against the different targets such as thymidylate kinase (Khan
et al., 2023), E8 surface protein (Podduturi et al., 2023), of
monkey pox virus. In comparison, the tophit1-protein
complex demonstrated superior stability, evidenced by its
lower RMSD value. The evaluation of the dynamic stability of
these complexes suggests that they present a consistent

pharmacological profile, possibly contributing to improved
pharmacological efficacy in an in vitro experimental context.
Figure 5 displays the Root Mean Square Deviation (RMSD)
graphs for the top four hits. It can be seen that the apo state
determined the higher RMSD levels and therefor show that these
ligands upon the binding produces structural constraints that
consequently stabilizes the structure and reported minimal
RMSD in the complex states (Figure 5E).

FIGURE 9
The PCA and free energy landscape analysis of top hits. (A–E) Principle component analysis of the top hits complexes and apo protein. (F–J) free
energy landscape of the top hits complexes and apo protein.

FIGURE 10
Contact map analysis of the top hits-F3L protein complexes. (A) showing the contact map analysis of top hit 1-F3L complex. (B) showing the contact
map analysis of top hit 2-F3L complex. (C) showing the contact map analysis of top hit 3-F3L complex. (D) showing the contact map analysis of top hit 4-
F3L complex.
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Structural compactness analysis as Rg for
the top four hits complexes

This methodology has previously proven effective in
elucidating how interactions between different proteins or
protein-ligand complexes influence a protein’s behavior over
time (Khan et al., 2022c; Khan et al., 2022d). Here, we
employed this approach to assess the structural compactness
of each complex throughout the simulation, achieved by tracking
the radius of gyration (Rg) over time. Notably, the observed Rg
patterns for the top complexes closely mirror the findings
obtained from RMSD analysis. The Rg (Radius of Gyration)
value for the top hit1-protein complex initially decreased to
approximately 24 Å, followed by a subsequent increase to
30 Å.This brief increase in Rg was later followed by a return
to its lower value. On average, the Rg value for the top hit1-
protein complex was measured at 28 Å as shown in Figure 6A.
These fluctuations in Rg values indicate the binding and
unbinding events of the ligand within the binding pocket.
Conversely, in the case of the top hit2-protein complex, the
system reached equilibrium at 20 ns with a stable Rg value of
28 Å, which remained consistent throughout the simulation. The
average Rg value for the top hit2-protein complex was also
recorded as 28 Å as depicted in Figure 6B. Similarly, in case of
tophit3-protien complex the Rg value was significantly
perturbated between 10 and 30ns and then remined stable
until the end of simulation. The average Rg value for the
tophit3-protien complex was found to be 27 A (Figure 6C).
Finally, the tophit4-protien complex was found to be the most
compact as compared the other three complexes with the average
Rg value of 20 A (Figure 6D). This complex was equilibrated at
20ns and remained stable till the end of simulation. A similar
approach has been used by previous studies to check the
compactness of the drugs and different monkey pox protein
targets (Dutt et al., 2023). These findings suggest that the
tophits-protein complexes possess a compact structure,
potentially leading to potent pharmacological effects against
the protein. Similarly, the app simulation Rg shows a compact
nature and therefore determined a similar result as the RMSD
where the structure reported stable dynamics
behavior (Figure 6E).

Fluctuation analysis of tophits-F3L
complexes at residues level

The Root Mean Square Fluctuation (RMSF) calculation is a
valuable tool in the study of protein-drug interaction in molecular
biology and structural bioinformatics (Fatriansyah et al., 2022;
Ghufran et al., 2022). It provides critical insights into the
dynamic behavior of proteins and can be particular important in
the understanding how proteins interact with drugs (Rashid et al.,
2021; Shah et al., 2022). To check the fluctuation of top hit-protein
complexes at residues level we calculated the RMSF value during the
100ns simulation. As depicted in Figure 7, the tophit4-protein
complex demonstrates a notable equilibrium state among its
residues, with an average RMSF value of 4 Å. Conversely, a
similar RMSF pattern was observed for the tophit1-3-protein

complexes, displaying significant fluctuations within the range of
amino acid residues 20-30. Additionally, fluctuations were observed
in the 100-110 region. Higher RMSF values at specific residues
indicate increased flexibility in those regions, while lower values
signify minimal deviation from their average positions during the
simulation. Ultimately, these variations in dynamic flexibility lead to
diverse conformational optimization and binding interactions with
the protein. Interestingly the apo reported higher fluctuation which
shows that in the ligand bound complexes the internal fluctuation is
stabilized by these ligands and thus produces robust
pharmacological properties in contrast to the apo state.

The average hydrogen bonding analysis of
top hits-protein complexes

Hydrogen bonding plays a pivotal role in biological systems by
facilitating robust intermolecular connections, thereby promoting
molecular recognition and enabling essential biological processes
(Chen et al., 2016b). Hydrogen bond analysis was conducted on all
complexes to determine the number of hydrogen bonds formed in
each frame of the molecular dynamics (MD) simulation. As depicted
in Figure 7, the targeted complexes exhibit a robust network of
hydrogen bonds, underscoring the strong stability of the bound
compounds with the protein. Specifically, the average number of
hydrogen bonds observed for tophit1-4 were 70, 65, 70, and 75,
respectively (Figures 8A–D). This substantial stability, as evidenced
by the RMSD and RMSF data discussed earlier, can be attributed to
the extensive hydrogen bonding within the systems. This could
potentially lead to the inhibition of the target protein, thereby
reducing the infectivity of the monkeypox virus.

Binding free energies calculation for tophits-
F3L complexes

Binding free energy calculation is commonly adopted strategy
for investigating the strength of molecular interactions and
uncovering the pivotal binding characteristics that govern the
overall binding process (Wang et al., 2019; Khan et al., 2021).
We employed the MM/GBSA approach to compute the binding
free energy of complexes involving the top hits with F3L protein of
monkeypox virus. The calculated values for the Van der Waals
energies of top hit 1-4 complexes showed distinct stability of
intermolecular forces. The recorded values were recorded to
be −48.2627 kcal/mol, −43.2109 kcal/mol, −34.2082 kcal/mol,
and −42.3340 kcal/mol for the respective complexes. These values
underscore the attractive forces between molecules due to Van der
Waals interactions, offering insights into the stability and affinity of
these complexes. Furthermore, the electrostatic energies calculated
for the same complexes offer a glimpse into their charged
interactions. The computed electrostatic energies are found to
be −15.0011 kcal/mol, −195.2000 kcal/mol, −70.9841 kcal/mol,
and −5.8987 kcal/mol, revealing the extent to which electrostatic
forces contribute to the overall binding energy. The binding free
energies for the ESURF, EGB, Delta G Gas, and Delta G Solv were
also calculated as shown in Table 2. These values shed light on the
thermodynamic stability of the complexes in various environments.
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Notably, the total binding free energy results are depicted
as −35.9079 kcal/mol, −52.7409 kcal/mol, −28.1702 kcal/mol,
and −32.1119 kcal/mol for the top hit1-4 complexes. Previously,
the natural products were screened against the thymidylate kinase
fromMonkey pox virus and have found the similar range of binding
free energies and concluded the high binding affinity of the ligand
protein complexes (Khan et al., 2023). Furthermore, we also
calculated the MM/PBSA for the last 20ns of the simulation, In
case of MM/PBSA the total binding free energies for the top hit1-4
was recorded to be −30.1667 kcal/mol, −47.3486 kcal/
mol, −21.2884 and −24.8321 kcal/mol respectively. These values
encapsulate the overall energetic favorability of the complex
formation process, with higher negative values indicating
stronger binding and more stable interactions between the
molecules. The results suggest that the compounds (top hit1-4),
exhibit notable binding affinity with the target F3L protein of the
monkeypox virus. This binding affinity could potentially hinder the
interaction between F3L and dsRNA, thereby potentially limiting
themonkeypox virus’s capacity to evade the human immune system.
Given these outcomes, it is highly advisable to prioritize the top hit
drugs for further investigation through both in vivo and in vitro
experiments.

PCA and free energy landscape analysis

The principal component analysis (PCA) approach was used to
cluster the simulation trajectories which revealed different dynamic
behavior presented by each complex. for instance, the top hit 1 and
top hit 3 reported alike behavior which was observed to be more
wide spread than the top hit2 and top hit 4 that revealed
conformational transition in wide spread x and y-axis. This
pattern can be separated from each other by observing the
conformational transition (purple color) and each conformation
which was obtained can be seen as blue and red color. The PCA
results for each complex are given in Figures 9A–E. Then the two
PCs were mapped onto the x and y-axis plan and the lowest energy
states were observed. The top hit 1 reported multiple lowest energy
conformations while the other complexes reported only single
lowest energy conformation. This shows that the differential
pharmacological effects produced by these ligands upon the
binding. A non-constraint motion in the apo state was observed
which further determined the variations in the internal motion and
FEL in contrast to the holo state. The FEL results are given in
Figures 9F–J.

Contact map analysis of top hits and
F3L protein

In order to estimate the conformational dynamics variations, we
calculated dynamic-cross correlation map (DCCM) using the
simulation trajectory. For instance, the region 60-80 region
demonstrated difference in the conformational dynamics and
therefore shows the variations in the internal dynamics and
fluctuations during the simulation. Furthermore, the top hit
4 regions also reported variations in the region 130-160 and
therefore reported dynamically different correlation. The overall

results show that the binding of these ligands particularly affect
60-80 region and therefore produce dynamically variable results.
The contact map results are given in Figures 10A–D.

Conclusion

In response to the ongoing monkeypox outbreak, there is an
imperative need to swiftly develop therapeutic solutions that can
effectively counteract the immune evasion mechanisms employed by
the monkeypox virus (MPXV). A key strategy utilized by MPXV
involves the F3L protein binding to double-stranded RNA (dsRNA),
leading to a reduction in interferon (IFN) production. To address this,
we applied structure-based drug design, conducted binding free
energy calculations, and employed molecular simulation techniques
to disrupt the interaction between the F3L protein and dsRNA.
Through screening the African natural compound database, we
identified four compounds with docking scores of −6.55 kcal/
mol, −6.47 kcal/mol, −6.37 kcal/mol, and −6.35 kcal/mol. Further
validation through dissociation constant analysis, molecular
dynamics simulations, and binding free energy calculations
supported the pharmacological efficacy of these compounds
against the F3L protein. In conclusion, this study provides a
compelling rationale for the development of therapeutics targeting
the immune evasion mechanism of the monkeypox virus.
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SARS-CoV-2, also referred to as severe acute respiratory syndrome coronavirus
2, is the virus responsible for causing COVID-19, an infectious disease that
emerged in Wuhan, China, in December 2019. Among its crucial functions,
NSP6 plays a vital role in evading the human immune system by directly
interacting with a receptor called TANK-binding kinase (TBK1), leading to the
suppression of IFNβ production. Consequently, in the present study we used the
structural and biophysical approaches to analyze the effect of newly emerged
mutations on the binding of NSP6 and TBK1. Among the identifiedmutations, four
(F35G, L37F, L125F, and I162T) were found to significantly destabilize the structure
of NSP6. Furthermore, the molecular docking analysis highlighted that the
mutant NSP6 displayed its highest binding affinity with TBK1, exhibiting
docking scores of −1436.2 for the wildtype and −1723.2, −1788.6, −1510.2,
and −1551.7 for the F35G, L37F, L125F, and I162T mutants, respectively. This
suggests the potential for an enhanced immune system evasion capability of
NSP6. Particularly, the F35G mutation exhibited the strongest binding affinity,
supported by a calculated binding free energy of −172.19 kcal/mol. To disrupt the
binding between NSP6 and TBK1, we conducted virtual drug screening to
develop a novel inhibitor derived from natural products. From this screening,
we identified the top 5 hit compounds as the most promising candidates with a
docking score of −6.59 kcal/mol, −6.52 kcal/mol, −6.32 kcal/mol, −6.22 kcal/mol,
and −6.21 kcal/mol. The molecular dynamic simulation of top 3 hits further
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verified the dynamic stability of drugs-NSP6 complexes. In conclusion, this study
provides valuable insight into the higher infectivity of the SARS-CoV-2 new variants
and a strong rationale for the development of novel drugs against NSP6.
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NSP6, TBK1, SARS-CoV-2, molecular docking, MD simulation

Introduction

In the 21st century, the frequent emergence of coronaviruses,
specifically within the Orthocoronavirinae family, has had
devastating global consequences (Zhu N. et al., 2020; Perlman,
2020). The current pandemic caused by SARS-CoV-2, which
originated in Wuhan, has profoundly impacted societies and
economies worldwide (Zhu Z. et al., 2020). COVID-19, the
disease caused by SARS-CoV-2, has become a multi-wave
pandemic, affecting people with a wide range of symptoms, from
mild to severe respiratory illnesses, such as sore throat, fever,
headache, dry cough, and breathing difficulties. In severe cases,
the virus can significantly impair lung function and even lead to
fatalities (Wu and McGoogan, 2020; Zhou et al., 2020). Recently,
there have been reports of new strains of the virus in various regions
of the world, which are showing increased transmissibility and
virulence (Gorbalenya et al., 2020; Harrison et al., 2020; Suleman
et al., 2023a; Sayaf et al., 2023). These emerging variants are more
infectious, spread more easily, and cause more severe illness. The
rapid global spread of SARS-CoV-2 and the emergence of these new
variants pose a significant risk to public health. As a result, scientists
worldwide are exploring various strategies to combat SARS-CoV-2,
such as utilizing integrated multi-omics technologies to develop
innovative and potent vaccines and medications (Gu et al., 2021; Li
et al., 2023; Panahi et al., 2023).

SARS-CoV-2 possesses a genome of approximately 29.9 kb in
length and contains at least 14 open reading frames (ORFs)
responsible for encoding various viral proteins (Wu et al., 2020).
Within this genome, there are 4 structural proteins, 7 accessory
proteins, and 16 non-structural proteins (Xia et al., 2020). Notably,
two large overlapping ORFs, namely, ORF1a and ORF1b, are located
in the 5-proximal two-thirds of the genome. These ORFs encode
continuous polypeptides known as pp1a and pp1ab, which undergo
cleavage by viral proteases to produce the 16 non-structural proteins
(nsp1-16), collectively forming the replicase (Sundar et al., 2021).
The non-structural proteins are mainly associated with viral
replication while the structural proteins are accountable factors of
infection and also responsible for the virion assembly (Chen et al.,
2020; Sundar et al., 2021). The accessory proteins are linked with
viral pathogenesis and infection (Xia et al., 2020). NSP6 is classified
as one of the non-structural proteins, with a genome size of
approximately 34 kDa, and it is characterized by a highly
conserved C-terminus and an eight transmembrane helicase
structure (Giovanetti et al., 2020). NSP6 along with the
NSP3 and NSP4 is accountable for the formation of replicase
organelles or replication-transcription complexes, which hold
significant importance in the virus’s life cycle and its ability to
cause infections (He et al., 2016; Oudshoorn et al., 2016).

The initial defense against viral infections, including
coronaviruses, relies on the innate immune system’s production

of interferons (IFNs). This response is triggered when specific
patterns found in pathogens, called pathogen-associated
molecular patterns (PAMPs), such as viral mRNA, are
recognized. Key sensors, RIG-I and MDA5, are responsible for
detecting these PAMPs (Acharya et al., 2020; Li et al., 2020; Park
and Iwasaki, 2020). Once activated, RIG-I and MDA5 bind to the
CARD domain of the mitochondrial antiviral signaling protein
(MAVs). This activation leads to the recruitment of downstream
signaling components, including IKKε and TBK1, to the
mitochondria. These downstream components then
phosphorylate IRF3 and IRF7, which form dimers and
translocate to the nucleus. Inside the nucleus, IRF3 and
IRF7 initiate the expression of IFN-I genes (Larson et al., 2003;
Kawai and Akira, 2007; Liu et al., 2015; Rashid et al., 2021). IFN-I
induction triggers antiviral activity within cells, inhibiting viral
replication. One mechanism by which IFN-I accomplishes this is
by stimulating the activity of dsRNA-activated kinase. This well-
coordinated immune response plays a pivotal role in protecting host
cells from viral infections (Balachandran et al., 2000; Malathi et al.,
2007). Corona-virus developed diverse strategies to counteract the
IFN pathway and to antagonize IFN response by targeting distinct
steps in the IFN production pathway (Rajsbaum and García-Sastre,
2013). Earlier investigations have established that NSP6 can hinder
the production of IFN-b (Xia et al., 2020; Shemesh et al., 2021). To
pinpoint the specific step in the production of IFN-b that
NSP6 affects, scientists studied various components of the RIG-1
pathway. The results indicated that when the IFN-b promoter was
induced by IKKε, TBK1, or MAVS, the luciferase activity was
suppressed. This suggests that NSP6 may inhibit IFN-b
production by targeting IRF3 or other component(s) situated
upstream of IRF3 in the signaling pathway. Additionally, the
study demonstrated that NSP6 can influence the phosphorylation
of TBK1 and IRF3. When NSP6 was overexpressed and followed by
poly (I:C) transfection, IRF3 phosphorylation was reduced by
approximately 57%, but TBK1 phosphorylation remained
unaffected. This indicates that NSP6 likely binds to TBK1,
leading to decreased IRF3 phosphorylation, which ultimately
results in a reduction of the IFN-b production (Xia et al., 2020;
Rashid et al., 2022).

The role of NSP6 has been revealed in various studies which
inhibit the induction of interferon-beta through interacting with
Tank Binding Kinase 1 and escape the immune system (Guo et al.,
2021; Vazquez et al., 2021). Considering the importance of NSP6 in
human immune evasion, the present study was carried out to
investigate the effect of newly emerged and deleterious mutations
on NSP6-TBK1 bonding network and evasion of human immune
system. Furthermore, we used the virtual drugs screening against
the binding interface of NSP6 and TBK1 to halt the binding,
thereby controlling the evasion of the human immune system
mediated by NSP6. The molecular dynamics simulation approach
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was further used to verify the stability of top hit drugs and
NSP6 complexes.

Materials and methods

Sequence retrieval and analysis

The protein sequence of SARS-CoV-2 NSP6 (ID: P0DTD1)
and the crystal structure of TBK1 (ID: Q9UHD2) were obtained
from the UniProt database (https://www.uniprot.org/)
(Consortium, 2019). GISAID (Global Initiative on Sharing All
Influenza Data) is a database and platform designed for sharing
and analyzing genomic data of influenza viruses and other
emerging infectious diseases. To identify single nucleotide
substitutions in the NSP6 protein, we submitted the sequence in
FASTA format to the GISAID database (https://www.gisaid.org/).
By comparing the submitted sequence with the reference sequence
hCoV-19/Wuhan/WIV04/2019 (accession no MN996528.1), the
server detected new mutations and provided information on the
positions of the amino acid residues that were replaced (Kalia et al.
, 2021).

Molecular modeling and structural
validation

The protein sequence of NSP6 was used as input for the 3D
structure modeling process using AlphaFold 2.0. AlphaFold 2.0 is an
advanced protein folding prediction system developed by
DeepMind, an artificial intelligence research lab owned by
Alphabet Inc. It employs deep learning techniques to predict the
3D structure of proteins based on their amino acid sequences
(Jumper et al., 2021). We performed further validations using
ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) and
PROCHECK (https://saves.mbi.ucla.edu/). These validations
involved analyzing the Ramachandran plot to ensure proper
distribution of residues and bond angles (Laskowski et al., 1993;
Gopalakrishnan et al, 2007). After constructing the structure, it
underwent validation and minimization procedures before further
processing.

Mutational impact on structure stability

Protein structure stability is of paramount importance for
various biological processes and functions. Proteins are
fundamental building blocks of living organisms, and their
structure directly influences their ability to perform specific tasks
within cells and organisms. Therefore, to analyze the effect of
identified mutations on the structure stability of NSP6, we used
the I-Mutant 2.0 serve (https://folding.biofold.org/i-mutant/i-
mutant2.0.html). The server needs wild type and mutant protein
residue position for determining the impact of substitution of amino
acid on protein. A positive value of ΔΔG show high stability and
negative value shows less stability (Calabrese et al., 2009). However,
for structure-based protein stability, the DynaMut2 server (http://
biosig.unimelb.edu.au/dynamut2) was used for finding the effect of

alteration in dynamics and protein stability through the Normal
Mode Analysis approach. The ΔΔG value less than zero indicates
destabilization while a value higher than zero indicates stabilization
(Rodrigues et al., 2021). Finally, the destabilizing mutations
shortlisted by the aforementioned two servers were subjected to
the mCSM server to determine the effect of mutants on protein
stability by using a graph-based signature (http://biosig.unimelb.
edu.au/mcsm/stability). By analyzing the RSA (Relative Solvent
Accessibility) and ΔΔG (difference in free energy) values for each
mutation, the mCSM gained valuable insights into how these
mutations affected the stability of the proteins under
investigation (Pires et al., 2014).

Mutants generation and variation analysis

The chimera software, a molecular graphics and modeling
program developed by the University of California, San Francisco
was used to insert the newly identified highly destabilizing
mutations in the wildtype structure of NSP6 protein (Webb and
Sali, 2016). Furthermore, the mutant structures of NSP6 were
subjected to a minimization process which lower the total energy
of a protein structure. Following the stability analysis, we used the
PyMOL software to compare the structural differences between the
wildtype and NSP6 and its variants. We achieved this by
superimposing each mutant onto the WT NSP6 structure and
then calculating the RMSD (root mean square deviation) value.
This allowed us to quantify and understand the extent of structural
variations introduced by themutations in comparison to the original
protein structure.

Bonding network and its free energy
calculation

The ClusPro server (https://cluspro.org) is a widely utilized tool
for conducting protein-protein docking. Its user-friendly interface
only requires two files in Protein Data Bank (PDB) format to initiate
the docking process (Kozakov et al., 2017). In this study, we
employed the ClusPro server to perform molecular docking
between WT NSP6 and various mutants with the TBK1 protein.
The server provides the ten best complex models ranked by low
energy score as the output of the docking simulation. To visualize
the binding interface in terms of hydrogen bond, salt bridge, and
non-bonded contacts between the NSP6 and TBK1 complex, we
used the PDBsum online server (http://www.ebi.ac.uk/thornton-srv/
databases/pdbsum/Generate.html) (Mohammad et al., 2021).
Furthermore, we used the MM/GBSA approach to assess the
binding free energies of both wild-type and mutant
NSP6 complexes. This method is renowned for its reliability in
estimating binding free energies for diverse biological complexes
(Rashid et al., 2022). The computation of binding free energies was
conducted using the MMGBSA. py script, which considers various
factors, including electrostatic interactions, van der Waals forces,
solvent-accessible surface area (SA), and the generalized
Born model (GB).

The binding free energies calculated mathematically by the
following equation:
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“ΔG bind( ) � ΔG complex( ) − ΔG receptor( ) + ΔG ligand( )[ ]

To obtain the individual contributions to the total free energy,
we used the following equation:

″G � Gbond + Gele + GvdW + Gpol + Gnpol″

Targeting of NSP6-TBK1 binding interface by
virtual drug screening

ANPDB (African Natural Products Databases) is an
accumulation of medicinally important natural compounds,
therefore, the South African natural product database was
downloaded in a 3D structure data file (3D-SDF) from the
ANPDB website (http://african-compounds.org/anpdb/). Initially,
a computational screening of this database was performed using the
FAF-Drugs 4 web-server to identify non-toxic drug-like molecules
that adhere to Lipinski’s rule of 5 (Lagorce et al., 2017). Lipinski’s
Rule of 5 predicts drug-likeness based on molecular properties: a
molecule with no more than 5 hydrogen bond donors, 10 hydrogen
bond acceptors, a molecular weight under 500, and a partition
coefficient log p less than 5 is more likely to have favorable
pharmacokinetic properties and oral bioavailability, increasing its
potential as a successful drug candidate. The filtered database was
then screened against the binding interface of NSP6 and TBK1. For
this screening, AUTODOCK Vina 2.0 was employed, initially using
16 exhaustiveness settings for rapid screening. The top hits from this
step were selected, and a more detailed screening was carried out
using 64 exhaustiveness settings to eliminate false positive results.
Next, the top 10% of drugs were selected for induced fit docking
(IFD) by using the AutoDockFR (Ravindranath et al., 2015),
AutoDockFR typically employs force fields like AMBER or
CHARMM, simulation protocols such as molecular dynamics
(MD), and scoring functions like AMBER scoring or force-field-
based scoring for Induced Fit Docking (IFD) simulations. We used
the default parameters for the IFD docking. This technique
accommodates receptor flexibility and facilitates a covalent
docking. After this process, the MD (Molecular Dynamics)
simulations were conducted on the final top 3 hits.

Molecular dynamics simulation

The Amber20 package was employed for conducting molecular
dynamics (MD) simulations, focusing on assessing the stability of
the complexes formed between top hit drugs and NSP6. The
simulations used the antechamber force field for parameterizing
the molecules (Maier et al., 2015). The solvation of each system was
achieved using the TIP3P model, and to neutralize the systems, To
neutralize the system charge Na+ and Cl + ions were inoculated
(Price and Brooks, 2004). The MD simulations were conducted in
multiple stages, starting with energy minimization to optimize the
initial structures. The energy minimization protocol consisted of
9,000 cycles, with the first 6,000 cycles utilizing the steepest descent
minimization (Meza, 2010), followed by the remaining 3,000 cycles
using the conjugate gradient minimization (Watowich et al., 1988).
This step aimed to eliminate any unfavorable clashes within the

system after neutralization. Subsequently, the systems were heated
to a temperature of 300K and then equilibrated at constant pressure
(1 atm) to achieve a stable starting point for the production phase of
the simulation. The production step was then run for a duration of
100ns to gather data for analysis. To accurately account for long-
range electrostatic interactions, the particle mesh Ewald method was
employed (Petersen, 1995; Salomon-Ferrer et al., 2013).
Additionally, the SHAKE algorithm was used to treat covalent
bonds, ensuring efficient treatment of these interactions during
the simulations (Kräutler et al. 2000). The post-simulation
analysis was performed by using the CPPTRAJ and PTRAJ
packages of amber20. These packages were utilized to examine
the dynamic stability, residual fluctuation, compactness, and
hydrogen bonding network of the complexes (Roe and
Cheatham, 2013). To assess the structural dynamic stability, the
Root Mean Square Deviation (RMSD) was computed. However, the
Rg (radius of gyration) was employed to calculate the structural
compactness. On the other hand, to analyze the fluctuation at the
residues level we calculated the Root Mean Square
Fluctuation (RMSF).

Results and Discussion

The global pandemic caused by the SARS-CoV-2 genome has
become a major cause for concern across the world. Significant
efforts are underway to identify a potential molecular drug to
combat the virus (Martin and Cheng, 2022). Recently, multiple
regions have reported the presence of novel strains of the virus
which are demonstrating heightened transmissibility and virulence
(Gorbalenya et al., 2020; Harrison et al., 2020; Suleman et al., 2023a;
Sayaf et al., 2023). These emerging variants exhibit increased
infectivity, spread more readily, and lead to more severe illness.
The rapid worldwide dissemination of SARS-CoV-2 and the
appearance of these new variants present a substantial threat to
public health. In several studies, the function of NSP6, a non-
structural protein of SARS-CoV-2, has been revealed to hinder
the induction of IFNβ by interacting with Tank Binding Kinase 1
(TBK1), allowing the virus to evade the human immune system
(Guo et al., 2021; Vazquez et al., 2021). Recognizing the significance
of NSP6 in immune evasion, our current research aimed to examine
the impact of newly emerged and harmful mutations on the NSP6-
TBK1 binding network and its implications for escaping the human
immune response. Additionally, we conducted virtual drug
screening targeting the binding interface of NSP6 and TBK1 to
disrupt the interaction and potentially control the evasion of the
human immune system facilitated by NSP6. Finally, we use the
molecular dynamics simulation approach to confirm the stability of
identified drugs and NSP6 complexes. Figure 1 illustrates the
comprehensive workflow of the current study.

Sequence retrieval and mutations
identification in NSP6

The protein sequence of SARS-CoV-2 NSP6 (ID: P0DTD1) and
the crystal structure of TBK1 (ID: Q9UHD2) were obtained from the
UniProt database (https://www.uniprot.org/) (Magrane, 2011;
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FIGURE 1
A comprehensive workflow of the current study.

FIGURE 2
Schematic representation of mutations identified in NSP6 protein.
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Consortium, 2019). Mutation plays a crucial role in determining the
pathogenicity of viruses as it directly affects their capacity to cause
disease in a host organism. Compared to other organisms, viruses
exhibit notably high mutation rates, leading to rapid evolution,
which is a key factor in shaping their ability to cause disease
(Suleman et al., 2023b; Aziz et al., 2023). To identify the newly
emerged mutations in the NSP6 protein, the retrieved sequence was
submitted to the GISAID database which is designed for sharing and
analyzing genomic data of influenza viruses and other emerging
infectious diseases. The GISAID database identified 15 new
mutations (T17I, L22I, F35G, L37F, A88V, S106T, G107S, F108L,
V120L, L125F, V149F, Y153F, I162T, M183I, V190F) in the
NSP6 protein by comparing the submitted sequence with the
reference sequence hCoV-19/Wuhan/WIV04/2019 (Kalia et al.,
2021). Figure 2 illustrates the graphical representation of
identified mutations.

Mutation impact on stability of
NSP6 protein structure

Certain mutations have the potential to substitute a stabilizing
amino acid with a less stable one, causing the protein’s natural
structure to be disrupted. Consequently, the protein may become
less compact and more susceptible to unfolding or misfolding. On
the other hand, there are mutations that can enhance the
interactions between amino acids, leading to improved stability
compared to the wild-type version of the protein. These
beneficial mutations often result in enhanced folding and
thermodynamic stability of the protein (Mou et al., 2021; L et al.,
2020). Various online servers such as I-Mutant 2.0, DynaMut 2, and

mCSM were used to predict the effect of identified mutations on the
structural stability of NSP6 protein. First, the identified 15mutations
were submitted to the I-mutant2.0 server to evaluate the structural
stability of NSP6. I-Mutant2.0 is a tool that uses a support vector
machine (SVM) to predict how single point mutations can impact
the stability of proteins. The tool was trained and validated using
data from ProTherm, the most extensive database of experimental
information on thermodynamic changes in protein stability
resulting from mutations under various conditions (Capriotti
et al., 2005; Suleman et al., 2023a). After analyzing 15 mutations
in the NSP6 protein, I-Mutant2.0 predicted changes in the ΔΔG
values ranging from 0.56 kcal/mol to −4.61 kcal/mol. Among these
mutations, 14 of them (T17I, F35G, L37F, A88V, S106T, G107S,
F108L, V120L, L125F, V149F, Y153F, I162T, M183I, and VI90F)
were associated with decreased stability. However, one mutant
(L22I) exhibited increased stability. Furthermore, to verify the
results generated by I-Mutant2.0 server, we submitted the
aforementioned mutations to the DynaMut2 server.
DynaMut2 sever utilizes a combination of NMA (Normal Mode
Analysis) and graph-based representations of wildtype environment
to investigate how single and multiple point mutations affect the
stability and dynamics of proteins (Rodrigues et al., 2021). Analysis
of 15 variants through DynaMut2 server determined the ΔΔG value
ranging from 0.81 kcal/mol to −1.69 kcal/mol, whereas 14 mutations
(L22I, F35G, L37F, A88V, S106T, G107S, F108L, V120L, L125F,
V149F, Y153F, I162T, M183I and VI90F) decreased structural
stability while 1 mutation (T17I) increased structural
stability (Table1).

Afterward, to shortlist the destabilized mutations identified by
the I-Mutant 2.0 and DynaMut 2 servers we used the mCSM server.
The mCSM server presents an innovative method that utilizes

TABLE 1 List of deleterious mutations prediction by I-Mutant and DynaMut servers.

Index Variants I-Mutant2.0 DynaMut2

PredictedΔΔG Outcome PredictedΔΔG Outcome

1 T17I −0.07 kcal/mol Destabilizing 0.81 kcal/mol Stabilizing

2 L22I 0.56 kcal/mol Stabilizing −0.29 kcal/mol Destabilizing

3 F35G −3.89 kcal/mol Destabilizing −1.82 kcal/mol Destabilizing

4 L37F −0.05 kcal/mol Destabilizing −0.81 kcal/mol Destabilizing

5 A88V −0.58 kcal/mol Destabilizing −0.55 kcal/mol Destabilizing

6 S106T −0.61 kcal/mol Destabilizing −0.07 kcal/mol Destabilizing

7 G107S −0.84 kcal/mol Destabilizing −0.06 kcal/mol Destabilizing

8 F108L −3.31 kcal/mol Destabilizing −0.11 kcal/mol Destabilizing

9 V120L −1.36 kcal/mol Destabilizing −0.05 kcal/mol Destabilizing

10 L125F −1.18 kcal/mol Destabilizing −0.94 kcal/mol Destabilizing

11 V149F −3.68 kcal/mol Destabilizing −0.65 kcal/mol Destabilizing

12 Y153F −0.22 kcal/mol Destabilizing −0.33 kcal/mol Destabilizing

13 I162T −4.61 kcal/mol Destabilizing −1.69 kcal/mol Destabilizing

14 M183I −1.64 kcal/mol Destabilizing −0.32 kcal/mol Destabilizing

15 V190F −2.1 kcal/mol Destabilizing −0.83 kcal/mol Destabilizing
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graph-based signatures for investigating missense mutations. These
signatures encode atomic distance patterns, enabling the
representation of the protein residue environment and facilitating
the training of predictive models (Pires et al., 2014; Pires et al., 2016;
Rodrigues et al., 2019). The top four highly destabilizing mutations
revealed by the mCSM server were F35G, L37F, L125F, and I162T
with ΔΔG values of −1.928 kcal/mol, −1.214 kcal/mol, −1.207 kcal/
mol, and −1.476 kcal/mol respectively (Table 2). Similar approaches
were used by several previous studies for the selection of highly
destabilizing mutations (Suleman et al., 2021a; Suleman et al.,
2022a). To delve deeper into the significance of these mutations
within the immune evasion pathway, we processed it for
further analysis.

NSP6 protein modeling and RMSD analysis
by superimposition

The 3D structure of a protein is of paramount importance for its
function, as it directly influences how the protein interacts with
other molecules and performs its specific biological tasks. Proteins
are essential macromolecules in living organisms, and their
functions are highly dependent on their unique 3D shapes.
Consequently, to model the 3D structure of NSP6, we used the
AlphaFold 2.0 which employs deep learning techniques to predict
the 3D structure of proteins based on their amino acid sequences
(Jumper et al., 2021). The 3D structure of NSP6 protein is shown in
Figure 3A. To verify the predicted NSP6 protein model, we used the
Ramachandran and ProSA-web analysis. The Ramachandran
analysis indicated that 84.3% of the amino acid residues were
situated in the most favored regions, with 15% found in
additional allowed regions, and only 0.7% located in the
disallowed regions (Figure 3B). Furthermore, the ProSA-web
analysis yielded a Z score of −3.29 for the predicted
NSP6 protein structure, a value well within the expected range

for normal protein structures of similar size (Suleman et al., 2022b)
(Figure 3C). Finally, the shortlisted destabilizing mutations (F35G,
L37F, L125F and I162T) were modeled in the wildtype structure of
NSP6 by using the Chimera software (Figures 3D–G).

The structural variances between the wild-type ORF6 protein and
the generated mutants were assessed by superimposing their respective
structures, and the Root Mean Square Deviation (RMSD) values were
determined. The calculated RMSD values (0.26 Å, 0.31 Å, 0.43 Å, and
0.27 Å) for the F35G, L37F, I162T, and I125F mutants indicated
significant differences compared to the wild-type protein (Figures
4A–D). These mutations led to changes in the secondary structure
and overall conformation of the protein, highlighting the need to
investigate their potential impact on the binding affinity between
NSP6 and TBK1. Consequently, structural procedures such as
molecular docking, were utilized to find out the effect of these
mutations on downstream immune escape mechanism.

Molecular docking of wildtype and mutant
NSP6 with TBK1

Molecular docking is a versatile and powerful tool for studying
protein-protein interactions, providing valuable insights into
biology, drug discovery, and personalized medicine. Its
computational nature allows researchers to explore a wide range
of interactions and structural conformations, complementing
experimental approaches and guiding further studies. The
function of NSP6, a non-structural protein of SARS-CoV-2, has
been revealed to hinder the induction of IFNβ by interacting with
Tank Binding Kinase 1 (TBK1), allowing the virus to evade the
human immune system (Guo et al., 2021; Vazquez et al., 2021).
Consequently, we used the molecular docking approach to check
the effect of identified variants (F35G, L37F, L125F, and I162T) on
the binding affinity of NSP6 and TBK1. The predicted docking
score for the wildtype-TBK1 complex was recorded to be −1436.2.
The binding interface analysis by PDBsum revealed the formation
of 6 hydrogen bonds, 1 salt bridge, and 147 non-bonded contacts.
The residues involved in the hydrogen bonds formation were
Arg357-Met47, Gly722-Arg93, Gly721-Arg93, Lys692-Asn264,
Trp445-Asn40 and Met690-Arg233 however, the salt bridge was
formed between Glu696 and Lys63 (Figure 5A; Supplementary
Figure S1A). Furthermore, the analysis of F35G-TBK1 complex by
ClusPro server showed a docking score of −1723.2 while the
interaction interface analysis revealed the formation of
15 hydrogen bonds, 7 salt bridges, and 250 non-bonded
contacts. The key hotspot residues Asn725-Asp133, Asp720-
Gly135, Asp720-Lys285, Asp727-Arg129, Leu729-Arg129,
Asp148-Tyr175, Glu147-Lys61, Glu147-Tyr242, Phe88-Tyr224,
Glu561-Arg187, Arg573-Glu195 and Glu572-Thr206 were
involved in the hydrogen bonds formation (Figure 5B;
Supplementary Figure S1B). The docking score of −1788.6 was
recorded for the L37F-TBK1 complex however, the interface
analysis showed the presence of 12 hydrogen bonds, 4 salt
bridges, and 303 non-bonded contacts. The key amino acid
residues Leu717-Gln249, Asp720-Lys285, Leu723-Asp133,
Arg724-Asp133, Arg724-Ile284, Arg724-Leu275, Leu729-Val278,
Asp727-Arg129, Glu147-Tyr175, Phe88-Tyr224, Glu561-Arg187
and Glu572-Thr206 formed the hydrogen bonds while,

TABLE 2 List of deleterious mutations prediction by mCSM server.

Index Variants ΔΔG mCSM Outcome

1 F35G −1.928 kcal/mol Destabilizing

2 L37F −1.214 kcal/mol Destabilizing

3 A88V −0.449 kcal/mol Destabilizing

4 S106T −0.365 kcal/mol Destabilizing

5 G107S −0.598 kcal/mol Destabilizing

6 F108L −0.822 kcal/mol Destabilizing

7 V120L −0.326 kcal/mol Destabilizing

8 L125F −1.207 kcal/mol Destabilizing

9 V149F −0.794 kcal/mol Destabilizing

10 Y153F −0.529 kcal/mol Destabilizing

11 I162T −1.476 kcal/mol Destabilizing

12 M183I −0.597 kcal/mol Destabilizing

13 V190F −0.962 kcal/mol Destabilizing
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FIGURE 3
Structural modeling and variants generation of NSP6 protein. (A) Represents the AlphaFold generated wildtype NSP6, (B) represents Ramachandran
plot analysis. (C) Represents ProSA-web analysis (D) showing F35G protein model, (E) showing L37F protein model, (F) showing L125F protein model. (G)
Showing I162T protein model.

FIGURE 4
RMSD calculation by superimposing mutants on wildtype NSP6. (A) Represents deviation of F35G mutant. (B) Represents deviation of L37F mutant.
(C) Represents deviation of I162T mutant. (D) Represents deviation of I125F mutant.
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Asp720-Lys285, Arg724-Asp133, Asp727-Arg129 and Glu561-
Arg187 formed the salt bridges (Figure 5C;
Supplementary Figure S1C).

After this, the ClusPro server predicted the docking score
of −1510.2 for the L125F-TBK1 complex. The PDBsum analysis
showed the presence of 14 hydrogen bonds and 180 non-bonded
contacts. The residues involved in hydrogen bonds formation
were Asp148-Arg93, Glu147-Arg93, Arg143-Phe35, Arg143-
Phe34, Gly92-Ile202, Arg27-Tyr85, Arg27-Asn156, Ser12-
Thr206, Asp13-Asn205, Arg25-Asn205, Asn103-Asn40 and
Ser102-Asn40 (Figure 6A; Supplementary Figure S1D). Finally,

the analysis of I162T-TBK1 complex showed the docking score
of −1551.7 however, the binding interface analysis revealed the
existence of 13 hydrogen bonds, 1 salt bridge and 204 non-
bonded contacts. The key residues Ile14-Trp97, Lys567-Arg93,
Tyr563-Arg93, Glu99-Arg93, Tyr564-Arg93, Glu100-Ser89,
Glu100-Trp90, Ser93-Trp90, Arg27-Ser118, Arg143-Tyr38,
Glu111-Tyr38 and Glu147-Ser21 formed the hydrogen while
Glu99-Arg93 formed the salt bridge in the I162T-TBK1
complex (Figure 6B; Supplementary Figure S1E). These results
indicated that the shortlisted NSP6 mutants had significantly
increased the binding affinity of NSP6 and TBK1 as compared to

FIGURE 5
Molecular docking analysis of wildtype and mutant NSP6-TBK1 complexes. (A) Showing the binding residues of wildtype-TBK1 complex. (B)
Showing the binding residues of F35G-TBK1 complex. (C) Showing the binding residues of L37F-TBK1 complex.

FIGURE 6
Molecular docking analysis of L125F and I162T-TBK1 complexes. (A) Showing the binding residues of L125F-TBK1 complex. (B) Showing the binding
residues of I162T-TBK1 complex.
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the wildtype complex. This strengthened interaction has raised
concerns about the potential of SARS-CoV-2 to evade the human
immune system. Among the mutants studied, the F35G variant
demonstrated the highest binding affinity with TBK1, as evident
from the docking score and hydrogen bonding network analysis.
As a result, we chose to concentrate our further investigations on
this specific mutant to explore its potential as a target for drug
discovery and development to halt the interactions between
NSP6 and TBK1.

Binding free energies calculations

Binding free energy calculations are essential for elucidating the
energetics and dynamics of protein-protein interactions. Binding
free energy calculations serve as a validation tool for computational
models predicting protein-protein interactions. Comparing
calculated binding energies with experimental data helps assess
the accuracy of the computational methods used (Khan et al.,
2021; Khan et al., 2022a). Therefore, to validate our docking
results, we used the MM/GBSA approach to evaluate the binding
free energies of both wildtype and mutant NSP6-TBK1 complexes.
According to Table 2, the van der Waals (vdW) energy for the wild-
type NSP6-TBK1 complex was calculated to be −213.46 kcal/mol.
Interestingly, the mutants F35G, L37F, L125F, and I162T showed
significant increases in vdW energy, with values of −279.9 kcal/
mol, −281.93 kcal/mol, −217.48 kcal/mol, and −249.71 kcal/mol,
respectively. This suggests a notable variation in the
NSP6 variants compared to the wild type, aligning with previous
studies on different SARS-CoV-2 variants that also pointed to
increased vdW energy. Another crucial factor, the electrostatic
energy, was reported to be responsible for the enhanced binding
of various variants in prior research (Suleman et al., 2021b; Shafiq
et al., 2022; Suleman et al., 2023b). In the current study, similar
observations were made as the wild type exhibited an electrostatic
energy of −1059.82 kcal/mol. Conversely, the F35G, L37F, L125F,
and I162T variants showed higher electrostatic energies,
measuring −1342.8 kcal/mol, −1371.79 kcal/mol, −595.31 kcal/
mol, and −647.11 kcal/mol, respectively. Regarding the overall
binding energy, the wild-type NSP6-TBK1 complex displayed a
value of −118.12 kcal/mol, whereas the F35G, L37F, L125F, and
I162T mutants had binding energies of −172.19 kcal/
mol, −149.05 kcal/mol, −122.96 kcal/mol, and −116.22 kcal/mol,
respectively (Table 3). The outcomes strongly support the notion
of the mutant F35G having the highest binding free energy,
confirming the results obtained from molecular docking.

Virtual drug screening against NSP6

In the field of drug design, virtual drug screening serves as a vital
tool, enabling researchers to efficiently pinpoint and assess potential
drug candidates prior to undertaking resource-intensive and time-
consuming laboratory experiments. By offering a faster and more
efficient approach, virtual drug screening plays a crucial role in
identifying promising drug candidates and refining their chemical
and biological properties during the drug design process (Maia
et al., 2020; Oliveira et al., 2023). Before initiating the database
screening, Lipinski’s rule of five was applied to filter out drug-like
molecules. Among the total molecules in the database, 723 compounds
successfully met the ADMET criteria. For virtual drug screening,
AutoDock Vina was utilized, revealing docking scores ranging
from −6.69 to −0.23 kcal/mol. Compounds with scores lower
than −6.69 were shortlisted for further analysis. Among these,
38 compounds were subjected to induced fit docking, resulting in
docking scores ranging from −6.7 to −3.6 kcal/mol. The top five hits
were then selected based on their docking scores and hydrogen bonding
network. The top five compounds, namely, 10-[(2Z)-3,7-dimethylocta-
2,6-dienyl]-5, 9,11-Trihydroxy-3,3-dimethyl-pyrano[3,2-a]xanthen-12-
one (C1), 6,11-dihydroxy-9,10-Dimethoxy-3, 3-dimethyl-5-(4-
methylpent-3-enyl) Pyrano [2,3-c] xanthen-7 one(C2),1-(3-acetyl-2-
Hydroxy-4,6-dimethoxy-phenyl)-4,5-Dihydroxy-2-methyl- anthracene
9,10-dione(C3), [(2R,3R)-2-(3,4-dihydroxyphenyl)-5,7-Dihydroxy-
chroman-3-yl](C4), and (2S,3S)-2-(3,4-dihydroxyphenyl)-5,7-
dihydroxy-3-[(2R,3R,4R,5S)-3,4,5Trihydroxytetrahydropyran-2-yl] (C5)
with a docking score of −6.59 kcal/mol, −6.52 kcal/mol, −6.32 kcal/
mol, −6.22 kcal/mol and −6.21 kcal/mol respectively were selected for
further analysis. The top hits compounds along with their docking scores
are shown in Table 4.

Interaction analysis of top hit compounds

The top 5 hits were analyzed in detail, focusing on the interactions
involving hydrophobic interactions, hydrogen bonds, and salt bridges.
The analysis of tophit1-NSP6 complex displayed a docking score
of −6.59 kcal/mol. This complex formed six hydrogen bonds and
one hydrophobic bond with specific residues within the target
protein. The key residues involved in establishing this bonding
network were Leu239, Thr238, Gly240, Asn232, Arg233, Ser265, and
Asn264 (Figure 7A). Similarly, our analysis of the top hit 2 compound
revealed that it establishes 3 hydrogen bonds and 3 hydrophobic
interaction with specific amino acids in the target protein, including
Arg233, Ser265, Pro262, Val241, and Thr238. The docking score for the

TABLE 3 Binding free energies of wildtype and mutant NSP6-TBK1 complexes.

Complexes vdW Electrostatic GB SA Total binding energy

Wild Type −213.46 −1059.82 1182.2 −27.04 −118.12

F35G −279.9 −1342.8 1484.89 −34.38 −172.19

L37F −281.93 −1371.79 1539.86 −35.19 −149.05

L125F −217.48 −595.31 714.75 −24.91 −122.96

I162T −249.71 −647.11 811.34 −30.74 −116.22
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top hit2 was recorded to be −6.52 kcal/mol (Figure 7B). Furthermore,
the docking score of−6.32 kcal/mol was recorded for the top hit 3-NSP6
complex. The binding interface analysis showed the presence of
4 hydrogen bonds and 3 hydrophobic bonds with amino acids
Val241, Thr238, Arg233, Val60, Ser265 and Asn264 (Figure 7C).

The analysis of top hit 4-NSP6 complex showed the existence of
5 hydrogen bonds, 2 hydrophobic bonds, and 1 salt bridge with amino
acids residues including, Lys63, Ser265, Asn264, Asn232, and Arg233.
The docking score for the top hit 4-NSP6 complex was found to
be −6.22 kcal/mol (Figure 8A). Similarly, in the case of the top hit 5-
NSP6 complex, there were favorable interactions observed with the target
protein. This complex formed 7 hydrogen bonds and 1 hydrophobic
interaction, involving specific amino acids, namely, Leu237, Arg233,
Lys63, Asn264, Ser265, His62, Gln290, and Val241. The docking score

for this interaction was −6.21 kcal/mol (Figure 8B). The results of our
study indicate that these compounds show great promise as potential
drug candidates due to their favorable interactions with the target protein.
These interactions are crucial for enhancing the compounds’ therapeutic
efficacy, making them potentially effective treatments. To further verify
the dynamic stability of durgs-NSP6 complex, we selected the top 3 hits
for the molecular dynamic simulation analysis.

Molecular dynamics simulations analysis of
top hits

The stability of molecular interactions within a binding cavity is
a critical factor in determining the binding affinity of a small

TABLE 4 List of top five hits, along with their 2D-structures and docking scores.

Top
hit#

IDs Drug name 2D-structure Docking
score

1 AN_UY_045_1 10-[(2Z)-3,7-dimethylocta-2, 6-dienyl]-5, 9,11-Trihydroxy-3, 3-
dimethyl-pyrano[3,2-a] xanthen-12-one

−6.59 kcal/mol

2 BMC_00066 6,11-dihydroxy-9,10dimethoxy-3,3-Dimethyl-5-(4-methylpent-3-enyl)
Pyrano [2,3-c] xanthen-7-one

−6.52 kcal/mol

3 SA_0133 1-(3-acetyl-2-Hydroxy-4,6-dimethoxy-phenyl)-4,5-dihydroxy-2-
methyl-anthracene-9, 10-dione

−6.32 kcal/mol

4 WA_0027 [(2R,3R)-2-(3,4- Dihydroxyphenyl)-5,7-dihydroxy-chroman-3-yl] −6.22 kcal/mol

5 WA_0088 (2S,3S)-2-(3,4-Dihydroxyphenyl)-5,7-Dihydroxy-3-[(2R,3R,4R,5S)-
3,4,5-trihydroxytetrahydropyran-2-yl]

−6.21 kcal/mol
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molecular ligand. Simulation trajectories are commonly employed
to analyze this stability, and one of the keymetrics used is the RMSD.
The RMSD provides valuable data on the dynamic stability of the
interacting molecules, shedding light on the strength of their
binding. Understanding a protein’s dynamic nature is crucial, as
it aids in estimating the biological complex stability in a dynamic
environment (Karplus and Kuriyan, 2005). In the current study we
executed 100ns simulation to calculate the RMSD to check the
stability of protein-drugs top hits in a dynamic environment. As
shown in Figure 9, during the 100ns simulation no significant
convergence was observed in the RMSD value of all the three top
hits which indicates the stable behavior of protein-drug complexes.
In case of the top hit 1, the system equilibrated at the 10ns and then
remain stable until the end of simulation with the average RMSD of
5 Å (Figure 9A). However, in case of top hit 2 we reported the lowest
RMSD (3 Å). The system equilibrated at the 3ns and remain
significantly stable till 100 ns (Figure 9B). Finally, the top hit
3 system followed the similar pattern with the average RMSD of
5 Å. In case of the top hit 1 the system equilibrated at 3ns with the

RMSD value of about 4 Å which raised steadily and reached 6 Å at
50 ns (Figure 9C).

The findings show that the top hits 1-3 exhibit consistent
dynamics, indicating their stability, and have the potential to
interact with the interface residue in a way that would
effectively hinder the binding of NSP6 to TBK1. The stability of
every complex was investigated in a dynamic environment to
identify binding and unbinding events. This was achieved by
monitoring the radius of gyration (Rg) over time, which served
as a measure of the structural compactness. The degree of
compactness of the protein complexes was found to be a crucial
factor affecting their stability (Khan S. et al., 2022). The results
depicted in Figure 10 exhibit a comparable trend in terms of
compactness when compared to the RMSD. For top hit 1, the
structure remained compact with an Rg value of 21 Å until 18 ns,
after which it gradually decreased to 21.8 Å, although no
substantial convergence was observed during the simulation
time (Figure 10A). Similarly, for top hit 2, an average Rg value
of 21.2 Å was recorded with some convergence observed between

FIGURE 7
Binding interface analysis of top hit 1-3 and NSP6. (A) Represents the binding network between top hit 1 and NSP6. (B) Represents the binding
network between top hit 2 and NSP6. (C) Represents the binding network between top hit 3 and NSP6.
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70ns and 100 ns (Figure 10B). Lastly, top hit 3 followed a similar
Rg pattern as top hit 2, but with a slightly lower Rg value of 20.8 Å
(Figure 10C). The changes in Rg observed in the simulations are
indicative of the binding and unbinding events between the ligands
and the receptor. The observed Rg values suggest that top hits

1-3 exhibit stable binding to the receptor and hold potent
pharmacological activity against NSP6.

Proteins are essential biomolecules that play crucial roles in
various biological procedures in living organisms. Understanding
the flexibility and rigidity of protein residues is crucial for

FIGURE 8
Binding interface analysis of top hit 4 and top hit 5-NSP6 complex (A) represents the binding network between top hit 4 andNSP6. (B) Represents the
binding network between top hit 5 and NSP6.

FIGURE 9
Dynamics stability analysis of drugs-NSP6 complex. (A) Showing the RMSD value of top hit 1 (B) showing the RMSD value of top hit 2. (C) Showing the
RMSD value of top hit 3.
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FIGURE 10
Compactness analysis of drug-NSP6 complex. (A) Showing the Rg value of top hit 1. (B) Showing the Rg value of top hit 2 (C) showing the Rg value of
top hit 3.

FIGURE 11
Fluctuation analysis of drug-NSP6 complexes at residues level.

FIGURE 12
Bonding network analysis between top hit drugs and NSP6. (A) Showing the number of hydrogen bonds in top hit 1. (B) Showing the number of
hydrogen bonds in top hit 2. (C) Showing the number of hydrogen bonds in top hit 3.
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comprehending these processes (Rashid et al., 2021; Shah et al.,
2022). To investigate protein dynamics, scientists employ various
methods, including the calculation of Root Mean Square
Fluctuation (RMSF) of backbone C-alpha atoms. RMSF
analysis provides insights into the degree of flexibility of
different regions of a protein structure. In recent years, RMSF
analysis has been widely utilized in numerous studies to elucidate
the relationship between protein dynamics and function (Rashid
et al., 2021; Khan et al., 2022c). In current study, RMSF was
executed to assess the residual fluctuation of the top hit1-3
complexes. In Figure 11, it can be observed that most of the
residues in the systems are in a state of equilibrium, with a mean
RMSF of approximately 1 Å. The RMSF pattern for each complex
is quite similar, with some fluctuations observed at specific amino
acid residues such as 100, 200, and 240. A higher RMSF value at a
certain residue suggests that the region is more flexible, while a
lower value indicates minimal movement around its average
position throughout the simulation. Importantly, the analysis
of RMSF results indicates that the top three drugs show a higher
binding affinity with the binding interface of human NSP6, as
compared to other drugs.

The evaluation of hydrogen bonds is a frequently used
procedure for analyzing the binding efficiency among interacting
molecules (Chen et al., 2016). It is essential to comprehend the
patterns of hydrogen bonding involved in protein-drug interactions
in order to accurately predict the strength of these interactions
(Jewkes et al., 2011; Chodera and Mobley, 2013). To analyze the
evolution of hydrogen bonding patterns during simulation, the
number of hydrogen bonds was executed for each trajectory. The
hydrogen bonding network for each complex was analyzed over
time, and the findings are presented in Figure 12. As per Figure 12, it
is obvious that all the complexes exhibit a robust hydrogen bonding
network, indicating stable interactions among the identified lead
drugs and NSP6. The hydrogen bonds formed between the top-
ranked drug-NSP6 complexes (top hit 1-3), was found to be 130
(Figures 12A–C). These observations corroborate the outcomes
obtained from molecular docking, RMSD, and RMSF analyses,
providing additional evidence of the stability of the complexes.

Conclusion

In this study, we identified 15 novel mutations in the
NSP6 protein of SARS-CoV-2. Among these mutations, four
(F35G, L37F, L125F, and I162T) were found to significantly
destabilize the structure of NSP6. Furthermore, the molecular
docking analysis revealed the highest binding affinity of mutant
NSP6 and TBK1 as compared to wild type. Particularly, the
F35G mutation exhibited the strongest binding affinity,
supported by a calculated binding free energy
of −172.19 kcal/mol. To disrupt the binding between
NSP6 and TBK1, we conducted virtual drug screening to
develop a novel inhibitor derived from natural products.
From this screening, we identified the top 5 hit compounds
as the most promising candidates, selected based on their
bonding network and docking score. The molecular dynamic
simulation further verified the dynamic stability of the top
3 hits-NSP6 complexes. However, it is essential to conduct

experimental validation to confirm their efficacy. In
conclusion, this study provides valuable insight into the
higher infectivity of the SARS-CoV-2 new variants and a
strong rationale for the development of novel drugs
against NSP6.
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Ajuga bracteosa (family: Lamiaceae), commonly known as kauri booti, is an
important ethnomedicinal plant. The current research was conducted to
appraise and compare the in vitro antioxidant and antibacterial profiles as well
as in vivowound healing potentials of Ajugarin I and A. bracteosa extract. Ajugarin
I and polyphenols in A. bracteosa were enumerated by reversed-phase high-
performance liquid chromatography analysis that confirmed significant amounts
of Ajugarin I (2.2 ± 0.02 μg/mg DW) and other phenolic compounds (14 out of
17 standards). A. bracteosa (374.4 ± 0.20 µg AAE/mg of DW, 201.9 ± 0.20 µg AAE/
mg of DW, 87 ± 0.30%) showed a higher antioxidant profile compared to Ajugarin
I (221.8 ± 0.50 µg AAE/mg of DW, 51.8 ± 0.40 µg AAE/mg of DW, 27.65 ± 0.80%)
with 1.86-, 3.89-, and 3.15-fold greater activity in ferric reducing antioxidant
power, total antioxidant capacity, and free radical scavenging assays, respectively.
Likewise, A. bracteosa showed antibacterial activity against 3/5 strains (MIC
25–200 μg/ml) than Ajugarin I (2/5 strains; MIC 50–200 μg/ml). Hemolytic
(<2% hemolysis) and dermal toxicity tests rendered both samples non-toxic.
Additionally, A. bracteosa (100 ± 2.34% at day 12; 9.33 ± 0.47 days) demonstrated
1.11- and 1.24-fold higher percent wound contraction and epithelization time,
respectively, than Ajugarin I (95.6 ± 1.52% at day 12; 11.6 ± 0.47 days) as assessed
by an excision wound model in mice. Histopathological examination further
reinforced the better wound healing potential of A. bracteosa with good
epithelization, collagen synthesis, fibroblast proliferation, and revascularization.
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Briefly, we endorse the significant comparative antioxidant, antibacterial, and
wound healing activities of A. bracteosa and Ajugarin I and present these as
prospective candidates for wound healing drugs.

KEYWORDS

Ajuga species, Ajugarin I, polyphenols, high pressure liquid chromatography,
wound healing

1 Introduction

Skin wounds represent affronts to the body’s anatomical barrier,
eliciting physiological modifications to counteract the imposed
injury. Wounds damage skin integrity due to external stimuli; for
example, surgery, burns, cuts, bedsores, etc. Wounds are generally
categorized as open or closed based on exposure to the external
environment. Open wounds are characterized by damage to the
mucous membrane of skin, which allows the particles to move inside
the tissue (Zomer and Trentin, 2018). Open wounds are usually
infected since the skin is exposed to external stimuli like dirt,
bacteria, and contaminants. On the other hand, closed wounds
are not exposed to the external environment, have intact skin layer
with underlying injury and restore without infection (Bowler et al.,
2001). Since skin regenerates frequently and is flexible with a good
supply of blood, wounds therefore have the capacity to heal based on
the extent of the injury (Nichols and Katiyar, 2010).

Wound healing involves different phases, i.e., homeostasis,
inflammation, proliferation, and remodeling. Homeostasis is the first
step of wound healing, which plugs the injury with clot formation. The
next step is inflammation, during which the inflammatory mediators
and macrophages move toward the site of the wound (Rodrigues et al.,
2019). Macrophages help in the removal of dead cells and debris.
Neutrophils accumulate in wound areas and induce free radical
generation, clear microbes, and produce inflammatory cytokines and
growth factors that progress the inflammatory phase (Ebaid, 2014).
Subsequently, the inflammatory phase is shifted into the proliferative
phase that initiates the formation of new blood vessels and fibroblasts.
The resident fibroblasts differentiate into myofibroblasts creating the
margins of wounds and the depositing of extracellular matrix. The
composite of fibroblasts, vascular endothelial cells, connective tissue,
macrophages, collagen, and fibrin constitute the granulation tissue that
covers the skin by secondary intention. Granulation tissue appears light
red or dark pink in color due to enhanced blood flow in newly formed
blood vessels. Simultaneously, re-epithelization occurs which involves
the proliferation of epidermal stem cells from the basement membrane
and stem cells for skin appendages like sweat glands, sebaceous glands,
and hair follicles. Lastly, the skin is remodeled, restoring barrier function
and near-normal tensile strength along with the formation of a fibrotic
scar that covers the wound (Yamaguchi and Yoshikawa, 2001;
Rodrigues et al., 2019). Wound care protects wounds from
infections and supports the healing process. Multiple complementary
and alternative medicines have been used traditionally to facilitate
wound healing (SHAIKH et al., 2019). For example, in traditional
Persianmedicine, the genusAjuga has been used to treat jaundice, gout,
injuries, and sciatica (Rahiminiya et al., 2021). Among various Ajuga
species,Ajuga bracteosaWall. ex Benth. is used to treat various ailments.
A. bracteosa is an evergreen herb that belongs to the Labiatae/Lamiaceae
family (Kaithwas et al., 2012). It is known as ‘bungle’, ‘jan-i-adam’, and

‘kauri booti (bitter taste)’ in English, Kashmiri, and Punjabi/Hindi,
respectively (Ganaie et al., 2017). Traditionally, the leaves are used for
headaches, diabetes, and fever and as a blood purifier; the bark is utilized
to treat acne and the whole plant is prescribed for abdominal pain
(Ahmed and Chaudhary, 2009), swollen wounds, insect bites, and as an
astringent (Hussain et al., 2016). Multiple phytochemicals are isolated
from A. bracteosa that include phytoecdysteroids, flavonoids, neo-
clerodane diterpenoids, and glycosides (Luan et al., 2019). These
plant compounds have been reported as having anticancer
(Chander, 2018), anti-inflammatory (Zhang and Tsao, 2016),
antiarthritic (Kaithwas et al., 2012), antibacterial, and antiviral
activities (Orhan et al., 2012). A recent study has reported the
wound-healing capacity of A. bracteosa nanoparticles (Andleeb et al.,
2022). However, it is not clear whether this activity is solely attributed to
Ajugarin I or not. Hence, in the present research, we intended to
confirm the traditional use of A. bracteosa in wound care and compare
the wound healing potential of crudeA. bracteosawith the Ajugarin I, a
major phytoconstituents in Ajuga. Our study provides a significant
analysis of wound healing activity of A. bracteosa and is the first report
on the healing benefits of Ajugarin I in the animal model.

2 Materials and methods

2.1 Chemicals and reagents

Ajugarin I was acquired from Prof. Ihsan-ul-Haq, Quaid-i-
Azam University (QAU), Islamabad, Pakistan (Zahra et al.,
2017). Solvents, chemicals, and salts were procured from Sigma
Aldrich (United States) unless stated otherwise.

2.2 Animals

Balb/c mice (25–30 g) with an age of 6–7 weeks were used for in
vivo wound healing studies. Mice were obtained from the National
Institute of Health (NIH), Islamabad, Pakistan, and were retained in the
animal facility of the Department of Pharmacy, QAU, Islamabad. All
animals were provided water and food ad libitum and were housed in
standardized environmental conditions, i.e., 12/12 light/dark cycles with
temperature and humidity maintained at 22°C and 60%, respectively.

2.3 Ethical statement

The Bioethical Committee of QAU, Islamabad, approved all
investigations involving animals and human blood in the letter BEC-
FBS-QAU2021-347 (Dated: 03-01-2022). The healthy human
participants gave their informed consent to take part in the
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investigation. Blood samples were taken in accordance with WHO
recommendations for drawing blood (WHO, 2010). Pakistan’s
National Institute of Health’s ethical standards were followed in
the care and use of animals.

2.4 Plant collection, identification, and
extraction

A. bracteosa was collected from the premises of QAU,
Islamabad, and its taxonomy was confirmed by Dr. Mushtaq
Ahmed, Department of Plant Sciences, Faculty of Biological
Sciences, QAU, Pakistan. The herbarium number PHM-496 was
assigned to the dried voucher specimen. The aerial parts of plant
material were collected, washed, shade dried, crushed to powder,
and stored in an airtight container until further use. A precisely
weighed plant powder (2 kg) was steeped in 1:3 ml analytical grade
methanol at room temperature (20°C–25°C) for 72 h, and the
mixture was extracted by maceration and frequent sonication at
25°C (frequency 25 kHz; two cycles; 30 min) for 24 h. The marc was
vacuum dried at 45°C, concentrated using a rotary evaporator
(Buchi, Switzerland), and the extract was kept at −20°C
(Khurshaid et al., 2020).

2.5 Reversed-phase high pressure liquid
chromatography (RP-HPLC) based
quantification of Ajugarin I in A. bracteosa

A solution of 20 mg/ml A. bracteosa and 100 μg/ml Ajugarin I
was prepared by dissolving substances in HPLC-grade methanol,
sonicated, centrifuged, and filtered through Sartolon polyamide
membrane filters. Samples were eluted at the flow rate of 1 ml/
min with injection volume, 50 μL by the means of Agilent Chem
Station Rev. B. 02–01-SR1 (260) and Agilent 1,200 series binary
gradient pump, accompanied by diode array detector (DAD)
(Agilent technologies, Germany). Reversed-phase column
chromatography was conducted using a Zorbax-C8 analytical
column (4.6 × 250 mm, 5 µm particle size) from Agilent
Technologies, Germany. The separation process involved a
gradient of concentrations, specifically 10% methanol in water
(designated as mobile phase A) and 100% methanol (designated
as mobile phase B). A gradient volume of pure methanol (mobile
phase B) in 0–20 min was 0%–100%, 100% in 20–23 min, and 0% for
the last 23–27 min. Chromatogram was obtained at 220 nm. The
concentration of standard was 100 ppm in methanol. The amount of
Ajugarin I quantified per mg A. bracteosawas observed in µg of DW.
The standard and sample were compared using retention time and
comparative chromatograms.

2.6 RP-HPLC based quantification of
polyphenols in A. bracteosa

Reversed phase high pressure liquid chromatography was used
for polyphenolic analysis of A. bracteosa (Mohsin et al., 2022). A
Zorbax-C8 analytical column (5 µm particle size, 4.6 cm, and
250 nm) coupled with a diode array detector (Agilent

technologies, Germany) was fitted in a HPLC system (Agilent
Chem station Rev. B. 02-01-SRI 260). The binary gradient
solvent system comprising mobile phase A (methanol: water:
acetic acid: acetonitrile in ratio of 10:85:1:5) and mobile phase B
(acetonitrile: methanol: acetic acid, 40:60:1) was employed for
polyphenols detection. A flow rate of 1 ml per minute was
maintained and 20 µL of A. bracteosa (20 mg/ml) in methanol
was injected. A gradient volume of mobile phase B, 0%–75% for
0–30 min, 75%–100% for 30–31 min, and 100% for the last
31–35 min, was set for elution. The samples were centrifuged and
filtered before being added to the HPLC apparatus; stock solutions
for all standards were freshly prepared in methanol. Mobile phases
and standard solutions were first degassed and then filtered through
0.45 µm Millex-HV membrane filters.

A specific wavelength was used to measure the absorption.
Polyphenols were acknowledged by comparing retention periods
with reference standards as a guide to those of standards: vanillic
acid, plumbagin, and thymoquinone (257 nm), catechin, coumaric
acid, syringic acid, and gallic acid (279 nm), apigenin, caffeic acid,
gentisic acid, and luteolin (325 nm), and quercetin, kaempferol, and
myricetin (368 nm).

2.7 Comparative in vitro analysis of Ajugarin I
and A. bracteosa

2.7.1 Evaluation of antioxidant activity
Antioxidant activity for the tested samples was evaluated

followed by the protocols (Zahra et al., 2017) for free radical
scavenging assay (FRSA), ferric reducing antioxidant power
(FRAP), and total antioxidant capacity (TAC) using ascorbic acid
as positive control. Ascorbic acid equivalents per milligram dry
weight of the sample was calculated for FRAP and TAC assays.

a) FRAP

Ajugarin I and A. bracteosa (2 mg/ml; 100 µL) were poured into
Eppendorf tubes followed by the addition of 200 µL 0.2 M phosphate
buffer (pH 6.6) and 250 µL of 1% potassium ferricyanide at 50°C for
20 min. After incubation, 200 µL trichloroacetic acid (10%) was added
to the reactionmixture and centrifuged (3,000 rpm) for 10 min. In a 96-
well plate, a volume of 150 µL of supernatant and 50 µL of FeCl3 was
added. Amicroplate reader (Elx 800; Biotech United States) was used to
evaluate the absorbance at 700 nm.

b) TAC

Aliquots of 100 µL of Ajugarin I and A. bracteosa (2 mg/ml)
were mixed with 900 µL of TAC reagent (0.247 g ammonium
molybdate, 1.67 g sodium monobasic phosphate, and 1.63 ml
sulfuric acid added in 50 ml distilled water). Samples were then
incubated for 90 min at 95°C. Absorbance of the reaction mixture
was measured at 630 nm using a microplate reader.

c) FRSA

Ajugarin I andA. bracteosa (4 mg/ml; 10 µL) were added to a 96-
well plate followed by the addition of 190 µL of DPPH. Ascorbic acid
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(1 mg/ml; 10 µL) was used as positive control. The plate was
incubated in the dark at 37°C for an hour and absorbance was
measured with a microplate reader (515 nm). FRSA was calculated
using the formula:

% Scavenging � 1 − Abs

Abc
*100

where Abs = sample absorbance and Abc = absorbance of
negative control.

2.7.2 Antibacterial activity
Antibacterial assay was performed using the broth dilution

method as described in the literature (Wiegand et al., 2008). It was
observed against gram positive bacteria Bacillus subtilis (ATCC-6633)
and Staphylococcus aureus (ATCC-6538) and gram negative strains
including Escherichia coli (ATCC-25922), Pseudomonas aeruginosa
(ATCC-15442), andKlebsiella pneumonia (ATCC-1705). All bacterial
strains used in the assay were refreshed in nutrient broth 1 day before
performing the assay. The turbidity of the inoculum was adjusted
using a 0.5McFarland scale. Ciprofloxacin at a concentration of 10 μg/
ml was used as positive control. Stock solutions of 20 mg/ml of both
Ajugarin I and A. bracteosa were prepared in methanol and two-fold
serial dilutions of both were used in the assay. A volume of 5 µL of
sample and 195 µL of inoculum was pipetted into 96-well plates. The
plates were incubated for 24 h at 37°C and the absorbance was
determined at 600 nm before and after incubation. Percent growth
inhibitions and minimum inhibitory concentration (MIC) values
were determined for both samples.

2.7.3 Brine shrimp lethality assay
The standard protocol reported in the literature was followed to

carry out brine shrimp lethality assay (Ul-Haq et al., 2012).
Doxorubicin (40 μg/ml) was employed as positive control
Ajugarin I and A. bracteosa were serially diluted in two-fold
concentrations, i.e., 200, 100, 50, and 25 μg/ml. Percent mortality
was calculated using the formula:

%Mortality � Number of shrimps

Total number of shrimps
*100

2.7.4 Hemolytic assay
Hemolytic assay was used to analyze the interaction of Ajugarin

I (200 µg) and A. bracteosa (200 µg) with red blood cells with slight
modifications according to the previously described protocol
(Waseem et al., 2023). Blood was taken in EDTA tubes and
centrifuged (3,000 rpm) for 15 min after receiving volunteers’
informed consent. Supernatant was discarded out and the red
blood cells pellet was rinsed 3X with PBS. A 5% suspension of
the pellet in PBS was prepared. Both Ajugarin I and A. bracteosa
were mixed with cell suspension and incubated at 37°C for 30 min.
One percent Triton X was used as a positive control. Later, samples
were centrifuged for 10 min (3,000 rpm), A volume of 200 µl from
the supernatant was transferred to 96-well plates, and the
absorbance was measured at 541 nm. The percent hemolytic
activity was calculated using the formula:

%Hemolysis � Absorbance of sample − Absorbance of negative( )

Absorbance of positive − Absorbance of negative( )

2.8 In vivo wound healing activity

2.8.1 Animals and groups
Balb/c mice (25–30 g) aged 6–7 weeks were used in the full

thickness excision wound model. Mice were habituated to the
laboratory environment before experiment execution. After
ethical approval (BEC-FBS-QAU2021-347 dated: 03-01-2022),
five groups (n = 6) of mice were formed. Group I untreated,
Group II vehicle control (10% ethanol), and Group III served as
positive control with applications of Povidone-iodine. Groups IV
and V were treated with Ajugarin I and A. bracteosa, respectively.
The sample’s stock solution 1% (w/v) was prepared with10% (v/v)
ethanol in distilled water.

2.8.2 Dermal irritability test
Mice (n = 6) were initially subjected to dermal irritability test to

assess the topical toxicity of Ajugarin I and A. bracteosa. A patch of
skin from the backside of each mouse was shaved and Ajugarin I
(200 µg) and A. bracteosa (200 µg) solutions were applied to the
skin. After 24 h of application, the presence of erythema and
edema on the target skin area was observed (Gebrehiwot
et al., 2015).

2.8.3 Excision wound model
The excision wound model was used to evaluate the wound

healing ability of Ajugarin I and A. bracteosa (Das, 2013). Mice
(n = 6) were given 60 µL of analgesic tramadol (10 mg/kg; Searle
(Pvt.) Ltd., Pakistan) at least 1 h before the wound incision. A hair
removal cream was then used to shave the mice’s backs between
their shoulder blades. The area was locally anesthetized with
lidocaine gel and mice were anesthetized by exposure to
chloroform for 5 s. Skin was swabbed with alcohol and a small
biopsy punch was used to make an excision wound on the dorsal
surface of the skin, 5 mm in diameter. After excision, the mice were
stabilized from the effect of anesthesia and wound size was
measured as a day 0 reading. Ajugarin I and A. bracteosa
(200 µg/20 µL each) were applied on the wound site. Likewise,
Povidone-iodine and 10% ethanol were applied as controls to the
respective groups. The following parameters were observed for the
duration of study.

2.8.4 Wound contraction measurement
Wound size was measured by tracing the wound on a

transparent sheet of paper on alternate days (i.e., day 0, 2, 4, 6,
8, 10, 12, and 14) until the wound was completely recovered for at
least one group. The percentage of wound contraction was
calculated using the formula:

%Wound contraction � A0 − At

A0
*100

where A0 is the area of the original wound and At is the area of the
wound at the particular day of measurement.

2.8.5 Chromatic study
A chromatic code was given to wounds as described previously

(Trabelsi et al., 2017). These codes are bright red, dark, red, and pink
for blood on the wound, the coagulation of blood, granulation tissue
formation, and epithelialization process, respectively.
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2.8.6 Epithelialization time
The time required for dead tissue to shed without any visible raw

wound was used to determine how long epithelization lasted. After
the injury, the epithelialization process was tracked up to 20 days
(Tekleyes et al., 2021).

2.8.7 Histopathological analysis
Skin from the wound area was excised and then fixed within 10%

formalin. H&E stained slides of skin biopsy were observed using a
light microscope to evaluate morphological changes during the
wound healing process among the different animal groups
(Ahmad et al., 2023).

2.9 Statistical analysis

All findings were depicted as mean ± standard deviation of
respective parameters. The statistical analysis and graphical
representation were done using 2D v5.01 Table Curve and Origin
Pro 2018, respectively. The statistical significance (p < 0.05) among
the groups was assessed using ANOVA with Bonferroni’s posttest.

3 Results

3.1 Qualitative and quantitative analysis of
Ajugarin I in A. bracteosa

RP-HPLC confirmed and quantified the amount of Ajugarin I in
A. bracteosa samples (Figure 1). The chromatogram of standard
Ajugarin I showed its peak (83,717) at the retention time of
17.83 min. A similar peak was observed in A. bracteosa samples,
indicating the presence of Ajugarin I with an amount of 2.2 ±
0.02 μg/mg DW (Figure 1).

3.2 Quantification of polyphenols in
A. bracteosa

In the next step, the presence of polyphenols in A. bracteosa was
examined via the RP- HPLC method to ensure the presence of
phytoconstituents other than Ajugarin I. Herein, chromatographs of
A. bracteosa were compared with standards for the quantitative
measurement of polyphenols (Figure 2A). Among 17 tested

FIGURE 1
Quantification of Ajugarin I in A. bracteosa using reversed phase high-performance liquid chromatography (RP-HPLC). Chromatogram of A.
bracteosa (bottom) was compared with the standard pure Ajugarin I chromatogram (top). Ajugarin I was quantified by comparing the area under curve
(AUC) in both chromatograms.
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polyphenols, A. bracteosa was found to contain vanillic acid,
thymoquinone, rutin, plumbagin, quercetin, gallic acid, catechin,
coumaric acid, syringic acid, caffeic acid, emodin, gentisic acid,

cinnamic acid, and ferulic acid. Three compounds including
apigenin, myristicin, and kaempferol were not detected in A.
bracteosa. Catechin (0.38 ± 0.014 μg/mg extract of A. bracteosa)

FIGURE 2
Quantification of polyphenols in A. bracteosa. Polyphenolic compounds were quantified in A. bracteosa using RP-HPLC. Chromatograms of
17 polyphenol standards (A)were compared with the chromatogram of A. bracteosa samples (B). Each numbered peak represents a phenolic compound,
i.e., vanillic acid (1), rutin (2), plumbagin (3), thymoquinone (4), gallic acid (5), catechin (6), syringic acid (7), coumaric acid (8), emodin (9), gentisic acid (10),
caffeic acid (11), ferulic acid (12), cinnamic acid (13), apigenin (14), myristicin (15), quercetin (16), and kaempferol (17).

TABLE 1 Quantification of polyphenols in A. bracteosa.

Sr no. Phenols Signal
wavelength (nm)

Retention
time (min)

Concentration (µg/mg extract of A.
bracteosa)±SD

1 Vanillic acid 257 9.8 0.113 ± 0.02

2 Rutin 257 13.2 0.004 ± 0.019

3 Plumbagin 257 21.5 0.046 ± 0.003

4 Thymoquinone 257 22.3 0.047 ± 0.001

5 Gallic acid 279 3.7 0.180 ± 0.015

6 Catechin 279 7.5 0.381 ± 0.014

7 Syringic acid 279 9.8 0.135 ± 0.008

8 Coumaric acid 279 15.03 0.101 ± 0.030

9 Emodin 279 29.3 0.106 ± 0.02

10 Gentisic acid 325 8.3 0.062 ± 0.002

11 Caffeic acid 325 9.8 0.064 ± 0.002

12 Ferulic acid 325 13.4 0.075 ± 0.002

13 Cinnamic acid 325 15 0.071 ± 0.001

14 Apigenin 325 21.5 Not detected

15 Myricitin 368 13.3 Not detected

16 Quercitin 368 18.7 0.042 ± 0.003

17 Kaempferol 368 22.3 Not detected
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was found in highest concentration compared to other polyphenols
(Figure 2B; Table 1).

3.3 In vitro assessment of biological profile

3.3.1 Evaluation of antioxidant activity
We subsequently established the antioxidant profile of A.

bracteosa and Ajugarin I. Results showed that A. bracteosa
exhibited higher antioxidant activity than Ajugarin I as detected
by FRAP, TAC, and FRSA (Figure 3; Table 2). The FRAP
colorimetric assay showed a 1.86-fold greater antioxidant activity
of A. bracteosa in contrast to Ajugarin I with values of 374.48 ±
0.5 and 221.87 ± 0.2 µg AAE/mg DW, respectively. Likewise, the
TAC assays demonstrated a 3.89-fold greater antioxidant capacity of
A. bracteosa than Ajugarin I. The activity was quantified as 51.81 ±
0.4 and 201.95 ± 0.2 µg AAE/mg DW for Ajugarin I and A.
bracteosa, respectively (Figure 3A; Table 2). Antioxidant activity
was further endorsed by the FRSA that utilized the change in the
color of DPPH when scavenged by antioxidant constituents. The
FRSA value for A. bracteosa was 3.15-fold higher than Ajugarin I

(Table 2) at 200 μg/ml. A. bracteosa showed strong antioxidant
potential with an IC50 value of 78.53 ± 0.6 μg/ml (Figure 3B).

3.3.2 Assessment of antibacterial activity
We assessed the antibacterial action of Ajugarin I and A.

bracteosa against five non-resistant strains by measuring the
percent growth inhibition of bacteria and MIC values. It was
observed that A. bracteosa inhibited the growth of S. aureus
(91.11 ± 0.89%; MIC = 25 μg/ml), B. subtilis (92.59 ± 0.74%;
MIC = 200 μg/ml), and E.coli (89.97 ± 2.10%; MIC = 200 μg/ml)
while Ajugarin I showed activity against S. aureus (89.81 ± 1.04%;
MIC = 50 μg/ml) and B. subtilis (90.37 ± 0.43%; MIC = 200 μg/ml)
only (Table 3). These results were insignificantly (p > 0.05) different
from the standard ciprofloxacin that showed 92.96 ± 0.69, 92.90 ±
1.03, and 93.70 ± 0.53% bacterial growth inhibition against S. aureus,
E.coli, and B. subtilis, respectively.

3.3.3 Cytotoxicity assessment by brine shrimp
lethality assay

Our results showed that Ajugarin I was more toxic to brine
shrimp larvae with 56.6 ± 5.77% mortality at 200 μg/ml. The LC50

FIGURE 3
Graphical representation of antioxidant activity. The antioxidant potential of A. bracteosa and Ajugarin I were evaluated using three assays. (A) Total
antioxidant capacity and total reducing power assays showed a higher antioxidant capacity of A. bracteosa than Ajugarin I. Data are presented as
micrograms of ascorbic acid equivalent (AAE) per milligrams of dry weight (DW) of samples. (B) Free radical scavenging assay also depicted a better
antioxidant profile of A. bracteosa than Ajugarin I. Assays were performed using DPPH. IC50: 50% inhibitory concentration.

TABLE 2 Antioxidant potential and brine shrimp cytotoxicity of Ajugarin I and A. bracteosa.

Samples Antioxidant potential Brine shrimp cytotoxicity

TAC (µg AAE/mg
of DW)

FRAP (µg AAE/
mg of DW)

FRSA
(%)

Mortality (%)

200
(µg/ml)

100
(µg/ml)

50
(µg/ml)

25
(µg/ml)

LC50

(µg/ml)

Ajugarin I 51.8 ± 0.40 221.8 ± 0.50 27.65 ±
0.80

56.6 ± 5.77 36.6 ± 5.77 26.6 ± 5.77 6.66 ± 5.77 70.71

A. bracteosa 201.9 ± 0.20 374.4 ± 0.20 87 ± 0.30 36.6 ± 5.77 16.6 ± 5.77 6.67 ± 5.77 -- >200

Doxorubicin NA NA NA 96.6 ± 5.77 90.0 ± 0.00 60.0 ± 0.00 40.0 ± 0.00 5.63 ± 0.25

DMSO NA NA NA -- -- -- -- --

Note: Data are presented as mean ± SD, of respective parameters; AAE, ascorbic acid equivalent; Negative control = DMSO; -- = No activity; NA, Not applicable.
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value for Ajugarin I was estimated as 70.71 μg/ml. On the contrary,
A. bracteosa was 1.54-fold less toxic than Ajugarin I with mortality
and an LC50 value of 36.6 ± 5.77% and >200 μg/ml,
respectively (Table 2).

3.3.4 Determination of in vitro hemolytic activity
It was found that both Ajugarin I and A. bracteosa exhibited less

than 2% hemolysis, which deemed both samples non-hemolytic and
thus safe to use (Table 3). The results were significant as p < 0.05, in
comparison to positive control.

3.4 In vivo assessment of wound
healing profile

3.4.1 Estimation of safety profile by dermal
irritability test

The safety profile of A. bracteosa and Ajugarin I was further
assessed using an in vivo acute dermal irritability test on mice. All
animal (n = 6) groups exhibited no symptoms of inflammation,
edema, redness, or irritation after topical application of Ajugarin I
(200 µg) and A. bracteosa (200 µg) for a period of 24 h. Ajugarin I
and A. bracteosa were rendered free of any irritants or harmful
compounds at the test dose because there was no evidence of any
illness, physical, or weight fluctuations.

3.4.2 Wound contraction measurement
Ajugarin I (200 µg) andA. bracteosa (200 µg) were assessed in an

excision wound model in mice (n = 6) to compare their wound
healing activity. Results showed noteworthy (p < 0.05) wound
healing activity of both Ajugarin I and A. bracteosa as compared
to Group II (10% ethanol; vehicle control) and Group III (Povidone-
iodine; positive control). Apparently, there was no discernible
difference in the activity of Ajugarin I and A. bracteosa on day
14 of the treatment, yet it was 1.68-fold higher than the vehicle
control. On the contrary, A. bracteosa (100 ± 2.34%) healed the
wound completely and 1.04-fold more efficiently than Ajugarin I
(95.6 ± 1.52%) until day 12 of the treatment (Table 4; Figure 4A).

Likewise, A. bracteosa (99.9 ± 1.08%) was 1.11-fold more active
than Ajugarin I (89.59 ± 1.94%) on day 10. Concisely, on days 10 and
12, A. bracteosa exhibited a faster wound healing profile than
Ajugarin I with values of 2.28-, 1.87-folds and 2.04-, 1.78-folds,

respectively higher in relation to vehicle control (10% ethanol)
(Table 4; Figure 4A).

3.4.3 Chromatic study and epithelization time
The epithelialization time is the time needed by the wound to

completely heal. Epithelization period was monitored for 20 days
after treatment. It was noticed that the pace of wound closure
accelerated with each day of treatment in the group treated with
A. bracteosa, indicating a shorter time of epithelization. A. bracteosa
(9.33 ± 0.47 days) demonstrated the fastest period of epithelization
followed by Ajugarin I (11.6 ± 0.47 days), which were 1.63- and 1.31-
fold higher than 10% ethanol treated (15.3 ± 0.47 days) group,
respectively. Moreover, epithelization time was also 1.45-fold more
rapid in the A. bracteosa treatment group than Povidone-iodine
treated group (13.6 ± 0.47 days) (Figure 4B; Table 4). Additionally,
we visually examined the wound for macroscopic changes. It was
observed that the wound was bright red in color due to enhanced
blood flow on the first day in all groups of mice. Gradually, a brown
scab was quickly formed in Ajugarin I (Group IV) and A. bracteosa
(Group V) treated mice as compared to 10% ethanol (Group II;
vehicle control) or Povidone-iodine (Group III; positive control)
treated mice. The macroscopic examination indicated that Group V
showed better reconstruction of the wound. Cellular debris detached
from the wound with the appearance of a healthy light pink color on
days 8 and 10 for A. bracteosa and Ajugarin I, respectively
(Figure 4C). Wounds in the mice of Group V (A. bracteosa
treated) were completely closed on day 12 with the formation of
granulation tissue. On the contrary, Povidone-iodine (Group II;
positive control) treated wounds turned light pink on day 12 and
were not completely healed until that day (Figure 4C). Thus, the
results indicated the effective wound healing capacity of Ajugarin I
and A. bracteosa with comparatively more efficient activity in
A. bracteosa.

3.4.4 Histopathological analysis
Histopathological analysis of skin removed from the wound was

done on the day 14 for supplementary validation of the effectiveness
of samples in relation to revascularization, epithelization, and
fibrosis within the dermis and a noticeable layer of the
epidermis. Microscopic examination of mice treated with A.
bracteosa and Ajugarin I revealed increase production of
fibroblasts (Figure 4D). This indicates that these samples might

TABLE 3 Antibacterial and hemolytic activities Ajugarin I and A. bracteosa.

Samples Minimum inhibitory concentration (μg/ml) Hemolysis (%)

S. aureus B. subtilis P. aeruginosa K. pneumonia E. coli

Ajugarin I 50 200 -- -- -- 1.45 ± 0.25

A. bracteosa 25 200 -- -- 200 1.81 ± 0.09

Ciprofloxacin 1.25 1.25 1.25 1.25 1.25 NA

DMSO -- -- -- -- -- NA

Triton X NA NA NA NA NA 100 ± 0.001

Normal saline NA NA NA NA NA 0

Note: - = Not active; sample concentration = 200 μg/ml; NA , Not applicable; positive and negative controls in antibacterial assays were ciprofloxacin (10 μg/ml) and DMSO, respectively, while

in hemolytic assays, triton X and normal saline were used as positive and negative control, respectively. Data are presented as mean ± SD, of percent hemolysis.
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have enhanced the contractile functions of myofibroblasts,
prompting earlier wound contraction (Dunn et al., 2013). A.
bracteosa and, Ajugarin I cause remodeling of dermal and
epidermal layers faster than positive and vehicle control groups.

Furthermore, A. bracteosa treated wounds demonstrated better
epithelialization, distinct thick dermal/epidermal layers, and notable
keratinization as compared to Ajugarin I, positive, and vehicle
controls. The keratin layer in positive controls (Group III) was

very thin and loosely attached. Likewise, the keratin layer in
Ajugarin I (Group IV) group was also partially loosely attached
as compared to A. bracteosa group (Group V) (Figure 4D). On the
other hand, the untreated and vehicle control groups showed no
definite epidermal and dermal layers with either no or very thin
keratin layers.

A. bracteosa and Ajugarin I treated wounds exhibited spindle-
shaped fibroblasts that were well proliferated and disseminated in

TABLE 4 Effect of different treatments on wound contraction and epithelialization time.

Day 1 Day 4 Day 8 Day 10 Day 12 Day 14

Group I 0 4.8 ± 1.30 22.8 ± 1.70 35.16 ± 0.98 40.44 ± 1.02 45.5.±0.93 17.6 ± 0.47

Group II 0 6.37 ± 1.64 37.16 ± 0.87 43.8 ± 1.24 53.44 ± 1.56 59.2 ± 0.91 15.3 ± 0.47

Group III 0 15.04 ± 2.08 50.88 ± 1.12 83.28 ± 1.45 91.64 ± 1.67 96 ± 1.90 13.6 ± 0.47

Group IV 0 15.36 ± 1.07 78 ± 1.90 89.59 ± 1.94 95.6 ± 1.52 100 ± 1.45 11.6 ± 0.47

Group V 0 22.56 ± 2.12 89.76 ± 1.67 99.9 ± 1.08 100 ± 2.34 100 ± 1.78 9.33 ± 0.47

Note:Data are presented as mean ± SD, of respective parameters. Group I = untreated group, Group II, vehicle control group (10% ethanol), Group III, treated with Povidone-iodine, Group IV,

treated with Ajugarin I, Group V = treated with A. bracteosa.

FIGURE 4
Wound healing capacity of A. bracteosa and Ajugarin I. Mice (n = 6) were inflicted with superficial wounds and divided into five groups. Group I =
untreated group, Group II = vehicle (10% ethanol) control group, Group III = positive control group (Povidone-iodine), Group IV = treated with Ajugarin I,
and Group V = treated with A. bracteosa. Data are mean ± SD of respective parameters. (A) Percent wound contraction in response to different
treatments. The wound area was measured for 14 days until the wound in one of the groups was completely healed. (B) Epithelization time in days
taken by the wounds in response to different treatments. (C)Chromatic analysis where wounds were visually observed formacroscopic changes. (D)H&E
stained 5 mm thick section of skin biopsies at the site of wound that are photomicrographs at 40X depicting the microscopic changes during wound
healing in response to different treatments.

Frontiers in Chemistry frontiersin.org09

Wasti et al. 10.3389/fchem.2023.1325578

285

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1325578


granulation tissue. These fibroblasts were comparatively fewer in
number in the Ajugarin I group as compared to the A. bracteosa
group. A. bracteosa and Ajugarin I accelerated the healing of the
wound by stimulating angiogenesis, keratin synthesis, significant
fibroblast activity, and collagen synthesis. The lumina formations,
which are surrounded by flat endothelial cells, were used to identify
new blood arteries. A significant number of extra vessels were found
to be distributed in the granulation tissue of A. bracteosa treated
wounds (Figure 4D). The tissue samples from the vehicle control, on
the other hand, showed fewer new vessels.

4 Discussion

Wounds are everyday occurrences that can be treated with
allopathic or traditional remedies. Most often traditional
remedies preferably with anti-inflammatory and antimicrobial
properties are used to decrease inflammation and prevent the
infection of wounds (Dunn et al., 2013). Recently, it was
discovered that Ajuga bracteosa possesses substantial wound
healing properties. It is yet unknown, nevertheless, whether the
plant’s effectiveness is linked to Ajugarin I alone or also involves
other phytoconstituents. Therefore, the current investigation was
conducted to report the comparative wound healing profiles of
Ajugarin I and A. bracteosa powder.

Qualitative and quantitative analysis of Ajugarin I in A.
bracteosa revealed our results are in consent with Singh et al.,
who characterized Ajugarin I in the hexane extract of A.
bracteosa (Singh et al., 2006). Additionally, Khan et al. have
reported that Ajugarin I can reduce neuropathic pain associated
with diabetic neuropathy by augmenting antioxidant levels and
reducing inflammatory cytokines (Khan et al., 2022). Thus,
Ajugarin I is a bioactive compound detected in A. bracteosa in
our study.

Polyphenols have well established pharmacological profiles (Xie
et al., 2019). For example, emodin, myricetin, coumaric acid, and rutin
exhibit antioxidant, anti-inflammatory, and antibacterial activities
(Dai and Mumper, 2010). Ferulic acid showed good anti-
inflammatory, neuroprotective, and antidiabetic activities (Gohil
et al., 2012). Prolonged oxidative stress leads to atherosclerosis,
degenerative disease, and cancer (Muhammad et al., 2021). Gallic
acid has been reported as a shielding gadget to the body from oxidative
damage and ultimately can cure a disease (Gao et al., 2019).Moreover,
catechin was found to be effective against inflammation, cancer, and
arthritis and also to possess bactericidal properties (Baranwal et al.,
2022). Epidemiological findings also showed a strong relationship
between the consumption of a phenolic acid-enriched diet and the
prevention of diseases (Ashokkumar et al., 2013).

Oxidative stress is the root of various ailments such as
neurodegenerative and cardiovascular disorders, inflammatory
diseases, and cancer. Plants synthesize a variety of antioxidants,
due to which two-thirds of plant species are considered to be
therapeutically important owing to their significant antioxidant
properties (Kasote et al., 2015). Reactive oxygen species (ROS)
generated by polymorphonuclear cells in the vicinity of wounds
can damage the endothelial membrane and impede the process of
healing (Bryan et al., 2012). Natural antioxidants can detoxify and
counteract free radicals, protecting cells from oxidative stress-

induced injuries (Rauf et al., 2023). Antioxidants facilitate wound
healing by mitigating oxidative stress-induced cellular damage,
promoting tissue repair, and enhancing key processes such as
collagen synthesis and angiogenesis. Consequently, antioxidant
compounds benefit the wound healing process. Similarly, Ajuga
reptans (Toiu et al., 2017), Ajuga genevensis, and Ajuga salicifolia
(Göger et al., 2021) have been reported to possess substantial
antioxidant activities. Certain bioactive constituents within plants
possess unbound hydroxyl (−OH) groups, which exhibit antioxidant
activity (Zahra et al., 2017). Ajugarin I is a neo-clerodane
diterpenoid that lacks a free hydroxyl group and thus
demonstrates a low in vitro antioxidant profile as compared to A.
bracteosa. Remedies with good antibacterial profiles will be
beneficial in preventing infection of wounds. The literature shows
that phytochemicals in medicinal plants are effective in impeding
the growth of both gram positive and gram negative bacteria (Satish
et al., 2008). Another plant from Ajuga species known as Ajuga
reptans also exhibited antibacterial activity against S. aureus and
E. coli (Toiu et al., 2017). Additionally, Ajuga lupulina was found to
possess neoclerodane diterpenoids, which were related to its
antibacterial activity (Coll and Tandrón, 2008). Since Ajugarin I
is also a diterpenoid, Coll and Tandron’s claim therefore supports
our results. Additionally, phenols, tannins, and flavonoids exhibit
significant antibacterial effect against gram positive bacteria
(Madureira et al., 2012). These could also contribute to the
antibacterial profile of A. bracteosa as we have quantified
significant polyphenols in A. bracteosa. Thus A. bracteosa
exhibited higher antibacterial capacity than Ajugarin I alone,
suggesting its potential effectiveness in preventing bacterial
colonization at wound sites. The in vitro brine shrimp lethality
assay is an expedient means for determining the cytotoxicity of
natural products. It is an easy and inexpensive analysis which
requires minimal amounts of test material. Furthermore, another
feature of hindered wound restoration is helminth infections.
Parasites tend to infiltrate the skin lesions (Bland et al., 1984),
infecting the injury, causing pain, inflammation, and delayed healing
(Bland et al., 1984). Hence, anthelmintics may be useful in
preventing helminth infections and permitting unhindered
wound healing by suppressing the growth of parasite larvae.
Consequently, brine shrimp assay depicts both cytotoxicity
against normal cells and effectiveness against helminth infection.
Substances that are highly cytotoxic could have adverse effects on
the cells involved in the wound healing process. They might impede
the normal cellular functions, including cell migration, proliferation,
and tissue remodeling, which are crucial for effective wound repair.
Since Ajugarin I is pure compound, its affinity with the shrimp
larvae could therefore be “greater” as compared to the A. bracteosa
that is a mixture of complex phytochemicals. Zahra et al., have
previously reported an LC50 of >100 μg/ml for A. bracteosa against
brine shrimp larvae (Zahra et al., 2017). Similarly A. parviflora
showed an LD50 of 321.4 μg/ml, which indicates that the plant has
low cytotoxic potential (Rahman et al., 2013). Additionally, Khanavi
et al. demonstrated that the hexane fraction of Ajuga chamaecistus
subspecies tomentella showed larvicidal action (Khanavi
et al., 2017).

Next, the cytotoxic potential of A. bracteosa and Ajugarin I was
analyzed via hemolytic assay conducted on fresh human blood
samples. The hemolytic assay uses freshly isolated red blood cells
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to quickly confirm the probability of the toxicity of a particular
substance. The hemolytic assay is preferred as red blood cells are
easy to isolate and their membrane structure resembles the
membranes of other cells in body (Zohra and Fawzia, 2014). In
accordance with ASTM F756-00 criteria for the evaluation of
hemolytic potential of materials, samples with hemolysis
percentages of >5%, <5%, and <2% are depicted as hemolytic,
slightly hemolytic, and non-hemolytic, respectively (Elahi et al., 2014).

Traditionally, A. bracteosa was used in the treatment of swollen
wounds (Ali, 2019) and was reported to possess anti-inflammatory and
analgesic activities (Pal and Pawar, 2011). A recent study showed
significant wound healing activity of A. bracteosa nanoparticles
(Andleeb et al., 2022). However, there is no clear information
whether this activity was particularly due to Ajugarin I or was
associated with other phytoconstituents. Furthermore, the wound
healing capacity of Ajugarin I has not been investigated. Hence, in
the existing research, we evaluated and report the significant wound
healing activity of both A. bracteosa and Ajugarin I. A faster rate of
wound retraction results in an earlier period of epithelization and
collagen deposition (Prasad et al., 2010). Furthermore, formation of a
fibrin clot at the site of wound (Prasad et al., 2010) assists to safeguard
the injured area from infections and prevents loss of blood. A scab
forms as the clot hardens and parches, shielding the affected area (Bucur
et al., 2019). The literature shows that fibroblasts bordering the wound
start proliferating as soon as the injury is induced and, generally by day
4 after the injury, these fibroblasts move to the provisional matrix of the
clot in the wound. This facilitates the process of fibroplasia, i.e., the
formation of collagen-rich matrix, which comprises of collagens,
proteoglycans, and elastin (Li et al., 2007). Increased angiogenesis
and collagen synthesis build a hemostatic plug, improve blood flow
to the injured area, and give vital nutrients for the epithelization process
to the wound area. Phytochemicals like unsaturated sterols, flavonoids,
phenolic acids, triterpenoids, and saponins are present in A. bracteosa,
which may assist the wound healing capacity of A. bracteosa along with
Ajugarin I (Zahra et al., 2017). Flavonoids inhibit formation of
inflammatory mediators through cyclooxygenase and lipoxygenase
pathways (Nunomura et al., 2009). We have established the
antioxidant and antibacterial properties of A. bracteosa in the
current investigation. There is potential correlation between these
activities and the greater wound healing capacity of A. bracteosa in
comparison to Ajugarin I alone. Furthermore, Ajugarin I seem to
greatly aid the wound healing profile of A. bracteosa.

5 Conclusion

The present study provides insight into the in vitro antibacterial,
antioxidant, cytotoxic, and hemolytic profile of A. bracteosa and
Ajugarin I as well as their in vivo wound healing properties.
Overall, compared to Ajugarin I, A. bracteosa showed better
antioxidant, antibacterial, and wound healing capacities, which can
be attributed to the existence of a variety of phytoconstituents in A.
bracteosa. Both samples depicted non-toxic profilesin vitro hemolytic
and in vivo dermal toxicity assays. Additionally,A. bracteosa exhibited
faster wound contraction and shorter epithelization time with greater
fibroblast propagation, collagen production, and revascularization in
the wounds as compared to Ajugarin I. In conclusion, our findings
support the ethnomedicinal use ofA. bracteosa for wound healing and

present Ajugarin I and A. bracteosa as possible potential substances
for the exploration of wound healing drugs. Further investigations are
suggested to isolate phytoconstituents from A. bracteosa and establish
the molecular mechanism for the wound healing activity of Ajugarin I
and A. bracteosa.
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The strong ethnopharmacological utilization of Isodon rugosusWall. Ex. Benth is
evident in the treatment of several types of pain and inflammation, including
toothache, earache, abdominal pain, gastric pain, and generalized body pain and
inflammation. Based on this background, the antinociceptive effects of the crude
extract, various fractions, and essential oil have been reported previously. In this
research work, we isolate and characterize pure bioactive compounds from I.
rugosus and evaluate possible mechanisms using various in vivo and in vitro
models. The pure compoundswere analyzed for analgesic and anti-inflammatory
activities through various assays. The column chromatography of the chloroform
fraction of I. rugosus led to the identification of two pure compounds, i.e., 1 and 2.
Compound 1 demonstrated notable inhibition (62% writhing inhibition, 72.77%
COX-2 inhibition, and 76.97% 5-LOX inhibition) and anti-inflammatory potential
(>50% paw edema inhibition at various intervals). The possible mechanism
involved in antinociception was considered primarily, a concept that has
already been elucidated through the application of naloxone (an antagonist of
opioid receptors). The involvement of adrenergic receptors was investigated
using a hot plate model (an adrenergic receptor antagonist). The strong
ethnomedicinal analgesic background of I. rugosus, supported by previous
reports and current observations, leads to the conclusion that I. rugosus is a
potential source of antinociceptive and anti-inflammatory bioactive compounds.
It may be concluded from the results that the isolated analgesic compounds of I.
rugosus may be a possible alternative remedy for pain and inflammation
management with admirable efficacy and safety profiles.

KEYWORDS

Isodon rugosus, antinociception, anti-inflammatory, opioid receptors,
adrenergic receptors

OPEN ACCESS

EDITED BY

Gokhan Zengin,
Selcuk University, Science Faculty, Türkiye

REVIEWED BY

Shahnaz Rahim,
Cardiff University, United Kingdom
Fabrício Souza Silva,
Federal University of São Francisco Valley, Brazil
Inamullah Hakeem Said,
Jacobs University, Germany

*CORRESPONDENCE

Muhammad Saeed Jan,
saeedjan@bkuc.edu.pk

Saleh Alshamrani,
saalshamrani@nu.edu.sa

RECEIVED 26 October 2023
ACCEPTED 22 January 2024
PUBLISHED 13 February 2024

CITATION

Alshehri OM, Zeb A, Mukarram Shah SM,
Mahnashi MH, Asiri SA, Alqahtani O, Sadiq A,
Ibrar M, Alshamrani S and Jan MS (2024),
Investigation of anti-nociceptive, anti-
inflammatory potential and ADMET studies of
pure compounds isolated from Isodon rugosus
Wall. ex Benth.
Front. Pharmacol. 15:1328128.
doi: 10.3389/fphar.2024.1328128

COPYRIGHT

© 2024 Alshehri, Zeb, Mukarram Shah,
Mahnashi, Asiri, Alqahtani, Sadiq, Ibrar,
Alshamrani and Jan. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 13 February 2024
DOI 10.3389/fphar.2024.1328128

290

https://www.frontiersin.org/articles/10.3389/fphar.2024.1328128/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1328128/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1328128/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1328128/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1328128/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1328128&domain=pdf&date_stamp=2024-02-13
mailto:saeedjan@bkuc.edu.pk
mailto:saeedjan@bkuc.edu.pk
mailto:saalshamrani@nu.edu.sa
mailto:saalshamrani@nu.edu.sa
https://doi.org/10.3389/fphar.2024.1328128
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1328128


GRAPHICAL ABSTRACT

1 Introduction

Nowadays, natural products play a very significant role in
managing various types of diseases. Researchers should take
advantage of utilizing the different natural resources for the
benefit of mankind (Shah et al., 2012). Different drugs have been
discovered by researchers for their benefits in routine life
(Patwardhan et al., 2004). In this modern era, we are facing
many emerging diseases that lead to an increasing human
mortality rate day by day (Shah et al., 2014). To overcome this
bitter fact and minimize different threats to human health, scientists
have to work to find a better solution (Sadiq et al., 2018). In this
regard, researchers have been focused on the development of new
medicinal compounds to treat different health-related problems
(Zahoor et al., 2018). Shockingly, only two percent of the
300,000 plant species have undergone scientific investigation
(Awai et al., 2001). Recently, a large number of bioactive
compounds with medicinal significance have been isolated from
medicinal plants using a range of scientific techniques aligned with
their ethno-medicinal applications (Zafar et al., 2019). Natural drugs
obtained from medicinal plants have great importance in solving
health issues as they have fewer side effects and economic benefits
(Jan et al., 2020). Many diseases affect human life to a drastic level,
such as myocardial infarction, angina, trauma, and surgery that
accompanies pain (Stanik-Hutt et al., 2001; Khan et al., 2022). A
literature survey revealed that different methods have been

employed for the management of pain and inflammation for
centuries. In ancient times, people believed that pain was a
divine punishment (Rye et al., 2000). Cupping therapy,
acupuncture, or massage therapy was applied to relieve the pain
(Munir et al., 2020). For the management of pain and inflammation,
various NSAIDs are available, but they may cause various side
effects, such as bleeding, ulcers, difficulty in urinating, and
seizures (Alam et al., 2020; Javed et al., 2021). In this regard,
there is a need for herb-derived compounds that have minimum
side effects and excellent efficacy and economic status (Houghton,
1995; Abbas et al., 2022). The formation of pain and inflammatory
mediators starts with lipid peroxidation, wherein arachidonic acid is
formed; subsequently, the conversion of arachidonic acid into
prostaglandins and leukotrienes occurs through different
pathways with the help of COX and LOX. Similarly, the
inhibition of COX and LOX inhibits the formation of
prostaglandins and leukotrienes, thereby relieving and preventing
pain and inflammation (Martel-Pelletier et al., 2003; Ahsan
et al., 2023).

Isodon rugosus is a prominent member of the family Labiatae. Its
bark is used ethnomedicinally in relieving general body pain and
treating dysentery (Mahnashi et al., 2021). The dried leaves are put
in the mouth to cure toothache (Akhtar et al., 2013), and 1‒2 drops
of the fresh leaf extract are used for earache. It has additionally been
reported to relieve gastric and abdominal discomfort (Ahmad
et al., 2014).
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Ethnomedicinally, it is also used in the management of
conditions such as hypertension, pyrexia, and rheumatoid
arthritis, as an antiemetic and antispasmodic, and for its
antimicrobial and antifungal activities (Khan and Khatoon, 2007;
Adnan et al., 2012; Janbaz et al., 2014; Shuaib et al., 2014).
Considering the ethnomedicinal applications of I. rugosus, the
present research work is carried out to determine the analgesic
and anti-inflammatory effects of the isolated compounds from I.
rugosus through both in vivo and in vitro investigations, along with
elucidating the underlying mechanisms.

2 Materials and methods

2.1 Plant collection and extraction

The fresh aerial components from the plant were collected in
July from northern areas of KPK, Pakistan, and were identified by
the plant taxonomist Dr. Ali Hazrat, at the University of Malakand
(KPK), Pakistan (voucher number 1016AZ). The plant was washed,
shade-dried, and ground into powder. The plant powder, weighing
8 kg, was macerated in methanol (80%) for three weeks. Filtration
was done using a filter paper, and a rotary evaporator was used for
the evaporation of the solvent and collection of the extract under
reduced pressure at 40°C (Ahmad et al., 2015; Kamal et al., 2015). A
brownish-green semi-solid methanolic extract (600 g) was obtained.

2.2 Fractionation and isolation
of compounds

Fractionation was performed by adding 500 ml of distilled
water to the crude methanolic extract in a separating funnel,
followed by the addition of chloroform (500 ml). It was shaken
at different intervals and allowed to stand to obtain two distinct
layers. The same process was repeated three times for the
separation of chloroform. The collected chloroform was
concentrated using a rotary evaporator at reduced pressure. A
semi-solid form of the chloroform extract, weighing 44 g, was
obtained. Fractionation was done based on increasing polarity. As
per our earlier work, we subjected the chloroform fraction to
column-based chromatography for the separation of
phytochemicals. We investigated the elution of compounds
from the selected fraction on pre-coated silica gel TLC plates
via the rising polarity elusion approaches. We started the
chromatographic method with simply pure n-hexane initially
and then slowly increased the polarity via the addition of 2%
ethyl acetate each time. After each addition of ethyl acetate, TLC
was visualized, and the polarity was adjusted correspondingly.
Then, depending on the amount of fractions, we took a large
column packed with flash silica slurry with a suitable fraction.
Elution started with that of the non-polar n-hexane and gradually
rose in polarity with ethyl acetate. Partially pure fractions,
approximately up to 80%, were produced. Then, this was again
loaded to pencil columns. The columns were once again eluted
with n-hexane and chloroform solvent solutions for targeted
component purification. The phytochemicals (1 and 2) were
extracted from the chloroform bioactive fraction. Compounds

1 and 2 were purified, yielding 251 mg and 277 mg, respectively
(Ayaz et al., 2014a; Ayaz et al., 2014b).

2.3 Characterization of isolated compounds

Various spectroscopic techniques, such as 1H NMR, 13C NMR,
and MS, were employed for the characterization and identification
of the pure isolated compounds.

2.4 Lipoxygenase inhibitory activity

The test samples of I. rugosus were evaluated for lipoxygenase
inhibitory activity using the following procedure (Ulusu et al., 2002).
The enzyme solution with a concentration of 10,000 U/ml was
prepared. The test samples were prepared with different
concentrations, i.e., 1000, 500, 250, 125, and 62.5 μg/ml. The
positive control used was zileuton. A solution (80 mM) of linoleic
acid (substrate) was made. Likewise, a 50 mM phosphate buffer
solution with a pH of 6.3 was prepared. The substrate, enzyme, and
buffer were combined in equal proportions, each in a 2 ml volume.
An UV-visible spectrophotometer was used to determine the
percent enzyme inhibition at 234 nm. The inhibition percentage
was determined by comparing the absorbance of the test samples
with that of the positive control.

2.5 Cyclooxygenase-2 inhibitory activity

The COX-2 assay was performed to investigate the anti-nociceptive
activity using the previously reported procedure (Burnett et al., 2007;
Javed et al., 2022). An enzyme solution with a concentration of 300 U/
ml was prepared and activated using ice for 5 min with a 50 µL cofactor
solution containing glutathione (0.9 mM), TMPD (N,N,N,N_
tetramethyl-p-phenylenediaminedihydrochloride) (0.24 mM), and
hematin (1 mM) in Tris buffer (0.1 M) with pH 8. The enzyme
solution (60 µL) and test samples (20 µL) with various
concentrations were incubated at room temperature for 5 minutes.
Celecoxib was used as a positive control in the current assay. The
absorbance of the samples was measured at 570 nm after the samples
had been incubated for 5 min. Arachidonic acid (30 mM, 20 µL) was
added to initiate the reaction. The percent inhibition was calculated
from the absorbance value per unit time.

2.6 Experimental animals and acute
toxicity tests

An anti-nociceptive assessment was performed on Swiss albino
mice of both sexes, sourced from the National Institute of Health,
Islamabad, Pakistan. All animal models were employed under the
authorization of the Ethical Committee of the Department of
Pharmacy, University of Swabi, Pakistan, with the ethical
approval number UOS-05/522 in accordance with the
2008 Animals Bye-Laws (Scientific Procedures, Issue-I). Mice of
either sex were divided into different groups, with five mice in each
group. The test samples were carefully administered orally, with
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doses of 250, 500, 1000, and 2000 mg/kg. Following the
administration of doses, the mice were monitored for the
subsequent 72 h to detect any allergic reaction or unusual
behavior (Council, 1996; Hosseinzadeh et al., 2000).

2.7 Analgesic activity

2.7.1 Acetic acid-induced writhing test
I. rugosus was evaluated for its analgesic potential through an

acetic acid-induced writhing test. Oral administration of the test
samples was carried out using specified doses. After 30 min of
interval, 10 ml/kg of acetic acid (0.6%) was injected into the
mice. Group I served as the control and received 0.5% Tween-80
(3 ml/kg), group II received diclofenac sodium (10 mg/kg), and
groups III and IV received test compounds. The count of writhes
was recorded between 5 and 30 min, following the i/p injection of
acetic acid (Franzotti et al., 2000).

2.7.2 Formalin test
The analgesic activity of I. rugosus was assessed through a

formalin-induced licking test. The test samples were
administered orally at specified doses. All the animals received
formalin subcutaneously into the plantar surface of the paw at a
dose of 2.5% (20 µL) after 30 min. Group I (the negative control)
received 0.5% Tween-80 (3 ml/kg), and group II was
administered morphine (5 mg/kg), while the other groups (III
and IV) were injected with test compounds. The total time spent
licking and biting the injected paw was recorded for up to 30 min
(Sulaiman et al., 2008).

2.7.3 Hot plate test
A hot plate was used for the evaluation of the analgesic activity of

I. rugosus by following the reported procedure (Muhammad et al.,
2012). The analgesic effects of the isolated compounds were
measured using the hot plate method at a monitored temperature
of 55 ± 0.2°C. The Swiss albino mice were positioned on the heated
surface of the hot plate, and the period from placement to the onset
of licking their hind paws or starting jump movements was noted as
the response latency (thermal reactions). The test compounds were
injected intraperitoneally. Morphine was given at a dosage of
5 mg/kg for 30 min before starting the test. The animal models
were checked for thermal reactions at various time intervals after
sample administration.

2.7.4 Opioid receptor involvement
The involvement of opioid receptors was verified by the

pretreatment of test models with naloxone (5 mg/kg),
administered 15 min before morphine and test compounds using
the hot plate and the formalin test.

2.7.5 Involvement of adrenergic receptors
To evaluate the adrenergic receptor involvement in the

nociception mechanism (Naidu et al., 2003; Alshehri et al., 2022),
yohimbine (α2 adrenergic antagonist) was administered to mice
before the administration of clonidine (α2 agonist). The outcomes of
the positive control and tested compounds were compared in
animals pretreated with yohimbine. To confirm the adrenergic

receptor involvement in the affected groups of animals,
yohimbine (1 mg/kg) was administered as a form of pre-
treatment through intravenous injection 15 min prior to the
introduction of the tested compounds. Additionally, clonidine at
a dose of 3 μg/kg was intravenously administered. The animals were
then subjected to the hot plate method, as reported before.

2.8 In vivo anti-inflammatory activity

2.8.1 Carrageenan-induced inflammation
The carrageenan-induced assay was utilized to evaluate the

potential anti-inflammatory effects (Winter et al., 1963). The
animals under study were divided into different groups. Prior to
the experiment, the animals had only access to water. Diclofenac
sodium at a dose of 50 mg/kg was used as the standard, while normal
saline served as the negative control group. Additionally, the isolated
compounds being tested were given 30 min before injecting 0.05 ml
of 1% carrageenan into the sub-plantar region of the paw. To
measure the volume changes in the paw, a digital
plethysmometer was employed. Readings were taken before and
after the carrageenan injection at hourly intervals over a total period
of 5 h.

2.9 Pharmacokinetic studies

The concept of drug-like chemical space plays a key role in
the development and selection of potential drug candidates. It
refers to compounds possessing pharmacokinetic potentials
suitable for successfully navigating human Phase I clinical
trials (Bade et al., 2010). The physicochemical properties,
water solubility, lipophilicity, pharmacokinetic profile, and
medicinal chemistry of the compounds were predicted using
the SwissADME database (Daina et al., 2017; Ahmad et al.,
2021a). The database contained 2D structures that enabled the
use of a string-based search. The simplified molecular-input
line-entry system (SMILES) was used to represent the structures
of various ligands.

2.10 Statistical data analysis

The test results are tabulated as the mean ± S.E.M. Significance
in the percentage inhibition of different test samples was assessed
through one-way ANOVA, followed by Bonferroni’s post-test
analysis using GraphPad Prism software, where values of p <
0.05 were deemed significant. The IC50 values were calculated
using the SPSS program.

3 Results

3.1 Isolated compounds and structural
elucidation

The compounds that were isolated from the chloroform fraction
of the plant were purified and identified, as shown in Figure 1.
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3.2.1H and 13C NMR spectra of compound 1

1H NMR (400 MHz; CD3OD), (ppm): 7.52 (d, J = 15.91 Hz; 1H;
this doublet with a large coupling constant can be allocated to the
hydrogen atom at point 7),7.11 (s, 1H; this singlet stands for the
hydrogen atom at position 3), 7.06 (d, J = 8.29 Hz, 1H; this splitting
can be assigned to the hydrogen atom at point 4), 6.88, (d, J =
8.30 Hz, 1H; this stands for the hydrogen atom at point 6 on the
aromatic ring), 6.26 (d, J = 15.91Hz, 1H; this doublet can be assigned
to the hydrogen atom at point 8 due to the large value of the coupling
constant indicating trans splitting). 13C NMR (100 MHz; CD3OD)
(ppm): 205.07, 164.49, 155.20, 132.63, 128.96, 114.75, 94.39, 45.92,
and 30.15. The 13C NMR and 1H NMR spectra of compound 1 are
displayed in Supplementary Figures S1, S2 in the Supplementary
Material. Furthermore, the molecular weight of compound 1 was

determined to be 180 using ESI-MS, as displayed in Supplementary
Figure S3. The fragmentation pattern of compound 1 by ESI-MS was
observed at 180 (100%, molecular ion peak), 159 (17%), 137 (22%),
122 (19%), 94 (15%), 61 (8%), and 43 (18%).

3.3 1H and 13C NMR spectra of compound 2

1H NMR (400 MHz, CD3OD) (ppm): 2.75 (t, J = 7.56 Hz, 2H;
these represent the two hydrogen atoms (-CH2-) next to an aromatic
ring, i.e., at positions 2, 3, and 17), (t, J = 8.13 Hz, 2H), and 5.71 (s,
2H; singlet associated with hydrogen molecules at positions 12 and
14). As a result, both are indicated as a singlet at chemical shifts of
5.71 and 6.59 (d, J = 8.45 Hz, 2H; this doublet may be associated with
the two (2) hydrogen atoms at positions 5 and 6) and 6.94 (d, J:

FIGURE 1
Structures of isolated compounds (1 and 2).

TABLE 1 5-LOX inhibitory activity of the isolated compounds of Isodon rugosus.

Sample Concentration (µg/ml) % inhibition 5-LOX (mean ± SEM) IC50 (µg/ml) IC50 (µM)

Compound 1 1000 76.97 ± 1.49*** 19.59 108.74

500 71.80 ± 0.55***

250 66.87 ± 1.04***

125 62.37 ± 0.72***

62.5 59.40 ± 0.65***

Compound 2 1000 41.43 ± 0.38*** 2573 9381

500 36.72 ± 0.67***

250 31.10 ± 0.20***

125 25.30 ± 0.32***

62.5 21.11 ± 0.90***

Zileuton 1000 95.20 ± 0.15 3.21 13.58

500 92.22 ± 0.11

250 88.98 ± 0.85

125 86.20 ± 0.65

62.5 79.80 ± 0.37

Results are shown as the mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; n = 3; ***, p < 0.001.
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8.45 Hz, 2H; these represent the hydrogen molecules at positions
7 and 8). Most likely, the wide singlet at 4.76 represents hydroxyl
groups that are chemically comparable.

13C NMR (100 MHz; CD3OD) (ppm): 169.35, 151.35, 149.38,
145.03, 127.49, 122.46, 115.52, 111.22, 110.10, 55.08, and 54.99. The
13C NMR and 1HNMR spectra of isolated compound 2 are displayed
in Supplementary Figures S4, S5, while the pragmatic molecular
weight of isolated compound 2 via ESI-MS was 274, as shown in
Supplementary Figure S6. The fragmentation pattern of compound
2 was observed at 274 (100%, molecular ion peak), 242 (10%), 211
(26%), 169 (24%), 141 (18%), 98 (28%), and 67 (36%).

3.4 Results of lipoxygenase (5-LOX)
inhibitory activity

The 5-LOX inhibitory potential of compounds 1 and
2 confirmed concentration-dependent percent inhibition, as
displayed in Table 1. The tested isolated compound 1 confirmed
76.97 ± 1.49, 71.80 ± 0.55, 66.87 ± 1.04, 62.37 ± 0.72, and 59.40 ±
0.65% inhibitions at the concentrations of 1000–62.5 μg/ml
accordingly. The IC50 value deliberated from the results was
noted as 19.59 μg/ml. Similarly, compound 2 did not exhibit
brilliant results, showing 41.43 ± 0.38 and 36.72 ± 0.67%

TABLE 2 COX-2 percent inhibitory activity of isolated compounds from Isodon rugosus.

Sample Concentration (µg/ml) % inhibition, COX-2 (mean ± SEM) IC50 (µg/ml) IC50 (µM)

Compound 1 1000 72.63 ± 0.57*** 47.98 266.32

500 68.42 ± 0.64***

250 62.54 ± 0.84***

125 58.44 ± 0.90***

62.5 51.62 ± 1.20***

Compound 2 1000 52.97 ± 0.79*** 790.13 2880

500 45.10 ± 0.22***

250 41.10 ± 0.24***

125 36.33 ± 0.37***

62.5 31.90 ± 0.92***

Celecoxib 1000 97.55 ± 0.40 1.41 3.70

500 92.37 ± 1.65

250 90.50 ± 0.40

125 88.60 ± 0.90

62.5 85.17 ± 0.72

Results are shown as the mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; all the values were significantly different from those of the positive control; n = 3; ***, p < 0.001.

TABLE 3 Acetic acid-induced writhing results of the isolated compounds.

Sample Dose (mg/kg) Mean writhes % analgesic activity

Negative control --- 61.16 ± 0.74 0.00

Compound 1 10 58.00 ± 1.15 05.10ns

20 49.33 ± 0.87 19.88ns

25 46.67 ± 0.87 24.78**

50 23.30 ± 0.62 61.90***

Compound 2 10 60.02 ± 0.90 1.86ns

20 55.35 ± 0.87 9.49ns

25 49.90 ± 0.20 18.41*

50 41.60 ± 1.24 31.98***

Positive control 10 16.5 ± 0.76 73.02***

Results are shown as mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; all the values were significantly different from those of the positive control; n = 5; ***, p < 0.001, **,

p < 0.01, and *, p < 0.05, ns; non-significant.
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inhibition at concentrations of 1000 and 500 μg/ml, respectively.
The IC50 value measured for zileuton was 3.21 μg/ml.

3.5 Results of COX-2 activity

The COX-2 inhibitory potential of compounds isolated from I.
rugosus illustrated concentration-dependent antinociceptive activity.
Compound 1 revealed outstanding inhibitory activity with 72.63 ±
0.57, 68.42 ± 0.64, 62.54 ± 0.84, 58.44 ± 0.90, and 51.62 ± 1.20%
inhibitions at concentrations ranging from 1000 to 62.5 μg/ml,
respectively, with an IC50 value of 47.42 μg/ml. Likewise, compound
2 also exhibited moderate activity, causing 52.97 inhibitions at the
highest concentration. Similarly, for celecoxib, the IC50 value calculated
was noted as 1.41 μg/ml, as shown in Table 2.

3.6 Acute toxicity

When conducting the acute toxicity test, there was no mortality
or behavioral changes observed at the designated doses. Therefore, a
dosage of up to 2000 mg/kg was deemed safe for the test compounds.

3.7 Result of the writhing test

The analgesic effect of compounds 1 and 2 through an acetic
acid-induced writhing test demonstrated significant activity. The
positive control exhibited a mean writhing inhibition of 16.5 ±
0.76 at the 10 mg/kg dosage, resulting in a 73.02% inhibition.
Compound 1 showed 05.10, 19.88, 24.78, and 61.90% inhibition
at doses of 10, 20, 25, and 50 mg/kg, respectively, with mean writhes
of 58.00 ± 1.15, 49.33 ± 0.87, 46.67 ± 0.87, and 23.30 ± 0.62.
However, compound 2 revealed a mean writhing inhibition of
60.02 ± 0.90 with 01.86% inhibition at the highest dose of
10 mg/kg, as evident from Table 3.

3.8 Hot plate test

During the hot plate test, compound 1 effectively improved the
reaction time, displaying 08.22 ± 0.07, 07.19 ± 0.08, 6.65 ± 0.05,

8.38 ± 0.41, and 7.17 ± 0.57 from 15 to 90 min, correspondingly
(Table 4). In the early 15 min, compound 1, when administered with
naloxone, exhibited a reaction time recorded as 05.21 ± 0.06 s.
Similarly, preceding 90 min, the compound with naloxone
showed a reaction time documented as 4.20 ± 0.48 s Compound
1 was considerably more active, while compound 2 displayed
minimal analgesic potential.

3.9 Opioid receptor involvement

The results shown by compound 1 in the hot plate test exhibited
the same effect as morphine. The effects of compound 1 were
efficiently eliminated by an opioid antagonist (naloxone). The
reaction time in the hot plate test was significantly reduced by
administering naloxone, which verified the association of opioid
receptors in the analgesic corridor of compound 1.

3.10 Formalin test result and opioid receptor
involvement

The formalin test was used to evaluate the antinociceptive assay
using mouse models by injecting 2% of formalin (intraplantar) into
the mice, which produced the characteristic bi-phasic licking
reaction. The time interval of licking for the first phase
(0–5 min) was measured as 56.64 ± 0.76 s, and for the second
phase (15–30 min), it was 78.78 ± 0.70 s in the control
group. The administration of morphine at a dose of 5 mg/kg
intraperitoneally displayed noticeable potential in alleviating
neurogenic pain. During the formalin test, pain caused by
inflammation was inhibited in the initial stage (84.99%) and final
stage (91.33%). The initial stage activity of morphine plus naloxone
was 7.61%, while the final stage activity was 14.37%. Compound
1 showed 69.45% inhibition in the first stage and 63.85% in the
second phase. Compound 2 was found inactive in both phases.
Naloxone significantly reversed the antinociceptive effect of
compound 1, similar to that of morphine. Naloxone dramatically
inhibited the analgesic action of compound 1 in both the early
neurogenic stage and the late pathogenic phase, indicating that the
chemical is involved in the opioidergic cascade of pain regulation, as
shown in Table 5.

TABLE 4 Analgesic effect following the hot plate model and opioid receptor evaluation study.

Sample Dose (mg/kg) Reaction time on the hot plate (minutes)

15 30 45 60 90

Negative control --- 03.72 ± 0.42 04.37 ± 0.57 2.95 ± 0.33 2.93 ± 0.50 2.70 ± 0.44

Mor 5 11.16 ± 0.94### 10.46 ± 0.66### 9.73 ± 0.88### 9.73 ± 0.60### 7.36 ± 0.94###

Mor + Nal 5 + 1 04.76 ± 0.30*** 05.96 ± 0.54*** 3.96 ± 0.40*** 3.60 ± 0.76*** 2.90 ± 0.36***

Compound 1 50 08.22 ± 0.07* 07.19 ± 0.08** 6.65 ± 0.05*** 8.38 ± 0.41* 7.17 ± 0.57**

Compound 2 50 03.84 ± 0.03*** 04.52 ± 0.09*** 3.27 ± 0.48*** 3.18 ± 0.34*** 2.85 ± 0.29***

Compound 1 + Nal 50 + 1 05.21 ± 0.06*** 06.22 ± 0.05*** 4.39 ± 0.55*** 3.97 ± 0.30*** 4.20 ± 0.48***

Results are shown as mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; all the values were significantly different from those of the positive control; n = 5; ***, p < 0.001, **,

p < 0.01, and *, p < 0.05; ns, non-significant compared to that of the positive control; = p < 0.001 comparison of the positive control to the negative control.
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3.11 Adrenergic receptor involvement

The antinociceptive activity of compounds 1 and 2 was assessed,
with compound 1 exhibiting significant activity, while compound

2 showed weak analgesic activity, as shown in Table 6. Pre-
administering yohimbine (an alpha-2 antagonist) to mice has the
ability to reverse the action of alpha-2 receptor agonist (clonidine).
Clonidine showed reaction times of 10.12 ± 0.67, 9.77 ± 0.75, 10.30 ±

TABLE 5 Effect of compound 1 on formalin-induced pain in mice.

Sample Dose (mg/kg) Total time spent in licking

0–5 min % inhibition 15–30min % inhibition

Negative control --- 56.64 ± 0.76 --- 78.78 ± 0.70 ---

Mor 5 08.50 ± 0.76 84.99### 06.83 ± 0.60 91.33###

Mor + Nal 5 + 1 52.33 ± 0.66 7.61** 67.50 ± 0.42 14.37***

Compound 1 50 17.30 ± 0.77 69.45*** 28.48 ± 0.58 63.97***

Compound 2 50 51.55 ± 0.99 8.84** 67.83 ± 0.57 13.99***

Compound 1 + Nal 50 + 1 43.35 ± 0.52 23.36*** 51.20 ± 0.94 35.17***

Data were shown as mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; all the values were significantly different from those of the positive control; n = 5; ***, p < 0.001, **,

p < 0.01, and *, p < 0.05; ns, non-significant; Mor, morphine; Nal, naloxone, compared to that of the positive control; = p < 0.001 comparison of the positive control to the negative control.

TABLE 6 Result of analgesic activity following the adrenergic pathway.

Sample Dose (mg/kg) Reaction time on the hot plate

15 min 30min 45 min 60min 90min

Negative control --- 2.40 ± 0.26 3.28 ± 0.44 3.57 ± 0.47 3.27 ± 0.48 2.97 ± 0.43

Compound 1 50 5.43 ± 0.52*** 5.21 ± 0.45*** 6.65 ± 0.74*** 5.89 ± 0.63** 4.75 ± 0.41***

Compound 2 50 2.57 ± 0.21ns 3.42 ± 0.46ns 3.58 ± 0.40ns 3.37 ± 0.48ns 3.15 ± 0.45*

Clonidine 3 μg/kg 10.12 ± 0.67*** 9.77 ± 0.75*** 10.30 ± 0.50*** 8.60 ± 0.78*** 9.32 ± 0.68***

Clonidine + yohimbine 3 μg/kg + 1 mg/kg 2.95 ± 0.29* 3.65 ± 0.44ns 3.83 ± 0.50ns 4.47 ± 0.54* 3.87 ± 0.65ns

Compound 1 + yohimbine 50 + 1 mg/kg 3.61 ± 0.53** 4.32 ± 0.52* 4.88 ± 0.44* 3.52 ± 0.54ns 3.36 ± 0.56ns

Results are shown as mean ± SEM; two-way ANOVA, followed by Bonferroni’s test, was used; all the values were significantly different from those of the positive control; n = 5; ***, p < 0.001, **,

p < 0.01, and *, p < 0.05; ns, non-significant; Mor, Morphine; Nal, naloxone.

FIGURE 2
Anti-inflammatory potential of pure isolated compounds. Two-way ANOVA was used, followed by Bonferroni’s posttest. Data were analyzed in
triplicate (mean ± SEM). ***p < 0.001.
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TABLE 7 Pharmacokinetic studies of the isolated compounds calculated using the SwissADME database.

Physicochemical property

Compound 1 Compound 2

Formula C10H10O4 C15H14O5

Molecular weight 194.18 g/mol 274.27 g/mol

Heavy atoms 14 20

Fraction Csp3 0.10 0.13

Number of aromatic heavy atoms 6 12

Number of rotatable bonds 2 4

Number of H-bond acceptors 4 5

Number of H-bond donors 3 4

Molar refractivity 52.12 74.02

TPSA 77.76 Å2 97.99 Å2

SMILES notation

CC1 = C (\C=C\C(O) = O)C=CC(O) = C1O Oc1ccc (cc1)CCC(=O)c1c(O)cc (cc1O)O

Lipophilicity

Consensus Log Po/w 1.26 1.93

Log Po/w (SILICOS-IT) 1.25 2.17

Log Po/w (MLOGP) 1.00 1.10

Log Po/w (WLOGP) 1.40 2.32

Log Po/w (XLOGP3) 1.53 2.63

Log Po/w (iLOGP) 1.13 1.41

Water solubility

Class Soluble Soluble

Solubility 1.54e+01 mg/ml; 7.91e-02 mol/L 1.16e-01 mg/ml; 4.25e-04 mol/L

Log S (SILICOS-IT) -1.10 -3.37

Class Soluble Moderately soluble

Solubility 3.28e01 mg/ml; 1.69e-03 mol/L 1.26e-02 mg/ml; 4.59e-05 mol/L

Log S (Ali) -2.77 -4.34

Solubility 1.25e+00 mg/ml; 6.41e-03 mol/L 1.15e-01 mg/ml; 4.19e-04 mol/L

Log S (ESOL) -2.19 -3.38

Pharmacokinetics

Log Kp (skin permeation) -6.40 cm/s -6.11 cm/s

CYP3A4 inhibitor No Yes

CYP2D6 inhibitor No No

CYP2C9 inhibitor No Yes

CYP2C19 inhibitor No No

CYP1A2 inhibitor No Yes

P-gp substrate No No

BBB permeant No No

(Continued on following page)
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0.50, 8.60 ± 0.78, and 9.32 ± 0.68 min at the interval of 15–90 min
accordingly. Although pre-administration of yohimbine to test
models reversed the activity of clonidine and revealed the action
in the existence of yohimbine, the reaction time was measured as
3.87 ± 0.65, 4.47 ± 0.54, 3.83 ± 0.50, 3.65 ± 0.44, and 2.95 ± 0.29 min
at the periods of 90, 60, 45, 30, and 15 min, respectively. Similarly,
compound 1 demonstrated reaction times of 5.43 ± 0.52, 5.21 ± 0.45,
6.65 ± 0.74, 5.89 ± 0.63, and 4.75 ± 0.41 min in the same time
interval. The pre-administration of yohimbine reversed the activity
of compound 1, measured as 3.61 ± 0.53, 4.32 ± 0.52, 4.88 ± 0.44,

3.52 ± 0.54, and 3.36 ± 0.56 min at the intervals of 15–90 min,
respectively, which confirmed the connection of adrenergic
receptors in the intonation of pain. The current trial exposed the
function of adrenergic receptors in the inflection of pain.

3.12 Evaluation of anti-inflammatory activity

The mice administered with aspirin 10 mg/kg showed a
considerable reduction in paw volume compared to the vehicle

TABLE 7 (Continued) Pharmacokinetic studies of the isolated compounds calculated using the SwissADME database.

Physicochemical property

Compound 1 Compound 2

GI absorption High High

Druglikeness

Bioavailability score 0.56 0.55

Muegge No; 1 violation: MW < 200 Yes

Egan Yes Yes

Veber Yes Yes

Ghose Yes Yes

Lipinski Yes; 0 violation Yes; 0 violation

Medicinal chemistry

Synthetic accessibility 2.00 1.88

Lead-likeness No; 1 violation: MW < 250 Yes

Brenk 2 alerts: catechol and michael_acceptor_1 0 alert

PAINS 1 alert: catechol_A 0 alert

FIGURE 3
Physicochemical properties radar chart of isolated compounds.
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control group. The positive control group showed a reduction in the
percentage increase of paw volume from the initial 1st to the 5th
hour, ranging from 51.77 ± 0.10 to 57.77 ± 0.40 (p < 0.001),
indicating % edema volume inhibition. Compound 1 displayed
the highest activity at 4th h (56.40 ± 0.42) after carrageenan
induction. Compound 2 was not effective against carrageenan-
induced inflammation, causing the highest percent inhibition at
the first hour (35.10 ± 0.22%), as shown in Figure 2.

3.13. SwissADME studies of the
isolated compounds

The physicochemical properties of isolated compounds are
displayed in Table 7 and Figure 3. According to the table, the
physicochemical properties of compounds 1 and 2 were examined
and alienated into the six (6) main groups and also studied for
suitable ranges for oral bioavailability. Molecular weight, topological
polar surface area (TPSA), no. of H-bond donors, LogP, and number
of hydrogen bond acceptors (NHBAs) of the isolated compounds
were within documented limits of ≤500, ≤5, ≤140 A2, and ≤10,
respectively. F. Csp3 values range from 0.10 to 0.13. Compounds
1 and 2 have 2 and 4 rotatable bonds, respectively. The molar
refractivity range is between 52.12 and 74.02.

The pharmacokinetic properties of molecules are very
significant for achieving the desired pharmacological effect for a
drug candidate. This suggests that each pharmacokinetic factor
might impact the biological characteristics of molecules. The
SwissADME database exposed high GI absorption for the isolated
compounds. The graph of the boiled egg of the isolated compounds
is displayed in Figure 4 accordingly. Both compounds showed high
absorption of GI. The compounds are unable to cross the
blood–brain barrier. Compound 2 was known as an inhibitor of
CYP1A2, CYP3A4, and CYP2C9 in drug metabolism. Compound
1 has no effect on CYP1A2, CYP2C19, CYP2C9, CYP2D6, and
CYP3A4. Similarly, the isolated compounds have drug-likeness
parameters, i.e., Muegge, Lipinski, Veber, Ghose, and Egan rules

of drug likeness. Compound 1 had just one infraction of the Muegge
rule (MW < 200). The bioavailability scores for compounds 1 and
2 were 0.56 and 0.55, respectively. The isolated compounds have no
PAINS alert for compound 2, while compound 1 showed one alert
for catechol_A, free from α-screen artifacts, reactive compounds,
and frequent hitters. Two reactive groups in compound 1 have been
identified through Brenk structural alerts, namely, catechol and
Michael_acceptor_1. Compound 1 has MW < 250, resulting in
likeness capability. Compound 2 lacks the ability to lead in terms of
likeness. The SwissADME database has assigned scores ranging
from 2.00 to 1.88 for synthetic accessibility.

4 Discussion

The goal of the current research work is to investigate the
antinociceptive effects of pure compounds isolated from I.
rugosus to confirm and verify the traditional utilization of this
plant. Experimental animal models were considered for
conducting this research, and various assays have been carried
out, including the hot plate test, acetic acid-induced writhing,
formalin-induced paw licking assay, adrenergic receptor
involvement, and lipoxygenase and cyclooxygenase inhibitory
assay. The current project has been carried out based on the
results of crude samples in a previous study (Zeb et al., 2016;
Mahnashi et al., 2022a). Generally, various types of models are
employed for the evaluation of the analgesic effects of test drugs. The
most widely employed models use thermal and chemical
nociception models. The hot plate test uses thermal nociception
and chemical nociception, which are employed in the investigational
models of formalin- and acetic acid-induced tests. Previous research
has shown that the hot plate experiment uses the central corridor for
pain modulation, whereas the peripheral system is involved in acetic
acid-induced writhing. The formalin assay is also considered to
show the participation of both peripheral and central routes
(Hunskaar and Hole, 1987). Additionally, it is suggested that
acetic acid could contribute to the production of naturally

FIGURE 4
Boiled graph representation of the isolated compounds 1 and 2.
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occurring mediators such as prostaglandin E and lipoxygenase
products in the intraperitoneal liquids, which results in activating
the nearby nociceptive receptors. In the same way, the adrenergic
receptors are responsible for pain modulation, i.e., the activation of
these receptors has been reported to modulate the pain signals
(Owoyele et al., 2013; Mahnashi et al., 2022b). The current research
work generally puts forward the role of peripheral and central and
enzymatic pathways in the suppression of pain. Compound 1 is
phenolic acid, 3,4-dihydroxy-cinnamic acid containing acrylic and
phenolic functionalities, which have been previously found in
various aromatic herbs like sage, rosemary, spearmint, thyme,
lavender, and balm (Wang et al., 2004). Compound 1 has been
confirmed for its anti-coagulatory, analgesic, and anti-inflammatory
potentials (Chao et al., 2009). Da Cunha et al. (2004) synthesized five
derivatives of caffeic acid, namely, benzyl, octyl, butyl, ethyl, and
methyl, which were explored for their anti-inflammatory potential.
Mehrotra et al. (2011) evaluated the antinociceptive profile of
commercially available caffeic acid in mice and rats.

Compound 1 is also called 2-4-4-6-tetrahydroxy-
dihydrochalcone (dihydronaringenin) (Rezk et al., 2002). It is
found in pears that have been checked for their anti-tumor
activity via inhibiting the protein kinase (Kern et al., 2007).
Al-Ostoot et al. (2021) synthesized caffeic acid and explored
for its anti-inflammatory, analgesic, and ulcerogenic effects (Al-
Ostoot et al., 2021). Similarly, phloretin is a dihydrochalcone
flavonoid present in apples with various pharmacological
activities like anti-tumor, anti-diabetic, and antioxidant
activities. M Balaha explored phloretin along with duloxetin
for STZ-induced diabetic neuropathy in rats (Balaha et al.,
2018). The effect of caffeic acid and phloretin has not been
much envisaged in correlating their effect on inflammation-
associated pain. Therefore, the current study was designed to
isolate and evaluate the effect of these compounds on different
anti-inflammatory and nociceptive paradigms.

As per the results of current investigations, compound 2 has
negligible analgesic and anti-inflammatory activities in almost all the
test models. As far as compound 1 is concerned, the results of
compound 1 in almost all the analgesic and anti-inflammatory
models are comparable with the effect of the positive control.
Compound 1 was significantly implicated in anti-nociception via
opioid receptors, according to the mechanistic investigation. After
pre-administration of the opioid blocker naloxone, the mice
displayed morphine-like behavior, indicating that the central
route via the opioidergic receptor may be the mechanism of
action. The two models clearly show that opioid receptors are
involved, i.e., the hot plate and formalin, where naloxone was
unemployed to sort out the participation of opioid receptors.
Likewise, compound 1 has also been established to be involved in
the modulation of pain via the dopaminergic pathway (Alqahtani
et al., 2022).

The pharmacokinetic evaluation of the isolated compounds
exhibited that Lipinski’s rule of five is essential for lucid drug
design. Any compound that breaks just one of the requirements
might have inadequate absorption or limited permeability
(Pathak et al., 2017). Fsp3 is the portion of sp3 carbon atoms
out of the entire amount of carbon. This illustrates the intricacy
of the molecular arrangement and represents the carbon
concentration. An optimal value for Fsp3 is deemed to

be ≥0.42, given that approximately 84% of approved drugs
fulfill these criteria (Kombo et al., 2013). The H-bond
acceptor and donor parameters are maintained within precise
and stringent limits. Oral drugs typically show a lower count of
H-bond acceptors, donors, and rotatable bonds (Lipinski, 2004;
Ahmad et al., 2021b). These three criteria favor the suitability of
the oral route of administration due to its flexibility, convenience,
and simplicity.

Molecules possessing a TPSA exceeding 140 Å2 would exhibit
limited absorption, resulting in fractional absorption lower than
10%. Conversely, those with a TPSA of 60 Å2 would experience
efficient absorption, leading to a fractional absorption of more
than 90% (Clark, 1999). The isolated compounds are anticipated
to exhibit improved absorption, an inference drawn from their
TPSA values (Mahmood et al., 2022). Furthermore, Log Po/w, an
amalgamation of iLOGP, XLOGP3, WLOGP, MLOGP, and
SILICOS-IT, as calculated by SwissADME, represents the
partition coefficient between octanol and water. A higher Log
Po/w value indicates increased lipophilicity, influenced by factors
such as polarity, molecular size, and hydrogen bonding. The Log
Po/w values of both compounds reflect their partition, preferably
into the water compartment. However, values of log Po/w show
optimal lipophilicity (optimal: 0 < log p < 3) (Bitew et al., 2021).
These values are somehow congruent with log S values. The
SwissADME database revealed high GI absorption (Daina et al.,
2017). Most drugs and endogenous chemicals are metabolized by
the CYP3A4 system. The bioavailability score indicates an
excellent enough plasma concentration. The calculation of
bioavailability and permeability is important before
proceeding with any advanced testing. Therefore, a
probability-based score is given to a drug candidate to have
F > 10% (Martin, 2005).

The compounds adhere to several well-recognized rules for
drug-likeness, including Lipinski, Muegge, Ghose, Veber, and
Egan criteria. Moreover, the absorption of the isolated
compounds was found to be safe and is known as the boiled-egg
graphical representation. Compounds 1 and 2 showed good GI
absorption. None of the compounds exhibit blood–brain barrier
permeability, suggesting a favorable characteristic of being devoid of
CNS toxicity.

5 Conclusion

The current study confirms that Isodon rugosus has great
value as a source of various compounds for medicinal
applications. A potent COX-2 and 5-LOX activity was
detected for compound 1 (caffeic acid). Moreover, compound
1 exhibited anti-inflammatory and analgesic activities in animal
models of carrageenan-induced inflammation, the hot plate test,
and the writhing test. The pharmacokinetic profiles of the
isolated compounds were also explored in this research.
These pharmacological activities may be due to the inhibitory
potential of the synthesis and/or release of various mediators
like PGE2, leukotrienes, arachidonic acid, and TNF-α.
Additional exploration of I. rugosus may lead to the
promotion and development of novel analgesic and anti-
inflammatory compounds.
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molecular simulation, and binding
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In the current study, Neosetophomone B (NSP–B) was investigated for its anti-
cancerous potential using network pharmacology, quantum polarized ligand
docking, molecular simulation, and binding free energy calculation. Using
SwissTarget prediction, and Superpred, the molecular targets for NSP-B were
predicted while cancer-associated genes were obtained from DisGeNet. Among
the total predicted proteins, only 25 were reported to overlap with the disease-
associated genes. A protein-protein interaction network was constructed by
using Cytoscape and STRING databases. MCODE was used to detect the densely
connected subnetworks which revealed three sub-clusters. Cytohubba predicted
four targets, i.e., fibroblast growth factor , FGF20, FGF22, and FGF23 as hub genes.
Molecular docking of NSP-B based on a quantum-polarized docking approach
with FGF6, FGF20, FGF22, and FGF23 revealed stronger interactions with the key
hotspot residues. Moreover, molecular simulation revealed a stable dynamic
behavior, good structural packing, and residues’ flexibility of each complex.
Hydrogen bonding in each complex was also observed to be above the
minimum. In addition, the binding free energy was calculated using the MM/
GBSA (Molecular Mechanics/Generalized Born Surface Area) and MM/PBSA
(Molecular Mechanics/Poisson-Boltzmann Surface Area) approaches. The total
binding free energy calculated using the MM/GBSA approach revealed values
of −36.85 kcal/mol for the FGF6-NSP-B complex, −43.87 kcal/mol for the
FGF20-NSP-B complex, and −37.42 kcal/mol for the FGF22-NSP-B complex,
and −41.91 kcal/mol for the FGF23-NSP-B complex. The total binding free energy
calculated using the MM/PBSA approach showed values of −30.05 kcal/mol for
the FGF6-NSP-B complex, −39.62 kcal/mol for the FGF20-NSP-B
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complex, −34.89 kcal/mol for the FGF22-NSP-B complex, and −37.18 kcal/mol for
the FGF23-NSP-B complex. These findings underscore the promising potential of
NSP-B against FGF6, FGF20, FGF22, and FGF23, which are reported to be essential
for cancer signaling. These results significantly bolster the potential of NSP-B as a
promising candidate for cancer therapy.

KEYWORDS

network pharmacology, protein-protein interactions, hub gene, quantumpolarized ligand
docking, molecular simulation, free energy calculation, Neosetophomone B, cancer

Introduction

Cancer is a growing major public health concern globally and
has been reported to be the second leading cause of death in the
United States. The characteristic features involve abnormal cellular
growth with the capability of spreading to other parts of the body
(Cleeland, 2000). Potential indicators and manifestations may
encompass the presence of a lump, unusual bleeding, persistent
cough, unexpected weight loss, and alterations in bowel movements
(Woodgate et al., 2003). In 2015, approximately 90.5 million
individuals worldwide were diagnosed with cancer. By 2019, the
annual number of cancer cases had surged by 23.6 million, resulting
in 10 million global deaths. This marked an increase of 26% and
21%, respectively, over the preceding decade. Projections for
2023 anticipate 1,958,310 new cancer cases and 609,820 deaths in
the United States. Notably, prostate cancer witnessed a 3% annual
rise from 2014 to 2019, countering a two-decade decline and
resulting in an additional 99,000 cases (You et al., 2021; Siegel
et al., 2023). The majority of cancers, 90%–95%, are attributed to
genetic mutations arising from environmental and lifestyle factors,
while the remaining 5%–10% are due to inherited genetics.
Environmental factors encompass various non-inherited causes,
including lifestyle, economic, and behavioral factors, with tobacco
use (25%–30%), diet and obesity (30%–35%), infections (15%–20%),
radiation (both ionizing and non-ionizing, up to 10%), lack of
physical activity, and pollution being common contributors to
cancer mortality. Despite its impact on cancer outcomes,
psychological stress does not seem to be a risk factor for cancer
onset (Berenguer et al., 2023; Yang et al., 2023).

The treatment of cancer typically involves a combination of
radiation therapy, surgery, chemotherapy, and targeted therapies
(Gerber, 2008). The advancement of innovative strategies in
neoplastic cancer or precision drugs relies on understanding the
distinct pathways and characteristics of various tumor types (Miller
et al., 2019). Chemotherapy, often employed alone or alongside
radiotherapy, is recognized as a highly effective treatment modality,
leveraging genotoxicity to target tumor cells by generating reactive
oxygen species, leading to significant tumor cell destruction (Anand
et al., 2023). Hormonal treatments, widely utilized for cancer
malignancies, act as cytostatic agents by impeding tumor
development. This is achieved through mechanisms such as
restraining hormonal growth factors, hormone receptor blockade,
and limiting adrenal steroid synthesis, thus influencing the
hypothalamic–pituitary–gonadal axis (HPGA) (Abraham and
Staffurth, 2016).

The significance of chemotherapy in achieving cancer cures is on
the rise, particularly in its application as an adjuvant to local

therapies (Chu and Sartorelli, 2018). Additionally, in cases of
advanced disease where the tumor has spread beyond its original
site, chemotherapy plays an increasingly crucial role in alleviating
cancer-related symptoms and extending life. Despite its limitations,
chemotherapy remains a vital and enduring treatment approach in
the field of oncology, likely retaining its importance for a substantial
duration (Amjad et al., 2020). Until now many chemotherapeutic
agents have been discovered for the treatment of cancer. For
instance, bevacizumab in non-small cell lung cancer (NSCLC);
Latrcitinib and Entrecitinib in ovarian cancer; Tazemetostate in
multiple cancers; Certinib and Lorlatinib in adenocarcinoma;
Trastuzumab deruxtecan in metastatic breast cancer; and
Irinotecan in ovarian cancer have been discovered to target
different proteins that are indispensable for the initiation and
progression of cancer (Kifle et al., 2021). The emergence of gene
mutations and other phenomena contribute to the resistance to the
existing drugs (Khan et al., 2021; Khan et al., 2022). In the quest for
effective treatments, innovative therapeutic approaches employing
cutting-edge methods have proven to be valuable.

The conventional one-drug/one-target/one-disease approach to
drug discovery currently faces challenges related to safety, efficacy,
and sustainability. Recently, there has been a growing appreciation
for network biology and polypharmacology methodologies, which
involve integrating omics data and developing drugs targeting
multiple pathways (Ali et al., 2022). The fusion of these
approaches has given rise to a novel paradigm known as network
pharmacology, which assesses the impact of drugs on both the
interactome and diseasome levels. Network pharmacology utilizes
computational tools to comprehensively document the molecular
interactions of drug molecules within living cells. This approach
proves valuable in unraveling complex relationships between
botanical formulas and the entire body, enabling the
identification of new drug leads, and targets, and the repurposing
of existing molecules for diverse therapeutic conditions
(Muhammad et al., 2018; Khan et al., 2022; Ghufran et al., 2022).
Beyond expanding therapeutic options, network pharmacology
analysis also strives to enhance the safety and efficacy of current
medications (Sliwoski et al., 2014; Chandran et al., 2017).

Neosetophomone B (NSP-B), a meroterpenoid fungal secondary
metabolite, has been recently reported to target the AKT/SKP2 axis
in leukemic and multiple myeloma cell lines (Kuttikrishnan et al.,
2022a; Kuttikrishnan et al., 2023a). Furthermore, NSP-B was shown
to effectively inhibit FOXM1, a master regulator of the cell cycle and
a transcription factor, and its downstream targets in cutaneous
T-cell lymphoma and leukemia thereby paving the way for novel
and safer chemotherapeutic regimens that provide a promising
alternative for cancer treatment (Kuttikrishnan et al., 2022b;
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Kuttikrishnan et al., 2023b). Considering the anti-cancerous
potential of NSP-B, the current study uses network
pharmacology combined with quantum-polarized ligand docking
(QPLD) andmolecular simulation to discover novel targets for NSP-
B. Furthermore, binding free energy was calculated for the top hub
genes-NSP-B complexes. This study will guide the selective
inhibition of cancer targets in the clinical trials.

Materials and methods

Targets prediction for NSP-B

To predict targets for NSP-B (Compound CID: 146683131), we
used three different databases. SMILES of NSP-B were submitted as
the input and targets were predicted using SwissTarget Prediction
(http://www.swisstargetprediction.ch/) (Daina et al., 2019), and
Superpred (https://prediction.charite.de/) (Gallo et al., 2022). The
disease-related genes were obtained from DisGeNet (https://www.
disgenet.org/search) by searching the term “cancer” to retrieve all the
disease-related proteins/genes associated with cancer (Piñero et al.,
2016). Among the predicted targets and the disease-associated targets,
the common targets were selected for the PPI network construction.
The methodological workflow is summarized in Figure 1.

Construction of PPI network

The construction of the PPI network for NSP-B’s candidate
targets against cancer was achieved using the STRING database

(https://string-db.org/cgi/input?sessionId=btWeOUvPdvTt&input_
page_active_form=single_identifier) with parameters set at the
highest confidence level (0.900) (Szklarczyk et al., 2021;
Doncheva et al., 2022). Subsequently, the resulting PPI network
was imported into Cytoscape v3.8.2 for subnetwork identification
and core target screening, employing the MCODE plugin with
specific parameters: “Degree Cutoff = 2, Node Score Cutoff = 0.2,
and K-Core = 2”. The top 4 core targets were then selected based on
the Cytohubba analysis (Lotia et al., 2013; Chin et al., 2014; Otasek
et al., 2019).

Structural retrieval and quantum-polarized
ligand docking (QLPD)

The available crystallographic coordinates were retrieved from
RCSB while the non-available coordinates were modeled using
Alpha Fold 2.0 (Burley et al., 2019; Jumper et al., 2021). Each
structure was prepared using the protein preparation wizard in
the Schrodinger Maestro (Maestro et al., 2020). The structures were
pre-processed by using the default setting while refined by using the
pH 7.0 and OPLS 2.1 force field for minimization. Restrained
minimization was carried out where the convergence of heavy
atoms to RMSD was set to 0.30 Å. The ligand molecule was
downloaded from PubChem and minimized by using the
MMFFx force field. For the binding site detection sitemap
module was used. Advanced docking methods, including scoring
functions, aim to estimate binding energies, providing quantitative
insights into ligand-protein interactions (Ferreira et al., 2015). To
determine the activity of NSP-B against the selected targets we also

FIGURE 1
Hierarchical workflow of the study involving various steps from target prediction to target retrieval, PPI construction, identification of hub genes,
molecular docking, and molecular simulation.
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used the quantum-polarized ligand docking (QPLD) approach
which is the most accurate method in evaluating the binding
potential of small molecules by combining the quantum
mechanical and molecular mechanics properties (Cho et al.,
2005). This approach provides a more accurate description of the
electronic interactions between the ligand and the protein, taking
into account the polarization effects that occur due to the charge
distribution in the ligand and the protein than the traditional
docking methods. It uses the density functional theory (DFT) or
semi-empirical methods properties to quantify the protein and
ligand properties. We used QPLD approaches by considering the
ligand vdW scaling as 0.8, RMSD deviation less than 0.5 while a
maximum of 10 poses were allowed using the Schrodinger Maestro
software. We used Jaguar for the QM charges assignment while the
re-docking was performed by employing the XP approaches with the
maximum atomic displacement of 1.3 Å. The best pose was then
visualized in PyMOL for molecular interactions analysis
(DeLano, 2002).

All-atoms simulation in explicit solvent

To perform molecular simulations of all the systems the
coordinates, and topology files were prepared using the
“tLeap” an integrated module in AMBER21 (Case et al., 2005;
Salomon-Ferrer et al., 2013). A solvent box (OPC) optimal point
charge was added around each system, and ions were added to
neutralize the charge. The ligand molecule was parameterized by
using the GAFF2 force file while the initial topology and frcmod
file was generated with antechamber and parmchk2. Next, each
system underwent energy minimization using a minimization
algorithm such as steepest descent and conjugate gradient. The
minimization process continued until the system reached a
convergence criterion, such as a maximum force or energy
change threshold. To allow each system to reach the desired
simulation temperature and equilibrate, a temperature coupling
algorithm (such as Langevin Dynamics or Berendsen thermostat)
was used to gradually heat the system from a low temperature.
Long-range electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) method, while van der Waals forces
were calculated using Lennard-Jone’s potential (Toukmaji et al.,
2000). Each system was equilibrated at the target temperature and
pressure for a certain period of time in several stages, including
positional restraint, slow heating, and equilibration without
restraints. To maintain covalent bond lengths, the SHAKE
algorithm was used to constrain bond lengths and angles. The
pressure of the system was controlled using a barostat such as
Berendsen or Andersen (Fyta, 2016). After equilibration, each
system was simulated for a production time of 300 ns using a
molecular dynamics algorithm such as NPT or NVT ensemble
(Salomon-Ferrer et al., 2013). In this step, simulation parameters
including time step and cut-off distances were set. Finally, the
trajectory obtained from the production simulation was analyzed
using CPPTRAJ or PTRAJ modules (Roe and Cheatham, 2013).
We calculated RMSD, RMSF, Rg, and hydrogen bonding for each
system (Cooper, 1976; Maiorov and Crippen, 1994; Lobanov
et al., 2008).

RMSD �
��������
∑d2i � 1
Natoms

√

(ii)

Where:
di is the difference of position between atoms and i refers to the

original and superimposed structure. Whereas the root mean square
fluctuation (RMSF) can be computed by employing B-factor (Chin
et al., 2014), which is the most imperative constraint to compute the
flexibility of all the residues in a protein. Mathematically the RMSF
can be calculated by using the following equation.

Thermal factor or B − factor � 8π**2( )/3[ ] msf( ) (iii)

The radius of gyration measures the compactness of a
protein structure.

R2
gyr �

1
M

∑
N

i�1mi ri − R2( ) (iv)
where;

M � ∑
N

i�1mi (v)
is the total mass and;

R � N−1∑
N

i�1ri (vi)

is the center of mass of the protein consisting of N atoms.

Binding free energy estimation throughMM/
GBSA and MM/PBSA analysis

Insights into the process of how a protein identifies its
biologically significant ligand or a small molecule inhibitor
significantly impact the discovery of effective small molecule
treatments. This approach has the advantage over others as it is
less time-consuming and computationally inexpensive (Chen et al.,
2016). It has been widely used to determine the BFE for protein-
protein and protein-ligand complexes. We calculated the BFE for
each complex (Gcomplex, solvated) and the unbound states of NSP-B
(GNSP-B, solvated) and receptors (Greceptors, solvated). AMBER utilizes the
MM/GBSA (Molecular Mechanics/Generalized Born Surface Area)
methodology for binding free energy calculations. This approach
integrates molecular mechanics force fields, a generalized Born (GB)
implicit solvent model, and a surface area term. The MMPBSA.py
module within AMBER conducts the computation, with essential
parameters encompassing the molecular dynamics trajectory, force
field parameters, and implicit solvent specifications. The MM/GBSA
technique in AMBER presents a reliable computational framework
for the estimation of binding free energies in biomolecular systems
(Chen et al., 2016). The following equation was used to calculate
each term in the total binding energy.

ΔGbind � G complex,solvated( ) − G Neosetophomone B,solvated( )
− G receptors,solvated( ) (vii)

This equation can be used to determine the contribution of
interaction in the complex and can be expressed as;

G � EMolecularMechanics − Gsolvated − TS (viii)
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This equation can be further restructured to calculate the specific
energy term.

ΔGbind � ΔEMolecularMechanics + ΔGsolvated − ΔTS

� ΔGvaccum + ΔGsolvated (ix)
ΔEMolecularMechanics � ΔEint + ΔEelectrostatic + ΔEvdW (x)

ΔGsolvated � ΔGGeneralized born + ΔGsurface area (xi)
ΔGsurface area � γ.SASA + b (xii)

ΔGvaccum � ΔEMolecularMechanics − TΔS (xiii)

The total binding energy is a composite of various components.
Specifically, the free energy linked to the binding of ligand-protein,
PPI, or protein-nucleic acid is referred to as ΔGbind. The cumulative
gas phase energy, including ΔEinternal, ΔEelectrostatic, and ΔEvdw, is
denoted as ΔEMM. Solvation effects contribute through the
combination of polar (ΔGPB/GB) and nonpolar (ΔGSA)
components. Here, ΔGPB/GB represents the polar contribution
calculated using Poisson–Boltzmann (PB) or generalized Born
(GB) methods, while ΔGSA is the nonpolar solvation free energy,
often determined through a linear function of solvent-accessible
surface area (SASA). The conformational binding entropy, typically
evaluated through normal-mode analysis, is expressed as -TΔS.
However, the computation of conformational entropy was

omitted due to computational expense and associated
inaccuracies. In MM/PBSA and MM/GBSA, ΔEinternal consistently
remains zero in single trajectory complex calculations (Nadeem
et al., 2023).

Results and discussion

Drug and disease-related target retrieval

In order to investigate the mechanism of interaction of NSP-B
with the key cancer targets, different databases were used for
retrieval of drug and disease-related targets. The structure of
NSP-B was obtained from PubChem and targets were retrieved
from various databases. A total of 100 targets were retrieved for this
drug in the SwissTarget database while Superpred returned
76 targets. With regards to disease-associated genes, a total of
3,111 disease genes were predicted as cancer biomarkers in
DisGeNet database. Among these, 8 and 17 genes were common
with targets retrieved in the SwissTarget and Superpred databases,
respectively. A PPI network of these 25 common proteins was then
constructed using the STING protein database and imported into
Cytoscape. The 2D structure of NSP-B is shown in Figure 2A, while
the Venn diagrams for the predicted targets and disease-associated

FIGURE 2
Structure of NSP-B, Venn diagrams, and PPI of the selected compound and proteins are shown. (A) shows the 2D structure of NSP-B, (B) shows the
PPI network of the 25 common proteins in the selected databases, and (C) shows the common genes identified between the predicted and disease-
associated targets in breast cancer.
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targets are provided in Figure 2B. The PPI network of the common
25 targets was constructed and is depicted in Figure 2C.

Identification of small subnetworks and
hub genes

Identifying small subnetworks in PPI networks using tools like
MCODE (Molecular Complex Detection) in Cytoscape offers
valuable insights into the organization and functionality of
biological systems. These subnetworks represent functional
modules or clusters of deeply associated proteins that are
essential for certain cellular processes such as signaling cascades,
metabolic pathways, or protein complexes. Understanding the
organization of proteins into functional modules provides
insights into the underlying biological processes. Furthermore,
subnetworks usually exhibit proteins that are associated with
specific diseases or pathological conditions and thus the
identification of such subnetworks can contribute to the
understanding of disease mechanisms and act as therapeutic
biomarkers for a particular disease. Hence, we also used the
MCODE module to identify the subnetworks in the PPI network.
Three small subnetworks were identified. In the first subnetwork,

FGFR1 (Fibroblast growth factor receptor 1), FGFR2, FGFR3, FGF4,
FGF6, FGF20, FGF22, and FGF23 were clustered. In the second
subnetwork, EHBP1 (EH domain-binding protein 1), HDAC2
(Histone deacetylase 2), HDAC3, HDAC4, HDAC6, and HDAC8
were clustered while in the third subnetwork, AZU1 (Azurocidin 1),
PRTN3 (Proteinase 3), MPO (Myeloperoxidase), and CTSG
(Cathepsin G) were clustered. The subnetworks are shown in
Figures 3A–C.

To predict the hub genes in the PPI network of 25 proteins,
Cytohubba was used. Among the 25 common proteins, only five
proteins were identified as hub genes based on the degree and are
presented in Figure 3D. Among the hub genes identified FGF6,
FGF20, FGF22, FGF23, and EHBP1 were identified as the key
biomarker genes. The FGF signaling network is ubiquitous in
normal cell growth, survival, differentiation, and angiogenesis,
but it has also been associated with cancer development. FGFs’
capacity to promote tumor growth is highly dependent on specific
FGFR signaling. FGF can overcome chemotherapy resistance by
boosting tumor cell survival, implying that chemotherapy may be
more effective when combined with FGF inhibitor treatment.
Previous studies have demonstrated that FGFs stimulate the
growth and invasion of numerous cancer types including non-
small lung cells, hepatocellular carcinoma (HCC), melanomas,

FIGURE 3
The identified sub-clusters and hub genes networks from thewhole PPI network. (A–C) shows the top three sub-networks in thewhole PPI network,
while (D) shows the key hub genes in the PPI network depicted in red, orange, and yellow colors. The blue-colored genes represent the sub-nodes that
interact with these hub genes.
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astrocytoma, breast, pancreatic, bladder, head and neck, and
prostate cancers making the FGF signaling pathway a promising
target for cancer therapy (Korc and Friesel, 2009; Ao et al., 2015;
Ropiquet et al., 2000; Francavilla and OBrien, 2022; Katoh, 2016).
FGFs are reported to be essential for cancer signaling (Ferguson
et al., 2021). For instance, the increased expression of FGF6 has been
reported by previous studies in different types of cancers particularly
breast cancer (Ropiquet et al., 2000; Francavilla and OBrien, 2022).
Another study reported that targeting the FGFR proteins using the
inhibitors acts as a starting point for the promising cancer therapy
(Katoh, 2016). Moreover, EHBP1 has been reported to be a well-
validated target in prostate cancer (Kolawole, 2012; Ao et al., 2015).
This further supports the validity of these selected hub genes as
potential targets for the treatment of cancer.

Quantum-polarized ligand docking of NSP-
B with the hub genes

Since the role of FGF family proteins is obvious in various
cancers, the top four FGF proteins acting as hub genes were selected
for the interaction with NSP-B using the 3D structures of the target
proteins retrieved from Protein databank, and active sites were
identified using the sitemap tool in Schrodinger Maestro. The 3D
structures of each selected protein, i.e., FGF6, FGF20, FGF22, and
FGF23 are given in Figures 4A–D.

Using the QPLD approach, FGF6 in complex withNSP-B reported
a docking score of −7.89 kcal/mol with three hydrogen bonds in the
complex. Among the hydrogen bonds, Arg207 established two
hydrogen bonds while Tyr168 reported a single hydrogen bond.
This shows the binding potential of NSP-B towards FGF6. The
interaction pattern of NSP-B-FGF6 is shown in Figure 5A. On the
other hand, FGF20 in complex with NSP-B reported a docking score
of −10.75 kcal/mol with several hydrogen bonds with the key residues.
The interactions involve Arg65 with two hydrogen bonds,
Arg67 established a single hydrogen bond, and Glu141 and
Pro192 also reported single hydrogen bonds. The binding pattern
for the FGF20-NSP-B complex is given in Figure 5B. The FGF22-NSP-
B complex reported a docking score of −9.61 kcal/mol with the four
hydrogen bonds in the interaction paradigm. As given in Figure 5C,
amino acids such as Arg128, Pro129, Thr146, and Arg147 are involved
in creating the hydrogen bonds. This also shows the binding potential
of this molecule towards diverse proteins. Unlike the others, the
FGF23- NSP-B complex reported five hydrogen bonds with the
highest docking score of −11.24 kcal/mol. The hydrogen bonding
involves Asn101, ile102, leu138 and Arg140. The interaction pattern
for the FGF23-NSP-B complex is given in Figure 5D. This consistent
interaction pattern with different proteins highlights the potential for
the ligand to selectively target and modulate the activity of this class of
proteins. The observed multi-protein hydrogen bonding reinforces the
ligand’s potential as a versatile and promising candidate for therapeutic
development against a range of closely related targets.

FIGURE 4
3D structures of the hub genes identified as the key targets for NSP-B. (A) Structure of FGF6. (B) Structure of FGF20. (C) Structure of FDF22. (D)
Structure of FGF23.
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Dynamic stability analysis of the complexes

Dynamic stability investigation determines the pharmacological
potential of the ligand-bound complex during the simulation. It is an
essential parameter in deciphering essential knowledge regarding

the binding stability of the drug to its target. To determine the
stability variation of these complexes we also calculated root mean
square deviation (RMSD) as a function of time. It can be seen that
the FGF6-NSP-B stabilized at 1.0 Å and maintained a similar level
throughout the simulation. The complex reported no significant

FIGURE 5
Interaction pattern of the selected hub genes with NSP-B. (A) shows the interaction pattern of NSP-Bwith FGF6, (B) shows the interaction pattern of
NSP-B with FGF20, (C) shows the interaction pattern of NSP-B with FGF22 while (D) shows the interaction pattern of NSP-B with FGF23.

FIGURE 6
Dynamic stability analysis of the NSP-B bound complex with the selected hub genes. (A) shows the RMSD for the NSP-B-FGF6 complex, (B) shows
the RMSD for the NSP-B-FGF20 complex, (C) shows the RMSD for the NSP-B-FGF22 complex while (D) shows the RMSD for the NSP-B-FGF23 complex
during the simulation.
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structural perturbation and therefore demonstrated the stable
binding of NSP-B with FGF6 during the simulation. The RMSD
results for the NSP-B-FGF6 are given in Figure 6A.

On the other hand, the FGF20-NSP-B complex reported two
minor deviations at 40 and 150 ns. With no significant structural
perturbation, the complex stabilized at 2.0 Å and thereafter
demonstrated a stable dynamic behavior. The RMSD results for
the NSP-B-FGF20 are given in Figure 6B. In the case of FGF22-
NSP-B, the complex initially reported significant dynamic instability
but after 100 ns the RMSD of the complex decreased and stabilized.
The structure attained stability after 100 ns and maintained a uniform
RMSD pattern until the end of the simulation. The RMSD results for
the NSP-B-FGF22 are given in Figure 6C. Moreover, the FGF23-NSP-
B complex reported a dynamically stable behavior with no significant
structural perturbation indicating the binding stability of NSP-B with
FGF23. The RMSD results for the NSP-B-FGF23 complex are given in
Figure 6C. These ligand-bound complexes exhibiting stable RMSD
with minimal perturbation throughout simulation time suggest a
robust and energetically favorable binding interaction. This
steadfast structural stability implies that the ligand maintains a
consistent and well-defined conformation within the binding site,
reinforcing the reliability of the ligand-protein complexes.
Furthermore, this unyielding stability indicates a promising
foundation for the development of a pharmacologically effective
molecule, with the potential for sustained and reliable interactions,
enhancing its candidacy for further drug development endeavors.

Structural compactness analysis

The radius of gyration (Rg) serves as a measure of the compactness
or structural stability of a ligand-protein complex during molecular
dynamic simulations. A consistent or decreasing Rg over the simulation
duration indicates that the complex maintains a compact and well-
defined conformation. In the context of ligand pharmacological
potential, a stable or decreasing Rg suggests that the ligand forms a
persistent and compact binding interface, reinforcing its structural
integrity and potential for pharmacological efficacy by maintaining a

stable interaction with the target protein. We also calculated Rg as a
function of time using the simulation trajectories. As shown in
Figure 7A, the FGF6-NSP-B complex maintained a stable compact
topology throughout the simulation. The size of the receptor increased a
little between 80 and 160 ns; however, then decreased back and
maintained a level at 13.70 Å. This shows the compact nature and
stabilized binding of the protein-ligand complex during the simulation.
On the other hand, the Rg for the FGF20-NSP-B started from 15.75 Å
and demonstrated awave-like patternwhere an increase and decrease in
the Rg levels were observed until 125 ns. Afterward, the Rg level
decreased abruptly and maintained a lower level at 15.50 Å. The Rg
pattern for the FGF20-NSP-B is given in Figure 7B. In the case of the
FGF22-NSP-B complex, the Rg level abruptly increased initially and
then decreased back at 15 ns. Afterward, the Rg level was maintained at
the same level with no notable variation in values. The Rg pattern for the
FGF22-NSP-B is given in Figure 7C.

On the other hand, the FGF23-NSP-B complex maintained an
Rg level of 14.0 Å with no significant variation thus showing a
uniform protein size during the simulation. The Rg pattern for the
FGF23-NSP-B is given in Figure 7D. In sum, the Rg results show that
these protein-ligand complexes maintained a compact topology with
minimal unbinding events throughout the simulation and thus show
the pharmacological potential of this molecule against these targets.

Residue’s flexibility analysis

In molecular dynamic (MD) simulations, the root mean square
fluctuation (RMSF) is a useful metric and can be used to compare the
flexibility of different regions within a molecule or between different
molecules. This can help identify flexible regions that may be
important for ligand binding or PPI interactions. RMSF is also an
important parameter for validating MD simulations. Experimental
measurements of RMSF can be used to validate the accuracy of the
simulation and the force field used. A good agreement between the
experimental and simulated RMSF values indicates that the simulation
is accurately capturing the flexibility and dynamics of the biomolecule.
All the complexes demonstrated minimal fluctuations except for

FIGURE 7
Structural compactness analysis of the NSP-B bound complex with the selected hub genes. (A) shows the Rg for the NSP-B-FGF6 complex, (B)
shows the Rg for the NSP-B-FGF20 complex, (C) shows the Rg for the NSP-B-FGF22 complex while, (D) shows the Rg for the NSP-B-FGF23 complex
during the simulation.

Frontiers in Pharmacology frontiersin.org09

Khan et al. 10.3389/fphar.2024.1352907

313

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1352907


FGF22-NSP-B which demonstrated the highest fluctuations. This
shows that the internal fluctuation is stabilized by the binding of
NSP-B and therefore produces the potential pharmacological
properties. The RMSF for each complex is given in Figure 8.

Hydrogen bonding analysis

Hydrogen bonds, especially in the realm of protein-ligand
interactions, play a pivotal role in gauging the strength of binding
interactions. They constitute a crucial element in unraveling the
intricacies of diverse biological processes, understanding disease
mechanisms, and assessing how mutations influence protein
coupling and molecular signaling. Given the fundamental
significance of hydrogen bonding in these processes, we quantified
the number of hydrogen bonds in each trajectory across different time
points, providing insights into the dynamic nature of these vital
interactions. Considering the importance of hydrogen bonding
calculation in the binding strength of the protein-ligand complex, we
also calculated the average number of hydrogen bonds in each complex.
In the FGF6-NSP-B complex, the average number of hydrogen bonds
was calculated to be 62. In the FGF20-NSP-B complex, the average
number of hydrogen bonds was calculated to be 82. In the FGF22-NSP-

B complex, the average number of hydrogen bonds was 72, while in the
FGF23-NSP-B complex, the average number of hydrogen bonds was
55 in number. The hydrogen bond graphs are shown in Figures 9A–D.

Binding free energy calculation

Validation of the docking results can be performed by using the
binding free energy calculation approach which is an accurate, fast, and
computationally inexpensive approach. This approach has been widely
employed to determine the binding potential of various protein
complexes in different diseases. Therefore, considering the potential
of this approach, we also calculated the binding free energy using the
MM/GBSA andMM/PBSAmethods. Using the MM/GBSA andMM/
PBSA methods, the vdW was calculated to be −33.84 kcal/mol for the
FGF6-NSP-B complex, −39.07 kcal/mol for the FGF20-NSP-B
complex, −36.87 kcal/mol for the FGF22-NSP-B complex,
and −40.25 kcal/mol for the FGF23-NSP-B complex. On the other
hand, the electrostatic energy was calculated to be −5.76 kcal/mol for
the FGF6-NSP-B complex, −6.41 kcal/mol for the FGF20-NSP-B
complex, −3.87 kcal/mol for the FGF22-NSP-B complex,
and −4.17 kcal/mol for the FGF23-NSP-B complex. Using the MM/
GBSA approach, the total free binding energy was calculated to

FIGURE 8
Residues’ flexibility analysis of the NSP-B bound complexes.

FIGURE 9
Hydrogen bonding (H-bonds) analysis of the NSP-B bound complex with the selected hub genes. (A) shows the H-bonds for the NSP-B-
FGF6 complex, (B) shows the H-bonds for the NSP-B-FGF20 complex, (C) shows the H-bonds for the NSP-B-FGF22 complex while (D) show the
H-bonds for the NSP-B-FGF23 complex during the simulation.
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be −36.85 kcal/mol for the FGF6-NSP-B complex, −43.87 kcal/mol for
the FGF20-NSP-B complex, −37.42 kcal/mol for the FGF22-NSP-B
complex, −41.91 kcal/mol for the FGF23-NSP-B complex. The binding
free energy results using theMM/GBSA approach are given in Table 1.

The MM/PBSA approach was also used to estimate the binding
free energy and revealed similar results for vdW and electrostatic
energies as those found with MM/GBSA approach while variations in
the total binding free energy were observed. The total binding free
energy using the MM/PBSA approach revealed values of −30.05 kcal/
mol for the FGF6-NSP-B complex, −39.62 kcal/mol for the FGF20-
NSP-B complex, −34.89 kcal/mol for the FGF22-NSP-B complex,
while the FGF23-NSP-B complex demonstrated a value
of −37.18 kcal/mol. Overall, these results demonstrate that NSP-B
exhibits excellent pharmacological properties against FGF6, FGF20,
FGF22, and FGF23. This further supports the potential of NSP-B as a
promising anti-cancer therapy. The binding free energy results using
the MM/PBSA approach are summarized in Table 2.

Conclusion

This study investigated the anti-cancer potential of NSP-B using
a comprehensive strategy that combined network pharmacology,
quantum polarized ligand docking, molecular simulation, and
binding free energy calculation. The results of our study revealed
that FGF6, FGF20, FGF22, and FGF23 are crucial biomarker
proteins that NSP-B specifically targets for the therapy of cancer.
By utilizing a quantum-polarized docking method, we were able to
detect strong interactions between NSP-B and the critical hotspot
residues of these target proteins. In addition, molecular simulations
unveiled the stable dynamic behavior, favorable structural packing,
hydrogen bonding, and flexibility of residues within each complex.

The computed binding free energy findings highlight the
remarkable pharmacological characteristics of NSP-B in relation
to FGF6, FGF20, FGF22, and FGF23. These collective insights
strongly endorse the potential of NSP-B for further advancement
as an anti-cancer medication, highlighting its promising suitability
in furthering cancer treatment efforts. The study lacks
experimental validation, and the predicted interactions and
binding affinities need to be confirmed through laboratory
experiments. To enhance the credibility of the findings, future
research should aim to integrate computational results with
experimental validation to provide a more comprehensive
understanding of NSP-B’s anti-cancer potential.
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TABLE 1 Binding free energy calculation results using the MM/GBSA
approach. The results are provided in kcal/mol.

MM/GBSA

Parameters FGF6 FGF20 FGF22 FGF23

vdW −33.84 −39.07 −36.87 −40.25

Electrostatic Energy −5.76 −6.41 −3.87 −4.17

EGB 4.21 5.24 6.21 4.28

ESURF −1.46 −3.63 −2.89 −1.77

Total Binding Energy −36.85 −43.87 −37.42 −41.91

TABLE 2 Binding free energy calculation results using the MM/PBSA
approach. The results are provided in kcal/mol.

MM/PBSA

Parameters FGF6 FGF20 FGF22 FGF23

vdW −33.84 −39.07 −36.87 −40.25

Electrostatic Energy −5.76 −6.41 −3.87 −4.17

EPB 10.75 8.65 9.32 9.67

ENPOLAR −1.2 −2.79 −3.47 −2.43

Total Binding Energy −30.05 −39.62 −34.89 −37.18
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Excessive and imbalance of free radicals within the body lead to inflammation.
The objective of the current research work was to explore the anti-inflammatory
and antioxidant potential of the isolated compounds from Habenaria digitata. In
this study, the isolated phenolic compounds were investigated for in vitro and in
vivo anti-inflammatory potential along with the antioxidant enzyme. The anti-
inflammatory and antioxidant potential of the phenolic compounds was assayed
via various enzymes like COX-1/2, 5-LOX and ABTS, DPPH, and H2O2 free radical
enzyme inhibitory assay. These compounds were also explored for their in vivo
antioxidant activity like examining SOD, CAT, GSH-Px, and MDA levels in the
brain, heart, and liver. The anti-inflammatory potential was evaluated using the
carrageenan-induced pleurisy model in mice. On the basis of initial screening of
isolated compounds, the most potent compound was further evaluated for the
anti-inflammatory mechanism. Furthermore, the molecular docking study was
also performed for the potent compound. The phenolic compounds were
isolated and identified by GC-MS/NMR analysis by comparing its spectra to
the library spectra. The isolated phenolic compounds from H. digitata were 5-
methylpyrimidine-24,4-diol (1), 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-
one (2), 2-isopropyl-5-methylphenol (3), 3-methoxy-4-vinylphenol (4), and
2,6-dimethoxy-4-vinylphenol (5). In in vitro antioxidant assay, the most potent
compound was compound 1 having IC50 values of 0.98, 0.90, and 5 μg/mL
against ABTS, DPPH, and H2O2, respectively. Similarly, against COX1/2 and 5-LOX
,compound 1 was again the potent compound with IC50 values of 42.76, 10.70,
and 7.40 μg/mL. Based on the in vitro results, compound 1was further evaluated
for in vivo antioxidant and anti-inflammatory potential. Findings of the study
suggest that H. digitata contains active compounds with potential anti-
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inflammatory and antioxidant effects. These compounds could be screened as
drug candidates for pharmaceutical research, targeting conditions associated with
oxidative stress and inflammatory conditions in medicinal chemistry and support
their ethnomedicinal use for inflammation and oxidative stress.

KEYWORDS

phenolic, mechanism, antioxidant, anti-inflammatory, Habenaria digitata,
molecular docking

1 Introduction

Antioxidants are a type of defensive measure that protects a
physiological system from the damaging impacts of oxidative
reactions caused by reactive oxygen species (ROS)
(Hasanuzzaman et al., 2020). ROS are not only formed
spontaneously in cells during respiration and stress, but they
have also been linked to bacterial toxins, radiations, viral toxins,
alcoholism, smoking, and emotional and psychological stress (Sadiq
et al., 2015). Excess synthesis of ROS and/or a deficiency in
antioxidants were linked to the progression and severity of
illnesses, i.e., Alzheimer’s disease, atherosclerosis, cancer, arthritis,
diabetes, neurological illness, and other pathological conditions
(Tirichen et al., 2021). Antioxidants were established to protect
cells from oxidative damage produced due to ROS through serving
as oxygen scavengers and reacting with free radicals, catalytic metals,
and chelating agents. Enzymatic and non-enzymatic antioxidants
are found in physiological systems (Adwas et al., 2019). Glutathione,
superoxide dismutase, and catalase are enzymatic antioxidants that
are responsible for the neutralization of various forms of free
radicals, whereas polyphenols, carotenoids, selenium, vitamin C,
and vitamin E are non-enzymatic free radical scavengers (Zafar
et al., 2021). Antioxidants appear to play a key role in protection
from pulmonary disease, heart disease, neurological disorders,
cancer, and DNA deterioration, according to mounting research.
The medicinal significance of herbs as antioxidants in decreasing
oxidative cell damage has now sparked increasing attention (Jabeen
et al., 2018). Natural herbs and spices that are high in phenolic
contents such as flavonoids were shown to have anti-aging, anti-
carcinogenic, anti-allergenic, anti-inflammatory, and anti-viral
effects that might be associated with the antioxidant
characteristics of phenolic compounds (Shah et al., 2014a; Jan
et al., 2020).

Several parameters, like food, depression, and environmental
variables, have recently enhanced the prevalence of numerous
inflammatory disorders (Shah et al., 2014a). Inflammation is a
complicated phenomenon that is commonly linked to pain, which
encompasses processes like protein denaturation, increased
vascular permeability, and membrane modification (Jan et al.,
2020). Histamines, bradykinins, and prostaglandins are released
whenever tissue cells are damaged. Chemotaxis is a phenomenon
in which various compounds function as chemical signals that
influence most of the body’s natural defense systems (Alam et al.,
2020). Chronic inflammation is defined by a gradual alteration in
the kinds of cells available at the inflammation site, as well as
simultaneously damaging and repairing of the tissue as a result of
the processes involved in systemic inflammation (Alshehri
et al., 2024).

Amongst the biologically active components found in Habenaria
digitata, components with antioxidant activities, including polyphenols,
have attained significant interest from academic researchers because of
their involvement in the mitigation of disorders related to oxidative
stress (Alshehri et al., 2022). The principal bioactive constituents of
Orchidaceae are polyphenols, which play a key role in its
pharmacological action. The ability of phenolic compounds to
maintain cell membrane integrity via free radical scavenging and
decreasing lipid peroxidation is among its significant advantages
(Mahnashi et al., 2021).

Inflammation and free radicals have a direct connection and can
expand collectively. During inflammatory processes, excessive free
radicals are produced within the body, which is beyond the limits of
the defense system to control it. These excessive free radicals further
increase and complicate inflammation. Therefore, to control
inflammation within the body, it is also necessary to combat the
free radicals to avoid expansion in inflammatory process.

In ethnomedicine, the family Orchidaceae is renowned and is
used in traditional medicines in a lot of areas. Since thousands of
years, orchids have been used in conventional medication for the
treatment of various medical problems such as gastrointestinal
dysfunction, jaundice, acidity, arthritis, piles, syphilis, sexually
transmitted diseases, boils, wounds, cholera, blood dysentery,
tuberculosis, earache, tumor, malaria, hepatitis, eczema,
vermifuges, diarrhea, inflammations, and as antioxidants (Kong
et al., 2003; Hossain, 2011; Ramos et al., 2012). The much more
prominent ethnopharmacological applications of Orchidaceae are
anti-inflammatory, antioxidant, and analgesic properties
(Anilkumar, 2010; Apu et al., 2012; Barragán-Zarate et al., 2020).
The biochemical components of Orchidaceae species have been
identified to exhibit significant pharmacological effects (Wu et al.,
2019). Species of the orchid family, such asMicrostylis wallichii and
Vanda roxburghii, were found to have significant analgesic,
antioxidant, and anti-inflammatory properties due to its highest
ethnopharmacological heritage (Reddy et al., 2007; Begum et al.,
2018). Despite being a renowned Orchidaceae species, no research
on the isolation of H. digitata components has been published. As a
result, the present investigation aims to confirm the particular
mechanisms of phenolic compounds behind the anti-
inflammatory and antioxidant effects extracted from H. digitata.

2 Materials and methods

2.1 Chemical reagents and drugs

The study’s solvents (analytical grades), chemical reagents, and
drugs all were bought from Sigma-Aldrich’s local distributor.

Frontiers in Pharmacology frontiersin.org02

Almasoudi et al. 10.3389/fphar.2024.1346526

319

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1346526


Human recombinant 5-LOX (catalog number 437996), cyclooxygenase
(COX-2) source human recombinant (catalog number C0858),
COX-1, arachidonic acid (CAT No 150384), and linoleic acid
(CAS No. 60-33-3). N, N,N,N-tetramethyl-p-phenylenediamine
dihydrochloride (TMPD) (CAS 637-01-4), indicators, co-factor
substances, hematin (CAS No: 15489-90-4), glutathione (CAS
70-18-8), arachidonic acid, bradykinin, DPPH, ABTS, H2O2,
leukotriene, and histamines all were ordered from Sigma-
Aldrich’s local distributor.

2.2 Plant collection and preparation
of extracts

H. digitata was collected in the month of April from different
areas of Dir (L) KPK, Pakistan, recognized by Prof. Muhammad
Nisar, University of Malakand. The plant specimen has been
reserved and assigned the voucher code H.UOM.BG.180 at the
herbarium. The upper segments of the gathered plant (16 kg)
were cleaned and washed (sterile water) and shade-dried for
3 weeks. The dried sections were first sliced into tiny chunks and
then crushed into a loutish powder with a blender (7.5 kg). For
3 weeks, the pulverized product was macerated in 80 percent
methanol (26 L). Thereafter, it was filtered through a muslin
cloth succeeded by a Whatman filter paper. The filtrate was
concentrated at 40°C using a rotary evaporator. An amount of
650 g of a dark greenish solid methanolic extract (Hd.Cr) was
produced (Sadiq et al., 2020).

2.3 Fractionation

Hd.Cr was carefully transferred to a separating funnel and
diluted with 500 mL each of water and n-hexane. To thoroughly
mix the ingredients, the separating funnel was quickly agitated and
thereafter placed in a holder at the appropriate level to generate two
discrete levels, the n-hexane and aqueous layers. The n-hexane
portion was separated. The method was performed twice again
using n-hexane (500 mL) each time. All three organic phases
were mixed and condensed using a rotary evaporator under
reduced pressure, set at 40°C. The acquired Hd.Hex’s weight was
27.5 g. Upon changing the polarity of the solvents, the exact
technique was performed with different solvents. Ethyl acetate,
chloroform, and n-butanol were the subsequent solvent fractions
recovered, having weights of 33, 47, and 89 g, respectively.
Approximately 140 g weight of the aqueous layer was finally
concentrated (Shah et al., 2014b).

2.4 Isolation of phenolic compounds

Column chromatography was used to isolate probable chemicals
from ethyl acetate fractions depending on earlier findings. We
initiated the chromatographic procedure with only n-hexane at
first (100 percent) by increasing polarity elution systems. When
sufficient time has passed, we gently increased the polarity by adding
2% ethyl acetate every time (i.e., 98: 2 96: 4 94: 6 92: 8 90: 10). Each
time, the TLC was visualized, and the polarity was adjusted

correspondingly. Then, based on the number of fractions, we
chose columns of large size that were packed with silica slurry
containing the desired fractions. Elution began with nonpolar
n-hexane and progressed to increased polarity with the
introduction of ethyl acetate. Partially pure fractions (about 80%)
were obtained, processed on TLC plates to produce combined co-
elution fractions depending on Rf values, and then purified further
using silica-packed pencil columns. For the purification of target
components, the columns were eluted with chloroform and
n-hexane solvent systems once again. The phytochemicals (1–5)
were recovered from the bioactive fraction of ethyl acetate. The
purified quantities of compounds 1–5 were 251, 277, 124, 147, and
271 mg, respectively (Farooq et al., 2019).

2.5 In vitro antioxidant assay

2.5.1 Antioxidant studies using DPPH assay
The DPPH (anti-radicals) investigation was carried out

according to our earlier reported protocols. Initially, a methanolic
DPPH solution was prepared with a concentration of 0.1%.
Subsequently, 100 µL of this solution was mixed with an equal
volume of the test samples (100 µL) in 96-well plates, following a
30-min incubation period at 25°C ± 3 °C in the dark. Solutions with
concentrations ranging from 1,000 to 62.5 g mL−1 were prepared.
Five concentrations of 1,000, 500, 250, 125, and 62.5 µM of the
Trolox methanolic solution (100 µM) were formed. A color
reduction in DPPH was observed after incubation; a microplate
reader was used, and absorbance was measured at 540 nm
(Mahnashi et al., 2022a; Huneif et al., 2022). The percentage of
scavenging was determined by the formula:

Scavenging effect % � control absorbance − sample absorbance
control absorbance

× 100.

2.5.2 Antioxidant activity via ABTS assay
The ABTS anti-radicals’ analysis was carried out according to

Shah et al. (2015). The ABTS solution was prepared by dissolving
ABTS salt (192 mg) in distilled H2O, transferred to a flask (50 mL),
and volume was adjusted. Thereafter, 1 mL of the preceding solution
was added to 17 µL of K₂S₂O₈ (140 mM) and placed in the dark for
24 h s. The experiment’s ultimate ABTS dilution was achieved by
mixing 1 mL of the reaction mixture with 50 mL of methanol. The
ABTS solution (190 µL) was mixed with the sample solution (10 µL)
and added to 96-well plates, which were then incubated at room
temperature in dark for 2 h. Following incubation, the measurement
of ABTS color intensity was conducted using a microplate reader at
734 nm. Positive control solutions were prepared at values of
1,000–62.5 µM. The percentage of ABTS scavenging was
determined by using the following equation:

%ABTS scavenging � Control − Sample/control × 100.

2.5.3 H2O2 free radical scavenging activity
The antioxidant potential of isolated compounds was

determined using this approach. In a phosphate buffer solution
(50 mM, pH 7.40), a solution of H2O2 (2 mM) was produced. The
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crude extract (0.10 mL) was measured in a test tube and diluted to
0.40 mL using phosphate buffer. Thereafter, H2O2 (0.60 mL) was
added and thoroughly mixed. A total of 230 nmwas used to measure
the absorbance of the sample and the standard (Sadiq et al., 2018).
For all the crude samples, the exact process was followed. According
to the procedure, the inhibition percentage and IC50 values
were computed.

2.6 In vitro anti-inflammatory assay

2.6.1 Cyclooxygenase (COX-1/2) assay
The COX-2 inhibitory effect was determined using the

procedure previously described (Sadiq et al., 2021). The COX-2
enzyme solution with 300 U/mL concentrations was formed. The
enzyme solution (10 µL) was maintained on ice up to 10 min for
activation. Moreover, this solution was added to a 50 µL co-factor
solution containing 1 mM hematin, 0.9 mM glutathione, and
0.24 mM N,N,N,N-tetramethyl-p-phenylenediamine
dihydrochloride (TMPD) in 0.1 M Tris HCl buffer at pH 8.0.
Following that, 20 µL of test samples with different
concentrations (31.25–1,000 μg/mL) and the enzyme solution
(60 µL) were maintained at 25°C for 5 min. Likewise, 30 mM of
arachidonic acid (20 µL) was mixed for initiating the reaction and
incubated for 4–5 min. Following incubation, absorbance of the
samples was determined using a UV-visible spectrophotometer at
570 nm. The percentage inhibition of the COX-2 enzyme was
determined through the absorbance value per unit time. Enzyme
inhibition against various concentrations of investigated samples
was used to calculate the IC50 values. Celecoxib was selected as the
standard medication in the trial.

2.6.2 5-Lipoxygenase (5-LOX) assay
The 5-LOX inhibitory experiments on H. digitata samples were

carried out as per published protocol (Pervaiz et al., 2022). Several
concentrations of plant samples were made, with concentrations
ranging from 31.25 to 1,000 μg/mL. Thereafter, 5-LOX was primed
with 10,000 U/mL solutions. Linoleic acid (80 mM) was used as the
substrate. Likewise, 50 mM phosphate buffer with a pH of 6.3 was
primed. Plant samples of varied quantities were dissolved in 250 µL of
phosphate buffer, and then, 250 µL of the lipoxygenase enzyme solution
was added and incubated for 5 min at room temperature. A volume of
1,000 µL of the substrate solution with a concentration of 0.6 mM was
added to the enzyme solution and shaken. The absorbance at 234 nm
was observed. All of the tests were conducted three times. In this test,
zileuton served as a positive control. The percentage inhibition was
determined using the following equation:

Percentage Inhibition � Control Abs. − Sample Abs.
Control Abs.

× 100.

The IC50 values were derived by plotting the inhibitions against
the concentrations of the tested sample solution.

2.7 Experimental animals

Swiss albino mice of either sex (25–30 gm) used in the
pharmacological studies were obtained from the National

Institute of Health (NIH), a research laboratory in Islamabad,
Pakistan. According to the ethical committee’s approval, all mice
were placed in an animal house with a standard diet and a dark/light
cycle. The experimental animals were utilized with the formal
agreement of the ethical committee via a letter (no: UOS-02/
2022) at the Department of Pharmacy, University of Swabi, as
well as the Animal Bye-laws of 2008. The mice were euthanized
by conventional techniques after the pharmacological studies (Leary
et al., 2013).

2.8 Acute toxicity study

The experimental albino mice were used in the acute toxicity test
that were separated into control and test groups (n= 5). The H.
digitata extract was administered orally at various doses (ranging
from 25 to 500 mg/kg body weight) prepared in a Tween-80 solvent.
Animals were monitored for aberrant behavior and minor allergy
reactions for up to 72 h after receiving the doses (Rahim et al., 2017).

2.9 In vivo antioxidant assay of the
potent compounds

2.9.1 In vivo antioxidant potential
Twenty male albino mice were distributed into four groups, each

with five mice. The control group (group 1) received 0.4 mL of
distilled water. The compound was given in doses of 2.5, 5, and
10 mg/kg to groups 2, 3, and 4, respectively. Throughout the trial,
the mice were given a daily dose for 3 weeks and were evaluated for
alterations, other symptoms of toxicity, and death on a daily basis.
Blood obtained by a direct heart puncture was utilized to assess the
compound’s in vivo antioxidant activity 24 hours following the last
dose (Mota et al., 2023).

2.9.2 Analytical methods
2.9.2.1 Serum preparation

Following moderate chloroform anesthesia of the mice, blood
was taken through cardiac puncture with a 5-mL syringe (21 G
needle) for serum preparation. Yesufu et al. established a
standard procedure for preparing the serum. In a nutshell, the
process involves the following steps. Blood was left to coagulate
before being centrifuged for 15 min at 2,500 rpm to extract
the serum.

2.9.2.2 Lipid peroxidation (LPO) determination in the serum
The production of thiobarbituric acid reactive substance

(TBARS) and malondialdehyde (MDA) in the serum was
determined using a modified method (Ghani et al., 2022). A
measure of 1 mL of trichloroacetic acid (14%) and 1 mL of
thiobarbituric acid (0.6%) were added to the serum (50 μL) to
deproteinize it. To finalize the reaction, the mixture was placed
in a water bath, heated for 30 min, and then chilled on ice for 5 min.
Absorbance of TBARS was determined with a UV
spectrophotometer at 535 nm after centrifugation at 2000 g for
10 min. The TBARS concentration was determined using the
malondialdehyde molar extinction coefficient (1.56 × 105 mol/L/
cm) using the following formula:
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A � ∑CL,

where A represents absorbance, Σ represents the molar coefficient, C
represents the concentration, and L represents the path length. The
results were presented as nmol/mg of protein.

2.9.2.3 Superoxide dismutase (SOD) estimation
The activities of SODs were measured using the Sun et al.

technique (Uddin et al., 2015). In this procedure, a superoxide
flux was produced using the xanthine–xanthine oxidase system, and
nitroblue tetrazolium (NBT) was utilized as a superoxide generation
indicator. The degree of inhibition of the reaction unit of the enzyme
that provided 50% inhibition of NBT reduction was then used to
determine SOD activity. The results are given in units of U/mL.

2.9.2.4 Estimation of catalase activity
The altered approach reported by Atawodi was used to determine

the catalase activity in the serum (Landahl, 1953). In a nutshell, the
process involves the following steps: 10 μL of the serum was added to a
test tube having 2.80 mL of potassium phosphate buffer (pH 7.0) with a
concentration of 50 mM. The reaction was started by adding 0.1 mL of
fresh 30 mMH2O2, and the decomposition rate of H2O2 was measured
on a spectrophotometer at 240 nm for 5 min. Catalase activity was
determined using a molar extinction coefficient of 0.041 mM−1 cm−1.

2.9.2.5 Determination of GSH
The brain, liver, and heart homogenates were prepared in the

cold saline via a homogenizer, and the unsolvable extract was
discarded by centrifugation at 10,000 rpm for 15 min at
temperature 4°C. After that, the supernatant was extracted
immediately for GSH-Px assay (Li et al., 2021).

2.10 In vivo anti-inflammatory assay

2.10.1 Carrageenan-induced in vivo inflammation
Mice of both sexes (25–30 g) were used for in vivo anti-

inflammatory activity of test samples on the carrageenan-induced
inflammation model (Munir et al., 2020). Mice were distributed into
five groups, with eight animals in each group, divided at random.
Group-I served as the negative control and received DMSO at a dose
of 10 mL/kg body weight. Group-II served as a positive control,
which received aspirin at a dose of 100 mg/kg body weight. H.
digitata samples were administered at a dose of 25, 50, and 75 mg/kg
to groups III, IV, and V, respectively. Each mouse received 1 percent
(w/v) saline solution (0.05 mL) of carrageenan in the sub-planter
region after a 30-min interval. The paw edema volume was
determined using a plethysmometer (LE 7500-plan lab S.L) at
1–5 h intervals after carrageenan was given. The paw edema of
the investigated plant samples and the standard medication were
noted at various intervals of time and compared to the negative
control group (Jan et al., 2020). The percentages of inhibition of
inflammation were calculated using the formula given below:

% inhibition � EC − ET

EC
× 100,

where “EC” is the average edema of control and “ET” is the edema of
the tested group.

2.10.2 Mechanism of inflammation of the
potent compounds

Employing prostaglandin E2, bradykinin, leukotriene, and
histamine induced paw edema assays; the potential anti-
inflammatory mechanism of the isolated compound was
investigated. BALB/c mice (25–30 g) of both sexes were injected
intraperitoneally with (i.p.) 10% DMSO or Bradykinin inhibitor
(HOE 140), 1 mg/kg lipoxygenase inhibitor (montelukast) or
chlorpheniramine maleate, 25 mg/kg anti-histamine, 100 mg/kg
of the tested compound (100 mg/kg), or 50 mg/kg of the
cyclooxygenase inhibitor (celecoxib). Sub-planter injections of
prostaglandin E2 (0.01 mg/mL) or 10 mg/mL leukotriene or
bradykinin (20 mg/mL) or 0.1 mL histamine (1 mg/mL) produced
paw edema after 1 h. Each mouse’s paw volume was assessed
immediately before and after sub-planter injection of various
irritants (inflammatory agents) at 1–5 h.

2.11 In silico studies

In the current study, we conducted in silico docking
investigations using PyRx, connected to AutoDock Vina 1.2.2, to
analyze how the synthesized compounds bind with the target site.
The molecular structures of the synthesized compounds and the
reference standard were sketched using ChemDraw 20.0, the most
recent software version, and saved in Molfile format (Waseem et al.,
2022). After incorporating polar hydrogen atoms, structures were
modified, and they were subsequently filed in PDB form using the
Discovery Studio Visualizer. Concurrently, 3D configurations of the
designated proteins were obtained from the RCSB Protein Data
Bank (http://www.rcsb.org). The COX proteins, encompassing
cyclooxygenase I, II, and 5-lipoxygenase, were retrieved with
identifiers 4O1Z, 5F1A, and 3V92, respectively. The obtained
structures underwent optimization using BIOVIA Discovery
Studio Visualizer, involved the addition of polar hydrogen atoms
and removal of co-crystallized ligands. Subsequently, the optimized
structures were saved in PDB format. To enhance their accuracy,
energy minimization was performed on both the macromolecule
structures and synthesized ligands using the CHARMM force field,
refining any unfavorable crystallographic observations.

Following these steps, the synthesized compounds and targeted
proteins were imported into PyRx, where they were modified into
ligand and macromolecule formats. A grid box was positioned at
coordinates X: 10.132, Y: 66.509, and Z: 32.9381, with dimensions
(in Ångströms) of X: 77.0983, Y: 106.8761, and Z: 105.4147. The
ligands, when they docked into the receptors’ active sites, were
recognized by specifying the co-crystallized ligand pockets. Diverse
factors were employed to know optimal interactions, type, and distance
of bonds and amino acid residues. These findings were visualized using
Discovery Studio Visualizer and PyMOL 1.8, utilizing various colors to
represent different aspects of the interactions.

2.12 Determination of IC50 values

The concentrations of test samples that caused the inhibition of
substrate hydrolysis by 50% (IC50) were estimated using the
Microsoft Excel application.
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2.13 Statistical analysis

All experiments were carried out in triplicate, and findings were
represented as mean SEM. GraphPad Prism software (United States)
was used to perform a one-way ANOVA, followed by a Dunnett’s
multiple comparison test to compare the positive controls with the
test group (Huneif et al., 2022). p values of less than 0.05 were
deemed statistically significant. All in vitro assay values are given as
mean SEM with n = 3. The p-values were compared to the standard
medication, for example, * = p < 0.05, ** = p < 0.01, and
*** = p < 0.001.

3 Results

3.1 Structure confirmation of
isolated compounds

The compounds obtained, purified, and identified from the
chloroform fraction of H. digitata are shown in Figure 1. The
compounds were characterized by GC-MS and NMR analyses.
The phenolic compound 1 is chemically 5-methylpyrimidine-
24,4-diol with the molecular formula C5H6N2O2 and a molecular
weight of 126. The MS spectrum pattern of compound 1 was 126
(100%), 109 (17%), 95 (24%), 87 (19%), 82 (18%), 73 (43%), 70
(18%), 60 (80%), 55 (80%), and 43 (96%). The phenolic
compound 2 is chemically 3,5-dihydroxy-6-methyl-2,3-
dihydro-4H-pyran-4-one with the molecular formula C6H8O4

and a molecular weight of 144. The MS spectrum pattern of
compound 2 was 144 (60%), 115 (04%), 101 (58%), 72 (38%), 55
(37%), and 43 (100%). The phenolic compound 3 is chemically 2-
isopropyl-5-methylphenol with the molecular formula C10H14O
and a molecular weight of 150. The MS spectrum pattern of
compound 3 was 150 (15%), 135 (100%), 115 (19%), 107 (10%),
91 (22%), 77 (11%), 65 (04%), and 56 (04%). The phenolic
compound 4 is chemically 3-methoxy-4-vinylphenol with the
molecular formula C9H10O2 and a molecular weight of 150. The
MS spectrum pattern of compound 4 was 150 (100%), 135 (83%),
121 (03%), 107 (77%), 89 (05%), 81 (19%), 77 (59%), 63 (07%), 51
(19%), and 43 (05%). The phenolic compound 5 is chemically
2,6-dimethoxy-4-vinylphenol with the molecular formula
C10H12O3 and a molecular weight of 180. The MS spectrum
pattern of compound 5 was 180 (100%), 175 (04%), 165 (40%),
137 (41%), 122 (22%), 109 (05%), 91 (08%), 77 (23%), 65 (20%),
and 57 (16%).

3.2 In vitro antioxidant assay

3.2.1 ABTS assay
The ABTS inhibitory activity of compounds 1 and 2 revealed

dose-dependent activity (Table 1). In this assay, compound 1
demonstrated 91.58 ± 1.12, 87.65 ± 1.34, 84.90 ± 0.96, 79.03 ±
0.48, and 75.90% ± 0.48% inhibitions at concentrations of 1,000, 500,
250, 125, and 62.5 μg/mL, respectively. The IC50 value obtained from
the dose–response curve calculations was 0.98 μg/mL. Compound 2
also displayed excellent potential, i.e., it revealed 86.47 ± 0.22,
81.94 ± 0.45, 77.61 ± 1.70, 72.64 ± 0.16, and 68.52% ± 0.38%
inhibitions at 1,000–62.5 μg/mL concentrations with an IC50 value
of 3 μg/mL, respectively. All the other compounds also exhibited
well-to-moderate percent inhibition against ABTS assay (Table 1).

3.2.2 DPPH and H2O2 assay
The DPPH and H2O2 inhibitory activities of compounds

isolated from H. digitata illustrated dose-dependent antioxidant
activity, as shown in Table 1. Compound 1 again revealed
prominent activity with 93.33 ± 0.49, 87.03 ± 0.23, 83.00 ± 0.58,
78.67 ± 0.89, and 75.00% ± 1.15% inhibitions against DPPH, while
85.20 ± 0.23, 81.13 ± 0.20, 76.87 ± 1.27, 71.76 ± 0.61, and 69.91% ±
1.30% against H2O2 at concentrations of 1,000, 500, 250, 125, and
62.5 μg/mL, respectively. The IC50 values calculated were 0.9 and
5 μg/mL for compound 1 against DPPH and H2O2, respectively. The
IC50 value for ascorbic acid was noted as 0.47 and 2 μg/mL (Table 1).
All the other three compounds also displayed excellent result against
free radicals.

3.2.3 In vitro anti-inflammatory assay
3.2.3.1 COX-2 assay

The activity of isolated compounds, celecoxib and
indomethacin, inhibiting COX-2 enzymes was evaluated using
IC50 values (µg/mL), which are defined as the concentration that
causes 50% enzyme inhibition. The results of our investigations are
presented in Table 2. All the test compounds inhibited the COX-2
enzymes, but compounds 1 and 2 showed a significant percent
inhibition. The IC50 values (10.70 μg/mL and 14.51 μg/mL,
respectively) of compound 1 and compound 2 revealed that both
the compounds have a significant inhibitory effect of COX-2
enzymes, as compared to other compounds. The IC50 value of
celecoxib (3.22 μg/mL), being a standard drug, showed a more
potent inhibitory effect on COX-2 enzymes. The IC50 values of
compounds 3, 4, and 5 were 21.72, 39.06, and 20.29 μg/mL,
respectively. Other compounds showed a weak COX-2 inhibitory

FIGURE 1
Structure of isolated compounds (compounds 1–5).
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effect. Thus, our research findings showed that compounds 1 and 2
have a potent COX-2 inhibitory effect.

3.2.3.2 COX-1 assay
COX-1 enzymes assays’ results showed that all the investigated

compounds showed a moderate-to-weak inhibitory effect of COX-1
enzymes. The research findings showed IC50 values of compounds 1
and 2 (42.76 and 110 μg/mL, respectively), whereas compound 3, 4,
and 5 have IC50 values of 185.83, 277.91, and 218.83 μg/mL,

respectively. However, the IC50 value of indomethacin was found
to be 17.69 μg/mL. Our result findings showed that all the isolated
compounds exhibited a moderate COX-1 enzyme inhibitory
effect (Table 2).

3.2.3.3 5-LOX assay
In vitro lipoxygenase (5-LOX) inhibitory assays’ data revealed

that two compounds (1 and 2) have stronger 5-LOX inhibitory
action. Different concentrations of the isolated compounds showed

TABLE 1 ABTS, DPPH, and H2O2 assays of the compounds isolated from H. digitata.

Compound Concentration
(µg/mL)

ABTS %
inhibition

IC50

(µg/mL)
H2O2%
inhibition

IC50

(µg/mL)
DPPH %
inhibition

IC50

(µg/mL)

Comp 1 1,000 91.58 ± 1.12* 0.98 85.20 ± 0.23ns 05 93.33 ± 0.49* 0.90

500 87.65 ± 1.34*** 81.13 ± 0.20ns 87.03 ± 0.23***

250 84.90 ± 0.96* 76.87 ± 1.27 ns 83.00 ± 0.58**

125 79.03 ± 0.48** 71.76 ± 0.61 ns 78.67 ± 0.89***

62.5 75.90 ± 0.48*** 69.91 ± 1.30 ns 75.00 ± 1.15***

Comp 2 1,000 86.47 ± 0.22*** 03 86.39 ± 0.60 ns 06 91.62 ± 0.74*** 04

500 81.94 ± 0.45*** 80.39 ± 0.49 ns 86.86 ± 0.60***

250 77.61 ± 1.70*** 75.36 ± 0.49 ns 81.48 ± 0.64***

125 72.64 ± 0.16*** 71.34 ± 0.55 ns 76.54 ± 0.50***

62.5 68.52 ± 0.38*** 67.90 ± 1.16 ns 72.74 ± 0.61***

Comp 3 1,000 87.79 ± 0.63*** 21 77.34 ± 0.98*** 33 81.03 ± 0.35*** 17

500 83.67 ± 0.61*** 72.32 ± 1.06*** 77.08 ± 0.47***

250 76.69 ± 0.77*** 67.05 ± 0.75*** 72.91 ± 0.88***

125 72.54 ± 0.50*** 62.70 ± 1.25*** 67.90 ± 0.96***

62.5 65.00 ± 0.30*** 58.74 ± 0.68*** 62.98 ± 0.72***

Comp 4 1,000 75.33 ± 0.49*** 42 69.58 ± 1.12*** 65 77.73 ± 0.03*** 40

500 72.03 ± 0.23*** 65.65 ± 1.34*** 73.42 ± 0.12***

250 65.00 ± 0.58*** 62.90 ± 0.96*** 68.39 ± 0.35***

125 61.67 ± 0.89*** 57.03 ± 0.48*** 63.36 ± 0.71***

62.5 57.00 ± 1.15*** 53.90 ± 0.48*** 58.15 ± 0.22***

Comp 5 1,000 79.49 ± 0.60*** 30 76.42 ± 0.46*** 35 75.28 ± 0.42*** 16

500 74.31 ± 0.58*** 70.53 ± 0.41*** 71.75 ± 0.21***

250 68.76 ± 0.61*** 66.68 ± 0.64*** 67.05 ± 0.13***

125 63.08 ± 1.04*** 62.46 ± 0.47*** 63.99 ± 0.19***

62.5 60.59 ± 0.30*** 57.51 ± 0.62*** 60.48 ± 0.23***

AA 1,000 95.85 ± 0.18 0.12 87.50 ± 2.26 02 97.53 ± 0.20 0.47

500 91.59 ± 0.30 83.01 ± 0.42 93.62 ± 0.17

250 87.75 ± 0.14 78.07 ± 0.62 88.42 ± 0.11

125 84.47 ± 0.49 73.70 ± 0.35 84.20 ± 0.15

62.5 81.12 ± 0.34 71.73 ± 0.66 81.35 ± 0.18

Data are represented as mean ± SEM; IC50 calculated for positive control (ascorbic acid). The data are presented as the mean ± standard error mean. A two-way ANOVA was conducted,

followed by the Bonferroni test. Values that showed significant differences compared to the positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns

indicates non-significant results.
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TABLE 2 Percentage of COX-2 and 5-LOX inhibition activity of isolated compounds.

S. No Concentration
(μg/mL)

% COX-2
inhibition

IC50

μg/mL
% COX-1
inhibition

IC50

μg/mL
% 5-LOX
inhibitions

IC50

μg/mL

Comp 1 1,000 83.13 ± 0.80*** 10.70 73.08 ± 1.04*** 42.76 87.63 ± 0.64** 7.40

500 78.83 ± 0.73*** 66.45 ± 0.90*** 82.45 ± 0.55***

250 72.70 ± 0.51*** 60.58 ± 0.63*** 76.53 ± 0.41***

125 66.43 ± 0.70*** 55.40 ± 0.20*** 71.42 ± 0.46***

62.50 61.06 ± 0.70*** 45.80 ± 0.90*** 65.68 ± 0.64***

Comp 2 1,000 80.85 ± 0.18*** 14.51 71.37 ± 0.56*** 110 83.53 ± 0.20***

500 75.59 ± 0.30*** 65.29 ± 0.41*** 78.62 ± 0.17***

250 68.75 ± 0.14*** 54.58 ± 0.58*** 73.42 ± 0.11***

125 63.47 ± 0.49*** 46.39 ± 0.62*** 66.20 ± 0.15***

62.50 58.12 ± 0.34*** 40.83 ± 1.06*** 61.35 ± 0.18***

Comp 3 1,000 79.00 ± 0.16*** 21.72 65.17 ± 0,72*** 185.83 73.39 ± 0.60***

500 74.66 ± 1.20*** 57.85 ± 0.97*** 67.39 ± 0.49***

250 66.33 ± 0.33*** 51.37 ± 1,65*** 61.36 ± 0.49***

125 62.50 ± 0.44*** 46.73 ± 0.78*** 57.34 ± 0.55***

62.50 53.00 ± 0.57*** 41.34 ± 1.01*** 51.90 ± 1.16***

Comp 4 1,000 85.72 ± 0.79*** 20.29 71.33 ± 0.49*** 218.83 84.83 ± 0.62*** 27.35

500 77.68 ± 0.63*** 63.03 ± 0.23*** 80.76 ± 0.63***

250 71.46 ± 0.53*** 49.00 ± 0.58*** 75.70 ± 0.62***

125 64.78 ± 0.60*** 42.67 ± 0.89*** 66.65 ± 0.78***

62.50 55.56 ± 0.52*** 33.00 ± 1.15*** 59.81 ± 0.65***

Comp 5 1,000 74. 4 ± 0.68*** 39.06 67.73 ± 0.03*** 277.91 76.7 ± 0.66*** 30.75

500 66.2 ± 0.73*** 57.42 ± 0.12*** 71.3 ± 1.11***

250 61.0 ± 0.33*** 47.39 ± 0.35*** 65.5 ± 1.04***

125 56.4 ± 0.63*** 41.36 ± 0.71*** 57.2 ± 0.57***

62.50 46.9 ± 0.42*** 29.15 ± 0.22*** 49.9 ± 0.65***

Montelukast 1,000 — — — — 93.55 ± 0.40 4.50

500 89.37 ± 1.65

250 85.50 ± 0.40

125 79.60 ± 0.90

62.50 74.17 ± 0.72

Celecoxib 1,000 95.20 ± 0.15 3.22 — — — —

500 91.17 ± 0.53

250 86.98 ± 0.85

125 81.20 ± 0.65

62.50 77.80 ± 0.37

Indomethacin 1,000 — — 78.39 ± 0.49 17.69 — —

500 73.47 ± 0.52

250 67.44 ± 0.55

(Continued on following page)
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the percent inhibition. The highest percent inhibition of LOX-5
enzymes assays was reported for compound 1 (87.63 ± 0.64 at
1,000 μg/mL concentration with IC50: 7.40 μg/mL) and
compound 2 (83.53 ± 0.20 at 1,000 μg/mL concentration with
IC50: 10.65 μg/mL). The highest percent inhibition for
montelukast was found to be 93.55 ± 0.40 at 1,000 μg/mL
concentration with IC50: 4.5 μg/mL. However, compounds 3, 4,
and 5 have moderate LOX-5 inhibitory action with a minimal
percent inhibition of 73.39 ± 0.60 at 1,000 μg/mL concentration
with IC50 26.18 μg/mL, 76.7 ± 0.66 at 1,000 μg/mL concentration

with IC50 30.75 μg/mL, and 84.83 ± 0.62 at 1,000 μg/mL
concentration with IC50 27.35 μg/mL (Table 2).

3.2.4 In vivo antioxidant assays
3.2.4.1 Effects of phenolic compound 1 on the SOD activity
of mice

The superoxide dismutase (SOD) activity in experimental mice
measured at 36.5 U/mL, 31.0 U/mg protein, and 310 U/mg protein
in the brain, heart, and liver, respectively, which were considerably
less, as compared to the control group (p < 0.05, Figure 2), suggests

TABLE 2 (Continued) Percentage of COX-2 and 5-LOX inhibition activity of isolated compounds.

S. No Concentration
(μg/mL)

% COX-2
inhibition

IC50

μg/mL
% COX-1
inhibition

IC50

μg/mL
% 5-LOX
inhibitions

IC50

μg/mL

125 61.40 ± 0.51

62.50 55.57 ± 0.84

The data are presented as the mean ± standard error mean. A two-way ANOVA was conducted, followed by the Bonferroni test. Values that showed significant differences compared to the

positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns indicates non-significant results.

FIGURE 2
SOD activity of the brain, heart, and liver of mice in different treatment groups. Different lowercase letters mean significant difference in SOD activity
between the same organ among treatment groups, and two-way ANOVAwas conducted, followed by the Bonferroni test. Values that showed significant
differences compared to the positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns indicates non-
significant results.
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the establishment of the successful aging model. In contrast, with the
comparison with the model group, the activity of SOD in the Trolox
and tested compound groups was higher compared to the model
group (p < 0.05), suggesting that Trolox and compound 1 had
antioxidant capacity (p < 0.05). In the compound 1 (10 mg) group,
SOD activities in the heart were 140.0 U/mg proteins that were not
considerably different (p > 0.05) from the positive control
group. The activities of SOD in the high-dosage group’s brain,
heart, and liver, on the other hand, were 95 U/mL, 180.0 U/mg
proteins, and 890.0 U/mg protein, respectively, substantially greater
than those in the remaining groups (p < 0.05). Our findings revealed
that compound 1 might reduce oxidative stress in the body caused
by D-galactose while also increasing the SOD activity.

3.2.4.2 Estimation of GSH-Px
The activity GSH-PX was higher in the brain, heart, and liver in

the higher-dose groups of the investigated compound 1 than in the
other groups’ brain, heart, and liver (p < 0.05, Figure 3). The GSH-Px
activity in heart and liver tissues of animals increased significantly in
the positive control group, in comparison to the control and aging
model groups (p < 0.05). The brain GSH-Px activity of low-dosage
and control groups was not significant (p > 0.05). Furthermore,

activity of GSH-Px in the brain, heart, and liver was 240, 65, and
380 U/mg protein, respectively, indicating that the aging model
groups showed reduced GSH-Px, as compared to other groups
(p < 0.05). As a result, compound 1 enhances the activity of
GSH-Px, and the antioxidant impact is associated with strain
concentration Figure 3.

3.2.4.3 Estimation of the MDA level
MDA levels were considerably greater in aging model group’s

serum, heart, and liver than the control group (p < 0.05, Figure 4).
The MDA concentration of animals treated with compound 1
(20 mg) was 1.15 nmol/mL in the brain, and 0.8 and 0.4 nmol/
mg protein in the heart and liver, respectively, which was notably
less than other groups (p < 0.05). The concentration of MDA in the
positive control and compound 1 (10 mg) groups did not differ
significantly (p > 0.05).

3.2.4.4 Estimation of CAT activity
The CAT activities of the brain, heart, and liver of the high tested

dose were 97 U/mL, 143.02 U/mg protein, and 139.0 U/mg protein,
respectively, as shown in Figure 5, which were higher than the CAT
activities (p < 0.05) of the other treated groups, demonstrating that

FIGURE 3
GSH-Px activity in the brain, heart, and liver of mice among treatment groups. Different lowercase letters mean significant difference in GSH-Px
activity between the same organ of different treatment groups (p < 0.05), and two-way ANOVA was conducted, followed by the Bonferroni test. Values
that showed significant differences compared to the positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns
indicates non-significant results.
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the strain concentration produces a significant impact on CAT
activities. The aging model group, on the other hand, had
decreased CAT activity in the brain, heart, and liver of mice in
comparison to other groups (p < 0.05). In the brain, heart, and liver
of mice, the CAT activity of positive control was more than the
control and aging model groups (p < 0.05). Our findings show that
compound 1 might increase CAT activity in the brain, heart, and
liver tissues of mice.

3.2.5 In vivo anti-inflammatory activity
3.2.5.1 Carrageenan-induced inflammation

In carrageenan-induced inflammation, the anti-inflammatory
action of the complete chemically produced molecule was
remarkable. The anti-inflammatory efficacy of all substances was
dose-dependent and considerable. Compound 1 demonstrated the
greatest anti-inflammatory effect at 5, 10, and 20 mg/kg doses.
Compound 1 has outstanding anti-inflammatory activity
(54.27% ± 3.36%) at a maximum dose of 20 mg/kg, which

peaked at the 5th hour after carrageenan insertion and remained
significant (***p < 0.001) throughout the investigated drug
administration (Table 3). Administration of aspirin (5 mg/kg) for
5 h had a significant effect (58.62 1.53%, ***p < 0.001), which was
roughly half of the effects caused by compound 1 at 20 mg/kg.

3.2.5.2 Anti-inflammatory mechanism of compound 1
Compound 1 was the most active compound among the other

compounds both in vitro and in vivo. To determine the mechanism
involved, different inflammatory agents were employed,
i.e., histamine, bradykinin, prostaglandin, leukotriene, and
bradykinin. Compound 1 had a mild anti-histaminic effect
(28.12 ± 0.62) at a high dose (20 mg/kg) at the 2nd hour, which
may be because of compound 1 inhibiting the mast cells to release
mediators. Moreover, the reference drug (chlorpheniramine
maleate) exhibited significant inhibition of the edema induced
by histamine at 1 h, resulting in a reduction to 71.62 ±
1.16 (Figure 6A).

FIGURE 4
MDA activity in the brain, heart, and liver of mice among treatment groups. Different lowercase letters mean a significant difference in MDA activity
between the same organ of different treatment groups, and two-way ANOVA was conducted, followed by the Bonferroni test. Values that showed
significant differences compared to the positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns indicates non-
significant results.
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3.2.5.3 Effect of compound 1 on bradykinin-induced
inflammation

Following the administration of bradykinin injection, edema
developed in the mice paw, peaking 60 min post-injection.

Compound 1 exhibited no activity against paw edema at low doses.
At the dose of 20 mg/kg, compound 1 reduced paw edema 9.20 ±
1.12 during the initial hour, although not statistically significant in
comparison with the standard drug (HOE 140) Figure 6B.

FIGURE 5
CAT activity of the brain, heart, and liver of mice in different treatment groups. Different lowercase letters mean a significant difference in CAT
activity between the same organ among treatment groups, and two-way ANOVA was conducted, followed by the Bonferroni test. Values that showed
significant differences compared to the positive control are indicated as follows: n = 3, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001; ns indicates non-
significant results.

TABLE 3 Percent inhibition of compounds in the carrageenan-induced paw edema.

Treatment Dose (mg/kg) Percentage inhibition of paw edema

1 h 2 h 3 h 4 h 5 h

Vehicle — 7.642 ± 3.73 7.372 ± 1.46 11.43 ± 1.07 14.47 ± 1.59 7.317 ± 3.22

Aspirin 5 47.50 ± 1.10*** 53.61 ± 1.45*** 54.24 ± 1.34*** 57.90 ± 1.93*** 58.62 ± 1.53***

Compound 1 5 46.72 ± 2.63 ns 50.46 ± 2.52** 53.58 ± 1.33** 52.37 ± 1.46** 55.23 ± 1.61***

10 51.37 ± 2.23*** 53.56 ± 3.57*** 56.56 ± 1.57*** 55.76 ± 2.62*** 61.68 ± 2.77***

20 54.27 ± 3.06*** 56.38 ± 1.67*** 59.74 ± 2.67*** 58.02 ± 1.95*** 63.57 ± 1.46***

Percentage inhibition caused by compound 1 (25, 50, and 100 mg/kg) using a mouse model of carrageenan-induced paw edema. Each percentage point, represented as mean ± SEM, was

calculated for each group of eight mice. Statistical analysis involved two-way ANOVA, followed by Bonferroni’s post hoc test. Asterisks show significant differences from the control (vehicle)

group, with *p < 0.05, **p < 0.01, and ***p < 0.001, while “ns" denoted non-significant results. Each group consisted of n = 8 mice.
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3.2.5.4 Effect of compound 1 on prostaglandin E2 (PGE2)
inflammation

The level of prostaglandin E2 significantly increased in the paw
tissue after injecting the prostaglandin E2 mediator, as shown in
Figure 6C. The treatment of mice with compound 1 (20 mg/kg)
while celecoxib (50 mg/kg) caused a significant reduction of the
increased PGE 2 level. The effect of compound 1 reached a maximal
level at the 4th hour (82.0 ± 0.34), compared with celecoxib, and
remained significant still the 5th hour (***p ˂ 0.001).

3.2.5.5 Effect of compound 1 on leukotriene inflammation
Leukotriene administration triggered inflammation and induced

edema in mouse paws, with swelling reaching its peak 30 min after
leukotriene exposure. Compound 1 demonstrated significant
activity against mouse paw edema. Compound 1 at a dose of
20 mg/kg inhibited swelling of paw 53.00 ± 1.10, 59.50 ± 0.92,
62.0 ± 0.70, 54.84 ± 0.92, and 41.43 ± 1.10 at 1, 2, 3, 4, and 5th hours,
respectively. The effect of compound 1 at the 1st hour was
significant (**p ˂ 0.01) and achieved a maximum effect at a 3rd
hour after exposure to the leukotriene mediator and remain
significant (***p ˂ 0.001) up to 5th hour. Montelukast

demonstrated a % inhibition of 67.02 ± 1.74 at the 3rd
hour (Figure 6D).

3.2.6 In silico studies
Docking studies were carried out to determine the

pharmacological characteristics of the isolated compounds upon
binding with specific protein targets, focusing on the enzyme–ligand
interaction through the induced fit model. These findings were
examined to know the diverse interaction parameters. The
binding interactions of all isolated compounds, in addition to
reference drugs, are expressed in Table 4.

Compound 1 emerged as the most active compound,
displaying −6.7 kcal/mol binding energy against COX-I
and −6.5 kcal/mol against COX-II. The interactions of all
synthesized compounds are analyzed against cyclooxygenase-I,
and results are illustrated in Figures 7A–C. Compound 1 gave
the strong interactions with amino acid residues as Gln42,
Leu152, Lys468, and Arg469 inside the active site, with one
conventional hydrogen bond, one carbon hydrogen bond, and
two alkyl–pi–alkyl bonds at the bond lengths of 2.19, 3.66, 5.21,
and 4.30 Å, respectively. Similarly, when compound 2 was analyzed

FIGURE 6
(A) Percentage inhibition produced by histamine and compound 1 (20 mg/kg) in the histamine-induced paw edema model. (B) Percentage
inhibition produced by bradykinin and compound 1 (20 mg/kg) in bradykinin-induced paw edema. (C) Percentage inhibition produced by tested
compound 1 (20 mg/kg) in prostaglandin E2-induced paw edema. (D) Percentage inhibition produced by tested compound 1 (20 mg/kg) in leukotriene-
induced paw edema. Each percentage point signifies mean ± SEM for a group of eight mice. Statistical analysis involved ANOVA, followed by
Dunnett’s post hoc test. Asterisks denote significance: *p < 0.05, **p < 0.01, and ***p < 0.001; “ns” indicates non-significant values.
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against cyclooxygenase-I, it provided a carbon–hydrogen bond via a
keto and hydroxyl group with His207 at the bond length of 3.41 and
3.47 Å. It also displayed a pi–sigma and alkyl bond with His388 and
Ala202 through the heterocyclic ring at the bond length of 3.90 and
4.05 Å, respectively. When compound 5 was visualized inside the
same active site, it displayed two conventional hydrogen bonds with
Arg374 and Asn375, one carbon hydrogen bond with Gly225 and
one prominent pi–cation interaction with Arg374 that
predominated the pharmacological role of this compound.

The binding affinities of all synthesized compounds were
analyzed against cyclooxygenase-II with pdb 5F1A. All the
compounds gave satisfactory results, but compound 1 was more

prominent in this regard. It gave two conventional hydrogen bonds
with Phe371 and Leu366 at the bond lengths of 2.25 and 2.32 Å,
respectively, along with one pi-donor hydrogen bond that
exaggerates the results. Compound 2 having the heterocyclic ring
with keto and hydroxyl groups displayed three conventional
hydrogen bonds with Arg44, Gly45, and Glu465 at the bond
lengths of 2.08, 2.21, and 3.35 Å, respectively. The bonding
affinity was found to be −5.5 kcal/mol. All the interactions are
displayed in Figures 8A–C. Compound 5 also provided
noticeable results with a binding energy of −6.1 kcal/mol with
COX-II. The interactions were more interesting in this case as it
showed one conversional hydrogen bond between the hydroxyl
group and amino acid Alu465 at the bond length of 2.36 Å.
Furthermore, it displayed pi–sigma and pi–alkyl interactions with
Leu152, His39, Try130, pro153, and Arg469 at the bond lengths of
3.63, 4.36, 4.89, 4.11, and 4.27 Å, respectively. The standard drug
celecoxib displayed the binding affinity of −8.1 kcal/mol.

All synthesized compounds including the standard control
drugs were allowed to dock with the 5-lipoxygenase enzyme
having pdb 3V92. Results were satisfying as all the synthesized
compounds gave binding affinities with good values. Compound 1
displayed excellent results with a binding score of −6.7 kcal/mol with
this receptor. Relatively, the structural alterations and functional
groups of compound 1 allowed it to give more binding affinity
toward the receptor. It yielded two strong conventional hydrogen
bonds with Asp166 and Gln168 with bond lengths of 2.12 and
2.96 Å, respectively. These connections were displayed with the
hydroxyl group attached to the ring system. Figure 9 elaborates
the interactions in this case.

In relation to these pharmacological behaviors, compounds 2
and 5 were the strong candidates that yielded results close to the
standard drug montelukast. Compound 2 showed the four

TABLE 4 Binding affinity of isolated compounds and standard drugs at
specific target sites.

Compound COX 5-LOX

COX-I COX-II 3V92

4O1Z 5F1A

1 −6.7 −6.5 −6.7

2 −6.1 −5.5 −5.9

3 −6.3 −6.2 −5.9

4 −6.4 −6.1 −5.7

5 −5.9 −6.1 −6.1

Montelukast — — −8.7

Celecoxib — −8.1 —

Indomethacin −7.5 — —

FIGURE 7
3D and 2D visualization of synthesized compounds with cyclooxygenase COX-I, (A) compound 1, (B) compound 2, and (C) compound 5.
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conventional bonds with amino acid residues as Arg101, Val110,
His130, and Thr137 with bond lengths of 0.99, 1.90, 1.39, and
1.49 Å, respectively. The binding affinity was found to be −5.9 kcal/
mol. Other prominent residues were observed as Val109 with the
carbon hydrogen bond and Val107 with the pi–alkyl bond.
Compound 5 has the methoxy group along with hydroxyl
functional groups and unsaturation that increase the binding

behavior with the targeted receptor. It formed alkyl and pi–alkyl
interactions with Lys183, Trp605, and Ile673 with the bond lengths
of 3.78, 3.11, and 4.18 Å, respectively. Other prominent amino acid
residues involved in affinities were Ala606 and Gln609 with bond
lengths of 3.76 and 3.41 Å accordingly that make this compound
more feasible to be used as a good pharmacological agent. All results
are elaborated in Figure 10.

FIGURE 8
3D and 2D visualization of isolated compounds with cyclooxygenase COX-II, (A) compound 1, (B)compound 2, and (C) compound 5.

FIGURE 9
3D (A) and 2D (B) interactions of the synthesized compound 1 with 5-lipoxygenase 5-LOX.
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4 Discussion

The D-galactose induction model of subacute aging mice is
well-known and extensively utilized (Kong et al., 2018). It
comprises a continual administration of D-galactose,
converted inside the cells by galactose reductase to galactose,
leading in a shift in osmotic pressure, followed by enlargement
of cells and aging (Kumar et al., 2022). Whenever the body’s
cells are exposed to acute oxidative stress, cytoplasmic enzymes
which reduce oxidative enzymes, i.e., CAT, SOD, and GSH-Px,
are insufficient to remove ROS (Angwa et al., 2022). It is a
simple and efficient way to investigate antioxidant potential in
the D-galactose-induced subacute aging model and compare
antioxidant potential of enzymes to the control group (Gong
et al., 2023). CAT, SOD, and GSH-Px are examples of body’s
free radical scavenging enzyme defense systems that work
together to scavenge hydrogen peroxide, superoxide radicals,
and hydroxyl radicals, respectively (Hassan et al., 2017). SOD
may convert superoxide radicals to H2O2, which is still harmful,
and use the Fenton reaction to generate hydroxyl radicals. The
hydroxyl radical is capable of rapidly reacting with organic
molecules in the cell and having a damaging effect.
Furthermore, CAT breaks down hydroxyl free radicals to aid
antioxidant defense in cells. Antioxidant enzymes, like GSH-Px,
can be created intracellular under healthy circumstances to
prevent them from oxidative stress (Bratovcic, 2020).
Compound 1 dramatically increased the activities of SOD,
GSH-Px, and CAT in the brain, heart, and liver of mice,
respectively, in this investigation, demonstrating that
compound 1 reduces the oxidative stress produced by
D-galactose. It may also produce a synergistic effect with
SOD, CAT, and GSH-Px and alleviate oxidative damage by
scavenging free radicals. According to our study, compound
1 has an antioxidant potential in mice and is a potential plant-

derived antioxidant. It is typically employed in the research of
sausage starters or functional items as a bio-source antioxidant.

Chronic inflammation is a feature of several clinical disorders,
including gastritis, atherosclerosis, rheumatoid arthritis, cancer, and
inflammatory bowel disease. A wide variety of anti-inflammatory
medications were used to cure these disorders, but they are highly
toxic and have a variety of side effects. Hence, it is essential to
explore non-toxic synthetic substances with anti-inflammatory
properties (Mahmood et al., 2022).

The present study’s findings clearly show that isolated
compounds have powerful anti-inflammatory potential both
in vitro and in vivo, specifically in vitro LOX-5 and COX
inhibitory assays, as well as in vivo carrageenan-induced
inflammation in mice. In addition, numerous phlogistic agents
(prostaglandin, leukotriene, histamine, and bradykinin) have been
used to corroborate the mechanism of the effective compound.

COX-2 and 5-LOX are two major enzymes involved in the
conversion of arachidonic acid to prostaglandin and leukotriene
(Mahnashi et al., 2022b). Both of these enzymes are inhibited,
resulting in a wide range of anti-inflammatory effects. For 5-LOX
and COX-2 inhibition, the synthesized compounds were tested
in vitro, utilizing a COX-2/1- and 5-LOX-catalyzed prostaglandin
and leukotriene production assay. In comparison to other
compounds investigated for COX-2/1 and 5-LOX inhibitory
action in vitro, compound 1 at dose of 1,000 g/mL was reported
to have a prominent inhibitory response against COX-2 and 5-LOX.
The carrageenan-induced paw edema is a biphasic, transitory, and
time-dependent permeability and inflammatory reaction. Histamine
is secreted in modest amounts by basophils during inflammatory
processes. Just at the 2nd hour after histamine injection, compound
1 demonstrated a 28.101.64% anti-histaminic action, which is due to
compound 1’s mast cell-stabilizing effect. After activation,
mediators are produced, increasing the vascular permeability and
dilatation of vessels in the early stages of inflammation. Bradykinin

FIGURE 10
Presenting the 3D and 2D visualization of synthesized compounds with 5-lipoxygenase 5-LOX, (A) compound 2, and (B) compound 5.
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enhanced microvascular permeability significantly. The inhibiting
effects of bradykinin-induced inflammation may not be inhibited
by compound 1.

The major regulators of inflammation are prostaglandin E2 and
leukotriene mediators. These two mediators were tested in the
mouse paw. This option convinces us to seek out the most likely
corridor of compound 1 as anti-inflammatory potency. We
discovered that compound 1 greatly reduced the inflammatory
prostaglandin E2 (PGE2)-induced paw edema in the existing
investigation. Inflammation generated by leukotrienes yielded
similar outcomes (Alqahtani et al., 2022). These data imply that
compound 1 has dual inhibitory properties and has the ability to
inhibit both LOX and COX pathways, which is supported by
compound 1’s modest anti-histaminic action.

The molecular docking simulation is the tool used to find the
binding interactions of the compounds within the protein site of the
target enzyme (Ahmad et al., 2019; Javed et al., 2021; Sadiq et al., 2022).
The docking simulations within the COX-2 isozyme’s binding region
indicated that all the drugs had a hydrogen bond interaction with the
selectivity pocket’s amino acid residues (Val523 and Ser353). The
estimated binding energy values match the experimental results.

5 Conclusion

Herein, we have isolated five different phenolic compounds
(1–5) from H. digitata. All the compounds, specifically
compound 1, showed very practical in vitro antioxidant and anti-
inflammatory potentials. Based on this high potency of compound 1,
it was subjected to extensive in vivo antioxidant and anti-
inflammatory studies. The compound was also dominant in in
vivo results. Furthermore, compound 1 also showed a very ideal
response to different inflammatory and antioxidant markers. Our
study suggests that the isolated compounds can treat inflammatory
response by a multi-target approach.
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Natural compounds hold promise in the search for cancer therapies due to their
unique chemical structures and combinations that may effectively combat
cancer while minimizing toxicity and side effects compared to conventional
treatments. Silibinin, a natural lignan, has been found to possess strong anti-
cancer activity against several types of human cancers based on emerging
research. This study aims to provide an overview of the therapeutic potential
of silibinin in the treatment and prevention of cancers. A comprehensive search
was conducted using various internet databases such as PubMed, Google
Scholar, and ScienceDirect to identify relevant research papers. Silibinin has
been shown to exhibit anticancer activity against several types of cancers,
including liver, lungs, breast, prostate, colorectal, skin, and bladder cancers. Its
multifaceted mechanisms of action contribute to its therapeutic effects. Silibinin
exerts antioxidant, anti-inflammatory, anti-proliferative, pro-apoptotic, anti-
metastatic, and anti-angiogenic activities, making it a promising candidate for
cancer therapy. One of the key mechanisms underlying the anticancer effects of
silibinin is its ability to modulate multiple signaling pathways involved in cancer
development and progression. It can inhibit the activation of various oncogenic
pathways, including PI3K/Akt, NF-κB, Wnt/β-catenin, and MAPK pathways,
thereby suppressing cancer cell proliferation, inducing cell cycle arrest, and
promoting apoptosis. Silibinin possesses great potential as an effective
treatment agent for cancer. The multifaceted mechanisms of action, favorable
safety profile, and potential synergistic effects of silibinin with conventional
therapies make it an attractive candidate for further investigation and
development as a cancer treatment. However, more extensive clinical studies
are necessary to fully establish the efficacy, optimal dosage, and long-term
effects of silibinin in cancer treatment.
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1 Introduction

Silibinin is a flavonolignan derived from milk thistle (Silybum
marianum) that possesses antioxidant, antineoplastic, and
hepatoprotective properties. It can be classified as a polyphenol, an
aromatic ether, a benzodioxine, and a secondary alpha-hydroxy
ketone. It is the primary active component of silymarin, an extract
from milk thistle seeds, which contains a mixture of flavonolignans
including silibinin, isosilibinin, silicristin, silidianin, and others (Kaipa
et al., 2020; Verdura et al., 2021).

Silibinin exists as a combination of two diastereomers, silybin A
and silybin B, present in roughly equal proportions. In vitro and
animal studies indicate that silibinin possesses hepatoprotective
properties, offering protection to liver cells against toxins. It has
also shown in vitro anti-cancer effects against several types of cancer
cells, including prostate adenocarcinoma, breast carcinoma (both
estrogen-dependent and -independent), ectocervical carcinoma,
colon cancer, and small and non-small lung carcinoma cells
(García-Maceira and Mateo, 2009; Verdura et al., 2021).

Bioactive silibinin is increasingly recognized for its potential as a
groundbreaking anti-cancer therapeutic strategy, (Figure 1), besides
other activities such as hepatoprotection (Sahibzada et al., 2017,
2021). Within the landscape of cancer chemotherapy, the
application of either naturally occurring or synthetically
produced chemical substances is commonplace, with the aim of
preventing, inhibiting, or reversing the recurrence and progression
of cancer. Silymarin, specifically in its silybin-enriched form, stands
out as a particularly intriguing natural remedy. Silibinin exhibits a

diverse array of inhibitory effects on various cancer cells,
encompassing growth suppression, anti-inflammatory properties,
regulation of the cell cycle, induction of apoptosis, chemo-
sensitization, inhibition of angiogenesis, reversal of multi-drug
resistance, and prevention of invasion and metastasis. Its capacity
to target fundamental cancer hallmarks, including heightened
angiogenic and invasive tendencies, self-sufficiency in growth
signals, insensitivity to antigrowth signals, and evasion of
apoptosis, positions silibinin as an efficacious agent in both
cancer chemotherapy and chemoprevention (Ting et al., 2013;
Polachi et al., 2016; Sahibzada et al., 2017; Aziz et al., 2021;
Sahibzada et al., 2021).

The primary objective of this study is to conduct a
comprehensive review and synthesis of the mechanistic
underpinnings of silibinin across different cancer types. This
entails a thorough examination and summarization of the
intricate molecular processes through which silibinin exerts its
potential influence on cancer cells.

2 Role of silibinin in cancer

2.1 Mechanism of action of silibinin in
lung cancer

Lung cancer is divided into two main types: small-cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC) (Zhu et al.,
2016). SCLC accounts for approximately 15% of all lung cancer cases

FIGURE 1
An overview of the molecular mechanisms underlying the anti-tumor actions of silibinin. Silibinin exerts a direct inhibitory effect on various factors
involved in cell division and proliferation, including metalloproteinases (MMPs), anti-apoptosis proteins such as Bcl-2, growth factors such as Flt, VEGF,
AR, PSA, and IGF, cell mitogen controllers such as PI3K, Akt, MAPK, cell cycle regulators such as the CDK family and pSTAT3. Additionally, it enhances the
activity of apoptotic inducers such as JNK (c-Jun N-terminal kinases), Cip and Kip families, and growth inhibitors such as IGFBP. Consequently,
silibinin exhibits anti-tumor effects.
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and is characterized by high sensitivity to chemotherapy, early
spread of the disease, rapid tumor growth, and strong association
with tobacco smoking (Romanidou et al., 2016). In elderly patients,
especially heavy smokers with cardiovascular and pulmonary
comorbidities, SCLC often presents with rapid onset symptoms
due to paraneoplastic syndrome and intrathoracic tumor growth.
The standard first-line treatment for metastatic SCLC is platinum-
based chemotherapy combined with etoposide (Fennell and De
Ruysscher, 2011).

Silibinin has shown significant effects on the growth inhibition
and induction of apoptotic cell death in both small and non-small
human lung carcinoma cells (Figure 2) (Sharma et al., 2003). In
NSCLC cells, silibinin inhibits the activity of histone deacetylase
(HDAC). The study examined the time-dependent and
concentration-dependent inhibitory effects of silibinin on HDAC
activity, revealing its potential to modulate HDAC activity. While
trichostatin A (TSA) exhibited stronger inhibition of HDAC
activity, silibinin showed a more prolonged inhibition. Silibinin
also led to an increase in global acetylation of histone H4 and
H3 in cellular chromatin. In addition to HDAC activity, silibinin
affected downstream substrates involved in gene expression, such as
acetylated histone H3 and H4 (Mateen et al., 2012).

Further analysis using quantitative real-time polymerase chain
reaction (qRT-PCR), Western blotting, invasion assay, wound
healing assay, and in vitro angiogenesis revealed that silibinin
exhibited concentration-dependent inhibition of cell proliferation

in A549, H460, and H492 cells. This was accompanied by G0/G1 cell
cycle arrest, inhibition of tumor angiogenesis, apoptosis, invasion,
migration, and suppression of tumor sphere formation. Silibinin
downregulated phosphorylated epidermal growth factor receptor
(EGFR) expression and inhibited downstream signaling pathways,
including JAK2/STAT5 and PI3K/AKT. This resulted in reduced
expression of matrix metalloproteinase, PD-L1, and vascular
endothelial growth factor. Silibinin also disrupted the STAT5/
PD-L1 complex by binding to the PD-L1 promoter region,
suggesting its potential as a tumor immunotherapy and cancer
stem cell-targeted therapy (Rugamba et al., 2021).

2.2 Mechanism of action of silibinin in
breast cancer

Breast cancer is a significant cause of death in women globally,
and although various chemotherapeutics have been developed for its
treatment, concerns regarding low survival rates and high
recurrence after chemotherapy and radiation persist. In order to
enhance the effectiveness of breast cancer therapy, researchers
investigated the antiproliferative effects of a combination of two
herbal compounds, chrysin and silibinin, in T47D breast cancer cells
(Maasomi et al., 2017). Both chrysin and silibinin individually
reduced cell proliferation in a dose- and time-dependent manner,
and their combined administration synergistically suppressed

FIGURE 2
Potential effects of silibinin on lung cancer through several mechanisms. These include causing apoptosis, disrupting the cell cycle, inhibiting
angiogenesis, exhibiting anti-inflammatory effects, inhibiting metastatic spread, and influencing signaling pathways. These mechanisms help control the
growth and survival of cancerous cells, prevent uncontrolled growth, and limit blood supply to tumors.
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growth (Maasomi et al., 2017). Using the median-effect approach,
the researchers determined that the combination treatments
exhibited combination indices (CI) of 1, indicating synergism in
inhibiting T47D cell growth (Maasomi et al., 2017). Furthermore,
after 48 h of treatment, qPCR analysis revealed that the combination
of medications synergistically reduced the mRNA levels of hTERT
and cyclin D1 compared to the use of the individual medicines alone
(p = 0.05). These findings suggest that the synergistic
antiproliferative effects of chrysin and silibinin are associated
with the downregulation of cyclin D1 and hTERT genes,
indicating the potential usefulness of their combination in breast
cancer treatment (Maasomi et al., 2017).

Silibinin shows promise as an improvement in breast cancer
treatment, particularly when combined with chemotherapy drugs
such as carboplatin, cisplatin, and doxorubicin, as it exhibits a
synergistic effect against cancer cells (Binienda et al., 2020). This
combination therapy may be beneficial for the treatment of
aggressive forms of breast carcinoma. Silibinin inhibits
proliferation, induces apoptosis, and inhibits metastasis through
various mechanisms (Figure 3) (Binienda et al., 2020). It is feasible to
combine silibinin with different anticancer medications, offering a
potential treatment option for individuals with breast cancer
(Binienda et al., 2020).

In various cancer models, silibinin, a naturally occurring
chemical with no harmful effects, demonstrates anticancer

properties and has the potential to enhance the lethal effects of
chemotherapy. The effects of silibinin on enhancing sensitivity were
studied in human breast cell lines resistant to doxorubicin (DOX)
and paclitaxel (PAC) (Molavi et al., 2017). Silibinin inhibited cell
proliferation in different cell lines, with IC50 values ranging from
200 to 570 μM. In DOX-resistant MDA-MB-435 cells, treatment
with 200 μM silibinin significantly reduced the DOX IC50 from 71 to
10 g/mL and effectively suppressed key oncogenic pathways such as
STAT3, AKT, and ERK. Furthermore, when DOX-resistant MDA-
MB-435 cells were treated with silibinin at a concentration of
400 μM for 48 h, there was a 50% reduction in colony numbers
compared to DMSO-treated cells. Combining silibinin at a
concentration of 400 μM with PAC at a concentration of 250 nM
resulted in synergistic effects in PAC-resistant MCF-7 cells (CI =
0.81). Overall, silibinin can be utilized to treat breast cancer by
sensitizing chemo-resistant cells to chemotherapy drugs (Molavi
et al., 2017).

Silibinin-induced apoptosis in MCF-7 cells was enhanced by an
estrogen receptor (ER) antagonist through the upregulation of
caspase 6, which was a result of suppressing ER signaling.
Additionally, the upregulation of autophagy induced by silibinin
contributed to the aggravation of apoptosis, and this effect was
further amplified by ER inhibition. Silibinin was found to inhibit the
expression of Akt/mTOR and extracellular signal-related kinase
(ERK), which are involved in autophagy and apoptosis,

FIGURE 3
Silibinin has the potential to treat breast cancer by promoting apoptosis, disrupting the cell cycle, inhibiting cancer cell division, and reducing
angiogenic factors. It also has anti-inflammatory effects and inhibits metastasis, interacting with key signaling pathways.
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respectively. Co-treatment with an ER inhibitor further enhanced
these effects. Silibinin administration to ER-positive MCF-7 cells
suppressed the expression of ER, resulting in the inhibition of the
mTOR and ERK signaling pathways downstream of ER, leading to
autophagy and cell death (Zheng et al., 2015).

Silibinin has been discovered to restrict the activation of AP-1
through MAPK signaling pathways, thereby inhibiting PMA-
induced MMP-9 gene transcription. Moreover, experiments
using Matrigel demonstrated that silibinin inhibits the
invasion of MCF-7 cells triggered by PMA. These findings
suggest that silibinin could serve as a potential anti-metastatic
drug by inhibiting AP-1-dependent MMP-9 gene expression and
thereby suppressing PMA-induced cancer cell invasion (Lee
et al., 2007). In MCF-7 breast cancer cells, researchers
explored the effects of silibinin, a natural flavonoid, on
miRNA expression with the aim of identifying therapeutic
targets. Silibinin promoted apoptosis in a dose- and time-
dependent manner in MCF-7 cells. Treatment with silibinin
resulted in a reduction in miR-21 and miR-155 expression
levels compared to untreated cells, as observed through qRT-
PCR analysis. In silico investigation indicated potential targets
for miR-21 and miR-155 within apoptotic pathways, including
CASP-9, BID, APAF-1, CASP-3, CASP-8, and PDCD4. Following
48 h of silibinin therapy, qRT-PCR analysis revealed the
overexpression of some of these putative targets, including
caspase-9 (CASP-9) and BID. Furthermore, silibinin induces
apoptosis through both extrinsic and intrinsic mechanisms, as
evidenced by the upregulation of CASP-9 and BID (Zadeh
et al., 2016).

A study investigated the effect of silibinin on CD44 expression
induced by epidermal growth factor (EGF) ligand in human breast
cancer cells. EGF and TGF- significantly increased CD44 mRNA
and protein expression in SKBR3 and BT474 breast cancer cells.
However, treatment with EGFR inhibitors AG1478 and lapatinib
inhibited the EGF ligand-induced CD44 expression. Surprisingly,
silibinin treatment dose-dependently inhibited the EGF ligand-
induced CD44 and matrix metalloproteinase-9 (MMP-9)
expression. Silibinin also inhibited the phosphorylation of EGFR
and extracellular signal-regulated kinase 1/2 (ERK1/2), a
downstream signaling protein of EGFR, in response to EGF.
These findings suggest that silibinin inhibits the EGFR signaling
pathway and could potentially be used as a therapeutic agent to
prevent breast cancer metastasis (Kim et al., 2011).

Another study evaluated the impact of silibinin on the MDA-
MB-231 and MCF-7 human breast cancer cell lines in both
monolayer and spheroid cultures. The half maximum inhibitory
concentration (IC50) of silibinin in MDA-MB-231 and MCF-7 cells
was determined to be 100 μM/mL at 24, 48, and 72 h of incubation.
Treatment with silibinin in both monolayer and spheroid cultures
resulted in increased levels of active poly-ADP-ribose polymerase
and terminal deoxynucleotidyl transferase dUTP nick and labeling
(TUNEL) positive cells. The number of dead cells was higher in the
silibinin-treated MDA-MB-231 and MCF-7 cell lines compared to
the control group. Furthermore, silibinin treatment increased the
population of TUNEL positive cells and active poly-ADP-ribose
polymerase in bothmonolayer and spheroid cultures. These findings
suggest that silibinin induces cell death in breast cancer cells, both in
monolayer and spheroid cultures (Ozgöçmen et al., 2020).

2.3 Mechanism of action of silibinin in
bladder cancer

Silibinin has shown potential in the prevention and treatment of
bladder tumors. In a recent study, the cytotoxic and toxicogenic
effects of silibinin were investigated in bladder cancer cells with
different TP53 statuses. The bladder urothelial carcinoma cell lines
T24 (wild-type TP53 gene) and RT4 (mutated TP53 gene) were used
in the experiments. Various parameters such as cell proliferation,
clonogenic survival, apoptotic rates, genotoxicity, and the expression
profiles of FRAP/mTOR, FGFR3, AKT2, DNMT1, miR100, and
miR203 genes were evaluated. Silibinin demonstrated reduced
proliferation and increased late apoptosis in TP53-mutated cells.
Both RT4 and T24 cell lines exhibited elevated early apoptotic rates,
primary DNA damage, and decreased cell colony formation in the
clonogenic survival assay. Downregulation of FRAP/mTOR, AKT2,
FGFR3, DNMT1, and miR100 expression was observed in RT4 cells,
while miR203 modulation was detected in both cell lines. The
toxicogenomic effects of silibinin on FRAP/mTOR, AKT2,
FGFR3, DNMT1, and miR100 expression were found to be
dependent on the TP53 status. These findings support the
antiproliferative properties of silibinin, which are associated with
TP53 expression (de Oliveira et al., 2017).

The study aimed to investigate the mechanisms underlying
silibinin-induced apoptosis in RT4 cells with intact p53. Silibinin
treatment increased the levels of p53 protein and its
phosphorylation at serine 15, leading to the activation of the
caspase cascade and Bid cleavage, ultimately resulting in
apoptosis. The activation of p53 by silibinin was mediated
through the ATM-Chk2 pathway, which subsequently triggered
caspase 2-mediated apoptosis. Silibinin also facilitated the
permeabilization of the mitochondrial membrane and the release
of cytochrome c into the cytoplasm by promoting the rapid
translocation of p53 and Bid into the mitochondria. JNK1/
2 activation was identified as a link between p53-mediated
caspase 2 activation and JNK1/2 activation. Additionally,
silibinin-induced apoptosis involved caspase-mediated cleavage of
Cip1/p21, which was inhibited by Cip1/p21 siRNA. These findings
highlight the unique pathways through which silibinin induces
apoptosis, involving p53-caspase 2 activation and caspase-
mediated cleavage of Cip1/p21 (Tyagi et al., 2006).

Chemoprevention is emerging as a promising treatment
approach for bladder cancer, a highly recurrent type of cancer.
Silibinin, when tested in vitro using human bladder transitional cell
papilloma RT4 cells, demonstrated effectiveness. Further studies
were conducted on RT4 tumor xenografts to investigate the
anticancer effects and underlying mechanisms of silibinin. The
administration of silibinin resulted in a significant slowdown of
tumor xenograft growth without any evident side effects. Tumor
volume and weight were reduced by 51%–58% (p ≤ 0.01) and 44%–
49% (p < 0.05), respectively. Silibinin also exhibited substantial
reductions in cell proliferation and microvessel density (p < 0.001)
and significantly enhanced apoptosis (p < 0.001) in the malignancies
(Berthold et al., 2008).

In a study using a highly metastatic T24-L cell model, silibinin
treatment was found to inhibit cell migration and invasion in vitro
and reduce bladder cancer lung metastasis while improving animal
survival in vivo. Silibinin achieved this by inhibiting glycogen
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synthase kinase-3β phosphorylation, β-catenin nuclear
translocation and transactivation, and ZEB1 gene transcription,
which in turn regulated the production of cytokeratins, vimentin,
and matrix metalloproteinase-2 (MMP2) to reverse epithelial-
mesenchymal transition (EMT). Silibinin also demonstrated a
reduction in cancer stem cell (CSC) capabilities, including
decreased spheroid colony formation, side population, and
expression of the stem cell factor CD44. These findings provide
insight into the unique mechanisms by which silibinin targets
bladder cancer metastasis, involving the dual-blocking of EMT
and stemness through the inactivation of β-catenin/
ZEB1 signaling (Wu et al., 2013).

To investigate the apoptotic effects of silibinin on human
bladder cancer cells, in vitro experiments were conducted. The
study aimed to elucidate the mechanisms by which silibinin
regulates apoptosis in bladder cancer and evaluate its
intravesical effectiveness in preventing bladder cancer.
Exposure to silibinin led to the activation of caspase-
dependent and -independent apoptosis in 5,637 cells,
accompanied by changes in mitochondrial membrane potential
and the release of cytochrome c and AIF from mitochondria.
Silibinin also inhibited survivin expression and induced AIF
translocation to the nucleus. Oral administration of silibinin
consistently suppressed the growth of 5,637 xenografts,
accompanied by caspase-3 activation, downregulation of
survivin, and increased AIF translocation. Additionally,
intravesical administration of silibinin effectively reduced
bladder carcinogenesis induced by MNU in rats, leading to a
decrease in the incidence of superficial and invasive bladder
lesions, along with its proapoptotic effects (Zeng et al., 2010).

Silibinin demonstrated a concentration- and time-dependent
reduction in cell viability in Hep-2 cells. Furthermore, when
combined with arsenic trioxide, silibinin exhibited a synergistic
effect in killing Hep-2 cells. The cytotoxicity of silibinin in Hep-2
cells was associated with the accumulation of intracellular
reactive oxygen species (ROS), which could be mitigated by
the ROS scavenger NAC. Treatment with silibinin led to the
loss of mitochondrial membrane potential (MMP) in Hep-2 cells,
followed by the activation of caspase-3. Inhibition of caspase
activity with Z-VAD-FMK attenuated the cytotoxic effects of
silibinin. Additionally, silibinin reduced the expression of
survivin in Hep-2 cells. Ultimately, silibinin induced apoptosis
in Hep-2 cells by inducing oxidative stress and suppressing
survivin expression (Yang et al., 2013).

In T24 and UM-UC-3 human bladder cancer cells, silibinin
treatment at a concentration of 10 μM significantly inhibited
proliferation, migration, invasion, and induced apoptosis.
Silibinin exerted its effects by targeting the actin cytoskeleton and
the phosphatidylinositide 3-kinase (PI3K)/Akt signaling pathways,
which were found to crosstalk through RAS cascades. Silibinin also
affected the levels of trimethylated histone H3 lysine 4 and
acetylated H3 at the KRAS promoter. Moreover, silibinin targeted
two specific long non-coding RNAs, HOTAIR and ZFAS1, both of
which have been implicated in cancer development. These findings
suggest that silibinin inhibits the progression of bladder cancer by
downregulating the actin cytoskeleton and the PI3K/Akt pathways
(Imai-Sumida et al., 2017).

2.4 Mechanism of action of silibinin in
hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is a recurring cancer with limited
treatment options. Silibinin, known for its antihepatotoxic properties
and significant preventive and anticancer effects against various
epithelial malignancies, was evaluated for its efficacy against human
HCC cells. Silibinin reduced the proliferation of both HepG2 and
Hep3B cells, with Hep3B cells exhibiting higher cytotoxicity and
induction of apoptosis. Silibinin induced G1 arrest in HepG2 cells
and G1 and G2-M arrest in Hep3B cells. It increased the levels of Kip1/
p27 while decreasing the levels of cyclin D1, cyclin D3, cyclin E, cyclin-
dependent kinase (CDK)-2, and CDK4 in both cell lines. Silibinin also
lowered the protein levels of G2-M regulators in Hep3B cells and
reduced the activity of CDK2, CDK4, and CDC2 kinases in HCC cells
(Berthold et al., 2008).

In an in vivo study, the inhibitory effects of silibinin combined
with doxorubicin were investigated in hepatocellular cancer. The results
showed that silibinin enhanced doxorubicin-induced growth inhibition,
G2-M arrest, and cell death in HEPG2 cells. The combination of
silibinin and doxorubicin reduced cdc2/p34 kinase activity when
histone H1 was used as a substrate. Upstream kinases associated
with cdc25C-cyclin B1-cdc2/p34 were also significantly increased by
the combined treatment. Simultaneous therapy with silibinin and
doxorubicin resulted in a significant increase in apoptotic cell death
compared to using silibinin or doxorubicin alone. In an orthotropic rat
model, the silibinin-doxorubicin combination therapy reduced tumor
growth by approximately 30% at a lower dose compared to individual
treatments. These findings suggest that the combination of silibinin and
doxorubicin may be more effective in treating HCC patients (Li and
Wang, 2016).

The antiproliferative effects of gefitinib, sorafenib, and silibinin
on HCC cells were found to be dose-dependent. Combining gefitinib
with silibinin enhanced the growth inhibitory effects of gefitinib in
several HCC cell lines. In particular, the combination had a
synergistic effect in the SNU761 cell line and an additive effect in
the Huh-BAT cell line. Inhibition of EGFR-dependent Akt signaling
may contribute to the combined effect. Similarly, combining
silibinin with sorafenib also resulted in enhanced growth-
inhibitory effects in HCC cells. Therefore, the combination of
silibinin with either sorafenib or gefitinib holds potential as a
therapeutic approach for HCC (Gu et al., 2015).

Combined therapy with sorafenib and silibinin effectively
targets both hepatocellular carcinoma (HCC) cells and cancer
stem cells by enhancing suppression of STAT3/ERK/AKT
phosphorylation. The combination of silibinin and sorafenib
demonstrates potent suppression of HCC cell growth and
induces significant apoptosis in various HCC cell lines. In an
HCC subcutaneous transplanted tumor model, the combination
therapy significantly reduces tumor development compared to
monotherapy. The combination treatment inhibits the
phosphorylation of AKT and STAT3, as well as the expression of
antiapoptotic proteins Mcl-1 and Bcl-2, leading to cancer cell death.
Moreover, the combination of silibinin and sorafenib suppresses the
expression of stemness-related proteins Nanog and Klf4, thereby
hindering the generation and self-renewal of HCC stem cells. These
findings highlight the ability of silibinin to enhance the effectiveness
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of sorafenib in HCC treatment, offering a potential therapeutic
approach for HCC patients (Mao et al., 2018).

In a study investigating the effects of silibinin on HepG2 (human
hepatocellular liver carcinoma) and HUVEC (human umbilical vein
endothelial) cell lines, the efficacy of silibinin against these cell lines
was examined. Different concentrations of silibinin were incubated
with HepG2 andHUVEC cells for varying durations. The viability of
the cells and the mode of cell death induced by silibinin were
assessed using various assays. The results demonstrate that
silibinin reduces the viability of HepG2 and HUVEC cells in a
dose-dependent manner. HepG2 cells exhibit more consistent and
dose-dependent cytotoxicity than HUVEC cells, which initially
show some resistance. The mechanism of cell death appears to
differ between the 2 cell lines, with HepG2 cells showing a
preference for apoptosis while HUVEC cells favor necrosis (Zahir
et al., 2018).

Silybum marianum whole extract, silymarin, and silibinin have
been found to inhibit hepatocarcinogenesis and the growth of
hepatocellular carcinoma (HCC) by regulating the HGF/c-Met,
Wnt/β-catenin, and PI3K/Akt/mTOR signaling pathways. In vitro
studies on HCC cell lines (HepG2 and Huh7) have confirmed their
anticancer properties. In an animal study using Wistar rats treated
with diethylnitrosamine (DEN)/2-acetylaminofluorene (AAF)/
carbon tetrachloride (CCl4), administration of Silybum
marianum whole extract, silymarin, and silibinin slowed the
progression of malignant lesions. These treatments suppressed
the HGF/c-Met, Wnt/β-catenin, and PI3K/Akt/mTOR signaling
pathways and reduced Ki-67 expression. Furthermore, they
improved liver function indicators, tumor markers, and
antioxidant defense mechanisms, as indicated by increased total
protein and albumin levels, decreased hepatic lipid peroxide
generation, increased hepatic glutathione levels, and activation of
hepatic antioxidant enzymes (Yassin et al., 2022).

In a study using nude mice with xenografts of human
hepatocellular carcinoma (HuH7), silibinin demonstrated a dose-
dependent reduction of HuH7 xenografts. This reduction was
accompanied by decreased production of Ki-67, alpha-
fetoprotein, nuclear NF-kappa B content, polo-like kinase 1, and
phosphorylated retinoblastoma protein (Rb), as well as reduced
expression of the E2F1/DP1 complex. Conversely, silibinin
increased the expression of the p27/CDK4 complex and
checkpoint kinase 1. Apoptosis induced by silibinin in
HuH7 xenografts was associated with inhibition of survivin
phosphorylation. Silibinin also reduced phosphorylated Akt
(p-Akt) levels through decreased p-ERK and increased PTEN
expression, indicating the involvement of the PTEN/PI3K/Akt
and ERK pathways in the anti-HCC activities of silibinin in vivo.
Additionally, silibinin increased the expression of acetylated
histones H3 and H4, as well as superoxide dismutase 1 (SOD-1),
further contributing to the inhibition of cell proliferation, cell cycle
progression, and HCC xenograft growth (Cui et al., 2009).

2.5 Mechanism of action of silibinin in
prostate cancer

The limitations of standard chemotherapy in treating advanced
invasive malignancies, including prostate cancer, have underscored

the need for alternative cancer control strategies. Prostate cancer,
predominantly diagnosed in elderly males, is a complex disease with
diverse variables and stages. Current treatment options for cancer
mainly involve surgery, chemotherapy, and radiation. However, the
effectiveness of chemotherapeutic drugs and radiotherapy is often
hindered by their systemic toxicity. As a result, cancer
chemoprevention has gained attention, focusing on the use of
natural or synthetic substances alone or in combination to
prevent, halt, or reverse cancer growth. Many phytochemicals
have demonstrated anticancer potential while exhibiting minimal
or no harm to normal cells. In the case of prostate cancer, silibinin
specifically targets pathways such as EGFR, IGF-1R, and NF-κB
(nuclear factor-kappa B). It also modulates cell-cycle regulators like
cyclin-dependent kinases (CDKs), Cip/Kip, and cyclins to exert their
anticancer effects. Silibinin inhibits the growth of human, mouse,
and rat prostate cancer cells, as well as the formation of human
prostate tumor xenografts in nude mice. It has also shown
suppression of prostate cancer growth in the transgenic
adenocarcinoma of mouse prostate (TRAMP) mouse model.
Silibinin has entered phase I/II clinical trials in prostate cancer
patients, and preliminary results suggest the need for further
investigation in a broader patient population (Singh and
Agarwal, 2006).

In a study focusing on rat prostate cancer cells, silibinin
demonstrated both anti-proliferative and apoptotic actions. Rat
prostate cancer cell lines were developed from primary prostate
cancer in rats induced by an MNU-testosterone regimen. However,
their suitability as a model for screening prostate cancer preventive
and therapeutic drugs remained to be determined. The primary
objective of this study was to evaluate the antiproliferative and
apoptotic effects of silibinin, a major active flavonoid component
of silymarin found in milk thistle, in rat prostate cancer cell lines.
Silibinin exhibited significant growth inhibition and reduced cell
viability in a dose- and time-dependent manner in all
investigated cell lines. Treatment with silibinin induced
G1 arrest in H-7 and I-8 cells after 12 and 24 h, but caused S
phase arrest after 48 h. I-26 cells showed a minor S-phase arrest
with silibinin treatment at all tested time points. These findings
were consistent with a substantial suppression of DNA synthesis
by silibinin. Moreover, silibinin induced significant apoptosis in
all tested cell lines. Similar to silibinin, silymarin also inhibited
growth and decreased viability in a dose- and time-dependent
manner (Tyagi et al., 2002).

Silibinin exhibits pleiotropic anticancer effects against prostate
cancer cells both in culture and in nude mice. It inhibits cell
proliferation and disrupts cell cycle progression while suppressing
mitogenic and cell survival signaling pathways, including epidermal
growth factor receptor, insulin-like growth factor receptor type I,
and nuclear factor kappa B signaling. Silibinin also enhances the
therapeutic benefits of doxorubicin and shows potential for
combination treatment. Additionally, it inhibits the production of
proangiogenic factors by tumor cells, inhibits endothelial cell
growth, induces apoptosis, and disrupts capillary tube formation.
In vivo studies in nude mice demonstrate that silibinin suppresses
the growth of advanced human prostate tumor xenografts. Its non-
toxic nature and mechanism-based preventive effects have led to its
initiation of phase I clinical trials in prostate cancer patients (Singh
and Agarwal, 2004).

Frontiers in Pharmacology frontiersin.org07

Ray et al. 10.3389/fphar.2024.1349745

343

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1349745


In an in vitromodel examining the relationship between obesity
and prostate cancer, silibinin was found to reduce the expression of
proliferative signaling proteins such as COX-2, IL-6, AKT, ERK, and
AR, which are elevated in obesity. Obese and overweight sera were
shown to enhance prostate cancer cell proliferation and invasive
potential, but silibinin was able to counteract these effects. However,
it is important to note that this study had limitations, as it did not
employ an in vivo model or a co-culture model that could better
replicate the tumor microenvironment to confirm the in vitro
findings (Sherman et al., 2020).

Silibinin primarily targets the sterol response element binding
protein 1 (SREBP1) and inhibits abnormal lipid metabolism,
proliferation, and the development of androgen-independence in
prostate cancer cells. It significantly reduces lipid and cholesterol
buildup in human prostate cancer cells, but not in non-neoplastic
cells. Silibinin decreases the nuclear proteins of SREBP1 and
SREBP2, as well as their target genes, in prostate cancer cells.
The inhibition of AMPK prevents the silibinin-mediated decrease
in nuclear SREBP1 and lipid accumulation. The significance of
SREBP1 in silibinin’s regulation of prostate cancer cell
proliferation, lipid accumulation, and cell cycle arrest is
confirmed by using the selective SREBP inhibitor fat statin and
persistent overexpression of SREBP1. Notably, silibinin blocks
synthetic androgen-induced lipid accumulation and completely
prevents the generation of androgen-independent prostate cancer
cell clones by targeting SREBP1/2. These findings suggest that
silibinin holds promise in combating prostate cancer by targeting

abnormal lipogenesis through SREBP1/2 regulation (Nambiar
et al., 2014).

2.6 Mechanism of action of silibinin in
pancreatic cancer

Silibinin has been shown to induce apoptosis and cell cycle arrest
in human pancreatic cancer cells (Figure 4). In pancreatic cancer
cells (AsPC-1, BxPC-3, and Panc-1), silibinin substantially
suppresses cell growth and induces apoptosis. Silibinin alters the
cell cycle in AsPC-1 cells, reducing S phase and causing G1 phase
arrest, while it has no effect on the cell cycle of BxPC-3 or Panc-1
cells. These findings suggest that silibinin could be a potential
chemopreventive drug in the treatment of pancreatic cancer (Ge
et al., 2011).

Silibinin-mediated metabolic reprogramming has been shown to
reduce cachexia and tumor development in pancreatic cancer. It
inhibits pancreatic cancer cell growth and glycolytic activity in a
dose-dependent manner. Metabolomics data obtained through LC-
MS/MS analysis reveals that silibinin treatment induces global
metabolic reprogramming in pancreatic cancer cells. Silibinin
reduces the expression of c-MYC, a significant regulator of
cancer metabolism, and downregulates STAT3 signaling in
cancer cells. The overexpression of constitutively active
STAT3 significantly reverses the silibinin-induced downregulation
of c-MYC and metabolic phenotype. In an orthotopic mouse model

FIGURE 4
Potentiality of silibinin in combating pancreatic cancer by triggering apoptosis, disrupting the cell cycle, and modulating the inflammatory
microenvironment. It also inhibits metastasis, oxidative stress, and downregulates NF-κB, making it a promising candidate for further exploration in
pancreatic cancer therapeutics.
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of pancreatic cancer, silibinin inhibits tumor development, reduces
proliferation, and prevents weight and muscle loss associated with
cachexia. Furthermore, it enhances physical activity in tumor-
bearing animals, as evidenced by improved grip strength and
increased latency to fall. These findings highlight that silibinin-
induced metabolic reprogramming effectively inhibits pancreatic
cancer cell proliferation and attenuates cachectic characteristics in
both human and animal models (Shukla et al., 2015).

Silibinin exhibits its effects on pancreatic cancer through the
activation of JNK/SAPK signaling, leading to the inhibition of
autophagy and mitochondrial apoptosis. This study aimed to
investigate the role of silibinin in pancreatic cancer treatment.
Silibinin treatment increased cell viability and apoptosis while
enhancing the expression of reactive oxygen species (ROS) and
ATP, both associated with mitochondrial activity. Autophagy
induction was also observed in pancreatic cancer cells upon
silibinin treatment. The biological effects of silibinin could be
reversed by a JNK/SAPK inhibitor (Zhang et al., 2019).

Silibinin possesses pleiotropic anticancer properties, but its
molecular mechanisms and effects on normal pancreatic cells are
poorly understood. This research aimed to explore the impact of
silibinin on human pancreatic cancer cells and normal ductal cells.
Silibinin inhibited extracellular signaling-regulated kinase (ERK) and
serine/threonine protein kinase (AKT) in human pancreatic cancer
cells, as observed through Western blot analysis. It also increased
microtubule-associated protein 1 light chain 3 (LC3B) and cleaved
caspase-3 levels via c-Jun N-terminal kinase (JNK) signaling. Silibinin
upregulated c-Jun, Twist-related protein 1, and Snail mRNA and
protein levels while decreasing exogenous p53 levels and increasing
endogenous c-Jun protein levels in pancreatic cancer cells. However, it
did not affect cell viability or endogenous c-Jun levels in normal ductal
cells. Silibinin increased exogenous p53 levels in normal ductal cells
while reducing the expression of stemness-related genes. Furthermore,
it increased Ki-67 levels in pancreatic cancer cells but decreased them in
normal ductal cells (Lee et al., 2020).

Silibinin induces G1 arrest, cell death, and activates JNK/SAPK in
SW1990 human pancreatic cancer cells. MTT assays revealed a dose-
and time-dependent inhibitory effect of silibinin on AsPC1 and
SW1990 cells. Propidium iodide staining indicated G1 phase arrest
in the cell cycle, accompanied by reduced expression of cyclinD1, cyclin
E2, cyclin A, and cyclin B1 as observed through Western blotting. The
expression levels of G1-related cell cycle-dependent kinases, cyclin-
dependent kinase (CDK)4 and CDK6, as well as p15 (p15INK4B), were
decreased. Flow cytometry analysis identified early and late apoptotic
cells in SW1990 cells after silibinin incubation at various doses. Silibinin
increased caspase 9 and caspase 3 activity, as well as the cleavage of poly
(ADP-ribose) polymerase (PARP). It decreased the expression levels of
Bcl2-like 1, Bcl2-like 1 small, and Bcl2-like protein 11, while Bcl-like
protein 4 expression remained unchanged, and Bcl2-like 1 small and
Bcl2-like protein 11 expression levels were elevated (Zhang et al., 2018).

2.7 Mechanism of action of silibinin in
thyroid cancer

Silibinin has been shown to inhibit TPA-induced cell migration
andMMP-9 production in thyroid and breast cancer cells. The study
investigated the effects of silibinin on cell migration and MMP-9

expression induced by 12-O-tetradecanoylphorbol-13-acetate
(TPA). TPA significantly increased MMP-9 mRNA and protein
expression in TPC-1 and MCF7 cells, while MMP-2 expression
remained unaffected. Treatment with the MEK1/2 inhibitor
UO126 reduced TPA-induced MMP-9 expression. Silibinin also
markedly reduced TPA-induced cell migration and MMP-9
expression. Additionally, silibinin attenuated TPA-induced
phosphorylation of MEK and ERK. These findings suggest that
silibinin inhibits TPA-induced cell migration and MMP-9
production in thyroid and breast cancer cells through a MEK/
ERK-dependent mechanism (Oh et al., 2013).

Silibinin has demonstrated potent pleiotropic anticancer effects
against various human carcinoma cell types. In another study,
different concentrations of silibinin (25, 50, 75, and 100 μM)
were used to treat 8305c cell cultures. The metabolic activity of
the treated cells was assessed using the MTT assay after 24 and 48 h.
The MTT assay is a colorimetric technique used to determine cell
viability and cytotoxicity. The results of the investigation revealed
that silibinin exerted cytotoxic effects on the 8305c cell line.
Treatment with silibinin at the specified doses led to a significant
reduction in metabolic activity over time and dosage (Vahdatirad
et al., 2014).

2.8 Mechanism of action of silibinin in
cervical cancer

Cervical cancer is a significant health concern, with a high
incidence and mortality rate worldwide. In 2018 alone, there
were approximately 570,000 cases and 311,000 deaths attributed
to cervical cancer. Silibinin has been found to inhibit the growth of
cervical cancer cells by inducing G2/M cell cycle arrest through the
activation of dynamin-related protein 1 (Drp1). This activation leads
to mitochondrial fission failure, both in vitro and in vivo. Silibinin
treatment resulted in reduced ATP content, mitochondrial membrane
potential, mtDNA copy number, and reactive oxygen species levels in
cervical cancer cells. It also caused excessive mitochondrial
fragmentation and tubule formation. Knockdown of Drp1 prevented
silibinin-induced G2/M cell cycle arrest in cervical cancer cells by
inhibiting the mitochondrial fission pathway. Furthermore, silibinin
exhibited a decreased proliferation ofHela cells in an in vivomodel. This
study highlights the activation of Drp1-dependent mitochondrial
fission by Silibinin as a potential approach for cervical cancer
prevention and therapy (You et al., 2020).

Another study investigated the combined effect of metformin,
an herbal supplement, and silibinin on programmed cell death in
cervical cancer cells. The study focused on C-33A cells andmeasured
cell viability using the MTT assay and signaling protein expression
through Western blot analysis. The combination of metformin and
silibinin synergistically reduced cell survival in C-33A cells without
affecting nonmalignant cells (HUVECs). Silibinin increased PTEN
expression, while metformin elevated AMPK expression in C-33A
cells. The combined treatment led to higher expression of activated
caspase-3 and apoptosis-inducing factor (AIF), indicating enhanced
apoptosis. This combination therapy, at a concentration that did not
affect HUVECs, showed potential in inducing programmed cell
death in human cervical cancer cells, suggesting a potential
treatment approach for cervical cancer (Liou et al., 2015).
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Silibinin has been found to suppress hypoxia-inducible factor-1
(HIF-1) accumulation and transcriptional activity in human cervical
(HeLa) and hepatoma (Hep3B) cancer cells. Silibinin does not affect
the degradation of HIF-1 protein or the level of HIF-1 mRNA.
Instead, it inhibits HIF-1 accumulation by dephosphorylating
mTOR and its downstream effectors, including ribosomal protein
S6 kinase (p70S6K) and eukaryotic initiation factor 4E-binding
protein-1 (4E-BP1). This pathway regulates HIF-1 production at
the translational level. Silibinin also activates Akt, which is a
common characteristic of mTOR inhibitors. In addition, silibinin
inhibits hypoxia-induced VEGF production and demonstrates
potent anticancer effects by inhibiting cell proliferation. These
findings highlight the potent HIF-1 inhibitory properties of
silibinin and provide insights into its mechanism of action in
anticancer treatment (García-Maceira and Mateo, 2009).

Silymarin, another compound derived frommilk thistle, reduces
the viability of cervical cancer cells (C-33A) and induces apoptosis
by activating caspase 3 and modulating Bcl-2 family proteins.
Silymarin increases the expression of phosphatase and tensin
homolog (PTEN), which in turn prevents Akt phosphorylation. It
also inhibits C-33A cell invasion and wound healing migration in a
concentration-dependent manner.Western blot analysis reveals that
silymarin significantly suppresses the expression of matrix
metalloproteinase-9 (MMP-9) in C-33A cells. When the PTEN
gene is silenced using siRNA, the anticancer effects of silymarin
are reduced. These findings demonstrate that silymarin has the
ability to inhibit survival, migration, and invasion of C-33A cancer
cells (Yu et al., 2012).

2.9 Mechanism of action of silibinin in
ovarian cancer

The effect of silibinin on the SORT1 gene expression and
viability of the A2780s ovarian cancer cell line were investigated.
Ovarian cancer, a highly lethal gynecological tumor originating from
uterine epithelial cells, often remains undetected until it
metastasizes. The overexpression of the sortilin1 (SORT1) gene is
observed in ovarian cancers. To assess the impact of silibinin, the
A2780s ovarian cancer cell line was treated with varying
concentrations of silibinin for 24 h, and the half-maximal
inhibitory concentration (IC50) was determined. The viability of
cells treated with 100 µM silibinin was evaluated at 24, 48, and 72 h.
RNAwas extracted after 24 and 48 h of exposure to 100 µM silibinin,
followed by cDNA synthesis. The expression of the SORT1 gene was
examined using real-time polymerase chain reaction (PCR) with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the
reference gene. Silibinin dose-dependently and time-dependently
reduced the viability of ovarian cancer cells, accompanied by a
decrease in SORT1 gene expression. These findings suggest that
silibinin exhibits cytotoxic effects on the A2780s ovarian cancer cell
line and may have potential as an anticancer drug (Lotfi et al., 2021).

In human ovarian clear cell carcinoma (CCC) cell lines, silibinin
demonstrates its activity as a suppressor of hypoxia-inducible factor-
1 (HIF-1). The CCC cell lines HAC-2, OVISE, and RMG-1 were
treated with 500 µM silibinin under normoxic and hypoxic
conditions for 4 h. Gene expression changes in response to
hypoxia were assessed using DNA microarray, while HIF-1

expression was measured using an ELISA kit. Silibinin treatment
reduced HIF-1 protein levels, as well as eIF4E2 and RPS6 mRNA
expression, in HAC-2 and RMG-1 cells. Silibinin decreased HIF-1
protein under hypoxic conditions in CCC cell lines, indicating its
potential as a viable anti-cancer therapy (Miyazawa et al., 2020).

Silibinin exhibits anticancer effects in human ovarian cancer
cells by inhibiting epithelial-mesenchymal transition (EMT) and
promoting apoptosis. The study investigated the inhibitory effects of
silibinin on ovarian cancer both in vitro and in vivo. Cell viability,
migration, invasion, and apoptosis were evaluated in SKOV-3 and
A2870 ovarian cancer cell lines. Q-RT-PCR and Western blotting
were used to assess the protein levels of signaling pathway markers.
The effectiveness of silibinin in suppressing tumor growth was
examined using a mouse xenograft model. In vitro, silibinin
reversed EMT by upregulating E-cadherin expression and
downregulating N-cadherin and vimentin expression. It also
suppressed EMT regulators such as Snail, Slug, and
ZEB1 transcription factors, and inhibited intermediate molecules
including PI3K/AKT, Smad2/3, and β-catenin. In vivo, silibinin
significantly inhibited tumor growth (Maleki et al., 2022).

The antioxidant N-acetylcysteine (NAC) was found to attenuate
silibinin-induced cell death. Western blot analysis revealed that
silibinin downregulated extracellular signal-regulated kinase
(ERK) and Akt. Silibinin-induced cell death was hindered by the
transfection of constitutively active forms of MEK and Akt. In a rat
model with subcutaneous A2780 cells, silibinin treatment led to a
reduction in tumor volume. Examination of tumor tissue after
silibinin treatment showed a decrease in Ki-67-positive cells, an
increase in transferase-mediated dUTP nick end labeling (TUNEL)-
positive cells, activation of caspase-3, and suppression of p-ERK and
p-Akt. Inhibition of ERK and Akt by silibinin demonstrated
inhibition of tumor growth in human ovarian cancer cells. These
findings suggest the potential use of silibinin as a treatment for
ovarian cancer (Cho et al., 2013).

Silibinin was explored as a potential inhibitor of epidermal
growth factor receptor (EGFR) tyrosine kinase for ovarian cancer
treatment. EGFR is frequently upregulated and overexpressed in
ovarian cancer, leading to STAT3 activation and anti-apoptotic
events, resulting in resistance to platinum-based treatments.
Combining EGFR targeting with platinum drugs to enhance drug
sensitivity is a promising strategy in ovarian cancer treatment.
Molecular simulation studies were conducted to analyze the
structural and functional characteristics of silibinin as a potential
EGFR kinase inhibitor, as well as its metabolic profile. The findings
indicated that silibinin exhibited significant binding energy and
interacted with important residues in the active site of EGFR,
suggesting its potential as a therapeutic agent for ovarian cancer
(Hosen et al., 2016).

2.10 Mechanism of action of silibinin in renal
cell carcinoma

Silibinin demonstrates its ability to suppress epithelial-
mesenchymal transition (EMT) in renal cell carcinoma (RCC)
through autophagy-dependent Wnt/β-catenin signaling. Silibinin
induces apoptosis and reduces metastasis in RCC by activating
autophagy. The underlying mechanisms by which silibinin
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promotes autophagy are not fully understood. This study aimed to
investigate the impact of silibinin on RCC metastasis in vitro and in
vivo, focusing on the involvement of autophagy-dependent Wnt/β-
catenin signaling. In vitro experiments utilized RCC 786O and
ACHN cell lines, while in vivo studies employed RCC xenografts
in nude mice. Silibinin effectively suppressed RCC metastasis and
EMT both in vitro and in vivo by modulating the Wnt/β-catenin
signaling pathway. Additionally, silibinin inhibited Wnt/β-catenin
signaling through autophagy. The antimetastatic effects of silibinin
on RCC were attributed to autophagic degradation of β-catenin
induced by the drug. These findings uncover a uniquemechanism by
which silibinin suppresses RCC EMT and metastasis, suggesting its
potential as a novel treatment option for metastatic RCC (Fan
et al., 2020).

Silibinin inhibits the progression of EGFR-induced renal cell
carcinoma by suppressing the EGFR/MMP-9 signaling pathway.
The study examined the inhibitory effect of silibinin on EGFR-
induced migration and invasion abilities of RCC cells, along with the
involvement of the EGFR signaling cascade in RCC development.
Silibinin effectively blocked the EGFR signal, leading to a dose-
dependent reduction in RCC cell migration and invasion,
particularly in EGFR-high RCC cells. Silibinin decreased the
phosphorylation of EGFR and its downstream components
ERK1/2, while having no effect on STAT3 or Akt
phosphorylation in human RCC cell lines. The EGFR signal
upregulated MMP-9 expression and activity, whereas silibinin
decreased MMP-9-dependent migratory and invasive capacities of
RCC cells. By blocking the EGFR/MMP-9 signaling pathway,
silibinin prevented EGFR-induced migration and invasion of
RCC cells, highlighting its potential as a therapeutic agent for
preventing RCC metastasis (Liang et al., 2012).

Silibinin exhibits inhibitory effects on the invasion and
migration of renal cancer 786-O cells in vitro, as well as retards
xenograft development in vivo, and enhances the chemosensitivity
to 5-fluorouracil and paclitaxel. Silibinin effectively reduces the
invasion and migration of 786-O renal cell carcinoma (RCC)
cells without causing cytotoxicity. To investigate the underlying
mechanisms, 786-O cells were treated with silibinin at various
concentrations (up to 50 μM) for a specific duration. Gelatin
zymography, casein zymography, and Western blot were
performed to evaluate the effects of silibinin on metalloproteinase
(MMP)-2, MMP-9, urokinase plasminogen activator (u-PA), and
MAPK pathway signaling proteins. Silibinin dose-dependently
decreased the expressions of MMP-2, MMP-9, u-PA, p-p38, and
p-Erk1/2. In cultures pre-treated with PD98059 (Erk1/2 inhibitor)
and SB203580 (p38 inhibitor), lower expressions of MMP-2 and
u-PA, as well as suppressed cell invasion, were observed. In an in
vivo study using a nude mice xenograft model, solid tumors were
significantly smaller 8 days after cell injection in the group receiving
silibinin. By day 44, silibinin feeding resulted in a 70.1% reduction in
tumor volume and a 69.7% reduction in tumor weight compared to
the control group. Furthermore, combining silibinin with 5-
fluorouracil, paclitaxel, vinblastine, or RAD-001 improved the
chemosensitivity of 5-fluorouracil and paclitaxel. In summary,
silibinin effectively suppresses the invasion and migration of 786-
O cells in vitro, slows down xenograft development in vivo, and
enhances the sensitivity to 5-fluorouracil and paclitaxel
chemotherapy (Chang et al., 2011).

2.11 Mechanism of action of silibinin in
liver cancer

A study aimed to develop folate-targeted nano-micelles
containing silibinin as an active drug delivery method for liver
cancer treatment. The researchers focused on evaluating the
therapeutic efficacy of silibinin-loaded folic acid-conjugated
Pluronic F127 (SLB-F127-FA) nanomicelles as a targeted drug
delivery platform for liver cancer treatment. Folic acid was
initially attached to the hydrophilic chains of Pluronic
F127 copolymer through the Steglich esterification process to
create SLB-F127-FA nanomicelles. Silibinin was then
encapsulated within the self-assembled hydrophobic core of the
FA-conjugated F127 to form SLB-F127-FA nanomicelles. The
nanomicelles exhibited a nearly spherical shape with an average
particle size of 17.7 nm. Dynamic light scattering analysis revealed
that the average hydrodynamic size of non-targeted (SLB-F127) and
targeted (SLB-F127-FA) nanomicelles was 19.6 nm and 29.2 nm,
respectively. The SLB-F127-FA nanomicelles demonstrated a drug
loading content of 2.36% and an entrapment efficiency of 79.43%. In
vitro release studies demonstrated sustained and controlled release
patterns of silibinin from the nanomicelles compared to free
silibinin. The release kinetics of silibinin from SLB-F127-FA
nanomicelles followed the Korsmeyer-Peppas kinetic model,
indicating a dominant Fickian diffusion type release mechanism.
In an in vitro cytotoxicity study using human liver cancer cells
(HepG2), cells exposed to SLB-F127-FA nanomicelles exhibited
significantly reduced viability compared to those treated with
non-targeted nanomicelles (SLB-F127) or free silibinin. These
findings suggest that SLB-F127-FA nanomicelles hold promise as
a tailored drug delivery platform for liver cancer treatment or
delivering hydrophobic drugs to tumors with folate receptor
overexpression (Ghalehkhondabi et al., 2021).

The combination of silibinin and phosphatidylcholine (PC) has
been developed to address the limited water solubility and poor
bioavailability of silibinin. This formulation has shown improved
solubility, bioavailability, and therapeutic efficacy when taken orally.
Further understanding of the signaling pathways affected by
silibinin is needed to fully utilize its potential in developing
targeted therapeutics for liver diseases and cancer. Silibinin has
demonstrated the ability to modulate various cell signaling pathways
in preclinical models, with in vitro and in vivo studies indicating
potential benefits against liver diseases and cancer. This study
provides a summary of the pharmacokinetic features,
bioavailability, safety data, clinical activity, and modulatory
actions of silibinin in diverse cell signaling pathways for liver
diseases and cancer (Polachi et al., 2016).

Combination therapy with sorafenib and silibinin has shown
synergistic effects by inhibiting the phosphorylation of STAT3/ERK/
AKT and targeting both hepatocellular carcinoma (HCC) cells and
cancer stem cells. The combination of silibinin and sorafenib
effectively suppressed the growth of HCC cells and induced
significant apoptosis. In an HCC subcutaneous tumor model, the
combination therapy inhibited tumor development more effectively
compared to monotherapy. The combination treatment reduced the
phosphorylation of AKT and STAT3, as well as the expression of
antiapoptotic proteins like Mcl-1 and Bcl-2, leading to cancer cell
death. Additionally, the combination therapy suppressed HCC stem
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cell development and self-renewal by downregulating the expression
of stemness-related proteins such as Nanog and Klf4. These findings
highlight the potential of silibinin in enhancing the effectiveness of
sorafenib in HCC treatment, providing a promising therapeutic
approach for HCC patients (Mao et al., 2018).

Silibinin possesses membrane-stabilizing and antioxidant
properties and has been shown to promote hepatocyte
regeneration, reduce inflammatory responses, and inhibit
fibrogenesis in the liver. Experimental and clinical studies have
provided evidence supporting these beneficial effects. In open
research, long-term administration of silibinin has been found to
extend the survival period of individuals with alcohol-induced liver
cirrhosis. Molecular biology studies have demonstrated that silibinin
can significantly reduce tumor cell growth, inhibit angiogenesis, and
improve insulin resistance. These findings highlight the potential of
silibinin as a therapeutic option for liver diseases and the prevention
and treatment of primary liver cancer (Fehér and Lengyel, 2012).

2.12 Mechanism of action of silibinin in
esophageal cancer

A study focused on investigating the role of AMPK signaling in
mediating the anticancer effects of silibinin in esophageal squamous
cell carcinoma (ESCC). The researchers examined the expression of
AMPK and its involvement in ESCC, as well as the potential of
silibinin to activate AMPK and limit ESCC growth. They found that
AMPK was constitutively inactive in the majority of human ESCC
samples. Silibinin treatment resulted in decreased ESCC cell growth
in vitro and reduced tumorigenicity in vivo, without causing any
adverse effects. In vitro experiments showed that silibinin inhibited
the invasion capacity of ESCC cells and reduced the formation of
lungmetastases in nudemice. The anticancer effects of silibinin were
found to be dependent on AMPK, as the addition of compound C
(an AMPK inhibitor) or the use of shRNA against AMPK
diminished the effectiveness of silibinin. Furthermore, silibinin
enhanced the sensitivity of ESCC cells and tumors to the
chemotherapeutic drugs 5-fluorouracil and cisplatin. These
preclinical findings suggest that targeting AMPK may be a
promising therapeutic approach for esophageal cancer, and
silibinin could be a potential agent to activate AMPK and inhibit
ESCC growth (Li et al., 2016).

2.13 Mechanism of action of silibinin in
skin cancer

In a study, the anticancer properties of silibinin nanoparticles
were evaluated using the B16 melanoma cell line. Silibinin, known
for its strong antioxidant properties, has shown anticancer efficacy
in various in vivo and in vitro models. Currently, it is being
investigated in a phase II clinical trial for prostate cancer
patients, where its safety and low toxicity in humans have been
observed as significant advantages. However, the therapeutic
potential of silibinin is limited due to its poor solubility and low
bioavailability. To overcome this challenge, the researchers aimed to
develop silibinin-loaded co-polymeric micelles and assess their
ability to inhibit proliferation in B16 melanoma cells. They

employed the co-solvent evaporation method to encapsulate
silibinin in PEO-b-PCL and PEO-b-PBCL, resulting in polymeric
micelles with an average diameter of 90 nm. The encapsulation
efficiency of silibinin in the micelles was found to be 47% for PEO-b-
PCL and 95% for PEO-b-PBCL. In vitro experiments demonstrated
that polymeric micellar silibinin exhibited growth inhibitory effects
comparable to free silibinin in the B16 melanoma cell line. These
findings suggest that PEO-b-PBCL polymeric micelles have the
potential to serve as carriers for silibinin, providing a promising
approach to enhance its therapeutic efficacy by improving solubility
and bioavailability (Hassankhani Rad, 2018).

In another study conducted on SKH-1 hairless mice with
persistently UVB-exposed skin and tumors, the effects of silibinin
on E2F transcription factors and related biological processes were
investigated. UVB exposure was found to decrease the levels of
E2F1 protein in the skin but increase the levels of E2F2 and
E2F3 proteins. However, treatment with silibinin reversed these
effects, leading to an increase in E2F1 levels and a decrease in
E2F2 and E2F3 levels. The increase in E2F1 induced by silibinin was
associated with the suppression of apoptosis and reductions in the
levels of p53 and cyclin-dependent kinase inhibitors. On the other
hand, the decrease in E2F2 and E2F3 levels caused by silibinin was
accompanied by reductions in the levels of cyclin-dependent
kinases, cyclins, CDC25C, mitogen-activated protein kinases, Akt
signaling, and cell proliferation. Silibinin, whether applied topically
or included in the diet, effectively reduced the appearance and
development of tumors in the tumorigenesis process. Tumors
induced by UVB had higher levels of E2F1 compared to UVB-
exposed skin, but silibinin treatment decreased E2F1 levels in the
tumors without affecting E2F2 or E2F3 levels. In malignancies,
silibinin enhanced apoptosis and increased p53 expression,
contrary to its suppressive effect on these factors in UVB-
exposed skin cells. The differences observed in the effects of
silibinin on E2F1 versus E2F2 and E2F3, along with the
associated molecular changes and biological consequences in
chronically UVB-exposed skin, suggest that silibinin may play a
role in interfering with photocarcinogenesis (Yi et al., 2008).

The protective effects of silibinin against UVB-induced
epidermal damage were investigated using JB6 cells and
SKH1 hairless mice. The results showed that pretreatment with
silibinin protected JB6 cells from apoptosis and facilitated the repair
of UVB-induced cyclobutane pyrimidine dimers (CPD), which are
DNA lesions caused by UVB exposure. Silibinin also reversed the
UVB-induced arrest of cells in the S phase of the cell cycle, leading to
a decrease in the number of cells actively synthesizing DNA and
inactive S phase cells. Mechanistic investigations revealed that UVB
irradiation led to a transient increase in phosphorylated and total
p53 (a tumor suppressor protein) in the cells. However,
pretreatment with silibinin resulted in a sustained upregulation
of p53 and its greater localization in the cell nucleus. GADD45, a
downstream target of p53 involved in DNA repair and cell cycle
control, was also significantly upregulated by silibinin. Importantly,
when p53 and GADD45 were knocked out in cells, they became
more susceptible to UVB-induced apoptosis without significant S
phase arrest, and the protective properties of silibinin were
diminished. Furthermore, topical application of silibinin before
or immediately after UVB irradiation in SKH1 hairless mice led
to increased levels of p53 and GADD45 in the skin epidermis, along
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with rapid elimination of CPDs. These findings suggest that
silibinin’s protective effects against UVB-induced damage are
mediated through the p53-GADD45 pathway. Silibinin enhances
the expression of p53 and GADD45, leading to improved DNA
repair and cell cycle regulation, ultimately reducing the risk of non-
melanoma skin cancer (NMSC) and potentially preventing its early
onset (Roy et al., 2012).

The effects of silibinin, quercetin, and epigallocatechin 3-gallate
(EGCG) on mitogenic signaling and cell cycle regulators were
investigated in human epidermoid carcinoma A431 cells, which are
commonly used as a model for skin cancer research. Silibinin treatment
significantly inhibited the activation of mitogen-activated protein
kinase-extracellular signal-regulated kinase-1 and -2 (MAPK-ERK1/2)
pathway. It also led to an increase in the levels of Cip1/p21 and
Kip1/p27, which are cell cycle inhibitors, and a substantial reduction
in the levels of cyclin-dependent kinase 4 (CDK4), CDK2, and cyclin
D1, which are cell cycle regulators involved in promoting cell
proliferation. On the other hand, treatment with quercetin resulted
in a modest increase in Cip1/p21 levels, no change in Kip1/p27 levels,
and a decrease in CDK4 and cyclin D1. EGCG treatment induced the
expression of Cip1/p21, but there were no changes observed in
Kip1/p27, CDK2, or cyclin D1 levels, and CDK4 was reduced only
at low levels. All three compounds inhibited cell proliferation in a
dose- and time-dependent manner. High doses of silibinin, as well
as low and high doses of quercetin and EGCG, induced cell death
through apoptosis. It was suggested that the lack of inhibitory
effect on MAPK-ERK1/2 activation by these compounds may
trigger an apoptotic response associated with their cancer-preventive
and anticarcinogenic effects. These findings demonstrate that silibinin,
quercetin, and EGCG have distinct effects on mitogenic signaling
pathways and cell cycle regulators in A431 cells, which could
contribute to their cancer-preventive properties. Understanding
these molecular mechanisms can provide insights into the potential
use of these compounds as chemopreventive agents for skin cancer
(Bhatia et al., 2001).

Silibinin has shown potential in the treatment and prevention of
non-melanoma skin cancer (NMSC) in preclinical trials. Over the
past 2 decades, silibinin has demonstrated significant potential in
combating various malignancies, including NMSCs. One of the ways
silibinin protects against NMSC is by preventing UVB-induced
thymine dimer production, which can lead to DNA damage.
Silibinin increases the levels of p53, a protein involved in DNA
repair and cell death, thus promoting the repair or elimination of
UVB-damaged cells. Additionally, silibinin targets abnormal
signaling pathways and induces anti-inflammatory responses,
which have been effective against NMSCs. It has multiple targets
within cells, allowing it to defend against cytotoxic agents like
reactive oxygen species and inflammation (Prasad et al., 2020).

Silibinin also modulates mitogenic and survival signaling
pathways and regulates cell cycle regulatory molecules such as
Cip1/p21, contributing to its preventive effects against skin
cancer. Studies in mouse models have shown that silibinin
has a beneficial effect on repairing UVB-induced DNA damage in
the skin. Overall, both in animal models and cell culture experiments,
silibinin has demonstrated promising preventive effectiveness against
skin cancer. These findings support the notion that silibinin may be a
valuable option for the prevention and control of NMSC in humans
(Singh and Agarwal, 2005).

2.14 Mechanism of action of silibinin in
salivary gland cancer

Silibinin has been found to inhibit the growth and metastasis
of a human high metastasis cell line of salivary gland adenoid
cystic carcinoma (ACC-M) through the activation of autophagy.
In vitro experiments showed that silibinin dose-dependently and
time-dependently inhibited the proliferation of ACC-M cells.
Furthermore, silibinin treatment led to an increase in autophagic
bodies within the ACC-M cells. Silibinin also demonstrated the
ability to enhance the expression of LC3 (microtubule-associated
protein 1A/1B-light chain 3), a marker of autophagy, and
promote the conversion of LC3-I to LC3-II in ACC-M cells in
a dose- and time-dependent manner. LC3-II is specifically
associated with autophagosome formation. In an ACC lung
metastasis model, the group treated with silibinin showed
significantly lower lung weight and fewer left and right lung
nodules compared to the control group. Immunohistochemical
analysis revealed a significantly higher expression rate of LC3 in
the silibinin-treated group. Additionally, the expression levels of
both LC3-I and LC3-II were dramatically increased in the
silibinin-treated group, while the positive expression of LC3 in
human ACC decreased significantly. These findings suggest that
silibinin inhibits the growth and lung metastasis of ACC-M cells,
potentially through the activation of autophagy. Silibin-induced
autophagy may play a role in suppressing tumor progression and
metastasis in salivary gland adenoid cystic carcinoma (Jiang
et al., 2016).

3 Conclusion and future perspectives

The findings suggest that silibinin exhibits potent anticancer
activity against several types of epithelial cancers, including
prostate, breast, skin, colon, lung, kidney, and bladder
cancers (Figure 5). It not only acts as an anticancer agent but
also possesses important antioxidant properties that contribute
to maintaining the body’s homeostasis. One of the unique
properties of silibinin is its ability to specifically inhibit the
proliferation of tumor cells and suppress abnormal growth in
cancer cells. It achieves this by interfering with the function of
DNA. When specific regions of the DNA are damaged, it can lead
to uncontrolled cell growth, which is a precursor to cancer.
Silibinin has been shown to repair these damaged DNA
segments, effectively halting abnormal cell growth. In
addition to in vitro studies, silibinin has been extensively
evaluated in in vivo studies using mouse and human cancer
models, showing promising results in terms of reducing tumor
formation and prolonging survival. Ongoing research efforts are
focused on developing various drug delivery systems to enhance
the pharmacological, pharmacokinetic, and pharmacodynamic
properties of silibinin. These advancements aim to improve the
efficacy and bioavailability of silibinin as an anticancer agent.
Based on the findings of this review, silibinin holds promise as a
potential candidate for the development of anticancer drugs.
Further research and development are necessary to fully harness
its therapeutic potential and optimize its use in
cancer treatment.
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Indeed, while numerous studies have explored the potential
preventive and therapeutic benefits of silibinin in distinct types of
cancer, there is still a need for a comprehensive understanding of its
precise anticancer mechanisms. Investigating the metabolism of
silibinin and identifying its circulating metabolites is crucial for
gaining insights into its fate and activity within the body. By
characterizing the metabolites of silibinin, researchers can establish a
clearer understanding of the relationship between the overall bioactivity
of silibinin and the bioactivity of its individual constituents present in
target tissues. This knowledge is essential for optimizing the dosage and
administration of silibinin in chemoprevention and chemotherapy
strategies.

Further research is warranted to delve deeper into the anticancer
properties of silibinin and to identify the most effective mode of
administration for specific types of cancer. Additionally, efforts can
be made to develop pre-formulation and formulation techniques for
silibinin, which can facilitate its transition from preclinical studies to
clinical research. In summary, more research is needed to enhance
the understanding of anticancer properties, determine safe and
effective dosages, explore optimal routes of administration, and
develop appropriate formulations of silibinin. These endeavors
will contribute to harnessing the full potential of silibinin in
cancer prevention and treatment.
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FIGURE 5
The schematic overview of the review studies.
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In-depth LC-MS and in-vitro
studies of a triterpenoid saponin
capilliposide-A metabolism
modulation in gut microbiota
of mice
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University (Zhejiang Provincial Hospital of Traditional Chinese Medicine), Hangzhou, China

Introduction: Some herbal ingredients can reshape the composition of the gut
microbiome as well as its metabolites. At the same time, the gut microbiota can
also affect drug metabolism. A large number of studies have reported that
saponins are biotransformed under the action of intestinal microorganisms to
improve drug efficacy and bioavailability. Capilliposide A is a triterpenoid saponin,
which is derived from Lysimachia capillipes Hemsl. CPS-A has anti-inflammatory
pharmacological activity, but the substance basis in vivo is unknown at present, so
studies on the interaction between intestinal microorganisms and CPS-A may
clarify the pharmacodynamic substance basis of CPS-A.

Methods: This study established a colitis mouse model, collected sterile feces
from normal mice and colitis mice, and incubated CPS-A with two different
intestinal flora in vitro. Based on LC-MS, the metabolic process of CPS-A
mediated by intestinal microbes and the intervention effect of CPS-A on
intestinal microbiome derived metabolites were studied.

Results: The results of experiments indicate that intestinal microorganisms can
mediate the biotransformation of CPS-A and metabolize it into corresponding
deglycosylation products, thereby promoting its drug effect. Not only that, CPS-A
can also promote metabolites such as Deoxycholic acid, Histamine, 3-
Hydroxytridecanoic acid, and Indole-3-acetic acid in the intestinal microbiota
ofmicewith colitis. Thismay result in anti-colitis effects. CPS-Amainly involved in
metabolic pathways such as azathioprine and mercaptopurine, which may also
have beneficial or adverse effects.

Discussion: This study on the interaction between CPS-A and microbiota
provides a new idea for the study of traditional Chinese medicine with poor
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oral bioavailability. The regulatory effect of CPS-A on the metabolites of intestinal
flora in colitis mice was also found. It laid a foundation for exploring themechanism
of action of saponins on colitis mice.

KEYWORDS

gut microbiota, metabolite, triterpenoid, saponin, LC-MS, capilliposide A, mice

Introduction

Numerous natural products and their derived compounds have
been extensively studied for their ability to treat diseases (Xie et al.,
2019; Muhammad et al., 2021a; Muhammad et al., 2021b;
Abduljawad et al., 2022). Saponins have potential anti-
inflammatory properties and can promote immune homeostasis
in various diseases (Li et al., 2014; Shah et al., 2014; Liu et al., 2016;
Khan et al., 2022). However, due to the poor membrane
permeability, the bioavailability of saponins is exceptionally low,
and the substance basis of in vivo utilization is not clear. This also
limits the further study of saponins to a certain extent. Capilliposide
A is a triterpenoid saponin that is obtained from Lysimachia
capillipes Hemsl., have been documented to exhibit good anti-
inflammatory, anti-tumor, and anti-angiogenic properties (Li
et al., 2022; Li et al., 2023). It is well known that intestinal
microflora plays an important role in the metabolism of
compounds administered orally or excreted into bile. Studies
have shown that intestinal flora can biotransform flavonoids
in vitro, and intestinal flora Proteobacteria can promote the
bioavailability of flavonoids. Baicalin, papillalein A and baicalin
in scutellaria baicalin were converted into more absorbable baicalin,
papillalein A and baicalin (Feng et al., 2018). At the same time,
pharmacokinetic studies have shown that many intestinal bacteria
can convert large polar saponins into small polar compounds, so
that they can quickly accumulate to the required blood
concentration. For example, ginsenoside CK and ginsenoside
Rg3 were obtained under intestinal flora metabolism of American
ginseng, and these compounds showed better anti-inflammatory
bioactivity (Wang et al., 2018). The conversion availability of the
same ingredient was different in different species of intestinal
bacteria. Their components are inevitably brought into contact
with intestinal microflora in the alimentary tract and are
metabolized by intestinal microflora before absorption from the
intestinal tract into the blood (Choi et al., 2011; Crow, 2011). Thus,
intestinal microflora has extensively been used for the in vitro
metabolic study of natural products. Although the host itself
lacks enzymes related to the glycoside linkage of the hydrolysis
of saponins, the microbiota in the host gastrointestinal tract can
secrete hydrolase to mediate the production of related secondary
metabolites from saponins (Wan et al., 2013). The saponins are
mainly converted into smaller molecules by sugar hydrolysis
reaction under the action of intestinal microorganisms, so as to
improve bioavailability and enhance drug action (Chen et al., 2016).
However, the biotransformation process of CPS-A under the action
of intestinal microorganisms has not yet been studied.

In addition, saponins have a relatively obvious regulatory effect
on intestinal microorganisms, resulting in the generation of
corresponding small molecule metabolites. These metabolites
further perform many biological functions. A large number of

experiments have proved that saponins can regulate the intestinal
barrier and improve inflammation by regulating intestinal microbes
and their source metabolites, so as to treat UC (Ananthakrishnan,
2015). Recently, A study has shown that berberine demonstrates an
anti-inflammatory action and safeguards the integrity of the
intestinal barrier through its interaction with the intestinal flora
and regulation of associated metabolites (Jing et al., 2021).
Protopanaxatriol saponin has the potential to reduce the
metabolic dysfunction through the restoration of abnormal
changes in 29 metabolites and the regulation of eleven metabolic
pathways (Wu et al., 2022). Therefore, traditional Chinese medicine
may play a biological function by regulating the relative abundance
of intestinal microbial communities and thereby regulating the
expression level of microbe-derived metabolites (Gao et al.,
2018). At present, it has not been studied whether CPS-A has a
regulatory effect on intestinal microbial-derived metabolites.
Therefore, it is important to study the interaction between CPS-
A and gut microbiome for elucidating the material basis of CPS-A.

The imbalance of intestinal flora is closely related to
gastrointestinal inflammatory diseases and may determine the
severity of intestinal inflammation (Zhang et al., 2021). In 2023, the
global prevalence of UC was estimated to be around 5 million cases,
and there is a rising incidence of the disease worldwide (Le Berre et al.,
2023). Significantly, the elevated risk of developing colon cancer that is
associated with UC has garnered considerable attention. Alternatively,
evidence-based approach based on modern scientific techniques (e.g.,
systems biology-based ‘omics technologies) and comparative
effectiveness research approach are regarded as valid strategies for
exploring traditional chinese medicine (Wang et al., 2015). Therefore,
in this paper, the incubation system of intestinal microorganisms
in vitro was applied to study the metabolic material basis of CPS-A
under the action of intestinal microorganisms. At the same time,
metabolomics technology based on LMS was applied to study the
disturbance of small molecule metabolites after CPS-A interfered with
intestinal microorganisms of normal and colitis mice, so as to clarify
the interaction between intestinal microorganisms and CPS-A.

Materials and methods

Chemicals and reagents

The modified GAM medium was purchased from Qingdao
Haibo Biotechnology Company. DMSO was purchased in
Aladdin, Shanghai. The anaerobic production bag was purchased
from MGC in Japan. Formic acid was obtained from Shanghai
McLean. Methanol and acetonitrile were purchased from TEDIA
USA. The deionized water is supplied by Cascade pure water meter
of PALL Company. Capilliposide A was obtained from Professor
Tian Jingkui, Institute of Basic Medical Oncology, Chinese Academy

Frontiers in Pharmacology frontiersin.org02

Zhao et al. 10.3389/fphar.2024.1361643

354

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1361643


of Sciences (Zhejiang, China). The molecular structure of CPS-A is
shown in Figure 1.

Construction of in vitro incubation system
for intestinal microorganisms

The experimental animals were purchased from the Institute of
Basic Medicine and Cancer, Chinese Academy of Sciences. Healthy
male C57BL/6 mice, SPF grade, weight (20 ± 2) g, all animals were
kept in an SPF environment with alternating light and dark, constant
temperature and humidity, free diet, and free drinking water. The
animal experiment was carried out after 1 week of adaptive feeding.
The animal experiment followed GB/T 35892-2018 experimental
animal welfare ethics, which was approved by the Institute of Basic
Medicine and Cancer of Chinese Academy of Sciences. The
experimental process reduced the pain of mice as much as
possible. A DSS-induced colitis mouse model was established.
Mice were randomly divided into two groups (n = 6) as follows:
Control, Model. Control group was given 0.2 mL CMC-Na-H2O
(0.5:99.5, w/v) solution in the morning and evening, while Model
group was given 0.2 mL DSS solution (400 mg/kg) and 0.2 mL
CMC-Na-H2O (0.5:99.5, w/v). In this process, the weight, feeding
and fecal occult blood of mice were recorded every day, and the
success of colitis modeling was evaluated. After 5 days, feces of
each group were collected aseptically for follow-up experiment.
The mice were killed after stool collection and colon length and
histopathological sections were measured to further evaluate the
model. The preparation of intestinal flora in mice was based on
literature reports with some adjustments (Javdan et al., 2020). 3 g
of fresh feces were collected from normal mice and colitis mice,
and placed into a sterile Ep tube, and 30 mL of sterile pre-cooled
PBS solution was rapidly added, and after swirling for 1 min,
ultrasound was carried out in a water bath at 4°C for 15 min, and
centrifuged at 4°C and 100 g for 30 min, and the supernate was
taken to obtain the fecal bacterial solution of mice. The modified

GAMmedium was weighed to about 54 g, heated and dissolved in
900 mL ultra-pure water, and autoclaved at 120°C for 20 min to
obtain the microbial medium. The prepared bacterial solution
was added to 200 mL mGAM medium and incubated at 37°C and
120 rpm for 48 h. The obtained bacterial solution was centrifuged
at 4°C and 1,400 g for 10 min, then precipitated, washed twice
with sterile pre-cooled PBS solution, and then added 40 mL
mGAM medium to obtain the required intestinal microbial
bacterial solution by suspension.

Preparation of drug administration solution,
sample grouping and treatment

A certain amount of CPS-A was divided into 50 mL of the
centrifugation tube, and the bacterial solution was added to make
the final concentration 1.0 mg/mL (0.5% DMSO was added to help
dissolve). Shake well and incubate in anaerobic production bag
(containing oxygen indicator) at 37°C and 120 rpm. Make 3 copies
of each incubation experiment in parallel. At 0, 6, 12, 24, 36, and 48 h,
5 mL of mixed samples were taken and placed in 40 mL acetonitrile,
and after being shaken and vorticed well, the supernatant was taken at
4°C and centrifuged at 17,000 g for 10 min. The supernatant was
retained at 4°C for future use. The experiment was divided
into 4 groups: normal mice and colitis mice fecal incubation system
and 2 kinds of incubation system after adding CPS-A.

LC-MS conditions for identification of
metabolites

200 µL supernatant was taken from each time point and mixed,
placed at 4°C for vacuum drying, then added with 200 µL 70%
acetonitrile waters (7:3, v/v) for 30min by on-ice ultrasound,
centrifuged at 4°C at 12,000 rpm for 20 min, and then tested by
mass spectrometry. Samples were analyzed using ultra-performance

FIGURE 1
Chemical structure of CPS-A (Li et al., 2023).
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liquid chromatography (UPLC) coupled with a Thermos Scientific
Orbitrap 120 mass spectrometer. acquisition parameters: spray
voltage, −2,500 V; Sheath gas (Arb), 50; Aux gas (Arb), 10;
Sweep gas (Arb),1; Ion transfer tube temperature, 300°C;
Vaporizer temperature, 350°C; orbitrap resolution,60000, scan
range, 200-1,500; Dynamic exclusion on; HCD collision energies,
30, 50, 70 eV. Chromatographic column to Welch UPLC C18
(2.1*50 mm*1.7 um, Waters Corporation), column temperature
45°C; Mobile phase A: water (0.1% formic acid); Mobile phase B:
acetonitrile; The flow rate of 0.3 mL/min. Gradient elution
conditions:15% B (0–2 min), 30% B (2–3 min), 45% B
(3–10 min), 60% B (25–28 min), 95% B (28–32 min), 15% B
(32–35 min) (Cheng, 2015).

LC-MS conditions for identification of fecal
metabolomics

The detection methods of liquid chromatography refer to the
methods developed in the literature (Zhang et al., 2018). The

chromatography was performed on ACQUITY UPLC HSS T3
(2.1*50 mm*1.7 um, Waters Corporation) column at 40°C with
the mobile phase ratio of A (0.1% formic acid water) to B
(acetonitrile) at the flow rate of 0.35 mL/min. The sample size
was 10 µL. Instrument and parameter Settings as above.
Gradient elution conditions: 5% B (0–3 min), 20% B
(3–5 min), 40% B (5–9 min), 60% B (9–16 min), 65% B
(16–18 min),80% B (18–21 min),95% B (21–23 min),5%
B (23–25 min).

Data analysis

LC-MS data analysis was performed using the Compound
discover version 3.2 (Thermo Fisher Scientific Inc). The statistical
significance of differences between two groups was analyzed by
Student’s t-test. The differences between multiple groups were
analyzed by one-way ANOVA followed by Dunnett’s test using
GraphPad v8.0. A value of p < 0.05 or p < 0.01 was defined as
statistically significant.

FIGURE 2
Mice with normal colitis were modulated to reserve feces for subsequent in vitro incubation experiments. (A) Weight; (B) DAI; (C) The length of
colon; (D)HE is staining; (E) Statistical chart of HE scores (n = 3); (F) AB-PAS staining. (G) Statistical chart of AB-PAS (n = 3); Values are expressed asmean ±
SD. *p < 0.05, * *p < 0.01 compared with DSS group.
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Results

Colitis model was successfully induced by
sodium dextran sulfate

In order to provide initial materials for the incubation system
between CPS-A and intestinal bacteria populations, our study
constructed normal group and colitis group models in mice, and
stool collection was performed after successful model construction.
Of note, mice in the DSS induced colitis group lost significantly
more weight than normal mice without intervention. (Figure 2A).
As shown in Figures 2B, C, DAI scores in the colitis group were
significantly higher and colon length was shorter than control
group. Histological assessment using hematoxylin and eosin
(H&E) staining demonstrated that the sections of colonic tissue
of the model group displayed significant inflammatory cell
accumulation, loss of goblet and epithelial cells, creation of crypt
abscesses, thickening, and separation of the muscle layer, and even
the presence of ulcers (Figure 2D). Furthermore, histopathological
examination revealed evident colonic tissue damage (Figure 2E).
AB-PAS staining findings revealed a substantial reduction in goblet
cells in the colons of mice subjected to DSS treatment. (Figures 2F,
G). The significant changes of these indications indicate the
successful construction of the DSS induced colitis model.

Identification of in vitro metabolites of CPS-
A mediated by intestinal microbes

The reaction system of intestinal microorganisms in vitro was
detected by UPLC-MS. The fragmentation and chromatographic
behavior of CPS-A were studied prior to analyzing its metabolites.
CPS-A eluted at a retention time (Rt) of 5.640 min and was detected
at m/z 1,077.5448. The specific ions observed were due to the loss of
water and sugar components. The [M-H]−1 ion at m/z
1,077.5488 broke up into the following product ions, respectively:
m/z 1,060.5407,1059.5393, 946.5093, 945.5066, and 927.4967
(Supplementary Figure S1). The dominant ion at 1,059.5393 can
be attributed to the neutral H2O loss. Subsequently, it underwent a
loss of 132 Da (Xylose), resulting in a transition to m/z 927.4967.
Furthermore, the loss of xylose (Xyl) resulted in the formation of the
characteristic ions observed at m/z 945.5066 in the spectrum.
Previous studies have detected the metabolic status of CPS-A in
plasma, feces, and urine of mice, and found that CPS-A was mainly
transformed in feces (Li et al., 2023). Therefore, to confirm this
result, we collected mouse feces and incubated them with CPS-A
in vitro.

M1 showed the ion at m/z 1,059.5302, decreasing 18 Da from
M0, and obtained its peak elution at 8.113 min. The results showed
that one H2O was lost from CPS-A. The position of dehydration
caused by multiple hydroxyl groups in the CPS-A structure cannot
be determined.

M2 showed the ion at m/z 1,091.5719 with a retention time of
7.691 min, which was 15 Da higher than that of CPS-A. The product
ion at m/z 959.5177 was formed after losing xylose.

M3 appeared on the peak at 6.506 min and provided the ion with
a mass of m/z 621.3986, which was 456 Da less than CPS-A. The
results showed that one xylose and two glucoses were lost from CPS-

A. A prominent ion at m/z 603.3911 was losing H2O. Therefore,
M3 was determined.

M4 was observed at 6.182 min and revealed the molecular ion at
m/z 915.4984, which has a molecular weight 162 Da lower than that
of the parent. According to the information on product ions, it
indicated that M4 lost glucose from the parent. Two prominent ions
at m/z 897.4862 and 783.4573 were losing H2O and xylose. Hence, it
was identified.

M5 was identified at m/z 765.4428 in the negative mode with an
retention time of 11.735 min. The mass value was 312 Da lower than
that of M0, indicating that M5 had lost xylose, glucose and H2O.
Consequently, M5 was identified.

The metabolic pathways of CPS-A in vitro were proposed in
Figure 3. Five metabolites derived from the parent compound were
shown in Table 1. The results showed that CPS-A was metabolized
into the corresponding products by the transformation methods of
deglycosylation, methylation, dehydration under the action of
intestinal flora. Through the abundance analysis of the peak area
of extracted ions, it was found that CPS-A mainly underwent
deglycosylation reactions under the action of intestinal
microorganisms, such as CPS-A-Glu (65.4%), CPS-A-2Glu-xyl
(24.3%) and CPS-A-xyl-Glu-H2O (2.3%). As shown in Figure 4,
The product abundance accounted for 92% of the total product
abundance of CPS-A.

Metabolic changes of normal mice intestinal
flora after CPS-A intervention

Intestinal flora plays a role in the transformation of CPS-A,
and CPS-A often has a regulatory effect on intestinal flora derived
metabolites. Through dimensionality reduction analysis of the
data, Fecal metabolic profiles of normal mice (CTR) and mice
treated with CPS-A in vitro (CTR + A) were analyzed using PCA
in unsupervised mode and OPLS-DA in supervised mode. As
shown in Figures 5A, B, fecal samples of the two groups of mice
were obviously divided into two clusters under the positive and
negative ion mode, indicating that the intervention of CPS-A had
a significant disturbance on the metabolic level of mice. In order
to better draw the metabolic profile, the OPLS-DA model in
supervised mode is often applied for discriminant analysis of
existing variables. (Figures 5C, D). In OPLS-DA mode, the two
groups of samples were more significantly distinguished.
Meanwhile, permutation test was performed to verify the
reliability of this OPLS-DA model. (Figures 5E, F). Volcano
plots showed that 6 metabolites are upregulated, and
15 metabolites were downregulated in CPS-A intervention
group compared to the control group. (Figure 5G). The
upregulated metabolites are Phenmetrazine, Atipamezole,
N-Acetyl-D-quinovosamine and TXB2, while the
downregulated metabolites include Pyridoxamine, Veronal,
methyprylon and so on. Information about upregulated and
downregulated metabolites is shown in Supplementary Table
S1. In order to better characterize the changes at the
metabolic level, Fold change (FC) ≥1.2 or ≤0.8 and p-value of
Student’s t-test statistical analysis (p < 0.05) were used in this
study. The differential metabolites in each group were found and
analyzed by heat map clustering in Figure 5H.
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FIGURE 3
Possible metabolic pathways of CPS-A in vitro.

TABLE 1 Identification of in vitro metabolites of CPS-A.

Metabolites Composition Formula m/z Error (ppm) Calc. MW Adduct R.T. (min) Peak area

M1 Loss of H2O C53H86O24 1,105.54370 0.07 1,106.55098 M + FA-H 8.113 1461173

M2 Methylation C54H90O25 1,123.55327 −0.19 1,124.56055 M + FA-H 7.691 31135129

M3 Loss of 2 glucose and xylose C36H60O11 667.40710 1.22 668.41438 M + FA-H 6.506 99254804

M4 Loss of glucose C47H78O20 961.50108 −3.27 962.50836 M + FA-H 6.482 267148328

M5 Loss of glucose, xylose and H2O C41H66O13 765.44320 0.17 766.45047 M-H 11.735 9576370

FIGURE 4
Abundance map of in vitro metabolites of CPS-A mediated by gut microbes.
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Changes of intestinal flora metabolism in
colitis mice after CPS-A intervention

Compared to normal mice, the mice showed changes in the
abundance and structure of their gut flora after developing colitis.
Accordingly, under the action of CPS-A, intestinal microbiota

related metabolites will also show differential changes.
Multivariate analysis of the fecal metabolic profile of DSS mice
(DSS) and mice treated with CPS-A in vitro (DSS + A) was
performed using PCA in unsupervised mode and OPLS-DA in
supervised mode. As shown in Figures 6A, B, the fecal samples
of the two groups of mice were obviously divided into two clusters

FIGURE 5
CPS-A regulates the expression of metabolites in the intestinal flora of normal mice. Score plots from the CTR, CTR + A for PCA and OPLS-DA. (A)
ESI+, PCA analysis; (B) ESI-, PCA analysis; (C) ESI+, OPLS-DA analysis; (D) ESI-, OPLS-DA analysis, Permutations Plot analysis (E,F), (G) volcano plot of CTR
+ A/CTR, (H) Heatmap analysis.
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under the positive and negative ion mode, indicating that CPS-A
significantly interferes with the metabolites of intestinal flora in
colitis. The discriminant analysis of the existing variables by OPLS-

DA in supervised mode found that the two groups of samples were
more obviously divided into two clusters (Figures 6C, D).
Permutation test showed the values of R2 and 02 are both higher

FIGURE 6
CPS-A regulates the expression ofmetabolites in the intestinal flora of colitis mice. Score plots from theDSS, DSS +A for PCA andOPLS-DA. (A) ESI+,
PCA analysis; (B) ESI-, PCA analysis; (C) ESI+, OPLS-DA analysis; (D) ESI-, OPLS-DA analysis, Permutations Plot analysis (E,F). (G) Volcano plot of DSS + A/
DSS. Peak area comparison diagram of Deoxycholic Acid (H), Histamine (I), 3-Hydroxytridecanoic acid (J), and Indole-3-acetic acid (K). (L) Heatmap
analysis. Values are expressed as mean ± SD. *p < 0.05, * *p < 0.01, ***p ≤ 0.001,****p ≤ 0.0001.
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than 0.5, indicating good model fitting accuracy. (Figures 6E, F).
Volcano plots showed that 5 metabolites are upregulated, and
8 metabolites were downregulated in CPS-A intervention group
compared to the DSS group. (Figure 6G), Specific information on
upregulated and downregulated metabolites were shown in
Supplementary Table S2. Compared with the DSS group,
concentrations of Deoxycholic Acid, Histamine, 3-
Hydroxytridecanoic acid, and Indole-3-acetic acid all increased
significantly after in vitro administration of CPS-A, which could
be found to be consistent with the beneficial effects of colitis.
(Figures 6H–K). Fold change (FC) ≥1.2 or ≤0.8 and p-value of
Student’s t-test statistical analysis (p < 0.05) were used to screen for
differential metabolites. Heatmap clustering in Figure 6L
demonstrated the difference in metabolites between the two groups.

The difference of the metabolites of
intestinal flora in normal mice and colitis
mice by CPS-A intervention

CPS-A has significant effects on intestinal flora metabolites of
normal mice and colitis mice. Next, we analyzed the differences in the
intervention of CPS-A on two different intestinal flora metabolites. A
metabolic profile with PCA and OPLS-DA was obtained by
employing the existing analytical method to evaluate the feces
samples in ESI+ and ESI- modes. The PCA analysis score plots
were displayed in Figures 7A, B. In ESI + mode, Both PCA
models enabled the division of samples from the two groups into
distinct blocks, demonstrating that the metabolites were significantly
different between them. However, in ESI- mode, The PCA analysis

FIGURE 7
CPS-A regulates differential expression of intestinal microbiotametabolites in normal and colitis mice. Score plots from theCTR+A, DSS+ A for PCA
and OPLS-DA. (A) ESI+, PCA analysis; (B) ESI-, PCA analysis; (C) ESI+, OPLS-DA analysis; (D) ESI-, OPLS-DA analysis, Permutations Plot analysis (E,F), (G)
Volcano plot of CTR + A/DSS + A, (H) Heatmap analysis.
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score plots showed the CTR + A group was included under the
module of the DSS + A group. In OPLS-DA mode, the two groups of
samples were significantly distinguished. (Figures 7C, D). The results
of permutation test showed that OPLS-DA had good predictive
power. (Figures 7E, F). We further compared the metabolites of
CTR + A group with DSS + A group, and found that CPS-A, after
acting on intestinal microbes in colitis state, upregulated
45 metabolites and downregulated 65 metabolites. (Figure 7G).
The upregulated metabolites are mainly 2-Hydroxyvaleric acid,
2-methylbutyrylcarnitine, 3,4-Dimethylbenzoic acid, acetyl
proline, and 3,4-Dimethylbenzoic acid, while the
downregulated metabolites mainly include 2-monolinolenin,
6-APA, amfonelic acid, and so on. Specific information of
differential metabolites on metabolites was shown in
Supplementary Table S3. To compare the changes in

microbiota metabolites after CPS-A action in different
disease models, these microbiota metabolites with statistical
differences may be related to the therapeutic effect of the
disease, and therefore will be the next target of interest. The
heat map also clearly showed the difference in metabolites
between the two groups. (Figure 7H). Under the action of
CPS-A, the intestinal microbiota metabolites of normal mice
and colitis mice showed more different changes.

Enrichment analysis of metabolic pathway
and spearman correlation

From the above results, it can be found that CPS-A can regulate
intestinal flora derived metabolites, and the regulatory effects of

FIGURE 8
Enrichment analysis of metabolic pathway and Spearman correlation. (A) Enrichment analysis of metabolic pathway. (B) Path enrichment network
diagram. (C) Diagram of the metabolic pathway regulated by CPS-A. (D) Spearman correlation heatmap between differential metabolites and colitis
phenotype. (E) Spearman correlation heatmap between Upregulated or downregulated metabolites and colitis phenotypes. (F) Spearman correlation
heatmap between key metabolites and colitis phenotypes.
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different intestinal flora are also significantly different. Next,
Metabaalayst 5.0 software was used to analyze the metabolic
pathways. It was found that the metabolic pathways mainly
involved the metabolism of azathioprine and Mercaptopurine.
(Figures 8A, B). As shown in Figure 8C, the schematic diagram
of changes in major metabolites andmetabolic pathways was used as
a metabolic network. CPS-A affects the production of tryptophan
and glycine metabolites through interaction with intestinal flora
such as Clostridium sporogeneses and Escherichia coli, and then acts
on purine metabolism. It could also be a way to benefit from colitis.
Studies have shown that drugs can play an anti-colitis role by
interacting with the gut flora and regulating related metabolites
(Wu et al., 2020; Qu et al., 2022). Based on the above facts, we
analyzed the correlation between the differential metabolites and
colitis assessment indicators. As shown in Figures 8D, E, there was a
strong correlation between most metabolites and colitis assessment
indicators. We further analyzed the correlation between significantly
elevated metabolites of CPS-A in vitro after treatment of colitis stool
and body weight, DAI, colon length, HE, and AB-PAS in colitis
mice. As shown in Figure 8F, there was a strong correlation between
them. Importantly, Deoxycholic Acid was significantly positively
correlated with body weight and AB-PAS and negatively correlated
with DAI in colitis mice. 3-Hydroxytridecanoic acid was
significantly positively correlated with AB-PAS and negatively
correlated with DAI in colitis mice. This is consistent with
literature reports (Zhao et al., 2016), and it can be speculated
that CPS-A may also play a role through these metabolites when
acting on colitis in vivo.

Discussion

Saponins are a class of small amphiphilic compounds with high
molecular weight. These substances were divided into triterpenoid
saponins and steroid saponins according to the difference of
aglycones (Niu et al., 2013). Due to the special structure of
saponins, the bioavailability is low, and the residence time in the
intestine is longer (Chen et al., 2017). Therefore, gut microbes are
especially important for the biotransformation of saponins. The
saponins are converted into smaller molecules by sugar hydrolysis
reaction under the action of intestinal microorganisms, so as to improve
bioavailability and enhance drug action. Deglycosylation is the main
type of glycoside hydrolysis that occurs in the gut (Xu et al., 2017).
Previous studies have foundCPS-A does not undergo transformation in
plasma but takes the form of desugar transformation in urine. Themost
important metabolic transformation is in feces, through desugar,
dehydration, methylation, and other ways (Li et al., 2023). In our
study, by incubating CPS-A with intestinal flora in vitro, it was found
that CPS-A could be transformed into corresponding secondary
metabolites through deglycosylation, methylation and dehydration
under the action of intestinal flora. Among them, deglycosylation
was the main method, and the abundance of deglycosylation
products accounted for 92% of the total product abundance of CPS-A.

Altered microbiota and metabolites and transformed Chinese
medicine metabolites may contribute to the control of disease
progression. Previous studies have found that platycodon saponins
were metabolized by sugar hydrolysis, aglycones dehydroxylation and
acetylation under the action of human intestinal microorganisms (Ha

et al., 2010). Ginsenoside Rb1 may be converted into compound K by
gastrointestinal microbiota to enhance its pharmacological effects (Wan
et al., 2016). It has also been found that lancemaside A is subjected to
microbial action in the gastrointestinal tract and hydrolyzed to produce
deglycosylatedmetabolites, thus producing pharmacodynamic activities
(Komoto et al., 2010). Chen et al. found that intestinal flora converts
saponin glycosyl-base bonds into potential bioactive metabolites
ginsenoside F1, protopanaxatriol, ginsenoside RH2, Ginsenoside F1,
Ginsenoside RH2, Ginsenoside F1 and Ginsenoside RH2. Ginsenoside
compound K and protopanaxadiol, and these metabolites have stronger
pharmacological activity (Chen et al., 2017).

Saponins interact closely with intestinal microbes, which also play a
key role in converting into small molecule metabolites under the action
of CPS-A. In this study, we constructed the fecal incubation system of
CPS-A with normal mice and colitis mice respectively in vitro and
found that the metabolites of CPS-A acting on different intestinal
microflora were also different. Among them, the differential metabolites
were found to be involved in azathioprine and mercaptopurine
metabolic pathways through enrichment pathways. However, amino
acids such as glycine and tryptophan participated in this pathway
(Yachida et al., 2019). This may be due to the action of CPS-A through
small molecule metabolites metabolized by other strains such as C.
sporogeneses and E. coli. Some studies have shown that there are certain
differences inmetabolic capacity between different strains. For example,
severalBacteroides andClostridium can produce indole lactic acid, while
Bifidobacterium produces indole lactic acid (Daliri et al., 2017). Studies
have shown that berberine can play an anti-colitis role by regulating
related metabolites through interaction with intestinal flora (Jing et al.,
2021). Importantly, Protopanaxatriol saponin can regulate a variety of
differentiated metabolites and metabolic pathways (Wu et al., 2022).
Studies have also shown that spermidine can inhibit the activation of
F4/80 macrophages and T cells, reduce the expression of pro-
inflammatory cytokines and the phosphorylation of NF-κB and
MAPK, and improve colitis through the above pathways (Ma et al.,
2021). At the same time, our study was conducted in vitro by incubating
CPS-Awith colitis mouse feces. Intestinal florametabolites Deoxycholic
acid, Histamine, 3-Hydroxytridecanoic acid, and Indole-3-acetic acid
changed significantly after the operation of CPS-A. Studies have shown
that in inflammable UC patients, dysbiosis leads to a deficiency of
deoxycholic acid, which exacerbates the inflammatory state in the gut
(Sinha et al., 2020). Importantly, FBTP can reshape the gut microbiome
and promote the conversion of tryptophan to indole-3-acetic acid by the
microbes, which subsequently leads to colitis protection by enhancing
the expression of IL-22 and tight-linking proteins in the colon (Zhang
et al., 2023). These metabolites are beneficial to relieve colon
inflammation. Preliminary found that the in vivo action of CPS-A
on colon cancer mainly involves amino acid metabolism and purine
metabolism, and our in vitro action on colitis also mainly involves these
two metabolisms (Li et al., 2023). Colitis is known to have a risk of
progressing to colon cancer (Shah and Itzkowitz, 2022). This further
confirms our results.

The main innovation of this study is to construct a reaction system
between saponins such as CPS-A and intestinal flora in vitro, which is
more convenient for researchers to understand how they interact and
discover new bioactive ingredients. However, whether these new active
ingredients have antioxidant, anti-inflammatory, antibacterial and other
properties still needs further research. It can also be more targeted to
guide intestinal flora regulation strategies. Meanwhile, there are some
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shortcomings in this study. First, we only focused on the interaction
between CPS-A and the overall intestinal flora, and did not deeply
explore the relationship between a particular bacterium and CPS-A.
Secondly, this paper only selected colitis model specimens with a high
cancer rate for study, which limited the significance of the disease.
Third, the products after interaction need to be further verified.

Conclusion

In this study, based on metabolomics, the reaction system of
intestinal flora in vitro was constructed. The results of in vitro
experiments indicate that intestinal microorganisms can mediate
the biotransformation of CPS-A and metabolize it into
corresponding deglycosylation products, thereby promoting its
drug effect. Not only that, CPS-A can also promote metabolites
such as Deoxycholic acid, Histamine, 3-Hydroxytridecanoic acid,
and Indole-3-acetic acid in the intestinal microbiota of mice with
colitis. Thismay result in anti-colitis effects. CPS-Amainly involved in
metabolic pathways such as azathioprine and mercaptopurine, which
may also have beneficial or adverse effects. The study of the
interaction of CPS-A with the microbiota in this study provides
new insights into traditional herbs with poor oral bioavailability.
And the regulatory effect of CPS-A on the metabolites of intestinal
flora in colitis mice was also found. It laid the foundation for the
mechanism of the saponin action in colitis mice. The interaction
between Chinese medicine and intestinal flora affects the ecological
balance and health of human body. The efficacy of TCM in treating
related diseases by regulating intestinal flora and its metabolites has
been recognized more and more clinically. The intestinal flora can
transform the active components of traditional Chinese medicine into
metabolites with high bioavailability and pharmacological activity
through biotransformation. It will be a new idea to search for effective
substances in intestinal flora metabolism of Chinese
medicine transfer.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was approved by the Zhejiang center of
laboratory animals, Institute of basic medicine and Cancer,
Chinese Academy of Sciences, SCXK (zhe) 2021-0002, SYXK,
(Zhe) 2022-0005. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

HZ: Conceptualization, Project administration,
Writing–original draft. XH: Data curation, Supervision,

Writing–review and editing. SG: Methodology, Project
administration, Writing–original draft. JC: Project administration,
Resources, Writing–original draft. XL: Resources, Visualization,
Writing–review and editing. JF: Software, Supervision,
Writing–original draft. BL: Funding acquisition, Methodology,
Writing–review and editing. WZ: Funding acquisition, Software,
Writing–review and editing. JT: Resources, Visualization,
Writing–review and editing. JJ: Funding acquisition, Resources,
Writing–review and editing. QH: Resources, Visualization,
Writing–original draft. XZ: Project administration, Validation,
Writing–original draft.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
work was supported by Zhejiang Province Traditional Chinese
Medicine Science and Technology Project (No. GZY-ZJ-KJ-
23061), National Natural Science Foundation of China (No.
82372731 and 82374201), and Key Laboratory for Molecular
Medicine and Chinese Medicine Preparations (No.GZY-ZJ-
SY-2303).

Acknowledgments

The authors acknowledge the use of instruments at the Shared
Instrumentation Core Facility at the Hangzhou Institute ofMedicine
(HIM), Chinese Academy of Sciences.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1361643/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Metabolite map of CPS-A under the action of intestinal microbiota in vitro.

Frontiers in Pharmacology frontiersin.org12

Zhao et al. 10.3389/fphar.2024.1361643

364

https://www.frontiersin.org/articles/10.3389/fphar.2024.1361643/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1361643/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1361643


References

Abduljawad, A. A., Elawad, M. A., Elkhalifa, M. E. M., Ahmed, A., Hamdoon, A.
A. E., Salim, L. H. M., et al. (2022). Alzheimer’s disease as a major public health
concern: role of dietary saponins in mitigating neurodegenerative disorders and
their underlying mechanisms. Molecules 27 (20), 6804. doi:10.3390/
molecules27206804

Ananthakrishnan, A. N. (2015). Epidemiology and risk factors for IBD. Nat. Rev.
Gastroenterology Hepatology 12 (4), 205–217. doi:10.1038/nrgastro.2015.34

Chen, F., Wen, Q., Jiang, J., Li, H. L., Tan, Y. F., Li, Y. H., et al. (2016). Could the gut
microbiota reconcile the oral bioavailability conundrum of traditional herbs.
J. Ethnopharmacol. 179, 253–264. doi:10.1016/j.jep.2015.12.031

Chen, M. Y., Shao, L., Zhang, W., Wang, C. Z., Zhou, H. H., Huang, W. H., et al.
(2017). Metabolic analysis of Panax notoginseng saponins with gut microbiota-
mediated biotransformation by HPLC-DAD-Q-TOF-MS/MS. J. Pharm. Biomed.
Anal. 150, 199–207. doi:10.1016/j.jpba.2017.12.011

Cheng, Z. (2015). Pharmacokinetics of two main saponins with anti-tumor activity in
Vanilla. China: Huazhong University of Science and Technology.

Choi, J. R., Hong, S. W., Kim, Y., Jang, S. E., Kim, N. J., Han, M. J., et al. (2011).
Metabolic activities of ginseng and its constituents, ginsenoside rb1 and rg1, by human
intestinal microflora. J. Ginseng Res. 35, 301–307. doi:10.5142/jgr.2011.35.3.301

Crow, J. M. (2011). Microbiome that healthy gut feeling. Nature 480, S88–S89. doi:10.
1038/480S88a

Daliri, E. B., Wei, S., Oh, D. H., and Lee, B. H. (2017). The human microbiome and
metabolomics: current concepts and applications. Crit. Rev. Food Sci. Nutr. 57 (16),
3565–3576. doi:10.1080/10408398.2016.1220913

Feng, X., Li, Y., Guang, C., Qiao, M., Wang, T., Chai, L., et al. (2018). Characterization
of the in vi-vo and in vitro metabolites of linarin in rat biosamples and intestinal flora
using ultra -high performance liquid chro-matography coupled with quadrupole time
-of -flight tandem mass spectrometry. Molecules 23, 2140–2153. doi:10.3390/
molecules23092140

Gao, J., Xu, K., Liu, H., Liu, G., Bai, M., Peng, C., et al. (2018). Impact of the gut
microbiota on intestinal immunity mediated by tryptophan metabolism. Front. Cell.
Infect. Microbiol. 8, 13. doi:10.3389/fcimb.2018.00013

Ha, Y. W., Na, Y. C., Ha, I. J., Kim, D. H., and Kim, Y. S. (2010). Liquid
chromatography/mass spectrometry-based structural analysis of new platycoside
metabolites transformed by human intestinal bacteria. J. Pharm. Biomed. Anal. 51
(1), 202–209. doi:10.1016/j.jpba.2009.08.002

Javdan, B., Lopez, J. G., Chankhamjon, P., Lee, Y. C. J., Hull, R., Wu, Q., et al. (2020).
Personalized mapping of drug metabolism by the human gut microbiome. Cell 181 (7),
1661–1679. doi:10.1016/j.cell.2020.05.001

Jing, W., Dong, S., Luo, X., Liu, J., Wei, B., Du, W., et al. (2021). Berberine improves
colitis by triggering AHR activation by microbial tryptophan catabolites. Pharmacol.
Res. 164, 105358. doi:10.1016/j.phrs.2020.105358

Khan, M. I., Karima, G., Khan, M. Z., Shin, J. H., and Kim, J. D. (2022). Therapeutic
effects of saponins for the prevention and treatment of cancer by ameliorating
inflammation and angiogenesis and inducing antioxidant and apoptotic effects in
human cells. Int. J. Mol. Sci. 23, 10665. doi:10.3390/ijms231810665

Komoto, N., Ichikawa, M., Ohta, S., Nakano, D., Nishihama, T., Ushijima, M., et al.
(2010). Murine metabolism and absorption of lancemaside A, an active compound in
the roots of Codonopsis lanceolata. J. Nat. Med. 64 (3), 321–329. doi:10.1007/s11418-
010-0415-8

Le Berre, C., Honap, S., and Peyrin-Biroulet, L. (2023). Ulcerative colitis. Lancet 402
(10401), 571–584. doi:10.1016/S0140-6736(23)00966-2

Li, R., Zhang, L., Zhang, L., Chen, D., Tian, J., Cao, L., et al. (2014). Capilliposide C
derived from Lysimachia capillipes Hemsl inhibits growth of human prostate cancer
PC3 cells by targeting caspase and MAPK pathways. Int. Urology Nephrol. 46 (7),
1335–1344. doi:10.1007/s11255-013-0641-6

Li, W., Zhang, X., Feng, Y., Han, H., Cai, J., Zhao, H., et al. (2023). Deciphering the
metabolic profile and anti-colorectal cancer mechanism of Capilliposide A using ultra
performance liquid chromatography mass spectrometry combined with non-targeted
metabolomics studies. J. Pharm. Biomed. Anal. 234, 115548. doi:10.1016/j.jpba.2023.
115548

Li, W., Zhang, X. Y., Chen, X. Z., Zhong, Z. H., Zhu, W., Li, S. X., et al. (2022).
Optimization of an alkaline hydrolysis preparation of Capilliposide-A from Lysimachia
capillipes Hemsl. using response surface methodology coupled with HPLC-ELSD
analysis. Chromatographia 85, 167–175. doi:10.1007/s10337-021-04124-w

Liu, Z., Zheng, Q., Chen, W., Man, S., Teng, Y., Meng, X., et al. (2016). Paris saponin I
inhibits proliferation and promotes apoptosis through down-regulating AKT activity in
human non-small-cell lung cancer cells and inhibiting ERK expression in human small-
cell lung cancer cells. Rsc Adv. 6 (75), 70816–70824. doi:10.1039/c6ra13352e

Ma, L., Ni, L., Yang, T., Mao, P., Huang, X., Luo, Y., et al. (2021). Preventive and
therapeutic spermidine treatment attenuates acute colitis in mice. J. Agric. Food Chem.
69 (6), 1864–1876. doi:10.1021/acs.jafc.0c07095

Muhammad, I., Luo, W., Shoaib, R. M., Li, G. L., Shams Ul Hassan, S., Yang, Z. H.,
et al. (2021a). Guaiane-type sesquiterpenoids from Cinnamomum migao H. W. Li: and
their anti-inflammatory activities. Phytochemistry 190, 112850. doi:10.1016/j.
phytochem.2021.112850

Muhammad, I., Shams Ul Hassan, S., Cheung, S., Li, X., Wang, R., Zhang, W. D., et al.
(2021b). Phytochemical study of Ligularia subspicata and valuation of its anti-
inflammatory activity. Fitoterapia 148, 104800. doi:10.1016/j.fitote.2020.104800

Niu, T., Smith, D. L., Yang, Z., Gao, S., Yin, T., Jiang, Z. H., et al. (2013). Bioactivity
and bioavailability of ginsenosides are dependent on the glycosidase activities of the A/J
mouse intestinal microbiome defined by pyrosequencing. Pharm. Res. 30, 836–846.
doi:10.1007/s11095-012-0925-z

Qu, L., Liu, C., Ke, C., Zhan, X., Li, L., Xu, H., et al. (2022). Atractylodes lancea
rhizoma attenuates DSS-induced colitis by regulating intestinal flora and metabolites.
Am. J. Chin. Med. 50 (2), 525–552. doi:10.1142/S0192415X22500203

Shah, S. C., and Itzkowitz, S. H. (2022). Colorectal cancer in inflammatory bowel
disease: mechanisms and management. Gastroenterology 162 (3), 715–730.e3. doi:10.
1053/j.gastro.2021.10.035

Shah, S. M., Sadiq, A., Shah, S. M., and Khan, S. (2014). Extraction of saponins and
toxicological profile of Teucrium stocksianum boiss extracts collected from District
Swat, Pakistan. Biol. Res. 47 (1), 65. doi:10.1186/0717-6287-47-65

Sinha, S. R., Haileselassie, Y., Nguyen, L. P., Tropini, C., Wang, M., Becker, L. S., et al.
(2020). Dysbiosis-induced secondary bile acid deficiency promotes intestinal
inflammation. Cell Host Microbe 27 (4), 659–670. doi:10.1016/j.chom.2020.01.021

Wan, J. Y., Liu, P., Wang, H. Y., Qi, L. W., Wang, C. Z., Li, P., et al. (2013).
Biotransformation and metabolic profile of American ginseng saponins with
human intestinal microflora by liquid chromatography quadrupole time-of-
flight mass spectrometry. J. Chromatogr. A 1286, 83–92. doi:10.1016/j.chroma.
2013.02.053

Wan, J. Y., Wang, C. Z., Liu, Z., Zhang, Q. H., Musch, M. W., Bissonnette, M., et al.
(2016). Determination of American ginseng saponins and their metabolites in human
plasma, urine and feces samples by liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.
1015-1016, 62–73. doi:10.1016/j.jchromb.2016.02.008

Wang, C. Z., Yao, H., Zhang, C. F., Chen, L., Wan, J. Y., Huang, W. H., et al. (2018).
American ginseng microbial metabolites attenuate DSS-induced colitis and abdominal
pain. Int. Immunopharmacol. 64, 246–251. doi:10.1016/j.intimp.2018.09.005

Wang, W. L., Xu, S. Y., Ren, Z. G., Tao, L., Jiang, J. W., and Zheng, S. S. (2015).
Application of metagenomics in the human gut microbiome.World J. Gastroenterol. 21,
803–814. doi:10.3748/wjg.v21.i3.803

Wu, F., Lai, S., Feng, H., Liu, J., Fu, D., Wang, C., et al. (2022). Protective effects of
protopanaxatriol saponins on ulcerative colitis in mouse based on UPLC-Q/TOF-MS
serum and colon metabolomics. Molecules 27 (23), 8346. doi:10.3390/
molecules27238346

Wu, J., Wei, Z., Cheng, P., Qian, C., Xu, F., Yang, Y., et al. (2020). Rhein modulates
host purine metabolism in intestine through gut microbiota and ameliorates
experimental colitis. Theranostics 10 (23), 10665–10679. doi:10.7150/thno.43528

Xie, Y.-G., Zhao, X.-C., ul Hassan, S. S., Zhen, X. Y., Muhammad, I., Yan, S. k., et al.
(2019). One new sesquiterpene and one new iridoid derivative from Valeriana
amurensis. Phytochem. Lett. 32, 6–9. doi:10.1016/j.phytol.2019.04.020

Xu, J., Chen, H. B., and Li, S. L. (2017). Understanding the molecular mechanisms of
the interplay between herbal medicines and gut microbiota. Med. Res. Rev. 37 (5),
1140–1185. doi:10.1002/med.21431

Yachida, S., Mizutani, S., Shiroma, H., Shiba, S., Nakajima, T., Sakamoto, T., et al.
(2019). Metagenomic and metabolomic analyses reveal distinct stage-specific
phenotypes of the gut microbiota in colorectal cancer. Nat. Med. 25 (6), 968–976.
doi:10.1038/s41591-019-0458-7

Zhang, H., Zhuo, S., Song, D., Wang, L., Gu, J., Ma, J., et al. (2021). Icariin inhibits
intestinal inflammation of DSS-induced colitis mice through modulating intestinal flora
abundance and modulating p-p65/p65 molecule. Turk J. Gastroenterol. 32 (4), 382–392.
doi:10.5152/tjg.2021.20282

Zhang, X., Ming, Z., Lei, S., Wu, B., Tan, T., Ouyang, H., et al. (2018). An integrative
investigation of the therapeutic mechanism of Ainsliaea fragrans Champ. in cervicitis
using liquid chromatography tandem mass spectrometry based on a rat plasma
metabolomics strategy. J. Pharm. Biomed. Analysis 156, 221–231. doi:10.1016/j.jpba.
2018.04.048

Zhang, X., Shi, L., Wang, N., Li, Q., Zhang, L., Han, N., et al. (2023). Gut bacterial
indole-3-acetic acid induced immune promotion mediates preventive effects of fu brick
tea polyphenols on experimental colitis. J. Agric. Food Chem. 71 (2), 1201–1213. doi:10.
1021/acs.jafc.2c06517

Zhao, S., Gong, Z., Zhou, J., Tian, C., Gao, Y., Xu, C., et al. (2016). Deoxycholic acid
triggers NLRP3 inflammasome activation and aggravates DSS-induced colitis in mice.
Front. Immunol. 7, 536. doi:10.3389/fimmu.2016.00536

Frontiers in Pharmacology frontiersin.org13

Zhao et al. 10.3389/fphar.2024.1361643

365

https://doi.org/10.3390/molecules27206804
https://doi.org/10.3390/molecules27206804
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1016/j.jep.2015.12.031
https://doi.org/10.1016/j.jpba.2017.12.011
https://doi.org/10.5142/jgr.2011.35.3.301
https://doi.org/10.1038/480S88a
https://doi.org/10.1038/480S88a
https://doi.org/10.1080/10408398.2016.1220913
https://doi.org/10.3390/molecules23092140
https://doi.org/10.3390/molecules23092140
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1016/j.jpba.2009.08.002
https://doi.org/10.1016/j.cell.2020.05.001
https://doi.org/10.1016/j.phrs.2020.105358
https://doi.org/10.3390/ijms231810665
https://doi.org/10.1007/s11418-010-0415-8
https://doi.org/10.1007/s11418-010-0415-8
https://doi.org/10.1016/S0140-6736(23)00966-2
https://doi.org/10.1007/s11255-013-0641-6
https://doi.org/10.1016/j.jpba.2023.115548
https://doi.org/10.1016/j.jpba.2023.115548
https://doi.org/10.1007/s10337-021-04124-w
https://doi.org/10.1039/c6ra13352e
https://doi.org/10.1021/acs.jafc.0c07095
https://doi.org/10.1016/j.phytochem.2021.112850
https://doi.org/10.1016/j.phytochem.2021.112850
https://doi.org/10.1016/j.fitote.2020.104800
https://doi.org/10.1007/s11095-012-0925-z
https://doi.org/10.1142/S0192415X22500203
https://doi.org/10.1053/j.gastro.2021.10.035
https://doi.org/10.1053/j.gastro.2021.10.035
https://doi.org/10.1186/0717-6287-47-65
https://doi.org/10.1016/j.chom.2020.01.021
https://doi.org/10.1016/j.chroma.2013.02.053
https://doi.org/10.1016/j.chroma.2013.02.053
https://doi.org/10.1016/j.jchromb.2016.02.008
https://doi.org/10.1016/j.intimp.2018.09.005
https://doi.org/10.3748/wjg.v21.i3.803
https://doi.org/10.3390/molecules27238346
https://doi.org/10.3390/molecules27238346
https://doi.org/10.7150/thno.43528
https://doi.org/10.1016/j.phytol.2019.04.020
https://doi.org/10.1002/med.21431
https://doi.org/10.1038/s41591-019-0458-7
https://doi.org/10.5152/tjg.2021.20282
https://doi.org/10.1016/j.jpba.2018.04.048
https://doi.org/10.1016/j.jpba.2018.04.048
https://doi.org/10.1021/acs.jafc.2c06517
https://doi.org/10.1021/acs.jafc.2c06517
https://doi.org/10.3389/fimmu.2016.00536
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1361643


Efficacy and classification of
Sesamum indicum linn seeds with
Rosa damascena mill oil in
uncomplicated pelvic
inflammatory disease using
machine learning

Sumbul1*†‡, Arshiya Sultana1*‡, Md Belal Bin Heyat2*‡,
Khaleequr Rahman3, Faijan Akhtar4*, Saba Parveen5,
Mercedes Briones Urbano6,7,8, Vivian Lipari6,7,8,
Isabel De la Torre Díez9, Azmat Ali Khan10 and Abdul Malik11

1Department of Ilmul Qabalat wa Amraze Niswan, National Institute of Unani Medicine, Ministry of
AYUSH, Government of India, Bengaluru, Karnataka, India, 2CenBRAIN Neurotech Center of Excellence,
School of Engineering, Westlake University, Hangzhou, Zhejiang, China, 3Department of Ilmul Saidla,
National Institute of Unani Medicine, Ministry of AYUSH, Government of India, Bengaluru, Karnataka,
India, 4School of Computer Science and Engineering, University of Electronic Science and Technology of
China, Chengdu, Sichuan, China, 5College of Electronics and Information Engineering, Shenzhen
University, Shenzhen, China, 6Research Group on Foods, Nutritional Biochemistry and Health,
Universidad Europea Del Atlántico, Santander, Spain, 7Research Group on Foods, Nutritional
Biochemistry and Health, Universidade Internacional do Cuanza, Kuito, Angola, 8Research Group on
Foods, Nutritional Biochemistry and Health, Universidad Internacional Iberoamericana, Arecibo, PR,
United States, 9Department of Signal Theory and Communications and Telemedicine Engineering,
University of Valladolid, Valladolid, Spain, 10Pharmaceutical Biotechnology Laboratory, Department of
Pharmaceutical Chemistry, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia,
11Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia

Background and objectives: As microbes are developing resistance to antibiotics,
natural, botanical drugs or traditional herbal medicine are presently being studied
with an eye of great curiosity and hope. Hence, complementary and alternative
treatments for uncomplicated pelvic inflammatory disease (uPID) are explored for
their efficacy. Therefore, this study determined the therapeutic efficacy and safety of
Sesamum indicum Linn seeds with Rosa damascena Mill Oil in uPID with standard
control. Additionally, we analyzed the data with machine learning.

Materials and methods: We included 60 participants in a double-blind, double-
dummy, randomized standard-controlled study. Participants in the Sesame and
Rose oil group (SR group) (n = 30) received 14 days course of black sesame
powder (5 gm)mixedwith rose oil (10 mL) per vaginum at bedtime once daily plus
placebo capsules orally. The standard group (SC), received doxycycline 100mg
twice and metronidazole 400mg thrice orally plus placebo per vaginum for the
same duration. The primary outcome was a clinical cure at post-intervention for
visual analogue scale (VAS) for lower abdominal pain (LAP), and McCormack pain
scale (McPS) for abdominal-pelvic tenderness. The secondary outcome included
white blood cells (WBC) cells in the vaginal wet mount test, safety profile, and
health-related quality of life assessed by SF-12. In addition, we used AdaBoost
(AB), Naïve Bayes (NB), and Decision Tree (DT) classifiers in this study to analyze
the experimental data.
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Results: The clinical cure for LAP and McPS in the SR vs SC group was 82.85% vs
81.48% and 83.85% vs 81.60% on Day 15 respectively. On Day 15, pus cells less than
10 in the SR vs SC group were 86.6% vs 76.6% respectively. No adverse effects were
reported in both groups. The improvement in total SF-12 score onDay 30 for the SR
vs SC group was 82.79% vs 80.04% respectively. In addition, our Naive Bayes
classifier based on the leave-one-out model achieved the maximum accuracy
(68.30%) for the classification of both groups of uPID.

Conclusion: We concluded that the SR group is cost-effective, safer, and
efficacious for curing uPID. Proposed alternative treatment (test drug) could be
a substitute of standard drug used for Female genital tract infections.

KEYWORDS

unani medicine, botanical drugs, herbal intervention, AI for medicine, drug design, female
disorder, reproductive-age disorder, medical intelligence

1 Introduction

Uncomplicated pelvic inflammatory disease (uPID) is a serious and
common infection of the female genital organs in reproductive-aged
women (Reekie et al., 2018; Lu et al., 2020; Qayyum et al., 2023; Sultana
et al., 2023). Uterine inflammation/female reproductive tract
inflammation can be translated as Waram al-Rahim. The clinical
features of reproductive tract infections including pelvic inflammatory
disease are analogous toWaramal-Rahim clinical features. In the absence
of a definite diagnosis, most of the participants usually and mistakenly
consider a psychogenic cause for their pain, thus leading to dissatisfaction.
Various microorganisms such as Mycoplasma genitalium, Neisseria
gonorrhoeae, and Chlamydia trachomatis are related to bacterial
infections and play a significant role in uPID (Filho, 2018; Reekie
et al., 2018).

As per conventional medicine, PID is upper genital tract and
surrounding structures infection-induced inflammation in women
that results from a lower genital tract infection (Dewitt and Hegazi,
2014; Savaris et al., 2019; Jennings and Krywko, 2020; Xu and Gray-
Owen, 2021). The pathogenesis of pelvic pain/inflammation and
central nervous system (CNS) related changes that accompany it are
still unknown. The International Association for the Study of Pain
(IASP) describes pain as a product of higher brain center processing
that is a painful emotional and sensory experience related to definite
or potential damage to the tissue which applies to date. Noxious
stimuli and direct activation of nociceptors in nerve endings in the
tissues lead to tissue damage or inflammation, which causes
nociceptive pain. The pro-inflammatory markers interleukin
(IL)–1, IL-6, inducible nitric oxide synthase (iNOS), nuclear
factor kappa B (NF-kB), and tumor necrotizing factor (TNF)
have a direct effect on central sympathetic activity and
nociceptive nerve fibers (Figure 1). Numerous interconnections
exist between the anatomical structures of the pelvis and the
nervous system, as well as in the various pelvic organs. The
mechanisms of perception of pain continue to have interest and
have attracted many physicians and scientists, even though they are
still largely unknown. The two important phenomena that have been
proposed to be related to chronic pelvic pain are
hypothalamic–pituitary–adrenal (HPA) axis dysregulation and
central sensitization (Asiri et al., 2019). Chronic pelvic
discomfort has been related to emotional, behavioral, negative
cognitive, and sexual problems. Pelvic pain is a common

problem that has a detrimental influence on health-related
quality of life (HRQoL). It is assumed that central
disturbances in pain processing and viscerosensory signals
play a role in pelvic pain/inflammation (Asiri et al., 2019).
Sensory information from pelvic organs is carried by
hypogastric plexus and pudendal nerves and then painful
sensations are conveyed from the pelvis to the brain through
thoracolumbar and sacral dorsal root ganglia cells. The pain
afferent pathways for sensory input are suppressed or
augmented in these brain circuits and spinal cord descending
pathways. Hence, the intensification of nociceptive signals is
perhaps responsible for widespread pain in the CNS (Origoni
et al., 2014; Asiri et al., 2019).

In conventional medicine, symptoms of PID are vaginal
discharge, fever, cervical motion tenderness, lower abdominal
pain, dyspareunia, adnexal and uterine tenderness, or abnormal
uterine bleeding (Saif et al., 2019; Savaris et al., 2019). A clinical
examination with positive endocervical sample results for microbes
supports the diagnosis of PID. Yet, negative microbiological findings
do not rule out this diagnosis (Brun et al., 2020). Participants with
chronic pelvic pain are more likely to have comorbid psychiatric
problems. Furthermore, these are linked to higher pain severity and
lower quality of life. The overlap between chronic pain and
psychological illnesses is complicated, but it appears that
environmental, genetic, inflammatory, and neurological variables
all contribute to increased vulnerability to both of these conditions
(Gartstein. et al., 2016). Intervention in uPID aims to relieve the pain
and systemic symptoms caused by infection, achieve a clinical/
microbiological cure, and prevent the spread of infection. It
further prevents complications and minimizes adverse effects
(Ross, 2013). Antibiotics used in modern medicine have certain
adverse effects on the human body. Natural, botanical drugs or
traditional herbal medicine is presently being studied with great
curiosity and hope. Hence, complementary and alternative
treatments for uPID are required which are safe, easily available,
and efficacious in treating the condition.

Various Unani botanical drugs are useful in uPID such as
Solanum nigrum L. (Mako), Althaea officinalis L. (Tukhme
Khatmi), Berberis aristate DC. (Raswat Zard), Achillea
millefolium L. (Brinjasif), Cichorium intybus L. (Kasni), Trigonella
foenum-graecum L. (Methi), Rosa damascena Mill (Gule Surkh),
Plantago ovata Forssk (Isapghol), and Linum usitatissimum L.
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(Katan) (Ghani, 2001; Kabir-al-Din, 2007). Pharmacologically,
these botanical drugs are proven to have antibacterial,
analgesic, antipyretic, and anti-inflammatory properties
(Khare, 2007). Various previous clinical studies also have
proven the efficacy of Unani and botanical drugs (Agarwal,
2014; Mohebitabar et al., 2017). However to date, in Unani
medicine, in all types of uterine inflammation, R. damascena
Mill oil (rose oil) with Sesamum indicum L. (black sesame seeds)
in the form of a pessary (Hamul) has not been validated
(Mohammad, 2006).

Sesamum indicum L. (Sesame) belongs to the family Pedaliaceae
also known as S. orientale L. (Anonymous, 1997; Rivera et al., 2014)
and Tukhm Kunjad Siyah in Unani medicine (Anonymous, 1997).
Sesame seeds are a significant source of protein, oil, minerals, and
carbohydrates for human nutrition (Zhou et al., 2016). The bioactive
component sesamin, which is derived from sesame, has been
discovered to shield the liver from oxidative damage. Sesame
seeds have natural antibacterial effects against common skin
pathogens such as Staphylococcus and Streptococcus spp. They
were also found to have antifungal, antiviral, and anti-
inflammatory properties. Flavonoids and other phenolic plant
metabolites found in sesame seeds have been shown in prior
research to have antioxidant properties (Dravie et al., 2020).
Black sesame seeds possess anti-inflammatory (Muhallil-i-
Awram), analgesic (Musakkin-i-Alam), and astringent properties,
as per Unani texts (Kabir-al-Din, 2007; Tariq, 2010; Khan and
Muhammad, 2018). Pharmacologically, ethanol extracts of sesame
seeds were tested for anti-microbial activity against a variety of

microorganisms (P. mirabilis, Erwinia coli, P. aeruginosa,
Staphylococcus aureus, and C. albicans) (Linn, 2021).
Experimental studies have also confirmed the anti-inflammatory
(Henriques Monteiro et al., 2014; Wu et al., 2019), analgesic
(Henriques Monteiro et al., 2014; Linn, 2021), and antioxidant
(Linn, 2021) properties of black sesame seeds.

Rose oil in Unani medicine is known as Roghan Gul. It is made
using four different processes from garden rose petals. (Mahboubi,
2019). Rose oil is recommended not only for inhalation and topical
application but also for oral administration at physiologically
applicable doses (Mileva et al., 2021). It possesses anti-
inflammatory (Muhallil-i-Awram), analgesic (Musakkin-i-Alam),
and astringent properties, as per Unani texts (Ghani, 2001). Rose
oil’s antibacterial activity has been proven against P. aeruginosa,
E. coli, B. subtilis, S. aureus, Erwinia carotovora, and C. violaceum
strains in an experiment (Ulusoy et al., 2009). Therefore, this study
sought to determine the therapeutic efficacy and safety of S. indicum
Linn seeds with R. damascena Mill Oil in uPID with standard
control. Additionally, we analyzed the data with machine learning.

The main contributions of this study were to design a novel drug
from the combination of S. indicum L. powder with R. damascena
Mill oil for the treatment of uPID. This novel drug would be
efficacious in treating uPID as it would have antimicrobial,
analgesic, anti-inflammatory, and antioxidant activities as proven
in research studies. We explored the relationship between
antimicrobial, antioxidant, anti-inflammatory, and
immunomodulatory activities in uPID with in-vitro and in-vivo
studies. Furthermore, we designed a heatmap for the experimental

FIGURE 1
Mechanism of inflammation, anti-inflammatory, and analgesic activities of sesame and rose oil.
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features and an artificial intelligence (AI)-enabled automatic
classification model.

2 Materials and methods

2.1 Experimental design and
ethical statement

The experimental design was a double-blind, randomized,
standard-controlled, double-dummy trial. The study was
conducted in the Dept. of Obstetrics and Gynaecology, National
Institute of Unani Medicine, Bangalore. This trial received Ethics
Committees approval from our Institute (NIUM/IEC/2019-20/012/
ANQ/04). This study was registered at the clinical trial registry of
India (CTRI), ICMR with ID No CTRI/2021/01/030182 before
initiating the clinical trial. This study was performed as per the
“Declaration of Helsinki” and “GCP” guidelines of the Ministry of
AYUSH, India. We have taken consent from each randomized
patient included in the study.

2.2 Participant selection

For the inclusion criteria, married women from 18 to 45 years
diagnosed with clinical features of uPID as per ACOG guidelines
(lower abdominal pain, adnexal and cervical motion tenderness,
abnormal vaginal discharge, pelvic discomfort, Low Backache,
dyspareunia, and dysuria) were included. In the present study
participants with other features of uPID (mild/subclinical PID)
were also included.

For the exclusion criteria, complicated cases of PID including
pelvic abscess and/or any condition likely to require any surgical
intervention within 24 h were excluded. Furthermore,
participants with any malignancy and systemic disease, on
OCPs (Oral contraceptive pills), IUCD (Intrauterine
contraceptive device), pregnant, lactating women, delivery,
and abortion within the last 3 months were excluded (Judlin
et al., 2010).

2.3 Data collection

Detailed demographic and clinical parameters were enquired
about during the interview to diagnose uPID. Socioeconomic status
was determined by Kuppuswamy’s scale. At each visit, a visual
analog scale (VAS) for lower abdominal pain (LAP) and Low
Backache (LBA) and a modified McCormack tenderness pain
scale (McPS) were used to assess pelvic tenderness. Before the
vaginal examination, participants were asked to empty their
bladder. A local examination for excoriation, edema, and
erythema was done. During the gynecological examination vaginal
discharge’s quantity, color, consistency, and odor were noted. A Pap
smear and vaginal wet mount were also performed. All the clinical
findings were recorded by the researcher. The participants were
requested to avoid other medicines during the trial period. They
were also advised of the barrier method precaution during
intercourse. In addition, each participant was instructed

regarding the use of vaginal pessary and oral medicines and to
maintain perineal hygiene.

Hematological and biochemical markers such as complete
hemogram, erythrocyte sedimentation rate, urine analysis, C
reactive protein, and random blood sugar were performed for the
exclusion of general diseases. To exclude sexually transmitted
diseases, serological markers such as Venereal Disease Research
Laboratory (VDRL), human immunodeficiency virus (HIV), and
Hepatitis surface antigen (HBsAg) were also performed. To diagnose
cervical malignancy and bacterial vaginosis, a Pap smear was
performed. To diagnose PID and pelvic pathology, ultrasonography
of the pelvis was performed. Safety evaluation included physical
examination findings and laboratory biochemical markers.

For safety, hematological and biochemical markers including
hemogram, hepatic function tests (aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP)), and renal function tests (blood urea, and serum
creatinine) on day 0 and day 15 were done. The participants were
instructed to report any adverse effects related/not related to the
treatment. At each follow-up, all findings were entered into the case
record forms.

2.4 Assessment tools

The abnormal vaginal discharge score was calculated by visual
analog scale score (VAS). A sterile spatula was introduced for the
collection of discharge from the vagina (posterior fornix and sidewall)
for the vaginal wet mount test. A small amount of vaginal discharge
was spread over a glass slide with a few drops of normal saline and
covered with a transparent glass slip to check the presence of white
blood cells per high field in the vaginal wet mount smear under the
microscope (Crossman, 2006; Jaiyeoba et al., 2011).

For the diagnosis of BV, three out of four of Amsel’s criteria were
considered significant (Mohammadzadeh et al., 2015). The VAS
score for pain intensity is the most commonly used validated tool
(Savaris et al., 2007). The scoring of each symptom scale was graded as
absent (0), mild (1–3), moderate (4–6), Severe (7–9), and very severe
(10) (Boonstra et al., 2008). The health-related quality of life was
measured by a Short Form (SF)-12 scale (Shou et al., 2016).

2.5 Intervention

2.5.1 Selection of plant materials and identification
of SR group

After reviewing the literature, various Unani formulations and
single drugs having properties of antiseptic (Dafi’-i-Ta’affun), anti-
inflammatory (Muhallil-i-Waram), astringent (Qabid) and tonic
(Muqawwi) effective in uPID were explored (Ghani, 2001; Kabir-
al-Din, 2007). Pessary of black sesame powder with rose oil was
selected for the treatment of uPID in the form of pessary as they are
useful in uPID (Waram-al-Rahim) (Kabiral-Din, 2006). It has
antimicrobial, anti-inflammatory, antioxidant, and analgesic
properties (Mohebitabar et al., 2017).

The details of trial plant materials were presented as per
ConPhyMP guidelines (Heinrich et al., 2022). All trial-related
medications were provided by our institute pharmacy. One week
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before the start of the research, the Institute pharmacist directly
purchased the plant materials from the neighborhood market. The
drug was sent for identification and confirmation at the Foundation
for Revitalisation of Local Health Traditions (FRLHT), University of
Trans-Disciplinary Health Sciences and Technology, Bengaluru,
India. The pharmacognosist identified the plant materials as R.
damascena Mill flower and S. indicum L. seeds belonging to the
family Rosaceae and Pedaliaceae respectively. For future reference,
the specimen has been reposited in our Institute (Voucher specimen
numbers were 105/UQ/Res/2021/1 and 105/UQ/Res/2021/2).

Sesamum indicum L. is a species of plant that is widely grown
around the world, primarily in tropical and subtropical areas,
particularly in Burma, India, China, and Sudan. Around the
world, sesame seeds are preferred to be added as a seasoning on
food products (Zhou et al., 2016). India has the greatest sesame
cultivation area and produces 27.9% of the world’s sesame (Wu
et al., 2019). It is an erect annual herb that grows 0.3–0.9 m high.
White, black, and yellow sesame seeds are the three types of seeds,
while white and black sesame seeds are the most popular (Wang
et al., 2018). Macroscopically, black sesame seeds (Tukhm Kunjud
Siyah) are black ovoid, laterally compressed, and very small, about
3–4 mm long, 2 mm broad, and 1 mm thick. One end is broad and
tapers towards the hilum (Anonymous, 1997). The seed coat’s
texture may be either smooth or rough. The seeds are delicately
punctate and have four enigmatic longitudinal ridges at the borders
of the flat faces. The hilum is at the pointed end, and the raphe
extends as a line from the center of one flat face to the broader end
(Wang et al., 2018). The epidermis of the seed consists of thin-walled
palisades, and the anticlinal walls are more or less curved. The
epidermis’ cells measure 50–95 mm in length and 18–30 mm in
width (Anonymous, 1997; Wang et al., 2018). Based on the powder
analysis, it is oily, heterogeneous, and black with a sweet taste and
distinctive oily scent. An abundance of big epidermal cells, palisade
cells, and isodiametric cells of the parenchyma of various sizes, each
densely loaded with the protein bodies, were visible upon
microscopic analysis of the powder (Anonymous, 1992).

Sesame seeds are significant sources of protein, oil, minerals, and
carbohydrates for human nutrition (Zhou et al., 2016). A study
measured the free, bound, and total phenolic contents of black
sesame seeds. Total phenolic contents were measured by a modified
Folin-Ciocalteu colorimetric method. Black sesame seed displayed a
maximum of 4.99 ± 0.47 of free and 2.33 ± 0.36 g GAE kg−1 of bound
phenolic compounds. The total phenolic contents in black sesame
varied from 4.54 to 7.32 gm GAE kg−1 (Zhou et al., 2016). A study
analyzed the lignans including sesamol, sesamin, and sesamolin in
free and bound extracts of black sesame seeds by HPLC using
methanol/water (75: 25 v/v) with 0.1% formic acid in water as
mobile phase. Overall, higher levels of lignans (>89%) were present
in free phenolic extracts. The black sesame showed
82.83–251.91 mg kg-1 of lignans in free phenolic extracts. The
highest content of sesamol, sesamolin, and sesamin in the free
phenolic extract was 187.25 ± 10.56 mg kg-1, 25.12 ± 0.95 mg kg-1,
and 39.55 ± 0.38 mg kg-1 respectively (Zhou et al., 2016). Nadeem
et al. (Nadeem et al., 2014) found that the total phenolics extracted
were 1.72 gm GAE kg−1 from sesame cake. Shahidi et al. (Shahidi
et al., 2006) confirmed that the total phenolic contents of black
sesame contain 29.9 ± 0.6 gm catechin equivalents kg−1 in crude
ethanolic extract.

Rosa damascenaMill [family: Rosaceae] is commonly known as
Gul-e-Surkh in Urdu and Warde Ahmar in Arabic (Anonymous,
2006). It originates in Iran, and since the seventh century A.D.,
human beings have been extracting essential oils from its blossoms
(Mahboubi, 2016). Around the world, roses have been extensively
grown in regions with moderate weather. Roses are grown in China,
Japan, Korea, and India (Kashmir, Bihar, Uttar Pradesh, and Punjab
States) in addition to Europe, North America, and Northwest Africa
(Morocco). More than 90% of the world’s rose oil is produced in
Bulgaria, Turkey, and Iran, though R. damascena oil from Bulgaria is
the highest-quality oil available. It is a 2.5 m tall perennial shrub that
has numerous robust branches. They have 5 to 60 pale pink to
pinkish red corolla petals (Mileva et al., 2021). The cell of the upper
epidermis in the petal is rectangular to squarish or radially
elongated, thick-walled with yellowish-brown contents, and
coated with thick cuticles on the outside surface. Mesophyll is
distinguished by compact, polygonal to oval, thick-walled
parenchymatous cells with slightly uneven walls (Anonymous,
2006). Supplementary Table S1A summarizes the taxonomy
(Rosa damascena Mill, 2023; Sesamum indicum, 2023), and
phytochemical parameters of black sesame seeds (Anonymous,
1997) and rose flowers (Anonymous, 2006; Fathima and
Murthy, 2019).

Rose oil in Unani medicine is known as Roghan Gul. Rose oil is
made using four different processes from garden rose petals
(Mahboubi, 2019). Supplementary Table S1B summarizes the
phytochemical parameters of rose oil prepared by traditional
methods (Anonymous, 1986). Thin layer chromatography of pet.
ether extract of rose oil using mobile phase pet. ether: diethyl ether:
acetic acid (90: 10:1) and stationary phase sprayed with 10%H2 SO4,
exhibit three spots at Rf. values of 0.09, 0.30, and 0.48. When pet.
ether: diethyl ethers: acetic acid was used in an 80:20:1 ratio and the
stationary phase was treated with 10% H2SO4, the chromatogram
showed three spots at Rf. values of 0.23, 0.37, and 0.68
(Anonymous, 1986).

2.5.2 Preparation of the trial medicine and
dispensing

Black sesame seeds were finely powdered with the powder-
making machine (Hammer mill), sieved with mesh number 80,
and separately kept in small airtight packets.

Each participant received 14 sachets, each containing 5 g of
powder. The sachets were packed in a sealed aluminum pouch
according to the calculated dose of 5 g powder each.

The rose oil (Roghan Gul) was prepared by the traditional
method. An equal quantity of fresh rose petals was separated
from rosehips and mixed in boiling sesame oil at 170°C till the
watery part was dried (10 min) and then filtered (Kabir-al-Din,
2007; Khan and Muhammad, 2018; Mahboubi, 2019). Each
participant received 14 sachets, each containing 10 mL of rose
oil. These sachets were packed in a sealed aluminum pouch.

2.5.3 Administration, and dosage
Participants in the SR group (n = 30) received 14 days course of

black sesame powder (5 g) mixed with rose oil (10 mL) cotton
pessary (Hamul) per vaginum at bedtime once daily plus two
placebo capsules (500mg, edible cellulose powder) orally. Each
participant received a unique batch of 28 capsules that were
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given out in an opaque aluminum pouch. Participants in the SC
group (n = 30) received 14 days course of standard, doxycycline
100 mg twice and metronidazole 400 mg thrice orally plus a placebo
(pessary of cellulose and distilled water) per vaginum at bedtime.

2.5.4 Training of the participants
Fourteen sterilized cotton tampons were given to each participant,

each separately wrapped in an aluminum pouch. Each participant
received instructions on how to fill a measuring cup with 10 mL of
oil, add one sachet of powder, and thoroughlymix the ingredients. They
were then instructed to insert the tampon, place it deep inside the vagina
at night, and then remove it in the morning.

2.5.5 Compliance
Compliance with the treatment was evaluated by asking the

participants to return the empty packets at the end of the protocol
duration. This number would then be compared with the total
number of units received by the participants.

2.6 Outcomes

The main outcome included a change in VAS for LAP, LBA, and
McPS for abdominal-pelvic tenderness. The primary efficacy
endpoints for the study were a clinical cure, for both VAS and
McPs scales, and a 65% or higher reduction in a score at day 15 and
day 30 compared to baseline (Savaris et al., 2007).

The secondary outcome included a change in the SF-12 HRQoL
questionnaire, WBC cell on saline microscopy of vaginal discharge
in vaginal wet mount test, and safety profile. For the secondary
efficacy endpoint, improvement of quality of life was defined as a
70% or greater improvement in the score at day 30 when compared
to baseline for total component summary, physical component,
mental component summary, and each domain of the SF-12
questionnaire. The clinical cure was defined as WBC <10/HPF in
a wet mount test. The percentage reduction (PR) score of the
showVAS score for pain and McPS was also calculated at each
follow-up from the baseline as shown in Eq. 1:

PR %( ) � mean score at follow up − mean score at day 0
Mean score at day 0

*100

(1)

2.7 Randomization, blinding allocation,
and matching

Computer-generated randomization and allocation of 1:1 for a
simple random technique were performed and an open list of
random with a single block was computed. The randomization
number was concealed from the first investigator and pathologist
until the trial and control medicines were assigned to each
participant. The participant and pathologist who reported vaginal
wet mount tests for the presence of white blood cell count were
blinded in the study. Pessary and oral medicines were dispensed in
non-transparent sealed sachets in the SR and SC groups to match
both groups. The participants of both groups were called at different

periods so that participants could not interact and be able to know
the treatment they received. As the drugs were packed in air-tight
sealed sachets so there was no obvious rose oil aroma noted.

2.8 Sample size

Based on an outcome of clinical cure with the difference in two
groups, 28%, a level of significance of 5% with a statistical power of 90%,
and a sample size of 60 (30 in each group) was adequate for a two-group
randomized study including an attrition rate of 10% (Savaris et al., 2007).

2.9 Statistical analysis

Data were imputed in Microsoft Excel and the statistical
software SPSS version 28 was used to perform data analysis. A
two-sided p-value, Alpha error was 0.05, 95 percent confidence
interval, and statistical power of 90% were imputed. The chi-square
test/Fisher’s exact test was used to compare the socio-demographic
variables between the group and the independent t-test for
quantitative variables. Intergroup comparison for VAS score
LAP, LBA, and tenderness was performed by using the Mann-
Whitney U test and intragroup comparison used the Friedman test.
All efficacy factors were examined using data from all randomized
participants who had received at least one dose of the SR group or SC
drug (first day after visit 1), according to the principles of intent-to-
treat to impute missing data, the last observation was carried
forward (McCoy, 2017). p > 0.05 was considered not significant.

2.10 Machine learning techniques

The machine learning technique is a type of artificial intelligence
(AI) technique (Akhtar et al., 2020; 2023; Iqbal et al., 2022; Parveen
et al., 2023).We usedAdaBoost (AB), Naive Bayes (NB), andDecision
Tree (DT)machine learning classifiers on the SR (sesame and rose oil)
and the SC (Doxycycline and Metronidazole) groups related to uPID.

2.10.1 AdaBoost
AB is one type of ensemble classifier. It is the combination of

different classifiers that improves classification performance. Each
classifier is trained using a simple set of training samples. In addition,
each piece has weight, and the consequences of all models are familiar
iteratively (Chola et al., 2021; Pal et al., 2022). Standard equations of
AB are described in (2)-(4) given below:

Y x( ) � sign ∑
n

m�1αmym x( )[ ] (2)

αm � 0.5 ln
1 − e( )
e

( ) (3)

Dm+1 i( ) � Dm i( )e −αmyiym xi( )( )
Zm

(4)

2.10.2 Naive bayes
The NB classifier was constructed on the Bayes theorem with free

expectations between predictors (Xu, 2018). Bayes theorem offers to
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calculate the posterior probability PPID (tp) from the prior probability of
target PPID (t), the prior probability of predictor PPID (p), and the
probability of predictor given target PPID (pt). The NB classifier accepts
the effect of the value of a prior probability of predictor on a given target
(Bin Heyat et al., 2021; Heyat et al., 2021; AlShorman et al., 2022). The
standard equation of the NB classifier is described in Eq. 5:

NB PID( ) � PPID tp( )
PPID pt( )PPID t( )

PPID p( )
(5)

2.10.3 Decision tree
The DT Classifier is a supervised machine-learning technique,

where information is constantly separately applicable to different
constant values. It has two separate stages’ viz. classification tree and
reversion tree. Here, in this article, the classifier is a few dual
parameters of the random moment in trees that are divided into
small subparts which must be in the range of five (Heyat et al., 2019;
Lai et al., 2019; Belal Bin Heyat et al., 2022; Bin Heyat et al., 2022;
Tripathi et al., 2022). The main benefits of this classifier are that

computation time is fast and de-noising is embedded in it. The
standard Equations 6, 7 are given below:

E Ht( ) � ∑
j

PjHj (6)

Rt � H − E Ht( ) (7)

Where Ht is the regular indecision after execution of test t, Pj is
the chance that the examination has a j outcome, and Rt is the
regular lessening of doubt attained by examination t.

3 Results

Participants who fulfilled the study criteria were randomly
allocated either to the SR or SC intervention group. A total
number of 110 participants were evaluated for PID as per ACOG
guidelines. A total of 96 participants were diagnosed with PID of
which 6 declined to take part in the study. Thirty participants were
excluded for different reasons. Then, the remaining 60 participants

FIGURE 2
Flow chart as per consort statement in the proposed study.
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were randomized for the study. The first patient was enrolled on
25 February 2021 and the last follow-up of the last patient was
completed on 30 January 2022 from the outpatient of our Institute.
Three patients were lost to follow-up in the SR group and 3 patients
were lost to follow-up in the standard group. However, 30 patients in
each group were included as the analysis was carried out as per the
intent to treat principle (McCoy, 2017) (Figure 2).

3.1 Sociodemographic variables, routine
investigations, and pap smear

Statistical tests demonstrated insignificant differences in the
baseline parameters between the groups (p > 0.05), showing
homogeneity at baseline (Table 1). At baseline, serological
markers (HIV, VDRL, andHbsAg) were negative for all participants.

On day 0, in the SR group 20 (66.6%), 6 (20%), and 4 (13.3%)
participants had an inflammatory smear, bacterial vaginosis, and
normal smear respectively, whereas, in the SC group, 22 (73.3%),
7(23.3%), and 1 (3.33%) patient had inflammatory, bacterial
vaginosis, and normal smear respectively. On day 15, 14
(46.6%), 2 (6.66%), and 14 (46.6%) in the SR group, whereas
18 (60%), 3 (10%), and 9 (30%) participants in the SC
intervention, had inflammatory, bacterial vaginosis, and
normal smear respectively.

3.2 Primary outcome results

3.2.1 VAS score for LAP
The pre- and post-intervention comparison was statistically

significant at each follow-up in both SR and SC groups (p <

TABLE 1 Baseline sociodemographic parameters of the participants in both groups.

Variables SR Group (n=30) SC Group (n=30) Total (n=60) p-value

Age (year) 31.13±7.12 30.93±6.30 0.90a

≤ 20 2 (6.66) 2 (6.66) 4 (6.66)

21-30 12 (40) 12 (40) 24 (40) 0.98b

31-40 12 (40) 13 (43.3) 25 (41.6)

41-50 4 (13.3) 3 (9.67) 7 (11.6)

Religion

Muslim (1) 26 (86.6) 27 (90) 53 (88.3) 1.00c

Hindu (2) 4 (13.3) 3 (10) 7 (11.6)

Habitat

Rural (1) 2 (6.66) 4 (13.3) 6 (10) 0.67c

Urban (2) 28 (93.3) 26 (86.6) 54 (90)

Diet

Vegetarian (1) 2 (6.66) 3 (10) 5 (8.3) 1.00c

Non-vegetarian (2) 28 (93.3) 27 (90) 55 (91.6)

BMI (Kg/m2) 24.95±5.32 25.45±4.98 0.41d

<18.5 2(6.66) 2(6.66) 4 (6.66)

18.5-24.9 14(46.66) 11(36.66) 25(41.66)

25-29.9 11(36.6) 10(33.33) 21(35) 0.57b

>30 3 (10) 7(23.33) 10(16.66)

Socioeconomic parameters 0.64c

Upper 0 0 0

Upper middle 2(6.66) 2(6.66) 4(6.66)

Lower middle 12(40) 10(33.33) 22(36.66)

Upper lower 16(53.33) 16(53.33) 32(53.33)

Lower 0 2(6.66) 2(3.33)

aUnpaired t-test.
bChi-square test.
cFisher Exact test.
dMann Whitney U test; data presented in mean ± SD, or No (%).
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0.001). The percentage reduction of VAS score was 82.85% and
81.48% in the SR and SC groups respectively at day 15 from
baseline. The percentage reduction of VAS score was 89.04% and
87.96% in the SR and SC groups respectively at day
30 from baseline.

3.2.2 VAS score for LBA
The intragroup comparison was statistically significant at each

follow-up in both SR and SC groups (p < 0.001). The percentage
reduction of VAS score was 61.71% and 50.53% in the SR and SC
groups respectively at day 15 from baseline. The percentage
reduction of VAS score was 68.31% and 53% in the SR and SC
groups respectively at day 30 from baseline.

3.2.3 McPS
The intragroup comparison was statistically significant at each

follow-up in the SR and SC groups (p < 0.001). The percentage
reduction was 83.85% and 81.60% in the SR and SC groups
respectively at day 15 from baseline. The percentage reduction
was 87.32% and 82.85% in the SR and SC group respectively at
day 30 from baseline (Table 2; Figure 3).

3.3 Findings of the secondary outcomes

3.3.1 HRQoL
The intragroup comparison of both groups at day 30 from

baseline showed extremely significant improvement (p < 0.0001) in
all parameters of the SF-12 score. The mean percentage improvement
of the total SF-12 score was 82.79% and 80.04% in the SR and SC
groups respectively at 30 days from baseline (Figures 4, 5).

3.3.2 WBC/HPF in vaginal wet mount test
On day 0, pus cells were present >10 in the wet mount test in all

the participants of the SR and SC group (n = 60, 100%). On day 15, a
significant reduction in pus cells from baseline in both groups (p <
0.001) was noted. On day 15, 26 (86.6%) and 23 (76.6%) participants
had less than 10 pus cells in the SR and SC groups respectively with an
insignificant difference (p > 0.05). The intragroup comparison from
baseline to day 15 was statistically significant (p < 0.001) (Table 3).

3.3.3 Safety parameters
The intergroup comparison showed that both groups were

homogenous at day 0 and day 15 with no statistical difference

TABLE 2 Primary outcomes (VAS and McPS) in both (SR and SC) groups.

Follow-up SR group (n = 30) 95% CI (LL-ul) SC group (n = 30) 95% CI (LL-ul) p-value

Visual analogue scale (VAS) for lower abdominal pain (LAP)

D0 2.1 ± 0.48 1.92-2.27 2.16 ± 0.53 1.96-2.36 0.82

D8 1.23 ± 0.56*** 1.02-1.44 1.23 ± 0.56*** 1.02-1.44 0.99

D15 0.36 ± 0.76*** 0.08-0.65 0.4 ± 0.77*** 0.11-0.68 0.84

D30 0.23 ± 0.72*** −0.03-0.50 0.26 ± 0.73*** −0.009-0.54 0.84

%PR at D15 82.85 - 81.48 - -

%PR at D30 89.04 - 87.96 - -

VAS for Low Backache (LBA)

D0 3.03 ± 0.49 2.85-3.21 2.83 ± 0.64 2.59-3.07 0.18

D8 2.03 ± 0.55*** 1.82-2.24 2 ± 0.58*** 1.78-2.21 0.82

D15 1.16 ± 0.83*** 0.85-1.47 1.4 ± 0.67*** 1.14-1.65 0.23

D30 0.96 ± 1.03*** 0.58-1.35 1.33 ± 0.75*** 1.05-1.61 0.12

%PR at D15 61.71 - 50.53 - -

%PR at D30 68.31 - 53 - -

Modified McCormack Pain Scale (McPS) for Pelvic Tenderness

D0 5.76 ± 1.67 5.41-6.39 5.6 ± 1.03 5.21-5.98 0.75

D8 2.53 ± 1.30*** 2.04-3.02 2.46 ± 1.27*** 1.98-2.94 0.85

D15 0.93 ± 1.81*** 0.25-1.61 1.03 ± 1.86*** 0.33-1.73 0.81

D30 0.73 ± 1.78*** 0.06-1.39 0.96 ± 1.84*** 0.27-1.65 0.41

%PR at D15 83.85 - 81.60 - -

%PR at D30 87.32 - 82.85 - -

***p< 0.001 considered extremely significant from baseline at each follow-up; Test used: Mann Whitney U test and Friedman test; %PR: percentage pain reduction.
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(Table 3) showing that hematological (hemogram) and
biochemical parameter (ALT, AST ALP, blood urea, and
serum creatinine) assessment before and after treatment had
no changes. This shows that SR and SC group treatments were

harmless to the liver and kidney, proving no toxicity of these
medicines on the body functions. Furthermore, no patients in
either group complained of any side effects or serious
adverse events.

FIGURE 3
Comparative analysis between SR and SC groups for the primary outcomes (A) LAP, (B) LBA, and (C) McPS.
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3.4 Associated symptoms of uPID

3.4.1 Abnormal vaginal discharge
On day 0, all participants had abnormal vaginal discharge in the SR

and SCgroupswhereas, on day 30, 25 (83.4%) and 12 (40%) participants in
the SR and SC groups respectively had no abnormal vaginal discharge
(p = 0.007).

3.4.2 Dyspareunia
On day 0, a total of 17 (56.6%) participants in the SR group and

13 (43.3%) participants in the SC group had complaints of
dyspareunia, whereas, on day 30, 14 (46.6%) participants in the
SR group and 12 (40%) participants in the SC group had no
dyspareunia (p = 0.0002).

3.4.3 Dysuria
On day 0, 4 participants in the SR group and SC groups had

complaints of dysuria, whereas, on day 30, no patient had dysuria
in the SR group and only 1 patient in the SC group had dysuria
with no statistical difference (p = 0.32 was statistically
insignificant).

3.5 Machine learning classification results

We classified the SR and SC (Doxycycline and
Metronidazole) groups in terms of area under the curve
(AUC), precision, F1, accuracy, recall, specificity, and log loss.

Additionally, we used the AB, NB, and DT machine-learning
classifiers with cross-validation (CV) 5-fold, 10-fold, and leave-
one-out models. The mathematical expression for the precision,
F1, accuracy, recall, and specificity (Ullah et al., 2022b; 2022a;
Sultana et al., 2022a; Ayalew et al., 2022; Nawabi et al., 2022; Said
et al., 2022; Benifa et al., 2023; Pal et al., 2023; Qadri et al., 2023)
are shown in Equations 8-12 below:

precision � TP

FP + TP
( ) (8)

F1 � 2 × recall × precision( )

recall + precision( )
(9)

accuracy � TP + TN

TP + FP + TN + FN
( ) (10)

recall � TP

TP + FN
( ) (11)

specificity � TN

FP + TN( )( ) (12)

Where true positives are TP, false positives are FP, true negatives
are TN, and false negatives are FN.

We calculated a heat map of the SR and SC group information
related to uPID, as shown in Figure 6. It showed the association
between the experimental and demographic features for both uPID
groups. In the CV 10-fold model, the NB classifier achieved
maximum accuracy in terms of precision (61.80%), F1 (61.60%),
accuracy (61.70%), recall (61.70%), and specificity (61.70%). In the
CV 5-fold model, the AB classifier accomplished maximum

FIGURE 4
SF-12 health survey domain comparison in SR and SC groups.
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TABLE 3 Vaginal wet mount test and hematological and biochemical biomarker parameter assessment of both groups.

Investigations SR Group (n=30) SC Group (n=30) p-value

WBC/HPF in Vaginal Wet Mount Test

BT 31.2±25.37 29.7±25.23 0.80a

AT 5.7±8.09 8.1±634 0.12a

p-value <0.0001a <0.0001a

Hb% (gm %)

BT 11.60±1.34 11.88±1.45 0.44d

AT 11.57±1.21 11.87±1.31 0.36d

p-value 0.80c 0.30b

ESR

BT 20.4±14.47 18.1±9.37 0.46d

AT 17.76±10.69 18.03±9.53 0.91d

p-value 0.24c 0.97c

TLC (cells/cumm)

BT 7057.03±1860.7 7896.6±1839.9 0.19e

AT 7206.66±1534.0 7943.33±1539.7 0.06d

p-value 0.78b 0.86c

Neutrophils

BT 58.96±7.11 58.86±7.68 0.95d

AT 57.45±6.84 58.46±7.74 0.5d

p-value 0.32c 0.78c

Lymphocytes

BT 33.36±6.26 34.06±6.66 0.48d

AT 34.33±5.87 34.53±6.68 0.90d

p-value 0.39c 0.71c

S. Creatinine (mg/dl)

BT 0.86±0.13 0.81±0.12 0.16d

AT 0.86±0.13 0.83±0.13 0.92d

p-value 0.45b 0.70b

Blood Urea (mg/dl)

BT 20.23±6.21 22.73±7.41 0.17e

AT 20.9±5.2 21.56±6.96 0.76e

p-value 0.49b 0.34b

Alanine Aminotransferase (IU/L)

BT 30.2±11.98 27.5±6.71 0.28d

AT 30.9±10.32 30.8±8.67 0.96d

p-value 0.73c 0.11c

Aspartate Transaminase (IU/L)

BT 23.7±10.09 22.5±5.78 0.58d

(Continued on following page)
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accuracy concerning precision (63.40%), F1 (63.33%), accuracy
(63.33%), recall (63.33%), and specificity (63.33%). In addition,
the NB classifier for the leave-one-out model achieved maximum
accuracy in terms of precision (68.50%), F1 (68.30%), accuracy
(68.30%), recall (68.30%), and specificity (68.30%). While, the
average precision, F1, accuracy, recall, and specificity were found
to be 62.10%, 61.90%, 62.00%, 62.00%, and 62.00%, respectively.
Nevertheless, our NB leave-one-out model is more appropriate for
the classification of the SR and SC group in uPID, as shown in
Table 4 and Figure 6.

4 Discussion

This study showed the clinical cure for LAP was 82.85% and
89.04% on day 15, and 81.48% and 87.96% on day 30, in the SR and
SC interventions, respectively. The clinical cure for McPS was
83.85% and 87.32% on day 15, and 81.60% and 82.85% on day
30 in the SR and SC groups, respectively. The total SF-12 score
improvement was 82.79% and 80.04% in the SR and SC groups
respectively. The hematological (hemogram) and biochemical
biomarker parameter (ALT, AST ALP, blood urea, and serum
creatinine) assessments before and after treatment had no
changes. This shows that the SR and SC group interventions
were safe on the body functions. Furthermore, no patients in
either group complained of any side effects or serious adverse
events. On day 15, 86.6% and 76.6% of participants had less than
10 pus cells in the SR and SC groups respectively with an
insignificant difference (p > 0.05). The intragroup comparison
from baseline to day 15 was statistically significant (p < 0.001).

Two studies have shown that vaginal neutrophils with more than
10/HPF in vaginal wet mount have a sensitivity of 78% and a
specificity of 39% (Jaiyeoba et al., 2011). Few investigators have
reported the absence of vaginal white blood cells had a 95% negative
predictive value for PID. The absence of neutrophils in the vaginal
wet mount smear suggests an alternative diagnosis to PID
(Crossman, 2006; Jaiyeoba et al., 2011). Globally, VAS is widely
used to measure the intensity of pain. It is a valid, reliable, and
interval scale (Boonstra et al., 2008). Saif et al. have found a highly
statistically significant reduction of pain and resolution of clinical
features in the first group of patients (Saif et al., 2019). A study has

found a reduction in clinical features determined by VAS scores
(Zahid and Rehman, 2016). Sayed et al. found clinical responses for
VAS in 90% and 95% of the test and control groups and pelvic
tenderness and vaginal discharge were cured in 90% and 95% of
patients respectively in both groups (Sayed and Shameen, 2016).
Another study has shown an improvement in 21 patients out of
30 for subjective and objective parameters (p < 0.0001) (Parween
et al., 2017). Qayyum et al. found a significant improvement in VAS
score for LAP, LBA, and McPS scores before and after treatment,
consistent with our study (Qayyum et al., 2023).

A previous study reported that abnormal vaginal discharge is
the most common presenting complaint (Lata et al., 2019). Saif
et al. have found a significant improvement in vaginal discharge
before and after treatment, which is consistent with this study
(Saif et al., 2019). A study conducted to examine the effect of L.
usitatissimum L. (Tukhme Katan) and P. ovata Forssk (Isapghol)
in Waram al-Rahim showed that the test drug improved
abnormal vaginal discharge in 28 out of 30 patients (Qayyum
et al., 2023). In this study, on day 30, 46.6% of participants in the
SR group and 40% of participants in the SC group had no
dyspareunia. Previous studies also reported that dyspareunia is
a presenting symptom of PID (Parween et al., 2017; Al-kuran
et al., 2021). On day 30, no participant had dysuria in the SR
group and one participant in the SC group had dysuria. In
addition, we noted that participants with bacterial vaginosis
(BV) also responded to the SR treatment. Another study
confirmed the usefulness of Pistacia integerrima J. L. Stewart
ex Brandis in BV (Baig et al., 2022).

4.1 Black sesame and rose oil usefulness in
pelvic inflammatory disease

Various pharmacological properties have been found, including
the anti-inflammatory, analgesic, antioxidant, immunomodulatory,
antimicrobial, anticancer, hepatoprotective, nephroprotective, and
antiproliferative activity of black sesame seeds (Majdalawieh et al.,
2020; Linn, 2021). Rosa damascena has shown versatile
pharmacological activities viz., antimicrobial, anti-inflammatory,
analgesic, antimutagenic, antioxidants, anticancer, free-radical
scavenger, and antidepressant activity (Akram et al., 2020).

TABLE 3 (Continued) Vaginal wet mount test and hematological and biochemical biomarker parameter assessment of both groups.

Investigations SR Group (n=30) SC Group (n=30) p-value

AT 22.6±7.14 24.0±6.47 0.42d

p-value 0.53c 0.14c

Alkaline Phosphatase (IU/L)

BT 94.6±17.9 96.03±21.1 0.77d

AT 92.9±11.5 92.3±19.8 0.88d

p-value 0.57c 0.17c

aFisher exact test.
bUnpaired t-test.
dWilcoxon Matched paired test.
cPaired t-test.
eMann Whitney U test.
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4.2 Anti-microbial properties

The ethanolic extracts and hot and cold water of the sesame
seeds showed anti-microbial activity against tested microorganisms.
The presence of lignans (phenolic) and other metabolites confirmed

significant antibacterial and antioxidant activities in the methanolic
extract of S. indicum (Linn, 2021). The researchers reported that the
rose oil demonstrated antibacterial potential against Gram-positive
and Gram-negative bacteria (Pseudomonas aeruginosa, B. subtilis,
E. coli, C. violaceum, S. aureus, and E. carotovora strains). The rose

FIGURE 5
Comparative analysis between SR and SC groups for the secondary outcome measure such as total component score, physical and mental
component sub scores of SF-12 HRQoL.

FIGURE 6
Heat map of the SR and SC groups for the uPID.
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essential oil’s antimicrobial activity is perhaps due to the presence of
monoterpenes and their lipophilic nature, which causes loss of its
high permeability for protons and larger ions as they disrupt the
microbial cytoplasmic membrane and compromise its function.
Citronellol, geraniol, and nerol, the main components of rose oil,
demonstrated considerable antibacterial activity against some
microorganisms (Ulusoy et al., 2009). Therefore, these
ingredients may operate as a mediator for the antibacterial
activity of rose oil (Boskabady et al., 2011). Further, citronellal,
citral, nerol, geraniol, citronellol, and eugenol are common
components that showed antiviral activity (Mileva et al.,
2021) (Figure 7).

4.3 Anti-inflammatory and analgesic
properties

Sesame seeds have anti-inflammatory (Ghani, 2001; Kabir-al-
Din, 2007) properties which can be the reason for the reduction of
pus cells in the wet mount test. Pelvic discomfort is a major problem
for both patients and physicians. It deteriorates the QoL of the
patients and also affects their social relationships. Additionally,
pelvic pain is annoying to patients as well as to doctors, who
attempt to recognize the pathologic reason to rationalize the
clinical condition.

Pelvic pain disorders can be caused by (i) nociceptive, (ii)
inflammatory, (iii) neuropathic, (iv) psychogenic, (v) mixed, and
(vi) idiopathic biological processes. Inflammatory pain is caused by
the body’s response to tissue damage and the subsequent
inflammatory process, which can activate “silent nociceptors”.
These nociceptors do not ordinarily reply to thermal or
mechanical stimuli. Inflammation and the inflammatory response
are the fundamental cause of pain of any type. Inflammatory
mediators are released and sensory nerve fibers are stimulated
when soft tissue or nerves are injured. Cytokines, growth factors,
neuropeptides, and neurotransmitters are biological mediators of

inflammation. At the peripheral terminals of these fibers, the release
of inflammatory neuropeptides is triggered by the antidromic firing
of these sensory nerves. These neuropeptides have the potential to
promote vasodilation, enhance vascular permeability, recruit T
helper cells, and activate sensory nerve fibers in the surrounding
area. This condition is known as neurogenic inflammation.
Furthermore, local tissue inflammation causes secondary
hyperalgesia as well as central sensitization. Hence, this causes
diffuse muscle pain, joint pain, fever, lethargy, spasm, and
anorexia-like syndrome (Omoigui, 2009). An in vitro study
proved that in response to N. gonorrhoea, prostaglandin E2 is
produced from dendritic cells and leukotriene B4 from
neutrophils which are the lipid mediators important for
inflammatory hyper nociception. In women with acute PID,
peritoneal fluid showed elevated levels of both mediators, hence
targeting these responses may help to provide pain relief (Xu and
Gray-Owen, 2021). Inflammatory response and inflammation are
the sources of all pain. Hence, inflammation in PID can
also cause pain.

Black sesame has an anti-inflammatory effect by inhibiting
COX2 activity or PGE2 synthesis in non-animal and animal
models. Other studies have revealed that some of these
constituents suppress pro-inflammatory cytokines such as IL-1β,
TNF-α, IL-6, andNF-kB in a rat model or a cell culture model (Afroz
et al., 2019). Sesame lignans hamper the dissemination of
inflammatory mediators and inflammatory cytokines, hence they
exhibit the extenuation of inflammatory-related pathways (Wu
et al., 2019). Further, sesame also has antinociceptive activity and
a study proved that ethanolic extract of S. indicum (500 mg/kg) in
mice produced a significant analgesic effect similar to ibuprofen
(50 mg/kg) (Linn, 2021). Studies reported that bioactive sesame
molecules act on opioid agents (specific central antinociceptive), and
exert their analgesic activity through supraspinal and spinal
receptors (Henriques Monteiro et al., 2014). Hence, we
hypothesize that because of the aforementioned mechanism,
sesame seeds are able to inhibit the inflammatory biochemical

TABLE 4 Classification results between SR and SC groups related to uPID using machine learning classifiers.

Classifier Model AUC Precision F1 Accuracy Recall Specificity Log loss

AB CV-10 0.600 0.600 0.600 0.600 0.600 0.600 13.816

NB 0.719 0.618 0.616 0.617 0.617 0.617 1.465

DT 0.649 0.617 0.617 0.617 0.617 0.617 10.501

AB CV-5 0.633 0.634 0.633 0.633 0.633 0.633 12.664

NB 0.654 0.620 0.614 0.617 0.617 0.617 1.721

DT 0.677 0.584 0.582 0.583 0.583 0.583 7.202

AB Leave-one-out 0.567 0.569 0.562 0.567 0.567 0.567 14.967

NB 0.740 0.685 0.683 0.683 0.683 0.683 1.298

DT 0.692 0.667 0.667 0.667 0.667 0.667 9.837

Mean 0.659 0.621 0.619 0.620 0.620 0.620 8.163

±SD 0.051 0.034 0.035 0.034 0.034 0.034 5.176

Variance 0.002 0.001 0.001 0.001 0.001 0.001 26.799
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mediator and thereby reduce inflammation and pain. Furthermore,
sesame seeds also have immunomodulatory and antioxidant
properties. Monteiro et al. reported that Sesamin is one of the
active ingredients in sesame oil, which supports the product’s
antinociceptive and anti-inflammatory characteristics (Henriques
Monteiro et al., 2014).

In a study, the hydroalcoholic extract of R. damascena showed
analgesic and anti-inflammatory potential in mice. Previous studies
reported that rose oil has anti-inflammatory and anti-trichomonas
properties and, hence is probably effective in cervicitis. The local
application of rose oil is useful for uterine diseases especially
cervicitis, wounds, and burns (Saghafi et al., 2021). Another
study reported that the severity of primary dysmenorrhea was
reduced by a massage with rose oil (Shahr et al., 2015) and
relieved pregnancy-related LBA without any significant side
effects (Akram et al., 2020). The beneficial effects of rose oil with
other essential oils for reducing menstrual pain and bleeding were
also reported (Mohebitabar et al., 2017). Polyphenols and flavonoids
are present in R. damascena Mill. oil have been shown to have a
considerable influence on cyclooxygenase, showing anti-
inflammatory effects (Mileva et al., 2021). Furthermore, the
presence of flavonoids, kaempferol, and quercetin in R.
damascena has an analgesic effect (Akram et al., 2020).
According to a study, plant components that are not soluble in
water may be the cause of the analgesic effect that has been seen in
hydroalcoholic and ethanolic extracts. As a result, it has been
hypothesized that the water-insoluble plant metabolites quercetin
and kaempferol may be accountable for this effect (Boskabady et al.,
2011). Some major plant metabolites of rose oil include limonene,
cis-rose oxide, farnesol, and citronellol which have shown anti-

inflammatory activity in animal studies. Limonene inhibits pro-
inflammatory mediators and decreases NF-κB activity, ROS
production, and eosinophil migration. Cis-rose oxide suppresses
IL-1ß production and leukocyte migration. Farnesol was also found
to have anticancer activity and citronellol also has antispasmodic,
antibacterial, and antifungal activities (Mileva et al., 2021). Further
other pharmacological activities in rose oil are astringent and
refrigerant properties (Ghani, 2001). Hence, black sesame and
rose oil were able to reduce abdominal pain, backache, pelvic
tenderness, and vaginal discharge.

4.4 Antioxidant and immunomodulatory
activities

The improvement in quality of life may be due to the
presence of tonic (Musammin-i-Badan), aphrodisiac
(Muqawwi-i-Bah), and nutritive (Mugharri) properties in
black sesame seeds (Ghani, 2001). Black sesame seeds also
exhibited galactagogue, hepatoprotective, and diuretic
properties. The presence of lignans helps in increasing
hepatic fatty acid oxidation enzymes and because of their
phytosterol content, black sesame seeds help to strengthen
the body’s immune system (Linn, 2021). Oxidative stress
progresses when the body’s antioxidant system is exhausted.
The main cause of various chronic disorders is an increase in the
free radical concentration inside cells including reproductive-
related problems. Antioxidant phytochemicals reduce the
progress of many chronic diseases by neutralizing free
radicals (Sultana et al., 2022b; Fazmiya et al., 2024)

FIGURE 7
Antimicrobial activity of black sesame and rose oil.
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(Figure 8). Zahra et al. suggested that the effects of ROS involve
biological roles as weapons in the arsenal of the immune system
(Zahra et al., 2021).

Sesamol, sesamol, sesamin, sesamolin, and gammatocopherol
are natural antioxidants and sesamol is the main component that
has been shown to have antioxidant properties in non-animal
and animal studies through the reduction of superoxide, lipid
peroxidation, and nitric oxide production and increased
antioxidative enzyme. It also provides high oxidative stability
and prevents oxidation followed by free radical mechanisms
(Henriques Monteiro et al., 2014; Afroz et al., 2019). Zhou
et al. reported that black sesame seeds’ antioxidant activities
were associated with total phenolics and flavonoids (Zhou
et al., 2016).

Rosaceae family plants are enriched with plant metabolites
and have numerous biological activities. The study showed that
R. damascena has high antioxidant potential (Ansari et al., 2017;
Mileva et al., 2021). Furthermore, R. damascena mill oil has
demonstrated remarkable antioxidant activities in chemical,
biological, and experimental models in mice for oxidative
stress. Lipid peroxidation revealed that pre-treatment with
antioxidants Trolox, vitamin C, and R. damascena mill
essential oil reduced oxidative stress markers. The combined
effects of damask rose oil and L-DOPA were remarkably
comparable to those of Trolox and vitamin C (Mileva et al.,
2021). Antioxidant activity of flavanol glycosides of ethanolic
extract including kaempferol- 3-O-arabinoside, kaempferol-3-O-
rhamnoside, and quercetin-3-O-glucoside have been reported
(Ansari et al., 2017). Phenolic chemicals, which are antioxidants
present in nature, play an essential part in determining
antioxidant potential. They claimed that R. damascena, an oil-
bearing rose, has the highest antioxidant capacities. A study
claimed that the high concentration of phenolic chemicals,
particularly free gallic acid, is primarily responsible for the
rose petal’s high level of radical scavenging action.

4.5 Hepatoprotective and nephroprotective
studies of black sesame seed and rose oil

Studies have also confirmed the hepatoprotective (Linn, 2021),
immuno-modulator (Linn, 2021), neuroprotective (Henriques
Monteiro et al., 2014), cardioprotective (Majdalawieh et al.,
2020), and nephroprotective (Wang et al., 2018) properties of
black sesame seeds. The S. indicum extract was used at the dose
range of 1–100 μg/mL for all experiments because this dose range
was shown to have no toxicity (Majdalawieh et al., 2020).
Nwachukwu et al. in their study determined the hepatoprotective
activity of S. indicum in rats (Nwachukwu et al., 2011). Azab et al.
(Azab, 2014) in their study included 32 adult male albino mice in
four groups, 8 in each, to investigate the hepatoprotective activity. In
albino mice, sesame oil exhibited potential hepatoprotective activity
against lead acetate-induced hepatotoxicity (Azab, 2014). Monteiro
et al. (HenriquesMonteiro et al., 2014) in their study showed that the
sesame oil was not toxic to the animal at doses received after 48 h of
treatment. After treatment with oil, the acute toxicity test on mice
exhibited that none of the animals died in 48 h. The authors
concluded the safety of sesame oil in therapeutic applications
(Henriques Monteiro et al., 2014). Hsu et al. investigated the
effect of sesame oil on nephrotoxicity caused by the collaborative
action of aminoglycoside and iodinated contrast in Sprague-Dawley
rats (Hsu et al., 2011). The rise of serum blood urea nitrogen and
creatinine levels was significantly prevented by sesame oil. Hori et al.
(Hori et al., 2011) reported that sesamin and episesamin have no
genotoxic activity.

A toxicity study of R. damascena showed that the medication
may be hepatotoxic at extraordinarily high doses (Ansari et al.,
2017). After incubation for 1 h, R. damascena essential oil (1%)
killed human lymphocytes in vitro and the same effect was observed
with 0.1% after 24 h (Mileva et al., 2021). The authors concluded that
the hepatoprotective action of R. damascena extracts was
interrelated to its antioxidative activity (Alam et al., 2008). In

FIGURE 8
Antioxidant activity of black sesame and rose oil.
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rats, R. damascena, oral LD50, and rose absolute was >5 g/kg
whereas, in rabbits dermal, R. damascena and
LD50 was >2.5 g/kg (Lis-Balchin, 2006). In albino rabbits, the
nephroprotective activity of aqueous extract of 250 and
500 mg/kg of R. damascena has been evaluated on gentamicin
(80 mg/kg) induced toxicity by using silymarin (200 mg/kg). The
results supported significant improvement in renal cortical
histopathology (Khaliq et al., 2015).

4.6 Strengths, limitations, and future
recommendations of the present study

This was a first-of-its-kind study in clinical intervention in
which the efficacy of pessary of black sesame with rose oil to
reduce the VAS for LAP and LBA, and McPS for
abdominopelvic tenderness and improvement of HRQoL was
investigated. Further, it was a double-dummy, double-blind,
randomized standard-controlled study, the sample size was
calculated, intent-to-treat analysis was performed and patient
compliance was good with a 10% dropout. The SR group was
safe without any adverse effects. No clear evidence of adverse
events related to antibiotics, leading to discontinuation of
therapy, was observed.

The limitation of the present study was the smaller sample size
due to the COVID-19 policy. The second limitation was specific
diagnostic tests such as cervical swab culture and nucleic acid
amplification test (NAAT) were not performed to diagnose the
microbiological cure rate as we lacked the infrastructure and time.
Hence, we recommend the aforementioned specific diagnostic
tests for future studies. This trial was to authenticate and validate
the Unani pharmacopeia medicine for its safety and efficacy. We
also suggest that standardization, dosage form development, and
quantitative analysis of the metabolites responsible for their
pharmacological activities including antimicrobial and anti-
inflammatory potentials are required along with stability
appraisal of the finished product. In the future, research
studies are required to prove the pharmacokinetics,
pharmacodynamics, and efficacy of the SR intervention on
antioxidant and anti-inflammatory biomarkers to prove their
activities.

5 Conclusion

Our findings indicate that cotton pessary of black sesame
with rose oil has a therapeutic similar effect to the standard drug
in the treatment of uPID. Besides our findings also showed that
SR was safe and also enhanced the HRQoL of women with uPID.
The research drugs were efficacious in curing uPID as they
possess antimicrobial, anti-inflammatory, analgesic, and
antioxidant activities. Further, these activities were because of
the presence of sesamin and sesamolin in sesame and phenolic
plant metabolites present in rose oil. Besides, our NB Classifier
easily classifies the both (SR and SC) groups. In addition, we
would apply our classification methods to the other female
infectious diseases.
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Artemisinin, artemether, artesunate, and dihydroartemisinin are renowned for
their antimalarial potential. The current study aims to repurpose the above-
mentioned artemisinic compounds (ACs) by conducting an intercomparison to
evaluate their antiinflammatory potential (AIP). In order to develop potential
candidates for the evaluation of AIP of ACs (50 and 100 mg/kg BW), carbon
tetrachloride (1ml/kg body weight (BW)) was administered intraperitoneally to
BALB/c mice. Alterations in animal behavior were assessed weekly through tail
suspension test, force swim test, open field test, Y-maze test, inverted screen
analysis, and weight lifting test. Aberrations in hematological, serological,
endogenous antioxidants, and oxidative stress marker profiles were assessed
in all twelve groups. Histological alterations were read using hematoxylin and
eosin staining. Levels of inflammatory markers including nuclear factor kappa B
(NF-κB), tumor necrosis factor alpha (TNF-α), and nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3), were determined
using immunohistochemical analysis (IHCA). Antioxidant markers i.e., nuclear
factor erythroid-2-related factor (Nrf-2) and thioredoxin (TRX) were also
quantified through IHCA. Comet assay was performed to quantify DNA
damage. Oral administration of ACs to mice significantly alleviated the carbon
tetrachloride induced inflammation in comparison with silymarin. Reduced levels
of several inflammatorymarkers including nitric oxide, thiobarbituric acid reactive
substances, interleukin-1 beta, NF-κB, TNF-α, and NLRP3, underscore the
substantial AIP of ACs. IHCA depicted the revitalized percent relative
expression of Nrf-2 and TRX in groups treated with ACs. Behavioral analysis
revealed that ACs-treated groups significantly (p<0.05) attenuated the memory
deficit, anxiety, and depressive-like behavior. Moreover, histopathological,
hematological, serological, and endogenous antioxidant profiles indicated
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substantial AIP of ACs. Findings of comet assay further bolstered the compelling
evidence as DNA damage was significantly (p<0.05) curbed down after ACs (100
mg/kg) treatment. All these outcomes implied that ACs exhibited AIP in a dose-
dependent manner with maximal AIP imparted by artemisinin (100 mg/kg). This
pre-clinical investigation avers the tremendous AIP of ACs targeting key molecular
pathways. The current study divulges artemisinin as the most potent
antiinflammatory agent among the tested compounds.

KEYWORDS

antioxidant activity, antiinflammatory activity, inflammation, in vivo study, reactive
oxygen species

1 Introduction

Inflammation is one of the biological processes standing in the
foreground of numerous pathological conditions. Any alteration in
tissue integrity orchestrates inflammation to restore tissue
homeostasis via various repair mechanisms (Mahmood et al.,
2022). Uncontrolled amplification of these mechanisms can shift
the paradigm from tissue repair to collateral damage because of
excessive reactive oxygen species (ROS) production (Kim
et al., 2013).

Excessive ROS generation disrupts the redox homeostasis,
precipitates extracellular matrix breakdown, and wreaks
inevitable biomolecular damage, leading to cellular necrosis.
These necrotic cells release several extracellular and intracellular
alarmins that trigger inflammatory cascades in seriatim (Mahmood
et al., 2022; Wasti et al., 2023). Leveraging the carbon tetrachloride
(CCl4) metabolism is a robust and widely recognized experimental
model that is adept at generating ROS (Nasir et al., 2022).

Mitigating oxidative stress using plant-based compounds with
antioxidant capabilities is a potential anti-inflammatory strategy.
The use of plant-based drugs has surged due to their safety and
potency compared to synthetic pharmaceuticals (Abdallah et al.,
2023; Badshah et al., 2023). Medicinal extracts of Artemisia annua,
sweet wormwood or Qinghao, have been in use for nearly
2000 years. Ge Hong, a Chinese physician, illustrated an unusual
technique of soaking the fresh herb in water, wringing it out, and
taking the juice. This unorthodox approach might have helped in
yielding an emulsion with plant oils containing the water-insoluble
artemisinin (ART), which was isolated later in 1972 (Karunajeewa,
2012). X-ray crystallography revealed that ART is a sesquiterpene
trioxane lactone. This immediately led to the generation of
functionally similar derivatives. Hence, dihydroartemisinin
(DHA), artemether (ARTEM), and artesunate (ARTES) were
created. Chemically, DHA is a lactol, whereas ARTEM and
ARTES are the methyl ether and sodium hemisuccinyl ester
of DHA (Jansen, 2010). Generally known as ‘artemisinic
compounds’ (ACs), these derivatives can also be divided into
first-generation endoperoxides, such as DHA, and second-
generation endoperoxides, such as ARTEM and ARTES. These
compounds have a peroxide bridge within their lactone ring that
is crucial for their activity (Cheong et al., 2020).

These ACs exhibit pleiotropic characteristics with
antimalarial, anticancer, and antioxidant potential. Previously,
these compounds have been found to inhibit the activation of
several inflammatory mediators, including interleukin-6, tumor

necrosis factor-alpha (TNF-α), and nitric oxide (NO•) (Okorji
et al., 2016; Wang et al., 2017). However, the precise mechanism of
their activities remains elusive. The paucity of data encompassing
all the facets ranging from preliminary to mechanistic studies,
which are prerequisites in the logical hunt for the anti-
inflammatory potential of these compounds, makes current
analysis prudent. Moreover, none of the studies done before
have scientifically compared these artemisinic compounds to
identify the metabolite with maximum anti-inflammatory
potential. The current study was designed to evaluate and
compare the antiinflammatory activity potential of selected
interlinked ACs. It is the first of its kind to demonstrate the
modulation of thioredoxin (TRX) proteins as a pathway by
which ACs exert their anti-inflammatory potential.

2 Materials and methods

2.1 Chemicals

ART, ARTEM, ARTES, DHA, and CCl4 were procured from
Sigma-Aldrich (Germany). Nicotinamide adenine dinucleotide
(NADH), formalin, alcohol, sulfosalicylic acid, and ethidium bromide
were purchased from Merck-Schuchardt, United States. Phosphate
buffer (PB), 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB), zinc
sulfate, and sulfosalicylic acid were purchased from Riedel-de-Haen,
Germany. Ethylenediaminetetraacetic acid (EDTA), formalin,
sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3),
low melting point agarose (LMPA), normal melting point
agarose (NMPA), Tris HCl, starch, sulphanilamide,
p-nitrophenyl-D-glucopyranose, acetonitrile and phosphoric
acid were purchased from Merck, KgaA (Darmstadt,
Germany). Guaiacol, trichloroacetic acid (TCA), thiobarbituric
acid (TBA), hydrogen peroxide (H2O2), acetic acid,
phenazinemethosulphate, triton X-100, nicotinamide adenine
dinucleotide (NADH), ethidium bromide, hematoxylin/eosin
(H&E), carboxy methyl cellulose (CMC), secondary antibody,
and xylene were acquired fromMerck-Schuchardt, United States.
Silymarin was purchased from Abbott Laboratories (Pakistan)
Limited. Antibodies, including rabbit polyclonal nuclear factor
erythroid-2-related factor (Nrf-2; SC-722), mouse monoclonal
nuclear factor Kappa-light-chain-enhancer of activated B cells
(NF-κB; SC-271908), rabbit polyclonal TRX (SC-20146), mouse
monoclonal TNF-α (SC-52746), ABC Elite kit (SC-2018), and
3,3′-diaminobenzidine peroxidase (DAB; SC-216567), were
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purchased from Santa Cruz Biotechnology (Dallas, TX,United
States). Rabbit monoclonal nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3; Cat.No.A5652) was
purchased from Abclonal, Woburn, MA, United States. Unless
otherwise stated, all chemicals were obtained from Sigma-
Aldrich (United States).

2.2 Apparatus and equipment

An ultrasonicator (Sweep Zone Technology, United States), a
microtome HM 550 (Thermo Scientific, United States), a light
microscope (Olympus, Japan), a fluorescence microscope
(Irmeco, Germany), a centrifuge (B. Bran, Germany), a freezer
9170 WB M (Dawlance, Pakistan), a Neubauer hemocytometer
(Feinoptik, Germany), beakers, Erlenmeyer flasks, Petri dishes, a
magnetic stirrer, a magnifying glass, a funnel, and micropipettes
and Pasteur pipettes (Sartorius, France) were utilized in
the study.

2.3 Animals

All experimentation was performed on 7-week-old BALB/c
mice of both sexes weighing 25–30 g. The animals were retained
in Bio-rad PVC cages under controlled environmental conditions
(60 ± 10% relative humidity, 23 ± 2°C temperature, and 12 h
light/dark cycle) with a standard laboratory diet and free access
to water.

2.4 Animal ethical statement

Animal studies were performed in compliance with the
guidelines of the National Institute of Health, Islamabad,
Pakistan, and the Organization for Economic Co-operation
and Development (OECD Test Guideline: 453) after approval
by the Bioethical Committee of Quaid-i-Azam University,
Islamabad in letter # BEC-FBS-QAU2019-144B (BEC-FBS-
QAU2022-421).

2.5 In vivo acute toxicity assessment

The guidelines provided by the OECD (Test Guideline: 420)
with slight modifications according to system suitability were
followed for the acute toxicity assessment. According to the
principles, potentially fatal doses or doses known to cause pain,
toxicity, and suffering were avoided. The initial doses chosen for
acute toxicity testing studies were 5 and 50 mg/kg (Baig et al.,
2022b). All the dosing was done by oral gavage in a single dose.
As per the guidelines, the maximum volume for administration did
not exceed 1 mL/100 g of body weight. Healthy BALB/c mice,
weighing approximately 25–30 g, were selected, marked
individually for identification, divided into 10 groups (n = 6;
three males and three females), and housed in Bio-rad PVC
cages. Group I was kept untreated. Group II was named the
vehicle control and was administered 10% DMSO in CMC.

Groups III to VI were specified as ART, ARTEM, ARTES, and
DHA-treated groups and administered with 5 mg/kg of the
respective compounds, whereas groups VII to IX were treated
with 50 mg/kg of the respective compounds. Prior to dosing, the
mice were acclimatized to the laboratory conditions for 5–7 days.
Observed parameters included changes in body weight, diarrhea,
diuresis, ptosis, lethargy, ataxia, prostrate, lacrimation, coma,
exophthalmos, changes in eyes, mucous membranes, fur, skin,
behavioral alterations, rate of food consumption, frequency of
urination, abnormal posture, respiration, tremors, convulsion,
and gait. The onset and duration of toxic symptoms were
recorded systematically for 48 h after dosing. The groups that
received 5 mg/kg and 50 mg/kg ACs had no signs of toxicity. No
mortality was observed as well. Therefore, rats in the third set of
groups were administered with a higher dose, 100 mg/kg ACs, and
observed as before. Mice were kept under observation for 2 weeks to
allow for the observation of delayed toxicity. During this study, the
body weights of the animals were recorded on days 1, 7, and 14.

2.6 Experimental design

Because no toxic symptoms or mortality were observed, the
animals were randomly divided into twelve groups (n = 5) to
conduct the anti-inflammatory study as per the previously
illustrated protocol (Nasir et al., 2022).

2.7 Dose selection and preparation

High (HD; 100 mg/kg BW) and low (LD; 50mg/kg BW) doses of
the ACs and doses of silymarin (100 mg/kg) and CCl4 (1 mL/kg)
were selected based on previous reports (Ma et al., 2015; Ferraz et al.,
2021; Nasir et al., 2022). Stock suspensions for the predetermined
doses of ART, ARTEM, ARTES, DHA, and silymarin were prepared
using 10% (v/v) DMSO in CMC solution (0.075% w/v), whereas
CCl4 (30%) was solubilized in olive oil. As per the OECD guidelines,
2mL/100 g was specified as the maximum volume to be
administered. Sterilized disposable oral gavages were utilized to
administer the ACs and controls, whereas CCl4 was administered
intraperitoneally. All drug suspensions were prepared immediately
before dosing.

2.8 Animal grouping

After being marked from 1 to 60, mice were assigned to
ventilated Bio-rad PVC cages under hygienic conditions at the
primate facility of Quaid-i-Azam University Islamabad, Pakistan.

Group I: Normal control
Group II: Vehicle control
Group III: Positive control
Group IV: Disease control
Group V: ARTHD
Group VI: ARTLD
Group VII: ARTEMHD
Group VIII: ARTEMLD
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Group IX: ARTESHD
Group X: ARTESLD
Group XI: DHAHD
Group XII: DHALD

Group I remained untreated and received only standard chow
feed and water ad libitum. Group II received 10% (v/v) DMSO in
CMC solution (0.075% w/v). Groups III–XII were treated with CCl4
on alternate days for 2 weeks to induce inflammation. After
administering seven doses of CCl4, animals were treated with the
specified doses of ACs. Silymarin was used as the positive control.

A total of seven doses of all the test moieties were administered on
alternate days for 2 weeks. The non-toxic nature of the vehicle used was
determined compared to that of the normal and the disease control for
all the parameters tested. Figure 1 illustrates the chemical structures of
the compounds used and the details of the study design.

2.9 Body weight measurement

The body weight of the experimental animals was measured
every 2 weeks (Majid et al., 2019).

2.10 Behavioral determinations

Alterations in animal behavior were assessed on a weekly basis to
evaluate the ameliorative effects of the compounds.

2.10.1 Tail suspension test
The antidepressant effects of artemisinic compounds were

evaluated through the tail suspension test (TST) (Khan et al.,
2019). TST apparatus with the dimensions of 55 cm height (H) ×
60 cm width (W) × 11.5 cm depth (D) was used for the study.
Each animal was individually suspended on an aluminum bar
(1 cm H × 1 cm W × 60 cm length (L)) for 6 min, inside its own

rectangular compartment (55 cm H × 15 cm W × 11.5 cm D) to
avoid its interaction with other test mice. An approximate
distance of 20–25 cm was maintained between the tip of the
animals’ nose and the floor of the apparatus. The duration of
immobility was calculated during the last 5 min. Animals were
considered immobile when they became inactive and were
entirely motionless.

2.10.2 Force swim test
Force swim test (FST) was also utilized as a model of depressive-

like behavior (Yankelevitch-Yahav et al., 2015). Each animal was
placed into the transparent Plexiglas cylindrical tanks (30 cm H ×
20 cm diameter (d)) with a water level of 15 cm (24°C ± 1°C) for
6 min. The time during which the animal ceased to escape or floated
motionlessly was counted as immobility duration in the last 4 min.

2.10.3 Open-field test
Anxiety-like behavior was measured through the Open-field test

(OFT) (Khan et al., 2019). A square-shaped open field apparatus
with dimensions of 50 cm L × 50 cmW × 40 cm H with four central
squares and 16 small squares was utilized in the study. This
apparatus was placed in a soundproof room with a 60 W bulb
lighted exactly above the center of the apparatus. Each animal was
placed individually in the center, and a video recording was made for
5 min to evaluate the parameters like number of line crossings, time
spent in the center, and number of rearings.

2.10.4 Y-maze test
A polystyrene Y-maze apparatus with three perpendicular arms

(50 cm L × 20 cmH× 10 cmW)was utilized in the study (Miedel et al.,
2017). Eachmouse was individually allowed tomove freely at the center
of the apparatus for 8 min. Arm entries were recorded through a video
camera for three consecutive sessions. Successive entry of the animal
into three arms in overlapping triplet sets was considered spontaneous
alternation, which was calculated in percentage. Herein, a high
percentage represents enhanced cognitive performance.

FIGURE 1
(A) Chemical structures of artemisinic compounds. Chemical structures have been sketched using PubChem Sketcher V2.4. (B) Schematic diagram
of the methodology followed.
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2.10.5 Inverted screen test
Kondziela’s inverted screen test was performed to evaluate

muscle coordination (Ullah et al., 2020). Each mouse was
individually placed in the center of a wire mesh screen that was
then held in an inverted position for 60 s. The time taken by the
animal to fall off was recorded using a stopwatch as escape latency.
The screen was held at a height of 40–50 cm above a padded surface
to avoid any injury.

2.10.6 Weight-lifting test
Anxiety-like behavior was measured through the open-field test

(OFT) (Khan et al., 2019). Each mouse was individually lowered
down to grip the first weight for 3 s. In case of failure to hold the first
weight for 3 consecutive seconds, the activity was repeated in
triplicate, and the maximum time for the heaviest weight lifted
was assigned. In the cases when the animal grasped the weight for
3 consecutive seconds, the next heaviest weight was tried. The total
score was calculated as the product of linked weights in the heaviest
chain multiplied by the time the weight was held. If the heaviest
weight was dropped before 3 s, an appropriate intermediate value
was calculated.

2.11 Collection of organs, blood, and
serum samples

After the 4-week treatment, mice were kept unfed with free
access to water only for 24 h. Then, the animals were anesthetized
using chloroform. Blood samples were drawn with a 5 mL Becton
Dickinson (BD) syringe (25-gauge × 1-inch needle size) via
cardiac puncture and immediately transferred to previously
labeled BD vacationers for serological and hematological
analysis. The serum was separated employing centrifugation
and stored at −80°C for biochemical analysis. The anesthetized
animals were then sacrificed by cervical dislocation, and organs,
including the brain, heart, liver, and kidneys, were excised,
washed, and preserved at −80°C for further studies. For
histopathological and immunohistochemical (IHC) examinations,
organs were immediately transferred to a fixative solution of
10% formalin.

2.12 Hematological studies

A Neubauer hemocytometer was utilized to count platelets,
white blood cells (WBCs), and red blood cells (RBCs).
Hemoglobin (Hb) content was measured using Sahli’s
hemoglobinometer. Percent hematocrit (%HCT) was estimated
using the microhematocrit method. The modified Westergren
method was followed to measure the erythrocyte sedimentation
rate (ESR) (Attia et al., 2016).

2.13 Serological analysis

Biochemical markers, including alanine transaminase (ALT),
aspartate transferase (AST), albumin, urea, and creatinine, were
estimated in serum samples using conventional AMP diagnostic

kits (Stattogger Strasse 31b 8,045 Graz, Austria). Cardiac
enzymes, including creatine kinase (CK) and lactate
dehydrogenase (LDH), were measured using Fisher Scientific
diagnostic kits. Over-production of serum interleukin-1 beta
(IL-1β) level was quantified using enzyme-linked
immunosorbent assay (ELISA) kits according to the
manufacturer’s protocols (Mouse IL-1β ELISA Kit CAT No:
RAB0274, Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany). Plates were read at 450 nm using an automatic
microplate reader (Elx 800; Biotech United States).

2.14 Assessment of anti-inflammatory
proficiency

Organs were homogenized using 10X buffer (1 mM EDTA and
100 mM potassium phosphate buffer; pH 7.4) followed by
centrifugation for 30 min at 4°C and 12,000 × g. The supernatant
was separated and analyzed for the parameters mentioned below.

2.14.1 Catalase activity
Catalase (CAT) activity was analyzed by following a protocol

described previously (Kazmi et al., 2018). In brief, 2,500 µL of
phosphate buffer (50 mM, pH 5.0), 100 µL of the supernatant,
and 400 µL of H2O2 (5.9 mM) were mixed. The change in
absorbance was recorded at 240 nm after 1 min. A variation of
0.01 units per min (U/min) in absorbance was read as one unit of
CAT activity. The results were expressed as units per milligram
protein (U/mg protein).

2.14.2 Peroxidase activity
A previously demonstrated procedure was followed for

estimating peroxidase (POD) activity (Majid et al., 2019). A
mixture containing 2,500 µL of phosphate buffer (50 mM,
pH 5.0), 300 µL of H2O2 (50 mM), 150 µL of guaiacol (20 mM),
and 1,000 µL of supernatant was read at 470 nm. The change in
absorbance was recorded after 1 minute. A change of 0.01 U/min in
absorbance was considered as one unit of POD activity. The results
were expressed in U/mg protein.

2.14.3 Superoxide dismutase activity
A previously illustrated methodology was followed to estimate

superoxide dismutase (SOD) activity (Nasir et al., 2020). An aliquot
of 100 µL of phenazine methosulphate (186 µM) was added to
1,200 µL of pyrophosphate buffer (0.052 mM, pH 7.0).
Approximately 300 μL of supernatant (obtained after centrifuging
tissue homogenates at 1,500 rpm for 10 min and then at 10,000 rpm
for 15 min) was added to the reaction amalgam. The reaction was
started by adding 0.2 mL of NADH (780 µM) and then stopped by
adding 1,000 µL of glacial acetic acid. Absorbance was recorded at
560 nm. The results were articulated in U/mg protein.

2.14.4 Reduced glutathione
A previously illustrated protocol was followed to estimate the

intracellular glutathione (GSH) level (Naz et al., 2019).
Approximately 1,000 µL of supernatant was precipitated
utilizing 100 µL of sulfosalicylic acid (4%). The mixture was
then centrifuged for 20 min at 1,200 × g and 4°C. Later, a
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mixture comprising 100 µL of filtrate, 2,700 µL of phosphate
buffer (0.1 M, pH 7.4), and 200 µL of DTNB (100 mM) was
read at 240 nm. The GSH content was determined as
nanomole GSH per milligram protein (nM GSH/mg protein).

2.14.5 Lipid peroxidation/thiobarbituric acid
reactive substance assay

A previously illustrated protocol was followed for
thiobarbituric acid reactive substances (TBARS) estimation
(Khan et al., 2012). Approximately 580 µL of phosphate buffer
(0.1 M, pH 7.4), 20 µL of ferric chloride (100 mM), 200 µL of
ascorbic acid (100 mM), and 200 µL of the supernatant were
mixed to form the reaction mixture. It was incubated utilizing a
water bath at 37°C for 60 min. An aliquot of 1,000 µL of TCA
(10%) was added to stop the reaction. Afterward, 1,000 µL of TBA
(0.66%) was added to the Eppendorfs, which were then retained
in boiling water for 20 min, placed on an ice bath, and then
centrifuged for 10 min at 2,500 x. The quantity of TBARS was
calculated by reading the absorbance of the supernatant
compared to a reagent blank at 535 nm. The results were
expressed as nanomolar TBARS per min per milligram protein
(nM TBARS/min/mg protein).

2.14.6 Nitrite assay
A previously described protocol was followed to measure nitrite

contents (Naz et al., 2019). An equal volume (100 μL) of tissue
homogenates NaOH (0.3 M) and zinc sulfate (5%) was mixed for
deproteination. After centrifugation for 15 min at 6,400 × g,
approximately 30 μL of the supernatant was mixed with 2 mL of
Griess reagent present in the cuvette. Absorbance was recorded at
540 nm, and the nitrite contents were determined utilizing a sodium
nitrite curve.

2.14.7 Comet assay
DNA damage was quantified by following the previously

illustrated protocol (Kazmi et al., 2022). Slides were dipped in
1% NMPA solution and allowed to become fixed at room
temperature. Organs were minced using 1 mL of cold lysing
solution and mixed with LMPA (85 μL). This second layer of
lysate solution was gently applied to precoated slides and covered
with coverslips. After cooling for 10–12 min using ice bags, a
third and final coating of LMPA was applied. After exposure to a
lysing solution, the slides were frozen for 2 h. After
electrophoreses, these slides were stained with 1% ethidium
bromide dye and visualized under the fluorescent microscope.
DNA damage was calculated using CASP 1.2.3.b software
(Krzysztof Końca, CaspLab.com). Observed comet parameters
include comet length (CL), head length (HL), tail length (TL), %
DNA in head (%DIH), and %DNA in tail (%DIT).

2.14.8 Histopathological examination
Alterations in histoarchitecture were evaluated via the

paraffin-embedded hematoxylin and eosin (H&E) staining
procedure (Baig et al., 2022b). Fixation of the tissues was done
using 10% formalin buffer. The wet fixed tissues were desiccated
by an ascended alcohol series from 70% to 100%, cleaned with
xylene, infiltrated with paraffin wax embedded into the paraffin
wax blocks, sectioned into 3–4 µm-thick slices using a

microtome, and placed on a glass slide. Afterward, the tissue
sections were deparaffinized using absolute xylene, rehydrated
using absolute alcohol gradient (70%–95%) and water, washed in
PBS, and stained using H&E staining. Slides were read under the
light microscope at 400× and photographed using a
Tucsen camera.

2.14.9 Immunohistochemical analysis
IHC studies were performed using a previously described

protocol (Muhammad et al., 2022). Tissue slides were
deparaffinized, and an enzymatic approach was followed for
antigen retrieval. Slides were then washed three times using
PBS, dipped in H2O2 (3%), rewashed with PBS, and then
incubated for 2 h after applying normal goat serum (5%).
Later, the slides were incubated overnight with the primary
antibodies for NF-κB, NLRP3, TNF-α, TRX, and Nrf-2. After
incubation, slides were washed using PBS, incubated with the
secondary antibody for 90 min, and again incubated with an ABC
Elite kit in a humidified chamber for 60 min. After washing with
PBS (0.1 M), slides were stained with DAB, dehydrated using
ethanol (70%, 80%, 90%, and 100%), fixed with xylene, and then
covered with mounting media. Images were obtained using a light
microscope and analyzed using ImageJ software 1.48 version
(NIH) (Java 1.8.9_66).

2.15 Statistical analysis

All data obtained in this study are reported as mean ± SD.
Statistical analysis software included Statistix 8.1 (one-way analysis
of variance with post hoc Tukey’s multiple comparison test) and
Origin 8.5 (graphical representation). Statistical significance was set
at p < 0.05.

3 Results

3.1 Effects on body weights of
experimental animals

The effects of artemisinic compounds on the body weights of
experimental animals are illustrated in Table 1. The disease control
exhibited a body weight of 22.72 ± 1.9 g and 18.78 ± 1.00 g on the
second and fourth week, respectively. Artemisinic compounds
attenuated this reduction in a dose-dependent manner. Among
all the test moieties, maximum restorative effects compared to
the positive control were produced by a high dose (HD) of ART
(ARTHD); the animals weighed 29.25 ± 1.84 g in the fourth week.
LDs also exhibited significant ameliorative effects compared to the
disease control.

3.2 Behavioral studies

3.2.1 Effects on depressive-like behavior
The antidepressant potential of the ACs was evaluated through

FST and TST. Increased immobility time in both studies was
observed in CCl4-treated animals compared to the normal
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control on days 7 and 14 (Figures 2A, B). Treatment with artemisinic
compounds significantly (p < 0.05) reduced immobility time in a
dose-dependent manner, as observed on days 21 and 28. On day 28,
the maximum reduction compared to the positive control was
exhibited by ARTHD to 60.20 ± 1.30 s and 65.60 ± 3.36 s in the
FST and the TST, respectively.

3.2.2 Effects on anxiety-like behavior
The anxiolytic potential of artemisinic compounds was

determined through the number of line crossings, number of
rearings, and time spent in the center in an OFT. These
parameters were found to be significantly (p < 0.05) reduced
in CCl4-treated animals, who showed an increase in anxious
behavior on days 7 and 14 (Figures 2C–E). Artemisinic
compounds demonstrated a dose-dependent significant (p <
0.05) anxiolytic response compared to silymarin, with ARTHD
exhibiting the maximum alleviating effects.

3.2.3 Effects on exploratory behavior
The exploratory behavior of experimental animals was evaluated

through the Y-maze test. Significantly (p < 0.05) decreased percent
spontaneous alternation behavior (%SAB) was observed on days 7 and
14 in the CCl4-treated animals. Artemisinic compounds improved
memory deficit in a dose-dependent manner, as observed on days
21 and 28 (Figure 2F). Among all the test moieties, the maximum
improvement of 48.79% ± 1.19% was demonstrated by the ARTHD
group compared to the positive control.

3.2.4 Effects on muscle coordination and strength
The weightlifting test and Kondziela’s inverted screen test were

performed to evaluate muscular strength. A significantly reduced (p <
0.05) latency to fall and a marked decrement in weight lifting score
was observed in CCl4-treated animals on days 7 and 14 (Figures 2G, H,
respectively). Artemisinic compounds dose-dependently alleviated
the aforementioned parameters, as observed on day 28. Herein,
ARTHD exhibited the maximum latency to fall and weight lifting

scores of 57.00 ± 2.55 s and 19.40 ± 0.55 s, compared to the
positive control.

3.3 Hematological profile

The effects of artemisinic compounds on CCl4-induced
hematological deteriorations are summarized in Table 2. A decrement
in Hb level (2.91 ± 0.2 g/dL), %HCT (10.67% ± 0.9%), RBCs (2.62 ± 0.2
(×106)/μL), platelet count (1.94 ± 0.2 (×105)/μL) and elevated levels of
ESR (9.69 ± 0.8mm/h) andWBCs (8.72 ± 0.7a (×103)/μL) were observed
in the disease control animals in contrast to the normal control.
Artemisinic compounds normalized these perturbations dose-
dependently compared to the positive control. ARTHD exhibited the
maximum efficiency to 11.24 ± 0.4 g/dL Hb level, 38.23% ± 1.2% HCT,
7.86 ± 0.2 (×106)/µL RBCs, 6.63 ± 0.2 (×105)/µL platelet count, 3.52 ± 0.1
(×103)/µLWBCs and 4.42 ± 0.1 mm/h ESR. DHAHDwas found to be as
effective as ARTHD, followed by ARTEMHD and ARTESHD.

3.4 Effects on serum interleukin-1
beta levels

The discernible serum level of IL-1β observed in the disease
control, 7.2 ± 1.4 pg/mL, signifies the presence of inflammation
(Figure 2I). Treatment with artemisinic compounds reversed these
perturbations, with ARTHDmaximally restoring the IL-1β levels by
1.96 ± 0.2 pg/mL compared to the disease control.

3.5 Neuroprotective effects of
artemisinic compounds

3.5.1 Effects on endogenous antioxidant status
Almost-slashed endogenous antioxidant levels were observed in

brain tissues of the disease control as compared to the normal

TABLE 1 Effects of treatments on the body weight of experimental animals.

Group Initial body weight (g) Body weight on day 14 (g) Final body weight (g)

Normal control 25.12 ± 0.74a 27.29 ± 1.3a 29.12 ± 0.9a

Vehicle control 25.24 ± 0.62a 27.01 ± 0.6a 29.07 ± 0.7a

Positive control 26.24 ± 1.21a 22.26 ± 1b 28.99 ± 1.8ab

Disease control 26.82 ± 1.95a 22.72 ± 1.9b 18.78 ± 1d

ARTHD 28.01 ± 2.15a 22.31 ± 1b 29.25 ± 1.8a

ARTLD 27.67 ± 2.28a 22.81 ± 1.6b 26.02 ± 2.7abc

ARTEMHD 27.62 ± 1.94a 22.76 ± 1.3b 29.17 ± 1.9a

ARTEMLD 27.88 ± 1.81a 22.15 ± 1.4b 24.91 ± 1.3bc

ARTESHD 26.95 ± 1.45a 22.40 ± 0.78b 29.05 ± 3.3a

ARTESLD 27.49 ± 1.93a 22 ± 0.9b 24.43 ± 2c

DHAHD 27.43 ± 1.57a 22.43 ± 2.3b 29.21 ± 2.4abc

DHALD 27.72 ± 1.72a 22.42 ± 1.6b 25.42 ± 1.2a

Results are presented as mean ± SD (n = 5) Means with different superscript (a–d) letters are significantly (p< 0.05) different from one another, according to Tukey’s multiple comparison test.

HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin.
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FIGURE 2
Effects of artemisinic compounds on CCl4-induced depression evaluated through FST (A) and TST (B); number of line crossings (C), number of
rearings (D), and time spent in the center (E) evaluated through OFT; %Spontaneous alternation behavior (F) evaluated through Y-maze; Muscle strength
(G) and motor activity (H) of experimental animals evaluated through Kondziela’s inverted screen and weightlifting test. (I) Effects of artemisinic
compounds on CCl4-induced elevation of IL-1β serum levels. Data are expressed asmean ± SD (n = 5). Means with different superscript (A–F) letters
are significantly different from one another, according to Tukey’s multiple comparison test at p < 0.05. HD, high dose; LD, low dose; ART, artemisinin;
ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin.
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control: 0.92 ± 0.4 U/mg, 0.62 ± 0.13 U/mg, and 2.03 ± 0.27 U/mg
protein activity levels of CAT, POD, and SOD, respectively. GSH
content was also significantly (p < 0.05) reduced to 0.51 ± 0.05 nM/
mg protein compared to the normal control (Figure 3A).
Artemisinic compounds dose-dependently escalated the activities
of endogenous antioxidants, with ARTHD exhibiting the maximum
restoration of CAT, POD, and SOD to 3.1 ± 0.64 U/mg, 3.8 ± 0.9 U/mg,

and 11.65 ± 0.25 U/mg protein, respectively. The GSH level was also
maximally restored by ARTHD to 4.93 ± 0.9 nM/mg protein.

3.5.2 Expression of nitrite and TBARS levels
The effects of artemisinic compounds on nitrite and TBARS

levels in brain homogenates are summarized in Table 3. The highest
nitrite (87.47 ± 11.37 μM) and TBARS (133.99 ± 17.3 nM/min/mg

FIGURE 3
(A) Effects of artemisinic compounds on endogenous antioxidant levels in brain tissues. The results are presented as mean ± SD (n = 5). Means with
different superscript (a–e) letters are significantly different from one another, according to Tukey’s multiple comparison test at p < 0.05. (B)Hematoxylin
and eosin-stained brain tissue: (a) normal control, (b) vehicle control, (c) positive control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h)
ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. The arrowheads point to the thinner granule cell layer of the dentate gyrus, whereas
the arrows point to the normal granule cell layer of the dentate gyrus. HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES,
artesunate; DHA, dihydroartemisinin.

TABLE 2 Effects of treatments on the hematological parameters of experimental animals.

Group RBCs (×106)/µL WBCs (×103)/µL Platelets (×105)/µL Hb (g/dL) %HCT ESR (mm/h)

Normal control 8.07 ± 0.8a 3.55 ± 0.3c 6.92 ± 0.7a 11.53 ± 1.2a 42.68 ± 4.4a 5.04 ± 0.4c

Vehicle control 8.09 ± 0.4a 3.61 ± 0.2c 6.93 ± 0.32a 11.56 ± 0.5a 42.76 ± 1.9a 5.08 ± 0.2c

Positive control 7.35 ± 0.2a 3.71 ± 0.1c 6.29 ± 0.1a 10.50 ± 0.2a 36.76 ± 0.8b 4.20 ± 0.1d

Disease control 2.62 ± 0.2c 8.72 ± 0.7a 1.94 ± 0.2c 2.91 ± 0.2c 10.67 ± 0.9d 9.69 ± 0.8a

ARTHD 7.86 ± 0.2a 3.52 ± 0.1c 6.63 ± 0.2a 11.24 ± 0.4a 38.23 ± 1.2ab 4.42 ± 0.1cd

ARTLD 5.19 ± 0.2b 6.12 ± 0.22b 4.28 ± 0.2b 7.04 ± 0.3b 24.71 ± 1c 7.11 ± 0.3b

ARTEMHD 7.59 ± 0.9a 3.92 ± 0.1c 6.38 ± 0.7a 10.69 ± 1.2a 35.95 ± 4.1b 4.53 ± 0.1cd

ARTEMLD 5.12 ± 0.6b 6.30 ± 0.26b 4.16 ± 0.5b 6.87 ± 0.8b 22.67 ± 2.6c 7.16 ± 0.3b

ARTESHD 7.47 ± 0.1a 4.04 ± 0.1c 6.29 ± 0.1a 10.38 ± 0.2a 34.87 ± 0.7b 4.75 ± 0.1cd

ARTESLD 5.03 ± 0.5b 6.39 ± 0.3b 4.12 ± 0.4b 6.74 ± 0.7b 21.89 ± 2.4c 7.38 ± 0.3b

DHAHD 7.78 ± 0.1a 3.75 ± 0.04c 6.52 ± 0.1a 10.92 ± 0.1a 37.89 ± 0.5ab 4.45 ± 0.1cd

DHALD 5.01 ± 0.8b 6.23 ± 0.08b 4.19 ± 0.7b 6.98 ± 1.2b 23.78 ± 4c 7.14 ± 0.1b

Results are presented as mean ± SD (n = 5). Means with different superscript (a–d) letters are significantly (p< 0.05) different from one another, according to Tukey’s multiple comparison test.

RBCs, red blood cell count; WBCs, white blood cell count; Hb, hemoglobin; HCT, hematocrit; HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA,

dihydroartemisinin.
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protein) content were exhibited by the disease control
group. Artemisinic compounds significantly (p < 0.05) decreased
this hike in a dose-dependent manner. Herein, ARTHD maximally
reduced nitrite and TBARS levels by 40.27 ± 2.8 μM and 20.23 ±
1.6 nM/min/mg protein, respectively, compared to silymarin.

3.5.3 Effects on brain histology
Histological analysis of brain sections is illustrated in

Figure 3B. The normal control exhibited a smooth architecture
with normal dentate gyrus, neuronal, and glial cells. The
disease control group exhibited pyknotic nuclei, vacuolation,
swollen cells, and a marked decrease in the cellularity of the
granular layer. Artemisinic compounds dose-dependently
relieved the CCl4-induced neuroinflammation compared to
silymarin. A normal picture with a denser granular layer
comprising closely packed neurocytes with well-defined,
rounded vesicular nuclei was revealed by groups treated with
HDs compared to the disease control. LD-treated groups also
eliminated the toxicological effects depicting mild degeneration
of the neurons, fewer pyknotic nuclei, and a comparatively dense
granular layer.

3.6 Cardioprotective effects of
artemisinic compounds

3.6.1 Effects on serological parameters
Serum levels of CK and LDH were evaluated to analyze the

cardioprotective effects of artemisinic compounds (Table 4). The
disease control demonstrated a significant (p < 0.05) increase in both
serum CK (789.38 ± 10.9 U/l) and LDH (925.76 ± 12.85 U/l) levels
compared to the normal control. Artemisinic compounds dose-
dependently decreased this elevation, with ARTHD exhibiting the

maximal abatement of CK (87.54 ± 2.15 U/l) and LDH (321.96 ±
7.9 U/l).

3.6.2 Effects on endogenous antioxidants
The effects of artemisinic compounds on cardiac enzymatic levels

are presented in Figure 4A. Compared to the normal control, the disease
control significantly (p < 0.05) decreased the activity levels of CAT,
POD, and SOD to 0.74 ± 0.11 U/mg, 1.36 ± 0.62 U/mg, and 1.41 ±
0.5 U/mg protein, respectively. Depleted GSH content was also
observed in the disease control at 0.81 ± 0.2 nM/mg protein. The
AC-treated groups exhibited a significant (p < 0.05) and dose-
dependent rise in antioxidant levels with the HD of ART maximally
attenuating the activity levels of CAT, POD, and SOD to 4.32 ± 0.39 U/
mg, 4.84 ± 0.8 U/mg, and 15.91 ± 0.5 U/mg protein. Additionally, the
GSH content was also restored to 8.34 ± 0.4 nM/mg protein in the
ARTHD-treated group. The vehicle control did not exhibit any toxicity.

3.6.3 Expression of nitrite and TBARS levels
The nitrite and TBARS contents of cardiac tissues are illustrated

in Table 3. A significant (p < 0.05) escalation in myocardial nitrite
and TBARS levels was observed in the disease control to 102.53 ±
17.3 μM and 104 ± 6.5 nM/min/mg protein, respectively, compared
to the normal control. Artemisinic compounds produced inhibitory
effects in a dose-dependent manner, with ARTHD exhibiting the
maximum restoration to 39.73 ± 2.9 μM of nitrite and 15.52 ±
1.9 nM/min/mg protein of TBARS.

3.6.4 Effects on cardiac histoarchitecture
The cardiac histology (Figure 4B) of the normal control

exhibited a branched and striated myofibrillar structure. The
disease control exhibited severe cardiotoxicity with significant
pathological changes, including inflammation, vacuolization,
eosinophilic infiltration in the cytoplasm, hyaline necrosis, and

TABLE 3 Effects of treatments on the expression of TBARS and nitrite levels in the experimental animals.

Group TBARS (nM/min/mg protein) Nitrite (μM)

Brain Heart Liver Kidney Brain Heart Liver Kidney

Normal control 21.56 ± 2.4c 17.32 ± 1.5c 24.63 ± 1.1c 14.62 ± 2.8c 39.73 ± 5.6c 40.93 ± 4.02c 52.27 ± 7.3c 46.8 ± 6.6c

Vehicle control 21.65 ± 3.1c 17.32 ± 1.9c 24.53 ± 3.5c 14.80 ± 3.3c 39.47 ± 5.2c 37.87 ± 4.9c 51.87 ± 6.9c 46.67 ± 6.1c

Positive control 22.45 ± 3.6c 17.66 ± 2.9c 25.24 ± 1.9c 15.35 ± 1.9c 40.53 ± 5.4c 37.6 ± 4.7c 51.6 ± 6.6c 46.4 ± 5.9c

Disease control 134 ± 17.3a 104 ± 6.5a 161.9 ± 17a 105.6 ± 15a 87.47 ± 11.3a 102.53 ± 17.3a 135.33 ± 5.7a 128.93 ± 8.3a

ARTHD 20.23 ± 1.6c 15.52 ± 1.9c 22.79 ± 3.0c 13.07 ± 2.7c 40.27 ± 2.8c 39.73 ± 2.9c 51.87 ± 3.4c 45.07 ± 2.2c

ARTLD 42.72 ± 4.7b 33.45 ± 1.8b 52.51 ± 4.3b 25.66 ± 3.2b 63.07 ± 5.7b 71.06 ± 5.0b 90.93 ± 5.2b 86.8 ± 4.6b

ARTEMHD 22.3 ± 3.13c 17.61 ± 7.7c 25.47 ± 2.5c 14.76 ± 2.2c 44 ± 5.8c 40.8 ± 5.9c 53.47 ± 4.7c 48.13 ± 5.6c

ARTEMLD 46.78 ± 2.3b 37.50 ± 5.5b 53.29 ± 2.2c 26.05 ± 2.5b 66.8 ± 5.1b 72.13 ± 5.3b 93.6 ± 7.87b 88.8 ± 6.7b

ARTESHD 24.88 ± 1.8c 18.67 ± 0.7c 28.6 ± 2.6c 15.21 ± 1.9c 45.47 ± 5.9c 42.13 ± 2.7c 54.13 ± 4.2c 49.07 ± 1.9c

ARTESLD 47.16 ± 6.6b 40.10 ± 2.2b 57.47 ± 1.9b 27.98 ± 0.2b 67.33 ± 6.5b 74.13 ± 4.8b 94.93 ± 2.7b 90.27 ± 6.4b

DHAHD 21.16 ± 2.9c 16.10 ± 2.6c 24.01 ± 1.9c 13.64 ± 1.6c 41.33 ± 2.9c 40.53 ± 1.4c 52.8 ± 3.1c 46.67 ± 4.9c

DHALD 45.74 ± 2.5b 33.89 ± 1.4b 53.61 ± 2.4b 25.98 ± 1.1b 63.07 ± 2.7b 72.13 ± 3.9b 91.07 ± 3.9b 87.07 ± 5.2b

Results are presented as mean ± SD (n = 5). Means with different superscript (a–c) letters are significantly (p< 0.05) different from one another, according to Tukey’s multiple comparison test.

TBARS, thiobarbituric acid reactive substances; HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin.
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loss of proper striations compared to the normal control.
Artemisinic compounds neutralized the CCl4-induced
distortion. Herein, cardiac sections from the groups treated
with HDs exhibited normal histoarchitecture with branched
and striated myofibrils. Mild vacuolization can be observed in
LD-treated groups.

3.7 Hepatoprotective effects of
artemisinic compounds

3.7.1 Effects on serological parameters
Serum levels of the hepatic inflammatory markers ALT and AST

were also assessed (Table 4). A marked elevation was observed in the

TABLE 4 Effects of treatment on the serological parameters of experimental animals.

Group ALT (U/l) AST (U/l) Albumin (g/dL) Urea (mg/dL) Creatinine (mg/dL) LDH (U/l) CK (U/l)

Normal control 43.01 ± 0.7fg 77.02 ± 1.7c 4.61 ± 0.5a 44.01 ± 0.9c 0.50 ± 0.01c 298.11 ± 6.44ef 82.03 ± 1.8c

Vehicle control 42.23 ± 1.9g 78.03 ± 1.7c 4.62 ± 0.2a 44.02 ± 0.7c 0.50 ± 0.01c 293.18 ± 4.6f 82.04 ± 1.3c

Positive control 47.03 ± 1.4ef 82.03 ± 1.8c 4.20 ± 0.2a 47.01 ± 1c 0.54 ± 0.01c 327.12 ± 7.1cde 89.03 ± 1.9c

Disease control 147.03 ± 2.3a 215.34 ± 17.5a 0.77 ± 0.1c 91.91 ± 17.1a 3.2 ± 0.6a 925.76 ± 12.9a 789.38 ± 10.9a

ARTHD 45.39 ± 1.3efg 80.49 ± 1.9c 4.49 ± 0.1a 46.28 ± 1.1c 0.52 ± 0.01c 321.96 ± 7.9def 87.54 ± 2.15c

ARTLD 95.48 ± 2.5c 150.04 ± 5.3b 2.6 ± 0.1b 69.77 ± 2.5b 1.83 ± 0.07b 630.76 ± 22.4b 437.71 ± 15.6b

ARTEMHD 48.86 ± 0.9de 86.56 ± 2c 4.27 ± 0.5a 49.32 ± 1.1c 0.56 ± 0.01c 348.24 ± 8.1cd 95.61 ± 2.2c

ARTEMLD 98.68 ± 3.4bc 153.89 ± 4.9b 2.52 ± 0.3b 71.62 ± 2.9b 1.91 ± 0.08b 647.40 ± 26.5b 444.79 ± 18.2b

ARTESHD 52.00 ± 0.5d 88.94 ± 1.2c 4.15 ± 0.1a 50.53 ± 1c 0.59 ± 0.01c 356.76 ± 4.8c 100.05 ± 1.4c

ARTESLD 101.02 ± 1.3b 157.49 ± 3.6b 2.47 ± 0.3b 72.15 ± 3.2b 1.98 ± 0.09b 655.92 ± 29.9b 450.95 ± 20.6b

DHAHD 46.23 ± 1.2efg 82.04 ± 0.9c 4.46 ± 0.1a 48.62 ± 0.6c 0.53 ± 0.01c 334.25 ± 3.9cd 90.15 ± 1c

DHALD 97.83 ± 2.5bc 150.52 ± 1.6b 2.58 ± 0.4b 70.5 ± 0.7b 1.88 ± 0.02b 640.34 ± 7.9b 442.58 ± 5.4bc

Results are presented as mean ± SD (n = 5). Means with different superscript (a–g) letters are significantly (p< 0.05) different from one another, according to Tukey’s multiple comparison test.

ALT, alanine transaminase; AST, aspartate transferase; LDH, lactate dehydrogenase; CK, creatine kinase; HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES,

artesunate; DHA, dihydroartemisinin.

FIGURE 4
(A) Effects of artemisinic compounds on endogenous antioxidant levels in cardiac tissues. The results are presented asmean ± SD (n = 5). Meanswith
different superscript (a–d) letters are significantly different from one another, according to Tukey’s multiple comparison test at p < 0.05. (B)Hematoxylin
and eosin (H&E) stained cardiac cross sections: (a) normal control, (b) vehicle control, (c) positive control, (d) disease control, (e) ARTHD, (f) ARTLD, (g)
ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. The double arrows point to increased spacing between cells, n shows
central vesicular nuclei, the single arrows point to striated eosinophilic sarcoplasm, and the yellow star identifies periventricular infiltration of
inflammatory cells. HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin.
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disease control compared to the normal control to 147.03 ± 2.3 U/l
and 215.34 ± 17.5 U/l of ALT and AST, respectively. Artemisinic
compounds dose-dependently reduced the elevated levels of hepatic
stress biomarkers, with ARTHD exhibiting the maximum effects to
45.39 ± 1.3 U/l and 80.49 ± 1.9 U/l of ALT and AST, respectively.

3.7.2 Effects on endogenous antioxidants
Hepatic tissue homogenates of the disease control exhibited a

marked reduction in the activity levels of CAT, POD, and SOD
compared to the normal control to 2.26 ± 0.29 U/mg, 2.18 ± 0.37 U/
mg, and 2.40 ± 0.5 U/mg protein, respectively. Reduced GSH level
was also observed in the disease control at 1.18 ± 0.2 nM/mg protein
(Figure 5A). Artemisinic compounds restored these diminished
enzymatic levels in a dose-dependent manner. Herein, ARTHD
exhibited maximum ameliorating effects compared to the positive
control to 8.02 ± 0.2 U/mg, 9.72 ± 0.45 U/mg, and 27.11 ± 2.0 U/mg
protein of CAT, POD, and SOD and 20.00 ± 0.32 nM/mg
protein of GSH.

3.7.3 Expression of nitrite and TBARS levels
The highest nitrite and TBARS levels were found in the liver

homogenates of the disease control at 135.33 ± 5.7 μM and 161.9 ±
17 nM/min/mg protein, respectively (Table 3). Herein, both the HD
and the LD groups of all the ACs demonstrated significant
abrogating effects. The maximum restoration of nitrite and
TBARS levels was depicted by ARTHD to 51.87 ± 3.4 μM and
22.79 ± 3 nM/min/mg protein, respectively.

3.7.4 Effects on hepatic histoarchitecture
Hepatic histological analysis confirmed the restorative effects of

artemisinic compounds in CCl4-induced hepatic damage (Figure 5B).

Intense hepatic hypertrophy, cytoplasmic inflammation, vacuolization,
centrilobular necrosis, and a distorted portal vein were observed in the
disease control. The liver sections of groups treated with HDs of ACs
revealed smooth histoarchitecture with a normal central vein,
hepatocytes, and sinusoids, whereas liver sections of the LD groups
revealed the presence of mild hepatic necrosis induced by CCl4. The
normal histoarchitecture of the vehicle control portrayed its safe and
non-toxic behavior.

3.8 Nephroprotective effects of
artemisinic compounds

3.8.1 Effects on serological parameters
Increased levels of urea and creatinine and reduced albumin levels

were observed in the disease control at 91.91 ± 17.1, 3.2 ± 0.6 mg/dL,
and 0.77 ± 0.1 g/dL, respectively (Table 4). Artemisinic compounds
dose-dependently controlled these levels, with ARTHD exhibiting the
maximum restoration to 46.28 ± 1.1 mg/dL of urea, 0.52 ± 0.01 mg/dL
of creatinine, and 4.49 ± 0.1 g/dL of albumin. Herein, ARTHD was
followed by DHAHD, ARTEMHD, and ARTESHD in approximately
all the parameters tested.

3.8.2 Effects on endogenous antioxidants
Compared to the normal control, the disease control depicted

decreased renal endogenous antioxidant activity levels to 2.06 ±
0.6 U/mg, 2.26 ± 0.3 U/mg, and 3.55 ± 0.6 U/mg protein of CAT,
POD, and SOD, respectively. An almost-depleted GSH level was also
observed in the disease control at 1.95 ± 0.5 nM/mg protein
(Figure 6A). Dose-graded treatment with artemisinic compounds
attenuated these levels compared to the disease control. Herein,

FIGURE 5
(A) Effects of artemisinic compounds on endogenous antioxidant levels in hepatic tissues. The results are presented asmean± SD (n = 5). Meanswith
different superscript (a–d) letters are significantly different from one another, according to Tukey’s multiple comparison test at p < 0.05. (B)Hematoxylin
and eosin-stained hepatic cross sections: (a) normal control, (b) vehicle control, (c) positive control, (d) disease control, (e) ARTHD, (f) ARTLD, (g)
ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. cv, central vein; h, hepatocytes; DCV, damaged central vein; IN,
inflammation; DS, dilated sinusoids; CHT, cellular hypertrophy; HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate;
DHA, dihydroartemisinin.
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ARTHD exhibited the maximum alleviation of CAT, POD, and
SOD activity levels to 7.68 ± 1.2 U/mg, 8.6 ± 0.9 U/mg, and 21.29 ±
1.7 U/mg protein, respectively. GSH content was also revitalized
following ARTHD treatment to 14.12 ± 1.5 nM/mg protein.

3.8.3 Expression of nitrite and TBARS levels
Significantly (p < 0.05) increased nitrite (128.93 ± 8.3 μM) and

TBARS (105.6 ± 15 nM/min/mg protein) levels were observed in the
disease control compared to the normal control (Table 3). Herein,
ARTHD exhibited maximum amelioration to 45.07 ± 2.2 μM and
13.07 ± 2.7 nM/min/mg protein of nitrite and TBARS, respectively.
ARTEM and ARTES also exhibited restorative effects on nitrite and
TBARS levels in a dose-dependent manner.

3.8.4 Effects on renal histoarchitecture
The renal histology of the normal control revealed smooth

Bowman’s capsules, glomerulus, and tubules (Figure 6B). The
disease control demonstrated vacuolization, degeneration of
tubular structures, and irregular tubular architecture with severe
necrosis of epithelial cells. Groups treated with LDs demonstrated
normal renal morphology with occasional tubular necrosis. Groups
treated with HDs showed normal histology characterized by intact
Bowman’s capsules, glomerulus, epithelial cells, and tubules.

3.9 Effects on DNA integrity

Table 5 illustrates the genoprotective effects of artemisinic
compounds. Maximum DNA damage was observed in the disease
control, which is quite evident fromDNAmigration into the comet’s
tail at rates of 52.76% ± 3.2%, 48.32% ± 3.1%, 51.85% ± 3.8%, and

50.58% ± 5.7% in brain, cardiac, hepatic, and renal tissues,
respectively. Artemisinic compounds dose-dependently resisted
the DNA damage compared to the disease control. The results
produced by HDs of nearly all the ACs were equivalent to silymarin
(Figure 7). The vehicle control did not induce any DNA toxicity.

3.10 Inflammatory pathways

IHC staining of neural, cardiac, hepatic, and renal sections
was performed. The results revealed that there was a
significantly reduced expression of TRX, Nrf-2 and a
significantly increased expression of inflammatory markers,
including NF-κB, TNF-α, and NLRP3, in the disease control
group. In contrast to the disease control, the AC-treated groups
showed a dose-dependent augmentation in the expression of
TRX and Nrf-2. Treatment with ACs also suppressed the
expression of inflammatory mediators NF-κb, TNF-α, and
NLRP3 (Figures 8–12). The maximum alleviation in terms of
%relative expression was exhibited by ARTHD in all the
tissues tested.

4 Discussion

Inflammation is the body’s natural defense mechanism. Short-
term adaptive response is involved in initiating various tissue repair
mechanisms. However, chronic inflammation possesses etiological
links to several diseases. Globally, almost three of five people die
because of chronic inflammatory diseases (Pahwa et al., 2022).
Studies have documented a strong association between

FIGURE 6
(A) Effects of artemisinic compounds on endogenous antioxidant levels in the kidney tissues. The results are presented as mean ± SD (n = 5). Means
with different superscript (a–c) letters are significantly different from one another, according to Tukey’s multiple comparison test at p < 0.05. (B)
Hematoxylin and eosin (H&E) stained kidney cross sections: (a) normal control, (b) vehicle control, (c) positive control, (d) disease control, (e) ARTHD, (f)
ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. The arrowheads point to Bowman’s capsules, BCD
identifies Bowman’s capsule’s disruption, D identifies desquamation, g identifies glomerulus, GC identifies glomerulus congestion, and Ii identifies
interstitial inflammation. HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin.
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inflammation and oxidative stress. They are interconnected and
interdependent processes that co-exist in the inflamed milieu
(Swindle and Metcalfe, 2007).

Plant-based products are currently the subject of much
research interest, with more than 200,000 bioactive compounds
reported so far (Eltom at al., 2021; Baig et al., 2022a).
Artemisinins, a family of sesquiterpene trioxane lactones with
an endoperoxide bridge, include potent antimalarial, anticancer,
and antioxidant members (Muhammad et al., 2021). These
compounds also have been found to mitigate several
inflammatory pathways when previously evaluated in
experimental models (Yao et al., 2016). The current study was,
therefore, designed for comprehensive screening and comparison
of the anti-inflammatory potential of these compounds through
behavioral, biochemical, histopathological, genotoxic, and
immunohistochemical analysis.

Alterations in animals’ BW were measured every 2 weeks. The
continuous decrease of the BW of the disease control indicates

disease induction (Yoshioka et al., 2018). Artemisinic compounds
significantly attenuated the BW decrease, with ARTHD exhibiting
the maximum alleviation.

Inflammation imparts a more nuanced impact on social
behavior (Hashioka et al., 2018). Currently, the lack of
exploratory behavior and immobility observed in
OFT, TST, and FST signify the anxious and depressive-like
behavior of the CCl4-treated animals. Immobility reflects the
impairment of tenacity in escape-driven behavior. Mounting
evidence suggests a robust association between animal
behavior and inflammatory mediators (Shi et al., 2017; Khan
et al., 2019).

In the current study, the ACs showed a profound impact on
anxious behavior, with ARTHD exhibiting maximum anxiolytic
and antidepressant effects. It can be linked to ART’s significant
potential of inhibiting the activation of currently studied
inflammatory mediators, including TNF-α, NF-κB, and
NLRP3. The present findings are in agreement with the

TABLE 5 Genoprotective effects of artemisinic compounds.

Comet assay

Sample CL (µm) HL (µm) TL (µm) %DIH %DIT Sample CL (µm) HL (µm) TL (µm) %DIH %DIT

Brain NC 52 ± 1cd 48 ± 1bc 4 ± 0.7de 92.31 ± 1.3ab 7.69 ± 1.3de Liver NC 52.8 ± 0.8de 49 ± 1ab 3.8 ± 0.4c 92.8 ± 0.9a 7.19 ± 0.9c

VC 51 ± 1d 47 ± 1cde 4 ± 0.7de 92.16 ± 1.3b 7.84 ± 1.3de VC 52.2 ± 0.8e 48.1 ± 0.5ab 3.8 ± 0.8c 92.74 ± 1.5a 7.27 ± 1.5c

PC 52 ± 2cd 46 ± 1cde 6 ± 1.4cd 88.83 ± 1.9bc 11.16 ± 1.9cd PC 54.8 ± 1.6bcd 50 ± 1a 4.8 ± 1.1c 91.27 ± 1.8a 8.73 ± 1.8c

DC 66 ± 1a 31.2 ± 2.5f 34.8 ± 1.8a 47.24 ± 3.2e 52.76 ± 3.2a DC 66 ± 1a 31.8 ± 2.8d 34.2 ± 2.2a 48.15 ± 3.8c 51.85 ± 3.8a

ARTH 53.4 ± 1.5b 50.4 ± 1.1ab 3 ± 0.7e 94.39 ± 1.2a 5.6 ± 1.2e ARTH 53.4 ± 1.5cde 49.2 ± 0.8ab 4.2 ± 1.1c 92.17 ± 1.9a 7.83 ± 1.9c

ARTL 53.6 ± 1.8bc 45 ± 0.7de 8.6 ± 1.3bc 84 ± 2cd 15.99 ± 2bc ARTL 55.4 ± 1.7bc 44.6 ± 0.5c 10.8 ± 1.5b 80.55 ± 2.1b 19.45 ± 2.1b

ARTEMH 55.6 ± 1.3b 51.4 ± 1.5a 4.2 ± 1.3de 91.46 ± 2.3ab 7.54 ± 2.3de ARTEMH 51.4 ± 0.9e 47 ± 0.7b 4.4 ± 0.5c 91.45 ± 0.9a 8.55 ± 0.9c

ARTEML 55.4 ± 2.3b 46 ± 1.7cde 9.4 ± 3.4b 83.18 ± 5.5d 16.81 ± 5.5b ARTEML 55.6 ± 0.5b 43.4 ± 1.5c 12.2 ± 1.3b 78.05 ± 2.4b 21.95 ± 2.4b

ARTESH 52 ± 1cd 47.4 ± 0.9cd 4.6 ± 0.5de 91.15 ± 1ab 8.84 ± 1de ARTESH 52.6 ± 0.5de 47.4 ± 0.5b 5.2 ± 0.4c 90.12 ± 0.8a 9.88 ± 0.8c

ARTESL 55.8 ± 0.8b 45.4 ± 0.9cde 10.4 ± 1.1b 81.37 ± 1.9d 18.62 ± 1.9b ARTESL 55.4 ± 0.9bc 43 ± 1.4c 12.4 ± 1.3b 77.62 ± 2.4b 22.38 ± 2.4b

DHAH 54.4 ± 1.5bc 50.6 ± 0.5a 3.8 ± 1de 93.05 ± 1.8a 6.95 ± 1.8e DHAH 52.6 ± 0.5de 48.8 ± 0.4ab 3.8 ± 0.4c 92.78 ± 0.8a 7.22 ± 0.8c

DHAL 53.4 ± 1.7bcd 44.6 ± 0.5e 8.8 ± 1.8bc 83.59 ± 2.9cd 16.41 ± 2.9bc DHAL 55.2 ± 1.6bc 44.2 ± 0.4c 11 ± 1.2b 80.11 ± 1.6b 19.89 ± 1.6b

Heart NC 54.6 ± 1.1bcde 50.6 ± 1.8a 4 ± 2.3c 92.72 ± 4.1a 7.28 ± 4.1c Kidney NC 53.4 ± 1.1cd 50.6 ± 1.1ab 2.8 ± 0.4c 94.76 ± 0.8a 5.24 ± 0.8c

VC 53.6 ± 1.1cdef 50 ± 1.4ab 3.6 ± 1.8c 93.32 ± 3.3a 6.68 ± 3.3c VC 52.4 ± 1.1d 50 ± 1ab 2.4 ± 1.3c 95.45 ± 2.5a 4.55 ± 2.5c

PC 53.6 ± 1.8cdef 49.6 ± 1.1ab 4 ± 1.6c 92.59 ± 2.8a 7.41 ± 2.8c PC 53.6 ± 1.8cd 49.4 ± 1.1b 4.2 ± 2.7c 92.28 ± 4.7a 7.72 ± 4.7c

DC 59.6 ± 1.1a 30.8 ± 1.9e 29 ± 1.9a 51.68 ± 3.1c 48.32 ± 3.1a DC 68 ± 1a 33.6 ± 3.8d 34.4 ± 3.9a 49.42 ± 5.7c 50.58 ± 5.7a

ARTH 53.8 ± 1.6cdef 50.8 ± 1.3a 3 ± 1.2c 94.45 ± 2.2a 5.5 ± 2.2c ARTH 55 ± 1.9bcd 52 ± 1.4ab 3 ± 0.7c 94.57 ± 1.2a 5.43 ± 1.15c

ARTL 55.2 ± 1.3bcd 43.8 ± 0.8d 11.4 ± 1.1b 79.37 ± 1.7b 20.63 ± 1.7b ARTL 55.2 ± 1.3bc 44.6 ± 1.1c 10.6 ± 1.5b 80.82 ± 2.5b 19.18 ± 2.5b

ARTEMH 52.2 ± 1.4ef 48 ± 0.7bc 4.2 ± 1.1c 91.99 ± 1.9a 8 ± 1.9c ARTEMH 57.4 ± 0.9b 53 ± 1a 4.4 ± 0.9c 92.34 ± 1.5a 7.66 ± 1.5c

ARTEML 56 ± 1.9bc 43.4 ± 1.3d 12.6 ± 2.5b 77.58 ± 3.9b 22.42 ± 3.9b ARTEML 57 ± 1.9b 45 ± 1.2c 12 ± 2.1b 79 ± 3.2b 20.99 ± 3.2b

ARTESH 51.6 ± 0.5f 46.8 ± 0.8c 4.8 ± 0.4c 90.69 ± 0.9a 9.31 ± 0.9c ARTESH 53.4 ± 0.5cd 49 ± 0.7b 4.4 ± 0.5c 91.76 ± 1a 8.24 ± 1c

ARTESL 57.2 ± 0.4ab 43.8 ± 1.9d 13.4 ± 2.1b 76.58 ± 3.6b 23.42 ± 3.6b ARTESL 57.2 ± 0.4b 44.2 ± 1.5c 13 ± 1.9b 77.29 ± 3.1b 22.71 ± 3.1b

DHAH 52.8 ± 1.3def 49.4 ± 0.5abc 3.4 ± 0.9c 93.59 ± 1.6a 6.41 ± 1.6c DHAH 55.8 ± 1.3bc 52.4 ± 0.5ab 3.4 ± 0.9c 93.93 ± 1.5a 6.06 ± 1.5c

DHAL 55 ± 1.2bcd 43.6 ± 0.5d 11.4 ± 1.3b 79.30 ± 2b 20.69 ± 2.1b DHAL 55 ± 1.2bcd 44 ± 1.2c 11 ± 1.9b 80.03 ± 3.1b 19.96 ±
3.07b

Results are presented as mean ± SD (n = 5). Means with different superscript (a–f) letters, are significantly different from one another, according to Tukey’s multiple comparison test at p< 0.05.

CL: comet length, HL: head length, TL: tail length, %DIH: %DNA, in head, %DIT: %DNA, in tail, NC: normal control, VC: vehicle control, PC: positive control, DC: disease control, HD: high

dose, LD: low dose, ART: artemisinin, ARTEM: artemether, ARTES: artesunate, DHA: dihydroartemisinin.
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previous study endorsing the antidepressant effects of
artemisinic compounds (Ahangar et al., 2011).

A significant increase in %SAB (Y-maze) in the AC-treated
groups indicates the overhauling of the CCl4-induced spatial
memory deficit. Currently, the maximum improvement in
cognitive and memory deficit was exhibited by ARTHD,
followed by DHAHD, ARTEMHD, and ARTESHD. This
potential might be attributed to their ability to reduce the
amyloid-β plaque formation, which triggers the deleterious
influx of calcium ions into neurons, eventually leading to cell
dysfunction and death (He et al., 2021).

Oxidative stress is associated with the impaired skeletal muscle
function and locomotor activity observed in the CCl4-treated
animals (Khan et al., 2019; Lian et al., 2022). Artemisinic
compounds, especially ARTHD, alleviated the weight-lifting score
and time spent on the inverted screen compared to the disease
control. Scientific evidence implicates inflammation’s association

with cachexia. Because of their anti-inflammatory effects,
artemisinic compounds might be able to restore muscular
strength (Webster et al., 2020).

Hematological investigations are the prognostic tool used to
assess inflammatory conditions. CCl4 can induce severe
hemodynamic aberrations that can be linked to a concomitant
rise in inflammatory cytokine levels (Nasir et al., 2022). Scientific
evidence supports the notion that TNF-α directly inhibits
erythropoiesis and destroys RBCs. The presence of oxygen-bound
Hb within the erythrocytes makes them very prone to oxidative
damage. Thrombocytopenia, increased ESR, and WBCs are
established markers of chronic inflammation (Kong et al., 2021).
Currently, all these perturbations can be observed in the disease
control group, which is in complete accordance with a previous
study (Nasir et al., 2022). Artemisinic compounds significantly
diminished the CCl4-mediated hematological abnormalities,
which can be linked to their anti-inflammatory potential

FIGURE 7
Fluorescence photomicrograph demonstrating the effects of artemisinic compounds against CCl4-induced DNA damage: (A) brain tissues, (B)
cardiac tissues, (C) hepatic tissues, (D) kidney tissues. (a) Normal control, (b) vehicle control, (c) positive control, (d) disease control, (e) ARTHD, (f) ARTLD,
(g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD, low dose; ART, artemisinin; ARTEM, artemether;
ARTES, artesunate; DHA, dihydroartemisinin.
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(Richard, 2006). Furthermore, ART is known to restore the normal
hematopoietic aptitude within the body (Fang et al., 2019).

There is ample data underscoring a causal correlation between
inflammation and the seepage of cytosolic enzymes into the
bloodstream. Currently, increased serum levels of CK and LDH
in the disease control indicate myocardial inflammation, whereas

increased ALT and AST suggest hepatic inflammation (Chen et al.,
2015; Kazmi et al., 2018). Elevated levels of renal inflammatory
markers, including urea, creatinine, and decreased albumin, in the
disease control clearly indicate renal insufficiency (Swindle and
Metcalfe, 2007; Almundarij et al., 2021). Marked differences
between the findings of the disease control and AC-treated

FIGURE 8
Immunohistochemical analysis of TRX in (A) brain, (B) cardiac, (C) hepatic, and (D) renal tissues. (a) Normal control, (b) vehicle control, (c) positive
control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD,
low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, Dihydroartemisinin. (E)Quantitative analysis of TRX. The results are presented
as mean ± SD (n = 5). Means with different superscript (A–C) letters are significantly different from one another, according to Tukey’s multiple
comparison test at p < 0.05.

FIGURE 9
Immunohistochemical analysis of Nrf-2 in (A) brain, (B) cardiac, (C) hepatic, and (D) renal tissues. (a) Normal control, (b) vehicle control, (c) positive
control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD,
low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin. (E)Quantitative analysis of Nrf-2. The results are presented
as mean ± SD (n = 5). Means with different superscript (A–E) letters are significantly different from one another, according to Tukey’s multiple
comparison test at p < 0.05.

Frontiers in Pharmacology frontiersin.org16

Kazmi et al. 10.3389/fphar.2024.1352827

402

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1352827


groups endorse the anti-inflammatory nature of artemisinic compounds.
Herein, ARTHD was found to be more potent than other metabolites.
Previously, ART has been known to reduce ALT and AST levels in
people with persistent alcohol-induced liver injury (Zhao et al., 2017).

The serum was also evaluated for IL-1β levels. IL-1β is a key
player in orchestrating the inflammatory response within the body.
It amplifies the inflammatory response by facilitating the migration

of immune cells to the site of inflammation and stimulates the
production of several other pro-inflammatory mediators, such as
leukotrienes and prostaglandins (Farhan et al., 2014). Currently, a
surge in IL-1β levels has been observed in the disease control.
Artemisinic compounds dose-dependently suppress this surge.
Herein, ARTHD was found to exert pronounced anti-
inflammatory effects by maximally reducing the IL-1β levels

FIGURE 10
Immunohistochemical analysis of NF-κB in (A) brain, (B) cardiac, (C) hepatic, and (D) renal tissues. (a) Normal control, (b) vehicle control, (c) positive
control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD,
low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin. (E)Quantitative analysis of NF-κB. The results are presented
as mean ± SD (n = 5). Means with different superscript (A–C) letters are significantly different from one another, according to Tukey’s multiple
comparison test at p < 0.05.

FIGURE 11
Immunohistochemical analysis of TNF-α in (A) brain, (B) cardiac, (C) hepatic, and (D) renal tissues. (a) Normal control, (b) vehicle control, (c) positive
control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD,
low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin. (E)Quantitative analysis of TNF-α. The results are presented
as mean ± SD (n = 5). Means with different superscript (A–D) letters are significantly different from one another, according to Tukey’s multiple
comparison test at p < 0.05.
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compared to the disease control. Current findings endorse a
previous study where ART was found to significantly reduce IL-
1β levels in mice brains (Shi et al., 2013).

Chronic inflammation may pave the way for the generation of
free radicals. Nature has bestowed animals with a variety of repair
endogenous antioxidants that are specific for the dismutation and
detoxification of free radicals. Enzymatic antioxidants include SOD,
CAT, and POD, whereas GSH is one of the major non-enzymatic
antioxidants (Kazmi et al., 2018).

Exhausted antioxidant levels will foster an augmented generation
of NO•, which induces lipid peroxidation by producing peroxynitrite
(Mohammed et al., 2021). These peroxidized lipids yield TBARS,
which can be used as a diagnostic index of macromolecular
peroxidation, as their end products. The detrimental cycle, which
initiates with a dearth of endogenous antioxidants, culminates in
destroying cellular integrity and necrosis (Nasir et al., 2022).

Currently, a significant decrement in endogenous antioxidant
markers with an anticipated increase in NO• and TBARS levels was
observed in the disease control. Treatment with artemisinic
compounds, specifically with ARTHD, produced significant
recuperative effects. Studies have reported that DHA and ART
can exert antioxidant effects by alleviating levels of endogenous
antioxidants and inhibiting inducible nitric oxide synthase (Zhao
et al., 2017; Webster et al., 2020).

Histopathological analysis further authenticated the anti-
inflammatory potential of artemisinic compounds. Because neurons
are rich in polyunsaturated fatty acids, they are particularly sensitive
to lipid peroxidation. Extensive neuronal degeneration and a relatively
thinner granular layer were observed in brain sections of the disease
control, which is in complete accordance with a previous study (Khan
et al., 2019). Artemisinic compounds significantly enhanced hippocampal
neurogenesis as evidenced by a dense granular layer with normal cells.
These histological findings corroborated the results of behavioral analysis

as the density of the granular layer is associated with spatial memory and
learning.Moreover, antidepressants are known to accelerate neurogenesis
(Altinoz et al., 2018). These accumulating pieces of evidence suggest that
artemisinic compounds can treat neuroinflammation.

The histoarchitecture of cardiac slides demonstrated
inflammatory cell infiltration, interstitial edema, cytoplasmic
vacuolization, and widespread necrosis in the disease control.
Reversion of these histological deteriorations by artemisinic
compounds can be linked to concomitant inhibition of
inflammatory signaling pathways, including NF-κB and NLRP3,
which contribute to cardiac toxicity (Shi et al., 2017).

The hepatic tissues of the disease control exhibited fat accretion,
steatosis, severe inflammation, and a distorted portal vein. The lipophilic
nature of CCl4 and its metabolites facilitates their interaction with the
lipid bilayer, eventually disrupting the cell integrity and ultrastructure
(Mohammed et al., 2020; Nasir et al., 2022). A nearly normal
histoarchitecture of HD-treated groups strongly substantiates the
anti-inflammatory potential of artemisinic compounds.

The renal histological slides of the disease control portrayed
tubular degeneration, disrupted Bowman’s capsules, glomerular
congestion, and necrotic cells. Artemisinic compounds eliminated
the CCl4-induced toxicity as smooth renal histology was portrayed
by the HD-treated groups. The previously reported antifibrotic
assertiveness of ART might be responsible for the observed
nephroprotective potential (Dolivo et al., 2021).

A substantial body of evidence implicates increased DNA
migration with DNA fragmentation. Moreover, there is a strong
conviction that ROS, NO•, and TNF-α are embroiled in DNA strand
breaks, aberrant DNA cross-linking, and mutations. The current
findings agree with previous ones, where CCl4 exposure escalated
DNA fragmentation (Khan et al., 2012). Artemisinic compounds
dose-dependently reduced the CCl4-induced DNA toxicity. The
anti-inflammatory potential of artemisinic compounds observed

FIGURE 12
Immunohistochemical analysis of NLRP3 in (A) brain, (B) cardiac, (C) hepatic, and (D) renal tissues. (a) Normal control, (b) vehicle control, (c) positive
control, (d) disease control, (e) ARTHD, (f) ARTLD, (g) ARTEMHD, (h) ARTEMLD, (i) ARTESHD, (j) ARTESLD, (k) DHAHD, and (l) DHALD. HD, high dose; LD,
low dose; ART, artemisinin; ARTEM, artemether; ARTES, artesunate; DHA, dihydroartemisinin. (E) Quantitative analysis of NLRP3. The results are
presented as mean ± SD (n = 5). Means with different superscript (A–C) letters are significantly different from one another, according to Tukey’s
multiple comparison test at p < 0.05.
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in the current study might be the key factor responsible for their
genoprotective potential.

Inflammation interacts with an upsurge in various inflammatory
mediators, cytokines, inflammasomes, and an impaired antioxidant
defense system. The cytosolic transcription factor Nrf-2 is translocated
into the nucleus under stress conditions, where it activates the
transcription of antioxidant response element-driven genes (Bellezza
et al., 2018). It targets a variety of enzymes, including proteins of the
TRX system, a key redox regulatory system that can modulate the NF-
κB transcription by inhibiting its nuclear translocation (Cebula et al.,
2015; Yang et al., 2024). Moreover, Nrf-2 is also known for suppressing
the NLRP3 and TNF-α-dependent NF-κB pathways (Wakabayashi
et al., 2010; Jhang and Yen, 2017).

The redox-regulated transcription factor NF-κB is involved in the
regulation of inflammatory responses by the induction of pro-
inflammatory cytokines, including TNF-α (Jalal et al., 2022). The
inflammasomeNLRP3 is also involved in the processing and release of
several pro-inflammatory cytokines. Its activation generally requires a
TNF-α-triggered priming process via NF-κB-dependent pathways.
TNF-α is a cytokine that has been identified as a major regulator of
inflammatory responses (Bauernfeind et al., 2009; Ahsan et al., 2023).
CCl4 induces inflammation by modulating these interlinked signaling
pathways (Khan et al., 2019). In the current study, artemisinic
compounds ameliorated inflammation by activating the Nrf-2 and
TRX signaling pathways compared to the disease control. Our
experimental data also revealed the inhibitory effect of artemisinic
compounds on the activation of NF-κB and NLRP3, thus leading to
the decreased production of the downstream cytokines TNFa and IL-
1b. The results produced by the ACs, especially ARTHD, were
comparable with those observed in the silymarin-treated
group. The vehicle control did not exhibit any toxicity or activity
throughout the study, suggesting its neutral nature.

Themaximum anti-inflammatory potential was exhibited by ART,
followed by DHA, ARTEM, and ARTES. Alkylating center reactivity,
side chain, lipophilicity, molecular geometry, and electronic features
are parameters that may be responsible for the biological activities of
sesquiterpene lactones (Ghantous et al., 2010). Facile hydrolysis of the
ARTES ester linkage and cytochrome P450-mediated hepatic
metabolism of ARTEM allows their conversion to the highly active
metabolite, DHA. DHA, a reduced product of ART, is very prone to
oxidative attacks owing to the lactol moiety present in its structure. Its
hemiacetal structure gives it stability compared to ART (Aprioku and
Obianime, 2011). Metabolism of ART generates six major metabolites,
including monohydroxylated deoxyART, deoxy ART,
monohydroxylated ART, dihydroxylated ART, ART, 9,10-
dihydrodeoxyartemisinin, and a metabolite named “crystal 7” (Zang
et al., 2014). Hydroxylated metabolites are considered biologically
more active as they are reported to enhance water solubility and
binding affinity to the targets (Gao et al., 2023). Deoxy metabolites,
such as deoxyART, a phase-I metabolite of ART metabolism, are
known to possess anti-inflammatory activity. Moreover, ART and
DHA share a common metabolite, deoxyDHA (Fu et al., 2020).
Therefore, it can be inferred that metabolites of ART and DHA are
responsible for the superlative anti-inflammatory potential of ACs.

Current findings suggest that artemisinic compounds can serve
as a solid alternative to existing therapeutics. Modulating oxidative
stress pathways (Nrf2/TRX) and inhibiting inflammatory mediators
(NFκB/TNF-α/NLRP3) facilitates them in managing various

inflammatory conditions. A protective behavior toward DNA
depicted by comet assay and toward the organs tested by
histological analysis added more to the safety profile of ACs.
Additionally, the reduced risk of drug resistance and low toxicity
profile offer advantages over conventional anti-inflammatory drugs
with several adverse effects, including immune suppression.
Studies have indicated the adverse effects of NSAIDs in
cardiovascular, cerebral, pulmonary, gastrointestinal, hepatic,
and renal complications (Bindu et al., 2020).

5 Conclusion

The cumulative findings of all the behavioral, biochemical,
histological, genotoxic, and IHC analyses provide convincing evidence
that artemisinic compounds possess significant anti-inflammatory
potential. The anxiolytic and antidepressant potential of artemisinic
compounds indicates suppression of neuroinflammation, whereas
serum analysis indicates the inhibition of cardiac, hepatic, and renal
inflammation. Revitalization of endogenous antioxidants and
suppression of inflammatory markers also support this finding.
Moreover, artemisinic compounds were found to be non-toxic to
DNA. Among the selected ACs, ART was found to be the most
efficacious. The current study serves as a cornerstone to establish the
fundamental framework for more in-depth molecular investigations that
can elucidate the structure–activity relationship of artemisinic
compounds with their anti-inflammatory potential. The exploration of
the AIP of artemisinic compounds presents promising avenues for
treating diverse inflammatory disorders by targeting pivotal pathways.
The broad spectrum of activity, proven efficacy, and global availability of
APs could allow them to effectively alleviate several inflammation-
associated pathologies, including autoimmune disorders,
neuroinflammatory diseases, cardiovascular conditions, cancer, and
many others. The current study accomplished the repurposing of
artemisinic compounds, renowned for their antimalarial potential, as a
potential treatment for inflammatory diseases.
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