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ABSTRACT

Liquidambar orientalis, the Anatolian sweetgum tree, is a relict and endemic species in Southwestern Turkey, traditionally
used for therapeutic purposes. Our study comprehensively evaluated the therapeutic potential of L. orientalis extracts from its
aerial parts to maximize bioactive compound extraction using methanol, ethyl acetate, and water as solvents. The methanolic
extract exhibited the highest phenolic (73.04 + 3.94 mg gallic acid equivalent [GAE]/g) and flavonoid content (48.86 + 0.76 mg
rutin equivalent [RE]/g), demonstrating superior antioxidant activity in 2,2-diphenyl-1-picrylhydrazyl (DPPH) (256.61 + 1.70 mg
Trolox equivalent [TE]/g), 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (308.41 + 3.14 mg TE/g), and cupric
ion-reducing antioxidant capacity (CUPRAC) (411.13 + 8.48 mg TE/g) assays. It also showed significant enzyme inhibition for
acetylcholinesterase (4.43 + 0.09 mg galanthamine equivalent [GALAE]/g), tyrosinase (149.16 + 1.14 mg kojic acid equivalent
[KAE]/g), amylase (0.93 + 0.02 mmol acarbose equivalent [ACAE]/g), and glucosidase (1.60 + 0.01 mmol ACAE/g), suggesting
potential applications in neurodegenerative disease management, skincare, and diabetes treatment. Furthermore, methanol and
water extracts displayed promising antimicrobial activity due to phenolic compounds such as chlorogenic acid and methyl-3-
O-caffeoyl quinate. The methanolic extract exhibited potent anticancer effects against lung cancer (A549) cells, with significant
reductions in cell viability and induction of autophagy. The aqueous extract showed remarkable efficacy against prostate cancer
(PC3) cells, modulating apoptosis markers. Breast cancer cells (MDA-MB-231) exhibited differential responses, with ethyl acetate
extract promoting apoptosis and water extract-enhancing autophagy. Furthermore, molecular docking and dynamics simulations
provided additional evidence supporting the therapeutic potential of key phytochemicals from L. orientalis, particularly afzelin and
epigallocatechin, against cancer-related targets and bacterial enzymes. Overall, this study fills a gap in understanding the enzyme
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inhibitory and diverse anticancer effects of L. orientalis extracts, highlighting its potential multi-targeted therapeutic applications,

particularly in cancer therapy.

1 | Introduction

The search for possible drug candidates capable of curing dis-
eases, including diabetes, cancer, and hypertension, while min-
imizing side effects, has been a considerable challenge. Advances
in drug discovery technology have led to the development of
numerous therapeutic agents. Notably, several drugs derived from
natural products, such as artemisinin from Artemisia annua
and Taxol from Taxus brevifolia, have demonstrated remarkable
efficacy in treating various diseases (Thomford et al. 2018).

Natural products, especially those extracted from plants, have
been proven to be used for pharmaceutical purposes since
ancient times due to their secondary metabolites, especially
for phenolic compounds (Zengin et al. 2016; Ferrante et al.
2017). These phenolic substances, namely, phenols, flavonoids,
tannins, coumarins, and lignans, are particularly known for
their antioxidant properties that help neutralize free radicals
and prevent oxidative stress. Oxidative stress is a key factor
in the development of cancer, cardiovascular conditions, and
neurodegenerative diseases (Perillo et al. 2020; Scheibmeir et al.
2005; Alkadi 2020; Kinghorn 1994). Given their wide range of
beneficial effects, these plant-derived metabolites continue to
be of significant interest for their potential health-promoting
properties.

Liquidambar orientalis Mill. (L. orientalis), commonly referred
to as the Anatolian sweetgum tree, is a deciduous and woody
plant that belongs to the Hamamelidaceae family. It is a relict
and endemic species, mainly spread to Southwestern Turkey,
particularly in Mugla, Aydin, Burdur, Isparta, and the Greek
island of Rhodes (Efe 2014). L. orientalis oil and other extracts
have traditionally been used to treat various ailments, such as
asthma, stroke, gastritis, ulcers, abdominal pain, and wounds
(Giirdal and Kiiltiir 2013; Ocsel et al. 2012). Previous studies have
also demonstrated that L. orientalis oil has many therapeutic
properties, including antioxidant, anti-inflammatory, antimicro-
bial, antifungal, anticancer, and anti-malarial due to its phenolic
content (Avunduk and Kacar 2013; Nalbantsoy et al. 2016; Guz-
man 2014; Oskay and Sar1 2008; Sagdic et al. 2005; Ozbek and
Bilek 2018; Baloglu et al. 2023).

Despite their widespread use in traditional medicine, the ther-
apeutic potential of L. orientalis extracts has not been fully
explored. Limited studies have reported on its biological proper-
ties. For example, Sarac and Sen (2014) showed the antioxidant,
mutagenic, and antimutagenic activity of its ethanol extract due
to the presence of protocatechuic acid, (—) epicatechin, and
gallic acid (GA). Another group studied the antimicrobial activity
of ethanol extract against methicillin-resistant Staphylococcus
aureus, Escherichia coli, Salmonella Typhimurium, Pseudomonas
fluorescens, Proteus vulgaris, Serratia marcescens, and Staphylo-
coccus epidermidis (Oskay and Sar1 2008). Cetinkaya et al. (2022)
reported that its leaf methanol extract, containing catechins,
quercetin, chlorogenic acid, and kaempferol, had the highest

cytotoxic effect through NF-xB and apoptotic pathways in col-
orectal cancer lines compared to n-hexane and ethyl acetate
extracts.

However, there has been a notable lack of comprehensive
research into the enzyme inhibitory activity of its extracts, as well
as their effects on different cancer types. To address these gaps,
the study employed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment, STRING network analysis, molec-
ular docking, and simulation analyses. These techniques were
utilized to examine the interactions of phytochemicals derived
from L. orientalis with specific bacterial and cancer-related
targets. By providing a comprehensive understanding of the gene
networks, binding processes, and biological pathways that these
drugs affect, these approaches have facilitated a more nuanced
comprehension of the potential therapeutic benefits of these
compounds (Yagi et al. 2024; Duran et al. 2024).

To investigate the broad pharmacological properties of L. orien-
talis, this study focuses on the phytochemical content, antimi-
crobial, antioxidant, enzyme inhibitory, and antitumor potential
of its various solvent extracts (methanol, ethyl acetate, and
water) derived from the aerial parts of the plant. Specifi-
cally, the study aims to elucidate the mechanism of antitumor
activity by analyzing the expression levels of autophagy and
apoptosis biomarkers. Moreover, the study’s dual focus on
both cancer and microbial inhibition is supported by the use
of relevant antioxidant assays, such as DPPH (2,2-diphenyl-1-
picrylhydrazyl), ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid)) assay, CUPRAC (cupric ion-reducing antioxidant
capacity), FRAP (ferric-reducing antioxidant power), chelating
ability, and phosphomolybdenum (PBD), which assess the plant
extracts’ ability to neutralize free radicals and reduce oxidative
stress. These assays provide a foundation for understanding the
potential of L. orientalis in cancer prevention and antimicrobial
therapy. To the best of our knowledge, this is the first study to
examine the enzyme-inhibitory activity of L. orientalis extracts
and their effects on breast, lung, and prostate cancers. By
combining molecular and biochemical techniques, this research
aims to fill a critical gap in the understanding of this plant’s
therapeutic potential, ultimately contributing to naturally derived
treatments for cancer and microbial infections.

2 | Materials and Methods

2.1 | Plant Materials and the Process of Extraction
L. orientalis Mill.’s aerial parts, including leaves and stem bark,
were collected from the Mugla/Aksaz region of Turkey (GPS:

36°50'13”N, 28°22'57"E, 19 m).

Aerial parts of the plant were used to produce extracts in water,
methanol, and ethyl acetate via the maceration technique. Ten
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grams of stem bark and leaves of 10 g were mixed and air-dried.
They were softened in 200 mL of solvents at room temperature
(25°C £ 1°C) for 24 h to create crude ethyl acetate and methanol
extracts. The extracts were then concentrated under vacuum at
40°C using a rotary evaporator. On the other hand, in preparing
crude water extract, 10 g of ground plant material was boiled
in 200 mL distilled water for 30 min. Following this, the boiled
solution was filtered and dried in a lyophilizer at —80°C for 48 h.
The extracts were kept for additional examination at +4°C in the
dark.

Ten grams of extracts were dissolved in 1 mL of solution to
create the stock crude extracts. Following this, the crude extracts
were centrifugated, and the supernatants were filtered through a
0.22 um membrane filter. Subsequently, dilutions were prepared
from the stock solution according to the required concentrations.

2.2 | Chromatographic Conditions

Liquid chromatography coupled with mass spectrometry
(UHPLC/MS/MS) was used to analyze various extracts. The
equipment used for this analysis was the Dionex Ultimate 3000RS
UHPLC system, which was fitted with a mass spectrometer (Q-
Exactive Orbitrap, Thermo, USA). Our previous publication
included all analytical details (Zengin et al. 2018).

2.3 | Total Phenolic and Flavonoid Content Assay

Total phenolics and flavonoids were quantified according to
Slinkard and Singleton’s (1977) guidelines. The tests used rutin
equivalent (RE) and GA as references; the outcomes were
reported as RE and GA equivalents (GAE).

2.4 | Assays for In Vitro Antioxidant Capacity

Antioxidant testing was carried out using the procedures outlined
by Grochowski et al. (2017). The results of the tests for DPPH,
FRAP, CUPRAC, and ABTS radical scavenging were measured
in milligrams of Trolox equivalents (TE) per gram of extract. The
analysis for PBD revealed the antioxidant potential, which was
measured in millimoles of TE per gram of extract. The milligrams
of disodium edetate equivalents (EDTAE) per gram of extract was
the unit of measurement for the metal chelating activity (MCA).

2.5 | Inhibitory Effects Against Some Key
Enzymes

Enzyme inhibition tests were performed on the samples in accor-
dance with known techniques (Grochowski et al. 2017). The inhi-
bition of acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) was measured in milligrams of galanthamine equivalents
(GALAE) per gram of extract, whereas the inhibition of amylase
and glucosidase was expressed in acarbose equivalents (ACAE)
per gram of extract. In milligrams of kojic acid equivalents (KAE)
per gram of extract, tyrosinase inhibition was measured.

2.6 | Determination of MIC and MBC

The antibacterial activity of L. orientalis Mill. stem bark and
leaf extracts was assessed using 12 microorganisms, 6 of which
were strains that were Gram-positive (S. aureus ATCC 25923,
Staphylococcus epidermis, Staphylococcus alpha haemolyticus,
Enterococcus faecium, Listeria monocytogenes ATCC 7644, and
Enterococcus durans) and 6 of which were strains that were Gram-
negative (P. vulgaris, E. coli, Serratia marrescens, Pseudomonas
aeruginosa, Salmonella kentucky, Enterobacter aerogenes ATCC
13048). The Genetics and Bioengineering Department of Kasta-
monu University (Kastamonu, Tiirkiye) provided these bacterial
strains.

2.7 | Cytotoxic Assessment
2.7.1 | Cell Culture Maintenance

A549, MDA-MB-231, and PC3 cancer cell lines were supplied by
Kastamonu University (Biology Department, Tiirkiye), Bogazici
University (Department of Molecular Biology and Genetics,
Tiirkiye), and Selcuk University (Biochemistry Department,
Tiirkiye), respectively. In an incubator with 5% carbon dioxide
and 37°C, A549 and MDA-MB-231 cell lines were maintained in
DMEM solution containing 10% FBS, 1% penicillin/streptomycin,
1% NEAA (non-essential amino acid), and 0.01 mg/mL human
insulin. The PC3 cancer line was kept alive in DMEM solution
with 1% NEAA, 10% FBS, and 1% penicillin/streptomycin. Fol-
lowing confluency, the cells were scraped with a cell scraper,
treated for 5 min with a 0.25% trypsin-EDTA solution, and then
rinsed with PBS. Centrifugation was used to gather the cells, with
5000 rpm for 5 min.

2.8 | MTT Assay and Calculation of IC;, Value

The cancer cell lines, A549 lung, MDA-MB-231 breast, and PC3
prostate (10* cells per well), were planted in 96-well plates and
incubated for 24 h at 37°C in 5% CO,. After that, the cells
were treated with different concentrations of L. orientalis Mill.
methanol, ethyl acetate, or water extracts, including 62.5, 125, 250,
500, and 1000 pg/mL, for 24 or 48 h. Following a replenishment of
the media with DMEM containing 0.5% FBS and 0.5 pg/uL MTT,
the cells were incubated for 4 h at 37°C in an incubator with 5%
CO,. After 5 min of 3% SDS mixture, the cells were exposed to
40 mM HCl/isopropanol for 15 min. A spectrophotometer set to
570 nm was used to measure the absorbance of the treated cells.

GraphPad Prism 7.0 (GraphPad Software, San Diego, California,
USA) calculated the half maximum inhibitory concentration
(ICs,) at 24 and 48 h.

2.9 | Gene Expression Level Assay

Plant extracts were applied to the cancer cells for 48 h at the
IC,, dosage levels. After that, DNase treatment was applied to the
extracted RNA using the GeneJET RNA purification Kit (Thermo
Scientific, USA). Then, total RNAs were converted to cDNA using
iScript cDNA Synthesis Kit (BioRad, USA). Table 1 indicates
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TABLE 1 | Primer sequences for real-time PCR.

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3")
GAPDH AACATGTAAACCATGTAGTTGAGGT GGAAGGTGAAGGTCGGAGTC
LC3-1I GAGAAGCAGCTTCCTGTTCTGG GTGTCCGTTCACCAACAGGAAG
Beclin-1 GGCTGAGAGACTGGATCAGG CTGCGTCTGGGCATAACG
Bax CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT
Bcl2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC

the primers that were used to measure the gene expression
levels of autophagy and apoptotic indicators. SYBR Green Mix
and Rotor Gene-Q (Qiagen, Germany) were used for real-time
PCR analysis. The PCR amplification protocol involved 5 min of
denaturation at 95°C, followed by 40 cycles of denaturation at
95°C for 10 min, annealing, and extension at 57°C for 30 s. The
relative quantification of gene expressions was conducted with
the comparative CT (*2Ct) method (Livak and Schmittgen 2001).

2.10 | Screening of Potential Targets

The identification of therapeutic targets is a critical step in the
development of novel drugs for use in medical research. In
this regard, GeneCards and the Comparative Toxicogenomics
Database (CTD) are valuable resources for identifying potential
therapeutic targets in the context of cancer research. A search
of the two databases for the term “breast, prostate, and lung
cancer” yielded several associated genes. The databases TMCSD,
PubChem, CTD, and SwissTarget were then used to identify
the genes associated with the chemicals. To identify relevant
targets associated with the effects of the drugs on breast, lung,
and prostate cancer, common targets were identified using
the Bioinformatics & Evolutionary Genomics web tool (https://
bioinformatics.psb.ugent.be/webtools/Venn/) (Yagi et al. 2024;
Zengin et al. 2024).

2.11 | Levels of Gene Expression for Essential
Targets

The mRNA expression level and pathological staging association
of the core target were validated using GEPIA. The threshold for
log,FC is set at 1, whereas the threshold for p value is set at 0.01.

212 | KEGG Enrichment Analysis

To investigate the biological mechanisms and pathways associ-
ated with the important targets that L. orientalis might affect,
a KEGG pathway enrichment analysis was performed. The
Database for Annotation, Visualization, and Integrated Discovery
(DAVID, V6.8, https://david.ncifcrf.gov/home.jsp) was used for
the analysis (Huang, Sherman, and Lempicki 2009). The settings
were configured as follows: Gene list was selected as list type,
Homo sapiens was selected as species, and the official gene symbol
was used as identification. A p value of less than 0.05 was set as the
appropriate cutoff for statistical significance. R V4.3.3 software

was used to generate the figure of analysis (Yagi et al. 2024; Zengin
et al. 2024).

213 | Molecular Docking Protocol for
Ligand-Protein Binding Analysis

The proteins and enzymes used in this study were obtained
from the Protein Data Bank (PDB). The relevant information
about standard enzymes (Yagi et al. 2024; Cusumano et al.
2024; Duran et al. 2024; Kurt-Celep et al. 2024), cancer-related
proteins (Praveen et al. 2024; Zhang et al. 2024; Aboul-Soud et al.
2022; Gupta et al. 2024; Karahan et al. 2021), and antimicrobial
proteins and enzymes (Saqallah et al. 2022) is given in Table S1.
After retrieval of the structures, the meticulous elimination of
co-crystallized ligands, cofactors, and water molecules was per-
formed using BIOVIA Discovery Studio Visualizer V4.5. This step
was necessary to prepare the proteins for docking experiments.
The ligands were optimized using OpenBabel V3.1.1 after retrieval
from the PubChem database (Zengin et al. 2024). MGL Tools
version 1.5.6 was used to perform additional preparations of the
protein and enzyme structures to ensure their suitability for sub-
sequent analysis. The active sites in these proteins were identified
using the CavitOmiX V1.0 plugin in PyMOL or literature-based
inhibitor binding sites (Table S1) (Yagi et al. 2024; Duran et al.
2024). Re-docking was performed to confirm the accuracy of the
initial docking results. The protein was redocked with the ligand,
and the accuracy of the docking was evaluated by calculating
the root mean square deviation (RMSD) values. The following
formula was used to determine the RMSD, which is a metric of
the average discrepancy between the atomic coordinates of the
reference and target structures:

1 o2
RMSD = J N Z (r;'ef _ r:drg,et)

i=1

Protein-ligand interactions were further validated using BIOVIA
Discovery Studio Visualizer V4.5, focusing on hydrogen bonds
and other key interactions. Molecular docking was performed
using AutoDock Vina V1.1.2, with grid boxes configured accord-
ing to the technique described by Trott and Olson (2010).

2.14 | MM/PBSA Free Energy Calculations to
Assess Ligand-Binding Affinity

In this study, the gmx_MMPBSA tool (https://valdes-tresanco-
ms.github.io/gmx_MMPBSA/dev/getting-started/) was used to
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calculate the free energy and evaluate the stability of the com-
pounds. On the basis of the results of 10 ns molecular dynamics
(MD) simulations, the compounds with the highest stability were
selected for further analysis. Extended MD simulations (100 ns)
were then performed on the selected compounds (Miller et al.
2012; Valdés-Tresanco et al. 2021).

2.15 | MD Simulation Setup for Ligand Stability
and Flexibility

MD simulations were initiated using the CHARMM graphical
user interface (GUI) platform, accessible at https://charmm-
gui.org. The system setup was configured using the Solution
Builder tool, originally developed by Jo et al. (2008). Proteins were
parameterized using the CHARMM36m force field, following the
methods described by Yagi et al. (2024) and Maier et al. (2015).
A periodic boundary box containing TIP3P water molecules
was used, maintaining a minimum distance of 10 A between
the protein and the box edges. Counterions were introduced
to achieve neutralization and adjust the NaCl concentration to
0.15 M. The Verlet cutoff scheme was implemented for managing
electrostatic and van der Waals interactions (VDWAALS), and
bond lengths were constrained using the LINCS algorithm. Long-
range electrostatics were calculated using the particle mesh
Ewald (PME) method. Energy minimization was carried out
using the steepest descent algorithm until the potential energy
change was reduced below 1000 kJ/mol/nm. The system was
equilibrated under NVT and NPT conditions at 303.3 K to
ensure thermodynamic stability. Production simulations were
performed using GROMACS 2024.2 over a duration of 100 ns
(nstep = 50,000,000).

2.16 | Statistical Analysis

The statistical analysis was conducted using GraphPad Prism
(version 9.0). First, the normality of all data was evaluated by
the Shapiro-Wilk test. According to the results of the normality
test, one-way ANOVA with Tukey post hoc test was conducted
for comparisons among samples (p < 0.05).

3 | Results and Discussion
3.1 | Total Phenolics and Flavonoids

The L. orientalis, commonly known as sweetgum, has been stud-
ied for its rich phenolic and flavonoid contents. These phenolic
and flavonoid compounds are known for their strong antioxidant
activities, crucial in neutralizing free radicals, thereby reducing
oxidative stress and preventing cellular damage. Engaging in this
activity has been linked to a lower risk of developing long-term
illnesses like cancer, heart disease, and neurological disorders
(Rio et al. 2013). Studies have shown that the phenolic content
in various plant extracts, including those of L. orientalis, can
significantly inhibit radical formation and protect against DNA
damage (Sara¢ and Sen 2014). However, the mixture allows for the
extraction of unique active compounds from both parts, making
our study unique and beneficial (Cetinkaya et al. 2022; Ulusoy,
Ceylan, and Peker 2021).

In this study, the analysis of total phenolic content in three differ-
ent solvents reveals distinct characteristics influenced by solvent
properties, as shown in Table 2. The MeOH extract has a phenolic
content of 73.04 + 3.94 mg GAE/g, demonstrating methanol’s
effectiveness in disrupting plant cell walls and enhancing
phenolic solubility through hydrogen bonding with phenolic
hydroxyl groups. The water extract shows a phenolic content of
71.95 + 0.12 mg GAE/g, highlighting water’s ability to solubilize
hydrophilic phenolic compounds and swell plant tissues, which
increases extractability. The EA extract, with a phenolic content
of 44.83 + 2.10 mg GAE/g, illustrates ethyl acetate’s limitations
due to its lower dielectric constant and reduced efficiency
in penetrating the plant matrix or solubilizing phenolic acids
and glycosides. For total flavonoid content, the MeOH extract
exhibits a flavonoid content of 48.86 + 0.76 mg RE/g, indicating
methanol’s high efficiency in extracting flavonoid compounds.
The water extract has a flavonoid content of 36.86 + 0.10 mg
RE/g, showing its capability to extract hydrophilic flavonoids
and its role in swelling plant tissues to release flavonoids. The
EA extract shows a flavonoid content of 10.58 + 0.91 mg RE/g,
reflecting ethyl acetate’s lower efficiency in extracting flavonoid
compounds. Previously, a wide range of analysis has been done
on this plant in different ways, but research has analyzed different
parts of L. orientalis separately. The bark chloroform extract
exhibited the highest levels of phenolic (68.27 + 0.30 mg/g) and
flavonoid (34.10 + 1.73 mg/g) contents, indicating significant
antioxidant properties (Cetinkaya et al. 2022). Conversely, the
leaf hexane extract had the lowest phenolic (25.08 + 0.08 mg/g)
and flavonoid (5.50 + 1.71 mg/g) contents, suggesting weaker
antioxidant potential. Other extracts, such as the leaf ethanol
extract and fruit ethanol extract, showed substantial phenolic
contents at 47.46 + 0.11 mg/g and 62.41 + 0.15 mg/g, respectively,
with varying flavonoid contents of 10.06 + 0.3 mg/g for the leaf
ethanol extract and 9.73 + 0.57 mg/g for the fruit ethanol extract.
L. orientalis contains a good range of bioactive compounds, with
the bark having higher individual priority. However, the mixture
allows for the extraction of unique active compounds from both
parts, making our study unique and beneficial (Cetinkaya et al.
2022; Ulusoy, Ceylan, and Peker 2021).

3.2 | Phytochemical Characterization

Utilizing analytical standards and relevant literature, the phy-
tochemicals in the water, methanol, and ethyl acetate extracts
were characterized using HPLC-ESI-MS in both negative and
positive ion modes after the quantification of total phenolic and
total flavonoids. Table 3 lists the 62 compounds in the negative
ionization mode and the 7 compounds in the positive ionization
mode that were found.

Previous studies demonstrated that the extraction method can
vary the photochemical content of the plant extract. For exam-
ple, the ethanol extract of L. orientalis Mill. contained pro-
tocatechuic acid, (—) epicatechin, GA, (+)-catechin (known
for their antioxidant and anti-inflammatory properties), caffeic
acid, ferulic acid, chlorogenic acid, p-coumaric acid, quercetin,
kaempferol, and apigenin (Sara¢ and Sen 2014). However, quinic
acid, quinalizarin, pyrocatechol, phloretin, phlorizin, hieracin,
esculetin, genistin, methyl-gallate, naringenin, naringenin-7-O-
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TABLE 2 | Total phenolic and flavonoid contents of the examined extracts.

Extracts Total phenolic content (mg GAE/g) Total flavonoid content (mg RE/g)
EA 44.83 +2.10° 10.58 + 0.91°
MeOH 73.04 + 3.94% 48.86 + 0.76*
Water 71.95 + 0.12° 36.86 + 0.10°

Note: Values expressed are means + SD of three parallel measurements. Different letters indicate significant differences in the tested extracts (p < 0.05).

Abbreviations: GAE, gallic acid equivalent; RE, rutin equivalent.

glucoside, fisetin, and ellagic acid were all present in the
methanol extract of its leaves (Cetinkaya et al. 2022).

In our study, a total of 76 phenolic compounds were identified
from the extracts. The 10 identified compounds were identical
to those found in the study by Sarac et al., with the exception
of apigenin. Only two compounds, ellagic acid and naringenin,
were identical to those identified in the study by Cetinkaya
et al. Among the identified compounds in our study, GA, cate-
chin, epigallocatechin, epigallocatechin-3-O-gallate, epicatechin,
4-coumaric acid, epicatechin-3-O-gallate, catechin-3-O-gallate,
myricetin, quercetin, naringenin, kaempferol, alpha-linolenic
acid, and linoleic acid were confirmed using standards.

As depicted in Table 3, phenolic acid found in the extracts were
GA (compound 1), protocatechuic acid (3,4-dihydroxybenzoic
acid) (compound 4), neochlorogenic acid (compound 5),
dihydroxy-methoxybenzoic acid (compound 7), caffeic acid
(compound 15), 3-O-(4-coumaroyl)quinic acid cis isomer
(compound 8), 3-O-(4-coumaroyl)quinic acid (compound 11),
4-O-(4-coumaroyl)quinic acid cis isomer (compound 26), 4-
O-(4-coumaroyl)quinic acid (compound 35), 4-coumaric acid
(compound 36), O-coumaroyl-O-galloylhexose (compound 48),
3-O-feruloylquinic acid (compound 17), 4-O-feruloylquinic acid
(compound 41), chryptochlorogenic acid (4-O-caffeoylquinic
acid) (compound 25), methyl 3-O-caffeoylquinate (compound 28),
ellagic acid (compound 53), 3-O-methylellagic acid (compound
61), 3,3’-Di-O-methylellagic acid (compound 66), and 3,3’ ,4-tri-O-
methylellagic acid (compound 68). Flavan-3-ol monomers were
(+)-catechin and its isomer (compounds 12, 39, 47, and 52), (—)
epicatechin (compounds 31, 43, and 44), and, (+)-gallocatechin
(3, 30, and 34), and (—)-epigallocatechin (13), epicatechin-3-O-
gallate (29) and (+)-gallocatechin-3-O-gallate (21). Flavanols
were myricetin and its derivatives (compounds 20, 49, 50, 51, and
54), quercetin and its derivatives (compound 55), Guaijaverin
(compound 56), quercitrin (compound 64), kaempferol and its
derivatives (compounds 67, 62, and 63).

3.3 | Antioxidant Activities

These identified phenolic compounds play a vital function as
antioxidants by neutralizing free radicals, which can lead to
oxidative stress and cellular damage, contributing to chronic dis-
eases like cancer, cardiovascular diseases, and neurodegenerative
disorders (Perillo et al. 2020; Scheibmeir et al. 2005; Alkadi 2020).
The presence of these bioactive metabolites in plants is thus of
significant interest for their potential health benefits.

The methanolic extract of L. orientalis leaves, known for its rich
phenolic content, has demonstrated notable antioxidant activity
in several studies (Sara¢ and Sen 2014; Cetinkaya et al. 2022; Ho
et al. 2012; Okmen et al. 2014; Treml and Smejkal 2016). This
activity is largely attributed to the plant’s ability to scavenge
free radicals effectively. For instance, one study highlighted the
methanolic extract’s notable antioxidant protection, indicating its
potential as a natural antioxidant source (Saravanakumar et al.
2021). Furthermore, DPPH scavenging activity is one of the tests
that have been used to evaluate L. orientalis’s antioxidant activity.
The antioxidant characteristics of the extracts obtained through
supercritical fluid extraction were highlighted by their 90% DPPH
scavenging activity (Saravanakumar et al. 2021).

These antioxidant properties not only provide significant health
benefits but also offer potential applications in the cosmetic and
food industries. By reducing oxidative stress, these extracts can
help in preserving food products and enhancing the stability of
cosmetic formulations (Baloglu et al. 2023; Ozbek and Bilek 2018).

In our study, the MeOH extract shows the highest antioxi-
dant capacity in the DPPH radical scavenging activity assay
(256.61 + 1.70 mg TE/g), indicating its effectiveness in neu-
tralizing free radicals as shown in Table 4. The water extract
also demonstrates considerable activity (189.44 + 1.23 mg TE/g),
whereas the EA extract shows significantly lower activity
(62.29 + 0.85 mg TE/g). Similarly, in the ABTS radical scav-
enging activity assay, the MeOH extract exhibits the highest
activity (308.41 + 3.14 mg TE/g), closely followed by the water
extract (305.00 + 11.24 mg TE/g), with the EA extract showing
much lower activity (8510 + 3.15 mg TE/g). These findings
highlight methanol’s superior efficiency in extracting potent
antioxidant compounds from the plant material. The CUPRAC
assay, which measures the reduction capacity of the extracts,
further supports the superior performance of the MeOH extract
(411.13 + 8.48 mg TE/g), with the water extract also showing high
activity (401.76 + 7.03 mg TE/g). The EA extract again exhibits
the lowest activity in this assay (171.26 + 2.89 mg TE/g). In the
FRAP assay, the water extract demonstrates the highest reducing
power (269.33 + 4.99 mg TE/g), followed by the MeOH extract
(237.28 + 4.65 mg TE/g) and the EA extract (77.53 = 2.17 mg TE/g).

In terms of chelating ability, which is important for binding
and neutralizing metal ions, the water extract shows the highest
capacity (17.78 + 0.81 mg EDTAE/g), indicating its effectiveness
in metal ion chelation. The MeOH extract also shows signifi-
cant chelating ability (15.81 + 0.75 mg EDTAE/g), whereas the
EA extract has the lowest chelating ability (13.62 + 0.66 mg
EDTAE/g). The PBD assay results are relatively consistent
across all extracts, with the EA extract showing slightly higher
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Antioxidant properties of the tested extracts.

TABLE 4

Phosphomolybdenum

Chelating ability
(mg EDTAE/g)

CUPRAC (mg

(mmol TE/g)

ABTS (mg TE/g) TE/g) FRAP (mg TE/g)

DPPH (mg TE/g)

Extracts

295+ 0.19%

13.62 + 0.66°

77.53 + 2.17°
237.28 + 4.65°

411.13 + 8.48*

171.26 + 2.89¢
401.76 + 7.03°

62.29 + 0.85° 85.10 + 3.15°
308.41 + 3.14*

256.61 + 1.70*

EA

2.77 + 0.06°

15.81 + 0.75"

269.33 + 4.99*

305.00 + 11.24%°

189.44 +1.23°

MeOH

‘Water

2.88 + 0.10°

17.78 + 0.81*

Note: Values expressed are means + SD of three parallel measurements. Different letters indicate significant differences in the tested extracts (p < 0.05).

Abbreviations: ABTS, 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid); CUPRAC, cupric ion-reducing antioxidant capacity; DPPH, 2,2-diphenyl-1-picrylhydrazyl; EDTAE, EDTA equivalent; FRAP, ferric-reducing

antioxidant power; na, not active; TE, Trolox equivalent.

activity (2.95 + 0.19 mmol TE/g) compared to the MeOH
(2.77 £ 0.06 mmol TE/g) and water (2.88 + 0.10 mmol TE/g)
extracts.

The total phenolic and flavonoid contents in the different extracts
show correlation with DPPH, ABTS, and CUPRAC assays. The
MeOH extract, which contained the highest levels of phenolic
and flavonoid compounds, exhibited the strongest antioxidant
activities across all assays, confirming the crucial role of these
compounds in the antioxidant properties of L. orientalis. How-
ever, the correlation between the ABTS and hydroxyl radical
scavenging activity was found to be nonsignificant, which could
be due to differences in the solubility and chemical interactions
of specific phenolic compounds in the different solvents. For
instance, methanol may preferentially dissolve certain phenolic
compounds that are more effective in scavenging DPPH and
ABTS radicals, whereas water may better solvent compounds that
contribute to reducing power (FRAP) and metal ion chelation.
These variations in the oxidant activity emphasize the importance
of solvent type and antioxidant assays.

The high antioxidant and chelating activities of the methanol
and water extracts suggest that these extracts are particularly rich
in bioactive compounds, which can provide significant health
benefits. Several searches have been done on this plant on
individual parts but not all parts; therefore, our study has novelty
over them. The antioxidant activity of L. orientalis has been exten-
sively evaluated in previous studies using various assays, yielding
significant results. For instance, the DPPH assay demonstrated
ICs, values ranging from 20 to 50 pg/mL, indicating strong free
radical scavenging activity (Sara¢c and Sen 2014). Similarly, the
ABTS assay, renowned for its sensitivity, reported TEAC values
between 0.5 and 2.0 mmol Trolox/g extract, further highlighting
the plant’s remarkable antioxidant capacity (Baloglu et al. 2023).
The CUPRAC assay, which measures reducing power, reported
values around 1.0-3.0 mmol Trolox/g extract, demonstrating
notable antioxidant potential (Ozyiirek, Giiclii, and Apak 2011).
Additionally, the FRAP assay showed values ranging from 0.5 to
1.5 mmol Fe(IT)/g extract, confirming the plant’s ability to reduce
ferric ions. Lastly, L. orientalis exhibited moderate chelating
ability, with 40%-60% inhibition at 1-2 mg/mL, and high total
antioxidant capacity as indicated by significant absorbance values
in the PBD assay (Ulusoy, Ceylan, and Peker 2021; Zengin and
Aktumsek 2014).

In conclusion, the study provides a detailed analysis of the
antioxidant potential of L. orientalis extracts, demonstrating that
the methanol and water extracts are particularly rich in high
content of phenolic compounds and flavonoids, particularly GA,
protocatechuic acid, gallocatechin, epicatechin, and caffeic acid
(Kim et al. 2019; Plumb et al. 2002; Yagi et al. 2024). These
compounds show significant antioxidant, chelating, and free
radical scavenging activities, which are essential for preventing
oxidative stress-related diseases. The correlation between phe-
nolic and flavonoid content and antioxidant activity underscores
the importance of these bioactive compounds in the therapeutic
potential of L. orientalis. This study contributes to a more
comprehensive understanding of the bioactivity of L. orientalis,
providing valuable insights for potential applications in health,
food, and cosmetic industries.
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3.4 | Enzyme Inhibitory Properties

Because of its possible medical uses, L. orientalis extracts’
inhibitory effects on enzymes like AChE, BChE, tyrosinase,
amylase, and glucosidase are of significant interest. For instance,
the inhibition of AChE and BChE is relevant in treating neu-
rodegenerative diseases like Alzheimer’s, as these enzymes break
down acetylcholine, a neurotransmitter involved in memory and
learning. Tyrosinase inhibitors are valuable in cosmetics for skin-
lightening and anti-browning in food processing. Amylase and
glucosidase inhibitors are important for managing diabetes by
slowing the breakdown and absorption of carbohydrates, thereby
regulating blood sugar levels (Rahman et al. 2021; Saravanakumar
et al. 2021; Zengin and Aktumsek 2014).

Among the extracts, the MeOH extract shows the highest
AChE inhibition at 4.43 + 0.09 mg GALAE/g, indicating its
potential effectiveness for enhancing cholinergic neurotransmis-
sion, which is beneficial in treating conditions like Alzheimer’s
disease. The EA extract also shows notable AChE inhibition
(2.89 + 0.13 mg GALAE/g), whereas the water extract has the
lowest AChE inhibition (2.07 + 0.06 mg GALAE/g) (Table 5).
For BChE inhibition, the EA extract leads with 3.00 + 0.46 mg
GALAE/g, followed by the MeOH extract (2.72 + 0.36 mg
GALAE/g), with no available data for the water extract.

Regarding tyrosinase inhibition, the MeOH extract again shows
the highest activity (149.16 + 1.14 mg KAE/g), which can be useful
in skin-lightening and anti-browning applications in the food
industry. The EA extract shows significant tyrosinase inhibition
(131.56 +1.78 mg KAE/g), whereas the water extract has the lowest
(91.64 + 0.75 mg KAE/g), as shown in Table 5.

The MeOH extract also exhibits the highest amylase inhibition
(0.93 + 0.02 mmol ACAE/g), which can aid in managing diabetes
by slowing carbohydrate digestion. The EA extract shows consid-
erable amylase inhibition (0.87 + 0.02 mmol ACAE/g), whereas
the water extract shows minimal inhibition (0.12 + 0.01 mmol
ACAE/g). Finally, in glucosidase inhibition, the MeOH extract
leads again with 1.60 + 0.01 mmol ACAE/g, followed by similar
levels in the EA (1.55 + 0.04 mmol ACAE/g) and water extracts
(1.54 + 0.08 mmol ACAE/g).

These findings suggest that its methanol extract is particularly
effective in extracting bioactive compounds with various health
benefits, including antioxidant, anti-diabetic, and neuroprotec-
tive properties. Previous research has largely emphasized the
enzyme-inhibitory properties of L. orientalis essential oil and the
antioxidant and phenolic composition of its extracts; however,
this study is the first to provide a comprehensive evaluation of the
enzyme-inhibitory effects of its extracts. This novel investigation
underscores the therapeutic potential of these extracts, particu-
larly as promising candidates for managing neurodegenerative
diseases and metabolic disorders.

3.5 | Antimicrobial Activity

With the overuse or misuse of antibiotics, emerging antibiotic
resistance has become one of the significant health problems.
This has underscored the importance of finding alternative

Enzyme inhibitory properties of the tested extracts.

TABLE 5

Tyrosinase inhibition Amylase inhibition Glucosidase inhibition

BChE inhibition (mg

AChE inhibition (mg

(mg KAE/g) (mmol ACAE/g) (mmol ACAE/g)

GALAE/g)

GALAE/g)

Extracts

1.55 + 0.04°
1.60 + 0.01?

0.87 + 0.02%°
0.93 + 0.02?

149.16 + 1.14%

131.56 + 1.78°

3.00 + 0.46°

2.89 + 0.13"

EA

91.64 + 0.75°

2.72 +0.36°

4.43 £ 0.09*

MeOH

‘Water

1.54 + 0.08°

0.12 + 0.01°

na

2.07 + 0.06°

Note: Values expressed are means + SD of three parallel measurements. Different letters indicate significant differences in the tested extracts (p < 0.05).

Abbreviations: ACAE, acarbose equivalent; GALAE, galanthamine equivalent; KAE, kojic acid equivalent; na, not active.
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drugs, especially those derived from natural sources. In this
context, plant-based molecules have become key candidates for
developing new antimicrobial agents.

In our study, the antimicrobial activity of L. orientalis extract
was evaluated against 12 bacterial strains by MBC and MIC
methods. All the extracts demonstrated effectiveness against E.
aerogenes. As indicated in Table 6, only methanol extract showed
antimicrobial effect against S. kentucky, S. epidermis, and E.
faecium.

Extracts made of water and methanol demonstrated efficacy
against E. durans and S. aureus. However, the extracts did not
show activity against S. alpha hemolyticus, P. vulgaris, P. aerug-
inosa, and S. marcescens. Previous research has indicated that
compounds such as kaempferol, quercetin, and chlorogenic acid
were not effective against P. aeruginosa (Adamczak, Ozarowski,
and Karpinski 2020).

When evaluating the antibacterial efficacy of extracts against
various bacterial strains, the most successful extracts were ethyl
acetate, water, and methanol extracts, in that order. Gram-positive
bacteria were more susceptible to the effects of methanol than
Gram-negative bacteria. These extracts have antibacterial prop-
erties because they include bioactive substances, such as isomers
of prodelphinidin, phenolic acids, and derivatives of chlorogenic
acid. Specifically, chlorogenic acid was found in both water and
methanol extracts, whereas methyl 3-caffeoylquinate was only
present in the methanol extract. Previous studies have shown
that chlorogenic acid and its derivatives possess antioxidant
and antibacterial properties, disrupting bacterial membranes and
inhibiting the growth of pathogens like Bacillus cereus, E. coli, S.
aureus, and Enterococcus faecalis (Lou et al. 2011; Fiamegos et al.
2011; Nunes et al. 2016; Duangjai et al. 2016).

Okmen et al. (2014) reported that the methanol extract of L.
orientalis impeded the growth of eight bacterial strains, including
S. aureus, E. faecium, L. monocytogenes, and E. coli, at concentra-
tions ranging from 1624 to 3250 ug/mL. This higher concentration
used in their study might explain the discrepancy with our results,
where effective concentrations were lower.

Overall, our findings suggest that L. orientalis extracts, partic-
ularly methanol and water extracts, hold promise as potential
natural antimicrobial agents, offering a valuable alternative to
traditional antibiotics.

3.6 | Anticancer Effect

Cancer, the second main reason for death worldwide, has
attracted many researchers to find anticancer therapeutic agents
without any side effects. For this reason, natural products,
especially plant-derived, have emerged as promising therapeutic
agents. Despite their potential, their perspective effect has not
been thoroughly investigated due to their complex compositions,
containing phenols, ketones, alcohol, and terpene compounds.
These compounds can alter cell growth, cycle, and death (Bayala
et al. 2014).

In this study, the cytotoxic properties of L. orientalis Mill. extract,
methanol, and water were examined against A549, MDA-MB-
231, and PC3 cancer cells. The extracts were tested at five
different concentrations: 62.5, 125, 250, 500, and 1000 pg/mL, with
incubation times of 24 or 48 h, using an MTT-based cytotoxicity
assay.

The results, shown in Figures 1-3, demonstrated a dose- and
time-dependent reduction in cancer cell survival rates. For the
MDA-MB-231 breast cancer line, methanol extracts were the
most effective after 24 h, whereas water extracts showed superior
efficacy at 48 h. In the A549 lung cancer line, methanol extracts
were effective at both 24 and 48 h. For the PC3 prostate cancer
line, water extracts were most effective at both time points,
followed closely by methanol extracts. The ethyl acetate extract
was the least effective, likely due to its lower phenolic content,
including prodelphinidin, cryptochlorogenic acid, catechin-o-
gallate, casuarinin, and epicatechin-3-o-gallate, which are known
for their significant cytotoxic effects.

On the basis of the cell viability assay, the ICs, values of the
plant extracts on cancer cells were also ascertained. Methanol
and water extracts had the lowest IC;, values after 24 h for the
A549 and MDA-MB-231 lines. For the PC3 line, water extracts
had the lowest ICs, value, followed by methanol extracts. With
an ICy, value of 879 ug/mL, the methanol extract showed the most
inhibitory impact on PC3 prostate cancer cells. The ICs, value for
ethyl acetate could not be determined as it exceeded the highest
concentration tested (1000 ug/mL).

Because chlorogenic acid and its derivatives are known to cause
apoptosis and prevent metastasis, the presence of these com-
pounds accounts for the methanol extract’s potency (Cetinkaya
et al. 2022). Additionally, the leaf methanol extract of L. orientalis,
which contains high levels of flavonoids, showed significant
cytotoxic activity against colorectal cancer lines.

The previous studies indicated that cinnamic acid (Pontiki et al.
2014), caffeic acid (Rzepecka-Stojko et al. 2015), and GA were
effective against MDA MB 213 cancer cells. For A549 cancer
cells, cinnamic acid (Tsai et al. 2013), caffeic acid (Tsai et al.
2013), chlorogenic acid, ferulic acid phenyl ester, and p-coumaric
acid (Chang and Shen 2014) show anticancer activity. Ferulic
acid (Eroglu et al. 2015) was also reported as having an efficient
cytotoxic effect on PC3 prostate cancer cells.

The anticancer mechanism of L. orientalis extracts in different
cancer cells was further studied through the gene expression level
of autophagy and apoptosis markers. The phenolic component-
induced cell death can occur through different mechanisms:
apoptosis, autophagy, and necrosis (Benvenuto et al. 2020). DNA
and cell membranes breaking during apoptosis, a type of planned
cell death, are indicative of the process; pro-apoptotic markers are
Bax, and anti-apoptotic markers are Bcl-2. Autophagy maintains
cellular homeostasis through a highly regulated process involving
autophagy-related proteins. Key autophagy marker genes include
Beclin I, which is involved in the nucleation step, and LC3 II,
which is associated with the autophagosome.

L. orientalis treatment might induce autophagy or apoptosis
on MDA MB 231, A549, and PC3 cancer lines. According to
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FIGURE 1 | MDA-MB-231 breast cancer cell (A and C) after incubation of 24 h and (B and D) after incubation of 48 h. Values expressed are means

of eight measurements.

Figure 4, in the MDA-MB-231 line, treatment with ethyl acetate
extract increased Bax gene expression, indicating an apoptotic
pathway while reducing Beclin expression. Conversely, water
extract treatment decreased Bax expression and increased Bcl-
2 levels, potentially due to the presence of pinocembrin. Zhu
et al. (2021) reported that pinocembrin, found in eucalyptus
and other plants, inhibits proliferation and induces apoptosis by
downregulating phosphorylated AKT and PI3K in MDA MB 231
and MCF7 cancer cells.

For A549 lung cancer cells, water and methanol extracts increased
LC3-II expression, suggesting enhanced autophagy, while reduc-
ing Bax and Beclin expression, as shown in Figure 4. All extracts
induced LC3-II expression and decreased Bax and Beclin levels
in PC3 prostate cancer cells. This effect may be attributed to phe-
nolic compounds such as catechin and epigallocatechin-3-gallate.
Previous research has shown that epigallocatechin-3-gallate from
green tea (Sonoda et al. 2014), curcumin (Liu et al. 2017), ursolic,
and oleanolic acid (Castrejon-Jiménez et al. 2019) compounds can
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FIGURE 2 | A549 lung cancer line (A and C) after incubation of 24 h and (B and D) after incubation of 48 h. Values expressed are means of eight

measurements.

modulate autophagy and apoptosis in A549 and PC3 cells through
various mechanisms.

In summary, this study highlights the therapeutic potential of L.
orientalis extracts in cancer treatment. The unique combination
of bioactive compounds in these extracts, including chlorogenic
acid and flavonoids, offers promising avenues for further explo-
ration in developing effective natural anticancer agents. However,
the effects of these phenolic compounds cannot fully show the
mechanism of the autophagy pathway. For this reason, phenolic

compounds found in L. orientalis extracts on autophagy should
be exploited further.

3.7 | The Relationship Between Active
Compounds of L. orientalis and Genes in Cancer

Following the identification of genes associated with phyto-
chemicals derived from L. orientalis, a Venn diagram was used
to investigate the relationships between these genes and those
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FIGURE 3 | PC3 prostate cancer line (A and C) after incubation of 24 h and (B and D) after incubation of 48 h. Values expressed are means of eight

measurements.

specific to lung, prostate, and breast cancer. A comparison
was made between the 3697 genes associated with this plant
compound and the 152 genes associated with breast cancer, the
38 genes associated with prostate cancer, and the 591 genes asso-
ciated with lung cancer retrieved from the CTD and GeneCards
databases. The Venn diagram (Figure 5) illustrates the overlap
between the gene sets of these phytochemicals and the selected
cancer types. This shows which genes are shared between the
phytochemicals and the cancer types. In this analysis, based on

the number of edges, catechin, ellagic acid, and myricetin stand
out prominently.

This investigation illuminated the possible biological roles of
overlapping genes and their applicability as therapeutic targets
in cancer therapy. These results establish a foundation for future
investigations in this field and advance our understanding of the
molecular pathways driving cancer biology. A gene interaction
network comprising 152 nodes and 3981 edges was identified
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breast; (B) A549 lung; (C) PC3 prostate cancer lines. Values expressed are
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through the utilization of the STRING database for the analysis of
data pertaining to breast cancer (Figure 6A). The maximal clique
centrality (MCC) technique, as implemented via the CytoHubba
plugin, revealed the presence of multiple important hub genes,
including TP53, STAT3, CTNNBI, and HIF1A (Figure 6B).

The STRING analysis of prostate cancer, comprising 37 edges and
387 nodes, yielded a more comprehensive network (Figure 7A). A
notable finding was the identification of TP53, PTEN, CDKN2A,
and PIK3CA as key hub genes (Figure 7B).

A network comprising 591 nodes and 10,632 edges was generated
by the STRING database analysis in the context of lung cancer
(Figure 8A). The hub genes were identified by the MCC approach
as TP53, MYC, ACTB, and BCL2 (Figure 8B).

3.8 | KEGG Analysis of Cancer-related Molecular
Pathways of L. orientalis Compounds

A target pathway enrichment study was performed using the
DAVID 6.8 tool to investigate the possible biological effects of L.
orientalis components on breast, prostate, and lung cancer. The
study identified 102 pathways associated with prostate cancer,
161 pathways associated with lung cancer, and 145 pathways
associated with breast cancer based on statistical significance
(p < 0.05). It was found that L. orientalis components enhanced a
number of significant biological processes associated with cancer
(Figure 9). This level of enrichment reflects the proportional
relevance of each pathway. The pathways highlighted in red are
statistically more significant and have lower p values, whereas
the pathways highlighted in blue suggest pathways of lower
significance. In addition, the number of targeted molecules
involved in each pathway is indicated by the size of the circles
in the figure; larger circles indicate a higher number of molecules
associated with that particular biological pathway. These findings
provide important new insights into the potential pharmaceutical
uses of L. orientalis. Among the biological pathways shown in the
plot (Figure 9), pathways including the MAPK signaling system,
microRNAs in cancer, and the PI3K-Akt signaling pathway are
significant. The enrichment of these pathways suggests that the
chemicals present in L. orientalis may be relevant to the biology
of both cancer and cardiovascular disease. An important mecha-
nism associated with angiogenesis, proliferation, and cell survival
is the PI3K-Akt pathway, suggesting that L. orientalis may have an
impact on these biological processes. The enrichment of the lipid
and atherosclerosis pathway suggests that the plant may have an
effect on diseases associated with atherosclerosis and cholesterol
accumulation.

The analysis of cancer-related pathways also shows that the
molecules from L. orientalis show a significant enrichment in
the biological pathway “MicroRNAs in cancer.” This suggests
that certain biochemical pathways involved in the development
of cancer could be targeted by the plant’s compounds. This is
particularly true for cancers, such as breast, prostate, and lung,
suggesting that the plant may disrupt the cellular processes that
give rise to these tumors. In particular, prostate cancer enrich-
ment of pathways, including PI3K-Akt and MAPK signaling, was
substantial. Prostate cancer progression is largely dependent on
the PI3K-Akt pathway, which is essential for cell proliferation
and survival. Breast cancer: There was a significant enrichment of
microRNAs and proteoglycans in the cancer pathways. Although
microRNAs control gene expression and play a role in breast can-
cer development, proteoglycans are involved in altering the tumor
microenvironment. Lung cancer: Pathways, such as chemical
carcinogenesis—reactive oxygen species and cellular senescence,
were significantly enriched. Reactive oxygen species are known to
drive mutations that lead to lung cancer, and cellular senescence
plays a role in its progression.

It is well known that signals that support the growth and survival
of cancer cells depend on the MAPK pathway. L. orientalis
may stop the growth and spread of cancer cells by specifically
targeting this pathway. MicroRNAs are an important additional
mechanism in the control of immunological responses and
inflammation. The enrichment of this pathway suggests that L.
orientalis may have anti-inflammatory properties and may be
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FIGURE 6 | Targetanalysis of Liquidambar orientalis and breast cancer. (A) 152 nodes and 3981 edges, and (B) TP53, STAT3, CTNNBI, and HIF1A,
as multiple important hub genes, were identified in a gene interaction network.

useful in the treatment of inflammation-driven malignancies.
These results suggest a potential role for the plant in immunolog-
ical modulation. Taken together, these findings demonstrate the
medicinal potential of L. orientalis components in the treatment
of serious diseases such as cancer and heart disease. The enrich-
ment of pathways related to cancer biology (PI3K-Akt, MAPK
signaling, and microRNAs) suggests that L. orientalis may be a
valuable pharmacological resource and may offer new targets for
the treatment of cancer. Furthermore, the plant shows improved
molecular pathways related to lipid metabolism and atherosclero-
sis, suggesting potential benefits against cardiovascular disease.
Therefore, the results of our KEGG enrichment analysis suggest

the potential of L. orientalis as a therapeutic agent for serious
diseases such as cancer and cardiovascular diseases.

3.9 | External Verification of Primary Objectives:
mRNA Expression Levels of Essential Targets

This study finds common gene targets between prostate, lung,
and breast malignancies and phytochemicals derived from L.
orientalis. After identifying the common targets, important core
genes were found using the CytoHubba plugin. In the first
part, the expression levels of the genes ACTB, BCL2, CDKN2A,
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CTNNBI1, HIF1A, MYC, PIK3CA, PTEN, STAT3, and TP53 in
breast, lung, and prostate cancer were examined. The results
showed significant overexpression of BCL2 and CDKN2A in
cancer tissues, suggesting that these genes may be important
for cancer initiation and progression. Significant alterations
were also found in other genes, including TP53, HIF1A, and
CTNNBL.

These results provide valuable information for the identification
of putative therapeutic targets in cancer biology. The expression
levels of the selected genes are examined in Figure 10B in
relation to the different stages of lung and breast cancer. Because
STAT3 expression is particularly high in Stage II breast cancer,
it is possible that this gene is essential for disease progression.
Similarly, the expression levels of TP53 and STAT3 varied among

stages. BCL2 was significantly hypoexpressed in Stage IV lung
cancer, suggesting that this gene may have different biological
functions in later stages of the disease. Conversely, TP53 showed
relatively constant expression levels in lung and breast tumors,
with a slight decrease in more advanced stages. Collectively,
these results indicate the need to further investigate the role
of genes such as BCL2, CDKN2A, STAT3, and TP53 in cancer
biology, either as biomarkers or as therapeutic targets in disease
progression. Variations in the expression levels of these genes
may be important for understanding the underlying causes of
cancer and developing therapeutic approaches. Identifying the
core genes by the CytoHubba plugin has contributed to our
understanding of the links between L. orientalis and different
types of cancer. It has highlighted the importance of these genes
as potential targets for treatment.
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FIGURE 9 | Cancer-related term enrichment analysis using KEGG pathways shows the KEGG pathway enrichment analysis for the 13 most related

pathways to cancer types.

3.10 | Evaluating Docking Outcomes:
Ligand-Binding Energies and Interaction Profiles

This study used a comprehensive evaluation approach to inves-
tigate the properties of compounds identified in L. orientalis
against specific bacterial enzymes, cancer-related proteins, and
standard enzymes (Figure 11). The coordinates and grid sizes
used in the analyses are shown in Table S1. Chemical profiling
revealed a significant number of bioactive compounds, including
liquidambaric lactone, catechin, afzelin, myricetin, epigallocate-
chin, and ampelopsin. The standard enzymes AChE, BChE, Tyr,
amylase, and glucosidase were analyzed along with key proteins

from S. aureus and E. coli and targets from breast, lung, and
prostate cancers. These targets included 30S ribosomal protein S3,
dihydropteroate synthase, gyrase B, MurE, transpeptidase, aro-
matase, BCL-2, EGFR, TP53, CASP-3, HDAC6, PDK3, AR, ESRI,
HSP90AALI, PPARG, PTGS2, and CDKN2A. The primary objective
was to explore the antimicrobial and anticancer activities of
these phytochemicals in relation to both bacterial and cancer-
related proteins, as well as standard enzymes. Table 7 highlights
compounds with binding energies below —9 kcal/mol, whereas
Table S2 lists those with binding energies above this threshold.
The docking results showed a range of binding energies from
—13.3 to —3.1 kcal/mol (Table S2).
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| (Continued)

TABLE 7

Interaction

Binding
energy

Binding site

Type Number

RMSD

PDBID

Target

Compound

LYS A:114; LYS A:114; THR
A:115; THR A:115; ASN A:151;

H-bond 16

-9.6 0.82

4C13

S. aureus MurE

Afzelin

GLU A:177; HIS A:205; HIS
A:353; ARG A:383; ARG A:383;

ASN A:407; HIS A:205; HIS

A:353; LYS A:114
GLU B:19; ALA B:20

H-bond

-9.3 0.00

5TCU

S. aureus 30S

Liquidambaric lactone

ribosome S3

SER A:75; LYS A:78; SER
A:116; SER A:116; SER A:139;

H-bond 12

S. aureus 5TW8 -9.1 0.42

Transpeptidase

Afzelin

SER A:139; ASN A:141; THR
A:180; ALA A:182; THR A:260;

SER A:262; GLU A:297

GLN A:216

H-bond

-9.8 0.00

6NTW

E. coli Transpeptidase

Liquidambaric lactone

Abbreviations: PDB, Protein Data Bank; RMSD, root mean square deviation.

The interactions highlighted in the evaluation based on RMSD,
number of hydrogen bonds, and docking scores were investigated.
First, liquidambaric lactone was identified as the compound with
the strongest interaction with the PTGS2 enzyme in the docking
analyses, with a binding energy of —9.6 kcal/mol and an RMSD
value of 0.01. This compound was found to form five hydrogen
bonds with residues SER A:126, GLN A:372, LYS A:532, and ARG
A:61. Similarly, catechin, with a binding energy of —9.0 kcal/mol
and an RMSD value of 0.72, formed five hydrogen bonds with
residues ASN A:34, CYS A:47 (2), and GLN A:461 (2). Afzelin
showed binding to PTGS2 with a binding energy of —9.0 kcal/mol
and an RMSD value of 0.94, forming eight hydrogen bonds with
residues PHE A:210 (2), THR A:212, HIS A:388 (3), HIS A:207,
and HIS A:386. Furthermore, myricetin and epigallocatechin
also showed strong interactions with PTGS2, forming five and
seven hydrogen bonds, respectively, with binding energies of
—9.1 and —9.0 kcal/mol. However, the RMSD values of these
two compounds ranged from 5.81 to 8.92, and therefore, these
interactions were not further investigated. These results indicate
that the compounds with high PTGS2 inhibition potential can
effectively bind to the target protein.

In molecular docking analyses performed with the HSP9OAA1
protein, myricetin was found to have the strongest interaction
with a binding energy of —9.5 kcal/mol and an RMSD value
of 0.90. This compound was observed to form 10 hydrogen
bonds with residues LYS A:53, ASP A:88, GLY A:109, THR A:110,
PHE A:129, GLY A:130, VAL A:131 (2), GLY A:132, and PHE
A:133. Catechin formed eight hydrogen bonds with a binding
energy of —9.1 kcal/mol and an RMSD value of 0.79, whereas
afzelin showed similar interactions in the same binding regions
with a binding energy of —9.1 kcal/mol. The interactions of
epigallocatechin and ampelopsin with the HSP90AA1 protein
also support these findings, as both compounds formed nine
hydrogen bonds. These results indicate that HSP90AA1 is an
important target in cancer therapy and that these compounds
have high binding potential to this protein.

Liquidambaric lactone, with a binding energy of —13.3 kcal/mol
and an RMSD value of 0.00, showed the strongest inhibitory
potential in the analyses carried out with HDAC6, another
important target protein. This molecule was found to form nine
hydrogen bonds with the following residues: ARG B:174, GLU
B:219, LYS B:123, GLU B:152, and GLU B:261. An effective binding
energy of —9.1 kcal/mol and an RMSD value of 0.72 were achieved
by afzelin at HDACS, resulting in the formation of seven hydrogen
bonds. These results highlight the inhibitory potential of afzelin
and liquidmadbioc lactone in epigenetic control, given the critical
role of HDACS in epigenetic alterations.

The docking analyses conducted with the EGFR protein revealed
that liquidambaric lactone exhibited robust interactions, with a
binding energy of —10.2 kcal/mol and an RMSD value of 0.03.
This compound formed 10 hydrogen bonds with the following
residues: ALA A:719, LYS A:721 (2), GLU A:738, THR A:766,
ARG A:817, ASN A:818, THR A:830, and ASP A:831 (2). Similarly,
Afzelin exhibited a high binding energy of —9.6 kcal/mol and
formed 10 hydrogen bonds, indicating a robust interaction with
the same protein. Given the critical role of EGFR in cell prolif-
eration, these compounds demonstrate promise as inhibitors for
cancer treatment.
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FIGURE 11 | Enzymes and proteins’ active sites with compounds showing the best binding energy. (A) Interaction between PTGS2 and
liquidambaric lactone—liquidambaric lactone forms key hydrophobic interactions with residues ARG44, ARG61, PHE371, and GLN372, which stabilize
its binding within the active site of PTGS2. Additionally, it establishes strong hydrogen bonds with SER126, GLN372, and LYS532, enhancing its affinity.
A significant salt bridge is observed with ARG61, indicating robust electrostatic interactions. These interactions suggest the compound’s potential to
inhibit PTGS2 activity, a key enzyme in inflammatory pathways. (B) Interaction between AChE and afzelin: Afzelin demonstrates extensive hydrophobic
interactions with residues TRP86, TYR124, PHE297, TYR337, and PHE338, contributing to its stable binding within the AChE active site. Key hydrogen
bonds are formed with GLN71, ASP74, ASN87, TYR124, ALA204, TYR341, and HIS447, supporting its strong affinity for the enzyme. Additionally,
m-stacking interactions with residues TYR341 and HIS447 further stabilize the complex. These interactions highlight afzelin’s potential role as an
acetylcholinesterase inhibitor, which could be beneficial in managing neurodegenerative conditions. (C) Interaction between S. aureus MurE and
epigallocatechin: Epigallocatechin forms strong hydrophobic interactions with residues ARG335, TYR351, and ALA352, stabilizing its position in the
active site of MurE. It also establishes multiple hydrogen bonds with residues THR111, GLY113, LYS114, THR115, SER116, ASN301, and ARG335, which
reinforce its binding affinity. Furthermore, 7-stacking interactions with residue PHE300 enhance the complex’s stability. These interactions suggest

epigallocatechin’s potential to disrupt peptidoglycan biosynthesis in S. aureus, pointing to its antibacterial properties.

Afzelin was found to have significant interactions in the docking
analyses using the aromatase protein, with a binding energy of
—9.3 kcal/mol and an RMSD value of 0.08. Ten hydrogen bonds
were formed by this molecule with the residues ARG A:435, TRP
A:141, THR A:310, and ARG A:115 (2).

Myricetin demonstrated a binding energy of —9.3 kcal/mol and an
RMSD value of 0.34, forming effective hydrogen bonds with the
residues GLN A:63, ARG A:195, ASP A:197, and HIS A:299 in the
BChE protein analysis. Catechin demonstrated a binding energy
of —9.2 kcal/mol, indicating its capacity to interact with BChE.
This was evidenced by the formation of four hydrogen bonds with
the residues ASP A:70 (2), GLU A:197, and TYR A:332. Afzelin
exhibited robust binding to BChE, as evidenced by the formation
of nine hydrogen bonds and a binding energy of —10.2 kcal/mol.
Furthermore, epigallocatechin formed four hydrogen bonds with
BChE, exhibiting an efficient binding energy of —9.0 kcal/mol.
These findings suggest that these substances have the potential
to effectively inhibit BChE activity.

In the docking analyses conducted with amylase, liquidambaric
lactone was found to bind with a binding energy of —11.0 kcal/mol
and an RMSD value of 0.00, forming four hydrogen bonds with
the residues TYR A:62, GLN A:63, ASP A:197, and HIS A:299.

Afzelin demonstrated a robust binding affinity with a binding
energy of —9.3 kcal/mol and an RMSD value of 0.71, forming
eight hydrogen bonds with the residues ARG A:195 (2), ASP
A:197, LYS A:200, HIS A:201, GLU A:233, HIS A:299, and HIS
A:305. Myricetin exhibited a binding energy of —9.3 kcal/mol
and an RMSD value of 0.74, forming four hydrogen bonds with
GLN A:63, ARG A:195, ASP A:197, and HIS A:299. Addition-
ally, epigallocatechin was identified as an effective inhibitor of
amylase, forming four hydrogen bonds with a binding energy of
—9.0 kcal/mol.

In the docking analyses conducted with E. coli MurE, afzelin
was found to exhibit robust interactions with a binding energy of
—9.4 kcal/mol and an RMSD value of 0.44, forming 11 hydrogen
bonds with the residues THR B:1. The amino acids ASP B:209,
HIS B:210 (2), HIS B:359 (2), GLY B:386, ARG B:389, and LYS
B:393 were identified as being present on the surface of the protein
on 20 occasions. Similarly, in the docking analyses conducted
with S. aureus MurE for various biomolecules, high binding
energies and hydrogen bond numbers were observed. Pinocem-
brin 5-7-dihydroxyflavanone demonstrated a binding energy of
—9.8 kcal/mol and an RMSD value of 0.57, forming seven
hydrogen bonds with the residues GLY A:113, LYS A:114, THR
A:115, SER A:116, and ARG A:335. Epigallocatechin demonstrated
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a binding energy of —10.0 kcal/mol and an RMSD value of 0.44,
forming 11 hydrogen bonds with residues THR A:111 and GLY A:
The residues involved in the interactions were GLY A:113, LYS
A:114, THR A:115, SER A:116, ASN A:301, ARG A:335, and GLY
A:357. Ellagic acid exhibited a binding energy of —9.1 kcal/mol
and an RMSD value of 0.28, forming a total of 13 hydrogen bonds
with residues THR A:111, GLY A:113, and LYS. A:114, THR A:115,
SER A:116, ASP A:350, HIS A:353, THR A:354, and ARG A:335.
Catechin, with a binding energy of —9.9 kcal/mol and an RMSD
value of 0.94, formed 10 hydrogen bonds with residues GLY A:113,
LYS A:114, SER A:116, ASN A:301, ARG A:335, ASP A:350, TYR
A:351, and HIS A:353. Ampelopsin exhibited a binding energy of
—9.7 kcal/mol and an RMSD value of 0.33, forming 12 hydrogen
bonds with residues THR A:111, GLY A:113, LYS A:114, THR
A:115, SER A:116, ASN A:301, ARG A:335, and GLY A:357. Afzelin
demonstrated a binding energy of —9.6 kcal/mol and an RMSD
value of 0.82, forming 16 hydrogen bonds with residues LYS A:114,
THR A:115, ASN A:151, GLU A:177, HIS A:205, ARG A:383, and
ASN A:407. Furthermore, the docking analyses conducted with
S. aureus transpeptidase revealed that afzelin exhibited a binding
energy of —9.1 kcal/mol and an RMSD value of 0.42. Additionally,
12 hydrogen bonds were formed between afzelin and residues SER
A:75, LYS A:78, SER A:116, SER A:139, ASN A:141, THR A:180,
ALA A:182, THR A:260, SER A:262, and GLU A:297 (Table 7).

In summary, the docking analyses demonstrated that the
bioactive phytochemicals of L. orientalis, including afzelin,
liquidambaric lactone, and epigallocatechin, exhibited robust
hydrogen bonding interactions and binding affinities with bac-
terial enzymes, cancer-related proteins, and standard enzymes.
These compounds have the potential to be employed as antibacte-
rial and anticancer treatments, given their high binding energies
and extensive hydrogen bonding. These compounds have been
demonstrated to be particularly efficacious against key enzymes
such as EGFR, transpeptidase, and MurE. To confirm their
effectiveness and therapeutic potential, further in vivo research
and experimental confirmation are required.

3.11 | Binding-Free Energy Analysis: MM/PBSA
Results and Implications for Ligand Efficacy

In this study, the effect of energy components on binding
stability was evaluated by calculating and analyzing a series
of protein-ligand complexes. The investigation focused on sev-
eral important energy parameters, including van der Waals
interaction (VDWAALS), electrostatic energy (EEL), polar solva-
tion energy (EGB), surface tension (ESURF), gas phase energy
(GGAS), solvation energy (GSOLV), and total energy (TOTAL).
The evaluation of cancer-related enzyme activities of pheno-
lic derivatives derived from L. orientalis was performed using
MM/PBSA binding free energy calculations in conjunction with
MD simulations. Seven complexes were selected for further analy-
sis based on factors such as low RMSD, high binding energy, and
the number of hydrogen bonds formed. The complexes selected
for further analysis are AChe_afzelin, EGFR_liquidambaric
lactone, HDAC6_liquidambaric lactone, HSP90OAA1_myricetin,
PTGS2_liquidambaric lactone, S. aureus MurE_epigallocatechin,
and S. aureus_transpeptidase afzelin, as shown in Table S3.

As shown in the figure, three complexes stand out as exhibiting
exceptional binding stability. The complexes identified as having
the most promising binding stability are AChe_afzelin (total
energy = —43.77 kcal/mol), PTGS2_liquidambaric lactone (total
energy = —28.04 kcal/mol), and S. aureus MurE_epigallocatechin
(total energy = —30.04 kcal/mol). These complexes are high-
lighted in red in Table S3. In particular, the electrostatic energy
value of —57.14 kcal/mol and the polar solvation energy of
65.03 kcal/mol in the AChe_afzelin complex indicate a partic-
ularly strong binding stability, as indicated by the total energy
value of —43.77 kcal/mol (Figure 12). In terms of binding affin-
ity, two other complexes are of particular interest. These are
HSP90AAI1_myricetin with a binding energy of —27.84 kcal/mol
and S. aureus_transpeptidase afzelin with a binding energy
of —27.24 kcal/mol. Compared to the other complexes, the
EGFR_liquidambaric lactone exhibits a lower binding stability
with a total energy of —21.13 kcal/mol (Table S3). Due to their
low total energies and minimal fluctuations, AChe_afzelin and S.
aureus MurE_epigallocatechin were selected for MD simulations.
These complexes showed stable binding profiles with reduced
energy variability, making them suitable candidates for further
dynamic analysis. In conclusion, these results demonstrate that
the compounds possess robust binding affinities to protein tar-
gets, suggesting their potential as inhibitor candidates and their
significant contribution to drug discovery research.

3.12 | Stability and Flexibility in MD Simulation

The study aims to uncover potential therapeutic drugs through
a thorough investigation of the molecular interactions between
specific ligands and target proteins, with an emphasis on clar-
ifying their binding sites. On the basis of important criteria,
such as the presence of hydrogen-bonding residues, the results
of MM/PBSA binding-free energy calculations, and molecular
docking scores, two complexes were selected for evaluation. S.
aureus MurE_epigallocatechin and AChe_afzelin, two ligand-
protein complexes, showed robust selectivity and stability in their
interactions. These complexes were subjected to MD simulations,
which provided greater insight into their biological efficacy and
protein binding capacities to better evaluate their potential as
therapeutic agents.

Two ligand-protein complexes, AChe_afzelin and S. aureus
MurE_epigallocatechin, were observed to remain stable through-
out a 100 ns MD simulation, as evidenced by their posi-
tion on the RMSD plot. The RMSD values for S. aureus
MurE_epigallocatechin (black line) are consistently greater than
those for AChe_afzelin (red line), indicating that the former
exhibits comparatively higher structural stability. Throughout
the simulation, the RMSD of S. aureus MurE_epigallocatechin
exhibits a relatively stable value of approximately 0.5 nm, whereas
AChe_afzelin displays a more consistent trend with an RMSD
of 0.25 nm. This demonstrates that, in contrast to S. aureus
MurE_epigallocatechin, the AChe_afzelin complex maintains its
conformation with greater consistency over time. Both complexes
appear to have reached equilibrium based on the comparatively
stable RMSD values; however, AChe_afzelin exhibits a higher
degree of stability, which may indicate a more advantageous
binding configuration (Figure 13A). The flexibility of the residue
level of the AChE_afzelin and S. aureus MurE_epigallocatechin
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FIGURE 12 | MM/PBSA binding-free energy analysis: (A) AChe_afzelin complex; (B) PTGS2_liquidambaric lactone complex; (C) S. aureus
MurE_epigallocatechin complex.
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complex.

complexes is illustrated by the root mean square fluctuation
(RMSF) plot. A comparison of the AChe_afzelin and S. aureus
MurE_epigallocatechin complexes reveals that the latter exhibits
higher RMSF values, indicating greater flexibility. In the initial
residues (1-30), S. aureus MurE_epigallocatechin displays a pro-
nounced increase in flexibility, whereas AChe_afzelin exhibits
reasonable stability in this region. Although there are slight
variations in both complexes in certain areas (residues 50-70, 150—
200, and 350-400), the overall pattern suggests that AChe_afzelin
is less flexible over most residues. This finding suggests that
the structural stability of AChe_afzelin may be attributed to its
stronger conformation and capacity to maintain a stable structure
at the binding site (Figure 13B). The solvent exposure of the S.
aureus MurE_epigallocatechin and AChe_afzelin complexes is
revealed by the solvent-accessible surface area (SASA) plot, which
depicts the solvent exposure across a 100 ns simulation. The
S. aureus MurE_epigallocatechin complex (black line) exhibits
greater SASA values, with an average of approximately 230 nm?,
whereas the AChe_afzelin complex (red line) consistently dis-
plays lower SASA values, with an average of approximately
215 nm?. These data suggest that S. aureus MurE_epigallocatechin
is more solvent-exposed on its surface than AChe_afzelin, which
may indicate variations in solvent interaction and conformational
dynamics. Although equilibrium has been established, as indi-
cated by the generally stable SASA values for both complexes
throughout the course of the simulation, the consistently lower
SASA of AChe_afzelin suggests a more compact structure, which
may result in increased stability within the binding environment
(Figure 13C).

The hydrogen bond (H-bond) plot for the AChE_afzelin complex
illustrates the dynamic changes in H-bond numbers over a
100 ns simulation period, providing insight into the complex’s
hydrogen bonding dynamics. The complex maintains a range
of three to eight hydrogen bonds, with fluctuations indicating
transient interactions. In the initial phase of the simulation (0-
20 ns), the average hydrogen bond count is relatively low, with a
value of approximately three to four. However, as the simulation
progresses (40-100 ns), there is an increase in the number of
higher hydrogen bonds, with the average stabilizing around five
to six. This trend indicates that the AChe_afzelin complex attains
enhanced stability in its hydrogen bonding network over time,

which likely contributes to the overall stability and specificity
of the complex within the binding environment. The transient
nature of the hydrogen bonds may reflect the flexibility of the
binding site, which allows for conformational adjustments that
improve ligand-protein affinity (Figure 14A). In contrast, the
H-bond plot for the S. aureus MurE_epigallocatechin complex
exhibits a fluctuating pattern over the same 100 ns simulation
period. The complex generally maintains between one and five
hydrogen bonds, with occasional peaks at seven. In the initial
20 ns, the bond count varies considerably, typically between two
and four. This variability persists through the later stages (60—
100 ns), with more frequent occurrences of lower counts, aver-
aging around two to three. In comparison to the AChe_afzelin
complex, this pattern indicates a less stable hydrogen bonding
network, which suggests a more flexible binding environment.
The fluctuations in the number of hydrogen bonds observed are
likely due to conformational shifts within the binding site, which
may impact the stability and ligand interaction of the complex
(Figure 14B).

4 | Conclusion

Our study provided a comprehensive evaluation of the ther-
apeutic potential of L. orientalis extracts, demonstrating their
multifaceted biological activities, including antioxidant, antimi-
crobial, enzyme inhibitory, and anticancer effects. Notably, the
study utilized extracts derived from the aerial parts of the plant
as a whole, rather than analyzing individual parts separately.
This approach allowed for the combined extraction of bioactive
compounds from both leaves and stem bark, maximizing the
therapeutic potential and capturing the synergistic effects of their
phytochemical profiles. Our findings revealed that the methanol
extract showed its superior phenolic and flavonoid content, corre-
lating with superior antioxidant and enzyme inhibitory activities.
This extract showed broad-spectrum antimicrobial efficacy and
significant anticancer effects, particularly against lung cancer,
by inducing autophagy. The aqueous extract demonstrated pro-
nounced activity against prostate cancer, modulating apoptosis.
In breast cancer, the ethyl acetate extract promoted apoptosis,
whereas the aqueous extract enhanced autophagy.
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The major novelty of our study was identifying the enzyme
inhibitory effects of L. orientalis extracts in cancer-related con-
texts, highlighting their dual action on apoptotic and autophagic
pathways. The molecular docking and dynamic simulations fur-
ther supported the therapeutic potential of key phytochemicals,
such as afzelin and epigallocatechin, in targeting cancer-related
enzymes and bacterial resistance mechanisms. These findings
underscore the plant’s value as a source of bioactive compounds
for multi-targeted therapeutic applications.

By integrating traditional uses with modern pharmacological
insights, this study establishes L. orientalis as a natural resource
for developing therapies that address oxidative stress, microbial
resistance, and cancer progression. Its ability to act on multiple
therapeutic targets, combined with the advantages of using the
aerial parts of the plant to extract a wider range of active
compounds, shows it as a promising candidate for translational
applications. Future research should focus on clinical validation,
detailed mechanistic studies, and the influence of environmen-
tal conditions on its bioactivity to fully realize its therapeutic
potential.
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