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Abstract

Background/Objectives: Cannabinoid receptor type 2 (CB,) agonists have attracted at-
tention because of their potential effects on tumor-related cellular processes in different
cancer models. In the present study, we investigated the effects of the selective CB, agonist
JWH-133 on prostate cancer cell lines (LNCaP, DU-145, and PC3). Methods: Cell viability
was evaluated using the MTT assay, while colony-forming capacity and migration-related
responses were assessed by colony formation and wound-healing assays, respectively. In
addition, the expression levels of selected cell-cycle- and apoptosis-related genes were
analyzed by quantitative real-time PCR. Results: JWH-133 reduced cell viability in a time-
and concentration-dependent manner, although the magnitude of this effect differed among
prostate cancer cell lines. The compound also reduced colony formation in PC3 and LNCaP
cells and decreased wound closure in PC3 cells under the experimental conditions used.
Furthermore, JWH-133 altered the expression of several cell-cycle- and apoptosis-related
genes in DU-145 and PC3 cells. Conclusions: Overall, these findings suggest that JIWH-133
modulates multiple cellular responses in prostate cancer cells in a cell-line-dependent
manner. However, additional mechanistic studies are required to clarify the molecular
pathways underlying these effects.
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1. Introduction

Prostate cancer is the second most common malignancy among men worldwide,
accounting for an estimated 1,466,680 new cases and 396,792 deaths in 2022 [1]. The
incidence of prostate cancer varies considerably across geographic regions and population
groups, displaying a strong correlation with advancing age. While only 1 in 350 men under
the age of 50 are diagnosed with prostate cancer, this rate escalates to 1 in 52 among men
aged 50 to 59, with the prevalence reaching approximately 60% in individuals aged 65 and
older [2]. Current therapeutic options encompass prostatectomy, cryotherapy, radiation
therapy, hormonal therapy, chemotherapy, and immunotherapy. Despite the clinical success
of these protocols, the emergence of resistant phenotypes severely compromises disease
prognosis, leaving limited therapeutic avenues for castration-resistant prostate cancer
cells [3]. Furthermore, the adverse side effects associated with conventional therapies
present significant challenges in patient management [4,5]. Consequently, the development
of novel and improved therapeutic strategies remains of paramount importance.
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The endocannabinoid system consists of cannabinoid receptors, cannabinoid ligands,
and enzymes that synthesize and degrade cannabinoid ligands. Cannabinoid receptors
(CB), which are G-protein-coupled receptors (GPCRs), have two distinct types: the cannabi-
noid type 1 receptor (CB;) and the cannabinoid type 2 receptor (CBy). CB receptors regulate
various physiological states and cellular functions, including cell proliferation, migration,
and survival [6,7]. The CB; receptor, which is associated with the psychoactive effects of
cannabinoids, is highly expressed in the brain. CB,, which is more widely distributed in
peripheral tissues, is not associated with cannabinoid psychoactivity; therefore, it may be
more advantageous to utilize the therapeutic effects of cannabinoids that act as selective
CB, agonists [8]. Cannabinoids have been shown to modulate several cellular processes
pivotal to tumor progression, including proliferation, migration, survival, angiogenesis,
and immune regulation, highlighting their relevance in oncology research [9]. Notably,
CB; expression levels are significantly elevated in human prostate cancer tissues compared
to normal prostate epithelial cells [10]. Previous reports indicate that the downregulation
or pharmacological inhibition of CB, enhances prostate cancer cell viability, whereas CB,
activation exerts robust antiproliferative effects [11]. While many cannabinoid receptor
ligands exhibit little or, at best, moderate selectivity for both receptors (CB; and CBy),
JWH-133 exhibits 200-fold selectivity for the CB; receptor [12].

Despite accumulating evidence suggesting that cannabinoid receptor signaling in-
fluences prostate cancer progression, the precise effects of selective CB, agonists across
diverse prostate cancer cell phenotypes remain incompletely understood.

However, prior studies have demonstrated the antiproliferative and antimigratory
effects of cannabinoid receptor activation in various cancer models [12-14]; the responses
of androgen-dependent and androgen-independent prostate cancer lines to selective CB,
activation may vary owing to their distinct molecular profiles and biological behaviors.
To address this gap, the present study investigated the effects of the selective CB; agonist
JWH-133 on cell viability, colony formation, migratory responses, and the expression of
key cell-cycle- and apoptosis-related genes in LNCaP, DU145, and PC3 prostate cancer
cell lines, representing different molecular and biological characteristics of prostate cancer.
While LNCaP cells are androgen-sensitive and express functional androgen receptors (AR),
DU145 and PC3 cells are androgen-independent, and PC3 cells further display a highly
metastatic phenotype together with PTEN deficiency.

2. Results
2.1. Cytotoxic Activity/MTT Assay

The effects of JWH-133 on cell viability were evaluated using the MTT assay in MRC-5,
DU-145, PC3, and LNCaP cells following 24, 48, and 72 h of treatment. JWH-133 reduced
cell viability in a time- and concentration-dependent manner in prostate cancer cell lines.
Among the tested cells, PC3 cells exhibited the highest sensitivity to JWH-133 treatment,
with an ICs value of 24.87 uM at 24 h. In contrast, ICsq values for DU-145 and LNCaP cells
were determined as 36.62 uM and 66.68 uM at 48 h, respectively (Figure 1). In the present
study, MRC-5 cells were used as a non-cancerous reference cell line to provide a general
comparison of cytotoxic sensitivity.

2.2. Apoptosis Assay

To determine whether JWH133 induces apoptosis in prostate cancer cells, we next
conducted Annexin-V-FITC/PI double staining and flow cytometry analysis. As shown in
Figure 2, the apoptotic cell population in Du-145, PC3, and LNCaP cells did not change
significantly after WH133 treatment.
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Figure 1. Effect of JWH-133 on the viability of MRC-5 (control) (A), Du-145 (B), PC-3 (C), and
LNCaP (D) cells. The cells were treated with JWH-133 at different concentrations and time intervals,
and their proliferation was assessed by the MTT assay. Data shows the average results of three
independent experiments. ICsg, the half-maximal inhibitory concentration.

2.3. Colony Formation Assay

The effects of JWH-133 on colony-forming capacity were evaluated in LNCaP, DU-145,
and PC3 prostate cancer cell lines. Treatment with JWH-133 reduced colony formation in
PC3 and LNCaP cells, with a more pronounced effect observed in LNCaP cells. In DU-145
cells, the reduction in colony formation was less evident compared with the other prostate
cancer cell lines (Figure 3).

2.4. Migration Assay

In the control groups, the cell-free area progressively decreased over time, reflecting
spontaneous wound closure. In DU-145 and LNCaP cells, JIWH-133-treated groups also
showed a time-dependent decrease in cell-free area, suggesting limited inhibition of wound
closure. In contrast, PC3 cells maintained a higher remaining cell-free area following
JWH-133 treatment, indicating a more pronounced reduction in wound closure in this cell
line (Figure 4).
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Figure 2. JWH-133 did not induce apoptosis in prostate cancer cells. Du-145, PC3, and LNCaP
cells were treated for 24 h and 48 h with the indicated concentrations of JIWH-133. After incubation,
cells were trypsinized, washed with ice-cold PBS, suspended in 50 mL of binding buffer, stained
with 2.5 mL of FITC Annexin V and 2.5 mL of PI for 15 min in the dark, and then measured by
flow cytometer. FACS quantification of the total apoptotic cell population, including dead cells and
apoptotic cells. Data are presented as the mean £ SD (n = 3).
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Figure 3. JWH-133 decreases colony formation in LNCaP and PC-3 prostate cancer cell lines. Colonies
were stained with crystal violet. Data are expressed as mean + SD, n = 3, *** p < 0.001.
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Figure 4. Wound-healing assay results of prostate cancer cells. Graph showing migration for both
control and dose groups. Control and dose images at 0 h, 16 h, and 24 h were given. Data were
presented as mean + SD. n =3, ** p < 0.01.

2.5. Real-Time PCR

To investigate the transcriptional effects of JIWH-133 on apoptosis-related pathways,
quantitative real-time PCR analyses were performed in DU-145 and PC3 prostate cancer
cells. In PC3 cells, JIWH-133 treatment significantly altered the expression levels of several
apoptosis- and cell-cycle-related genes, including BAX, BCL-XL, P53, P21, and PUMA
(Table 1). In DU-145 cells, significant changes were observed in the expression levels of
CASP-3, BCL-XL, P53, P21, PUMA, and NOXA following treatment (Table 2). However,
some apoptosis-related genes did not demonstrate statistically significant alterations in
either cell line. Overall, these findings indicate that JWH-133 modulates the transcriptional
profile of apoptosis-related genes in a cell-line-dependent manner.
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Table 1. Relative gene expression levels (fold regulation) and p-values of apoptosis—related genes in
cell line PC3 following treatment.

Gene Fold Regulation p-Value
GAPDH 1.00 NaN
CASP-9 —1.05 0.567314
BAX 191 0.013701
BCL-XL 1.27 0.032620
P53 26.42 0.000199
P21 3.62 0.000071
PUMA —-3.93 0.000520

Table 2. Relative gene expression levels (fold regulation) and p-values of apoptosis—related genes in
cell line DU-145 following treatment.

Gene Fold Regulation p-Value
GAPDH 1.00 NaN
BCL-XL -1.29 0.000935
P53 —2.44 0.000033
P21 2.78 0.000850
PUMA 1.16 0.000459
NOXA 1.45 0.044368
CASP-3 1.82 0.003648

3. Discussion

Accumulating research indicates that, in addition to their well-established palliative
effects on cancer-related symptoms, cannabinoids can actively suppress tumor growth.
This antitumor activity is mediated by the modulation of critical cellular signaling path-
ways involved in the regulation of cancer cell proliferation and survival. Furthermore,
cannabinoids have been shown to inhibit angiogenesis and impair cell proliferation across
various tumor types [15]. It has been shown that both natural cannabinoid ligands and syn-
thetic ligands reduce tumor cell proliferation, including that of prostate tumor cells [11,15].
Specifically, endocannabinoids exert potent antiproliferative effects across a wide spectrum
of cancer types, including breast, brain, skin, thyroid, prostate, and colorectal carcino-
mas [16]. For instance, elevated levels of the endocannabinoid 2-arachidonoylglycerol
(2-AG) have been reported to inhibit the invasion of PC-3 and DU-145 prostate cancer cells;
conversely, suppressing 2-AG synthesis or pharmacologically blocking its binding to CB;
receptors with antagonists stimulates cell invasiveness [17]. Furthermore, Olea-Herrero
et al. demonstrated that the CB; agonist JWH-015 significantly reduced tumor growth
in vivo and exhibited robust antiproliferative effects in PC-3 cells in vitro [11].

Prior literature indicates that the expression levels of both CB; and CB, receptors
are significantly elevated in human prostate cancer cells compared to their normal coun-
terparts. Pharmacological administration of a dual CB;/CB, agonist has been shown to
reduce proliferation, migration, and invasion in prostate cancer cells, while simultaneously
inducing apoptosis and triggering cell cycle arrest at the GO/G1 phase. Furthermore, this
treatment leads to a marked downregulation in the protein expression of key oncogenic
markers, including prostate-specific antigen (PSA), androgen receptor (AR), proliferating
cell nuclear antigen (PCNA), and vascular endothelial growth factor (VEGF) [10,13].
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The selective CB; agonist JWH-133 has been demonstrated to exert potent antiprolifer-
ative and antiangiogenic effects in non-small cell lung cancer (NSCLC) cells in vitro [18].
Consistently, Preet et al. reported that JWH-133 effectively inhibits tumor growth and lung
metastasis in NSCLC models [18]. Beyond lung malignancies, JWH-133 has been shown to
induce apoptosis in the breast cancer cell line MDA-MB-231 in vitro, while concurrently
suppressing cell proliferation, migration, and significantly reducing tumor progression and
metastasis in vivo [19]. Furthermore, independent in vivo investigations confirmed that
JWH-133 administration markedly decreases breast tumor burden, lung metastases, and
tumor-associated angiogenesis, thereby slowing tumor growth and promoting apoptotic
cell death [20].

Notably, CB, receptor expression levels in astrocytomas have been directly correlated
with tumor malignancy, with the administration of JWH-133 completely halting the growth
of stage IV human astrocytoma cells in murine models [21]. Similarly, local application
of JWH-133 has been demonstrated to attenuate angiogenesis, restrict tumor growth, and
stimulate apoptosis in non-melanoma skin cancer in vivo [22].

Although JWH-133 modulated apoptosis-related gene expression, Annexin V/PI
staining revealed no significant induction of phenotypic cell death in prostate cancer cells.
This discrepancy suggests that the observed transcriptional changes were insufficient
to trigger the final apoptotic cascade. Instead, our functional assays demonstrated that
JWH-133 profoundly suppressed cell migration and colony formation. Rather than acting
as a direct cytotoxic drug at the tested concentrations, these findings indicate that JWH-
133 primarily impairs the aggressive and metastatic potential of cancer cells, serving
as a promising anti-invasive therapeutic candidate.

In the present study, JWH-133 treatment significantly suppressed wound closure in PC-
3 cells, whereas DU-145 and LNCaP cells demonstrated more limited migratory sensitivity
under the tested experimental conditions. These findings suggest that the biological efficacy
of JWH-133 varies across prostate cancer cell lines possessing distinct molecular profiles.
Furthermore, the differential phenotypes observed between androgen-dependent and
androgen-independent lines may reflect variations in downstream signaling pathways,
receptor expression landscapes, or intrinsic proliferative behaviors. The differential effects
of [WH-133 on migration and gene expression may be attributed to the distinct molecular
characteristics of the prostate cancer cell lines, including androgen sensitivity, AR signaling,
p53 status, and PTEN alterations. LNCaP cells are androgen-sensitive and AR-positive,
whereas PC-3 and DU145 cells are androgen-independent. Moreover, PC-3 cells are PTEN-
and p53-deficient, while DU145 cells harbor mutant p53. Consistent with these molecular
differences, JWH-133 significantly inhibited migration only in PC-3 cells. qPCR analysis
also revealed increased TP53 expression in PC-3 cells, whereas DU145 cells exhibited
decreased TP53 and increased CDKN1A (p21) expression, suggesting that JWH-133 may
activate distinct molecular pathways depending on the genetic background of each cell line.
Consequently, further mechanistic investigations are warranted to elucidate the precise
molecular underpinnings of these cell-line-specific responses.

The differential gene expression patterns observed between PC3 and DU-145 cells
suggest that cellular responses to JWH-133 may vary depending on the molecular character-
istics of each prostate cancer cell line. While several apoptosis- and cell-cycle-related genes
demonstrated altered expression following treatment, the biological significance of these
transcriptional changes requires further investigation at the protein and functional levels.

The antitumor effects of cannabinoids go beyond classical apoptosis and cell cycle
regulation, triggering a more complex signaling network that encompasses regulated cell
death (RCD) and metabolic intervention pathways. Recent findings demonstrate that
natural compounds with cannabinoid-like effects render cancer cells susceptible to death,
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particularly by inhibiting PI3K/AKT/mTOR signaling and triggering ferroptosis via the
p53/GPX4/SLC7A11 axis. This is directly consistent with cannabinoids’ ability to disrupt
the redox balance in cancer cells and increase lipid peroxidation [23]. Furthermore, a study
emphasize that forms of inflammatory cell death, such as pyroptosis, and the enhancement
of these processes through autophagy inhibition, hold strategic importance in boosting
tumor immunity. The multifaceted effects of cannabinoids on autophagy and metabolic
reprogramming offer a potential therapeutic foundation for targeting these new-generation
RCD pathways and open the door to a synergistic approach in future cancer treatments [24].

Furthermore, a study demonstrates that cannabinoids exhibit a multidimensional
antitumor effect by targeting metabolic reprogramming in cancer cells. It appears that
cannabinoids disrupt the biosynthetic and energy requirements of cancer cells, particu-
larly by inhibiting critical pathways such as glycolysis (the Warburg effect), the pentose
phosphate pathway, and fatty acid synthesis. These compounds trigger oxidative stress
and mitochondrial damage by increasing ROS production, which in turn leads to apop-
tosis via caspase activation. At the same time, they induce metabolic stress in cancer
cells through AMPK activation and inhibition of the PI3K/Akt/mTOR signaling pathway,
thereby triggering cell cycle arrest and autophagy mechanisms. In particular, their effects
on key regulators such as p53 and HIF-1« disrupt the tumor’s adaptation to the hypoxic
microenvironment, thereby reducing its metastatic potential and drug resistance [25].

Taken together, the present findings indicate that JWH-133 influences multiple pheno-
typic responses in prostate cancer cells, including viability, colony formation, migration-
related behavior, and transcriptional regulation of selected genes. However, the underlying
molecular mechanisms responsible for these effects remain unclear. In particular, the contri-
bution of CB, receptor-mediated signaling pathways requires further investigation through
receptor expression analyses and protein-level functional studies.

Several limitations of the present study should be acknowledged. First, CB, receptor
expression levels were not directly evaluated in the prostate cancer cell lines used in this
study. In addition, protein-level analyses were not performed to confirm the functional
significance of the observed transcriptional alterations. Furthermore, the use of MRC-5 cells
as a non-cancerous reference model may not fully reflect the biological characteristics of nor-
mal prostate epithelial cells. Therefore, further investigations incorporating receptor-level
characterization, protein-based functional assays, and non-malignant prostate epithelial
cell models are warranted to fully elucidate the biological efficacy of JWH-133 in prostate
cancer. The other limitations are the exclusively in vitro design, lack of in vivo valida-
tion, absence of pharmacokinetic considerations, lack of long-term resistance studies and
absence of combination therapy investigations In addition, although JWH-133 is widely
recognized as a highly selective CB; receptor agonist, the present study did not directly
evaluate CB; receptor expression in the prostate cancer cell lines or investigate receptor
dependency using pharmacological antagonists or genetic approaches. Therefore, the
observed antiproliferative and pro-apoptotic effects cannot be conclusively attributed to
CB; receptor activation, and the possibility of CB,-independent or off-target mechanisms
cannot be excluded. These findings should therefore be interpreted with caution. Future
studies should determine CB, receptor expression in the experimental models and confirm
receptor involvement through the use of selective CB; antagonists, such as AM630, or
genetic knockdown/knockout strategies. Such experiments will be essential to establish
whether the biological effects of JWH-133 are mediated specifically through CB; receptor
signaling and to further clarify the underlying molecular mechanisms.
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Further empirical evidence comes from Zhang et al., who found that treatment with
JWH-133 induced cell death in breast cancer cell lines such as MDA-MB-231 and enhanced
the efficacy of other therapeutic approaches, including photodynamic therapy, pointing
to a synergistic effect that may be beneficial for treatment [26]. Similarly, Caffarel et al.
noted that cannabinoids could reduce the progression of breast cancer driven by the ErbB2
oncogene through Akt signaling inhibition, highlighting a critical pathway in tumorigene-
sis [20].

Interestingly, the effects of JWH-133 may vary based on the cancer model. Singh
et al. reported that the interaction of cannabinoid treatment with opioid medications
can influence pain and cancer progression; however, the specific anti-cancer properties
of JWH-133 remain significant [27]. Although Aso et al.’s work focused primarily on
neuroprotection through CB, activation in models of neurodegeneration, it suggests some
overlap between cannabinoid receptor activation and pathways of cancer biology [28].

Conlflict arises from the findings by Blanton et al., which indicate that JWH-133 could
promote tumor growth under certain conditions, particularly when used in immunocom-
promised models. Their study revealed an increase in ectopic ovarian tumor growth with
JWH-133 administration, suggesting the context of use and immune system status can
significantly affect outcomes associated with cannabinoid therapy [29]. This highlights
the necessity for further research to clarify the precise effects and interactions of JWH-133
across various cancer types and biological contexts.

In conclusion, the present study demonstrates that JWH-133 influences several cellular
responses in prostate cancer cell lines, including cell viability, colony-forming capacity,
migration-related behavior, and transcriptional regulation of selected genes. The observed
effects differed among prostate cancer cell lines, suggesting cell-line-dependent responses
to JWH-133 treatment. However, the precise molecular mechanisms underlying these effects
remain unclear and require further investigation through receptor-level and protein-based
functional analyses.

4. Materials and Methods
4.1. Cell Lines and Reagents

The human prostate cancer cell lines DU-145, PC-3, and LNCaP obtained from the
American Type Culture Collection ATCC, Manassas, VA, USA. were utilized in this study.
Cells were maintained using RPMI-1640 medium supplemented with L-glutamine (Nu-
triCulture, Preston, UK), 10% heat-inactivated fetal bovine serum (FBS; Biosera, Nuaille,
France), and 1% penicillin—streptomycin (Gibco, Grand Island, NY, USA). Additional
reagents included 0.25% trypsin-EDTA (Gibco, Grand Island, NY, USA), TriPure Isolation
Reagent for RNA/DNA /protein extraction (Roche Diagnostics, Mannheim, Germany),
phosphate-buffered saline (PBS; Grisp, Porto, Portugal), MTT reagent (Calbiochem, San
Diego, CA, USA), and the iSCriptTM cDNA synthesis kit (Bio-Rad Laboratories, Hercules,
CA, USA).

4.2. Cell Culture

Cells were cultured in RPMI-1640 medium containing 10% FBS and 1% penicillin—
streptomycin. They were maintained at 37 °C in a humidified incubator with 5% CO,
and 90% relative humidity. Culture medium was refreshed every 48 h, and cells were
subcultured once optimal confluency was achieved.
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4.3. Cell Viability and Cytotoxicity Assay

Cell viability and cytotoxicity were evaluated using the MTT assay. The non-cancerous
human lung fibroblast cell line MRC-5 was included as a non-malignant reference control
to assess differential cytotoxic sensitivity. DU-145, PC-3, LNCaP, and MRC-5 cells were
seeded into 96-well plates at a density of 1 x 10* and incubated overnight to allow for cell
attachment. Subsequently, the cells were treated with varying concentrations of JWH-133
(16-192 uM) for 24, 48, and 72 h. This concentration range was selected based on preliminary
dose-response experiments and established literature investigating cannabinoid receptor
agonists in cancer models [11,13]. Following treatment, culture media were replaced with
5 mg/mL MTT solution and incubated for 3—4 h. The resulting formazan crystals were
dissolved in 100 uL. DMSO, and absorbance was measured at 570 nm using a microplate
reader. IC5( values for JIWH-133 were determined from dose-response curves generated
using nonlinear regression analysis following cell viability assays. Data were analyzed in
GraphPad Prism 9, and ICsj values were calculated for subsequent experiments.

4.4. Annexin V Apoptosis Assay

Apoptosis in cultured cell lines was assessed using the Annexin V-FITC/Propidium
Iodide Staining method. Briefly, cells were harvested, washed twice with cold PBS, and
resuspended in binding buffer. Subsequently, cells were incubated with Annexin V-FITC
and propidium iodide (PI) for 10-15 min at room temperature in the dark. Samples were
analyzed by Flow Cytometry, and apoptotic cell populations were determined based on
Annexin V and PI staining profiles.

4.5. Colony Formation Assay

Cells were seeded in 6-well plates (1000 cells/well) and allowed to adhere overnight.
Cultures were then treated with J[WH-133 at the predetermined ICsy concentrations.
Medium was replaced with fresh drug-containing medium every 48 h for 10 days. Colonies
were fixed, stained with crystal violet, and quantified using Image]J 1.54d software.

4.6. Wound Healing Migration Assay

The effect of JWH-133 on cell migration was assessed using a wound healing assay.
Migration experiments were performed using the ICsy concentrations determined from
MTT analysis in order to evaluate the overall cellular response to JWH-133 treatment. DU-
145, PC-3, and LNCaP cells were seeded into 6-well plates at a density of 3 x 10° cells/well
and cultured until ~85% confluency. A scratch was introduced across the monolayer using
a sterile 10 pL pipette tip. Images were taken at 0, 16, and 24 h, and wound closure was
quantified with Image]J software. All experiments were performed in triplicate.

4.7. mRNA Isolation and Quantitative Real-Time PCR

To examine the impact of JWH-133 on oncogenes and apoptosis-related genes, DU-
145, PC-3, and LNCaP cells were seeded in 6-well plates (3 x 10° cells/ well) and treated
at IC5p concentrations. JPCR analyses were performed in DU-145 and PC3 cells, which
demonstrated more pronounced responses to JWH-133 treatment in preliminary functional
assays. After 72 h, cells were harvested, and total RNA was extracted using either the
NORGEN RNA isolation kit or TriPure Isolation Reagent (Roche, Indianapolis, IN, USA),
following the manufacturer’s protocols. RNA concentration and purity were determined
using a NanoDrop spectrophotometer by measuring the A260/A280 and A260/A230 ratios.
Complementary DNA (cDNA) was synthesized with the iScript™ c¢DNA synthesis kit
(Bio-Rad, Hercules, CA, USA). qPCR reactions were performed using the FastStart Essential
DNA Green Master kit (Roche, Mannheim, Germany) on a Bio-Rad real-time PCR system,
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with GAPDH serving as the housekeeping gene. Primer specificity was confirmed by melt
curve analysis, and primer efficiencies were evaluated using standard curves and were
within the acceptable range (90-110%). Relative expression levels were calculated using the
AACt method. All experiments were performed using at least three independent biological
replicates, with each biological replicate analyzed in triplicate as technical replicates.

4.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad
Software, Boston, MA, USA). Data are presented as mean =+ standard deviation (SD)
from at least three independent experiments. ICsy values were calculated using nonlinear
regression analysis. Comparisons between groups were performed using two-way ANOVA
followed by appropriate post hoc Bonferroni analysis. A p-value < 0.05 was considered
statistically significant.

Author Contributions: 5.5.0. and M.C. conceived the idea. R.Y., I.D. and S.S.0. performed MTT,
migration assay, and colony formation tests. L.E. and M.K. performed qPCR analysis. M.C. and S.S.0.
took the lead in writing the article. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was supported by Yozgat Bozok University Scientific Research Projects Unit
under Project No. TED-2026-2342.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors used language editing and organizational support tools during
manuscript preparation. We would like to thank the developers of Al for their invaluable assistance
in conducting the literature review for this manuscript.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Raychaudhuri, R; Lin, D.W.; Montgomery, R.B. Prostate Cancer: A Review. JAMA 2025, 333, 1433-1446. [CrossRef] [PubMed]

2. Rawla, P. Epidemiology of Prostate Cancer. World ]. Oncol. 2019, 10, 63-89. [CrossRef] [PubMed]

3.  Fayek, M.; Ebrahim, H.Y,; Elsayed, H.E.; Abdel-Aziz, M.S.; Kariuki, B.M.; Moharram, F.A. Anti-prostate cancer metabolites from
the soil-derived Aspergillus neoniveus. Front. Pharmacol. 2022, 13, 1006062. [CrossRef] [PubMed]

4. Kesch, C.; Heidegger, I.; Kasivisvanathan, V.; Kretschmer, A.; Marra, G.; Preisser, F; Tilki, D.; Tsaur, I.; Valerio, M.; van den Bergh,
R.C.N,; et al. Radical Prostatectomy: Sequelae in the Course of Time. Front. Surg. 2021, 8, 684088. [CrossRef] [PubMed]

5. Beer, TM.; Bubalo, ].S. Complications of chemotherapy for prostate cancer. Semin. Urol. Oncol. 2001, 19, 222-230. [PubMed]

6. Laezza, C.; Pagano, C.; Navarra, G.; Pastorino, O.; Proto, M.C.; Fiore, D.; Piscopo, C.; Gazzerro, P,; Bifulco, M. The Endocannabi-
noid System: A Target for Cancer Treatment. Int. J. Mol. Sci. 2020, 21, 747. [CrossRef] [PubMed]

7. McAllister, S.D.; Glass, M. CB; and CB; receptor-mediated signalling: A focus on endocannabinoids. Prostaglandins Leukot. Essent.
Fat. Acids 2002, 66, 161-171. [CrossRef] [PubMed]

8. Ashton, J.C.; Wright, J.L.; McPartland, ].M.; Tyndall, J.D. Cannabinoid CB1 and CB2 receptor ligand specificity and the develop-
ment of CB2-selective agonists. Curr. Med. Chem. 2008, 15, 1428-1443. [CrossRef] [PubMed]

9. Khan, M.I; Sobociriska, A.A.; Brodaczewska, KK.; Zielniok, K.; Gajewska, M.; Kieda, C.; Czarnecka, A.M.; Szczylik, C.
Involvement of the CB, cannabinoid receptor in cell growth inhibition and G0/G1 cell cycle arrest via the cannabinoid agonist
WIN 55,212-2 in renal cell carcinoma. BMC Cancer 2018, 18, 583. [CrossRef] [PubMed]

10. Sarfaraz, S.; Afaq, F.; Adhami, V.M.; Mukhtar, H. Cannabinoid receptor as a novel target for the treatment of prostate cancer.
Cancer Res. 2005, 65, 1635-1641. [CrossRef] [PubMed]

11. Olea-Herrero, N.; Vara, D.; Malagarie-Cazenave, S.; Diaz-Laviada, I. Inhibition of human tumour prostate PC-3 cell growth by
cannabinoids R(+)-Methanandamide and JWH-015: Involvement of CB,. Br. J. Cancer 2009, 101, 940-950. [CrossRef] [PubMed]

12.  Huffman, ].W. CB2 receptor ligands. Mini Rev. Med. Chem. 2005, 5, 641-649. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19071114


https://doi.org/10.1001/jama.2025.0228
https://www.ncbi.nlm.nih.gov/pubmed/40063046
https://doi.org/10.14740/wjon1191
https://www.ncbi.nlm.nih.gov/pubmed/31068988
https://doi.org/10.3389/fphar.2022.1006062
https://www.ncbi.nlm.nih.gov/pubmed/36313355
https://doi.org/10.3389/fsurg.2021.684088
https://www.ncbi.nlm.nih.gov/pubmed/34124138
https://www.ncbi.nlm.nih.gov/pubmed/11561990
https://doi.org/10.3390/ijms21030747
https://www.ncbi.nlm.nih.gov/pubmed/31979368
https://doi.org/10.1054/plef.2001.0344
https://www.ncbi.nlm.nih.gov/pubmed/12052033
https://doi.org/10.2174/092986708784567716
https://www.ncbi.nlm.nih.gov/pubmed/18537620
https://doi.org/10.1186/s12885-018-4496-1
https://www.ncbi.nlm.nih.gov/pubmed/29792186
https://doi.org/10.1158/0008-5472.can-04-3410
https://www.ncbi.nlm.nih.gov/pubmed/15753356
https://doi.org/10.1038/sj.bjc.6605248
https://www.ncbi.nlm.nih.gov/pubmed/19690545
https://doi.org/10.2174/1389557054368844
https://www.ncbi.nlm.nih.gov/pubmed/16026310
https://doi.org/10.3390/ph19071114

Pharmaceuticals 2026, 19, 1114 12 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Roberto, D.; Klotz, L.H.; Venkateswaran, V. Cannabinoid WIN 55,212-2 induces cell cycle arrest and apoptosis, and inhibits
proliferation, migration, invasion, and tumor growth in prostate cancer in a cannabinoid-receptor 2 dependent manner. Prostate
2019, 79, 151-159. [CrossRef] [PubMed]

Preet, A.; Qamri, Z.; Nasser, M.W.; Prasad, A.; Shilo, K.; Zou, X.; Groopman, J.E.; Ganju, R K. Cannabinoid receptors, CB1 and CB2,
as novel targets for inhibition of non-small cell lung cancer growth and metastasis. Cancer Prev. Res. 2011, 4, 65-75. [CrossRef]
[PubMed]

Velasco, G.; Sdnchez, C.; Guzmén, M. Endocannabinoids and Cancer. Handb. Exp. Pharmacol. 2015, 231, 449-472. [CrossRef]
[PubMed]

Grimaldi, C.; Capasso, A. The endocannabinoid system in the cancer therapy: An overview. Curr. Med. Chem. 2011, 18, 1575-1583.
[CrossRef] [PubMed]

Nithipatikom, K.; Endsley, M.P; Isbell, M.A_; Falck, J.R.; Iwamoto, Y.; Hillard, C.J.; Campbell, W.B. 2-arachidonoylglycerol:
A novel inhibitor of androgen-independent prostate cancer cell invasion. Cancer Res. 2004, 64, 8826-8830. [CrossRef] [PubMed]
Vidinsky, B.; Gdl, P; Pilatova, M.; Vidov4, Z.; Solar, P.; Varinsk4, L.; Ivanov4, L.; MojZis, ]. Anti-proliferative and anti-angiogenic
effects of CB2R agonist (JWH-133) in non-small lung cancer cells (A549) and human umbilical vein endothelial cells: An in vitro
investigation. Folia Biol. 2012, 58, 75-80. [CrossRef]

Qamri, Z.; Preet, A.; Nasser, M.W.; Bass, C.E.; Leone, G.; Barsky, S.H.; Ganju, R K. Synthetic cannabinoid receptor agonists inhibit
tumor growth and metastasis of breast cancer. Mol. Cancer Ther. 2009, 8, 3117-3129. [CrossRef] [PubMed]

Caffarel, M.M.; Andradas, C.; Mira, E.; Pérez-Gémez, E.; Cerutti, C.; Moreno-Bueno, G.; Flores, ].M.; Garcia-Real, I.; Palacios, J.;
Maries, S.; et al. Cannabinoids reduce ErbB2-driven breast cancer progression through Akt inhibition. Mol. Cancer 2010, 9, 196.
[CrossRef] [PubMed]

Sanchez, C.; de Ceballos, M.L.; Gomez del Pulgar, T.; Rueda, D.; Corbacho, C.; Velasco, G.; Galve-Roperh, I.; Huffman, ] W,;
Ramoén y Cajal, S.; Guzman, M. Inhibition of glioma growth in vivo by selective activation of the CB(2) cannabinoid receptor.
Cancer Res. 2001, 61, 5784-5789. [PubMed]

Casanova, M.L,; Blazquez, C.; Martinez-Palacio, J.; Villanueva, C.; Ferndndez-Acefero, M.].; Huffman, ].W.; Jorcano, J.L.; Guzmdn,
M. Inhibition of skin tumor growth and angiogenesis in vivo by activation of cannabinoid receptors. J. Clin. Investig. 2003, 111,
43-50. [CrossRef] [PubMed]

Zhou, J.; Guo, Z.; Peng, X.; Wu, B.; Meng, Q.; Lu, X,; Feng, L.; Guo, T. Chrysotoxine regulates ferroptosis and the PI3K/AKT/mTOR
pathway to prevent cervical cancer. J. Ethnopharmacol. 2025, 338, 119126. [CrossRef] [PubMed]

Wang, S.; Ma, D.; Yang, M.; Zhang, Y.; Wang, S.; Zhou, W. Arsenic trioxide-based nanoparticles for enhanced chemotherapy by
activating pyroptosis. Acta Pharm. Sin. B 2025, 15, 6001-6018. [CrossRef] [PubMed]

Sun, D; Li, X.; Nie, S.; Liu, J.; Wang, S. Disorders of cancer metabolism: The therapeutic potential of cannabinoids. Biomed.
Pharmacother. 2023, 157, 113993. [CrossRef] [PubMed]

Zhang, ].; Zhang, S.; Liu, Y.; Su, M,; Ling, X,; Liu, F; Ge, Y.; Bai, M. Combined CB2 receptor agonist and photodynamic therapy
synergistically inhibit tumor growth in triple negative breast cancer. Photodiagnosis Photodyn. Ther. 2018, 24, 185-191. [CrossRef]
[PubMed]

Singh, U.P; Singh, N.P; Singh, B.; Price, R.L.; Nagarkatti, M.; Nagarkatti, P.S. Cannabinoid receptor-2 (CB2) agonist ameliorates
colitis in IL-10~/~ mice by attenuating the activation of T cells and promoting their apoptosis. Toxicol. Appl. Pharmacol. 2012, 258,
256-267. [CrossRef] [PubMed]

Aso, E; Juvés, S.; Maldonado, R.; Ferrer, I. CB2 cannabinoid receptor agonist ameliorates Alzheimer-like phenotype in ABPP/PS1
mice. J. Alzheimer’s Dis. 2013, 35, 847-858. [CrossRef]

Blanton, H.L.; McHann, M.C.; De Selle, H.; Dancel, C.L.; Redondo, ].-L.; Molehin, D.; German, N.A.; Trasti, S.; Pruitt, K.;
Castro-Piedras, I; et al. Chronic administration of cannabinoid receptor 2 agonist (JWH-133) increases ectopic ovarian tumor
growth and endocannabinoids (anandamide and 2-arachidonoyl glycerol) levels in immunocompromised SCID female mice.
Front. Pharmacol. 2022, 13, 823132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ph19071114


https://doi.org/10.1002/pros.23720
https://www.ncbi.nlm.nih.gov/pubmed/30242861
https://doi.org/10.1158/1940-6207.capr-10-0181
https://www.ncbi.nlm.nih.gov/pubmed/21097714
https://doi.org/10.1007/978-3-319-20825-1_16
https://www.ncbi.nlm.nih.gov/pubmed/26408171
https://doi.org/10.2174/092986711795471374
https://www.ncbi.nlm.nih.gov/pubmed/21428888
https://doi.org/10.1158/0008-5472.can-04-3136
https://www.ncbi.nlm.nih.gov/pubmed/15604240
https://doi.org/10.14712/fb2012058020075
https://doi.org/10.1158/1535-7163.mct-09-0448
https://www.ncbi.nlm.nih.gov/pubmed/19887554
https://doi.org/10.1186/1476-4598-9-196
https://www.ncbi.nlm.nih.gov/pubmed/20649976
https://www.ncbi.nlm.nih.gov/pubmed/11479216
https://doi.org/10.1172/jci200316116
https://www.ncbi.nlm.nih.gov/pubmed/12511587
https://doi.org/10.1016/j.jep.2024.119126
https://www.ncbi.nlm.nih.gov/pubmed/39557107
https://doi.org/10.1016/j.apsb.2025.08.003
https://www.ncbi.nlm.nih.gov/pubmed/41311410
https://doi.org/10.1016/j.biopha.2022.113993
https://www.ncbi.nlm.nih.gov/pubmed/36379120
https://doi.org/10.1016/j.pdpdt.2018.09.006
https://www.ncbi.nlm.nih.gov/pubmed/30240926
https://doi.org/10.1016/j.taap.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22119709
https://doi.org/10.3233/jad-130137
https://doi.org/10.3389/fphar.2022.823132
https://www.ncbi.nlm.nih.gov/pubmed/35242036
https://doi.org/10.3390/ph19071114

	Introduction 
	Results 
	Cytotoxic Activity/MTT Assay 
	Apoptosis Assay 
	Colony Formation Assay 
	Migration Assay 
	Real-Time PCR 

	Discussion 
	Materials and Methods 
	Cell Lines and Reagents 
	Cell Culture 
	Cell Viability and Cytotoxicity Assay 
	Annexin V Apoptosis Assay 
	Colony Formation Assay 
	Wound Healing Migration Assay 
	mRNA Isolation and Quantitative Real-Time PCR 
	Statistical Analysis 

	References

