In Silico Pharmacology (2026) 14:193
https://doi.org/10.1007/540203-026-00689-2

RESEARCH ——

®

Check for
updates

Therapeutic potential of Leonotis leonurus and Mentha longifolia in
depression: insights from network pharmacology and molecular
dynamics stimulation-based study

Caroline Mooki'?? - Oladunni M. Ayodele” - Saheed Sabiu* - Adeyemi O. Aremu?? - Makhotso Lekhooa'

Received: 2 May 2026 / Accepted: 16 June 2026
© The Author(s) 2026

Abstract

Medicinal plants offer promising multi-target therapeutic agents due to their diverse bioactive compounds. This study
explored LC-MS profiling, network pharmacology, molecular docking, and molecular dynamics simulation to investi-
gate the potential antidepressant-related mechanisms of Leonotis leonurus and Mentha longifolia. A total of 20 and 15
compounds were identified in L. leonurus and M. longifolia, respectively. Target prediction and overlap analysis revealed
16 and 22 depression-associated targets for each plant. These targets were used to construct protein—protein interaction
networks and perform Gene Ontology and KEGG pathway enrichment analyses. For L. leonurus, the key targets included
SLCA,, PTGS,, MAOA, and MAOB were enriched in serotonergic and dopaminergic synapse pathways, neuroactive
ligand-receptor interaction, and PI;K/Akt signalling, suggesting, suggesting potential involvement in neurotransmission
and neuroinflammatory regulation. Molecular docking showed strong interactions of procyanidin B5 and chrysoeriol with
SLC4¢A, and MAOA, respectively, while baicalin demonstrated the most favourable binding affinity (— 39.45 kcal/mol),
exceeding that of fluoxetine (— 14.69 kcal/mol), both surpassing fluoxetine’s affinity (— 14.69 kcal/mol) to SLC44,. For
M. longifolia, targets such as DRD,, DRD, GSK;f, COMT, and AKT, were linked to dopaminergic synapse and neuro-
active ligand-receptor pathways. Key compounds, including baicalin, salvianolic acid A, and rosmarinic acid, showed
strong binding to DRD,, DRD;, and GSK,f. Notably, quercetin 3-galactoside exhibited the highest affinity toward DRD,
(— 46.74 kcal/mol), outperforming fluoxetine (— 24.91 kcal/mol). Collectively, these findings suggest that both plants may
possess antidepressant-related potential through predicted multi-component, multi-target modulation of neurotransmitter
systems and neuroinflammatory pathways. However, these findings remain computational and require experimental vali-
dation to confirm biological efficacy and therapeutic relevance. This study provides a mechanistic framework to support
future pharmacological investigations into the traditional use of these medicinal plants for mental health applications.
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Graphical abstract

Therapeutic potential of Leonotis leonurus and Mentha longifolia in depression:
Insights from network pharmacology and molecular dynamics stimulation-based study
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Introduction

Medicinal plants have long been used in traditional treat-
ment systems, and they continue to provide exciting oppor-
tunities for the discovery of new neuroactive molecules.
Their large reservoir of bioactive chemicals has spurred
renewed scientific interest in verifying their therapeu-
tic potential, notably in the modulation of neurochemical
pathways linked to depression (Bonokwane et al. 2022).
Determining the neuro-modulatory potential of these plants
is critical, as depression remains a frequent and debilitat-
ing mental health illness characterized by persistent sor-
row, lack of interest or pleasure, and different cognitive and
physiological abnormalities (Stafford et al. 2008; Wang et al.
2019). Although current pharmacological treatments such
as selective serotonin reuptake inhibitors (SSRIs), serotonin
and norepinephrine reuptake inhibitors (SNRIs), and mono-
amine oxidase inhibitors (MAOIs) are effective for many
patients, they are often limited by delayed onset of action
and undesirable side effects (Short et al. 2018). As a result,
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there is a growing interest in exploring alternative and com-
plementary treatment strategies, particularly those derived
from medicinal plants traditionally used in ethnomedicine
(Li et al. 2022; Tao et al. 2013). Several phytochemicals
such as flavonoids, saponins, alkaloids, polyphenols, triter-
penoids, and fatty acids have shown promising anxiolytic
and antidepressant-like effects in preclinical studies (Phoo-
tha et al. 2022).

Among the medicinal plants gaining attention for their
neuropharmacological potential are Leonotis leonurus and
Mentha longifolia and have been widely recognized for
their traditional use in the management of neurological
and mood-related disorders (Bonokwane et al. 2022). For
instance, L. leonurus, commonly known as wild dagga or
lion’s ear, is native to southern Africa and traditionally used
for its calming, sedative, and euphoric properties (Nsuala et
al. 2015). Ethnobotanical reports highlight its use in allevi-
ating stress, anxiety, and other nervous system conditions
(Bonokwane et al. 2022). The plant is rich in bioactive con-
stituents, including diterpenoids, flavonoids, and alkaloids,
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which are believed to contribute to its neuropharmacologi-
cal effects (El-Ansari et al. 2009). Similarly, M. longifolia,
commonly referred to as wild mint, is an aromatic medici-
nal plant widely distributed across Africa, Europe, and Asia
(Al-Taie and Al-Kenane 2020). Traditionally, it has been
used for its antispasmodic, antimicrobial, antioxidant, and
calming properties (Anwar et al. 2019). M. longifolia has
also been applied to relieve stress, insomnia, and mental
fatigue (Elshamy et al. 2021). It contains diverse bioactive
compounds, including phenolics, and flavonoids, which are
known to interact with neurochemical pathways involved in
mood regulation (Nazem et al. 2019).

Despite the promising therapeutic potential of the two
plants, their underlying potential antidepressant mechanisms
remain unexplored and lack scientific validation. In recent
years, computational strategies such as network pharmacol-
ogy and molecular modelling have emerged as powerful
approaches to elucidate the complex interactions between
bioactive compounds and molecular targets involved in
disease pathways (Gan et al. 2021; Gundogdu et al. 2025,
Yang et al. 2023). These computational approaches enable
a systems-level understanding of pharmacological actions
by identifying potential active compounds, their druggable
targets, and associated signalling pathways (Zhang et al.
2025). Similar network pharmacology-based strategies have
been successfully applied to elucidate antidepressant mech-
anisms of medicinal plants, including Epicedium (Dong et
al. 2021), Cannabis sativa (Shi et al. 2021), Xiaoyaosan
(Liu et al. 2021b) and sinisan formula (Wang et al. 2022a)
revealing multi-target interactions involved in neurotrans-
mission, neuroinflammation, and PI3K/Akt signalling
pathways. Additionally, integrated approaches combining
network pharmacology with compound screening have
been used to identify antidepressant bioactives from Banxia
Houpu decoction (Chen et al. 2020). This study explored
potential mechanisms of antidepressant action of L. leonu-
rus and M. longifolia using network pharmacology and
molecular dynamics simulation approaches. By integrat-
ing compound-target-pathway analysis, the study provides
insights into how these plants may exert their antidepressant
effects and identifies promising targets for future pharmaco-
logical research.

Materials and methods

Plant collection and preparations

The leaves of L. leonurus were collected from the Botani-
cal Garden of the University of KwaZulu-Natal, and there-

after taxonomically identified and authenticated (voucher
number NU0094474) at the Bews Herbarium, University

of KwaZulu-Natal. On the other hand, M. longifolia was
collected from the Botanical Garden of North-West Uni-
versity. Its voucher specimen was authenticated (voucher
number PUCO0017098) and deposited in the AP Goossens
Herbarium at North-West University. The plant materials
(leaves) collected were rinsed with distilled water, oven-
dried at 37 °C for 2 days, and ground into a fine powder,
which was subsequently sieved to remove coarse particles.
The powdered samples were then stored in air-tight contain-
ers at room temperature (away from sunlight and moisture)
until further use.

Liquid chromatography-mass spectrometry
(LC-MS) analysis of Leonotis leonurus and Mentha
longifolia

A powdered sample of 0.25 g each of the two plants was
extracted in 10 mL of 50% methanol with 1% formic acid
in water using vortexing and sonication. Following cen-
trifugation, the supernatant was diluted fivefold with 50%
methanol containing 0.1% formic acid and transferred to
glass vials for analysis (Alam et al. 2017; Kongolo Kalemba
et al. 2024). The analysis was then performed on a Waters
Cyclic Quadrupole time-of-flight (q-tof) mass spectrometer
(MS) connected to a Waters Acquity ultra-performance lig-
uid chromatograph (UPLC) (Waters, Milford, MA, USA).
The column eluate first passed through a Photodiode Array
(PDA) detector, enabling simultaneous collection of UV
and mass spectra. Electrospray ionization was conducted in
both positive and negative modes, with a cone voltage of
15V, a desolvation temperature of 275 °C, and a desolva-
tion gas flow of 650 L/h. Other MS parameters were opti-
mized for resolution and sensitivity. Data were acquired
over an m/z range of 100—-1500 in both resolution and MSE
modes. In MSE mode, two data channels were collected:
one at low collision energy (4 V) and another with a col-
lision energy ramp of 40—-100 V to generate fragmentation
spectra. Leucine enkephalin served as the lock mass for
accurate mass determination, and the instrument was cali-
brated using sodium formate. Chromatographic separation
was achieved on a Waters HSS T3 column (2.1 x 150 mm,
1.7 um) at 60 °C, with a flow rate of 0.3 mL/min and an
injection volume of 0.5 pL. The mobile phase consisted of
0.1% formic acid in water (solvent A) and acetonitrile with
0.1% formic acid (solvent B). The gradient began at 100% A
for 1 min, increased linearly to 28% B over 11 min, then to
40% B over 50 s, followed by a 1.5 min wash at 100% B and
re-equilibration to initial conditions for 2 min. Compounds
were quantified relatively using a calibration curve gener-
ated from ellagic acid standards (0.2—5 mg/L). Following
centroiding, lock mass correction, and data compression,
the resulting datasets were processed using MSDIAL and
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MSFINDER software (RIKEN Centre for Sustainable
Resource Science, Kanagawa, Japan) (Lai et al. 2018; Tsug-
awa et al. 2015).

Network pharmacology
Target prediction

Targets of compounds in L. leonurus and M. longifolia were
predicted using their “Canonical SMILES” from the Swiss
Target Prediction (http://swisstargetprediction.ch) and SEA
(Similarity Ensemble Approach) (http://sea.bkslab.org/)
databases, with the Homo sapien mode used to acquire the
genes (Gao et al. 2020).

Depression-related target genes were identified using the
DisGeNET (https://www.disgenet.org/search, retrieved on
July 10, 2025) and GeneCards (https://www.genecards.or
g) databases (Pifiero et al. 2020). The Venn mapping tool
VENNY 2.1 (http://bioinformatics.psb.ugent.be/webtools
/Venn/) was used to identify and intersect the shared tar-
get genes of L. leonurus and M. longifolia with depression-
associated genes (Gao et al. 2024). The overlapping genes
were examined as prospective target genes of L. leonurus
and M. longifolia for the treatment of depression.

Construction of protein—protein interaction (PPI) networks

The common target genes were entered into the STRING
database (https://string-db.org/, accessed July 10, 2025)
(Szklarczyk et al. 2021), with the species parameter set to
Homo sapiens (Gu et al. 2022). The network was subse-
quently analysed and visualized using the Cytoscape soft-
ware (Otasek et al. 2019). The interactions between node
representations were designated by edges, with nodes hav-
ing a higher number of direct linkages suggesting greater
biological significance (Gan et al. 2021).

Gene ontology (GO) enrichment and Kyoto encyclopaedia
of genes and genomes (KEGG) pathway analysis

To study the probable mechanisms of L. leonurus and M.
longifolia in depression treatment, pathway enrichment
analysis was performed using DAVID 6.8 (https://david.n
ciferf.gov, accessed on July 10, 2025) (Dennis et al. 2003).
Search parameters were set to Homo sapiens, with “OFFI-
CIAL GENE SYMBOL” selected as the gene identifier.
The resulting gene target list was compiled in a consistent
format and subsequently analysed using the “functional
annotation” tool. The analysis output was classified into
three categories: biological processes (BP), cellular compo-
nents (CC), and molecular functions (MF). Functions with
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p value<0.05 were considered statistically significant for
each category.

For pathway analysis, the common genes were submitted
to STRING and analysed for KEGG pathway enrichment
to identify pathways associated with the target genes of L.
leonurus and M. longifolia. The resulting pathways were
examined for direct relevance to depression. Pathways with
the lowest false discovery rate (FDR<0.05) were consid-
ered the most enriched and significantly associated with the
intersecting targets. The enriched pathways were visualized
using SRplot, a free online data analysis and visualization
tool (http://www.bioinformatics.com.cn/en).

Construction of a compound target pathway network

A network model of components, targets, and signalling
pathways was created using the Cytomerger plugin in Cyto-
scape v3.9.0 software. The Cytoscape Network Analyser
plugin was employed to perform network topology analy-
sis, where nodes represented metabolites of L. leonurus and
M. longifolia, and pathway targets identified from KEGG
enrichment analysis. Edges indicated interactions between
nodes, illustrating the relationships between metabolites
and their corresponding targets. A higher number of edges
connecting nodes corresponded to a greater degree of inter-
action (Gan et al. 2021).

Ligand and receptor preparation for molecular docking

After identification of significantly enriched pathways
through KEGG analysis, targets exhibiting the highest
interaction frequencies with L. leonurus and M. longifolia
metabolites were selected for molecular docking analysis.
For L. leonurus, SLCA,, PTGS,, and MAOA, and for M.
longifolia, DRD,, DRD;, and GSK;, were selected as key
receptors based on their biological relevance, degree of
interaction in the protein—protein interaction (PPI) network,
and pathway enrichment analysis. The three-dimensional
crystal structures of the receptors were retrieved from the
Research Collaboratory for Structural Bioinformatics Pro-
tein Data Bank (RCSB PDB). The corresponding Protein
Data Bank identifiers (PDB IDs) used for each receptor are
reported in Table 4 to ensure reproducibility (Adams et al.
2017). Protein structures were prepared using UCSF Chi-
mera version 1.14, whereby co-crystallized ligands, water
molecules, and non-standard amino acid residues were
removed to optimise receptor structures for docking. Polar
hydrogens and appropriate atomic charges were added prior
to docking, and receptor structures were energy-minimised
to reduce steric clashes and improve structural stability
(Brindén et al. 2014). The three-dimensional ligand struc-
tures of the active metabolites identified from L. leonurus
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and M. longifolia were retrieved from PubChem (accessed
July 10, 2025) (Kim et al. 2019). Ligands were prepared
through geometry optimisation and converted into docking-
compatible formats using AutoDock-compatible procedures
within PyRx/Open Babel. Protonation states were assigned
under physiological conditions to ensure biologically rel-
evant ligand conformations during docking simulations. To
ensure docking at the active site, the grid box coordinates
were adjusted to correspond to the established x-y-z posi-
tions identified in Discovery Studio version 2021. To ensure
docking at biologically relevant binding pockets, grid
boxes were centred according to the binding coordinates
of co-crystallized ligands and validated active-site residues
identified using Discovery Studio version 2021. Grid-box
dimensions and x-, y-, and z-axis coordinates for each
receptor are provided in Tables 3 and 4 (Liu et al. 2024). To
validate the docking protocol, redocking/self-docking was
performed using co-crystallized ligands, and root-mean-
square deviation (RMSD) values below 2.0 A were consid-
ered indicative of acceptable docking reproducibility (Buza
et al. 2024).

Molecular dynamics simulation

Molecular dynamics (MD) simulations were conducted to
further evaluate the stability, binding poses, and dynamic
interactions of the top ligand—protein complexes identi-
fied during molecular docking. Each complex was param-
eterized using the AMBER FF18SB force field within the
AMBERI18 software suite implemented on the in-house
computational platform (HEAL1361) hosted at the Centre
for High Performance Computing (CHPC), Cape Town,
South Africa. Ligand parameters and atomic partial charges
were generated using ANTECHAMBER, employing the
Restrained FElectrostatic Potential (RESP) charge model
and the General Amber Force Field (GAFF). All complexes
were solvated within a TIP3P explicit water box, and Na*
and CI~ counterions were added to neutralize the systems
and maintain electrostatic stability (Sivaraman et al. 2026).
Each simulation used a step size of 2 fs and was performed
in the isobaric-isothermal ensemble (NPT) with randomised
seeding, a temperature of 300 K, a constant pressure
of 1 bar, and a Langevin thermostat with a collision fre-
quency of 1.0 ps and a pressure-coupling constant of 2 ps.
Trajectory analyses included root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), solvent-
accessible surface area (SASA), radius of gyration (ROG),
and hydrogen-bond analysis to evaluate structural stability,
flexibility, compactness, and ligand retention throughout
the simulation period. Convergence of the simulations was
assessed based on RMSD stabilization and the persistence
of key ligand—protein interactions across the trajectory.

Additionally, the Molecular Mechanics/Generalized Born
Surface Area (MM/GBSA) approach was employed to esti-
mate binding free energies of the ligand—protein complexes.
Binding free-energy calculations were derived from trajec-
tory snapshots extracted across the 150 ns simulation to
improve statistical robustness of energy estimation. Because
dense trajectory sampling was used, frame averaging was
applied to minimize stochastic fluctuations and ensure con-
vergence of MM/GBSA estimates. The overall binding free
energy (AGbind) for each ligand—protein complex was sub-
sequently calculated (Ylilauri and Pentikédinen 2013).

Results and discussion

Metabolite profiles based on liquid
chromatography-mass spectrometry (LC-MS)
analysis

The metabolite profiles of L. leonurus and M. longifolia as
determined by Q-TOF-LC-MS are shown in Tables 1 and 2,
respectively. The analysis revealed a diverse range of sec-
ondary metabolites, including flavonoids, phenolic acids,
terpenoids, and fatty acids. A total of 20 compounds were
identified in L. leonurus (Table 1, Supplementary Fig. S1).

Fingerprinting of M. longifolia using LC-MS produced
15 compounds, primarily phenolic acids and flavonoids
(Table 2, Supplementary Fig. S2).

According to the Q-TOF-LC-MS analysis of L. leonu-
rus, the primary chemicals discovered were largely flavo-
noids 40%, whereas M. longifolia was mostly composed of
phenols 60%. The presence of these phenolic compounds
and flavonoids is particularly important because both
classes of compounds are linked to a variety of biological
functions (Dubey and Pandey 2023). Various phenolics
are well known for their antioxidant, anti-diabetic, anti-
inflammatory, and enzyme inhibitor activities (De Lima et
al. 2025; Roshanak et al. 2016). Their antioxidant activity
reduces oxidative stress, which has been linked to diabe-
tes and neurodegeneration; their anti-inflammatory prop-
erties help control chronic inflammation, which is a cause
of metabolic syndrome and depression; and their enzyme
inhibitory capacity, particularly against monoamine oxidase
and cholinesterases, promotes neurotransmitter balance in
neurological disorders. These mechanism highlight their
therapeutic promise in controlling metabolic and neuro-
logical disorders (Khade et al. 2023). Plants high in flavo-
noids, such as L. leonurus and M. longifolia, also provide
additional potential therapeutic benefits, including neuro-
protective, cardioprotective, and anti-inflammatory charac-
teristics (Choy et al. 2019). Several phytochemicals found
in L. leonurus and M. longifolia, as reported in preclinical
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Table 1 Metabolites of Leonotis leonurus as determined by quadru-
pole time-of-flight mass spectrometry liquid chromatography

Table 2 Metabolites of Mentha longifolia as determined by quadru-
pole time-of-flight mass spectrometry liquid chromatography

No Compound name Reten- Class m/z

tion [M+H]
time
(min)
1 Alpigenoside 7.64 Flavo- 431,19
noids
2 Apiin 791 Flavo- 563,14
noids
3 Baicalin 9.52 Flavo- 445,08
noids
4 Chrysoeriol 11.55 Flavo- 299,06
noids
5  Genistein 11.30 Flavo- 269,05
noids
6  Isovitexin 2"-O-glucoside 7.38 Flavo- 593,15
noids
7  Kaempferol glucuronide 8.80 Flavo- 461,07
noids
8  Procyanidin B5 11.01 Flavo- 577,14
noids
9  Geniposidic acid 5.29 Iridoid 373,11
Glyco-
sides
10 Loganic acid 6.03 Iridoid 375,13
Glyco-
sides
11 1o,3B,22R-Trihydroxyergosta- 11.89 Steroi- 945,47

5,24E-dien-26-oic acid dal
3-O-B-D-glucoside 26-O-[B-D-
glucosyl-(1—2)-B-D-glucosyl] ester

12 26-(2-Glucosyl-6-acetylglucosyl]- 12.29 Steroi- 841,43
1,3,11,22-tetrahydroxyergosta- dal
5,24-dien-26-oate

13 7-Epi-12-hydroxyjasmonicacid 7.42 Fatty 387,17
glucoside Acid

14 Pinellic acid 11.96 Fatty 329,23

Acid
15 (Z)-3-Hexenyl B-D-glucopyranoside  9.39 Fatty 261,13
Acid

16 Dimethyl 2-galloylgalactarate 5.33 Pheno- 389,07

lics

17 Theogallin 5.68 Pheno- 389,07

lics

18 Broussonetine F 9.91 Pheno- 360,24

lics

19 Gibberellin A53 12.14 Terpe- 347,19

noids

20 4-[(1R,2R,3 S,4 S)-1,2,4- 7.78 Terpe- 431,19
trihydroxy-2,6,6-tri- noids

methyl-3-[(2 S,3R,4 S,5 S,6R)-3.,4,5-
trihydroxy-6-(hydroxymethyl)
oxan-2-ylJoxycyclohexyl]
but-3-en-2-one

research, have been shown to exhibit antidepressant-like
properties (Silva dos Santos et al. 2021). Compounds found
in L. leonurus, such as baicalin, genistein, kaempferol, and
apigenin (the apiin aglycone), have been shown to alleviate
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No Compound name Retention  Class m/z
time(min) [M+H]

1 Astragalin 16.52 Flavonoids 593,15
7-rhamnoside

2 Hesperetin 18.62 Flavonoids 301,07

3 Quercetin 16.21 Flavonoids 463,08
3-galactoside

4 3-0-p-Coumar- 9.47 Phenolics 337,09
oylquinic acid

5 Caffeoylmalic acid 9.04 Phenolics 295,04

6 Caftaric acid 7.36 Phenolics 311,04

7  Chlorogenic acid 7.99 Phenolics 353,08

8  Hydroxytyrosol 7.40 Phenolics 315,11
1-O-glucoside

9  Lithospermic acid B 19.26 Phenolics 717,14

10 Rosmarinic acid 16.3 Phenolics 359,07

11 Salvianolic acid A 18.48 Phenolics 493,11

12 Salvianolic acid K 14.90 Phenolics 555,11

13 Tryptophan 7.65 Amino Acids 203,08
14 (1 S,6R)-2-succinyl- 9.86 Miscellaneous 239,05
6-hydroxycyclohexa-
2,4-diene-1-carboxylic
acid
15  Xanthochymusside 17.34 Terpenoids 735,15

depressive-like behaviours through mechanisms such as
modulation of BDNF/TrkB signalling, HPA axis regulation,
inhibition of monoamine oxidase, and suppression of neu-
roinflammation (Ekici et al. 2023; Fang et al. 2021). Iridoid
glycosides structurally similar to loganin and loganic acid
have also shown antidepressant action, adding to the medic-
inal usefulness of this species (Aktar et al. 2024). Similarly,
with M. longifolia metabolites, hesperetin, quercetin, and
its glycosides, chlorogenic acid, rosmarinic acid, salviano-
lic acid A, and tryptophan have been extensively studied for
their antidepressant properties (Ghasemzadeh Rahbardar
and Hosseinzadeh 2020; Paudel et al. 2018). These phy-
tochemicals have antioxidant and anti-inflammatory prop-
erties, modulate monoamine neurotransmitters, regulate
neurotrophic factors including BDNF, and restore stress-
related neuroendocrine function (Young and Leyton 2002).
Although direct antidepressant evidence is limited for some
other phytochemicals identified in both plants, many exhibit
strong neuroprotective, antioxidant, and enzyme-inhibitory
properties, which may contribute synergistically to the over-
all antidepressant potential of L. leonurus and M. longifolia.
The presence of these bioactive chemicals highlights the
plants’ potential as multi-target medicines for addressing
complicated illnesses including depression. The identified
compounds in the two plants were subsequently used as
ligands for the network pharmacology analysis.
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Network pharmacology
Target prediction

The Venn diagram analysis found 66 important overlap-
ping targets for L. leonurus and 95 for M. longifolia. When
compared to depression-associated genes, L. leonurus has
22 common targets, and M. longifolia has 16 common tar-
gets, respectively (Supplementary Figs. S3 and S4). These
overlapping targets demonstrate the ability of both plants to
influence depression-related pathways via various molecu-
lar interactions. The analysis revealed that common targets
were highly implicated in serotonergic, dopaminergic, and
cholinergic synapses. Targets related to inflammation and
oxidative stress regulation, such as TNF signalling, NF-xB
signalling, and IL-17 signalling, were shown to be enriched
(Yang et al. 2024).

Protein-protein interaction (PPI) network analysis

The protein-protein interaction networks of 22 common tar-
gets (supplementary Fig. S5) for L. leonurus and 16 targets
(Supplementary Fig. S6) for M. longifolia revealed com-
plex and linked interactions, emphasising the multi-target
nature for both plants. L. leonurus key hub targets were
solute carrier family 6 member 4 (SLC¢A4,), Prostaglandin-
Endoperoxide Synthase 2 (PTGS,), Monoamine Oxidase
B (MAOB), and Monoamine Oxidase A (MAOA), whereas
M. longifolia core targets included Dopamine Receptor D4
(DRD,), Glycogen Synthase Kinase 3 Beta (GSK;f), Cat-
echol-O-Methyltransferase (COMT), Dopamine Receptor
D3 (DRD5), Glutamate Ionotropic Receptor AMPA Type
Subunit 1 (GRI4,;), and Threonine Kinase 1 (4KT;). The
protein-protein interaction (PPI) network analysis revealed
complicated interactions between the target proteins of
both plants, supporting the concept that their effects are
mediated through complex and interconnected molecular
networks. Furthermore, this integrated network analysis
supports the notion that depression is a very complicated ill-
ness with various molecular and cellular pathways (Giileg et
al. 2025). The ability of numerous bioactive compounds to
interact with multiple targets shows the complex character
of depression and reinforces the therapeutic promise of L.
leonurus and M. longifolia in altering important biological
processes related to its therapy.

Gene ontology (GO) enrichment analysis

The top ten terms for Molecular Function (MF), Cellular
Component (CC), and Biological Process (BP) in the GO
enrichment analyses are shown in supplementary Fig.
S7. The neurotransmitter reuptake, transport, and lipid

metabolism were the main enriched BP terms in L. leonu-
rus, indicating a function in regulating synaptic signalling
and neuronal communication. MF enrichment focused on
protein binding and monoamine transmembrane transporter
activity, whereas CC terms were concentrated in the pre-
synaptic membrane, presynapse, and axon. These findings
are in line with earlier research that demonstrated that com-
pounds derived from plants, such as flavonoids and iridoids,
can modulate neurotransmitter transport and synaptic func-
tion to produce effects similar to those of antidepressants
(Supplementary Fig. S7) (Wang et al. 2022a).

In M. longifolia, BP enrichment includes chemical syn-
aptic transmission and negative signalling control, with
major CC keywords connected with the cell membrane
and periphery (Supplementary Fig. S8). MF terminology
emphasised postsynaptic neurotransmitter receptor activ-
ity, indicating potential regulation of receptor-mediated
neural responses (Supplementary Fig. S8). These data are
consistent with studies from other medicinal plants, includ-
ing Hypericum perforatum, whose chemicals were shown
to modulate postsynaptic receptors, synaptic signalling, and
neurotransmitter receptor activity via serotonin transport-
ers and postsynaptic receptors pathways relevant to depres-
sion (Wang et al. 2022a). Similarly, Rosmarinus officinalis
extracts high in rosmarinic acid have been shown to influ-
ence synaptic plasticity and monoamine modulation, which
is compatible with our findings in M. longifolia (Ghasemza-
deh Rahbardar and Hosseinzadeh 2020). Flavonoids found
in L. leonurus, including quercetin and kaempferol, have
previously been linked to modulation of GABAergic and
serotonergic neurotransmission, as well as neurotrophic sig-
nalling (Rebas et al. 2020).

Furthermore, GO keywords connected with lipid metab-
olism in L. leonurus overlap with research on polyphenol-
rich plants such as Camellia sinensis and Ginkgo biloba,
where changes in lipid-associated signalling cascades con-
tributed to antidepressant-like effects (Ali et al., 2025). The
receptor-mediated signalling enrichment in M. longifolia is
consistent with studies from Salvia miltiorrhiza, where sal-
vianolic acids bind postsynaptic neurotransmitter receptors
and alter synaptic activity (Li et al. 2025). Overall, these
findings suggest that the investigated plants are predicted to
modulate depression-related pathways through interactions
with molecular targets involved in neurotransmission, syn-
aptic function, and neuronal signalling, warranting further
experimental validation.

Kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment

To acquire a better understanding of the biological mecha-
nisms involved, KEGG pathway enrichment analysis was
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used to connect the common targets to depression-related
signalling pathways. The top 20 KEGG pathways with the
lowest false discovery rate (FDR) values for L. leonurus and
for M. longifolia are presented in Figs. 1 and 2, respectively.
For L. leonurus the most significantly enriched pathways
included the serotonergic synapse, cocaine addiction, and
dopaminergic synapse pathways. Enrichment significance
was evaluated based on p values and the number of genes
involved (Fig. 1).

Similarly, for M. longifolia, the top 20 enriched path-
ways featured the dopaminergic synapse, neuroactive
ligand—receptor interaction, and thyroid hormone signalling
pathways (Fig. 2). Notably, most of the hub genes identi-
fied within the PPI network were associated with the dopa-
minergic synapse pathway, highlighting its potential central
role in mediating the antidepressant effects of M. longifolia.

The serotonergic synapse pathway enriched in L. leonu-
rus, plays a critical role in the pathology of depression, as
modulation of serotonin levels is strongly associated with

KEGG PATHWAYS

Serotonergic synapse .
Cocaine addiction
Alcoholism

Synaptic vesicle cycle
Dopaminergic synapse

Drug metabolism - cytochrome P450

—log1p(pvalue)
Amphetamine addiction ! s
Parkinson disease 6
Tyrosine metabolism ;
Arginine and proline metabolism ;
coun
Arachidonic acid metabolism s 2
) L ® 3
Leishmaniasis ® 4
) ' ! ®s5
Chemical carcinogenesis ®s
Metabolic pathways : 7
8

Phenylalanine metabolism
Pathways in cancer
Histidine metabolism
Glycine

Tryptophan metabolism

Calcium signaling pathway

1.0 1.5 2.0

Fig. 1 Enriched bubble plot of the top 20 KEGG pathways related to
metabolites of Leonotis leonurus. The x-axis represents the gene ratio,
defined as the proportion of input genes enriched in a specific pathway
relative to the total number of input genes. The y-axis lists the KEGG
pathways. Bubble size corresponds to the number of genes enriched
in each pathway, while bubble color indicates statistical significance
based on adjusted p values (false discovery rate, FDR), with darker
shades indicating higher significance. Enrichment analysis was per-
formed using a hypergeometric distribution model, and p values were
corrected using the Benjamini—Hochberg procedure to control for false
discovery. The enrichment factor reflects the ratio of observed gene
hits to expected gene hits per pathway background
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depression and anxiety disorders (Al-Khatib et al. 2022).
This finding aligns with previous studies where plant-derived
flavonoids and alkaloids were shown to enhance seroto-
nergic transmission, thereby exerting antidepressant-like
effects (Gholami et al. 2025; Mallick and Banerjee 2023).
These pathway interactions suggest that L. leonurus may
influence depression-related signalling cascades either by
directly modulating neurotransmitter systems or by impact-
ing neuroplasticity and cellular metabolism. Furthermore,
metabolomic analysis of the hippocampus in a rat model of
chronic unpredictable mild stress (CUMS)-induced depres-
sion revealed significant alterations in metabolites linked to
the serotonergic, dopaminergic, and glutamatergic synapses,
further supporting their involvement in the pathophysiology
of depression (Gao et al. 2021; Liu et al. 2021a).

In this study, M. longifolia compounds were found to
specifically target the depression related pathways through
key genes DRD,, GSK;B, COMT, DRD-, GRIA,, and AKT),.
GSK,f is essential for regulating neurogenesis, neuronal
survival, and the secretion of pro-inflammatory cytokines
such as IL-1p, IL-6, and TNF-a. Its inactivation, either via
gene knockout or pharmacological inhibitors, has been
shown to produce antidepressant-like effects in animal mod-
els, and disruptions in the Akt/GSK,f pathway have been
observed in the brains of patients with depression (Shen et
al. 2019; Yan et al. 2017).

Dopamine, a key monoamine neurotransmitter, plays a
central role in the hypothalamus and pituitary gland and is
critical for mood regulation and reward processing. Dys-
regulation of dopamine synthesis, release, reuptake, or
metabolism has been closely linked to the pathophysiology
of depression (Jatana et al. 2015). Dopamine deficiency can
lead to downregulation of the dopamine transporter and
upregulation of D,/; receptor concentrations, as observed
in the amygdala of patients with depression, indicating that
altered dopaminergic signalling contributes to depressive
phenotypes (Pritchard et al. 2009). Moreover, a reduction in
dopaminergic neurons and dysfunction of dopamine recep-
tors, including DRD, and DRD;, are considered major risk
factors for depression. DRD,, predominantly expressed in
the prefrontal cortex, and DRD;, localized in the limbic
system, are involved in regulating cognition, emotion, and
reward-related behaviours, and their dysregulation may
exacerbate depressive symptoms (Jatana et al. 2015). Poly-
morphisms in DRD, are associated with altered dopaminer-
gic signalling, heightened susceptibility to mood disorders,
and variable responses to antidepressant treatment (Ferré et
al. 2022). Similarly, DRD-, primarily expressed in the limbic
system, modulates emotional processing and reward-related
behaviours, and its dysregulation has been implicated
in depressive phenotypes (Dannlowski et al. 2013). Tar-
geting DRD; may therefore help restore dopaminergic
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Fig. 2 Enriched bubble plot of the
top 20 KEGG pathways related to
metabolites of Mentha longifolia.
The x-axis represents the gene
ratio, defined as the proportion
of input genes enriched in a
specific pathway relative to the
total number of input genes. The
y-axis lists the KEGG pathways.
Bubble size corresponds to the
number of genes enriched in
each pathway, while bubble color
indicates statistical significance
based on adjusted p values (false
discovery rate, FDR), with
darker shades indicating higher
significance. Enrichment analysis
was performed using a hypergeo-
metric distribution model, and p
values were corrected using the
Benjamini—Hochberg procedure
to control for false discovery.
The enrichment factor reflects
the ratio of observed gene hits to
expected gene hits per pathway
background
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neurotransmission and alleviate depressive symptoms. The
molecular docking results provide mechanistic support for
the potential antidepressant effects of M. longifolia. Several
bioactive compounds, including salvianolic acid A, rosma-
rinic acid, quercetin 3-galactoside, chlorogenic acid, hes-
peretin, and astragalin 7-rhamnoside, demonstrated stronger
binding affinities to key depression-related targets, DRD,,
DRD;, and GSK;f than the clinically used antidepressant
fluoxetine. These findings suggest that compounds from M.
longifolia may form stable predicted interactions with dopa-
minergic receptors and signaling-related proteins impli-
cated in depression-associated pathways. The docking and
molecular dynamics analyses indicate potential multi-target
engagement, which may be relevant to neurotransmission
and neuroinflammatory processes. However, these observa-
tions are based on computational predictions and should not
be interpreted as evidence of confirmed neuropharmaco-
logical or antidepressant effects. Further in vitro and in vivo
studies are required to validate the biological significance of
these interactions.

Pathway compound target network
Leonotis leonurus network search found SLCiA4, (11 com-

pounds), PTGS, (9 compounds), and MAOA (8 compounds)
as major hub targets due to their high linkage to many

11 13 15 17 19
RICH FACTOR

metabolites (Fig. 3). These proteins are well-known regu-
lators of neurotransmitter levels and neuroinflammation,
highlighting their critical role in the plant’s possible anti-
depressant processes. Specifically, SLC¢A4,, which encodes
the serotonin transporter, is critical for serotonergic synapse
function by mediating serotonin reuptake from the synaptic
cleft into presynaptic neurones, highlighting a mechanistic
link between the bioactive compounds of L. leonurus and
modulation of depression-related pathways (Abdelhamid
et al. 2014). Several studies have linked SLC¢A4, polymor-
phisms with the efficacy of antidepressant treatments. It is
also the primary pharmacodynamic gene associated with
selective serotonin reuptake inhibitors (SSRIs), the most
commonly used class of antidepressants (Bi et al. 2020;
Dong et al. 2009; Kautto et al. 2015). Additionally, SLC¢A,
methylation has been found to be positively correlated with
stress and depression, presenting its potential for diagnosis
and treatment in major depressive disorders (Lockwood et
al. 2022). A meta-analysis has shown that serotonin trans-
porter availability is reduced in key limbic system areas of
depressed patients compared to healthy controls (Kambeitz
and Howes 2015). Cyclooxygenase-2 (PTGS,/COX-,), a
crucial enzyme involved in prostaglandin synthesis, plays
an important role in biological processes such as inflamma-
tion and pain (Kaur and Singh 2022). Evidence has shown
that prenatal activation of COX-2 disrupts blood-brain
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barrier development, resulting in persistent neuroinflam-
mation and increasing susceptibility to neuropsychiatric
disorders (Zhao et al. 2022). PTGS, is therefore recognized
as a critical factor in the pathogenesis of such conditions.
Numerous chemical agents and natural compounds have
demonstrated antidepressant effects by modulating COX-2
activity, primarily through mechanisms involving neuro-
inflammation, gut microbiota regulation, neurotransmitter
balance, HPA axis modulation, mitochondrial function, and
protection against hippocampal neuronal injury (He et al.
2022). Oxidative stress and neuroinflammatory signaling
pathways are increasingly recognized as key contributors to
the pathophysiology of depression and other neuropsychiat-
ric disorders. In this context, natural products that modulate
redox balance and inflammatory mediators may offer multi-
target therapeutic potential. Recent integrative approaches
combining in silico and in vitro strategies have further
emphasized the importance of evaluating compounds across
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multiple biological endpoints, including redox enzymes and
inflammatory signaling cascades, to better predict phar-
macological relevance (Zognjani et al. 2025). Such mul-
tiparametric evaluation frameworks support the view that
plant-derived metabolites may exert broader systems-level
effects rather than acting on single isolated targets.
Monoamine oxidases (MAOs), specifically MAOA and
MAOB, are essential for regulating the levels of neurotrans-
mitters, including serotonin and dopamine (Edmondson and
Binda 2018). These enzymes are located on the outer mem-
brane of mitochondria (Mathew et al. 2024). MAOA breaks
down serotonin, noradrenaline, and adrenaline, making it a
significant target in the treatment of depression due to its
impact on these critical neurotransmitters (Shi et al. 2024).
On the other hand, network analysis of M. longifolia
(Fig. 4) constructed interactions among bioactive com-
pounds, hub gene targets, and the significantly enriched
KEGG pathway, specifically the dopaminergic synapse
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(Fig. 4). This network revealed that several compounds were
closely associated with key hub genes, among which DRD,
(11 compounds), DRD; (8 compounds), and GSK;f (7 com-
pounds) emerged as essential targets, being implicated by
most compounds. Collectively, these findings highlight the
multi-component, multi-target nature of M. longifolia and
its potential to modulate key molecular pathways associated
with depression. The observed interactions suggest that its
bioactive metabolites may act on multiple targets involved
in neurotransmitter regulation and neuroinflammatory pro-
cesses, thereby providing a mechanistic basis for further
investigation of its neuropharmacological relevance.

The DRD, receptor that is associated with the dopami-
nergic synapse pathway enriched in M. longifolia has been
implicated in both schizophrenia and depression (Nakajima
et al. 2007). In schizophrenia, postmortem and PET investi-
gations have revealed elevated DRD, expression in patient
brain tissue, and particular exon polymorphisms have been
related to the disorder, underlining its role in disease devel-
opment (Chen and Shu 2006). Emerging evidence also
points to DRD,, s involvement in depression: DRD, mRNA
serves as a peripheral marker of dopaminergic activity, is
highly expressed in the amygdaloid nuclei, and is prefer-
entially localized in GABAergic interneurons across brain
regions involved in emotional processing, such as the pre-
frontal cortex, hippocampus, and thalamus (Xiang et al.
2008). Genetic studies further support this association, link-
ing DRD, repeat polymorphisms and exon III tandem repeat
variations with susceptibility to depression (Leon et al.
2005). Collectively, these findings suggest that DRD, plays
a central role in modulating dopaminergic and emotional
pathways relevant to both schizophrenia and depression.

DRD;, another dopamine receptor identified as a hub tar-
get in M. longifolia, modulates dopaminergic signalling in
the limbic system. It is primarily expressed in the ventral
striatum and globus pallidus, where it regulates dopamine
release and clearance via the dopamine transporter (DAT)
(Chang et al. 2013). This receptor is particularly enriched
in limbic brain regions that receive dopamine from the ven-
tral tegmental area and plays an important role in cognitive,
affective, and endocrine function. Importantly, the Ser9Gly
polymorphism of DRD; has been widely related to major
depressive illness, with Gly carriers demonstrating more
anhedonia than Ser/Ser carriers, implying a molecular rela-
tionship to depression pathophysiology (Lee et al. 2012).
Recent research suggests that this polymorphism is linked
to other neuropsychiatric diseases such as bipolar disorder,
anxiety, and Parkinson’s disease, influencing reward path-
ways and emotional behaviour (Korhonen et al. 2014).

Glycogen synthase kinase-3 beta (GSK;f) is a multifunc-
tional serine/threonine kinase and downstream component
of the Wnt signalling pathway that is well known for its

role in depression and schizophrenia. GSK,f is involved in
a variety of signalling cascades, including Wnt and P/;K/
Akt, and is essential for neuroplasticity, circadian rhythm
modulation, and mood stabilisation. GSK;f dysregulation
has been linked to depression pathophysiology and inhibit-
ing it is thought to be one of the mechanisms by which many
antidepressants work (Chen et al. 2015). The Wnt/GSK,
pathway is crucial for the correct development of the foe-
tal forebrain, including the hippocampus and midbrain
dopaminergic systems brain regions frequently damaged in
mood disorders such as bipolar disorder and other psychiat-
ric diseases (Ripke et al. 2011).

Previous research has demonstrated that inhibiting GSK;
activity can improve antidepressant efficacy, and the mood
stabiliser lithium directly inhibits the GSK;f enzyme in
vitro and in human peripheral blood mononuclear cells
(Diniz et al. 2011). Furthermore, lower GSK;f phosphory-
lation has been seen in platelets of depressive patients and
Alzheimer’s disease patients who exhibit depressive symp-
toms, suggesting the link between GSK,f overactivity and
mood disorders. Creatine’s antidepressant-like effects in the
tail suspension test appear to entail activation of the PI;K/
Akt pathway, downstream targets such as Nrf2/HO-1, GPx,
mTOR, and concurrent suppression of GSK,f (Zhang et al.
2010).

Molecular docking with the enriched genes

Molecular docking was performed to evaluate the bind-
ing affinity of phytochemicals from L. leonurus and M.
longifolia against key depression-related targets identified
through PPI network construction, compound—target map-
ping, and KEGG pathway analysis. Fluoxetine, a clinically
established selective serotonin reuptake inhibitor (SSRI),
was used as a reference standard to benchmark predicted
binding interactions. Docking calculations were carried out
using PyRx to predict ligand—receptor conformations and
binding energies. Lower docking scores indicate stronger
binding affinity and greater stability of the protein—ligand
complex. Target selection was guided by their centrality in
the PPI network, biological relevance to neuropsychiatric
pathways, and availability of high-quality crystal structure
(Gao et al. 2020). Fluoxetine was used as a positive con-
trol. Fluoxetine was included as a reference ligand across
all docking experiments to ensure methodological consis-
tency and enable comparative evaluation of binding affini-
ties across different target proteins. As a well-characterized
selective serotonin reuptake inhibitor (SSRI) with estab-
lished clinical efficacy in the treatment of depression and
anxiety disorders, fluoxetine provides a standardized bench-
mark for interpreting the relative binding strengths of the
investigated phytochemicals. Its use as a common positive
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control allows for direct comparison of ligand-receptor
interactions across serotonergic, dopaminergic, inflamma-
tory, and neuroplasticity-related targets, thereby improv-
ing the reliability and interpretability of the docking results
(Choudhary et al. 2020). Only compounds with strong
predicted relevance to hub targets and available structural
compatibility were selected for docking analysis. For L.
leonurus, docking results (kcal/mol) against SLC,4, (PDB
ID: 6DZV), PTGS, (PDB ID: 5IKQ), and MAOA (PDB ID:
2BXR) are displayed in Table 3. The results revealed strong
binding affinities across all targets (Table 3). Compounds
including procyanidin BS5, baicalin, chrysoeriol, kaempferol
glucuronide, apiin, and isovitexin 2"-O-glucoside dem-
onstrated binding energies comparable to or stronger than
fluoxetine, indicating potential pharmacological relevance
in depression-related pathways. Notably, procyanidin B5
showed the strongest binding (9.5 kcal/mol) with SLC44,in
the serotonergic pathway, surpassing fluoxetine (— 8.5 kcal/

mol), suggesting a possible role in serotonergic reuptake
modulation. Similarly, baicalin demonstrated stronger bind-
ing to PTGS, (— 6.5 kcal/mol) than fluoxetine (— 5.3 kcal/
mol), while chrysoeriol exhibited higher affinity for MA0A4
(= 9.5 kcal/mol) compared to fluoxetine (— 9.0 kcal/mol),
reinforcing the potential of these compounds in modulat-
ing monoamine metabolism and inflammatory pathways.
In a recent epilepsy-network pharmacology study, baicalin
docked to PTGS, with a score of —10.1 kcal/mol, suggest-
ing that similarly structured flavonoids can attain stronger
affinities under optimised conditions (Wang et al. 2022b).
The current results are consistent with previous reports
that these active components of L. leonurus directly inhibit
PTGS,-mediated inflammatory signalling. In another inves-
tigation using Si-Miao decoction, baicalein bound P7GS,
at — 8.4 kcal/mol, MMP9 at — 8.0 kcal/mol, and PPARG at —
7.9 kcal/mol (Ma et al. 2024). Similarly, the strong binding
of procyanidin-type compounds in published studies (e.g.,

Table 3 Molecular docking scores (kcal/mol) of Leonotis leonurus compounds with key depression-related targets (SLCyA4,, PTSG,, and MAOA)

compared to the positive control, fluoxetine

Target Active compound Docking scores (kcal/mol)
SLCyA, Fluoxetine -85
PDB ID: 6DZV Procyanidin BS -95
S, M Chrysoeriol -93
7 Baicalin -92
Kaempferol glucuronide -9.1
Apiin -9.1
Genistein -8.7
Loganic acid -83
i h Theogallin -82
3:?1???;0;1{?26.61:29.23 Isovitexin 2."-O-glucoside -8.1
Broussonetine F -6.8
PTSG, Fluoxetine -53
PDB ID: 5IKQ Baicalin —6.5
1 Apiin -64
Isovitexin 2"-O-glucoside -56
Genistein -52
Chrysoeriol -52
Kaempferol glucuronide -52
Theogallin -5.0
Alpigenoside -49
Dimensions
X:16.17;Y:18.93.84;7.:17.83
AMAN 4 Fluoxetine -90
Chrysoeriol -95
Gibberellin A53 -8.9
Genistein -8.8
Pinellic acid -8.6
Theogallin -84
g Apiin -7.0
Dimensions Kaempferol glucuronide - 6.6

X:24,22;Y:32.50;,Z:32.62
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Table 4 Molecular docking scores (kcal/mol) of Mentha longifolia compounds with key depression-related targets (DRD,, DRD5, and GSK;f)
compared to the positive control, fluoxetine

Target Active compound Docking scores (kcal/mol)
DRD, Fluoxetine -7.6
PDB ID: 6IQL Salvianolic acid A -84
Quercetin 3-galactoside -8.2
Chlorogenic acid -8.0
Hesperetin - 8.0
3-O-p-Coumaroylquinic acid -79
Salvianolic acid K =77
Astragalin 7-rhamnoside -7.6
Caffeoylmalic acid =175
Caftaric acid -7.0
. . Tryptophan =77
Dimensions
X:31.25;Y:30.31;Z:29.32
GSK,f Fluoxetine -8.1
PDB ID: 1UV5 Rosmarinic acid —-87
Astragalin 7-rhamnoside - 8.7
Quercetin 3-galactoside -84
Chlorogenic acid -84
Salvianolic acid K -8.1
Hydroxytyrosol 1-O-glucoside -7.7
Caffeoylmalic acid -72
Dimensions
X:34.27;Y:35.00;,Z:35.24
DRD; Fluoxetine -7.8
PDB ID: 3PBL Salvianolic acid A -95
D Rosmarinic acid -9.0
Salvianolic acid K -8.7
3-O-p-Coumaroylquinic acid -8.0
Caffeoylmalic acid -73
Caftaric acid -7.2
Quercetin 3-galactoside -7.0
Tryptophan -6.8
Dimensions
X:32.32;Y:31.28;,Z:27.28
Table 5 The energy component Energy components (kcal/mol)
details for the top three com- AE AE,.. AGy, AGep AGyg

pounds and fluoxetine complexed

Fluoxetine_SLC¢A4, —17.12+4.68 —28.42+95.82 —45.54+£97.37 30.85+93.23 — 14.69+8.80

with SLC,
s Baicalin_ SLCyA4, —34.26+3.83 —57.40+11.47 —91.67£10.59 52.22+9.11 —39.45+4.05
Procyanidin B5_SLC,4, —38.85+£6.88 —42.38+14.04 —81.24+14.52 42.36+8.86 —38.87+6.75
Chrysoeriol  SLC¢A, —37.42+3.16 —13.04+7.01 —5047+£7.62 19.69+6.07 —30.78+3.37

procyanidin vs. SARS-CoV-2 Mpro at —9.132 kcal/mol)
suggests that the procyanidin B5 — SLC¢A, binding affin-
ity we observe (—9.5 kcal/mol) is within the realm of other
successful natural product docking studies (Fatriansyah
et al. 2022). Despite the promising molecular interactions
and predicted antidepressant-related mechanisms observed
for flavonoids such as baicalin and procyanidin B5 pres-
ent in L. leonurus, their translation into in vivo therapeutic

applications may be constrained by pharmacokinetic limita-
tions and poor bioavailability. Flavonoids often exhibit low
oral bioavailability due to poor intestinal absorption, exten-
sive first-pass metabolism, and rapid systemic elimination
(Chen et al. 2022). Additionally, limited blood—brain barrier
permeability may restrict central nervous system exposure,
which is essential for antidepressant efficacy. Baicalin has
been reported to possess poor aqueous solubility, limited
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permeability, and extensive gastrointestinal metabolism, all
of which may affect systemic availability. Likewise, pro-
cyanidins generally demonstrate low bioavailability due to
limited absorption and extensive metabolic transformation
following oral administration (Huang et al. 2019; Zhang
et al. 2016). Therefore, although these compounds demon-
strated promising in silico affinity toward depression-related
targets, further in vivo pharmacokinetic and efficacy studies
are required to validate their antidepressant potential. Future
approaches such as nanoformulations or targeted drug
delivery systems may improve bioavailability and enhance
therapeutic applicability.

For M. longifolia, docking analysis against dopaminergic
receptors (DRD, (PDB ID: 6I1QL); DRD; PDB ID: 3PBL),
and GSK,;f (PDB ID: 1UVS5) revealed strong binding
affinities across all targets (Table 4). Several compounds,
including salvianolic acid A, rosmarinic acid, chlorogenic
acid, and quercetin derivatives, consistently outperformed
fluoxetine across multiple targets. Among the tested com-
pounds, Salvianolic acid A showed the strongest binding to
DRD; (-9.5 kecal/mol), while rosmarinic acid also demon-
strated strong binding to DRD; (— 9.0 kcal/mol) and GSK,f
(— 8.7 kcal/mol). Chlorogenic acid and quercetin 3-galacto-
side demonstrated high binding scores against DRD, (PDB
ID: 6IQL) and GSK;f4 (PDB ID: 1UVS5) indicating multi-
target potential within dopaminergic and kinase-mediated
signalling pathways. These results are broadly compatible
with prior in-silico studies on related chemicals. Salviano-
lic and rosmarinic acids have been discovered as potential
GSK;f inhibitors in docking studies of Alzheimer’s disease
models, frequently occupying the ATP-binding pocket and
generating stable hydrogen-bond interactions with catalytic
residues. In one investigation, salvianolic acid was shown to
penetrate extensively into the GSK;f cavity, but rosmarinic
acid had binding energies ranging from —8.0 to — 9.0 kcal/
mol, which are similar to the values observed here (Zareei
et al. 2024). Similarly, salvianolic acid B, a structural coun-
terpart, was discovered to create numerous hydrogen bonds
within GSK;’s ATP pocket, despite having a lower reported
binding energy than typical kinase inhibitors (Marafie et al.
2024).

Molecular docking results indicate that both Leono-
tis leonurus and Mentha longifolia exhibit multi-target
antidepressant potential. L. leonurus compounds showed
strong binding to serotonergic, inflammatory, and mono-
amine-related targets (SLC4A,, PTGS,, MAOA), while M.

longifolia phytochemicals demonstrated high affinity for
dopaminergic receptors (DRD, and DRD;) and GSK3p,
suggesting roles in dopamine signalling and synaptic plas-
ticity. Collectively, the two plants may exert complementary
antidepressant effects through serotonergic, dopaminergic,
inflammatory, and neuroplasticity-related pathways. Red-
ocking validation yielded an RMSD of 0.50 A, confirming
the reliability and reproducibility of the docking protocol.
The docking validation results are presented in the supple-
mentary materials (Supplementary Figs. S9-S14) (Buza et
al. 2024). However, these predictions are primarily based
on in silico approaches, and molecular docking and network
pharmacology studies alone are insufficient to confirm phar-
macological activity without experimental validation (Gun-
dogdu et al. 2025).

Binding free energy (MM-GBSA) and energy
decomposition analysis for SLC,A, and the top three
ligands of Leonotis leonurus

Interactions between proteins and ligands often involve elec-
trostatic, van der Waals, and hydrophobic forces (Ferenczy
and Kellermayer 2022) forming complexes that require
atomic-level examination to understand recognition and
structure-activity relationships. Among analyzed systems,
baicalin (— 39.45 kcal/mol) showed the most favorable bind-
ing energy, outperforming procyanidin B5 and chrysoeriol
(— 38.87 and —30.78 kcal/mol), and even fluoxetine (—
14.69 kcal/mol). Baicalin’s superior binding is due to strong
electrostatic and van der Waals forces, offsetting energetic
loss from solvation. Its binding to SLC6A4 displaced water
molecules, disrupting solvation shells and causing an entro-
pic penalty in AGsolv values, especially as water is confined
in the binding site. These losses were balanced by enthalpic
gains from stable water-mediated hydrogen bonds, notably
in baicalin, which had high hydrogen-bond counts. Simi-
larly, baicalein, a derivative of baicalin, showed van der
Waals (—44.37 kcal/mol) and electrostatic (—17.84 kcal/
mol) contributions that offset polar (20.69 kcal/mol) and
nonpolar (5.72 kcal/mol) effects, affecting its overall bind-
ing free energy (—46.56 kcal/mol) compared to chrysin
(—12.89 kcal/mol) (Li et al. 2022). Energy decomposition
revealed that van der Waals interactions support aromatic
stacking, while electrostatic forces promote hydrogen bonds
and polar solvation among the top metabolites (Table 5).

Table 5 The Post Dynamic data Dynamics RMSD (A) RMSF (A) RoG (A) SASA (A) H-Bonds

for the top three metabolites SLC,A, 4254065 170+1.14 24.01+0.15 2513131439491 237.06+11.15

and fluoxetine complexed with .

oL CoA4 Fluoxetine SLC,A, 3.5640.57 1.62+0.83 24.20+0.13 25956.74+554.64 228.89+11.57
Baicalin SLCy4, 3164037 1.50+0.67 24.11+0.10 25394.96=501.67 237.04=10.85
Procyanidin BS SLC,A, 4.1940.72 1794124 24.14+0.14 25629.25+474.52 237.95+11.96
Chrysoeriol SALC,A, 3444044 157119 24.15+0.08 24937.38+485.00 235.40+ 10.45
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The three metabolites bind better than fluoxetine, likely
because flavonoids’ planar aromatic rings facilitate m—mn
stacking with transporter amino acids (Vikhar Danish
Ahmad et al. 2024). These compounds engage in hydro-
phobic, hydrogen-bonding, and n-stacking interactions,
while fluoxetine mainly relies on hydrophobic contacts.
Flavonoids also have antioxidant and neuroprotective roles,
with baicalin reducing oxidative stress and modulating neu-
rotransmitters, and chrysoeriol promoting anti-inflamma-
tory effects by increasing Nrf2 and related genes (Kim et
al. 2021; Wang et al. 2024; Zhong et al. 2019). Flavonoids
influence monoaminergic neurotransmission, including
serotonin, providing structural stability, neuroprotection,
and multi-target effects, thereby supporting their potential
for in vivo benefits and aligning with computational find-
ings (Naoi et al. 2025).

Fluoxetine, though hydrophobic, lacks the aromatic sur-
face area and polar interaction capacity of other antidepres-
sants, did not form hydrogen bonds (Fig. S9), and could not
stabilize aromatic stacking, electrostatic, and polar interac-
tions. Its weak interactions lead to a more dynamic complex,
thereby negatively impacting binding free energy, indicat-
ing that its therapeutic effects are mainly due to pharmaco-
kinetics and serotonin reuptake inhibition, rather than strong
receptor binding (Fig. S9, Table 5). Hence, natural metabo-
lites such as baicalin, chrysoeriol, and procyanidin B5 could
be promising scaffolds for new antidepressant or anxiolytic
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drugs. Binding free-energy calculations confirmed trends in
their structural analyses at a specific simulation time, with
energy decomposition revealing atomic-level structure-
activity interactions. Key residues involved in these ligand-
binding interactions include ALA96, ASP98, ARG104,
LEU443, and GLU301, with the top three metabolites
mainly depending on these residues (Figs. 5 and 6).

This differs from fluoxetine, which involves PHE335,
PHE341, and SER336, with ALA96 as the only common
residue. In the baicalin complex, 15 and 14 residues formed
contacts at different timepoints, with ALA96 contributing
significantly to binding energy, along with electrostatic and
van der Waals interactions from ASP98 and ARG104 (Figs.
5b and S9) (Case et al. 2023; Kulikov et al. 2018).

Procyanidin B5_SLCA4, also made notable energy con-
tributions through TYR95 (— 5.8 kcal/mol), PHE334 (-
8.2 kcal/mol), and PHE335 (— 6.2 kcal/mol), with a total
of 20 interactions (Figs. 6a, S10). This is important because
TYROS helps orient serotonin in the binding pocket (Cole-
man et al. 2016). LEU443 contributed the most to the
binding energy of Chrysoeriol SLC 4, (— 8.0 kcal/mol)
and formed 16 interactions (Figs. 6b, S11). Conversely,
Fluoxetine SLC44, showed important energy contribu-
tions from ALA96 (— 2.6 kcal/mol), PHE335 (— 4.8 kcal/
mol), PHE341 (= 9.0 kcal/mol), and notably SER336 (-
7.8 kcal/mol), a chloride-binding amino acid (Figs. 5b ,
S12). However, they formed only seven interactions at 50
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Fig.5 Residue decomposition for a Fluoxetine_SLCz4, and b Baicalin_ SLC¢A,
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Table 6 The energy component

Energy components (kcal/mol)

details for the top three metabo-

AE AE AG AG AGy,;
lites and fluoxetine complexed - Ly ot — ol bind
. Fluoxetine_DRD, —29.80+3.22 - - 103.24+13.54 -
with DRD,, —
98.34+15.26 128.15+15.24 24.91+3.75
Chlorogenic acid_DRD, —43.50+3.92 - —64.61+10.64 32.17+7.87 -
21.11+£11.89 32.44+4.83
Quercetin —43.54+6.21 - - 54.92+11.85 -
3-galactoside DRD, 58.12+£21.28 101.67+17.33 46.74+6.90
Salvianolic acid A_DRD, —41.92+7.53 - —89.30+18.47 52.14+9.88 -
47.38+17.99 37.16+£10.17
Fig. 8 Residue flexibility (RMSF)
analysis of SLC44 ~ligand ———SLCA,

complexes

RMSF (A)

Fluoxetine_SLC A,
Baicalin_SLC A,
Procyanidin BS_SLC A,

Chrysoeriol_SLC A,

)
|

—
0 50 100

ns, decreasing to five at 100 ns and 150 ns. Nonetheless, it
is crucial to analyse additional post-dynamics parameters,
such as RMSD, RMSF, ROG, SASA, and H-Bond, to fur-
ther confirm the stability and compactness of the complex
between these top metabolites and the protein.

Structural stability of the resulting complexes

The RMSD of C-a backbone atoms of SLC6A4 complexes
with baicalin, chrysoeriol, procyanidin B5, and fluoxetine
was monitored over 150 ns. The fluoxetine complex reached
equilibrium after initial equilibration, validating the pro-
tocol. All complexes stabilized within 10 ns (Fig. 7), but
differences arose around 6 ns. Baicalin and chrysoeriol

T T T T T T T T T T T T T T T

1
150 200 250 300 350 400 450 500 550

Residues

exhibited lower, more stable RMSD values than fluoxetine,
indicating enhanced conformational stability. Fluoxetine
showed moderate stabilization (3.56 A), typical for SSRIs
that mainly rely on hydrophobic contacts due to its flexible
chain and limited hydrogen bonding. Baicalin SLC,4, and
chrysoeriol_SLC,A,, showed lower RMSD (3.16 A and 3.44
A), while procyanidin B5 had higher RMSD (4.19 A), sug-
gesting weaker stabilization (Table 6) but still acceptable
compared to unbound protein (4.25 A).

Procyanidin B5, a flavonoid with a non-planar structure,
showed higher fluctuations due to fewer n-stacking interac-
tions. The metabolites stabilize SLC6A4 with RMSD val-
ues aligning with their structures’ tendency for hydrogen
bonding and n—x stacking (Fan et al. 2021). Overall, these
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metabolites fit in the binding site and restrict conformational
motion, indicating receptor stabilization, higher binding
affinity, and longer inhibition, supporting the better binding
energies of baicalin and chrysoeriol SLC¢A, (Table 5).

Residue flexibility and active site stabilization

Residue fluctuation analysis revealed that the baicalin and
chrysoeriol-SLC6A4 complex showed significantly reduced
fluctuations at key binding residues compared to the fluox-
etine and procyanidin BS complex (Fig. 8), aligning with
RMSD and binding free energy data (Tables 4 and 5). Func-
tional proteins like SERT depend on conformational shifts;
a strong inhibitor stabilizes in a locked state. The decreased
RMSEF values (1.50 A, 1.57 A) for the baicalin and chrys-
oeriol complexes suggest they prevent the conformational
changes required for serotonin transport, unlike fluoxetine,
procyanidin B5, and unbound SLCyA4,4, which showed higher
fluctuations (1.62 A, 1.79 A, 1.70 A) (Table 5). Fluoxetine
mainly stabilized residues near the binding site, whereas
baicalin and chrysoeriol stabilized broader regions, acting
as both competitive and allosteric stabilizers (Figs. 5 and
6). Procyanidin B5 exhibited greater fluctuations in loop
regions, indicating weaker binding, consistent with the
RMSD findings (Fig. 7).

Fig.9 Time-dependent hydro-
gen bond interactions between
SLC4A , and the top three
metabolites

300

280

260

240

H-Bonds

220

200

180

Hydrogen bonding and binding persistence

Hydrogen-bonding analysis revealed a key difference
between metabolites and the reference drug. Fluoxetine
(228) formed few hydrogen bonds due to limited donor/
acceptor groups, with hydrophobic interactions dominating.
Flavonoids, with multiple hydroxyl groups on a planar aro-
matic framework, formed many hydrogen bonds (235-237),
comparable to the unbound protein (237) (Table 5; Fig. 9).
Baicalin consistently formed the most bonds (237), indicat-
ing strong residence time within the receptor (Gtileg et al.
2025). Chrysoeriol was slightly weaker, likely due to fewer
hydrogen bonds. Procyanidin B5 formed more bonds, partly
due to TYRO95 interactions that help orient serotonin, though
these may have been intermittent, as reflected in higher
RMSD and RMSF (Joy 2019) (Fig. 6a). Overall, binding
persistence depends on the number and duration of hydro-
gen bonds (Zhang et al. 2024).

Compactness of the target/resulting complexes

The radius of gyration (ROG) reflects the compactness of
the protein structure during simulation. A stable ROG indi-
cates that ligand binding does not destabilize the tertiary
structure. The top three metabolite complexes maintained

=———8LEA,
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Fig. 10 Compactness analysis
of protein-ligand structures

during simulation. The radius of
gyration (Rg) was computed for 248
SLC4A , to assess the protein’s :
structural compactness through-
out the simulation
24,6 -
244 4
< 242
V]
o
(14
240
23,8 4
23,6
T

——SLCA,

- Fluoxetine_SLC A,
Baicalin_SLC A,
Procyanidin BS_SLC A,
Chrysoeriol_SLC A,

nearly constant and similar ROG values (24.11 A, 24.14
A, 24.15 A) (Table 5), indicating that the protein remained
tightly folded despite fluctuations in the procyanidin B5
system. In contrast, fluoxetine caused a slight expansion of
the protein (24.20 A) (Fig. 10). This suggests that although
fluoxetine binds correctly, it does not maintain the recep-
tor’s structural integrity to the same extent as the flavo-
noids do. Maintaining structural compactness is particularly
important for membrane transport proteins, where confor-
mational shifts regulate substrate transport. By preventing
expansion or conformational flexibility, a ligand effectively
inhibits transporter activity. Baicalin- and chrysoeriol-
bound complexes, however, by maintaining nearly constant
ROG values, reflect the preservation of the folded protein
architecture, in contrast to the slight expansion observed in
the fluoxetine, suggesting relatively weaker structural sta-
bilization. Stable ROG profiles confirm favorable ligand-
induced conformational stability.

Solvent accessibility (SASA)

SASA analysis revealed lower solvent exposure for the
baicalin and chrysoeriol complexes (24937.38 A and
25394.96 A, respectively). Lower SASA values indicate
deeper insertion of the ligand into the binding cavity. This
means the ligand is protected from water molecules and is
less likely to dissociate. Fluoxetine (25956.74 A) remained

T : T : T Y T
40 60 80 100 120 140

Time (ns)

partially solvent-exposed during the simulation. Such
exposure suggests shorter residence time in the binding
pocket, which correlates with its reversible inhibition pro-
file observed pharmacologically. However, among the three
metabolites, procyanidin B5 (25629.25 A) exhibited the
greatest solvent exposure, which may explain its reduced
stability and affinity (Tables 4 and 5; Fig. 11).

Binding free energy (MM-GBSA) and energy
decomposition analysis for DRD, and the top three
ligands of Mentha longifolia

Molecular dynamics simulation analysis of chlorogenic
acid, quercetin 3-galactoside, and salvianolic acid A against
DRD, highlights these compounds’ potential as natural
modulators of 61QL dopamine signalling, similar to fluox-
etine’s serotonin-targeting mechanism. The protein-ligand
interactions between the three top metabolites, namely chlo-
rogenic acid, quercetin 3-galactoside, and salvianolic acid
A, were assessed for their involvement in hydrophobic and
hydrophilic forces, such as electrostatic, van der Waals, and
hydrophobic interactions upon binding with DRD,. These
interactions form complexes that require atomic-level
examination to elucidate recognition patterns and structure-
activity relationships (Ferenczy and Kellermayer 2022).
The three metabolites had a higher affinity for the DRD,
binding site than the reference standard (fluoxetine DRD,
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Fig. 11 Solvent accessible
f SASA lysis of
surface area ( ) analysis o SLCA,

protein-ligand structures during
simulation
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(— 2491 kcal/mol). Quercetin 3-galactoside_DRD, (—
46.74 kcal/mol), however, has the better affinity compared
with chlorogenic acid DRD, (— 32.44 kcal/mol) and salvi-
anolic acid A_DRD, (— 37.16 kcal/mol). Quercetin 3-galac-
toside, salvianolic acid A, and chlorogenic acid showed
a fair balance between entropy (water dispersion) and
enthalpy (hydrogen bonds, van der Waals forces, electro-
statics), attributed to the significant contributions from elec-
trostatic and van der Waals forces, which compensated for
the loss due to solvation. Fluoxetine  DRD, complex, on the
other hand, was favoured by entropy; however, true bind-
ing strength is a tug-of-war between entropy and enthalpy.
The insufficient enthalpy from electrostatic and van der
Waals interactions to offset the solvation penalty ultimately
reduced the binding affinity of fluoxetine for DRD,. A com-
pound must maintain a balance between entropy and very
tight, favourable contacts. Despite the robust contribution
from electrostatic energy, the solvation energy imposes a
greater penalty, significantly reducing the overall binding
free energy of fluoxetine for DRD, (Table 6).

The binding free energy of the interactions involving
chlorogenic acid DRD,, quercetin 3-galactoside DRD,,
salvianolic acid A DRD,, and fluoxetine_DRD, was fur-
ther broken down into contributions from individual amino
acids to identify key residues involved in ligand binding.
In the chlorogenic acid DRD, complex, 19 residues of the
protein contacted the ligand at 50 ns and 100 ns, while 20
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did so at 150 ns (Fig. S13). Among these, only MET109
(— 1.9 kcal/mol) contributed significantly to the total bind-
ing energy (Fig. 12b). Quercetin 3-galactoside DRD, also
made a notable energy contribution through PHE88 (—
2.5 kcal/mol), with 19 interactions at 50 ns, increasing to
21 at 100 ns, and 22 at 150 ns (Figs. 13a, S14). This shows
an increased interaction with the important amino acid resi-
dues over the simulation period. This is important because
of its cumulative effect, which results in the highest average
binding free energy (Joy 2019) (Fig. 13b). MET109 contrib-
uted most significantly to the binding energy of salvianolic
acid A DRD, (— 1.4 kcal/mol), forming 17 interactions at
50 ns, 18 at 100 ns, and 17 at 150 ns (Fig. S15). Conversely,
fluoxetine DRD, contributed the most through Asp112 (—
1.7 kcal/mol), forming 15 interactions at 50 ns, then increas-
ing to 16 at 100 ns, and remaining at 15 at 150 ns (Figs. 12a,
S16).

Structural stability of complexes

Before further analysis, it is crucial to assess the stabil-
ity of the simulated complexes to ensure the reliability of
the data obtained. We calculated the average RMSD val-
ues from MD trajectories lasting 150 ns and displayed the
results in Fig. 14. The mean RMSD values for chlorogenic
acid_DRD.,, quercetin 3-galactoside_DRD,, salvianolic acid
A_DRD,, and fluoxetine DRD, were 4.06 A, 3.38 A, 3.77
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Fig. 12 Per residue decomposition for a Fluoxetine_DRD, and b Chlorogenic Acid_DRD,

A, and 3.79 A, respectively, relative to the unbound protein
(3.41 A). The RMSD profiles indicated that all complexes
reached equilibrium within the first 10 ns of the simulation,
confirming proper equilibration of the systems (Fig. 14).
However, notable differences among the ligands were
observed starting at 20 ns of simulation. Quercetin 3-galac-
toside_ DRD, was the most stable of the complexes com-
pared to the unbound protein. Salvianolic acid A_DRD,, on
the other hand, competes well with the reference standard,
fluoxetine DRD, complex (Table 6; Fig. 14). Chlorogenic
acid, a phenolic compound, on the other hand, despite
being known for its neuroprotective activity (Naveed et al.
2018), when bound to DRD,, was the least stable of the three
metabolites, likely due to fluctuations between 60 ns that
persist until the end of the simulation, thereby increasing
the overall RMSD (4.06 A). Moreover, this observation has
been reported for chlorogenic acid with other antidepres-
sant targets, showing greater fluctuations at the beginning
of the simulation but stabilizing later towards the end. This
also corroborates the need for longer simulations to capture
a complete perception of the simulation (Barsalou 2009).

Quercetin 3-galactoside, a known quercetin in apples,
exhibits strong stabilisation, consistent with quercetin’s role
in reducing depression-like behavioural dysfunction (Wang
et al. 2021). Its activity hinges on two functional groups
behaving differently within a protein-binding site (Zheng et
al. 2003). The flat flavanol ring, comprising a phenolic cat-
echol ring (3',4' di-OH) and heterocyclic chromen-4-one, is
rigid, planar, n-electron-rich, and hydrophobic (Zheng et al.
2003). This allows the molecule to interact: one side enters
the protein pocket, the other interacts with surface residues
and solvent. Stabilization mainly occurs through delocalized
© electrons creating electrostatic interactions with aromatic
residues, and hydrogen bonding via phenolic —OH groups,
sugar —OH groups, a carbonyl, and ether oxygen. During
simulation, hydrogen bonds persist, especially around 50
ns, with hydrophobicity aiding entry into active pockets,
cavities, and grooves to avoid water (Fig. 14; Table 6). The
sugar tail and phenolic OH groups reform hydrogen bonds
continuously, resulting in more stable and effective binding
of the quercetin 3-galactoside-DRD4 complex (Ferenczy
and Kellermayer 2022).
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Fig. 13 Per residue decomposition for a Quercetin 3-galactoside_DRD, and b Salvianolic acid A_DRD,

Fig. 14 Backbone RMSD profile

of DRD ~ligand complexes dur- — DRD,
ing 150 ns molecular dynamics — Fluoxetine_DRD,
simulation Chlorogenic acid_DRD,
7+ Quercetin 3-galactoside_DRD,

Salvianolic acid A_DRD,
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Table7 The post dynamic data Dynamics RMSD (A) RMSF(A) RoG(A)  SASA(A) H-Bonds
for the top three metabolites and 7oy 34140.63 2.35+0.89 2822+035 18998.72+472.28 167.76+9.02
fluoxetine complexed with DRD4 .
Fluoxetine DRD, 3.79+£0.80 2.17£0.96 29.13+£0.33 19908.92+358.05 165.47+10.25
Chlorogenic acid_ DRD,  4.06+0.89 2.75+1.19 28.36+0.34 19814.31+436.70 162.03+9.09
Quercetin 3.38+0.67 237+1.08 28.44+0.36 19762.66+342.77 162.25+9.10
3-galactoside_DRD,
Salvianolic acid A_ DRD, 3.77+0.49 2.28+1.05 28.48+0.32 19564.68+386.85 157.86+8.85
Fig. 15 Residue flexibility
(RMSF) analysis of DRD ~ligand 10 -
complexes. Root-mean-square 1
fluctuation (RMSF) values of g —DRD,
amino acid residues were calcu- ] Fluoxetine_DRD,
lated to assess local flexibility 8 Chlorogenic acid_DRD,

of DRD, in the presence of the
tested ligands 1

RMSF (A)

Quercetin 3-galactoside_DRD,
Salvianolic acid A_DRD,

The greater electrostatic contribution to binding free
energy indicates that a balance of enthalpy and entropy
drives flavonoid-protein interactions. Fluoxetine gains
entropy from water displacement, adding a penalty to its
binding. It is a flexible SSRI with limited hydrogen bond-
ing. Quercetin-3-galactoside’s superior docking and MD
stability arise from its polyhydroxylated scaffold, which
enables hydrogen bonding and n—n interactions. The stabil-
ity in MD trajectories highlights quercetin’s potential for
neuropsychiatric drug development. (Table 7).

Residue flexibility and active site stabilization

Residue fluctuation analysis revealed the local flexibility of
amino acids at the binding site. Quercetin 3-galactoside
DRD4 (2.37 A) and salvianolic acid A_ DRD4 (2.28 A)
showed significantly reduced fluctuations around key bind-
ing residues compared to the unbound protein (2.35 A), yet
remained more flexible than fluoxetine (2.17 A) (Table 7;

T T T T

T T T T 1
150 200 250 300 350

Residues

Fig. 15). This aligns with the RMSD values recorded
(Table 7). Conversely, the quercetin 3-galactoside  DRD4
complex had a slightly higher fluctuation (2.37 A) than the
unbound protein, suggesting it may restrict amino acid flex-
ibility, with the 2 A difference possibly due to minimal fluc-
tuations around residues 200-250. Chlorogenic acid DRD4
(2.75 A) showed greater fluctuations, indicating weaker
binding and intermittent interactions, consistent with its low
entropy and enthalpy contributions, and resulted in the low-
est binding free energy among the three metabolites and the
highest RMSD (Fig. 14). The entropy gain from fluoxetine
binding likely reduced RMSF due to water displacement,
not strong interactions. While water displacement can sta-
bilize the drug, it also increases rigidity, limiting move-
ment and possibly decreasing protein fluctuations without
stronger binding. This is supported by the RMSD and ROG
values of fluoxetine. DRD4 compared to quercetin 3-galac-
toside DRD4 and salvianolic acid A_ DRD4.
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Hydrogen bonding and binding persistence

All the top metabolites, namely quercetin 3-galactoside
DRD, (162), salvianolic acid A_DRD, (162), and chlo-
rogenic acid_ DRD, (157), including the reference drug
(165), exhibited fewer hydrogen bonds than the unbound
protein (167), highlighting a key difference between the
metabolites and the unbound protein (Table 7). This likely
occurs because proteins are built on a backbone scaffold
of a-helices and B-sheet strands, in which the numbers of
hydrogen-bond donors and acceptors are perfectly balanced.
Consequently, proteins without ligands compensate for the
lack of binding stabilization by forming more intramolecu-
lar hydrogen-bond networks (Keiser et al. 2007). Therefore,
when a metabolite binds to these residues, proteins naturally
orient toward the ligand, thereby decreasing the total num-
ber of hydrogen bonds formed (Ferenczy and Kellermayer
2022). The new interactions show decreased flexibility
and more conformational stabilization, not loss of stability
(Fig. 16). This aligns with thermodynamic principles where
enthalpic gains from specific contacts offset entropy loss due
to structural ordering, as seen with quercetin 3-galactoside,
salvianolic acid A, and chlorogenic acid DRD4 complexes,

Fig. 16 Time-dependent hydro-

which exhibited better binding energy, stability, and lower
fluctuation (Tzeng and Kalodimos 2011).

The fluoxetine DRD, complex showed higher hydro-
gen-bonding values than other compounds. While hydrogen
bonding stabilises solvation free energy, it doesn’t always
lead to stronger binding due to desolvation penalties dur-
ing transfer from the solvent to protein-binding sites. This
was evident in the binding free energy and post-dynamics
parameters for the fluoxetine DRD, complex (Tzeng and
Kalodimos 2011).

Compactness of the target/complex

The radius of gyration (ROG) reflects the protein’s com-
pactness during simulation. A stable ROG indicates that
ligand binding does not destabilize the tertiary structure
of the protein. Evidently, there was only a marginal differ-
ence between the ROG values of the top metabolites, all at
around 28 A (Table 7; Fig. 17). This indicates that the protein
remained tightly folded, confirming the RMSF and RMSD
values. In contrast, fluoxetine caused a slight expansion of
the protein (29.13 A). This suggests that although fluoxetine
binds correctly, it does not maintain the receptor’s structural

gen bond interactions between
DRD,_top three metabolites.
The number of intermolecular
hydrogen bonds formed between
each ligand and the active-site
residues in DRD,, was calculated
throughout the trajectory

— DRD,

Fluoxetine_DRD,

Chlorogenic acid_DRD,

— Quercetin 3-galactoside_DRD,
Salvianolic acid A_DRD,
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Fig. 17 Compactness analysis
of protein-ligand structures
during simulation. The radius of
gyration (ROG) was computed
for DRD, to assess the protein’s
structural compactness through-
out the simulation

Fig. 18 Solvent Accessible Surface
Area (SASA) analysis of protein-
ligand structures during simulation

DRO,

Fluoxetine_DRD,

Chlorogenic acid_DRD,
Guercetin 3-galactoside_DRD_

Saivianolic acid A_ORD,

21500

—DRD,
— Fluoxetine_DRD,
Chlorogenic acid_DRD,
— Quercetin 3-galactoside_DRD,
Salvianolic acid A_DRD,
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integrity to the same extent as quercetin 3-galactoside, sal-
vianolic acid A, and chlorogenic acid_DRD,,.

Solvent accessibility (SASA)

Quercetin 3-galactoside  DRD, (19762.66 A), salvianolic
acid A_ DRD, (19564.68 A), and chlorogenic acid DRD,
(19814.31 A), including the reference drug (19908.92 A),
exhibited a higher SAS A than the unbound protein (18998.72
A). However, according to the induced-fit mechanism pro-
posed by Koshland Jr (1995), ligand binding to a protein can
induce conformational changes in the protein. This means
some ligands induce loop rearrangement, active-site widen-
ing, and domain movement. The pocket expands, certain
buried residues become partially exposed, and the overall
solvent-accessible area increases (Koshland Jr 1995). The
higher SASA values observed for the protein—metabolite
complexes relative to the apo protein suggest increased
solvent exposure upon ligand binding. This may arise from
induced-fit conformational rearrangements, partial solvent
exposure of the bound metabolite, and structural expansion
of active-site regions. Importantly, the reduced RMSD and
RMSF values indicate that the complexes remain structur-
ally stable despite increased solvent accessibility. There-
fore, the elevated SASA reflects conformational adaptation
rather than destabilization (Table 7; Fig. 18).

Conclusion

In this study, we demonstrated the potential of L. leonurus
and M. longifolia as promising medicinal plants for further
exploration in depression. Using a network pharmacol-
ogy approach integrated with molecular docking and MD
simulation, key depression-related targets and pathways
were identified, including dopaminergic and serotonergic
synapses, neuroactive ligand-receptor interactions, and
PLK/Akt signalling. Leonotis leonurus compounds such as
procyanidin BS5, chrysoeriol, and baicalin showed strong
interactions with targets such as SLC¢A4,, PTGS,, MAOA,
AKT,, and GSK,p, supporting their potential in modulating
neurotransmission and inflammatory responses. Similarly in
M. longifolia, compounds such as salvianolic acid A, rosma-
rinic acid, and hesperetin exhibited higher binding ability
than fluoxetine when docked to DRD,, DRD;, and GSK,f,
indicating they may have potential therapeutic significant
comparable to conventional antidepressants.

Fluoxetine functions by blocking serotonin reuptake
through inhibition of the serotonin transporter, while the
MD simulation results suggest that baicalin, chrysoeriol,
procyanidin B, quercetin 3-galactoside, salvianolic acid A,
and chlorogenic acid may interact with the transporter in

@ Springer

a similar but potentially stronger manner. The molecular
dynamics simulation corroborated the docking predictions
and demonstrated that the selected plant metabolites formed
stable, energetically favourable complexes with the studied
proteins. Among the tested compounds, baicalin and quer-
cetin 3-galactoside exhibited the highest binding stability
and affinity, suggesting they are the most promising. This
is because flavonoids are known to influence monoaminer-
gic neurotransmission, including serotonin pathways. The
simulation findings support this pharmacological behavior
at the molecular level. The ability to stabilize the transporter
conformations (SLCyA4, and DRD,) and to maintain persis-
tent binding suggests that these metabolites could poten-
tially be natural serotonin reuptake inhibitors or transporter
modulators. Additionally, their multi-target interactions
with both SLC¢A4, and DRD, suggest polypharmacology, a
desirable feature in neurological disorders, in which mul-
tiple pathways contribute to disease progression. However,
Baicalin and procyanidin B5 exhibit extremely low oral
bioavailability, often reported to be between 2.2% and 5%
in animal models. This is attributed to its low aqueous solu-
bility (16.82) and poor membrane permeability due to its
glycosylated structure. This limitation can, however, be mit-
igated by subjecting these two to a structural enhancement
or nanoformulations. Therefore, we propose that naturally
occurring flavonoids may represent potential scaffolds for
the development of novel serotonin transporter inhibitors or
adjunct antidepressant agents. Together, these findings pro-
vide compelling evidence that both plants have the potential
to exert antidepressant effects through multi-component,
multi-target mechanisms involving neurotransmitter regula-
tion, neuroplasticity, and immune modulation. While further
experimental and clinical validation is necessary, this study
establishes a strong pharmacological basis for the tradi-
tional use of L. leonurus and M. longifolia in mental health
and supports their potential development as alternative or
adjunctive therapies for depression.
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