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Abstract: Cannabis sativa L., an herbaceous plant from the Cannabaceae family, contains numerous phytochemicals with potential
neuroprotective properties. Among the neurodegenerative disorders, Parkinson’s disease (PD) has emerged as a major global health
concern. In the present study, a comprehensive in silico analysis was conducted to evaluate the interaction between cannabis-derived
compounds and monoamine oxidase B (MAO-B), a key enzyme implicated in the progression of PD. Molecular docking revealed
that Cannabicyclol, a phytochemical from Cannabis sativa, exhibited a strong binding affinity with MAO-B, achieving a docking score
of —10.8 kcal/mol. Further analysis of physicochemical properties, drug-likeness, toxicity, and ADMET profiles supported the ther-
apeutic potential of Cannabicyclol. Molecular dynamics simulations conducted over 100 ns confirmed the structural stability of the
MAO-B-Cannabicyclol complex and demonstrated stable protein-ligand interactions throughout the simulation period. In addition,
trajectory analyses, including root mean square deviation and root mean square fluctuation evaluations, indicated minimal conforma-
tional fluctuations within the binding pocket of the protein. These in silico findings suggest that Cannabicyclol has the potential to act

as an MAO-B inhibitor and warrants further experimental validation as a candidate for PD treatment.
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1. Introduction

Cannabis sativa L., commonly known as cannabis, has long
been used in traditional medicines worldwide for centuries to allevi-
ate a variety of ailments [1]. The plant’s medicinal and recreational
applications are primarily determined by the presence of specific
compounds known as cannabinoids. The recent surge in cannabis-
related research, clinical trials, and regulatory shifts reflects a
profound global transformation in attitudes toward its use. Notably,
the FDAs approval of Epidiolex®, the first cannabis-derived drug
for the treatment of severe seizure disorders, signifies a groundbreak-
ing step in the integration of cannabis into mainstream medical
practice. Furthermore, the global market for cannabidiol (CBD)
products is expected to reach an astounding $1.9 billion by 2020 [2].

Over 565 distinct constituents have been identified in Cannabis
sativa [3], with more than 150 of these compounds classified as
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phytocannabinoids [4-6]. The A9-tetrahydrocannabinol (THC) is
the main psychoactive component of Cannabis, while Cannabid-
iol (CBD), the main non-psychoactive component, has recently
emerged as a potential prototype for drug development due to
its antioxidant and anti-inflammatory properties coupled with
its favorable pharmacological profile and excellent tolerability
[7]. Beyond these, cannabis contains additional cannabinoids
categorized into seven distinct classes, including Cannabinol
(CBN), Cannabinodiol (CBND), Cannabitriol (CBT), Cannabiel-
soin (CBE), Cannabichromene (CBC), Cannabicyclol (CBL), and
other miscellaneous types [8]. These cannabinoids exert a wide
range of biological effects by interacting with various receptors,
primarily the CB1 and CB2 cannabinoid receptors, as well as other
non-cannabinoid receptors such as G-protein-coupled receptors
(GPCRs) (GPRS55, GPR3) and ion channels [9]. The therapeutic
potential of cannabis extends to a variety of conditions, suggesting
its promise as an alternative treatment for diseases such as chronic
pain, multiple sclerosis, schizophrenia, glaucoma, inflammatory
bowel diseases, epilepsy, anxiety, Alzheimer’s disease, Parkinson’s
disease (PD), Huntington’s disease, and even COVID-19 [10].

© The Author(s) 2026. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
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Notably, phytocannabinoids can bind to specific GPCRs, as sum-
marized in Table 1, highlighting their vast potential in medical
applications [11].

PD is a progressive neurodegenerative disorder marked by
the degeneration of dopaminergic neurons in the substantia nigra
[22]. The loss of dopamine-producing neurons results in the char-
acteristic motor symptoms of PD, such as tremors, rigidity, and
bradykinesia [23]. The disease’s pathophysiology is complex, and
while much of the focus has been on dopamine replacement
therapy, researchers have increasingly turned their attention to
the molecular mechanisms that underlie neurodegeneration [24].
Among the most significant contributors are alpha-synuclein,
monoamine oxidase B (MAO-B), and the A2A adenosine recep-
tor, each playing crucial roles in disease progression. Among the
key contributors to PD, MAO-B plays a pivotal role in disease
progression by catalyzing the oxidative deamination of dopamine,
leading to increased oxidative stress and neuronal damage. [25].

MAO-B is an enzyme responsible for the breakdown of
dopamine in the brain. In PD, the activity of MAO-B is upreg-
ulated, accelerating the degradation of dopamine and worsening
disease symptoms [25]. As dopamine levels decline, patients
experience a decrease in motor function and cognitive abilities.
Inhibiting MAO-B activity with drugs like selegiline and rasag-
iline has proven effective in managing symptoms by preserving
dopamine levels and offering neuroprotective effects [26]. Newer
MAO-B inhibitors such as safinamide also have additional benefits

by modulating glutamate release, offering further symptomatic
relief [27].

While existing inhibitors targeting alpha-synuclein aggre-
gation, MAO-B activity, and A2A receptor signaling offer
promising therapeutic benefits for PD, they are associated with
various side effects [28]. MAO-B inhibitors like selegiline and
rasagiline can cause nausea, insomnia, and serotonin syndrome
when combined with certain medications, while istradefyiline, an
A2A receptor antagonist, may lead to dyskinesia and halluci-
nations [29, 30]. To address these issues, cannabis plant-derived
compounds have emerged as potential alternatives, offering neu-
roprotective effects with fewer side effects in recent days. These
natural compounds, such as cannabidiol (CBD) and tetrahydro-
cannabinol (THC), exhibit anti-inflammatory, antioxidant, and
neuroprotective properties and may provide safer, multi-targeted
approaches for inhibiting key proteins involved in PD. Cannabis
compounds have shown promise in modulating neurodegenera-
tive pathways, potentially reducing the need for synthetic drugs
and minimizing adverse effects, making them a promising option
for improving the management of PD (Figure 1) [31].

Given the multifactorial nature of PD, multi-target ther-
apeutic approaches are increasingly favored. This study aimed
to perform comprehensive molecular docking analyses, comple-
mented by molecular dynamics (MD) simulations, to evaluate
the therapeutic potential of selected Cannabis sativa con-
stituents. The study further examined physicochemical properties,

Table 1. Primary metabolites reported in Cannabis sativa and their therapeutic properties

Cannabinoid Medical uses Notes

Cannabidiol Epilepsy (Dravet and Lennox—Gastaut syn- FDA-approved as Epidiolex for
dromes), chronic pain, anxiety, insomnia, epilepsy; well-studied for anti-
neuroprotection, neurodegenerative diseases inflammatory and neuroprotective
(e.g., Alzheimer’s, Parkinson’s) properties, especially in neurodegenerative

diseases [12]

Tetrahydrocannabinol Pain relief, nausea/vomiting (chemotherapy), Psychoactive; used in FDA-approved drugs
appetite stimulation, sleep disorders, like dronabinol and nabilone, may provide
neurodegenerative diseases neuroprotection in diseases like Alzheimer’s

and Parkinson’s [13, 14]

Cannabicyclol Potential anti-inflammatory, neuroprotective, Research is in early stages; may modu-

Cannabidivarin

Tetrahydrocannabivarin

Cannabinol

Cannabichromene

Cannabigerol

Cannabigerolic acid

and antimicrobial effects; may aid sleep

Seizure disorders, autism spectrum dis-
order (ASD), potential gastrointestinal
applications

Appetite suppression, weight loss,
metabolic disorders, neuroprotection,
neurodegenerative diseases

Sleep disorders, neuroprotection, potential
appetite stimulation, neurodegenerative
diseases

Anti-inflammatory, analgesic, antidepressant,
antimicrobial, neuroprotective, potential
neurodegenerative disease therapy

Anxiety, depression, neurodegenerative dis-
eases (e.g., Alzheimer’s, Parkinson’s), pain,
inflammation, cancer

Precursor to CBG; potential anti-
inflammatory, neuroprotective effects, may
help in neurodegenerative diseases

late serotonin receptors and help in
neurodegenerative conditions [15, 16]

Clinical trials are underway for ASD and
neurodegenerative diseases like Prader—Willi
syndrome [17]

May improve insulin sensitivity, reduce
appetite, and offer neuroprotective benefits
in neurodegenerative diseases [18]

May improve sleep quality and reduce night-
time awakenings; potential neuroprotective
effects [19]

Shows promise in treating conditions like
arthritis, inflammatory bowel diseases, and
neurodegenerative diseases [16]

Demonstrated anxiolytic and antidepressant
effects; may inhibit cancer cell proliferation
and protect against neurodegeneration [20]

Limited direct research; CBGA is the
acidic precursor to CBG with potential
neuroprotective properties [21]
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Figure 1. Graphical schematic illustrating the neuroprotective mechanism of Cannabis sativa—derived Cannabicyclol in Parkinson’s dis-
ease through monoamine oxidase B (MAO-B) inhibition. (Parkinson’s disease pathology is characterized by dopaminergic neuronal

degeneration in the substantia nigra, leading to dopamine depletion, increased oxidative stress,

a-synuclein aggregation, and neuroin-

flammation. Cannabicyclol binds to the active site of MAO-B with high affinity (docking score: —10.8 kcal/mol), outperforming reference
inhibitors selegiline and rasagiline, thereby inhibiting dopamine degradation and reducing reactive oxygen species (ROS) generation. This
interaction stabilizes the MAQO-B—Cannabicyclol complex, as supported by molecular dynamics simulations (100 ns at 310 K; RMSD
1.2-24 /0&) and favorable ADMET properties. Collectively, MAO-B inhibition results in dopamine preservation, reduced oxidative stress
and neuroinflammation, enhanced neuronal survival, and improved motor function).

drug-likeness, toxicity, and ADMET profiles to determine the
safety and efficacy of these compounds as potential candidates
for PD treatment.

2. In Silico Experiment Design

2.1. Ligand selection and structural preparation

A total of 14 bioactive compounds derived from Cannabis
sativa were selected based on a comprehensive review of current
scientific literature highlighting their medicinal and neuroprotec-
tive potential. The chemical structures of the selected ligands were
retrieved in Structure Data File (SDF) format from two widely
used chemical databases: PubChem (https://pubchem.ncbi.nlm.
nih.gov/) and ZINC (https://zinc.docking.org/substances/home/).
These databases provided access to high-quality, three-dimensional
structural data essential for computational analysis. Following
retrieval, all ligand structures were subjected to energy minimiza-
tion using UCSF Chimera X. This process ensured the removal
of steric clashes, optimized geometry, and prepared the lig-
ands for accurate molecular docking by converting them into
their most stable conformational states. The minimized structures
were then saved in a compatible format for subsequent docking
simulations.

2.2. Protein structure retrieval and preparation

The three-dimensional crystal structure of human MAO-B
(PDB ID: 2C65) was retrieved from the RCSB Protein Data
Bank. MAO-B plays a critical role in the pathophysiology of
PD by catalyzing the oxidative deamination of dopamine, a

process that generates hydrogen peroxide and reactive oxygen
species, ultimately leading to dopaminergic neuronal loss [32, 33].
Structurally, the MAO-B active site is organized into three distinct
functional domains: an entrance cavity (~290 A3), a substrate-
binding pocket (~490 A3), and a catalytic “aromatic cage” [34, 35].
These cavities are separated by a dynamic gating loop comprising
Phel68, Leul71, 1le199, and Tyr326, with Ile199 functioning as a
conformational “gate” that regulates ligand access to the substrate
cavity [36, 37]. The aromatic cage, essential for substrate orien-
tation and catalysis, is formed by the flavin-adenine dinucleotide
(FAD) cofactor and residues Tyr398 and Tyr435 [38].

Given its central involvement in disease progression and
well-characterized binding architecture, MAO-B was selected
as the primary target for this study. Prior to computational
analysis, the crystal structure was pre-processed using UCSF
ChimeraX to remove co-crystallized ligands, water molecules, and
other non-essential heteroatoms. Hydrogen atoms were added
to complete residue valency, and energy minimization was per-
formed to eliminate steric clashes and stabilize the molecular
geometry. The optimized structure was subsequently saved in a
docking-compatible format for downstream molecular docking
and simulation studies.

2.3. ADMET profiling and drug-likeness assessment

The evaluation of ADME/T (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) properties was conducted to
minimize the risk of compound failure during later stages of drug
development. Computational tools SwissADME (https://www.
swissadme.ch) and pkCSM (https://biosig.lab.uq.edu.au/pkcsm/)
were used to assess critical pharmacokinetic parameters [39].
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These included molecular weight, lipophilicity (log P), hydrogen
bond donors (HBD), hydrogen bond acceptors (HBA), topo-
logical polar surface area, number of rotatable bonds (nRotB),
and compliance with Lipinski’s Rule of Five. The analysis
provided vital insights into the oral absorption, tissue distribu-
tion, metabolic stability, and potential toxicity of the selected
compounds. Most compounds demonstrated favorable gastroin-
testinal absorption and the ability to penetrate the blood-brain
barrier (BBB), making them promising candidates for neurolog-
ical applications. Additionally, the compounds exhibited high
metabolic stability and low predicted toxicity, ensuring safety
for further exploration. This systematic prediction highlights the
potential of the selected compounds as viable therapeutic can-
didates, guiding their prioritization for subsequent experimental
validation and preclinical studies.

2.4. Insilico toxicity prediction

The toxicity of the selected compounds was assessed using
the ProTox-II database (https://tox-new.charite.de/protox_II/), a
robust computational tool for predicting potential toxicological
properties [40]. The analysis focused on calculating the LD50 val-
ues (median lethal dose) and assigning compounds to specific
toxicity classes based on their predicted profiles. This systematic
evaluation enabled the identification of compounds with lower
predicted toxicity, facilitating the selection of safer therapeutic
candidates. By prioritizing compounds with favorable toxicity
profiles, the process ensures the development of treatment options
with minimal adverse effects, thereby enhancing their suitability
for further preclinical and clinical investigations.

2.5. Biological activity spectrum analysis of
Cannabicyclol

The biological activity spectrum of Cannabicyclol was pre-
dicted using the PASS online platform (https://www.way2drug.
com/PassOnline/) [41]. This in silico approach provided valu-
able insights into the compound’s potential mechanisms of action
and its therapeutic relevance for PD. The prediction was based
on Multilevel Neighborhoods of Atoms descriptors, which high-
light the influence of the compound’s chemical structure on its
biological activities. These results contribute to understanding
Cannabicyclol’s pharmacological profile and support its further
investigation as a candidate for PD treatment.

2.6. Molecular docking protocol and validation

The Lamarckian genetic algorithm was used to perform
the molecular docking study with the PyRx-v0.8 virtual screen-
ing tool utilizing AutoDock-Vina. A total of 14 phytochemical
ligands derived from Cannabis sativa were docked individually
with the MAO-B protein structure (PDB ID: 2C65). The enzyme
was prepared as a macromolecule, and each ligand was loaded
separately for analysis. The docking grid box was centered at
the active site of MAO-B, with coordinates set to x = 53.9113,
y = 149.558, and z = 17.1728, ensuring accurate targeting of
the binding pocket. To facilitate post-docking analysis, the 2D
and 3D interactions between ligands and the enzyme were visu-
alized using BIOVIA Discovery Studio v21.1.0. This enabled
identification of the key amino acid residues involved in ligand
binding, characterization of bonding interactions, and evalu-
ation of binding conformations. To benchmark the docking
performance of the cannabis-derived compounds, known MAO-B
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inhibitors Deprenyl, Rasagiline, and Selegiline were used as ref-
erence standards, displaying binding affinities of —7.3 kcal/mol,
=7.9 kcal/mol, and —7.3 kcal/mol, respectively. These reference
compounds served as baselines for comparative evaluation of the
docking efficiency of the test ligands [42]. The asymmetric unit
of PDB entry 2C65 contains two identical protein chains (Chain
A and Chain B), each comprising 520 amino acid residues. Both
chains harbor a complete active site with bound FAD cofactor
and the co-crystallized inhibitor ligand (4CR). For computational
consistency and to enable protocol validation via redocking of
the native ligand, Chain A was explicitly selected for all dock-
ing and MD simulations. This selection aligns with standard
practice in structure-based drug design studies of MAO-B, where
Chain A is conventionally used due to its complete electron
density, optimal ligand occupancy, and precedent in prior crystal-
lographic and computational investigations of MAO-B inhibitors
[43]. Molecular docking validation was performed by extracting
the co-crystallized 4CR ligand and redocking the co-crystallized
ligand on the active site coordinates of MOA-B. Finally, the
redock pose was superimposed on the bound ligand, and root
mean square deviation (RMSD) was calculated using Discovery
Studio. Protocol validation via redocking of co-crystallized ligand
4CR yielded RMSD = 1.382 A (see Results for details).

2.7. Molecular dynamics simulation setup and
analysis

Desmond was used for the MD simulation https://www.
schrodinger.com/products/desmond. In this study, the MAO-B
protein and Cannabicyclol molecule with the highest molecular
docking score for MD simulation analysis were selected. We ran
the simulation at 310 Kelvin for 100 ns. An orthorhombic box
with dimensions of 10 nm X 10 nm X 10 nm was generated.
The forcefield Optimized Potentials for Liquid Simulations-3e was
applied to the single point charge water model to solve the system.
In total, 53,853 atoms and 15,255 water molecules were present in
the system. To maintain stability, we applied an ensemble known
as NPT, combined with a Nose-Hoover thermostat and barostat.
The graphs were generated presenting the RMSD and root mean
square fluctuation (RMSF), which helped us understand how the
shape of the complex changes with time and better understand its
behavior.

3. Results and Discussion

3.1. Basic physicochemical premises of cannabis
compounds

The physicochemical properties of the fourteen selected
cannabis compounds were evaluated according to Lipinski’s Rule
of Five, revealing a generally favorable profile for drug-likeness,
with most compounds meeting the key criteria for molecu-
lar weight, rotatable bonds, and HBD/HBA (Table 2). While
there was one violation for compounds such as Cannabicy-
clol, Cannabinol, Cannabicitran, Cannabivarin, Cannabigerol,
Cannabidiol, and Cannabinodiol, the compounds still demon-
strated promising characteristics for therapeutic potential. Molec-
ular weights ranged from 282.4 to 370.57 g/mol, with logP values
ranging from 3.9552 to 6.0657, indicating moderate lipophilic-
ity, which is essential for crossing biological membranes and
potentially the BBB. The nRotB varied from 2 to 12, impact-
ing molecular flexibility, which is important for receptor binding.
HBD and HBA were well-balanced for most compounds, with
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Table 2. The physicochemical properties of 14 selective compounds

Molecular Rotatable H-bond H-bond Lipinski
Compound names weight g/m bonds donor acceptor violation Logp
Cannabicyclol 314.5 4 1 2 1 5.4256
Cannabitriol 346.5 4 3 4 0 3.9552
Cannabinol 310.5 4 1 2 1 5.7278
Cannabicitran 350.75 4 0 2 1 5.6251
Cannabivarin 282.4 2 1 2 1 4.9476
Cannabigerol 316.5 9 2 2 1 6.0657
Cannabidivarin 296.5 4 2 2 0 5.0663
Cannabidiol 314.5 6 2 2 1 5.8465
Cannabigerolic Acid 370.57 12 3 4 0 4.8680
Cannabinodiol 348.73 6 2 2 1 5.8390
Cannabielsoin 330.5 5 2 3 0 4.7066
Delta (9)- Tetrahydrocannabinolic Acid 358.47 5 2 4 0 5.434
Tetrahydrocannabinol 314.5 4 1 2 1 5.7358
Tetrahydrocannabivarin 286.41 2 1 2 0 4.9556

values ranging from 0 to 3 for donors and 2—4 for acceptors. These
results suggest that the selected cannabis compounds are likely
to exhibit favorable pharmacokinetic properties, making them
viable candidates for further investigation as therapeutic agents
for neurodegenerative diseases such as PD.

3.2. ADMET and toxicity appraisal

The ADMET parameters and toxicity profiles of the selected
cannabis compounds were evaluated using the PkCSM and
SWISS-ADME web servers. All compounds demonstrated high
gastrointestinal absorption, ranging from 85.95% to 94.46%, indi-
cating strong oral bioavailability, which is crucial for effective drug
delivery. BBB permeability varied across the compounds, with
Cannabicyclol and Cannabinol showing moderate permeability
(0.589 and 0.771, respectively), while others like Cannabigerol and

Cannabidivarin had limited BBB permeability, potentially affect-
ing their ability to target central nervous system (CNS) diseases.
CNS permeability values also indicated a limited ability to cross
into the brain for most compounds. The predicted LD50 val-
ues ranged from 482 mg/kg for Tetrahydrocannabinol to 13,500
mg/kg for Cannabinol, placing all compounds in toxicity class
IV or higher, signifying low acute toxicity. Furthermore, none
of the compounds showed significant interaction with CYP 2D6,
suggesting a reduced risk of metabolic interference with other
drugs (Figure 2). Drug-likeness profile of Cannabicyclol based on
Lipinski’s Rule of Five. Parameters are mentioned in Figure 3.
These results, as detailed in Table 3, underscore the cannabis com-
pounds’ promising pharmacokinetic profiles and low-to-moderate
toxicity, positioning them as viable candidates for further develop-
ment in treating neurodegenerative diseases like PD with minimal
adverse effects.

ADMET Profile Comparison of Top Cannabis Compounds

ADMET Property

CNS Permeability (logBB) -

Gl Absorption (%) -BEPME] 91.33 93.77 92.77 87.84
oop permeant (IogPS) -
(LN I CG)E 860.00 | 500.00 | 482.00 [13500.000 500.00 2500

'7500

-5000

Property Value

Compound

Figure 2. Comparative ADMET properties of top five cannabis constituents. GI absorption (%), BBB permeability (logPS),
LD5, (mg/kg), and CNS permeability (logBB) are shown. Cannabinol demonstrates exceptional safety (LDs, = 13,500 mg/kg), while
Cannabicyclol shows favorable BBB penetration (logPS = 0.589). Color scale reflects property magnitude (red = high/favorable,

blue = low/less favorable)
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Table 3. ADMET parameters and toxicity prediction of the compounds

GI BBB CNS Predicted CYP Toxicity
Compound absorption permeant permeability LD50 mg/kg 2D6 Class
Cannabicyclol 92.13 0.589 -2.041 860 No 4
Cannabitriol 85.95 -0.73 -2.206 750 No 4
Cannabinol 92.77 0.771 -1.606 13500 No 4
Cannabicitran 89.76 0.413 -2.148 860 No 4
Cannabivarin 93.16 0.646 -1.62 13500 No 6
Cannabigerol 87.84 -0.225 —-1.268 500 No 4
Cannabidivarin 91.33 —-0.027 —-1.988 500 No 4
Cannabidiol 90.65 -0.113 -1.886 500 No 4
Cannabigerol acid 94.46 -1.084 -2.707 4600 No 5
Cannabinodiol 91.47 -0.102 -1.547 1500 No 4
Cannabielsoin 91.97 -0.131 -1.962 500 No 4
Delta (9)-Tetrahydrocannabinolic Acid 98.08 -0.124 -1.948 500 No 4
Tetrahydrocannabinol 93.09 0.448 -2.104 482 No 4
Tetrahydrocannabivarin 93.77 0.32 -2.206 482 No 4

LogP
(<5)

H-Bond Donors
(=5)

1.0

Molecular Weight
(<500)

H-Bond Acceptors
(=10)

Rotatable Bonds
(=10)

Figure 3. Drug-likeness profile of Cannabicyclol based on Lip-
inski’s Rule of Five. Parameters normalized to ideal thresholds:
Molecular Weight (<500 Da), LogP (<5), H-bond donors (<5),
H-bond acceptors (<10), Rotatable bonds (<10). Values >1 indi-
cate deviation from ideal; Cannabicyclol complies with all rules
except LogP (5.43), which is marginally above threshold

3.3. Bioactive spectra prediction for Cannabicyclol

The bioactive spectra of Cannabicyclol were predicted using
the PASS platform, which assessed the probabilities of biological
activity (Pa) and inactivity (Pi). The results in Table 4 show that
Cannabicyclol has high activity probabilities for neurotrophic fac-
tor enhancement (Pa = 0.580), immunosuppression (Pa = 0.571),
and neuromuscular inhibition (Pa = 0.496), suggesting potential
for treating neurodegenerative diseases. Other predicted activities
include cytoprotection, chemoprevention, and anti-inflammatory
effects, highlighting its broad therapeutic potential. These find-
ings support Cannabicyclol as a promising candidate for further
development in neurodegenerative disease treatments.
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Table 4. PASS prediction results for the biological activities of
the top-performing docked ligand (Cannabicyclol)

Biological activities Pa Pi
Neurotrophic factor enhancer 0.580 0.003
Immunosuppressant 0.571 0.033
Neuromuscular inhibiting agent 0.496 0.077
for acetylcholine
Cytoprotectant 0.421 0.088
Chemopreventive 0.410 0.021
Treatment for acute neurological 0.405 0.139
conditions
Kinase inhibitor 0.394 0.069
Anti-inflammatory 0.242 0.222
Protein synthesis blocker 0.184 0.062
TP53 expression enhancer 0.622 0.043

3.4. Molecular docking reveals superior binding of
Cannabicyclol to MAO-B

Molecular docking simulations were conducted using
AutoDock, with docking scores reported in negative values, where
more negative binding energies indicate stronger binding affinities
and potentially higher inhibitory potency [44]. All 14 Cannabis
sativa-derived ligands were successfully docked to the MAO-B
protein, and their binding affinities were systematically evalu-
ated. Compounds were ranked based on their binding energy,
with lower (more negative) values representing stronger interac-
tions with the target enzyme. Among the tested ligands, the top
four exhibiting the most favorable docking scores were selected
for further analysis. As summarized in Table 5, the binding affini-
ties of the ligands ranged from —6.1 to —10.8 kcal/mol. Notably,
Cannabicyclol exhibited the strongest binding interaction with
MAO-B, achieving a docking score of —10.8 kcal/mol. This value
is significantly lower than those observed for standard reference
inhibitors such as Deprenyl and Selegiline (—7.3 kcal/mol each),
indicating a potentially higher inhibitory potency. These results
suggest that selected Cannabis sativa phytochemicals, particularly
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Table 5. Binding affinities (kcal/mol) of cannabis compounds

against selected target proteins

Compounds kcal/mol
Cannabicyclol -10.8
Cannabitriol -7.7
Cannabinol -9.6
Cannabicitran -9.1
Cannabivarin -9.6
Cannabigerol -9.1
Cannabidivarin -9.1
Cannabidiol -8.4
Cannabigerolic acid 94
Cannabinodiol -8.5
Cannabielsoin -5.8
Delta (9)-Tetrahydrocannabinolic Acid -8.9
Tetrahydrocannabinol -9.3
Tetrahydrocannabivarin -9.2

Cannabicyclol, may serve as potential candidates for further
development as MAO-B inhibitors in the treatment of PD.

3.5. Molecular interaction of the MAO-B active
residues with the highest docking score compounds

The top four cannabis ligands, Cannabicyclol (—10.8
kcal/mol), Cannabinol (=9.6 kcal/mol), Tetrahydrocannabinol
(—9.2 kcal/mol), and Cannabidivarin (—9.6 kcal/mol), demonstrated

significantly higher binding affinities for MAO-B compared to the
baseline MAO-B inhibitors Deprenyl (—7.3 kcal/mol), Rasagiline
(=7.9 kcal/mol), and Selegiline (7.3 kcal/mol), which were used to
assess the efficacy of MAQO-B receptor analogs [42]. These findings,
visualized in Figure 4 and summarized in Table 6, highlight the
superior binding stability of the cannabis compounds. Cannabi-
cyclol, with the highest docking score, forms two hydrogen bonds
with Cys172 and Tyr435, while also engaging in extensive vander
Waals interactions with key residues such as Gly58, Ser59, Tyr188,
and GIn206. Cannabidivarin forms hydrogen bonds with Cys397
and interacts with various residues via vander Waals forces. These
molecular interactions are crucial for MAO-B inhibition, under-
scoring the therapeutic potential of these cannabis compounds for
treating neurodegenerative diseases like PD.

Cannabicyclol, a bioactive compound derived from Cannabis
sativa, demonstrates a strong binding affinity to MAO-B with a
molecular docking score of —10.8 kcal/mol, outperforming stan-
dard MAO-B inhibitors such as Deprenyl and Selegiline (—7.3
kcal/mol). This interaction involves the formation of two hydro-
gen bonds with key residues Cys172 and Tyr435, along with
extensive vander Waals interactions with Gly58, Ser59, Tyrl88,
and GIn206. These results suggest that Cannabicyclol not only
binds effectively at the MAO-B active site but also stabilizes the
enzyme in a conformation that may inhibit its catalytic activity,
crucial for dopamine degradation in PD. Given its high binding
affinity, Cannabicyclol holds significant potential as an MAO-B
inhibitor, presenting a potential alternative to existing treatments
with a reduced risk of side effects, warranting further investi-
gation in PD therapy. The interaction between Cannabicyclol
and MAO-B is presented in Figure 5, which highlights the key
binding interactions and MD. These computational results

ARG
a120

Met122

Figure 4. 3D (Left) and 2D (right) views of interacting residues of MAQO-B with the four highest score compounds: (A, A’) Cannabicyclol,
(B, B’) Cannabinol, (C, C°) Tetrahydrocannabinol (D, D’) Cannabivarin

Table 6. Shows the interaction of top selected compounds with MAO-B protein residues

Binding energy H-bonds
Compound (kcal/mol) interacting Vander Waals interactions
Cannabicyclol -10.8 Cys172, Tyrd35 Gly58, Ser59, Tyr188, 11e199, GIn206, Lys296
Cannabinol -9.6 0 Gly57, Gly58, Ser59, Leul64, Cys172, 1le198, GIn206, Lys296,
Tle316, leu320, Met341, Tyr435
Tetrahydro- -93 0 Gly40, THr43, Gly57, Gly58, Ser59, Tyr60, Phe343, Val294, Tyr398,
cannabinol Thr426, Gly434, Ala439
Cannabivarin -9.6 CYS397 Thr43, Gly57, Gly58, Ser59, Tyr188, Lys296, Thr426, Gly434
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Figure 5. Molecular docking of Cannabicyclol with MAO-B. (A) Overall structure showing Cannabicyclol in pink at the active site,
highlighting key residues including Gly58, Tyr435, and Cys172. (B) 2D interaction network showing the key binding residues involved in

the interaction

suggest that Cannabicyclol is predicted to bind effectively at the
MAO-B active site and may stabilize the enzyme in a conforma-
tion that could potentially inhibit its catalytic activity, though this
requires experimental confirmation.

3.6. Validation of docking protocol

The molecular docking protocol used for cannabinoid bind-
ing against monoamine oxidase B (MAO-B) was validated
through a redocking experiment using the co-crystallized reference
ligand (4CR) in the active site of the structure (PDB ID: 2C65).
The redocked pose (cyan) has a good spatial overlap of the exper-
imentally solved bound conformation (orange); as shown by the
superimposition analysis, the employed docking parameters are
able to reliably reproduce the native binding pose of the ligand in
the catalytic cavity. The RMSD was 1.382 A, which is well below
the validation threshold of 2.0 A (Figure 6). Therefore, we can be
assured of the reliability of the docking workflow. The redocked
ligand also obtained a docking score of —8.319 kcal/mol, indi-
cating a strong binding affinity along with being consistent with
the experimental value of the ligand—protein complex. The simi-
larity in geometrical properties of the two poses strongly suggests
that this protocol is suitable for the docking of cannabinoids and
comparative reference ligands against MAO-B.

The redocking method was confirmed as valid using the
two-dimensional interaction profile as the key ligand-residue con-
tacts were conserved with those in the crystal. Importantly, the
interactions with Cys172 and GIn206 of the redocked confor-
mation show that the recognition pattern at the active site was
reproduced. The stability of the ligand as a result of the same
polar and/or hydrophobic contacts that underlie conservation is
important for correct pose prediction. Additional neighboring
residues, especially hydrophobic amino acids around the bind-
ing pocket, presented a similar environment and sustained fidelity
of the docking model. Being low in value, the RMSD score,
docking score, good superimposition with the native pose, and
similarity with the native pose in respect of important interactions
confirm that the docking protocol is valid and a sufficiently

08

reliable tool to study the binding behavior of cannabinoid analogs
in the MAO-B active site. It can be concluded that subsequent
docking results could be interpreted as mechanistically relevant in
the present study for structure-based inhibitor design and binding
mode analysis.

3.7. Molecular dynamics confirms stability of the
Cannabicyclol-MAO-B complex

3.7.1. Root mean square deviation (RMSD)

RMSD provides information about the fluctuation of the
protein structure relative to its reference structure. For the first
23 ns of the simulation, the ligand had a relatively stable RMSD
of 0.8 A. This demonstrates that the ligand retained its stable
conformation during this time. However, the ligand underwent a
sudden conformational change at 23 ns, which caused a higher
RMSD value of 2.8 A over the remaining 100 ns. This shows that
after 23 ns, the ligand underwent another significant structural
rearrangement or binding event with the protein, leading to a new
stable conformation with higher structural divergence from the
initial state. According to the RMSD values, the protein under-
goes structural variation during the first 23 ns, which fluctuates
from 1.2 A to 2.4 A. This suggests that the protein is already
flexible or that it is undergoing structural changes. However, the
protein became more stable after 23 ns in the remaining 100 ns.
This suggests that the protein becomes stable after the minor fluc-
tuations and maintains this stable conformation till the end of the
simulation (Figure 7A).

3.7.2. Root mean square fluctuation (RMSF)

RMSF is a measure used to quantify the fluctuation or flex-
ibility of atoms or residues within a biomolecular system over
time. The RMSF values were in the range of 0.6 A to 1.2 A; most
protein residues typically undergo minor fluctuations during the
simulation. Lower RMSF values (closer to 0.6) in a residue sig-
nify structurally stable protein regions that have not significantly
changed from their initial conformation. These regions might
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Figure 6. Docking protocol validation for MAO-B. (A) Superimposition of native (orange) and redocked (cyan) poses of the reference
ligand 4CR (RMSD = 1.382 A). (B) 2D map showing conserved interactions of the redocked ligand with key active site residues, including

Cys172 and GIn206
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Figure 7. MD simulation studies of the selected protein ligand complex, 7A) RMSD of the protein ligand complex, 7B) RMSF of the
targeted protein indicating fluctuating residues during the simulation timeperiod, 7C) interaction between the ligand and protein residues,
7D) Hydrogen bonds between the protein and ligand during simulation timeperiod

correlate with stable secondary structures with high order, such
as alpha helices or beta sheets. During the simulation, some
residues or regions experienced minor fluctuations, as indicated
by the RMSF peaks higher than 1.2 A. These more flexible por-
tions of the protein may correspond to loops, turns, or other,
more flexible locations. The higher RMSF values indicate that
these regions are more dynamic and are probably subject to local

movements or conformational changes throughout the simulation
(Figure 7B).

3.7.3. Ligand-protein contact

The ligand-protein contact analysis reveals that Cannabicy-
clol interacts with 25 protein residues, from Gly57 to Met436,
through a variety of interactions including hydrogen bonds

09



Medinformatics Vol. 00 Iss. 00 2026

(H-bonds), water bridges, and hydrophobic and ionic bonds. The
H-bonds are essential for ligand binding and drug selectivity,
and they include backbone and side-chain donors and accep-
tors. Additionally, hydrophobic interactions, such as 7-cation and
-7 stacking, as well as nonspecific interactions with hydropho-
bic amino acids, play a role in stabilizing the complex. Figure 7C
and D show the time evolution of these interactions, highlight-
ing the frequency and strength of binding between Cannabicyclol
and MAO-B, underscoring its potential as a potential MAO-B
inhibitor for PD treatment.

Principal component analysis (PCA) was utilized to examine
the conformational changes in the MAO-B protein upon binding
with Cannabicyclol. The analysis revealed that the first principal
component (PC1), which accounts for 31.96% of the total vari-
ance, represents the most significant structural shifts. The blue
and red clusters indicate regions of high and low flexibility in
the protein structure, respectively. The second and third princi-
pal components (PC2 and PC3), explaining 11.81% and 8.11% of
the variance, capture intermediate and minor fluctuations in the
protein’s conformation. The eigenvalue plot (Figure 8) highlights
that the first few components account for the majority of the vari-
ance, emphasizing their role in understanding the protein-ligand
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interaction. These results suggest that Cannabicyclol binding
primarily influences specific regions of the MAO-B protein,
increasing flexibility in some areas while maintaining structural
stability in others. The PCA findings, as shown in Figure 8§,
underscore the effectiveness of this method in revealing the
dynamic conformational changes during the protein-ligand
interaction in the context of PD.

The dynamic cross-correlation map shown in Figure 9 illus-
trates the inter-residual motions of the MAO-B protein, which is
involved in PD, docked with Cannabicyclol. Cyan regions rep-
resent strong positive correlations between Ca atoms, indicating
areas of stability and tightly coordinated movements essential for
protein function. Magenta regions, representing negative correla-
tions, highlight regions with less coupled or more flexible motions,
which could be involved in conformational changes upon binding.
Notably, residues 100-200 and 300-450 show significant posi-
tive correlations, likely corresponding to the active binding site
regions. Overall, the map demonstrates the balance between struc-
tural integrity and flexibility within the MAO-B protein, with
positively correlated regions indicating stability and negatively
correlated regions suggesting areas that may undergo functional
adaptability during the interaction with Cannabicyclol.
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Figure 8. PCA analysis of the MAO-B protein-Cannabicyclol complex, showing significant conformational changes. PC1 accounts for
31.96% of the variance, while PC2 and PC3 explain 11.81% and 8.11%, respectively. The analysis highlights the flexibility changes

induced by Cannabicyclol binding in specific regions of the protein.
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Figure 9. Residue cross-correlation map showing the inter-
residual motions of the MAO-B protein. Cyan regions indicate
strong positive correlations between Ca atoms, suggesting sta-
ble and coordinated movements, while magenta regions represent
negative correlations, highlighting areas of flexibility and less
coordinated motion.

4. Discussion

The present study aimed to perform molecular docking
experiments to investigate the therapeutic potential of certain
cannabis constituents for the treatment of PD. The focus was
on identifying cannabis-derived compounds that could inhibit
MAO-B, a key enzyme involved in the degradation of dopamine.
By targeting MAO-B, the study aimed to explore how cannabis
constituents might provide neuroprotective benefits and alle-
viate motor symptoms in PD patients. The findings revealed
that Cannabicyclol, a cannabinoid derived from Cannabis sativa,
exhibited a strong binding affinity for MAO-B, with a molecular
docking score of —10.8 kcal/mol, surpassing the binding affini-
ties of conventional MAO-B inhibitors such as Deprenyl and
Selegiline. This suggests that Cannabicyclol may be a potential
alternative treatment for PD.

Among the selected compounds, several are classified
as phytocannabinoids, including types such as delta-9-
tetrahydrocannabinol (A9-THC), delta-8-tetrahydrocannabinol
(A8-THC), cannabigerol (CBG), cannabichromene (CBC),
cannabidiol (CBD), cannabinodiol (CBND), cannabielsoin
(CBE), cannabicyclol (CBL), and cannabitriol (CBT). Addition-
ally, a number of non-cannabinoid derivatives are also found in
Cannabis sativa, including flavonoids, nitrogenous compounds,
xanthones, steroids, and fatty acids [45, 46]. These substances are
utilized in medicine to treat or alleviate symptoms such as pain,
spasticity, nausea, and vomiting. The endocannabinoid system
appears to play a significant role in offering beneficial proper-
ties for the treatment of PD. In the present study, the analysis
focuses on the computational prediction of MAO-B inhibition.
MAO-B is a well-established target associated with dopaminergic
neuroprotection, and its inhibition is a recognized strategy in the
management of PD-related symptoms. However, it is important
to emphasize that the findings reported here are based solely on in
silico approaches and therefore represent preliminary predictions
rather than experimentally validated biological effects [47, 48].

Clinical studies have shown that the endocannabinoid system
experiences noticeable changes in its neurochemical and neuro-
physiological functions following a reduction in dopamine levels
[49-52]. Due to a decrease in dopaminergic transmission, there is
an increase in endocannabinoid levels and CB1 receptor expres-
sion in the basal ganglia [53]. This suggests that cannabinoids
may have a therapeutic effect in treating movement abnormali-
ties associated with PD. Furthermore, research has demonstrated
that CBD has the ability to reduce the decrease in dopamine
levels and thyroid hormone deficiencies, which are markers of
the extent of neurodegeneration in the nigrostriatal dopaminer-
gic projections [50]. The cannabinoids have the ability to decrease
oxidative stress, making them potential neuroprotective agents
in PD. Recent research underscores the significance of factors
such as the frequency and duration of cannabinoid consump-
tion, as well as the age of consumers, in influencing the overall
health outcomes [54]. Hence, research on pathways associated
with PD and related enzyme regulatory studies is essential. It has
been demonstrated that cannabinoids reduce oxidative stress and
excitotoxicity and control dopamine levels [55].

Currently, the management of PD involves several medica-
tions, including carbidopa, levodopa, anticholinergics, dopamine
agonists, MAO-B inhibitors, catechol-O-methyltransferase inhi-
bitors, and amantadine [56, 57]. Among these, levodopa is the
most commonly prescribed, but it is often associated with side
effects and long-term complications, presenting challenges in effec-
tive disease management [58]. To explore the therapeutic potential
of cannabis-derived compounds, this study compared their binding
affinities and interactions with levodopa and Citronellal. Recent
studies have shown that Citronellal (CTN) has a binding affinity
of —6.5 kcal/mol toward MAO-B, suggesting its potential for PD
treatment. In our study, Cannabicyclol exhibited a more favorable
docking score of —10.8 kcal/mol when interacting with MAO-B,
indicating a stronger potential to inhibit the enzyme compared to
Citronellal. These findings suggest that Cannabicyclol may be a
potential multi-target therapeutic agent for PD, offering improved
binding affinity and efficacy. Furthermore, the pharmacological
properties of Cannabicyclol, including its ability to pass the BBB
and its strong gastrointestinal absorption, support its potential for
effective therapeutic use. When compared to established MAO-B
inhibitors such as Deprenyl, Rasagiline, and Selegiline, Cannabi-
cyclol, along with other cannabis compounds like Cannabitriol,
Cannabivarin, Cannabinol, and Cannabicitran, showed supe-
rior binding affinities and interactions with the MAO-B enzyme
[59, 60]. The favorable physicochemical properties of these cannabis
constituents, such as moderate molecular weight, lipophilicity, and
ADME/T profiles, enhance their suitability as potential drug candi-
dates for PD treatment, necessitating further preclinical and clinical
studies to validate their therapeutic efficacy [61, 62].

This in silico study demonstrates that several newly identified
cannabis-derived compounds exhibit stronger binding affinities for
key enzymes, indicating their potential as therapeutic candidates
compared to previous studies. Specifically, our molecular dock-
ing analysis supports the viability of Cannabicyclol as a potential
candidate for the treatment of PD. The compound’s favorable
physicochemical properties, anticipated ADME/T profiles, and
interactions with target proteins suggest it could offer signifi-
cant therapeutic benefits [63]. Given these findings, Cannabicyclol
warrants further investigation as a potential treatment for PD
and other neurological disorders. To establish its clinical efficacy,
future research should focus on in vitro and in vivo studies, fol-
lowed by well-designed clinical trials. These results indicate that
Cannabicyclol has the potential to serve as a multi-target thera-
peutic agent for PD. However, this study is purely computational.
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Docking scores and MD stability metrics do not equate to exper-
imental IC50 values or in vivo efficacy. Solubility, metabolic
stability, and BBB permeability predictions require experimen-
tal validation. Future in vitro enzymatic assays and cell-based
neuroprotection models are essential to confirm Cannabicyclol’s
MAO-B inhibitory activity.

5. Conclusion

This study highlights the potential of Cannabicyclol, a
cannabinoid derived from Cannabis sativa, as a novel therapeutic
agent for PD. Through molecular docking simulations and MD
simulations, we identified that Cannabicyclol binds strongly to
MAO-B, a crucial enzyme in the pathophysiology of PD. Its bind-
ing affinity, surpassing that of conventional MAO-B inhibitors
like Deprenyl and Selegiline, suggests Cannabicyclol’s potential
to offer enhanced neuroprotective effects by preserving dopamine
levels and reducing oxidative stress. In addition, its favorable
physicochemical properties, such as moderate lipophilicity and
ability to cross the BBB, further support its therapeutic promise.
The study underscores the need for in-depth preclinical and clin-
ical studies to assess Cannabicyclol’s efficacy as a multi-targeted
treatment for PD, ultimately contributing to the advancement of
cannabis-derived therapies for neurodegenerative diseases.
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