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ABSTRACT

Cutaneous squamous cell carcinoma (cSCC) poses a significant therapeutic challenge due to its aggressive nature and recurrence
rates. The current treatment 5-fluorouracil (5-FU) is associated with adverse skin reactions. This study investigates cannabidiol
(CBD) as a potential alternative therapy for cSCC through an integrated computational and experimental approach. Density func-
tional theory (DFT) using the M06-2X/6-31+G(d,p) basis set revealed that CBD’s smaller HOMO-LUMO gap (0.282 eV) compared
to 5-FU (0.288 eV) indicates a higher reactivity and potential biological interactions. Cannabidiol exhibits a higher binding affinity
toward the CB1 receptor (—9.986 kcal/mol) than 5-FU (—3.760 kcal/mol). Molecular dynamics simulations demonstrate that the
CBD-CB1 complex remains stable through hydrogen bonding and hydrophobic interactions. Binding free energy calculations
(MM-GBSA) further confirmed CBD’s enhanced affinity (—69.696 kcal/mol) over 5-FU (—28.241 kcal/mol). Experimentally, CBD
exhibited greater cytotoxicity against A431 cSCC cells with an ICs, of 2.76 uM compared to 5-FU’s ICy, of 5.61 pM. These inte-
grated findings suggest that CBD is a promising alternative therapeutic candidate for cSCC, offering superior cytotoxicity and
stable molecular interactions compared to 5-FU.

1 | Introduction

Cancer represents a significant global healthcare challenge owing
toits diverse nature, necessitating continuous innovation in treat-
ment strategies [1]. In 2020, 10 million deaths were attributed to
cancer [2], moreover, studies indicate that an excess of 24 million
cancer cases will be diagnosed between 2020 and 2035 [3]. Among
the multitude of malignancies, skin cancer emerges as one of the
most prevalent, with 1.2 million new cases reported in 2020 [2].
Skin cancer is characterized by the unsuppressed proliferation
of aberrant skin cells [4], delineating two principal categories:

melanoma and nonmelanoma skin cancer (NMSC) [5]. A pre-
dominant variant of NMSC is keratinocyte carcinoma (KC), com-
posed of two subtypes: basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC) [6]. BCC occurs in basal epidermal cells and
has a low malignancy potential and limited metastatic capacity.
In contrast, SCC is a proliferative invasive carcinoma that affects
squamous epidermal cells, posing a higher risk of metastasis and
high recurrence rates [7]. In addition, cutaneous squamous cell
carcinoma (cSCC) ranks as the second most prevalent variant of
skin cancer. An estimated 1.8 million cases of cSCC are diagnosed
annually in the United States [8]. Furthermore, an increased risk
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of mortality is linked to advanced cSCC. A study by Karia et al.
[9], 2013 revealed that cSCC mortality rates in the central and
southern US have risen to levels comparable to melanoma.

The principal risk factor for cSCC development is prolonged
exposure to ultraviolet radiation (UVA and UVB), which leads
to DNA mutations in pro-oncogenes or tumor suppressor genes
[10]. This carcinoma develops from precursor lesions, which
include squamous cell carcinoma in situ (SCCIS) and actinic
keratoses [11]. The development of cSCC is multifactorial,
involving immune regulation, genetic mutations, and cellular
mechanisms. There are two primary mechanisms contributing
to the immunoregulatory processes in cSCC. First, elevated lev-
els of transforming growth factor-beta (TGF-f), interleukin-10
(IL-10), and regulatory T cells (Tregs) in the tumor microen-
vironment (TME) of advanced cSCC. The increase in Tregs
results in a suppressed antitumor immune system, which
facilitates tumor progression [12]. Second, decreased plasmacy-
toid dendritic cells (pDCs) [13], lead to diminished activation of
immune responses against the tumor [14]. Additionally, genomic
sequencing in cSCC reveals that mutations in key genes, includ-
ing Notch receptors 1 and 2 (NOTCH1/2), cyclin-dependent
kinase inhibitor 2A (CDKN2A), Harvey rat sarcoma viral
oncogene homolog (HRAS), tumor protein p53 (TP53), and
transforming growth factor-beta receptor 1 (TGFBRI1), drive
early tumorigenesis through sustained clonal proliferation
[15-19]. Epithelial-mesenchymal transition (EMT), influenced
by the plasticity of tumor cells, is a cellular mechanism involved
in both multidrug resistance and metastatic potential [20]. These
interrelated factors highlight the complexity of ¢SCC patho-
genesis and the necessity for therapeutic strategies that address
multiple facets of the disease.

Currently, the pharmaceutical industry offers several topical
treatments for cSCC, such as Ingenol mebutate, 5-fluorouracil
(5-FU), and imiquimod. However, these treatments often lead to
adverse skin reactions and recurrence. 5-FU, in particular, com-
monly causes pain, crusting, pruritus, erythema, and eczema-
tous reactions, with localized irritation potentially progressing to
ulceration and infection risk [21-23]. Despite 5-FU’s historical
role in treating cutaneous malignancies since 1957, its adverse
effects highlight the critical need for alternative treatments.

Cannabinoids are bioactive compounds classified into phyto-
cannabinoids, endocannabinoids, and synthetic cannabinoids
[24]. Cannabidiol (CBD; IUPAC name 2-[(1R,6R)-3-methyl-6-
(prop-1-en-2-yl)cyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol) is
one of the predominant phytocannabinoids present in Cannabis,
which is part of the Cannabaceae family. Cannabis is an herba-
ceous species that originates from Central Asia and is reported to
produce more than 750 natural components of different chemical
classes [25]. The World Health Organization (WHO) described
CBD as a 21-carbon atom terpenophenolic compound [26]. The
skin contains an endocannabinoid system (ECS) that plays a
role in homeostasis by functioning as a signaling network. The
ECS also contributes to various physiological processes, includ-
ing inflammation, cellular growth, and immune response [27].
This system consists of endocannabinoid receptors, endogenous
agonists, and enzymes [28]. The principal endocannabinoids,
anandamide (AEA), and 2-arachidonoylglycerol (2-AG), func-
tion as natural ligands for both cannabinoid receptors 1 (CB1R)

and 2 (CB2R) [29]. Both CB1R and CB2R are variably expressed
in sebocytes, fibroblasts, cutaneous nerves, and keratinocytes
[30]. Fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL) are enzymes that facilitate the synthesis and
degradation of natural endocannabinoids [27].

Cannabidiol exhibits a range of biological properties that con-
tribute to its therapeutic potential. As a phenolic compound,
CBD is widely used in treating various diseases due to enhanced
antioxidant activity, as reported by Amini and Akbari [31].
Kassim et al. [32] further indicated that certain phenolic acids,
derived from phenolic compounds and containing at least
one carboxylic group, exhibit antioxidant, anticancer, and
anti-inflammatory properties. A study by Gohad et al. investi-
gated the antioxidant properties of CBD on keratinocytes and
melanocytes exposed to UV radiation. The research concluded
that CBD demonstrated antioxidant effects, as evidenced by a
reduction in cell death among these skin cells [33]. Additionally,
a preclinical study demonstrated that CBD inhibits cell prolifer-
ation in Kaposi’s sarcoma cells [34], highlighting its anticancer
capabilities. Previous studies on CBD’s therapeutic effects high-
light that CBD modulates several signaling pathways including
PI3K/AKT/mTOR, MAPK/ERK, and NF-kB, which result in cell
growth inhibition, apoptosis, and tumor angiogenesis suppres-
sion. Moreover, in head and neck SCC’s, CBD induces apoptotic
and autophagic processes [35]. These processes decrease tumor
growth and proliferation by upregulating dual specificity phos-
phatase 1 (DUSP1). The DUSP1 inactivates oncogenic MAPK
isoforms, disrupting signaling cascades required for tumor cell
survival and expansion [36].

Within the field of drug design, the efficacy of a drug is deter-
mined by its molecular recognition of a biological target, driven
by the spatial and electronic characteristics of the drug’s atoms
[37]. Theoretical chemistry integrates mathematical methods
with principles of quantum or classical mechanics, forming a
strategic approach for analyzing and understanding chemical
systems [38]. Computational chemistry emerges as a subdis-
cipline that applies theoretical chemical concepts via software
tools [39]. Two integral components in computational chemistry
include quantum mechanics (QM) and molecular mechan-
ics (MM) calculations, which are employed to analyze and
predict the molecular structure and behavior of chemical com-
pounds [40]. Density functional theory (DFT) is a leading
quantum chemistry method due to the balance of accuracy and
computational efficiency [41].

Employing DFT with the M06-2X functional and the 6-31+G(d,p)
basis set provides several advantages. The computational effi-
ciency of DFT enables its application to large complex biological
systems [42]. Additionally, this method provides atomic-level
insights for designing efficient drug delivery systems by ana-
lyzing interactions among drugs, polymers, and biomolecules,
potentially avoiding extensive experimental trials [43]. When exe-
cuted with the M06-2X functional, DFT calculations enhanced
precision in simulating biomolecular characteristics, including
noncovalent interactions, hydrogen bonding, and transition
metal chemistry [44]. The M06-2X functional incorporates 54%
Hartree—Fock exchange, approximately double the exchange
fraction used in the M06 functional (27%), and is specifically
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parameterized for main-group elements (nonmetals). This char-
acteristic enhances its reliability in describing thermochemical,
kinetic, and noncovalent interactions [45]. The 6-31+G(d,p)
basis set represents a split-valence double-zeta basis set that
includes additional diffuse and polarization functions. These
characteristics enhance the flexibility and precision of molecular
orbital representations [46, 47]. Moreover, this basis set bal-
ances accuracy and computational cost for various biomolecular
applications [48].

This study explores CBD as a potential treatment for cSCC, due
to its diverse biological properties, and its capacity to influence
signaling pathways involved in tumor progression, apoptosis, and
angiogenesis. As a naturally occurring plant bioactive, CBD offers
a distinct advantage in sustainability and accessibility, aligning
with the increasing interest in plant-based therapeutic strategies
for cancer treatment. The study integrates three key disciplines:
computational chemistry, experimental validation, and biologi-
cal evaluation. By employing DFT with the M06-2X/6-31+G(d,p)
functional, the study investigates molecular geometry, elec-
tronic properties, and reactivity of CBD and 5-FU. Molecular
docking and Molecular dynamics simulation (MDS) evaluate
binding affinities and ligand stability within receptor active
sites. Experimentally, FTIR and UV-vis spectroscopy validate
theoretical predictions of molecular behavior, while cytotoxic
assays assess CBD’s efficacy in reducing cell viability in A431
SCC cells. Through this multidisciplinary approach, the study
aims to establish a detailed understanding of CBD’s molec-
ular interaction and its potential as an anticancer therapy
for cSCC.

2 | Materials and Methods

2.1 | Software

Quantum mechanical computations were performed using
Gaussian 16 revision C01 [49] and GaussView 6.1 [50]. Gaussian
16 facilitated detailed quantum calculations, while GaussView
6.1 served as the graphical interface. Classical mechanics
calculations were performed using the Schrodinger Maestro
interface [51]. Physicochemical properties, pharmacokinetics,
and drug-likeness analyses were conducted by SWISS-ADME
[52]. Potential energy distribution (PED) was calculated by
vibrational energy distribution analysis (VEDA) [53] and Fukui
functions were determined by Multiwfn [54].

2.2 | Hardware

This study utilized the LENGAU high-performance computing
cluster at the Centre for High-Performance Computing (CHPC)
in Cape Town, South Africa [55].

2.3 | Acquisition and Preprocessing of Receptor
Proteins and Ligands

Potential receptor targets for CBD interaction were identi-
fied through a literature survey, their three-dimensional (3D)
structures were retrieved from the RCSB Protein Data Bank [56].

Additionally, the 3D structures of CBD (CID: 644019) and 5-FU
(CID: 3385) were obtained from the PubChem database [57].

2.4 | DFT

The molecular characteristics of the CBD and 5-FU molecules
were analyzed in Gaussian 16 using MO06-2X/6-31+G(d,p).
Geometry [58] optimization and vibrational frequency [59]
analyses were performed to determine stable molecular struc-
tures and the corresponding vibrational modes. Electronic
properties and reactivity were calculated by highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels. Electrostatic potential (ESP)
maps visualized charge distribution for potential interac-
tions [49]. Fukui functions determined the reactivity [54],
Ultraviolet-visible (UV) spectroscopy examined -electronic
transitions [60], which were simulated by time-dependent
(TD)-DFT/MO062X. Fourier-transform infrared (FTIR) spec-
troscopy identified functional groups and molecular vibrations
[49]. Computational vibrational mode assignments were vali-
dated by VEDA. Gaussian calculations were performed in both
the gas phase and dimethyl sulfoxide (DMSO) using the Integral
Equation Formalism Polarizable Continuum Model (IEFPCM)
as the implicit solvation model. However, only results from
DMSO are reported, aligning with the experimental conditions.

2.5 | Molecular Docking

The 3D crystal structures of receptor proteins were prepared
for docking using the Protein Preparation Wizard [61] tool
in Schrodinger Maestro. Hydrogen bond optimization was
performed at pH7 using the PROPKA [62] tool, followed
by structure minimization using the optimized potentials for
liquid simulations—model 4 (OPLS4) force field [63]. The
M06-2X/6-31+G(d,p) optimized CBD and 5-FU molecules were
imported from Gaussian. Grid generation was performed using
the receptor grid generation tool (within Schrodinger Maestro).
Molecular docking was conducted with Glide XP [64, 65] (extra
precision), using the OPLS4 force field [66].

2.6 | Molecular Dynamics Simulation Analysis

Molecular dynamics simulations (MDS) were performed on the
docked complexes of CBD and 5-FU with the receptor that exhib-
ited the highest binding affinity toward CBD. The protein-ligand
complexes were prepared with the System Builder tool and sol-
vated using the TIP4P water model within an orthorhombic
periodic boundary box with a 10 A buffer in all directions. To
neutralize the system and mimic physiological conditions, a
salt concentration of 0.15M of NaCl was added. The MDS ran
for 250 ns. The Molecular Mechanics-Generalized Born Surface
Area (MM-GBSA) method [67] was employed to calculate the
binding energies for the docked complexes of CBD and 5-FU.
The strength of the interaction between proteins and ligands
is quantified by the binding free energy (AG;,q), described
in Equation (1). The AGy;,, is calculated by summing several
energetic contributions, as shown in Equation (2), where AE, 4w
and AE,, represent the van der Waals and Coulombic ener-
gies, respectively. The terms AEgy, AEg,, and TAS denote the
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generalized Born electrostatic energy, nonpolar solvation energy,
and conformational entropy change, respectively [68].
AGbind =G - Gprotein _Gligand (1)

complex

AGyg = AE 4w + AE

ele

+AEgy + AEg, —TAS ()

2.7 | Physiochemical and Pharmacokinetic
Evaluation

Swiss ADME was used to comparatively evaluate the physic-
ochemical properties, pharmacokinetics, and drug-likeness of
CBD and 5-FU, with data sourced from PubChem [52].

2.8 | Target Prediction Analysis

Swiss target prediction was utilized to identify potential molecu-
lar targets for CBD. The CBD data was obtained from PubChem
[69].

2.9 | Experimental

The CBD crystals used in this study had a purity of 99% (Endoca
BV, Netherlands) and were kindly supplied by Tautomer Bio-
sciences, South Africa. The 5-FU 99% was obtained from Sisco
Research Laboratories, India (15088).

2.10 | Material Characterization

A Spectrum 100 FTIR spectrometer (PerkinElmer, USA) was
employed to obtain the attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectra for samples over a wavenum-
ber range 4000-500cm™!, with a spectral resolution of 4cm™,
and 32 scans per spectrum. The UV -vis analysis was conducted
using a UV5 UV/VIS Spectrophotometer (Mettler Toledo, UK),
across a wavelength range from 200 to 800 nm. All samples were
diluted in DMSO before analyses.

211 | Materials for Cytotoxic Assessment

The materials employed for assessing the cytotoxicity of CBD
and 5-FU in SCC cells include: SCC cell line (A431; American
Type Culture Collection); CBD (Endoca BV, Netherlands);
5-FU (Sisco Research Laboratories, India); Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum (FBS),
and phosphate-buffered saline (PBS) (Gibco—ThermoFisher
Scientific, South Africa); acetic acid, dimethyl sulfoxide (DMSO),
ethylenediaminetetraacetic acid (EDTA), penicillin, sodium
hydroxide (NaOH), streptomycin, sulforhodamine B salt,
trichloroacetic acid (TCA), trisaminomethane (Tris), trypan
blue, and trypsin (Sigma-Aldrich, South Africa).

212 | Cell Culture

The A431 cells were cultured in 75cm? culture flasks with
DMEM, 10% heat-inactivated FBS, and 1% antibiotics (100 U/mL

penicillin and 100 pg/mL streptomycin) at 37°C in a humidified
incubator with 5% CO,. Cells were subcultured upon reaching
70%-80% confluence. After rinsing with PBS, cells were detached
using trypsin-EDTA (0.25% trypsin, 0.01% EDTA) for 10 min.
Trypsin was deactivated using a complete medium, and cells
were harvested via centrifugation at 200 RCF for 5min. After
the supernatant was discarded, the cell pellet was resuspended in
1 mL of 10% FBS-supplemented medium, and an aliquot thereof
diluted with 0.1% trypan blue. Trypan blue-stained cells were
counted with a hemocytometer, and the final cell concentration
was adjusted to 100 000 cells/mL.

2.13 | Sulforhodamine B Staining

The A431 cells (100 pL) were seeded into a 96-well microtiter
plate and incubated for 24 h at 37°C with 5% CO, to facilitate cell
attachment. Cells were then treated for 48 h with 100 pL of either
unsupplemented DMEM (negative control), 0.8% DMSO (vehicle
control), 5-FU (2.2-35 pM; positive control), or CBD (2.2-35 pM)
in FBS-free medium supplemented with 0.8% DMSO. Blanks con-
taining 5% FBS-supplemented medium were included to account
for sterility and background noise. Following treatment, cells
were fixed with 50 pL of 50% TCA at 4°C for 24 h, washed with tap
water, and air-dried. Subsequently, 100 uL of SRB dye (0.057% in
1% acetic acid) was added and incubated for 1 h. The unbound dye
was removed with 100 pL of 1% acetic acid, plates were dried, and
the bound dye was solubilized with 200 pL of 10 mM Tris buffer
(pH 10.5). Plates were measured spectrophotometrically using an
ELX 800 plate reader (BioTek Industries) at 540 nm with a refer-
ence wavelength of 630 nm. Values were blank-excluded, and the
cell density was calculated using the following formula:

Cell density (%of negative control)

_ absorbance of sample
~ \ average absorbance of negative control

) x100 (3)
The assay was performed with technical and biological triplicates.
GraphPad Prism software was employed for statistical analysis
of the half-maximal inhibitory concentration (ICs,) [70], by plot-
ting the logarithmic concentration relative to the cell density. A
logarithmic normalized variable slope analysis was employed to
determine the dose-response fit, where the IC,, was calculated
based on the 50% cell density absolute value.

3 | Results and Discussion

3.1 | Molecular Geometry Optimization

Geometry optimization was performed to obtain a stable local
minimum on the potential energy surface (PES) by minimizing
the total energy. This initial step in QM analysis is essential,
as its output constitutes the requisite input for all subsequent
calculations [71]. Figure 1 illustrates the optimized geometry
of the CBD and 5-FU molecules using M06-2X/6-31+G(d,p).
Tables S1 and S2 display the optimized molecular geometry
of each atom, specifying XYZ coordinates for CBD and 5-FU,
respectively. Tables S3 and S4 represent a detailed analysis of
the optimized bond lengths, bond angles, and dihedral angles
of CBD and 5-FU. The CBD molecule demonstrates average
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bond lengths of 1.3674, 0.9687, 1.4717, and 1.0947 A, for O-C,
O-H, C-C, and C-H, respectively. The bond angle data for CBD
shows standard geometries for C-O-H (110.2915°), C-C-C
(117.2852%), C-C-H (111.2097°). However, ring strain is observed
at C4-C3-C5 (109.5512°) and a deviation at H39-C18-H40
(107.0025%), suggesting possible steric effects. The torsion angle
data for CBD reveals conformational variability, with deviations
atH47-01-C11-C8 (—16.3661°), reflecting flexibility and poten-
tial steric interactions. The 5-FU molecular structure exhibits
planarity in regions surrounding N4, N5, and C6 to C9, promoting
electron delocalization and enhances stability, typical of aromatic
systems [72]. Bond lengths of 02-C6 (1.2096 A) and 03-C7
(1.2122 A) indicate two carbonyl functional groups. Additionally,
the N5-C7 (1.3833 A) and N5-C9 (1.3795 A) bond lengths sug-
gest resonance or conjugation, further supporting electron delo-
calization. Bond angles C6-N4-C7 (128.5263°) and C7-N5-C9
(123.7488") indicate sp? hybridization, which supports planarity.
Electron-withdrawing groups fluorine (F1) and carbonyl oxy-
gens (02 and O3) alter the molecule’s electronic environment.
This is observed in the F1-C8 bond length (1.3342 A), which
suggests an inductive effect that minimally modifies adjacent
bond angles. Torsion angles C7-N4-C6-02 (—180.0027°) and

- N

9.
84"

o

P

F1-C8-C9-NS5 (180.0055°) suggest a trans conformation, which
minimizes steric repulsion and enhances planarity in aromatic
systems.

3.2 | Fukui Functions

The Fukui function characterizes the change in electronic den-
sity that occurs due to a variation in the number of electrons
while maintaining a constant external potential [73]. The Fukui
function analysis of CBD and 5-FU reveals reactivity patterns
defined by structural differences (Tables S5 and S6). Cannabidiol
displays a balanced reactivity profile, with C17 as a primary
electrophilic site (Af =—0.1117) and C15 and C7 as nucleophilic
centers. The O1 and O2 exhibit increased fr-values, reflecting
electron-withdrawing behavior and susceptibility to nucleophilic
attack. Furthermore, CBD maintains an evenly distributed
electron density and a moderate Gibbs free energy change
(AG=-15.6kJ/mol) obtained from DFT thermochemical
analysis, supporting stability and broad interaction poten-
tial. Conversely, 5-FU displays increased reactivity, with C6 and
C9 as nucleophilic sites and N5 and O3 as electrophilic. The

FIGURE1 | Optimized molecular geometry of (a) cannabidiol and (b) 5-fluorouracil.

TABLE1 | Comparative calculated energy values for cannabidiol and 5-fluorouracil using M06-2X/6-31+G(d,p).

Parameter Symbol and formula CBD 5-FU
HOMO energy (eV) Ey —-0.2759 —0.3168
LUMO energy (eV) E, 0.0064 0.0290
AByomo-Lumo 3P (eV) AE,=E, —Ey 0.2824 0.2878
Ionization potential (eV) I=-Ey 0.2759 0.3168
Electron affinity (eV) E,=-E; —0.0064 —0.0290
Global hardness (eV) n=(E,—Ey)/2 0.1412 0.1439
Chemical reactivity (eV1) S=1/n 70817 6.9493
Chemical potential u=(E_+Ep)/2 —0.1348 —0.3459
Electrophilicity index (eV) w=u*/2n 0.0643 0.0083
Electronegativity (eV) X=—H 0.1348 0.3459
Dipole moment (Debye) D 3.9429 4.1749
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presence of F1 intensifies localized electrophilicity, supported
by a higher AG of —27.3kJ/mol, indicating stronger localized
interactions.

3.3 | Frontier Molecular Orbitals (FMOs)

FMOs, predominately the HOMO and LUMO, are critical for
predicting chemical reactivity and identifying interaction sites
within a molecule. The HOMO-LUMO gap is an indicator
of reactivity and stability, with a smaller gap associated with
increased reactivity [74]. Table 1 and Figure 2 reveal the orbital
characteristics of CBD and 5-FU. Delocalized electron density
observed in the HOMO and LUMO across aromatic rings and
oxygen substituents confirms enhanced resonance stability. This
indicates potential reactivity through n-= stacking interactions
or electron-sharing mechanisms [75]. 5-FU exhibits localized
electron density around nitrogen and oxygen atoms in both
the HOMO and LUMO. This reflects a higher electron affin-
ity and electronegativity compared to CBD and indicates a
greater electron-accepting ability that facilitates hydrogen bond-
ing or nucleophilic attack. The smaller HOMO-LUMO gaps
observed in both CBD (0.28241¢eV) and 5-FU (0.2878 eV) indi-
cate reactivity. However, CBD’s slightly lower gap and higher
chemical reactivity index (7.08165eV~! vs. 6.94927eV~!) indi-
cate that CBD may have a broader range of reactivity. In addi-
tion, CBD’s lower ionization potential (0.27599 eV) compared to
5-FU (0.31689eV), highlights CBD’s role as an electron donor.
The comparative FMO analyses of CBD and 5-FU, elucidate
the role of electron density and distribution influence biologi-
cal activity. In CBD, the delocalized HOMO and LUMO facili-
tates interactions with diverse biological targets, enhancing its
therapeutic versatility. Whereas 5-FU’s localized electron density
and higher electron affinity promote targeted electron-accepting
interactions.

ELUMO =0.00642 eV

3.4 | Molecular Electrostatic Potential (MEP)
Analysis

The determination of reactive atomic charges is essential for
the application of quantum chemical calculations to molecular
systems [76]. Figure 3 illustrates the ESP on the molecular sur-
faces of CBD and 5-FU, with color gradients representing vari-
ations in nucleophilic and electrophilic tendencies. Blue regions
indicate stronger nucleophilic potential, while red regions denote
a higher electrophilic potential. The electrical potential follows a
decreasing order from blue (most nucleophilic) to red (most elec-
trophilic): blue < cyan < orange < red. The moderate ESP range
of CBD (—5.085e—2 to +5.085e—2) is associated with a bal-
anced charge distribution. Nucleophilic regions are observed
around oxygen atoms, which play a role in hydrogen bond-
ing. Electrophilic regions correspond to hydrogen atoms in
(-OH) groups and within the aromatic ring near the oxygen
atoms. The observed neutral potential indicates structural stabil-
ity, supporting broader but less intense biological interactions.
5-FU displays a wider ESP range (—8.199e—2 to +8.199e-2),
with distinct nucleophilic and electrophilic regions. This polar-
ization enhances 5-FU’s reactivity and promotes strong polar
interactions.

3.5 | Vibrational Spectral Analysis

Figure 4 presents a comparison between experimental FTIR
wavenumbers and theoretical values calculated using the
MO06-2X/6-31+G(d,p) method, with a scaling factor of 0.952
applied (Table 2) [77]. The scaling factor was obtained from
the Computational Chemistry Comparison and Benchmark
Database (CCCBDB) to enhance the accuracy of the calculated
vibrational frequencies with the experimental data. The O-H

stretch in alcohols displays an experimental value of 3519 cm™?,

ELUMO =-0.02909 eV

AE;=0.28241 eVI

AE = 0.2878 eV l

s 44
¢

EHOMO =-0.27599 eV

Enomo= -0.31689 eV

FIGURE 2 | The frontier molecular orbital of (a) cannabidiol and (b) 5-fluorouracil.
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(-5.085e-2 to 5.085e-2)

(-8.199e-2 to 8.199e-2)

A

FIGURE3 | Molecular electrostatic potential of (a) cannabidiol and (b) 5-fluorouracil.
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FIGURE4 | Theoretically simulated and experimental FTIR of cannabidiol.

correlating to the theoretical value of 3581 cm™! with a mini-
mal difference of 62 cm™'. The O-H stretch in alcohols/phenols
exhibits a larger variance of 133cm™, attributed to hydrogen
bonding [78]. The C-H stretch/O-H dimer in alkanes/carboxylic
acids differs by 124 cm™!, possibly due to dimerization effects
[79]. The Ar-CH=CHR stretch in alkenes demonstrates a strong
correlation between experimental (1624 cm™') and theoretical
(1622 cm™1) values. In addition, minimal wavenumber variations
are observed between experimental and theoretical values for
the C-0O stretch in carboxylic acids, Ar C-C stretch in aro-
matics, and C-H wag in alkyl halides, with differences of 14,
53, and 22 cm™, respectively. The DFT calculations correspond
with experimental data, validating that the theoretical predic-
tions exhibit computational accuracy. The close alignment of
scaled theoretical frequencies with experimental values further

validates the accuracy of the scaling factor used for vibrational
frequency predictions (Table 3).

The VEDA Table S7 supports the findings by confirming the
correlation between experimental FTIR wavenumbers and the-
oretical DFT calculations. Key observations include strong CH
stretching vibrations at 3501.74 cm™! (62%), 2190.07 cm ™! (60%),
and 1938.12cm™! (57%), which demonstrate concordance with
the experimental values for O-H and C-H stretches in alco-
hols and carboxylic acids. The initial analysis identified com-
plex mixed modes at 2704.61cm™!, involving CH stretching,
HCH bending, and HCCC torsion. The VEDA data reflect these
mixed modes through variations in OH stretching, attributable
to hydrogen bonding effects. Dominant HCCC torsion occurs
at 2379.25cm~! (34%), while HCH bending is observed at
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1982.81cm™! (32%) and HCC bending at 1341.53cm™! (22%).
These bending vibrations align with the experimental and the-
oretical predictions.

3.6 | UV Analysis

UV-vis spectroscopy is an analytical technique that measures
molecular absorption, revealing electronic transitions and pro-
viding insights into molecular structure [80]. The two aromatic
rings in CBD facilitate n—z* transitions, where electrons delo-
calize across alternating double and single bonds, leading to
absorption in the UV region, as observed at 281 and 274 nm
in the experimental data (Figure 5 and Table 4). Additionally,
the oxygen atoms in CBD, possess lone pairs and therefore
participate in n—=* transitions. The minor wavelength variation
between the two peaks may result from differing electronic
environments of the aromatic rings or lone pair electrons on
the oxygen atoms, leading to different transition energies [81].
The calculated UV-vis data identifies the first excited state at
241.53 nm with an oscillator strength of 0.0168, driven primarily
by the 85— 88 (2.54%) and 86— 93 (21.66%) orbital transi-
tions, resulting in a band gap of 5.1332eV. The corresponding
experimental peak is observed at 281 nm. The second excited
state occurs at 223.56 nm with a decreased oscillator strength of
0.0004, dominated by the 86 — 87 (56.92%) transition, yielding a
calculated band gap of 5.5459 eV. The related experimental peak
is 274 nm. The difference in band gaps between theoretical and
experimental is 0.7232 and 10159 eV, respectively, suggesting a
higher energy in the experimental observation. The third excited
state is 218.34 nm with an oscillator strength of 0.0059, involving

TABLE 2 | Unscaled and scaled theoretical vibrational wavenumbers
of cannabidiol with corresponding infrared intensities obtained from DFT
analysis.

Calculated frequency

the 85— 87 (24.18%) and 85— 88 (40.56%) transitions, with a
band gap of 5.6786 eV. Although no direct experimental peak
corresponds to this state, the theoretical data are consistent with
transitions observed in close proximity. Vibronic coupling in
experimental spectra results in broadened peaks, obscuring dis-
tinct features [82]. In contrast, DFT predicts sharper transitions,
therefore, peak broadening may not be observed [83].

3.7 | SWISS ADME Analysis

Swiss ADME (absorption, distribution, metabolism, and excre-
tion) analysis was employed to assess and compare the physic-
ochemical properties, pharmacokinetics, and drug-likeness of
CBD with 5-FU (Table 5).

Within the drug discovery and development field, Lipinski’s rule
of five (RO5) is predominately employed as a pivotal guideline
for identifying optimal drug molecules [84]. According to RO5,
a drug compound with a molecular weight < 500 g/mol, hydro-
gen bond donors < 5, hydrogen bond acceptor sites <10, and
a logp <5, is said to have enhanced bioavailability properties
associated with an organism’s metabolic processes and increased
pharmacokinetic characteristics [84, 85]. A recent study has
expanded these criteria to include a polar surface area (PSA) of
<140 A2 and fewer than 10 rotatable bonds [86]. A lower PSA
indicates a molecule’s ability to permeate cell membranes, with
structures exceeding a PSA of 140 A2 demonstrating poor cellular
permeability [87]. Table 5 highlights the PSA values for CBD and
5-FU, which are 40.46 and 65.72 A2, respectively. The lower PSA
of CBD suggests increased cell membrane permeability compared
to 5-FU.

The flexibility of a molecule is linked to the number of rotatable
bonds, which is crucial for intracellular movement and effec-
tive binding interactions. A successful drug candidate should
contain eight or fewer rotatable bonds to ensure adequate flexi-
bility without excessive conformational freedom [88]. The CBD

Experimental (cm™)—M06-2X/6-31+G(d,p) molecule exhibits six rotatable bonds, which present balanced
wave number Unscaled Scaled IR flexibility that may enhance interaction with various biological
targets, compared to 5-FU, which has no rotatable bonds. Addi-
1578 1641 1563 72.31048 tionally, CBD reflects a skin permeation value of —3.59 cm/s indi-
1624 1704 1623 64.99395 cating a greater skin permeability, compared to 5-FU. According
3408 3720 3541 —2.50E—07 to the linear model of skin permeability formulated by Potts and
Guy, which explains that a more negative log Kp value results in
3519 3762 3581 2161261 a less skin permeant molecule [89]. Both CBD and 5-FU exhibit
TABLE 3 | Experimental and theoretical wavenumbers of cannabidiol with corresponding functional group assignments.
Experimental Theoretical
wavenumber (cm™!) wavenumber (cm™!) Group bond Functional group
3519 3581 O-H stretch Alcohols
3408 3541 O-H stretch Alcohols/phenols
2920 3044 C-H stretch/O-H dimer Alkanes/carboxylic acids
1624 1623 Ar-CH=CHR Alkenes
1577 1563 C-0 stretch Carboxylic acids
1439 1492 Ar C-C stretch Aromatics
1215 1193 C-H wag Alkyl halides
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FIGURE5 | Comparative theoretical and experimental UV -vis spectra of cannabidiol.
TABLE 4 | Theoretical and experimental UV -vis data of cannabidiol.
Calculated Experimental
Excited Wavelength Oscillator Key orbital Contribution Band Wavelength Band
state (nm) strength (f) contributions (%) gap (eV) (nm) gap (eV)
1 241.53 0.0168 85— 88 2.54 5.1332 281 4.41
85—97 3.22
85—98 513
85—99 5.32
85—100 6.44
86 — 89 5.45
86 — 90 3.47
86 —91 7.34
86— 92 11.85
86— 93 21.66
86— 94 5.79
86 — 95 4.93
86 — 96 3.25
86 — 97 10.25
2 223.56 0.0004 86 — 87 56.92 5.5459 274 4.53
86 — 88 37.92
86— 92 5.16
3 218.34 0.0059 85— 87 24.18 5.6786
85— 88 40.56
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TABLE5 | Comparative profile analysis of cannabidiol and
5-fluorouracil.

Properties Cannabidiol 5-Fluorouracil
Physicochemical
Formula C,,H;,0, C,H,;FN,0,
Molecular weight 314.46 g/mol  130.08 g/mol
Number of heavy atoms 23 9
Number of aromatic 6 6
heavy atoms
Number of rotatable 6 0
bonds
Fraction Csp3 0.52 0.0
Number of hydrogen (H) 2 3
bond acceptors
Number of hydrogen (H) 2 2
bond donors
Polar surface area (PSA) 40.46 A2 65.72 A2
Pharmacokinetics
Skin permeation (logK,,) ~ —3.59 cm/s —7.73cm/s
Drug-likeness
Bioavailability score 0.55 0.55
GI absorption High High
BBB permeant Yes No
Lipophilicity
Consensus log P 5.20 0.13
Medicinal chemistry
Pains 0 alert 0 alert

a bioavailability score of 0.55, suggesting a greater than 10% oral
bioavailability in rat models [90].

The higher molecular weight of CBD (314.46 g/mol) implies a
more complex structure that could engage in multiple interac-
tions with biological targets, potentially enhancing specificity
and efficacy [91]. Moreover, the fraction of sp3 hybridized car-
bons in CBD (0.52) is associated with favorable pharmacokinetic
properties and reduced promiscuity in drug-target interactions
[92]. The absence of PAINS (Pan Assay Interference Compounds)
alerts for CBD highlights its specificity and reliability as a drug
candidate, minimizing the risk of nonspecific activity or assay
artifacts including redox activity or metal chelation. This char-
acteristic demonstrates that CBD’s observed biological activity
results from specific target interactions [93]. In the context of
c¢SCC, CBD’s specificity may reduce the potential for off-target
effects.

3.8 | SWISS Target Prediction Analysis

Swiss target prediction analysis identifies potential molecular tar-
gets for the interaction with CBD. This method compares chem-
ical fingerprints to classify molecules into families and identify
molecules derived from the same chemical series [94]. Figure 6

illustrates the distribution of potential molecular targets that
interact with CBD. The targets are categorized into different
classes, with respective proportions. Family A G protein-coupled
receptors are predicted to have the highest interaction probabil-
ity with CBD. Table 6 lists three specific targets within the GPCR
family, including CB1 and CB2, which belong to the rhodopsin
family of GPCRs. These receptors are characterized by a heptahe-
lical polypeptide structure with an intracellular carboxy-terminal
and an extracellular amino-terminal containing sites for N-linked
glycosylation. Ligand binding to CB1 and CB2 occurs within the
plasma membrane, a common feature among rhodopsin fam-
ily receptors [95]. The CB1 and CB2 receptors are established
targets within the human ECS [96], involved in various patho-
physiological processes such as hypertension, metabolic syn-
dromes, cancer, pain, and inflammation [97]. Cannabidiol func-
tions as a partial antagonist at CB1 receptors and as an inverse
agonist at CB2 receptors [98]. Previous studies indicate that
G-protein coupled receptor 55 (GPR 55) exhibits binding affin-
ity for phytocannabinoids, despite limited structural similarity to
CB1 and CB2 receptors [95]. Functionally, GPR 55 is involved
in pathophysiological processes similar to CB1 and CB2, includ-
ing roles in vascular functions, metabolic disorders, cancer, pain,
and motor coordination [96]. Cannabidiol acts as an antagonist
by inhibiting GPR 55 [98]. Therefore, previous studies confirm
and support the prediction analysis performed on CBD in the
current study.

3.9 | Molecular Docking Analysis

Molecular docking predicts ligand binding orientations within
a receptor-binding site [99]. A study by Ramirez and Caballero
highlighted two main types of docking used in medicinal chem-
istry: self-docking and cross-docking. Self-docking involves
re-docking a ligand from an experimentally determined
protein-ligand complex within the same crystal structure,
serving as a reference ligand. Cross-docking involves docking
a ligand across different protein binding sites [100]. In this
study, the molecular docking analysis comprises both self and
cross-docking. Five protein targets functioning as receptors were
selected for molecular cross-docking, with CBD as the ligand.
Table 7 lists these receptors and their respective functional roles
in the human body that contribute to the formation and/or pro-
gression of cSCC. Reference ligand docking was also conducted,
and the results were compared to the cross-docking outcomes
to evaluate CBD’s potential as an anticancer treatment for SCC.
Glide XP offers a semiquantitative analysis that ranks selected
ligands based on their binding affinity to protein receptors using
scoring functions [107]. It systematically searches for the opti-
mal conformational, positional, and orientational placement of
a docked ligand, followed by energy optimization. A low Glide
score is representative of increased ligand affinity [108].

The docking results of the CBD molecule with various protein
receptors are presented in Table 8. The CBD molecule exhibits the
highest binding affinity to the CB1 receptor (5TGZ), with a dock-
ing score of —9.986 kcal/mol, compared to a significantly lower
score of —3.760 kcal/mol for 5-FU. Across all evaluated receptors,
CBD consistently shows a stronger affinity for CB1 and CB2 than
5-FU. Additionally, an RMSD of 0.75 A between the crystal and
docked CBD ligand for CB1 indicates close alignment, suggesting
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FIGURE 6 | Identification of potential molecular targets for cannabidiol interaction.

TABLE 6 | Molecular targets with the highest probability of cannabidiol interaction.

Target Codes ChEMBL ID Target class

G-protein coupled receptor 55 GPR55 1075322 Family A G protein-coupled receptor
Cannabinoid receptor 1 CNR1 218 Family A G protein-coupled receptor
Cannabinoid receptor 2 CNR2 253 Family A G protein-coupled receptor

TABLE 7 | Five potential protein receptors for cannabidiol binding.

Receptor PDB Role References
Cannabinoid receptor type 1 (Cb1) 5TGZ Mediation of downstream signaling, immune function modulation [101, 102]
Cannabinoid receptor type 2 (Cb2) 5ZTY Immunomodulation target, postpone tumor progression [103]
Epidermal growth factor 5ZTO Skin cell proliferation, differentiation, tumorigenesis [104]
Transforming protein p21 (GTPase HRas) 6DZH Tumor induction and maintenance [105]
Tumor protein p53 6GGA Apoptosis, cell proliferation, DNA differentiation, and restoration [106]

Abbreviation: PDB, Protein Data Bank.

that the docking accurately replicates the binding orientation of
the crystal ligand (Figure 7). This structural congruence rein-
forces the reliability of CBD’s favorable binding affinity and stable
interaction with CB1.

Figure 8 displays the docking interaction between ligands (CBD
and 5-FU) and the receptor (CB1). In the CBD binding pose
(Figure 8a,b), the ligand engages in various hydrophobic and
polar interactions with surrounding residues, PHE179, LEU193,
TRP356, and CYS386. Cannabidiol anchors within the CB1
receptor’s binding pocket by forming hydrogen bonds through
its hydroxyl groups. Surrounding residues SER173, MET103,
and GLY166 further stabilize the interaction via proximity
and polar contacts, enhancing CBD’s binding affinity. Con-
versely, the 5-FU binding pose (Figure 8c,d) exhibits reduced
hydrophobic interactions, primarily interacting with residues

PHE102, ILE169, and MET103. The binding interactions are sta-
bilized through hydrogen bonds involving polar residues SER383,
SER167, and GLY166. This suggests that 5-FU’s interaction
within the CB1 receptor relies more on polar interactions than
the more extensive hydrophobic and polar network observed
in CBD. The presence of fewer hydrophobic contacts and lim-
ited interaction with nonpolar residues may contribute to 5-FU’s
weaker binding affinity compared to CBD. The enhanced sta-
bility and increased interaction network of the CBD-CB1 com-
plex correlates with CBD’s higher binding affinity. A study
by Casanova et al. [109], reported that activation of the CB1
receptor in SCC induces apoptosis, leading to tumor regres-
sion. The inhibition of angiogenesis further supports this antitu-
moral effect, as CB1 activation reduces the expression of VEGF,
PIGF, and Ang2. These factors are critical for tumor-associated
blood vessel development, a process essential for tumor growth
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TABLE 8 | Self and cross-docking scores of cannabidiol in complex with receptor targets.

PDB code Receptor name Reference ligand code  Ref. lig score (kcal/mol) Opt+freq. CBD  5-FU
STGZ CB1 ZDG —12.686 -9.986 —3.760
FMN —-12.741 -9.965 -5.959
5ZTO Epidermal growth 9JO —5.932 —2.880 —4.355

factor

5ZTY CB2 9JU —12.186 -9.170 —3.864
6DZH HRAS GDP (Chain A) -9.716 —4.843 —3.462
GDP (Chain B) —11.025 -3.099 —4.557
GDP (Chain C) —~10.908 —4.843 -3.462
6GGA P53 EY2 (Chain A) —6.775 —5.146 —5.558
EY2 (Chain B) —6.776 —6.103 —3.864

Abbreviations: 5-FU, 5-fluorouracil; CBD, cannabidiol; PDB, Protein Data Bank.

RMSD=0.75A

@® Docked CBD ligand
@ CrystalCBD ligand

FIGURE7 | Structural alignment of crystal and docked cannabidiol
ligands.

and progression. Additionally, CB1 activation impairs epidermal
growth factor receptor (EGFR) signaling, a key driver of angio-
genesis and tumor expansion in SCC.

An unusual binding mechanism occurs when a ligand
approaches the binding site of CB1 or CB2 receptors [110, 111],
entering “sideways” through the lipid bilayer, as reported in
previous MD studies [95]. Additionally, CB receptors feature a
toggle switch that activates G-protein binding. The CB1 receptor
contains a twin toggle switch involving two amino acid residues,
F200 in transmembrane 3 (TM3) and W356 in TM6, while the
CB2 receptor has a single toggle switch at residue W258 in TM6.
This toggle switch mechanism causes the helices to open in a
scissor form, allowing access to the G-protein binding site [112].

3.10 | Molecular Dynamics Simulation

The docked complexes of CBD-CB1 and 5-FU-CBI1 (Figure 9)
were further analyzed by a 250ns MDS. Root mean square

deviation (RMSD) quantifies structural differences by aligning
the current structure of a ligand—protein complex to a reference
for maximum overlap [113]. In this study, RMSD was employed
to assess structural stability, model accuracy, and the equilibrium
of the ligand within the protein binding site. In the CBD-CB1
complex, the CB1 receptor exhibits conformational flexibility in
response to ligand binding. Furthermore, the RMSD of the CB1
increases to around 6 A by 100 ns; thereafter, it stabilizes between
6 and 8 A, indicating adaptive structural adjustments to accom-
modate CBD. The RMSD of CBD is maintained between 2 and 4 A
throughout the simulation, suggesting a consistent binding pose
within the CB1 binding site. The observed stability is attributed
to hydrogen bonding and hydrophobic interactions that firmly
anchor CBD. This results in strong, specific interactions and a sta-
ble ligand -receptor complex characterized by receptor flexibility
around a well-positioned ligand. In the 5-FU-CB1 complex, the
CB1 receptor fluctuates between 2 and 6 A from 0 to 145 ns, sta-
bilizing around 4-5 A for the remainder of the simulation. The
RMSD of 5-FU ranges between 3 and 5 A, indicating significant
movement within the binding pocket and a less stable binding
pose due to weaker or less specific interactions with CB1. This
increased flexibility of 5-FU correlates with the receptor’s higher
conformational variability, reflecting a more transient and flexi-
ble binding mode.

The 2D interaction diagrams (Figure 10) from the MDS con-
firm the initial docking results by demonstrating the stability
and persistence of key interactions between CBD and CB1 over
250ns. Consistent hydrophobic and polar interaction frequen-
cies for residues SER383 (45%) and PHE268 (38%) correlate with
docking data, indicating that the docking-derived binding pose
remains stable under dynamic conditions. In the case of 5-FU,
three key residues ASP163, SER203, and PHE200 anchor it within
the CB1 binding site. The ASP163 residue forms hydrogen bonds
with 5-FU at a high interaction frequency of 74%, SER203 at 49%,
and PHE200 contributes hydrophobic interactions at 34%. This
limited interaction network accounts for 5-FU’s higher RMSD
fluctuations and weaker binding stability observed in both dock-
ing and MDS.
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311 |
Analysis

Binding Free Energy (MMGBSA)

The binding energies for CBD and 5-FU are presented in Table 9
and illustrated in Figure 11. The binding free energy (AGy;,q)
indicates that CBD (—69.6962 kcal/mol) exhibits a significantly
stronger binding affinity than 5-FU (—28.2407 kcal/mol). The
stronger affinity of CBD is attributed primarily to contribu-
tions from lipophilic (—32.0722kcal/mol) and van der Waals
(vdW; —47.8709 kcal/mol) interactions. These interactions sta-
bilize the CBD binding within the CB1 receptor’s hydrophobic
pocket. In contrast, the weak contributions from lipophilic
(=3.3419 kcal/mol) and vdW (—22.4239 kcal/mol) interactions

suggest that 5-FU’s binding is less stable within the hydropho-
bic core of the CB1 receptor. However, 5-FU demonstrates
stronger electrostatic (Coulomb; —15.1755 kcal/mol) and hydro-
gen bonding (Hbond; —1.16326 kcal/mol). The reliance on polar
interactions may limit 5-FU’s ability to sustain receptor engage-
ment in dynamic environments, potentially reducing its efficacy.
Both CBD and 5-FU exhibit relatively small covalent and packing
interaction contributions, while CBD incurs a higher solvation
penalty (AGyingeowces 21.1375kcal/mol) compared to 5-FU
(14.5787 kcal/mol). These findings highlight the differences in
binding mechanisms of CBD and 5-FU, with CBD characterized
by hydrophobic and vdW-driven interactions, whereas 5-FU
relies more on electrostatic and hydrogen bonding interactions.
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3.12 | Cytotoxic Analyses TABLE9 | Comparative binding energy parameters of cannabidiol

. . . and 5-fluorouracil.
A cytotoxic evaluation of CBD was conducted against A431 cells

to investigate its potential as an anticancer agent, using 5-FU as Energy Cannabidiol 5-Fluorouracil
a positive control due to the established efficacy in cancer treat- parameters (kcal/mol) (kcal/mol)
ment. The SRB assay determined the half maximum inhibitory

concentration (ICs,) values (Table 10 and Figure 12). Cannabid- AGping —69.6962 —28.2407
iol demonstrated a higher cytotoxicity compared to 5-FU, with AG coulomb —10.6231 —15.1755
ICs, values of 2.76 and 5.61 pM, respectively. In addition, CBD AG_ovalent 1.8572 0.1984
exhibited biological activity against SCC cells at low concentra- AG_igpond —0.4917 -1.1633
tions, as the cell density reduced by 39% when treated with the AG 32,0722 3.3419
lowest CBD concentration (2.2 pM). In contrast, 5-FU exhibited —lipo ’ ’
minimal effect on A431 cells at 2.2 pM. AG packing -1.633 -0.9132
AG_ 1 ch 21.1375 14.5787
In comparison to other cell lines (Table 11), CBD presents with a AG_qw —47.8709 —22.4239
v . .
higher cytotoxicity in the A431 cell line used in the current study,
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TABLE10 | ThelICs, values of cannabidiol and 5-fluorouracil against
squamous cell carcinoma (A431).

IC5y + SEM (uM) on
Drug compound A431 cell lines
CBD 2.76 £1.08
5-FU (positive control) 5.61+1.07

Abbreviations: 5-FU, 5-fluorouracil; A431, squamous carcinoma cells; CBD,
cannabidiol; ICy,, half-maximal inhibitory concentration; SEM, standard mean
error.

-= 5-FU
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FIGURE 12 | The cytotoxic effect of cannabidiol and 5-fluorouracil
on squamous cell carcinoma. The black dashed line represents a 50% cell
density.

with only cervical cancer cells (SiHa and HeLa) showing similar
sensitivity (ICs, of 3.20 uM). However, several factors may con-
tribute to such effects, including the different cytotoxicity assays,
cell lines, and time of exposure to CBD. Previous studies indicate
that CB1 and CB2 receptors are overexpressed in several tumor
cells, including SCC [118], relative to nontumor cells [119]. The
molecular docking analyses in this study demonstrate that CBD
exhibits the highest binding affinity toward the CB1 receptor. An
overexpression of the CB1 receptor facilitates an increased CBD
binding rate, which may contribute to its increased cytotoxicity
compared to 5-FU. The CB1 receptor-CBD complex induces cell
death through several mechanisms. The CBD activates caspase-8,
caspase-9, and caspase-3, leading to apoptosis and increased ROS
generation, promoting mitochondrial dysfunction [120]. Upon
activation, the CB1 receptor, coupled with Gi/o proteins, inhibits
adenylate cyclase, reducing cAMP levels and PKA activity.
This downregulates gene transcription involved in cell survival,
contributing to the antiproliferative and proapoptotic effects of
CBD [121].

4 | Conclusion

This study provides a mechanistic understanding of the enhanced
cytotoxicity of CBD relative to 5-FU against A431 cells, by inte-
grating quantum chemical analysis, molecular docking, and
MDS. Quantum data reveal CBD’s stable electron distribu-
tion and increased reactivity due to a small HOMO-LUMO
gap. Cannabidiol’s heightened reactivity facilitates stable inter-
actions with the CB1 receptor and supports its flexibility
and adaptability in biological interactions. Molecular docking
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TABLE 11 | Cytotoxicity of cannabidiol in various cancer cell lines.
Cancer cell line Screening method IC, (M) Exposure time frame (h) References
Human breast (MDA-MB-231) Crystal violet assay 10.60 96 [114]
Human breast (MCF-7) Crystal violet assay 8.20 96 [114]
Rat glioma (Cy) Crystal violet assay 8.50 96 [114]
Human colorectal (CaCo-2) Crystal violet assay 7.50 96 [114]
Human cervical (SiHa) MTT assay 3.20 22 [115]
Human cervical (HeLa) MTT assay 3.20 22 [115]
Human prostate (DU145) MTT assay 5.40 72 [116]
Lung (A549) MTT assay 36.70 36 [117]
Melanoma (B16) MTT assay 38.69 36 [117]

Abbreviations: ICs, ICs, indicates half-maximal inhibitory concentration; MIT, MTT assay is a colorimetric assay used to measure cytotoxicity in cancer cells via the
conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to purple formazan.

results further demonstrate CBD’s increased affinity to the CB1
receptor, with a docking score of —9.986 kcal/mol, exceeding
5-FU (-3.760kcal/mol). In contrast, 5-FU’s rigid, planar con-
formation dominated by electron-withdrawing groups limits its
adaptability and reduces receptor-binding efficacy. The enhanced
binding between CBD and the CB1 receptor is due to confor-
mational versatility and favorable bond geometries that enable
robust and sustained ligand-receptor interactions. The MDS and
MMGBSA analyses corroborate these findings, indicating CBD’s
strong and stable binding to the CB1 receptor, primarily driven by
hydrophobic and van der Waals interactions. Conversely, 5-FU’s
interaction profile is comparatively weaker and relies more on
transient polar interactions.

The Fukui and ESP analyses further validate the findings, CBD’s
balanced reactivity and moderate ESP with evenly distributed
nucleophilic and electrophilic regions, supporting stable and ver-
satile interactions. In contrast, 5-FU’s localized reactivity and
polarized ESP align with its reliance on specific polar interac-
tions, limiting its binding stability.

Additionally, the experimental FTIR and UV -vis analyses serve
to validate the computational calculations. The strong corre-
lation between the experimental and theoretical FTIR spec-
tra confirms the accuracy of the selected functional and basis
set, reinforcing the reliability of the computational method-
ology. Although the UV-vis results exhibit some deviations,
likely attributable to limitations in the TDDFT level of theory,
they remain broadly consistent with the computationally pre-
dicted electronic transitions, further supporting the theoretical
framework.

The increased stability observed in CBD-CB1 binding highlights
potential mechanisms underlying cell death. This includes apop-
tosis induction, caspase activation, ROS generation, and the inhi-
bition of adenylate cyclase, leading to reduced cAMP levels and
downregulated gene transcription. The cytotoxicity assays reveal
that CBD exhibited a lower ICs, value (2.76 = 1.08 pM) compared
to 5-FU (5.61 +1.07pM) in A431 SCC cells. This suggests the
enhanced efficacy of CBD in reducing cell density at lower con-
centrations, further supported by its capacity to reduce cell den-
sity by 39% at the lowest dose tested.

These findings provide a robust foundation for the further devel-
opment of CBD as a therapeutic agent for cSCC, with the poten-
tial to enhance current treatment paradigms.

Future studies should include comparative binding studies with
other cannabinoids that could further clarify CBD’s specificity for
the CB1 receptor. Machine learning models could be used to pre-
dict the activity, toxicity, and ADMET properties of novel CBD
derivatives. Given the promising in vitro results, future research
should also prioritize in vivo validation of CBD’s anticancer
effects and investigations into potential combination therapies.
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