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ABSTRACT: Cardamonin, a naturally occurring chalcone derivative, has
demonstrated potential as a modulator of the endocannabinoid system

(ECS). However, its interactions with cannabinoid receptors CB1 and CB2

are not fully understood. This work integrates in silico and in vivo
methodology to examine the structural dynamics and pharmacological effects ‘
of cardamonin. Molecular dynamics simulations spanning 1000 ns . [ ) *
demonstrated that cardamonin shows modest, receptor-dependent effects Y M"""S”i‘:l]::l';::i’("':l’m‘c B) MMPBSA m) Behavioral Study
on CB1 dynamics, as shown by diminished root-mean-square deviation 2

(RMSD) and fluctuation (RMSF), reduced solvent-accessible surface area  cwsmonin 1
(SASA), and increased hydrogen bonding. Principal component analysis :
(PCA) further demonstrated increased conformational sampling in CBI
following ligand binding, implying alteration of receptor flexibility.
Conversely, CB2 had little structural alterations, indicating weaker or less
selective binding. MM/PBSA binding energy calculations corroborated these findings, revealing that cardamonin exhibited
comparable binding affinity at CB1 (—19.58 + 6.49 kcal/mol) and CB2 (—18.76 + 3.97 kcal/mol), with only a slight numerical
tendency toward CB1. Both interactions were mild relative to the native ligands. Functional validation using Von Frey and
Hargreaves behavioral experiments indicated that cardamonin markedly reduced mechanical and thermal hypersensitivity in mouse
models. Significantly, some analgesic effects were maintained even with specific CB1 or CB2 blockade, suggesting receptor-biased or
multitarget action. The robust alignment between computational predictions and behavioral evidence identifies cardamonin as a
receptor-selective, physically stabilizing, and functionally significant modulator of CB1, with potential implications in nonopioid pain
treatment approaches.
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1. INTRODUCTION

Chronic pain is a significant and often difficult-to-manage
condition affecting hundreds of millions of individuals globally.
This condition is associated with various etiologies, such as

(MAGL). Additionally, it includes two main G protein-coupled
receptors: cannabinoid receptor type 1 (CB1) and type 2
(CB2). CB1 is predominantly expressed in the brain and
peripheral nervous system, where it plays a role in regulating

inflammation, neuropathy, and tissue damage, and frequently
coexists with anxiety, depression, and reduced quality of life.
Despite progress in understanding pain neurobiology, current
pharmaceutical strategies for pain management remain
insufficient, often relying on opioids, nonsteroidal anti-
inflammatory drugs (NSAIDs), antidepressants, and antiepi-
leptics. These medications frequently exhibit limited long-term
efficacy, adverse side effects, and a significant potential for
dependency, particularly in the case of opioids." This has
created an urgent need to identify novel treatment targets and
safer, more effective analgesic medications. The endocannabi-
noid system (ECS) functions as a key regulator of pain and
inflammation. The ECS consists of endogenously synthesized
lipid mediators, specifically anandamide and 2-arachidonoyl-
glycerol, along with metabolic enzymes such as fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase
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neurotransmitter release, synaptic plasticity, and nociceptive
transmission.”” CB2 is predominantly found in immunological
and hematopoietic cells, playing a role in the regulation of
inflammation, cytokine secretion, and peripheral pain signal-
ing.4’5

Both CB1 and CB2 receptors have been established as
analgesic targets; however, the application of cannabinoid
receptor ligands in clinical settings has faced significant
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Figure 1. Schematic overview of the study design combining computational and behavioral approaches. Cardamonin, a chalcone derivative, was
evaluated for its interaction with cannabinoid receptors CB1 and CB2 using molecular dynamics simulations and MM/PBSA analyses. Parallel in
vivo behavioral assays—Von Frey and Hargreaves tests—were conducted in mice to assess mechanical and thermal antinociception, respectively.

obstacles. CB1 agonists effectively suppress pain and neuro-
inflammation; however, they are linked to central nervous
system side effects, including psychotropic reactions, sedation,
and tolerance.”” CB2 agonists are characterized by peripheral
restriction and enhanced safety, however, they frequently
demonstrate low efficacy and receptor desensitization with
chronic administration.® The therapeutic focus has shifted
toward ligands that can partially activate or modulate CB
receptors, avoiding overstimulation of canonical signaling
pathways. This includes biassed agonists, allosteric modulators,
and natural product-derived partial agonists.

Natural products constitute a significant and predominantly
unexplored source of pharmacologically active compounds. In
contrast to synthetic drugs that target a specific protein,
numerous phytochemicals demonstrate polypharmacology by
interacting with multiple signaling pathways to achieve
therapeutic outcomes. The multitarget behavior is particularly
significant in pain, as intricate interactions among the nervous
system, immune response, and inflammation generate dynamic
pathophysiological states. As a result, plant-derived secondary
metabolites, especially flavonoids and chalcones, have garnered
increasing attention as safe and effective scaffolds for drug
discovery.” Cardamonin (2',4’-dihydroxy-6"-methoxychal-
cone) is a naturally occurring chalcone derived from plants
in the Zingiberaceae family, such as Alpinia katsumadai,
Boesenbergia rotunda, and Alpinia conchigera. Cardamonin
has been thoroughly investigated for its anti-inflammatory,
antinociceptive, antioxidant, antiobesity, and anticancer
effects.'”'" It is recognized for its ability to inhibit NE-xB,
MAPK, and JAK/STAT pathways, as well as to modulate
cytokine release in immune and neuronal models.'”"”
Preclinical studies indicate that cardamonin reduces mechan-
ical and thermal hypersensitivity in animal models of
inflammatory pain; however, its molecular targets and
mechanisms of receptor interaction are not yet defined. The
lipophilic, planar structure of cardamonin, combined with its
extensive anti-inflammatory properties, suggests a potential
interaction with membrane-bound receptors that regulate
nociception.

To date, the direct interaction of cardamonin with CBI1 or
CB2 receptors and its potential activity as a G protein-coupled
receptors (GPCR) modulator have not been fully explored
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using advanced molecular approaches. This limits our
mechanistic understanding of how natural products like
cardamonin influence cannabinoid signaling and hampers
their development as analgesic agents. In this study, we
combined computational and experimental approaches to
investigate cardamonin’s receptor-binding properties and
functional effects. We used structure-based molecular modeling
and in vivo behavioral assays to show that cardamonin acts as a
receptor-selective partial agonist or modulator, preferentially
stabilizing CB1 through key polar contacts and conformational
constraints. This stabilization is proposed to enhance
antinociception in circuits dominated by CBI.

Molecular docking and long-time scale (1000 ns) molecular
dynamics simulations were conducted to examine binding
orientation, flexibility, and stability at CB1 and CB2 orthosteric
sites (Figure 1). We analyzed metrics including RMSD, RMSF,
solvent-accessible surface area, radius of gyration, hydrogen
bond longevity, and principal component motions, and
assessed relative binding energetics with MM/PBSA calcu-
lations. Computational predictions were tested in vivo using
Von Frey and Hargreaves assays for pain sensitivity in mice,
under both basal conditions and selective pharmacological
blockade of CB1 and CB2 receptors (Figure 1). This
integrative approach enabled clear attribution of cardamonin’s
analgesic effects to receptor interactions. In general, our results
establish a mechanistic link between cardamonin’s receptor-
level actions and behavioral outcomes, supporting the potential
of natural polyphenols as nonpsychotropic modulators of
GPCR signaling in pain management.

2. MATERIALS AND METHODS

2.1. Molecular Docking Simulation

The three-dimensional crystal structures of human cannabi-
noid receptors CB1 (PDB ID: SXR8)"* and CB2'* (PDB ID:
6PT0) were obtained from the RCSB Protein Data Bank
(PDB) and prepared by removing all heteroatoms, water
molecules, and cocrystallized ligands. Polar hydrogen atoms
were added, and Gasteiger charges assigned using AutoDock
Tools v1.5.6."° The 3D structure of cardamonin (PubChem
CID: 5315675) was retrieved from the PubChem database and
converted into PDBQT format via Open Babel.'® Molecular
docking simulations were conducted using AutoDock Vina,"”

https://doi.org/10.1021/acsomega.5c10026
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employing a stochastic global optimization algorithm to
explore ligand conformational space within the orthosteric
binding pocket. Grid boxes were defined to encompass the full
ligand-binding domain to ensure optimal ligand accommoda-
tion and flexibility.Docking was performed using AutoDock
Vina with a grid box centered at x = 024, y = 1695, z =
—64.81, and dimensions of 39.56 X 50.31 X 61.12 A (size_x,
size_y, size_z), ensuring full coverage of the ligand-binding
region. The top-ranked pose, determined by the lowest
predicted binding energy, was selected for subsequent
molecular dynamics (MD) simulations. Protein—ligand inter-
actions were analyzed and visualized using UCSF Chimera'®
and Discovery Studio Visualizer.

2.2. System Setup and Molecular Dynamics Simulations

Ligand-bound and control complexes for both CB1 and CB2
receptors were embedded into a palmitoyl-oleoyl-phosphati-
dylcholine (POPC) lipid bilayer using the CHARMM-GUI
Membrane Builder.'” Each system contained approximately
120—140 POPC lipids and was solvated with TIP3P water,
providing ~ 2.2 nm water thickness above and below the
membrane. Sodium and chloride ions were added to neutralize
the system at a physiological concentration of 0.15 M NaCl.
Proteins and lipids were parametrized using the
CHARMM36m force field,”® while ligand parameters were
assigned using CGenFF via the ParamChem server.”' The
ligand parameters for cardamonin were generated using the
CGenFF 4.6 force field via the official ParamChem server, and
all assigned penalties for bonded and nonbonded terms were
below the recommended thresholds, indicating that cardamo-
nin’s chemical groups are well represented in the existing
CGenFF parameter set and do not require QM-based
reparameterization. To ensure robustness and rule out
topology-related artifacts, all simulations were performed as
three independent 1000 ns replicas for each system.

All MD simulations were performed using GROMACS
2022.2.% Following system construction, energy minimization
was carried out using the steepest-descent algorithm with
positional restraints. The steepest-descent method was chosen
because it is robust for removing steric clashes and bad
contacts in the early stages of system preparation, making it the
standard initial minimization approach in GROMACS before
equilibration. Equilibration followed the standard CHARMM-
GUI six-step protocol, beginning with an NVT phase using the
Berendsen thermostat (T = 310 K, 7T = 1.0 ps), followed by
semi-isotropic NPT equilibration using the Berendsen barostat
(P = 5.0 ps) and subsequently the Parrinello—Rahman
barostat. During equilibration, position restraints were
gradually released across steps 6.1—6.6. Production simulations
were conducted for 1000 ns using a 2 fs time step with LINCS
constraints applied to all bonds. Temperature was maintained
at 310 K using the Nosé—Hoover thermostat (zT = 1.0 ps),
and pressure was controlled at 1 atm using a semi-isotropic
Parrinello—Rahman barostat (7P = 5.0 ps), allowing
independent scaling of the membrane normal (z-axis) relative
to the bilayer plane. Long-range electrostatics were treated
using the Particle Mesh Ewald (PME) method, with a 1.2 nm
cutoff for short-range Coulombic and van der Waals
interactions. Neighbor lists were updated using the Verlet
cutoff scheme. This simulation setup ensured stable membrane
behavior, appropriate lateral lipid diffusion, and accurate
sampling of GPCR dynamics over the extended trajectory.

2.3. Trajectory Analysis

Trajectory analysis was performed to evaluate the conforma-
tional stability and dynamics of CB1 and CB2 receptor
complexes. RMSD (root-mean-square deviation) and RMSF
(root-mean-square fluctuation) were calculated to assess
backbone stability and residue-level flexibility, respectively.
Radius of gyration (Rg) was analyzed to determine structural
compactness, while solvent accessible surface area (SASA) was
computed to assess changes in receptor surface exposure. The
number of hydrogen bonds between cardamonin and the
receptors was monitored across the trajectory to evaluate polar
contact persistence. To assess large-scale conformational shifts,
principal component analysis (PCA) was performed using the
backbone covariance matrix and projection onto the top
eigenvectors.”>>° Simulation convergence was assessed using
three independent 1000 ns replicas for each system, with
analyses performed over the equilibrated 200—1000 ns
window. RMSD, SASA, radius of gyration, and hydrogen-
bond profiles showed stable, nondrifting behavior across all
replicas, indicating that the systems had reached a converged
equilibrium ensemble.

2.4. MM/PBSA Free Energy Calculation

MM/PBSA was selected as it provides an established and
computationally efficient framework for estimating relative
ligand binding free energies in large membrane-embedded
GPCR systems. This approach is widely used in GPCR
computational studies and offers a practical balance between
accuracy and computational cost, whereas more rigorous
alchemical free-energy methods (e.g, FEP/TI) would be
prohibitively expensive for the present membrane—protein
systems. Binding free energy calculations were carried out
using the gmx mmpbsa tool.”® A total of 1000 snapshots
extracted for each of 1 ns from each trajectory were used to
compute average interaction energies. The total binding free
energy was calculated as the sum of van der Waals,
electrostatic, polar solvation, and nonpolar solvation contribu-
tions as shown in Equation (eq 1). These calculations provide
insight into the relative stability and strength of cardamonin—
receptor binding interactions. The uncertainties reported for all
MM/PBSA energy components represent standard deviations,
calculated from the distribution of GGAS and GSOLV values
across the 1000 extracted snapshots. No confidence intervals
were used. For the TOTAL free energy, the propagated
uncertainty was computed using linear error propagation based
on the standard deviations of the GGAS and GSOLV
components.

AGbinding = Gcomplex - (Greceptor + Gligand) (1)

2.5. Behavioral Experiments

2.5.1. Animals and Materials. The analgesic efficacy of
Cardamonin (CDM) and its interaction with cannabinoid
receptors (CB1 and CB2) were evaluated on chronic
constriction injury (CCI) neuropathic pain animal model
using two well-established behavioral tests in mice: the Von
Frey test for mechanical allodynia and the Hargreaves test for
thermal hyperalgesia. Both assays provide sensitive measures of
pain response alterations following pharmacological interven-
tions. All behavioral assays were conducted using n = 6 mice
per group, which is consistent with established nociceptive
testing guidelines and provides sufficient statistical power for

https://doi.org/10.1021/acsomega.5c10026
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Figure 2. Docking poses of cardamonin with CB1 (A) and CB2 (B) receptors. (A) Cardamonin binds to CB1 with —8.7 kcal/mol, forming
hydrogen bonds (SERs, ILE,;), hydrophobic contacts (PHE,,,, VAL, LEU, 43, PHE,(), and a 7-cation interaction (HIS, ). (B) In CB2 (—8.0
kecal/mol), cardamonin engages in hydrophobic interactions and a 7-stacking (PHE117). Interaction types: hydrogen bonds (blue), hydrophobic

(gray dashed), 7-cation (orange dashed), z-stacking (green dashed).

ANOVA and posthoc analyses. A complete summary of all
experimental groups is provided in Table SI.

Six to 8 weeks old male mice (25—30 g body weight) were
housed under standard laboratory conditions (12-h light/dark
cycle, controlled temperature, ad libitum access to food and
water). All experimental protocols adhered to the ethical
guidelines for laboratory animal care and use (Zimmermann,
1983) and were approved by the Institutional Animal Care and
Use Committee (IACUC) with reference number UPM/
IACUC/AUP-R033/2023. Cardamonin (MedChemExpress
LLC, USA) and selective cannabinoid receptor 1 (CBI1)
antagonists SR141716 (MedChemExpress LLC, USA) and
selective cannabinoid receptor 2 (CB2) antagonist SR144528
(MedChemExpress LLC, USA) were dissolved in dimethyl
sulfoxide [DMSO], Tween 20 and diluted with saline at a ratio
of 5:5:90 for intraperitoneal (i.p.) administration.

2.5.2. Behavioral Experiment Design. Mice were
randomly assigned to sham-operated group, control groups
consist of vehicle (DMSO)-treated group, CB1 antagonist
(SR141716 1 mg/kg) group, CB2 antagonist (SR144528 1
mg/kg) group, and experimental groups consist of cardamonin
(10 mg/kg)-treated group, CB1 antagonist pretreated and

23823

cardamonin-treated group, and CB2 antagonist pretreated and
cardamonin-treated group. Mice were only used once
throughout the experiments.

Mice were acclimatized to the laboratory environment, the
apparatus chamber, and handling for 7 days prior to
commencement of experiments. The selection of mice for
the experiments and baseline data were recorded on day 0.
Chronic constriction injury surgeries were performed on day 1
before mice were left to recover and exhibit neuropathic pain
characteristics for 14 days. Treatments were given for 7 days
starting from day 15 until day 21 and the mice were
subsequently subjected to behavioral tests.

Chronic constriction injury (CCI) surgery was performed
following the procedures outlined by Bennett and Xie (1988)*’
with slight modifications. Mice were first anaesthetized
through intraperitoneal administration of 70 mg/kg sodium
pentobarbital. After the mice were deeply anesthetized, fur at
the surgical site was shaved to expose the skin, before povidone
iodine was applied to disinfect the surgical area. One cm
incision was made on right hind limb, parallel to femur. Muscle
and skin layer are then separated by blunt dissection, before
biceps femoris and gluteus superficialis muscles were separated

https://doi.org/10.1021/acsomega.5c10026
ACS Omega 2026, 11, 23820—23832



ACS Omega

http://pubs.acs.org/journal/acsodf

to expose the sciatic nerve. Four ligations with 1 mm distance
are then made to sciatic nerve using 4—0 silk suture except for
the sham-operated group. The skin was then sutured back
using 4—0 nonabsorbable suture, before povidone iodine was
applied.

Each experimental group included six animals and
randomized to ensure statistical reliability. The researchers
for the behavioral study and data analysis were blinded to the
experimental treatments. Data were analyzed using standard
statistical approaches, including one-way analysis of variance
(ANOVA) followed by Tukey’s posthoc test to compare
between-group differences. Results were expressed as mean +
standard error of the mean (S.E.M), and statistical significance
was defined as p < 0.0S.

2.5.3. Von Frey Test for Mechanical Hyperalgesia.
Mechanical nociceptive thresholds were assessed using
dynamic plantar aesthesiometer (Ugo Basile, Italy). Briefly,
mice were acclimatized individually in Plexiglas chambers on
an elevated wire-mesh grid for approximately 30 min before
testing. Von Frey filament was then placed perpendicularly
below the plantar surface of right hind paw of the mice and
pushed against the paw with an increasing force of 0.5 g to S g.
The maximum force exerted were recorded once the mice
withdrew its paw, with a cutoff point of 5 g force and 20s time
to prevent tissue damage. A positive response was defined as a
paw withdrawal reflex, licking, or flinching.

2.5.4. Hargreaves Test for Thermal Hyperalgesia.
Thermal nociceptive thresholds were evaluated using the
Hargreaves plantar test.”® Mice were placed individually in
Plexiglas chambers on an elevated glass platform and allowed
to habituate for approximately 30 min. A radiant heat source
(Hargreaves Apparatus, Ugo Basile, Italy) with fixed infrared
intensity of 20 was positioned under the plantar surface of the
right hind paw, and the latency time for paw withdrawal or
licking was recorded automatically. To prevent tissue damage,
a cutoff latency of 20 s was set. Care was taken to ensure no
feces or urine stained on the glass before measurement was
obtained for accuracy.

3. RESULTS AND DISCUSSION

3.1. Molecular Docking and Molecular Dynamics Analyses
of Cardamonin with Cannabinoid Receptors

Docking simulations provided preliminary insights into the
placement of cardamonin within the CB1 and CB2 receptor
binding pockets, as illustrated in Figure 2. These docking poses
represent the initial configurations used to initiate the MD
simulations and are not intended to indicate dynamic stability.
For CB1 (Figure 2A), cardamonin formed two hydrogen
bonds with SER50S and ILE267 (2.98 A and 3.12 A). A 7n—
cation interaction with HIS178 and hydrophobic contacts
involving PHE170, VAL196, LEU193, and PHE200 con-
tributed to the predicted docking pose. The docking score of
—8.7 kcal/mol reflects a favorable orientation but should be
interpreted qualitatively within the inherent uncertainties of
docking scoring functions. For CB2 (Figure 2B), cardamonin
formed a hydrogen bond with THR114, a n—r stacking
interaction with PHE117, and hydrophobic contacts with
ILE186, TYR190, LEU191, and TRP194. The docking score of
—8.0 kcal/mol is only marginally different from CB1 and is not
statistically meaningful. Accordingly, the docking results are
used only to generate plausible starting poses, while receptor-

selective trends are drawn from the subsequent MD
simulations.

To further evaluate dynamic stability, MD simulations were
conducted for 1000 ns on control and cardamonin-bound
systems, as shown in Figure S1. Root mean square deviation
(RMSD) analysis indicated stable global conformations for
CBI, consistent with class A GPCRs.”” To ensure replica-
consistent interpretation, RMSD values were summarized
across three independent replicas over the equilibrated 200—
1000 ns window (Table SS), yielding pooled RMSD values of
1.161 + 0265 nm (control) and 1.043 + 0.310 nm
(cardamonin-bound).

In CB2, the control and cardamonin-bound systems showed
comparable global stability; pooled RMSD values over 200—
1000 ns were 0.265 = 0.063 nm (control) and 0.325 + 0.069
nm (cardamonin-bound) (Table SS), consistent with over-
lapping RMSD traces in Figure S1.

Root mean square fluctuation (RMSF) profiles, presented in
Figure S2, showed broadly comparable residue-level fluctua-
tions between the control and cardamonin-bound CB1
systems, with only modest local differences observed across
transmembrane segments and extracellular loops. CB2
exhibited comparable but less pronounced reductions,
supporting a weaker stabilizing effect.’”’" These results suggest
that cardamonin is associated with modest, localized differ-
ences in CB1 flexibility.”

Solvent-accessible surface area (SASA) analyses, illustrated
in Figure S3, further demonstrated cardamonin’s were used to
examine potential ligand-associated changes in global solvent
exposure. In CB1, pooled SASA values over the equilibrated
200—1000 ns window were 228.54 + 5.98 nm? for the control
system and 228.69 + 5.13 nm® for the cardamonin-bound
system (Table SS), indicating comparable solvent exposure
within replica variability.”* For CB2, pooled SASA values over
200—1000 ns were 167.91 + 5.25 nm? (control) and 169.89 +
5.04 nm” (cardamonin) (Table S5), likewise suggesting only
minor differences within the overall variability.”*

Consistent with these observations, the radius of gyration
(Rg) analysis (Figure S4) was used as a global descriptor of
compactness. Over the equilibrated 200—1000 ns window,
pooled Rg values for CB1 were 2.990 + 0.144 nm (control)
and 3.024 + 0.149 nm (cardamonin) (Table SS5), indicating
broadly comparable global compactness within replica
variability. Similarly, CB2 showed pooled Rg values of 2.187
+ 0.038 nm (control) and 2.194 + 0.037 nm (cardamonin)
(Table SS), supporting minimal ligand-associated changes in
overall compactness.

Overall, the docking and molecular dynamics simulations
indicate that cardamonin remains stably associated with both
CB1 and CB2 receptors over the simulated time scale without
inducing large-scale structural rearrangements. Replica-aver-
aged trajectory descriptors suggest modest, receptor-dependent
differences in local dynamics for CB1, while CB2 remains
largely unaffected. These observations remain within the range
of typical GPCR behavior and do not support major functional
state transitions based on molecular dynamics alone.

3.2. Hydrogen Bond Analysis
Hydrogen bond counts were computed for each frame of the
1000 ns MD trajectories of CB1 and CB2 in both native-ligand

and cardamonin-bound states, as shown in Figure S5 and
Table SS.

https://doi.org/10.1021/acsomega.5c10026
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Figure 3. Hydrogen bond interaction snapshots between cardamonin and cannabinoid receptors CB1 (A) and CB2 (B) at selected time points
from molecular dynamics simulations. Each frame corresponds to a representative structure at 100, 250, 500, and 750 ns. Hydrogen bonds are
depicted as red dashed lines with annotated distances (A). In CB1, dynamic repositioning of the ligand allows alternating interactions with residues
such as HSD,, ILE,4;, PHE g9, ASP g4, SER;73, and LEU g;. In contrast, the CB2 complex demonstrates a more consistent hydrogen bonding
profile, particularly with SERyg5 and GLY,g,. These interactions reflect the temporal stability and flexibility of ligand—receptor engagement during

the simulation trajectory.

In CBI, hydrogen bonds were observed throughout the
trajectories, but replica-averaged analysis over the equilibrated
200—1000 ns window (Table SS) showed that the control
(native ligand) system exhibited a higher pooled hydrogen-
bond count (1.605 + 0.588) than the cardamonin-bound
system (0.867 = 0.591). This indicates that cardamonin forms
fewer and more transient polar contacts compared with the
native ligand, rather than increasing hydrogen-bond persis-
tence. These polar contacts likely involved residues in ECL2
and transmembrane helices, suggesting that cardamonin
stabilizes key structural regions and enhances receptor rigidity.
Hydrogen bonds in GPCRs can contribute to ligand anchoring
and binding-site organization, although their persistence and
frequency should be interpreted alongside other interaction
types and global stability metrics.”"**~*° Consistent with the
RMSF and SASA analyses, hydrogen-bond counts alone do not
indicate a strong ligand-driven rigidification, and therefore we
interpret the hydrogen-bond results conservatively as reflecting
transient polar contacts for cardamonin in CB1.

By contrast, CB2 exhibited overall low and intermittent
hydrogen bond counts for both systems (Figure S5). Replica-
averaged values over 200—1000 ns were 0.114 + 0.318

(control) and 0.177 + 0.397 (cardamonin) (Table SS),
indicating that persistent hydrogen-bond networks are not a
dominant interaction mode in CB2 within the simulated time
scale.

Representative structural snapshots at 100, 250, 500, and
750 ns further illustrate these differences as illustrated in Figure
3. In CB1, cardamonin established dynamic hydrogen bonds
with residues including HSD,,, ILE,s;, PHE g, ASP g,
SER,;;, and LEU,y;, showing temporal adaptability while
maintaining persistent engagement. In CB2, interactions were
more confined, consistently involving SER,gs and occasionally
GLY,s,, but lacking the same temporal flexibility. These
snapshots illustrate representative polar contacts observed
during the simulations; however, comparative interpretations
between CB1 and CB2 are based primarily on the quantitative,
replica-averaged MD metrics (Table S5) and MM/PBSA
binding energies rather than on individual frames. These
residue-level interactions describe the types of contacts
observed during the simulation; however, the representative
snapshots are provided for visualization only and are not used
alone to infer receptor stability. Comparative interpretations

https://doi.org/10.1021/acsomega.5c10026
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Figure 4. Principal Component Analysis (PCA) of CB1 and CB2 receptor complexes. (A) PCA projection of CB1 control (black) and
cardamonin-bound complex (red) onto the first two principal components. Cardamonin binding induces broader conformational sampling. (B)
PCA projection of CB2 control (black) and cardamonin-bound complex (red), showing overlapping conformational space and reduced ligand

impact.

between CB1 and CB2 rely instead on the quantitative, replica-
averaged MD metrics and MM/PBSA binding energies.

3.3. Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed to
quantify the dominant collective motions of CB1 and CB2
over the 1000 ns simulations. PCA reduces the high-
dimensional MD trajectories into orthogonal principal
components (PCs) derived from the covariance matrix of
atomic positional fluctuations, allowing visualization of the
most prominent slow, large-amplitude motions. PCA projec-
tions were evaluated across all three independent replicas using
the equilibrated 200—1000 ns window, and replica-wise as well
as pooled PC1—PC2 summary statistics (mean + SD and
dispersion) are provided in Table S6. In GPCRs, these
components often reflect subtle rearrangements of trans-
membrane helices, loop flexibility, and global breathing
motions that contribute to conformational sampling. Here,
trajectory frames for the control and cardamonin-bound
complexes were projected onto the first two principal
components (PC1 and PC2), which captured the largest
fraction of conformational variance (Figure 4). For CB1, both
the control and ligand-bound ensembles occupied partially
overlapping regions of the PC1—PC2 space. The cardamonin-
bound system sampled a slightly broader distribution along
PCl1, suggesting modest increases in the range of accessible
global motions, but the overlap between the two states
indicates that the dominant conformational modes remain
largely similar. No well-separated clusters or distinct conforma-
tional basins were observed, implying that cardamonin does
not induce major transitions into alternative global structural
states within the simulated time scale. This interpretation is
consistent with the replica-averaged trajectory descriptors
(RMSD/RMSF) indicating stable global conformations with
only modest differences between control and cardamonin-
bound systems.

For CB2, the PCA projections of the control and ligand-
bound complexes showed extensive overlap with nearly
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identical dispersion patterns along both principal components.
This close correspondence indicates that cardamonin binding
results in minimal changes to the large-scale motions of CB2,
consistent with the small differences observed in the RMSF
and hydrogen-bond analyses. The limited separation between
control and ligand-bound states suggests that CB2 dynamics
remain largely unaltered during the simulation. Overall, PCA
indicates that cardamonin does not produce major global
rearrangements in either receptor. Both CBI1 and CB2
maintain similar dominant motion patterns, with only small
ligand-associated variations that fall within typical GPCR
dynamic behavior. Because these differences are subtle, no
mechanistic conclusions regarding receptor activation, desensi-
tization, or biased signaling were inferred from the PCA
results.

3.4. MM/PBSA Binding Free Energy Analysis

The Molecular Mechanics/Poisson—Boltzmann Surface Area
(MM/PBSA) method was employed to assess the binding free
energies of cardamonin to cannabinoid receptors CB1 and
CB2. MM/PBSA is a recognized postprocessing method for
estimating ligand—receptor affinities in molecular dynamics
simulations, integrating molecular mechanics energies with
solvation models to approximate the Gibbs free energy of
binding.”**” This approach divides the total binding energy
into four primary components: van der Waals (VDWAALS),
electrostatic (EEL), polar solvation (EPB), and nonpolar
solvation (ENPOLAR). The components elucidate the relative
contributions of hydrophobic, polar, and electrostatic forces in
the stabilization of ligand—protein complexes.

The CBI control system exhibited a total binding free
energy of — 4247 + 5.06 kcal/mol, driven primarily by
favorable van der Waals (—59.01 + 2.54 kcal/mol) and
electrostatic (—18.38 + 3.65 kcal/mol) interactions. Polar
solvation contributions (EPB: + 40.35 + 3.18 kcal/mol)
partially offset these favorable terms due to desolvation
penalties. The cardamonin-bound CB1 complex showed a
total binding free energy of —19.58 + 6.49 kcal/mol, reflecting
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Figure S. (A) Mechanical paw withdrawal threshold (mean = SEM) in the Von Frey test. SHM and CDM groups displayed high thresholds
(normal sensitivity), while VHC, CB1~, and CB2~ groups exhibited mechanical allodynia. Co-treatment with cardamonin (CDM+CB1~ and CDM
+CB27) partially restored pain thresholds. (B) Thermal paw withdrawal latency (mean + SEM) in the Hargreaves test. SHM group showed normal
latency. CB1~, CB27, and VHC groups exhibited thermal hyperalgesia. Cardamonin (CDM) increased latency significantly, and cotreatment with

CB1™ or CB2™ partially restored thermal sensitivity.

reduced stabilizing interactions relative to the control. This
decrease is consistent with lower van der Waals (—37.21 +
2.88 kcal/mol) and electrostatic (—10.56 + 4.39 kcal/mol)
components, suggesting weaker intermolecular complementar-
ity within the CB1 orthosteric pocket. These trends align with
MD observations showing limited hydrogen bonding and
moderate structural modulation in RMSD, RMSF, SASA, and
PCA analyses.

A similar pattern was observed for CB2. The control system
displayed a binding free energy of —37.05 + 5.20 kcal/mol,
dominated by van der Waals contributions (—60.00 + 2.94
kcal/mol). The cardamonin-bound CB2 complex showed a
total free energy of —18.76 + 3.97 kcal/mol, again indicating
reduced stabilizing interactions relative to the native ligand.

Although the difference between control and ligand-bound
CB2 is somewhat smaller than in CB1, the overall trend
likewise reflects weaker interaction strength, consistent with
the minimal perturbations detected in RMSD, RMSF, and
PCA profiles.

Overall, the MM/PBSA decomposition indicates that
cardamonin binds more weakly to both CB1 and CB2
compared with their respective native ligands, supporting the
qualitative observation of reduced intermolecular stabilization
in the MD trajectories. These results complement the broader
structural analyses and highlight modest, receptor-dependent
differences in cardamonin interaction strength. Even if the total
binding free energies of the CB1 and CB2 complexes differ
numerically, their tiny discrepancy (0.8 kcal/mol) is well

https://doi.org/10.1021/acsomega.5c10026
ACS Omega 2026, 11, 23820—23832



ACS Omega

http://pubs.acs.org/journal/acsodf

within the propagated uncertainty of the MM/PBSA approach
(4—6 kcal/mol). Therefore, rather than being regarded as
quantitative evidence of preferential affinity toward a single
receptor, these findings should be understood qualitatively, as
evidence of generally reduced stabilization following cardamo-
nin binding. Uncertainties in the TOTAL binding free energies
were recalculated using linear propagation of errors from the
GGAS and GSOLV components to ensure consistency with
standard statistical treatment.

The difference between docking and MM/PBSA binding
energies is expected, as the two methods rely on fundamentally
different scoring principles. Docking provides approximate,
pose-based scores from static structures, whereas MM/PBSA
incorporates solvent effects and averages energies across MD
snapshots. Therefore, their magnitudes are not directly
comparable, and the comparison should be interpreted
qualitatively rather than quantitatively.

3.5. Von Frey Test and Hargreaves Test

The Von Frey test was performed to assess mechanical
nociceptive thresholds in mice after treatment with cardamo-
nin, selective cannabinoid receptor antagonists (CB1~ and
CB27), and their combinations (Figure 5). This assay utilizes
calibrated monofilaments on the plantar surface to assess paw
withdrawal thresholds, commonly employed to quantify
mechanical allodynia and antinociceptive efficacy in rodent
pain models.”®*” Statistical analysis (ANOVA summary, Table
S2) showed significant group differences (p < 0.05), and
Tukey’s post hoc comparisons (Table S3) confirmed
significant pairwise differences. Mice in the sham group
(SHM) demonstrated normal thresholds (4.52 + 0.08 g),
indicating preserved mechanical sensitivity. Cardamonin alone
(CDM) did not significantly affect the baseline (4.10 + 0.06
g), indicating that it does not induce mechanical hyper-
sensitivity in healthy animals. Mice treated with vehicle
(VHC), along with those pretreated with CB1~ and CB2~
antagonists, exhibited significantly lower thresholds (0.93 +
0.08 g, 1.05 =+ 0.06 g, and 0.98 + 0.06 g respectively),
suggesting the presence of mechanical allodynia after
cannabinoid receptor blockade. This aligns with the recognized
function of CB1 and CB2 in sustaining antinociceptive tone
through the ECS.* %

The coadministration of cardamonin with antagonists
resulted in a partial restoration of nociceptive thresholds.
The CDM+CB1~ group demonstrated a significant increase of
2.05 + 0.08 g, whereas the CDM+CB2" group exhibited a
moderate rise of 1.48 + 0.05 g The results suggest that
cardamonin maintains partial antinociceptive activity despite
receptor blockade, although it does not return to baseline
levels. The mechanical sensitivity data indicate that cardamo-
nin alleviates allodynia induced by CB1/CB2 blockade,
exhibiting more pronounced effects when CB1 is inhibited.
This suggests an increased dependence on CB2 signaling for
mechanical antinociception, consistent with previous research
emphasizing CB2’s involvement in peripheral pain modulation
and the resolution of inflammation.”” The findings collectively
indicate the receptor-selective analgesic potential of cardamo-
nin and suggest the involvement of additional pathways
beyond CB1/CB2, potentially including anti-inflammatory or
TRP channel-related mechanisms.*’

3.6. Hargreaves Test: Thermal Nociceptive Response

The Hargreaves test was utilized to evaluate thermal sensitivity
in mice, providing insights into heat-induced nociceptive

responses after cannabinoid receptor modulation shown in
Figure 5B. The assessment evaluates paw withdrawal latency in
reaction to a standardized infrared stimulus, where reduced
latencies signify hyperalgesia.”® Thermal nociceptive thresholds
were significantly different across groups (ANOVA, Table S2),
with detailed post hoc differences summarized in Table S4.
The sham group (SHM) exhibited the highest latency (4.73 +
0.07 s), indicating typical thermal nociception. In contrast, the
vehicle-treated (VHC), CB17, and CB2™ groups demonstrated
significantly reduced latencies (0.77 + 0.07 s, 0.95 + 0.08 s,
and 0.88 =+ 0.07 s, respectively), thereby confirming the
occurrence of thermal hyperalgesia induced by cannabinoid
receptor blockade. Mice administered cardamonin (CDM)
exhibited an increased withdrawal latency of 2.73 + 0.08 s,
demonstrating a significant thermal analgesic effect. This
indicates that cardamonin may activate thermal antinociceptive
mechanisms without relying on injury-induced sensitization.
The coadministration of receptor antagonists partially reversed
hyperalgesia, with CDM+CB1~ yielding 2.03 + 0.07 s and
CDM+CB2™ resulting in 1.85 + 0.08 s. The effects, although
diminished in comparison to CDM alone, showed significant
enhancement when contrasted with antagonist-only groups.
The observed partial restoration of latency with both
antagonists indicates that cardamonin’s thermal antinocicep-
tive effects engage both CB1 and CB2 receptors, albeit not
exclusively. The increased latency observed in CDM+CB1~
indicates a greater dependence on CB2 for thermal pain
suppression, which contrasts with the Von Frey results that
suggested a predominant role of CB1 in mechanical allodynia.
The behavioral outcomes support the analgesic potential of
cardamonin through both CB receptor-dependent and
receptor-independent mechanisms. This duality may facilitate
the treatment of mixed-pain phenotypes prevalent in chronic
inflammatory and neuropathic disorders. Post hoc statistical
analysis (Tukey’s HSD) confirmed significant differences
among treatment groups in both the mechanical (Von Frey)
and thermal (Hargreaves) nociceptive assays.

3.7. Integration of Molecular Dynamics and Behavioral
Outcomes

This study combines MD simulations and behavioral tests to
investigate cardamonin’s effects on CB1 and CB2 receptors. By
integrating structural and energetic data with in vivo pain
assays, we developed a clear and receptor-specific model
explaining cardamonin’s mechanism of action.

Contrary to initial expectations that cardamonin might
destabilize CB1 upon binding, RMSD analysis (Figure S1A)
indicated that the cardamonin-bound CB1 complex exhibited a
more stable profile than the control system. The RMSD curve
demonstrated a diminished fluctuation range and attained
equilibrium sooner, indicating that cardamonin plays a role in
local receptor stabilization. RMSF data (Figure S2A) further
substantiated this observation, indicating reduced atomic
fluctuations, especially in transmembrane helices and extrac-
ellular loops adjacent to the ligand-binding domain. This
stabilization suggests that cardamonin may enhance structural
rigidity in critical regions while preserving overall conforma-
tional flexibility.”” The SASA analysis (Figure S3A) revealed a
modest decrease in solvent-accessible surface area for the
cardamonin-bound CB1 complex, suggesting a more compact
receptor conformation. This compaction is frequently linked to
stabilization induced by binding. Analysis of hydrogen bonds
(Figure SSA) indicated the establishment of consistent and
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Table 1. MM/PBSA Binding Free Energy Decomposition for CB1 and CB2 Receptors with and without Cardamonin.”

CB1 + Cardamonin

VDWAALS -37.21 + 2.88 -59.01 + 2.54
EEL -10.56 + 4.39 -18.38 + 3.65
EPB 31.90 + 4.05 40.35 + 3.18
ENPOLAR -3.70 + 0.10 -5.43 + 0.09
GGAS -47.77 + 5.09 -77.39 + 3.93
GSOLV 28.19 + 4.03 34.92 + 3.19
TOTAL —19.58 + 6.49 kcal/mol —42.47 + 5.06 kcal/mol

CB1 Control

CB2 + Cardamonin CB2 Control

-38.69 + 2.04 -60.00 + 2.94
-5.29 + 2.62 -9.01 + 3.27
28.85 + 2.29 3697 +2.23
-3.62 + 0.09 -5.01 + 0.09

-43.99 + 3.24 -69.00 + 4.70
25.23 +2.29 31.95 £ 222

-—18.76 + 3.97 kcal/mol —37.05 + 5.20 kcal/mol

“This table presents the energy components derived from MM/PBSA calculations, including van der Waals (VDWAALS), electrostatic (EEL),
polar solvation (EPB), and nonpolar solvation (ENPOLAR) energies. The gas phase energy (GGAS) and solvation energy (GSOLV) contribute to

the final binding free energy (TOTAL).

recurring hydrogen bonds during the simulation, implying
robust polar interactions with critical residues. Stable
interactions may improve the structural integrity of the binding
pocket and support an inactive or intermediate receptor
conformation.’”*"*® The data indicate that cardamonin does
not destabilize CB1; instead, it appears to stabilize the receptor
through polar interactions and compaction of the trans-
membrane core, potentially affecting receptor signaling states.
In contrast to its effects on CB1, Cardamonin demonstrated
negligible structural influence on CB2. The RMSD (Figure
S1B), RMSF (Figure S2B), and SASA (Figure S3B) values for
the cardamonin-bound CB2 complex closely aligned with
those of the control, indicating a minimal conformational
response to ligand binding. Hydrogen bonding (Figure SSB)
was infrequent and temporary, exhibiting occasional peaks
during the initial stages of simulation but lacking prolonged
interaction. The results suggest a diminished or less specific
binding mode in CB2, possibly attributable to reduced
complementarity between cardamonin and the receptor’s
binding pocket, or variations in receptor dynamics that
promote transient ligand interactions. This aligns with CB2’s
more adaptable architecture and may account for the reduced
binding affinity noted.

Principal Component Analysis (PCA, Figure 4) provided a
more profound understanding of the global dynamics
influenced by cardamonin binding. PCA projections for CB1
indicated an increase in the conformational sampling space of
the ligand-bound receptor relative to the control. The wider
distribution of principal components 1 and 2 signifies increased
mobility among metastable states, indicating that cardamonin
influences the receptor’s global motions, potentially driving it
toward inactive or intermediate functional states. In contrast,
CB2 exhibited minimal variation between the control and
cardamonin-bound states. The PCA clusters exhibited
significant overlap, indicating that cardamonin does not induce
considerable global conformational changes in CB2. This
suggests that its binding is less functionally disruptive and
potentially less effective within the CB2 context. PCA data
further support the notion that cardamonin preferentially
modulates CB1 over CB2, both in structural and dynamic
aspects.

To confirm the differential interactions identified in
trajectory and PCA analyses, MM/PBSA binding free energy
calculations were conducted (Table 1). Cardamonin demon-
strated comparable total binding energy for CB1 (—19.58 +
6.49 kcal/mol) compared to CB2 (—18.76 + 3.97 kcal/mol),
but tendency toward CB1, indicating a higher affinity for CBI.
The affinities, although moderate relative to their native ligands
(—42.47 kcal/mol for CB1-control and — 37.05 kcal/mol for

CB2-control), are adequate to facilitate functional engage-
ment.’”*’ The energy decomposition analysis indicated that
van der Waals interactions were the primary contributors to
cardamonin binding in both receptors. CB1 exhibited a more
favorable balance of electrostatic and solvation components,
characterized by enhanced polar desolvation, indicating a
tighter integration within its hydrophobic pocket. The
energetic insights correspond with the trajectory data,
reinforcing a model in which cardamonin preferentially
stabilizes CB1 through noncovalent interactions.

This study’s in vivo component demonstrated physiological
evidence supporting the analgesic potential of cardamonin.
The behavioral outcomes from the Von Frey and Hargreaves
assays closely aligned with the in-silico findings, providing
translational support for the computational predictions. In the
Von Frey assay, mice pretreated with CB1~, CB2™ antagonists,
or vehicle (VHC) exhibited significantly reduced paw
withdrawal thresholds, indicating the presence of mechanical
allodynia. The administration of cardamonin restored thresh-
olds to nearly normal levels, thereby confirming its
antinociceptive efficacy. The cotreatment groups (CDM
+CB1~ and CDM+CB2~) demonstrated a partial reversal of
hypersensitivity, with elevated thresholds relative to the
antagonist-only groups, yet still lower than those observed
with cardamonin alone. This indicates that cardamonin
maintains functional activity despite partial blockade of CB1
or CB2, suggesting either dual-receptor engagement or
noncanonical mechanisms of action. In the Hargreaves assay,
both vehicle- and antagonist-treated animals displayed hyper-
algesia, indicated by reduced paw withdrawal latencies,
whereas cardamonin treatment notably extended withdrawal
times. Co-treatment groups exhibited intermediate effects,
indicating a partial dependence on CB1/CB2 signaling
pathways. The consistent results observed in both assays
indicate that cardamonin exhibits broad-spectrum antinoci-
ceptive effects, which are partially mediated by the modulation
of cannabinoid receptors.

The alignment between MD simulations and behavioral
observations supports several cautious but meaningful
interpretations. Cardamonin shows slightly more persistent
hydrogen-bonding and modest structural compaction in CBI
than in CB2, although these differences are subtle and fall
within the range of comparable receptor dynamics. Accord-
ingly, the behavioral findings should be viewed as consistent
with minor CBl-leaning trends, rather than indicating strong
or preferential selectivity.

e Energetic Perspective: MM/PBSA calculations show
that the binding free energies for CB1 and CB2 are
highly similar, with only small numerical differences that
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lie within the uncertainty range. This indicates that
cardamonin acts as a moderate-affinity ligand for both
receptors, aligning more closely with a partial modulator
than a high-affinity agonist.

e Dynamic Modulation: PCA analysis reveals subtle,
nondisruptive changes in the conformational sampling
of CB1 upon cardamonin binding, while CB2 exhibits
nearly overlapping motion profiles between apo and
bound states. These modest differences may reflect
minor local adjustments rather than distinct activation
pathways.

e Receptor Independence: The persistence of analgesic
effects even in the presence of CB1 or CB2 antagonists
suggests that cardamonin’s antinociceptive activity is not
solely dependent on classical cannabinoid receptor
signaling. Its overall behavioral profile may also be
influenced by other processes, such as allosteric effects,
secondary target engagement, or downstream signaling
cascade regulation.

The findings indicate that cardamonin does not function as a
classical orthosteric cannabinoid agonist. It operates via
dynamic receptor modulation, selectively influencing the
structural and energetic landscape of CB1, while also partially
engaging CB2 or other targets. This multimodal mechanism
may enhance the analgesic efficacy observed in vivo, position-
ing Cardamonin as a promising lead compound for pain
management with minimal psychoactive liability. Although the
compound demonstrates mechanistic promise and preliminary
antinociceptive activity, its safety, metabolic stability, and
tolerability remain to be established. Future work should
include comprehensive ADME/Tox profiling to evaluate its
suitability as a therapeutic candidate.

4. CONCLUSIONS

Cardamonin, a natural chalcone, selectively stabilizes the CB1
receptor over CB2, as revealed by MD simulations, energetic
analyses, and behavioral experiments. The ligand promotes
inactive or intermediate CB1 states, broadening its conforma-
tional landscape and reducing pain sensitivity without adverse
psychoactive or desensitizing effects. Compared with CB2,
cardamonin shows greater binding affinity and functional
impact at CB1, even when CB1/CB2 antagonists are present,
indicating a receptor-specific, modulatory mechanism. These
findings support the potential of cardamonin as a promising
noneuphoric, plant-derived analgesic and multitarget pain
modulator via selective GPCR conformational reprogramming
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