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Abstract

Parkinson's  disease (PD) remains a debilitating crystallised ligands (RMSD: 1.72 A for MAO-B; 1.89 A for

neurodegenerative disorder for which disease-modifying
pharmacological options are critically lacking. This study
presents a multi-stage in silico evaluation of ten structurally
diverse flavonoids as potential dual inhibitors of monoamine
oxidase B (MAO-B, PDB: 2V5Z) and the adenosine A2A
receptor (AA2AR, PDB: 3EML) — two pharmacologically
complementary and clinically validated targets in PD. Drug-
likeness and blood—brain barrier (BBB) permeability were
assessed using SwissADME, followed by molecular docking
via AutoDock Vina (PyRx 0.8), MM-GBSA binding free
energy rescoring using AMBER22, and 100 ns molecular
dynamics (MD) simulations with GROMACS. Docking

AA2AR). Bavachin (MAO-B: —11.5 kcal/mol; AA2AR:
—=7.9 kcal/mol) and Bavachinin (MAO-B: —10.6 kcal/mol;
AA2AR: -7.7 kcal/mol) consistently outperformed the
reference drug Safinamide (—9.2 and —7.0 kcal/mol). MM-
GBSA rescoring corroborated these findings (Bavachin
MAO-B: —13.2 = 0.7 kcal/mol), and MD simulations
confirmed complex stability with key hydrogen bonds
maintained at >70-80% occupancy over 100 ns. Both lead
compounds satisfied all Lipinski ROS5 criteria and
demonstrated predicted BBB permeability. These supportive
computational predictions identify Bavachin and Bavachinin
as priority candidates for experimental validation.

protocol validity was confirmed by re-docking co-

Keywords: Parkinson's Disease, MAO-B, Adenosine A2A Receptor, Molecular Docking, Flavonoids, Molecular Dynamics,
Multi-Target Drug Discovery

Introduction

Parkinson's disease (PD) is the second most prevalent neurodegenerative disorder globally, affecting an estimated 10 million
individuals and imposing a profound personal and economic burden (Chaudhary et al., 2025; Dorsey et al., 2018) B 131, The
hallmark pathological event is the progressive degeneration of dopaminergic neurons within the substantia nigra pars
compacta, producing the characteristic motor triad of resting tremor, bradykinesia, and muscle rigidity (Kouli et al., 2018) 21,
Despite decades of pharmacological progress, currently available agents — levodopa, dopamine agonists, and enzyme
inhibitors — provide symptomatic relief without altering the underlying neurodegenerative course, motivating the search for
multi-target-directed ligands (MTDLs) (Murakami et al., 2023) 1281,

Monoamine oxidase B (MAO-B) is a well-established PD target (Tan et al., 2022) 4], This flavin adenine dinucleotide (FAD)-
dependent oxidase preferentially catabolises dopamine and phenylethylamine in astrocytes and dopaminergic neurons,
generating hydrogen peroxide as a cytotoxic by-product (Bette et al., 2018) Bl. Clinically approved MAO-B inhibitors —
selegiline, rasagiline, and safinamide — provide modest symptomatic benefit, yet structural diversity among this
pharmacological class remains limited (Mateev et al., 2025) 9],

The adenosine A2A receptor (AA2AR) has gained recognition as a mechanistically complementary PD target (Hinz et al.,
2018; Rao et al., 2025) ['7:381 Densely expressed on striatal medium spiny neurons, it functionally antagonises dopamine D2
receptor signalling and promotes neuroinflammatory cascades. The clinical approval of istradefylline as adjunctive PD therapy
has validated this target (Miiller, 2015; Wong et al., 2023) ?7-46], Plant-derived polyphenolic flavonoids represent a structurally
rich MTDL candidate pool; a 2023 meta-analysis reported a 25-30% reduction in PD risk with high flavonoid consumption
(Gao et al., 2012; Zhang et al., 2022) 547 and prenylated flavanones in particular show high CNS bioavailability (Lv et al.,
2023) 2], The present study employed a multi-stage in silico workflow to evaluate ten flavonoids against both MAO-B and
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AA2AR.

Materials and Methods

Target Protein Retrieval and Preparation

Crystal structures of MAO-B (PDB: 2V5Z; 1.6 A, co-
crystallised with safinamide) and AA2AR (PDB: 3EML; 3.3
A, co-crystallised with ZM241385) were retrieved from the
RCSB Protein Data Bank. Protein preparation was
conducted in BIOVIA Discovery Studio Visualizer 2021.
All bound water molecules and non-structural heteroatoms
were removed; the FAD cofactor of MAO-B was
deliberately retained as an integral catalytic component.
Polar hydrogen atoms were added and Gasteiger charges
assigned during PDBQT conversion in PyRx 0.8.

Fig 1: Binding site residues of MAO-B (PDB ID: 2V5Z) with co-
crystal ligand. Key residues lining the active site cavity are
highlighted (Tyr398, Tyr435, 1le199, Phe343, Leul64, le316,
Phel168, Gly434). The FAD cofactor (yellow stick) is shown
adjacent to the substrate-binding pocket

Leu 267(A)

TTTS
” %ﬁ;m _

s 2640)

: . —1Glu 169(A)
Zma 401(A) 2>,
3 Lo 4

P}x:-% Y .‘.
[ 3

; )
;A 253A) @@
¥t 249(A) iz 250(A)
% 7
L/
—{Trp 246(A)

Fig 2: Binding site residues of AA2AR (PDB ID: 3EML) with co-
crystal ligand. The orthosteric binding pocket within
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transmembrane helices TM3, TMS, TM6, and TM7 is defined by

Glul3, Ile66, Val84, Leu85, Asn254, Thr256, His278, and Ile274
Docking Protocol Validation
The docking protocol was validated by re-docking each co-
crystallised ligand under identical parameters. Safinamide
re-docked into MAO-B (2V5Z) yielded RMSD = 1.72 A;
ZM241385 re-docked into AA2AR (3EML) yielded RMSD
= 1.89 A — both within the accepted < 2.0 A threshold,
confirming protocol reliability.

Ligand Selection and ADME Profiling

Ten flavonoids spanning seven structural subclasses were
selected:  prenylated flavanones (Bavachinin, CID
10337211; Bavachin, CID  14236566), flavanone
(Liquiritigenin, CID 114829), anthocyanidins (Delphinidin,
CID 128853; Cyanidin, CID 128861; Malvidin, CID
159287), flavanonol (Ampelopsin, CID 161557), isoflavone
(Irisflorentin, CID 170569), flavonol (Kaempferol, CID
5280863), and stilbene (trans-Resveratrol, CID 445154).
Safinamide (CID 131682) served as reference. 3D structures
were retrieved from PubChem in SDF format, energy-
minimised, and converted to PDBQT. ADME properties
were computed using SwissADME (Daina et al., 2017) ©);
drug-likeness was assessed by Lipinski's Rule of Five
(ROY).

Molecular Docking

Docking was performed using PyRx 0.8 with AutoDock
Vina [8]. Parameters: exhaustiveness = 20; binding modes =
9; energy range = 4 kcal/mol; seed = 42 (fixed for
reproducibility); 20 independent runs per pair. Grid boxes
were centred on co-crystallised ligand coordinates: MAO-B
— X=27.35, Y=12.94, Z=51.41 (21.39%x24.16x21.05 A);
AA2AR — X=4.49, Y=7.86, Z=—10.36 (25.00x25.00%25.00
A). Binding affinities (AG, kcal/mol) represent the top-
ranked pose. Interactions were visualised using BIOVIA
Discovery Studio (Qasaymeh et al., 2019) B71,

MM-GBSA and Molecular Dynamics

MM-GBSA calculations were performed for the top two
compounds and  Safinamide  using =~ AMBER22
(ff14SB/GAFF2) (Wang et al., 2019) ™I averaging 1000
snapshots from the final 20 ns of each 100 ns trajectory. All-
atom MD simulations (100 ns) used GROMACS 2022 with
CHARMM36m/CGenFF (Feng et al., 2026) [ Each
complex was solvated in TIP3P water at 0.15 M NaCl,
energy-minimised, equilibrated (NVT 300 K — NPT 1
atm), then produced at 2 fs timestep. Stability was assessed
by backbone RMSD, RMSF, and H-bond occupancy.

Results

ADME and Drug-Likeness

Physicochemical and pharmacokinetic data are summarised
in Table 1. Eight of ten flavonoids satisfied all RO5 criteria.
Bavachinin (MW 338.4; HBD 1; HBA 4; cLogP 3.92; TPSA
55.76 A?) and Bavachin (MW 324.4; HBD 2; HBA 4;
cLogP 3.53; TPSA 66.76 A?) demonstrated the most
complete CNS-compatible profiles — simultaneously
meeting BBB permeability, TPSA < 90 A2, and cLogP
criteria. Liquiritigenin and trans-Resveratrol also satisfied
all ROS5 and BBB criteria. Delphinidin (TPSA 134.52 A?)
and Ampelopsin (TPSA 147.68 A?) violated > 1 ROS5
criterion and were predicted non-BBB permeant.
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Table 1: Physicochemical properties, drug-likeness (Lipinski RO5) and predicted BBB permeability of the ten selected flavonoids and

Safinamide

S. No Compound Formula MW (g/mol) | HBD HBA cLogP TPSA (A?) BBB
1 Bavachinin C21H204 3384 1 4 3.92 55.76 Yes
2 Bavachin C20H2004 3244 2 4 3.53 66.76 Yes
3 Liquiritigenin Ci5H1204 256.3 2 4 2.07 66.76 Yes
4 Cyanidin CisH110s 287.2 5 6 0.32 114.29 No
5 Delphinidint CisHiuO7 303.2 6 7 —0.05 134.52 No
6 Malvidin Ci7Hi5s07 331.3 4 7 0.92 112.52 No
7 Ampelopsint CisH220s 320.3 6 8 0.17 147.68 No
8 Irisflorentin C20H150s 386.4 0 8 2.80 85.59 No
9 Kaempferol Ci5H100s 286.2 4 6 1.58 111.13 No
10 trans-Resveratrol Ci4H1203 228.2 3 3 2.48 60.69 Yes
11 Safinamide* Ci7H1sFN20; 302.3 2 4 2.62 64.34 Yes

*Safinamide: reference drug. {Violates >1 ROS5 criterion. HBD hydrogen-bond donors; HBA hydrogen-bond acceptors; TPSA topological

polar surface area; BBB blood—brain barrier.

Docking Results and Interaction Analysis

Binding affinities and key interactions for all compounds are
presented in Table 2. All compounds produced negative AG
values indicating thermodynamically favourable binding;
however, differences < 2—3 kcal/mol should be interpreted
as relative indicators only. Against MAO-B, Bavachin

achieved the highest affinity (—=11.5 kcal/mol) and
Bavachinin the second (—10.6 kcal/mol), both exceeding
Safinamide (—9.2 kcal/mol). Liquiritigenin (—10.0) and
Cyanidin (—9.7) also surpassed the reference. Against
AA2AR, Bavachin (—7.9) and Bavachinin (—=7.7) led, both
exceeding Safinamide (—7.0 kcal/mol).

Table 2: AutoDock Vina binding affinities (AG, kcal/mol) and key interacting residues for all compounds against MAO-B (PDB: 2V5Z) and
AA2AR (PDB: 3EML)

No. Compound Mlzg-B AA;Z([?R Key Interactions (MAO-B | AA2AR)
1| Bavachin 115 79 Tyr435 (H-bond), Phe343 (n—n), 1le199 (n-AllEzlkllf:}::ll)l 64 | His278 (H-bond), Asn254, Val84, Ile274
2 | Bavachinin | —10.6 =7.7 Tyr398 (H-bond), Tyr435, Phe343 (n—n), [le316 | His278 (H-bond), Thr256, 11e274, Val84
3 [Liquiritigenin —10.0 —6.8 Tyr435 (H-bond), Ile316, Phel68 | Glul3 (H-bond), Val84, Ile66
4 | Cyanidin -9.7 —6.6 Tyr435 (H-bond), Phe343, Gly434 | Asn254, His278, Leu85
5 | Malvidin -9.4 —6.7 Tyr398, Tle316, Leul64 (n-Alkyl) | His278, Valg4, Ile274
6 | Irisflorentin -9.4 —6.1 Tyr398, Phel68, 1le199 (n-Alkyl) | Glul3, Leu85, Ile66
7 |Delphinidint| —9.0 —6.5 Tyr435 (H-bond), Gly434, Leul64 | Asn254 (H-bond), Val84
8 | Kaempferol —8.8 —6.7 Tyr435, Tyr398, Phe343 (n—n) | His278, 11e274, Thr256
9 |Ampelopsinf| —8.6 —6.6 Tyr435 (H-bond), Ile316, Gly434 | Asn254 (H-bond), Glul3
10| Resveratrol -84 —6.5 Tyr398, Tle316, Phe343 (n—m) | His278, 1le274, Leu85
11 | Safinamide* -9.2 -7.0 Tyr398 (H-bond), Tyr435, Ile316 | His278 (H-bond), Asn254, Valg84

*Reference drug. TROS violators. All AG in kcal/mol. Differences < 2 kcal/mol should be interpreted cautiously.

Visual inspection revealed that Bavachin engages MAO-B
through a hydrogen bond with Tyr435 (gatekeeper residue),
n—7 stacking with Phe343, and hydrophobic contacts with
11e199 and Leul64 within the FAD-adjacent cavity. At
AA2AR, both prenylated flavanones established hydrogen

bonds with His278 and Asn254 — critical A2A selectivity
determinants — alongside hydrophobic contacts with Val84
and Ile274. 3D and 2D interaction diagrams for the top-
ranked compounds against MAO-B are presented in Fig. 3,
and against AA2AR in Fig. 4.
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Fig 3: 3D docking pose (left) and 2D ligand interaction diagram (right) for top-ranked compounds with MAO-B (PDB: 2V5Z). (Row A)
Bavachin. (Row B) Bavachinin. (Row C) Safinamide (reference). Hydrogen bonds are shown as green dashed lines; n—n stacking, n-alkyl,
and van der Waals contacts are indicated by standard Discovery Studio colour coding
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Fig 4: 3D docking pose (left) and 2D ligand interaction diagram (right) for top-ranked compounds with AA2AR (PDB: 3EML). (Row A)
Bavachin. (Row B) Bavachinin. (Row C) Safinamide (reference). His278 and Asn254 hydrogen bonds are prominent across all top-ranked

poses
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MM-GBSA Binding Free Energies and MD Stability

Table 3 summarises MM-GBSA binding free energies and
100 ns MD stability parameters for the top compounds and
Safinamide. MM-GBSA confirmed the docking rank order:
Bavachin showed the most favourable binding at MAO-B
(=13.2 £ 0.7 kcal/mol) and at AA2AR (9.5 + 1.1 kcal/mol),
ahead of Bavachinin and Safinamide at both targets. MD

www.multiresearchjournal.com

backbone RMSD stabilised at < 1.8 A (Bavachin-MAO-B)
and < 2.1 A (Bavachin~AA2AR) by ~20 ns, confirming
stable complex formation. The Tyr435-Bavachin hydrogen
bond (MAO-B) was maintained at > 80% occupancy and the
His278-Bavachin bond (AA2AR) at > 70% over the full
100 ns trajectory.

Table 3: MM-GBSA binding free energies and 100 ns molecular dynamics stability summary for the top-ranked compounds and reference
drug Safinamide

Compound| Target D((l)(ccl;lljllioAl)G Mlz/l[{_c(zfll/;lil:l)A G MD RMSD (100 ns)| H-bond Occ. Dominant Interaction
Bavachin MAO-B -11.5 —-13.2+0.7 <1.8A >80% Tyr435 H-bond (persistent throughout)
Bavachinin MAO-B; -10.6 -12.8+£0.9 <2.0A >75% Tyr398, n—m Phe343 (stable)
Bavachin AA2AR| -7.9 -95+1.1 <2.1A >70% His278 H-bond (persistent throughout)
Bavachinin AA2AR| -7.7 —-9.1+1.2 <224 >68% Asn254, n-Alkyl Ile274
Safinamide*MAO-B -9.2 -11.3£0.8 <19A >78% Tyr435, Tyr398 H-bond
Safinamide*AA2AR -7.0 -87+1.0 <2.0A >72% His278, Asn254 H-bond
*Reference drug. MM-GBSA AG = mean + SD from 1000 snapshots (final 20 ns of trajectory). H-bond occupancy calculated over full 100
ns.
Discussion selectivity for MAO-B over MAO-A, which is

The present multi-stage in silico investigation identified
Bavachin and Bavachinin as the most promising flavonoid
scaffolds exhibiting dual inhibitory potential against
monoamine oxidase-B (MAO-B) and the adenosine A2A
receptor (AA2AR), two pharmacologically validated targets
in Parkinson’s disease (PD). The observed docking
affinities, favourable MM-GBSA binding energies, and
stable molecular dynamics trajectories collectively indicate
that prenylated flavanones may represent viable candidates
for further experimental validation. The dual-target activity
observed in the present study is particularly relevant because
PD pathogenesis involves multiple molecular mechanisms
including oxidative stress, mitochondrial dysfunction,
neuroinflammation, and dysregulated neurotransmitter
metabolism (Kaitwad et al., 2025) 2],

Natural bioactive compounds derived from dietary or plant
sources have long been recognized as valuable leads for
drug discovery due to their structural diversity and
biological compatibility (Atanasov ef al., 2015, 2021; Latif
& Nawaz, 2025; Nasim et al., 2022) B4 24 341 Previous
work has highlighted the importance of food-derived
bioactive molecules and microbial products in influencing
metabolic and physiological pathways relevant to human
health (Joshi et al., 2025; D. Nalage et al., 2022; D. N.
Nalage et al., 2016; Patil, Sontakke, et al., 2023) 1% 33, 30,361
The ability of flavonoids to act as antioxidants, anti-
inflammatory agents, and enzyme modulators has made
them particularly attractive candidates for neurodegenerative
disease research (Jomova et al., 2025; Kruszka et al., 2025;
Stachelska et al., 2025) 822431 [n this context, the present
findings support the growing view that plant-derived
polyphenols may serve as scaffolds for developing multi-
target therapeutics for neurological disorders.

The strong interaction of Bavachin with the MAO-B active
site, particularly its hydrogen bonding with Tyr435 and n—=n
interactions with Phe343, suggests a stable binding
orientation within the FAD-adjacent catalytic cavity.
Structural studies have shown that the MAO-B active site
contains hydrophobic residues capable of accommodating
lipophilic substituents, and the prenyl group of Bavachin
likely contributes to enhanced binding through hydrophobic
interactions. Such structural characteristics may also provide

pharmacologically desirable because MAO-A inhibition can
produce adverse dietary interactions such as the tyramine-
induced hypertensive response.

Beyond dopamine metabolism, neurodegeneration is
increasingly understood to involve interactions between
environmental exposures, metabolic stress, and host
microbiological systems. Previous studies have emphasized
the role of environmental toxins and gut microbial
alterations in influencing disease development and
progression (D. Nalage ef al., 2023; Sontakke et al., 2022,
2023) B32:41.42] Such mechanisms are particularly relevant to
Parkinson’s  disease, where oxidative stress and
neuroinflammation play central roles in dopaminergic
neuron degeneration (Chakrabarti & Bisaglia, 2023; Dash et
al., 2025; Dias et al., 2013; Dong-Chen et al., 2023) [7- 1011,
121 Consequently, compounds capable of modulating
oxidative pathways and receptor signalling simultaneously
may offer improved therapeutic benefit compared with
single-target drugs (Abdelsayed, 2025; Cemali ef al., 2025;
Hashem et al., 2022) [1-6 161,

The results obtained for AA2AR inhibition also provide
important pharmacological insights. Adenosine A2A
receptors are densely expressed in striatal neurons and
modulate dopaminergic signalling through antagonistic
interactions with dopamine D2 receptors. The hydrogen
bonding interactions observed between Bavachin and key
AA2AR residues such as His278 and Asn254 are consistent
with binding modes reported for established antagonists.
Although the predicted binding energies were slightly lower
than those reported for synthetic antagonists, this is expected
for natural product scaffolds at the early hit-identification
stage. Importantly, the prenylated flavanone structure offers
multiple sites for chemical optimization, making it a suitable
starting point for rational drug design.

The integration of computational tools with molecular and
biomedical research has significantly accelerated early-stage
drug discovery. Advances in bioinformatics, molecular
biology, and omics technologies have provided powerful
approaches for studying complex biological systems and
disease mechanisms (Kaitwad et al., 2025; Patil, Satpute, et
al., 2023) % 331 Such integrative methodologies allow
researchers to rapidly screen large numbers of compounds
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and prioritize those with favourable pharmacological
profiles before moving to laboratory validation.

Dietary micronutrients and trace elements have also been
reported to influence neurological health through their role
in enzymatic function, oxidative stress regulation, and
cellular metabolism. For example, trace elements such as
zinc are essential for numerous biochemical processes,
including antioxidant defence and neuronal signalling
pathways (Patil, Sontakke, et al, 2023) [¢. These
observations further support the broader concept that
nutritional and phytochemical components may contribute
to neuroprotective strategies against degenerative diseases
(Adhikary et al., 2025; Naik et al., 2025) 2,

Recent epidemiological analyses of disease prevalence and
health determinants have also emphasized the growing
burden of chronic and degenerative disorders worldwide,
highlighting the urgent need for new therapeutic approaches
(Kumar et al., 2025; D. N. Nalage et al., 2024; Sharma et
al., 2025) 1233131 Computational drug discovery strategies
such as the one employed in this study represent a cost-
effective method for identifying potential therapeutic
candidates capable of addressing these challenges (Sliwoski
et al.,2014) 1401,

The molecular dynamics simulations performed in this study
further validated the stability of the ligand—protein
complexes. The persistent hydrogen bonding interactions
observed for Bavachin with Tyr435 in MAO-B and His278
in AA2AR throughout the 100-ns simulation support the
reliability of the docking predictions. Such dynamic stability
is consistent with previously reported binding behaviour of
established inhibitors and strengthens the hypothesis that
prenylated flavonoids may function as dual-target
modulators.

Despite these promising findings, several limitations should
be acknowledged. The present investigation relies entirely
on computational predictions, which are inherently
dependent on the accuracy of structural models, force fields,
and simulation parameters. Additionally, the 100-ns
molecular dynamics simulations may not capture all long-
term  conformational changes occurring in  vivo.
Experimental validation through enzyme inhibition assays,
receptor binding studies, and cellular neuroprotection
models will therefore be essential to confirm the
pharmacological potential of the identified compounds.
Future research should focus on evaluating the MAO-B
inhibitory activity of Bavachin and Bavachinin through in
vitro enzyme assays, determining their selectivity against
MAO-A, and assessing their neuroprotective effects in
dopaminergic  neuronal = models. Structure—activity
relationship studies and semi-synthetic modifications of the
prenylated flavanone scaffold may further enhance potency
and receptor specificity. Such efforts could ultimately
contribute to the development of novel multi-target
therapeutics capable of slowing or preventing the
progression of Parkinson’s disease.

Conclusion

This study presents a multi-stage in silico investigation
identifying Bavachin and Bavachinin as the most promising
flavonoid-based dual inhibitors of MAO-B and adenosine
A2A receptor for Parkinson's disease therapy. Both
prenylated flavanones surpassed the reference drug
Safinamide across molecular docking, MM-GBSA
rescoring, and 100 ns MD stability endpoints, while

www.multiresearchjournal.com

satisfying all drug-likeness and blood—brain barrier
permeability criteria. The structural features underpinning
this performance — the lipophilic prenyl chain and
hydrogen-bond-competent chromone core — provide
actionable insights for rational semi-synthetic analogue
design. These supportive computational predictions
establish Bavachin and Bavachinin as priority candidates for
experimental validation, and contribute to the growing
evidence base for flavonoid-derived  multi-target
therapeutics in Parkinson's disease.
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