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Abstract

:

The endocannabinoid system is widespread through the body and carries out a wide variety of functions. However, its involvement in other pathologies, such as cancer, still needs further attention. We aim to investigate the role of CB2 receptor during melanoma and colorectal cancer (CRC) aggressiveness and metastatic growth in the liver. We used the synthetic cannabinoid URB447, a known CB2 agonist and CB1 antagonist drug, and studied prometastatic ability of mouse B16 melanoma and MCA38 CRC cells, by means of proliferation, apoptosis, cell cycle, migration and matrix degradation in vitro upon URB447 treatment. We reported a dose-dependent viability decrease in both tumor types. This result is partly mediated by apoptotic cell death and cell cycle arrest in G1/G0 phase, as observed through flow cytometry. Melanoma and CRC cell migration was affected in a dose-dependent fashion as observed through scratch assay, whereas the secretion of matrix degrading proteins metalloprotease 2 (MMP2) and 9 (MMP9) in tumor cells did not significantly change. Moreover, daily treatment of tumor bearing mice with URB447 decreased the development of liver metastasis in a melanoma model in vivo. This proof of concept study points out to the synthetic cannabinoid URB447 as a potential candidate for deeper studies to confirm its potential as antitumor therapy and liver metastasis treatment for CRC and melanoma.
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1. Introduction


The endogenous cannabinoid system (ECS) represents a ubiquitous neuromodulatory system in the body, with a wide spectrum of different functions. It is composed by the cannabinoid receptors and their endogenous ligands and the enzymes that synthesize and degrade these ligands [1]. Cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) are the main effectors of the ECS functions, along with other receptors such as such as PPAR’s and Transient Receptor Potential (TRP) channels [2]. CB1 and CB2 receptors are G protein coupled receptors that exert several intracellular changes and, therefore, mediate cellular processes such as gene transcription, cell motility and angiogenesis [3,4].



ECS receptors are widespread throughout the body and involved in different physiological processes. It is the omnipresence what makes CB receptors a potential target for several pathologies [5,6]. In fact, CB receptors are expressed in a wide variety of cancers with different origin, such as glioma and melanoma, to name a few [7,8]. However, the role of these receptors is not yet very well understood. While in some cancers, such as glioma or melanoma, the activation of CB1 and CB2 lead to impaired protumoral activities [9,10], in other malignancies such as non-small cell lung carcinoma, these receptors act as protumoral mediators [11].



To date, several studies have proven the effectiveness of some cannabinoids against cancer. Cannabidiol (CBD) is the main non-psychoactive constituent of Cannabis. CBD has shown anticancer properties, affecting diverse tumoral processes. CBD blocked the cell cycle of gastric cancer cells, leading to reduced CDK2/Cyclin E protein levels [12] and exerted proapoptotic effect in breast cancer cells through endoplasmic reticulum stress, driving to apoptosis [13]. Intriguingly, CBD showed an antagonistic effect to CB1 while having an agonistic effect to CB2 [14].



The in vitro anticancer properties of cannabinoids include cell cycle arrest, the induction of cancer cell apoptosis, impaired migration and invasion, reduction of matrix metalloprotease 2 and 9 (MMP-2,9), impairment of angiogenic response through VEGF downregulation, inhibition of epithelial to mesenchymal transition (EMT) and lead to affected metastatic growth [15,16].



However, a short number of studies has validated this in vitro effect using animal models. In fact, just one study has tested in vivo the effect of a cannabinoid, specifically a hexahydrocannabinol analog, on colorectal cancer (CRC) metastasis in a xenograft model of CRC [17]). Regarding to melanoma, only six studies have validated the efficacy of cannabinoids during cancer development in vivo [18]. Despite the animal models studied, none of them analyzed the effect of cannabinoids during the metastatic process in the liver. This organ represents a common target organ for several cancers, such as CRC, pancreatic cancer and melanoma [19], which significantly complicates the prognosis and survival of patients. It is interesting to note that several cannabinoids have a high impact on the development of a wide array of liver pathologies.



Based on the above-mentioned evidences, stimulating CB2 receptor while antagonizing CB1 receptor may represent a promising therapeutic option for the treatment of CRC and melanoma liver metastasis.



URB447 ({[4-amino-1-(4-chlorobenzyl)-2-methyl-5-phenyl-1H-pyrrole-3-yl](phenyl) methanone}) (Figure 1) is a synthetic cannabinoid ligand able to act as CB2 agonist and CB1 antagonist. Its ability to show anorexiant activity without the typical side effects of drugs acting on the central nervous system was originally discovered, due to the fact the molecule reduces feeding and body-weight gain in mice with a peripherally restricted action [20]. More recently, it has been demonstrated that URB447 reduces brain injury and the associated white matter demyelination after hypoxia-ischemia in neonatal rats [21].



Therefore, we tested the anticancer efficacy of the synthetic cannabinoid URB447 in CRC and melanoma in vitro and further explored its function using a syngeneic model of liver metastasis in vivo. It is tempting to hypothesize that the ability of URB447 to exert a stimulatory effect in CB2 may reduce the protumoral activity of both melanoma and CRC in vitro and prevent metastatic growth in the liver.




2. Results


2.1. Antitumor Effect of URB447 in Cancer Cell Viability


We have checked the potential of URB447 to modulate melanoma and CRC cell viability. Our results show that this synthetic cannabinoid interferes with tumor cell viability in both cancer models. In detail, URB447 10 µM did not affect cell viability after 24 h, whereas 25 µM and 50 µM exerted an antitumor effect at this time point. However, 10 µM significantly reduced cancer cell viability about 10% after 48 h in B16-F10 melanoma cells, whereas 25 µM and 50 µM drove to 40% and 60% cell death, respectively (Figure 2A). Regarding MCA38, the same trend was observed after 48 h, reducing cell viability 10%, 40% and 67% when treated with 10 µM, 25 µM and 50 µM, respectively (Figure 2B).




2.2. Apoptotic Effect of URB447 in Cancer Cells


To uncover the mechanisms for reduced viability, we analyzed the effect of URB447 in the apoptotic cell death in both melanoma and CRC models. As shown in Figure 3, URB447 promotes apoptosis in both models. URB447 promoted apoptotic cell death in B16-F10 melanoma cells in a dose-dependent manner after 24 h. In detail, whereas 10 µM and 25 µM slightly increased apoptotic cells, 50 µM rendered melanoma cells to apoptosis mediated cell death, increasing 3-fold early apoptotic cell counts (Figure 3A). Regarding MCA38, the same proapoptotic pattern was observed in cells treated with 10 µM, 25 µM and 50 µM URB447. In this regard, 10 µM increased 2,5-fold the percentage of apoptotic cells, whereas 25 and 50 µM led to 4-fold augmentation in early apoptotic cell numbers (Figure 3B).




2.3. Cell Cycle Interference upon URB447 Treatment


Since cell cycle dysregulation is a hallmark of cancer, we aimed to analyze whether URB447 may disrupt the cell cycle and, therefore, reduce tumor cell viability, as previously observed. We reported that URB447 slightly impairs the B16 melanoma cell cycle through G0/G1 phase arrest. In detail, the percentage of cells in G0/G1 phase increased 9% when treated with 10 µM URB447 for 24 h compared to the control cells. However, 25 µM and 50 µM blocked the cell cycle in G0/G1 phase. Regarding to MCA38, no changes were detected after 24 h of treatment with 10 µM URB447. However, 25 µM and 50 µM significantly increased G0/G1 phase arrest. Both cell lines exhibited reduced cell numbers in S phase under 50 µM URB447 treatment, which further impairs the cell cycle. (Figure 4).




2.4. Tumor Cell Migration Is Compromised by URB447


To increase ability to step up from the primary lesion and migrate to generate distant metastasis is a required step for disease progression. To further explore the antitumor action of URB447, we carried out a wound healing assay using different URB447 concentrations. As observed in Figure 5, the highest tested concentration, 50 µM, led to a pronounced impairment of cell migration in both models. In detail, URB447 reduced 50% the migration ability in melanoma and almost 60% in colon cancer cells. Moreover, 25 µM exerted an anti-migratory effect in both cell types, decreasing the migration potential by 30%. Finally, although a reduction was observed, 10 µM did not significantly affect cell migration after 24 h in melanoma, but it reduced that of CRC in 20%.




2.5. Matrix Degrading MMP-2 and MMP-9 Secretion Is Not Altered by URB447


One of the main features of metastatic cancer cell is the ability to degrade the ECM present in both the primary tissue and the secondary organ upon metastatic colonization. Here, we show that even though URB447 slightly influences the secretion of MMP-2 and MMP-9 in both tumor models, there is no significant change after 24 h. Although a reduction trend can be observed, URB447 did not disturb the secretion of matrix degrading proteins (Figure 6).




2.6. Daily Treatment with URB447 Reduced the Metastatic Burden in the Liver


The obtained results may uncover a beneficial effect of URB447 during liver colonization and tumor growth. Liver metastasis orthotopic model revealed that daily treatment of tumor bearing mice with URB447 led to reduced tumor burden in the liver in a melanoma model. In detail, the metastatic area was reduced in 25% in melanoma compared to vehicle treated group, after a daily i.p. injection of 1 mg/kg URB447 (Figure 7). Moreover, the number of visible melanoma foci in the URB447 treated group was reduced, although the differences were not statistically significant.





3. Discussion


Cannabinoid receptors are gaining relevance not only in nervous system linked pathologies, but also in a wide array of pathologies with different origins [22,23,24]. Among others, their role during cancer progression has been uncovered, pointing out cannabinoids as a potential target for disease management. Here, we show that a CB2 receptor agonist synthetic cannabinoid with no psychoactive effects, URB447, reduces several prometastatic properties of cancer cells. Finally, daily treatment with URB447 affects tumor features of melanoma, leading to reduced metastatic growth in the liver.



We have reported a dose-dependent reduction in melanoma and CRC cell viability when exposed to URB447. These findings are in line with recent studies using a new CB2 agonist reporting the same trend [25]. We observed that this decreased cell viability is partly mediated by tumor cell apoptosis. Previous studies from other groups have linked CB2 receptor agonists with this phenomenon, pointing out to Caspase 3 and 7 increase as responsible for the observed phenotype, along with PARP expression stimulation [26], which may account for the reported observations. Moreover, CB2 stimulation leads to antiapoptotic protein Bcl-2 reduction [27], therefore, facilitating cell death. A second mechanism that seems to be involved in cancer cell reduced viability. URB447 treatment altered cell cycle in both models, leading to G0/G1 cell cycle arrest, accompanied with decrease in S phase cell counts. This finding goes along a recent study reporting G1 phase arrest in CB2 stimulated CRC cancer cells. Furthermore, they found reduced levels of cyclins in CB2 stimulated colorectal CRC cells [26].Moreover, CDK4 expression was also reduced when agonizing a CB2 receptor in a glioblastoma cancer model [28], which may explain the results obtained using URB447.



The aggressiveness of cancer cells increases when they undergo EMT and, therefore, acquire increased motility to leave the primary lesion and colonize distant organs. Interestingly, URB447 impaired cancer cell migration in a dose-dependent trend. Thus, the involvement of CB2 receptor in the regulation of tumor cell migration needs further attention. In this regard, the partial CB2 receptor agonist, CBD, showed anti-migratory effects on pancreatic cancer [29], in line with our observations. Interestingly, CBD blocked epithelial growth factor mediated lung cancer cell migration in vitro controlling the levels of EMT genes, such as vimentin [30], supporting our observations. Moreover, the CB2 receptor agonist reduced MMP-9 secretion in dendritic cells [31], impairing their migration, which may also occur in cancer cells. Regarding the expression of MMPs, URB447 did not alter the secretion of metalloproteases after 24 h incubation. However, serum starvation of tumor cells could help elucidate the effect of URB447 in MMP secretion, since 1% serum exhibited MMP activity, which may uncover the differences generated by URB447.



In vivo, URB447 reduced the metastatic burden in a melanoma model of liver metastasis. In detail, daily treatment with 1 mg/kg URB447 impaired metastatic growth in the liver in 25% in melanoma. The reported reduction in cell viability and cell cycle arrest might partially mediate the observed effect in vivo. Moreover, proapoptotic action of URB447 might help reduce liver metastatic area. Apart from the direct effect of URB447 in tumor cells, a potential action in the colonized organ must be taken into account. In this regard, the synthetic atypical cannabinoid Abn-CBD, a cannabidiol (CBD) derivative is effective in reducing liver related inflammation and subsequent liver damage during non-alcoholic fatty liver disease [32]. In line with this report, a selective CB2 agonist protected the liver from bile duct ligation mediated injury through the impairment of the inflammatory response [33]. Similarly, the inhibition of the inflammatory response is involved in the CB2 receptor mediated liver protection during alcohol-related injury [34]. Regarding the non-parenchymal cells in the liver, in vivo knock out of the CB2 receptor drove the augmented inflammatory response of hepatic stellate cells and increased liver damage, worsening the CCl4 promoted liver fibrosis [35]. Therefore, URB447 might reduce the inflammatory and fibrotic status of the liver, impairing immune suppression and tumor-associated collagen accumulation, thus, slowing down tumor growth.



Further studies will unravel the role of liver non-parenchymal cells upon URB447 treatment and the regulation of the immune response under the CB2-stimulated microenvironment.




4. Materials and Methods


4.1. Animals


C57BL/6J male mice (6–8 weeks old) were obtained from Charles River (Barcelona, Spain). Institutional guidelines and national laws for experimental care guidelines were followed for animal housing, care and experimental conditions. Animal conditions were fulfilled with unlimited food and water availability. All the conducted in vivo experiments were approved by the Basque Country University Ethical Committee (CEID) and by institutional, national and international guidelines for animals use in research activities.




4.2. Cell Lines and Reagents


The mouse malignant melanoma B16-F10 and colon carcinoma MCA38, both syngeneic with C57BL/6J mice were obtained from the American Type Culture Collection (ATCC, LGC Standards SLU). MCA38 cells were cultured in RPMI-1640 medium and B16-F10 cells were maintained in DMEM medium. To get the complete medium, media were supplemented with heat-inactivated 10% fetal bovine serum (FBS), penicillin (100 U/mL), streptomycin (100 µg/mL) and amphotericin B (0.25 µg/mL). All the reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cancer cell lines were discarded after ten passages and substituted by new batches. The synthetic cannabinoid URB447 was purchased from Cayman Chemicals (Ann Arbor, MI, USA).




4.3. Cell Viability


In total, 5 × 103 /well cancer cells were cultured in 96-well plates and supplemented with complete growth medium for 24 h. Afterwards, different concentrations of URB447 ranging from 10 µM to 50 µM were added to cancer cell cultures in 1% FBS supplemented medium. Control cells were treated with 0.1% DMSO (final concentration) diluted in 1% FBS containing fresh medium. Treatment effectiveness was measured after 24 and 48 h, incubating tumor cells for 2 h with PrestoBlue cell viability reagent (Thermo Fisher Scientific (Waltham, MA, USA)) following manufacturer’s indications.




4.4. Apoptotic Cell Determination


Apoptosis analysis was carried out by culturing 3 × 105 cancer cells in 6-well plates for 18 h in complete medium. The medium was changed and cells were treated with 10, 25 and 50 µM URB447 in fresh medium supplemented with 1% FBS for 24 h (control cells were treated with 0.1% DMSO). The supernatant was collected and attached cells were trypsinized and added into the same tube as floating cells. After washing two times with PBS, Dead Cell Apoptosis Kit with Annexin V FITC and PI (Thermo Fisher Scientific (Waltham, MA, USA)) was used to quantify the apoptosis mediated by URB447, following manufacturer’s instructions. Apoptosis was evaluated by flow cytometry using the Gallios cytometer (Beckman Coulter, Brea, CA, USA).




4.5. Cell Cycle Analysis


For cell cycle analysis, 3 × 105 cancer cells were cultured in 6-well plates for 18 h in complete medium. The medium was changed and cells were treated with 10, 25 and 50 µM URB447 in fresh medium supplemented with 1% FBS for 24 h (0.1% DMSO was used as vehicle treatment for control cells). Attached cells were collected through trypsinization and subjected to phosphate-buffered saline (PBS) washes prior to fixation using 70% Ethanol for 30 min at 4 degrees. Ethanol was eliminated from cells through PBS washes prior to cell staining using propidium iodide (PI) containing FxCycle PI/RNase Solution (Thermo Fisher Scientific (Waltham, MA, USA)) following the manufacturer’s indications. Finally, the URB447 mediated perturbation of cell cycle was evaluated by flow cytometry using the Gallios cytometer (Beckman Coulter, Brea, CA, USA).




4.6. Wound Healing Assay


Cancer cells were cultured at 2 × 105 cells/well in 24-well plates in complete medium for 24 h. B16-F10 and MCA38 cells were incubated with 25 µg/mL and 1 µg/mL Mytomicin C, respectively (Fisher Scientific, Madrid, Spain) for 2 h. Then, a scratch was made using the 200 µL tip, followed by three washes to eliminate detached cells. Finally, control cells were incubated with 0.5% DMSO whereas treated cells were incubated with 50, 25 and 10 µM URB447 in 1% FBS supplemented medium. Pictures were taken at the time of treatment addition (T0) and after 24 h (T 24 h). The total wound area was compared between that of T0 and T24. Results are shown as the percental of wound area closed.




4.7. Zymography


The secretion of MMPs was determined by gelatin zymography as previously described. A total 2 × 105 cells /mL were cultured for 24 h in complete medium supplemented with 10% FBS. Then, the medium was changed for 1% FBS containing medium and treatments were added for 24 h. Finally, control and URB447-treated cell supernatants were collected and centrifuged for 5 min at 4000 rpm. Supernatants were run in 1% gelatin containing 10% bis-acrylamide gels. For gelatin digestion, gels were incubated overnight in developing buffer followed by staining in Coomassie Blue solution (BioRad, Hercules, CA, USA). Digested bands were quantified using Image J2 software (National Institutes of Health, Bethesda, MD, USA).




4.8. In Vivo Liver Metastasis Assay


C57BL/6J male mice (6–8 weeks old) were anesthetized using Xilazyn/Ketamin solution. A thin cut was made in the left flank under the ribs to expose the spleen. Then, 2 × 105 B16-F10 cells were injected in the distal pole of the spleen of each mouse diluted in 100 µL PBS (2 × 106 cels/mL concentration). The spleen was carefully relocated and the wound was closed. Mice were treated with intraperitoneal injections of 1 mg/kg URB447 (200 µL/mouse) from day 1 to day 10 and sacrificed 14 days after tumor cell inoculation (3% URB447 in DMSO, 97% PBS). Control animals were treated with vehicle solution (3% DMSO in PBS). All the procedures involving animals were approved by the University of the Basque Country and the Basque Government Ethics committee (ethical approval code M20_2020_315).








Author Contributions


Conceptualization, A.B. and D.A.-A.; methodology, A.B. and B.A.; formal analysis, A.B. and B.A.; investigation, A.B. and B.A.; resources, A.B., B.A. and D.A.-A.; data curation, A.B. and B.A.; writing—original draft preparation, A.B.; writing—review and editing, B.A., A.D. and D.A.-A.; supervision, D.A.-A.; project administration, A.B. and D.A.-A.; funding acquisition, A.D. and D.A.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by EITB Maratoia-BIOEF (BIO18/IC/003), and the Spanish Ministry of Science and Innovation (MINECOR20/P66/AEI/10.13039/501100011033).




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of The University of the Basque Country and the Basque Government (M20_2020_315).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank the histological sample preparation carried out by Cristina Tobillas from the Cell Biology and Histology Department.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lu, H.-C.; Mackie, K. An introduction to the endogenous cannabinoid system. Biol. Psychiatry 2016, 79, 516–525. [Google Scholar] [CrossRef] [PubMed]

	



de Almeida, D.L.; Devi, L.A. Diversity of molecular targets and signaling pathways for CBD. Pharmacol. Res. Perspect. 2020, 8, e00682. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Rodriguez, M.A.; Gomez, O.; Esteban, P.F.; Garcia-Ovejero, D.; Molina-Holgado, E. The endocannabinoid 2-arachidonoylglycerol regulates oligodendrocyte progenitor cell migration. Biochem. Pharmacol. 2018, 157, 180–188. [Google Scholar] [CrossRef] [PubMed]

	



Pisanti, S.; Picardi, P.; Prota, L.; Proto, M.C.; Laezza, C.; McGuire, P.G.; Morbidelli, L.; Gazzerro, P.; Ziche, M.; Das, A.; et al. Genetic and pharmacologic inactivation of cannabinoid CB1 receptor inhibits angiogenesis. Blood 2011, 117, 5541–5550. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, H.; Toyang, N.; Steele, B.; Bryant, J.; Ngwa, W. The endocannabinoid system: A potential target for the treatment of various diseases. Int. J. Mol. Sci. 2021, 22, 9472. [Google Scholar] [CrossRef]

	



Piomelli, D.; Mabou Tagne, A. Endocannabinoid-based therapies. Ann. Rev. Pharmacol. Toxicol. 2022, 62, 483–507. [Google Scholar] [CrossRef]

	



Costas-Insua, C.; Guzmán, M. Endocannabinoid signaling in glioma. Glia 2022. [Google Scholar] [CrossRef]

	



Carpi, S.; Fogli, S.; Polini, B.; Montagnani, V.; Podestà, A.; Breschi, M.C.; Romanini, A.; Stecca, B.; Nieri, P. Tumor-promoting effects of cannabinoid receptor type 1 in human melanoma cells. Toxicol. In Vitro 2017, 40, 272–279. [Google Scholar] [CrossRef]

	



Carracedo, A.; Lorente, M.; Egia, A.; Blázquez, C.; García, S.; Giroux, V.; Malicet, C.; Villuendas, R.; Gironella, M.; González-Feria, L.; et al. The stress-regulated protein p8 mediates cannabinoid-induced apoptosis of tumor cells. Cancer Cell 2006, 9, 301–312. [Google Scholar] [CrossRef]

	



Blázquez, C.; Carracedo, A.; Barrado, L.; Real, P.J.; Fernández-Luna, J.L.; Velasco, G.; Malumbres, M.; Guzmán, M. Cannabinoid receptors as novel targets for the treatment of melanoma. FASEB J. 2006, 20, 2633–2635. [Google Scholar] [CrossRef]

	



Xu, S.; Ma, H.; Bo, Y.; Shao, M. The oncogenic role of CB2 in the progression of non-small-cell lung cancer. Biomed. Pharm. 2019, 117, 109080. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Qin, Y.; Pan, Z.; Li, M.; Liu, X.; Chen, X.; Qu, G.; Zhou, L.; Xu, M.; Zheng, Q.; et al. Cannabidiol Induces Cell Cycle Arrest and Cell Apoptosis in Human Gastric Cancer SGC-7901 Cells. Biomolecules 2019, 9, 302. [Google Scholar] [CrossRef] [PubMed]

	



Shrivastava, A.; Kuzontkoski, P.M.; Groopman, J.E.; Prasad, A. Cannabidiol induces programmed cell death in breast cancer cells by coordinating the cross-talk between apoptosis and autophagy. Mol. Cancer Ther. 2011, 10, 1161–1172. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, A.; Baillie, G.L.; Phillips, A.M.; Razdan, R.K.; ARoss, R.; Pertwee, R.G. Cannabidiol displays unexpectedly high potency as an antagonist of CB1 and CB2 receptor agonists in vitro. Br. J. Pharmacol. 2007, 150, 613–623. [Google Scholar] [CrossRef] [PubMed]

	



Velasco, G.; Sánchez, C.; Guzmán, M. Anticancer mechanisms of cannabinoids. Curr. Oncol. 2016, 23, S23–S32. [Google Scholar] [CrossRef]

	



Pagano, C.; Navarra, G.; Coppola, L.; Bifulco, M.; Laezza, C. Molecular Mechanism of Cannabinoids in Cancer Progression. Int. J. Mol. Sci. 2021, 22, 3680. [Google Scholar] [CrossRef]

	



Thapa, D.; Kang, Y.; Park, P.H.; Noh, S.K.; Lee, Y.R.; Han, S.S.; Ku, S.K.; Jung, Y.; Kim, J.A. Anti-tumor activity of the novel hexahydrocannabinol analog LYR-8 in Human colorectal tumor xenograft is mediated through the inhibition of Akt and hypoxia-inducible factor-1α activation. Biol. Pharm. Bull. 2012, 35, 924–932. [Google Scholar] [CrossRef]

	



Bachari, A.; Piva, T.J.; Salami, S.A.; Jamshidi, N.; Mantri, N. Roles of Cannabinoids in Melanoma: Evidence from In Vivo Studies. Int. J. Mol. Sci. 2020, 21, 6040. [Google Scholar] [CrossRef]

	



Turdean, S.; Gurzu, S.; Turcu, M.; Voidazan, S.; Sin, A. Current data in clinicopathological characteristics of primary hepatic tumors. Rom. J. Morphol. Embryol. Rev. Roum. Morphol. Embryol. 2012, 53 (Suppl. 3), 719–724. [Google Scholar]

	



LoVerme, J.; Duranti, A.; Tontini, A.; Spadoni, G.; Mor, M.; Rivara, S.; Stella, N.; Xu, C.; Tarzia, G.; Piomelli, D. Synthesis and characterization of a peripherally restricted CB1 cannabinoid antagonist, URB447, that reduces feeding and body-weight gain in mice. Bioorg. Med. Chem. Lett. 2009, 19, 639–643. [Google Scholar] [CrossRef]

	



Carloni, S.; Crinelli, R.; Palma, L.; Álvarez, F.J.; Piomelli, D.; Duranti, A.; Balduini, W.; Alonso-Alconada, D. The synthetic cannabinoid URB447 reduces brain injury and the associated white matter demyelination after hypoxia-ischemia in neonatal rats. ACS Chem. Neurosci. 2020, 11, 1291–1299. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Choi, S.E.; Jeong, W.I. Hepatic Cannabinoid Signaling in the Regulation of Alcohol-Associated Liver Disease. Alcohol Res. Curr. Rev. 2021, 41, 12. [Google Scholar] [CrossRef] [PubMed]

	



Lingegowda, H.; Miller, J.E.; McCallion, A.; Childs, T.; Lessey, B.A.; Koti, M.; Tayade, C. Implications of dysregulated endogenous cannabinoid family members in the pathophysiology of endometriosis. FS Sci. 2021, 2, 419–430. [Google Scholar] [CrossRef] [PubMed]

	



Raphael-Mizrahi, B.; Attar-Namdar, M.; Chourasia, M.; Cascio, M.G.; Shurki, A.; Tam, J.; Neuman, M.; Rimmerman, N.; Vogel, Z.; Shteyer, A.; et al. Osteogenic growth peptide is a potent anti-inflammatory and bone preserving hormone via cannabinoid receptor type 2. eLife 2022, 11, e65834. [Google Scholar] [CrossRef] [PubMed]

	



Gasdo, F.; Ferrisi, R.; Di Somma, S.; Napolitano, F.; Mohamed, K.A.; Stevenson, L.A.; Rapposelli, S.; Saccomanni, G.; Portella, G.; Pertwee, R.G.; et al. Synthesis and In Vitro Characterization of Selective Cannabinoid CB2 Receptor Agonists: Biological Evaluation against Neuroblastoma Cancer Cells. Molecules 2022, 27, 3019. [Google Scholar] [CrossRef]

	



Lee, H.S.; Tamia, G.; Song, H.J.; Amarakoon, D.; Wei, C.I.; Lee, S.H. Cannabidiol exerts anti-proliferative activity via a cannabinoid receptor 2-dependent mechanism in human colorectal cancer cells. Int. Immunopharmacol. 2022, 108, 108865. [Google Scholar] [CrossRef]

	



Alenabi, A.; Malekinejad, H. Cannabinoids pharmacological effects are beyond the palliative effects: CB2 cannabinoid receptor agonist induced cytotoxicity and apoptosis in human colorectal cancer cells (HT-29). Mol. Cell. Biochem. 2021, 476, 3285–3301. [Google Scholar] [CrossRef]

	



Irrera, N.; D’Ascola, A.; Pallio, G.; Bitto, A.; Mannino, F.; Arcoraci, V.; Rottura, M.; Ieni, A.; Minutoli, L.; Metro, D.; et al. β-Caryophyllene Inhibits Cell Proliferation through a Direct Modulation of CB2 Receptors in Glioblastoma Cells. Cancers 2020, 12, 1038. [Google Scholar] [CrossRef]

	



Luongo, M.; Marinelli, O.; Zeppa, L.; Aguzzi, C.; Morelli, M.B.; Amantini, C.; Frassineti, A.; di Costanzo, M.; Fanelli, A.; Santoni, G.; et al. Cannabidiol and Oxygen-Ozone Combination Induce Cytotoxicity in Human Pancreatic Ductal Adenocarcinoma Cell Lines. Cancers 2020, 12, 2774. [Google Scholar] [CrossRef]

	



Milian, L.; Mata, M.; Alcacer, J.; Oliver, M.; Sancho-Tello, M.; Martín de Llano, J.J.; Camps, C.; Galbis, J.; Carretero, J.; Carda, C. Cannabinoid receptor expression in non-small cell lung cancer. Effectiveness of tetrahydrocannabinol and cannabidiol inhibiting cell proliferation and epithelial-mesenchymal transition in vitro. PLoS ONE 2020, 15, e0228909. [Google Scholar] [CrossRef]

	



Adhikary, S.; Kocieda, V.P.; Yen, J.H.; Tuma, R.F.; Ganea, D. Signaling through cannabinoid receptor 2 suppresses murine dendritic cell migration by inhibiting matrix metalloproteinase 9 expression. Blood 2012, 120, 3741–3749. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Zerbo, S.Y.; García-Fernández, M.; Espinosa-Jiménez, V.; Pozo-Morales, M.; Escamilla-Sánchez, A.; Sánchez-Salido, L.; Lara, E.; Cobo-Vuilleumier, N.; Rafacho, A.; Olveira, G.; et al. The Atypical Cannabinoid Abn-CBD Reduces Inflammation and Protects Liver, Pancreas, and Adipose Tissue in a Mouse Model of Prediabetes and Non-alcoholic Fatty Liver Disease. Front. Endocrinol. 2020, 11, 103. [Google Scholar] [CrossRef] [PubMed]

	



Trojnar, E.; Erdelyi, K.; Matyas, C.; Zhao, S.; Paloczi, J.; Mukhopadhyay, P.; Varga, Z.V.; Hasko, G.; Pacher, P. Cannabinoid-2 receptor activation ameliorates hepatorenal syndrome. Free Radic. Biol. Med. 2020, 152, 540–550. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Long, C.; Shu, Y.; He, P.; Zhou, Y.; Gu, J.; Yang, L.; Wang, Y. Cannabinoid receptor 2 deletion promotes proliferation and activation of hepatic macrophages in mice with acute liver injury induced by concanavalin A. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi Chin. J. Cell. Mol. Immunol. 2019, 35, 13–18. [Google Scholar]

	



Long, C.; Xie, N.; Shu, Y.; Wu, Y.; He, P.; Zhou, Y.; Xiang, Y.; Gu, J.; Yang, L.; Wang, Y. Knockout of the Cannabinoid Receptor 2 Gene Promotes Inflammation and Hepatic Stellate Cell Activation by Promoting A20/Nuclear Factor-κB (NF-κB) Expression in Mice with Carbon Tetrachloride-Induced Liver Fibrosis. Med. Sci. Monit. 2021, 27, e931236. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 15 01166 g001 550] 





Figure 1. Chemical structure of the synthetic cannabinoid URB447. 
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Figure 2. Tumor cell viability upon treatment with URB447. Melanoma (A) and CRC cancer cells (B) were incubated in the presence of URB447 for 24 and 48 h. Cell viability was measured using Prestoblue™ viability assay. Images show representative cell population at the time of the measurement (n = 3). Differences were considered statistically significant for * p < 0.05, ** p < 0.01 using Student t test. 
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Figure 3. Apoptotic effect of URB447. Melanoma (A) and CRC cancer cells (B) were incubated in the presence of URB447 for 24 h. Flow cytometry was carried out to analyze early and late apoptotic cells. Images show representative FACS result (n = 3). Differences were considered statistically significant for * p < 0.05, ** p < 0.01 using Student t test. 
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Figure 4. Cell cycle analysis in cells treated with URB447. Melanoma (A) and CRC cancer cells (B) were incubated in the presence of different concentrations of URB447 for 24 h. Propidium iodide RNAse Kit was used for flow cytometry and the number of cells in each cell cycle phase were quantified (n = 3). Differences were considered statistically significant for * p < 0.05 using Student t test. 
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Figure 5. The migratory ability of tumor cells upon URB447 treatment. Wound healing assay was carried out upon stimulation of melanoma (A) and CRC cancer cells (B) in the presence of increasing concentrations of URB447 for 24 h. The closed wound area was calculated. Images show representative result (n = 3). Differences were considered statistically significant for * p < 0.05, ** p < 0.01 using Student t test. 
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Figure 6. Secretion of MMP-2 and MMP-9 in URB447 treated tumor cells. The secretion of MMP-2 was measured in melanoma (A) and CRC cancer cells (B) in the presence of increasing concentrations of URB447 for 24 h. (n = 3). No significant differences were observed. 
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Figure 7. Metastatic growth of melanoma in control and URB447 treated mice liver. Mice were intrasplenically injected with 2 × 105 B16-F10 melanoma cells and treated with Vehicle or URB447 1 mg/kg for 10 days. The metastatic area and visible foci number were quantified. (n = 4). Differences were considered statistically significant for * p < 0.05 using Student t test. 
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