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    Cancer has been the major reason of mortality and morbidity since ancient times. With increase in life expectancy and change in life style, the prevalence of cancers has increased exponentially. Molecular etiologies of cancers are often complex, but modern tools in molecular biology and pathology have been able to decipher them for the identification of many new targets for anti-cancer drug development. Cancer treatment also faces many challenges, such as heterogeneity, drug resistance, adverse effects of chemotherapy, and frequent relapses. The quantum of research in this field has been phenomenal in recent years, and keeping oneself abreast of recent developments is rather challenging. The book series “Frontiers in Anti-cancer Drug Discovery” is aimed to provide critical commentaries and updates on the most exciting developments in the multidisciplinary field of anti-cancer drug developments. The present volume 12 of the series has 6 (six) comprehensive reviews, contributed by leading practitioners in these fields. These reviews broadly cover various drug targets, therapeutic strategies as well as new classes of therapies for the prevention or treatment of diverse cancers.




    The chapter by Morales and Jagerovic focusses on current developments in cannabinoid-based anticancer drugs. The review discusses how cannabinoids modulate tumor growth and induce autophagy-mediated apoptosis in diverse cancer models, apart from their classical use in the management of pain and adverse effects of chemotherapy. The second chapter by Abrahamse et al presents mounting evidence on the prevention, treatment and reversal of cancer developments with the wonder spice turmeric (Curcuma longa). The authors have discussed various aspects including pharmacokinetics, pre-clinical, and clinical evidences of the anti-oxidant, anti-inflammatory, and anti-cancer effects of curcumin, as well as the key constituent of turmeric. Immunotherapy for treatment of cancer has drawn major scientific attention in recent years. The potential of cancer stem cells (CSC) to target tumor mass has been the focus of a review by Camargo et al. Tsoulfas et al have critically reviewed the scientific literature on hepatocellular carcinoma (HCCS) and its immunotherapy. They discuss various classes of immune checkpoints inhibitors (ICIs, their limitation and advantages over other classes of drugs for the treatment of HCC. Cancer biomarkers play an important role in the diagnosis, prognosis and treatment monitoring. Prakash and Gabrani have reviewed the role and mechanism of biomarkers in developing therapies against glioblastoma multiforme (GBM). The potential of biomarkers as drug targets and development of effective and innovative therapies, based on biomarkers against GBM, has been comprehensively discussed. Tok and Kaymakcioglu have focused on the identification of poly(ADP-ribose) polymerases (PARP) as drug targets for anticancer drug development. PARP are important nuclear enzymes responsible for genomic repair, telomerase regulation, transcription and regulation of cell death. PARP inhibitors have been approved for the treatment of breast and ovarian cancers. We hope that these contributions will help readers in gaining a better understanding of this important subject.




    We would to like to express our gratitude to all the authors of above cited review articles for their excellent contributions in this dynamic field of general and scientific interest. The efforts of the efficient team of Bentham Science Publishers for the timely production of the 12th volume, particularly of Ms. Fariya Zulfiqar (Manager Publications), and Mr. Mahmood Alam (Editorial Director) are gratefully acknowledged.
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      Abstract




      Modulation of the endocannabinoid system has emerged as a potential therapeutic strategy for the treatment of diverse types of cancer and related pathologies. Thus far, the use of specific cannabinoids has been primarily approved for the management of chemotherapy-induced side effects. Palliative actions of cannabinoids include the control of nausea and vomiting, pain alleviation and appetite stimulation. Moreover, a growing body of research has exposed the anticarcinogenic potential of cannabinoids. In vitro and in vivo studies have shown that endogenous, plant-derived and synthetic cannabinoids can effectively modulate tumor growth in diverse cancer models. Although this has not yet reached the bedside, ongoing clinical trials and research efforts may approach cannabinoid-based antitumor therapies to cancer patients in the near future.




      So far, studies on cannabinoids as antitumor agents have been mainly focused on understanding the mechanism of action of well-known phytocannabinoids such as Δ9-THC or CBD. However, novel cannabinoids with antitumor properties are also emerging in the literature. In this chapter, we aim to provide an updated overview of the therapeutic potential of cannabinoids in cancer. We will comprehensively summarize the diverse cannabinoid structures exerting antitumor properties analyzing the molecular basis of these actions. Recent and ongoing clinical trials will be considered to provide a deeper insight into the current scenario of cannabinoids in oncology.
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      INTRODUCTION




      Despite the progress made in treating many types of cancer, effective therapies are still lacking for some of them, including pancreatic, liver and glioblastoma. Chemotherapy remains one of the principal options for cancer treatment.




      However, improving the aggressive current chemotherapies is still challenging nowadays. Identifying and validating new biological targets involved in cancer cell survival, growth, and metastasis is a widely used approach in anti-cancer drug discovery. In this context, the endocannabinoid system (ECS) emerges as a promising anticancer target [1-11]. Thus, understanding the antitumor mechanism of action of the two main components of the plant Cannabis Sativa, (-)Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), has been so far the main concern. These phytocannabinoids modulate ECS that was discovered in the '90s following the identification of two G-protein coupled receptors (GPCRs), CB1 and CB2 cannabinoid receptors (CB1R and CB2R), endogenous ligands named endocannabinoids along with their metabolic enzymes [12-16]. N-arachidonoyl-ethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) are the two main endocannabinoids and fatty acid amide hydrolase (FAAH), monoacylglycerol lipase (MAGL), N-acyl-phosphatidylethanolamine-hydrolysing phospholipase D (NAPE-PLD), and sn-1-specific diacylglycerol lipase-α and -β (DGLα; DGLβ) are their anabolic and catabolic related enzymes [17]. CB1R and CB2R are widely expressed in the human body. CB1R is one of the most abundant GPCRs in the brain especially expressed in the cortex, basal nuclei, hippocampus, and cerebellum. CB1R is also present in peripheral organs (liver, kidney, heart, adipose tissue, muscle, lung, pancreas), and immune cells (monocytes and macrophages). CB2R is present in the brain but to a much less extent than CB1R. However, its expression in the immune system is predominant (lymphocytes, natural killer cells, macrophages, and neutrophils). The phytocannabinoid THC acts on both receptors, CB1R and CB2R, CB1R activation in the brain being responsible for its psychotropic effects. The non-psychoactive CBD has been reported to modulate these receptors through allosterism mechanisms with evidence as negative allosteric modulator (NAM) of THC and 2-AG at CB1R [18] and positive allosteric modulation and partial agonist at CB2R [19, 20]. CBD has also been shown to modulate CB1R-CB2R heteromers [21]. Under different physiopathological processes, the mechanism of action of CBD and THC can engage other diverse biological targets such as enzymes, transporters, GPCRs, nuclear and ionotropic receptors, most of them related to ECS [22]. These two phytocannabinoids have been the most explored cannabinoids as antitumor agents. Few synthetic cannabinoids with anticancer properties have been reported in the literature [23]. In this chapter, a general perspective on the potential of cannabinoids in cancer pathology is provided.


    




    

      PALLIATIVE EFFECTS




      Cannabis has been proposed to improve quality of life during cancer chemotherapy by reducing unwanted effects such as nausea, vomiting, lack of appetite and pain [24-29]. Dronabinol (THC; Marinol®) and nabilone (Cesamet®) were approved by the US Food and Drug Administration (FDA) for the management of chemotherapy-induced nausea and vomiting (CINV) in the mid ´80s [30-32]. However, the major limitations of the use of these potent CB1R agonists are their CNS side-effects at high doses, the unpredictable gastrointestinal absorption when use orally, and a delayed onset of action. Thus, in western countries, dronabinol or nabilone are currently prescribed to cancer chemotherapy patients who failed to respond to conventional treatments [25, 33, 34]. Diverse randomized controlled trials studying oral formulations of cannabinoids (dronabinol and nabilone) for the prophylaxis of CINV evidence a cannabinoid efficacy superior to conventional and new generation of antiemetic drugs, such as ondansetran, a serotonin (5HT3) antagonist, or aprepitant, a neurokin-1 inhibitor [25, 26]. However, a great percentage of patients experienced dysphoria, euphoria, and sedation. The presence of side-effects and the lack of sufficient medical data slow their general use in clinical practice. More recently, clinical trials using CBD/THC extracts for the prevention of CINV are showing improved efficacy and psychotropic effects [35, 36]. The presence of CBD is suggested to improve tolerance and efficacy. The role of CB1R and/or CB2R in the antiemetic actions of cannabinoids is still elusive [37]. Studies realized in a shrew model of emesis revealed that CB2R may not have a role in vomiting as does CB1R due to a low level of expression in the emetic loci [37].




      Cannabis and THC have led to increasing appetite, mostly in noncancerous contexts thus far. For instance, THC is widely used for AIDS-related cachexia. By activating CB1R, THC can increase appetite and promote weight gain. Studies assessing the effects of cannabinoids in cancer patients have also shown to have a potential stimulatory effect on appetite and food intake [28]. However, only a few randomized controlled trials have been reported so far, the safety issue remaining the bottom line [38]. Nevertheless, considering that cancer cachexia (CCA) is frequently undertreated or treated by progestogens that only increase adipose tissue, cannabinoids could be an interesting alternative. For instance, a randomized double blind with 78 patients with anorexia associated with advanced lung cancer has been realized to support the nabilone effect on the attenuation of anorexia, nutritional status and quality of life (ClinicalTrials.gov Identifier: NCT02802540). Another clinical assay (Phase 3) is currently in process for assessing safety and efficacy of inhaled synthetic THC/CBD for improving physical functioning and for modulating cachexia progression in patients with advanced cancer and associated cachexia (ClinicalTrials.gov Identifier: NCT04001010).




      The management of cancer pain continues to be elusive since conventional treatment for moderate-to-severe conditions requires the use of opioids. The effectiveness of cannabinoids in alleviating cancer-related pain has been evidenced in different animal models [25, 27-29, 39]. For instance, in platinum antitumor-induced models of neuropathic pain, the CB1R/CB2R agonist WIN55,212–2 and THC, the CB2 agonist JWH-133, and CBD [40, 41]. Cannabinoids have also showed efficacy for cancer pain management in other models including paclitaxel, and vincristine-evoked neuropathies [27, 42, 43]. Both CB1R and CB2R have been shown to be implicated in analgesia and anti-inflammatory processes. Nevertheless, the etiology of cancer-related pain is so complex that the predominance of one mechanism of action over the other may depend on the type, location, and severity of the cancer. In this context, the use of CB1R peripherally-restricted cannabinoids represents an interesting approach. The synthetic peripherally restricted cannabinoid PrNMI suppresses chemotherapy-induced peripheral neuropathy pain in a rat model of cisplatin-induced neuropathy without appreciable CNS side effects or tolerance to repetitive administration [44]. This effect was demonstrated to be primarily mediated by CB1R and not CB2R activation. Nevertheless, selective CB2R activation has been shown to be an efficient target for pain generated by bone tumors and metastases [45]. In a murine model of bone cancer pain that mimics metastatic bone cancer pain in humans, 2-AG reduced mechanical hyperalgesia evoked by the growth of a fibrosarcoma tumor in and around the calcaneus bone with an efficacy comparable to that of morphine [46]. This effect was shown to be mediated by activation of peripheral CB2R but not CB1R. Only few randomized trials focused on the analgesic effects of cannabinoids for cancer pain have been conducted so far [47]. They support that cannabinoids are effective adjuvants for cancer pain. However, it seems that cannabinoid treatment at safe low and medium doses does not completely substitute opioid therapy. Although, Sativex® (Combined 1:1 THC/CBD; also named Nabidiolex and Nabiximol) is prescribed in several countries as an adjunctive analgesic treatment [48] for adult patients with advanced cancer, unfortunately limited data do not allow confirming efficacy, safety, and utility of cannabinoids in the management of cancer pain. Nevertheless, recent clinical trials could support evidence for cannabinoids as analgesics for cancer patients. For instance, THC and CBD are currently in Phase 2 for taxane-induced peripheral neuropathy that affects a significant number of women undergoing breast cancer treatment (ClinicalTrials.gov Identifier: NCT03782402). Another Phase 2 clinical trial uses CBD for the prevention of chemotherapy-induced peripheral neuropathy in patients receiving oxaliplatin or paclitaxel based chemotherapy (ClinicalTrials.gov Identifier: NCT04582591).




      The use of cannabinoids to address other injuries caused by chemotherapeutic agents are explored such doxorubicin-induced cardiomyopathy and cisplatin-induced nephrotoxicity for which CBD showed protecting properties [49, 50].




      In general, lack of large clinical trials, heterogeneous conditions and schedule 1 classification of cannabis and cannabinoids exclude cannabinoid treatments as a regular option for palliative management in cancer patients. Cannabis-based drugs are prescribed for patients who failed to respond to conventional treatments.




      Another aspect that needs to be taking into account is the use of cannabis plant products available in state-regulated markets. Clinical evidence is urgently needed to be able to advise patients on which cannabis-based products to take, or to avoid, in managing cancer-related symptoms. Clinical trials are currently set up to determine which cannabis extract combination (THC/CBD) is most effective at treating cancer related symptoms (ClinicalTrials.gov Identifier: NCT03948074 and NCT03617692).


    




    

      ANTITUMOR PROPERTIES




      Cannabis and cannabinoids have been primarily used for palliative purposes in cancer patients. In recent years, they have been proposed as anticancer agents [1-11]. In fact, antitumor effects of cannabinoids have been reported in numerous in vitro and in vivo models of cancer [10, 51, 52]. Four decades ago, one of the first evidences has been reported in mice model in which Lewis lung adenocarcinoma growth was retarded by the oral administration of THC, Δ8-THC and cannabinol [53]. Unfortunately, these first findings did not get further consequences until the discovery of the ECS three decades ago. Starting in the late ‘90s, an emerging body of investigation points to the antitumor properties of cannabinoids. Cannabinoids have been shown to reduce tumor growth and progression on a wide range of cancer cells, in culture and in nude mice tumor xenografts, including lung carcinomas, gliomas, thyroid epithelial cancer, skin carcinomas, and lymphomas among others [11, 52, 54-59]. The mechanisms of action through which cannabinoids impact cancer cell cycle and survival are quite complex and their characterization remains incomplete. Moreover, the role played by the ECS in cell proliferation, arrest cell cycle, apoptosis, autophagy, cancer cell vascular adhesiveness, invasiveness, and metastasis formation depends on the cancer type and tissue. Thus, the cell signaling pathways implicated in these processes may differ depending on specific cancers and/or experimental models. In this sense, efforts at pre-clinical stage have being done to elucidate these mechanisms [51]. Unfortunately, only few clinical trials have been realized so far.




      

        ECS Regulation in Cancer Tissue




        The antitumor activity displayed by cannabis-related drugs suggests that the ECS contributes not only to the basic cell functions but also to cancer on-set and development. The ECS is upregulated in malignant compared with non-tumor tissue [52, 54, 60, 61] being tumor type-specific [10, 61].




        Increase in CB2R expression has been observed in distinct types of tumors, such as glioblastoma [62], estrogen receptor-negative breast tumors [63], bladder cancer [64, 65], colon cancer progression [66], and in diverse breast tumors [67, 68], whereas elevated levels of CB1R has been detected in other cancers such as gastric carcinoma [69], rhabdomyosarcoma [70], melanoma [71], and colorectal cancer [66, 72]. These observations do not exclude the participation of both receptors CB1R and CB2R. Their increased expression has been reported in hepatocellular carcinoma [73], mantle cell lymphoma [74], acute myeloid leukemia [75], malignant astrocytomas [76], and human pancreatic cancer [55].




        Significant high levels of endocannabinoids have also be detected in tumor cells including glioblastoma, meningioma, pituitary adenoma, prostate and colon carcinoma, and endometrial sarcoma [11, 77-80]. As well, high levels of endocannabinoid degradation enzymes FAAH [79, 81] and MAGL [64, 80] have been detected in aggressive human cancer cells and primary tumors. Hence, inhibition of FAAH [81, 82] and MAGL [64, 80, 83] has been suggested as therapeutic strategies for tumor defense.




        Due to the fact that dysregulation of the ECS plays an important role in the physiopathology of cancer, an aspect that needs to be explored and taken into account is a possible tumor-promoting effect under certain conditions as it has been reported in few studies [76, 84]. It has been suggested that over-activation of ECS could induce tumorigenesis [61] and could be responsible to tumor aggressiveness [79, 80]. Responding to these hypotheses, it has been proposed a biphasic action on CBRs with pro-proliferative activity at low concentrations of endocannabinoids and antiproliferative and pro-apoptotic effects at high doses of exogenous cannabinoids [11].




        The intervention of the ECS-related orphan receptor GPR55 has been proposed in the proliferative effect of THC on diverse cancer cell lines. Effectively, GPR55 has been reported in vitro and in vivo to be upregulated in cancer cell lines including gliomas, breast adenocarcinoma and squamous skin cell carcinoma [85-88]. In a model of colitis-associated colorectal cancer, GPR55-/- mice developed less and smaller tumors than their wild-type [89]. Thus, antagonizing GPR55 has emerged as a promising therapeutic target in oncology as well as a new cancer biomarker with possible prognostic value [90]. Studies on GPCRs dimers reveal that GPR55-CB2R heterodimers are expressed in cancer cells and human tumors representing new potential therapeutic targets [91, 92].




        The transient receptor potential vanilloid 1 (TRPV1) channel has emerged in the ECS as an ionotropic cannabinoid receptor [93]. Experimental findings indicate that TRPV1 may mediate endocannabinoid action in cancer processes. TRPV1 activation by the endocannabinoid AEA induces apoptosis in human glioma cells [94] and interferes with endometrial cancer cell death [95]. TRPV1, along with CB2R, is also involved in the modulation of human breast carcinoma growth by the phytocannabinoid CBD [96].




        Several studies have shown that peroxisome proliferator activated receptors PPARγ and PPARα, well-known transcriptional effectors involved in regulating biological processes including cell growth, differentiation and apoptosis, can mediate the antitumor activity of cannabinoids in an independent manner or via CB1R and/or CB2R [97].




        Cannabis- and cannabinoid-based drugs have a remarkable therapeutic potential in controlling cancer processes through different elements of the extended ECS. Nevertheless, further research is required for understanding the role plays by the ECS in these processes.


      




      

        Molecular Basis for Cannabinoid Antitumor Actions




        Significant evidence supports the cellular pathways involved in cell proliferation and survival triggered after CB1R and CB2R activation. These signaling pathways involved key mediator factors important at least for four mechanisms: direct inhibition of transformed-cell growth through the suppression of mitogenic signal, induction of apoptosis, inhibition of tumor angiogenesis and metastasis.




        

          Antiproliferative and Pro-apoptotic Effects




          At the subcellular level, various signaling pathways are associated with cannabinoid-induced cancer cell death through apoptosis and/or inhibition of cancer cell proliferation (Fig. 1) [98]. Activation of either CB1R or CB2R induces de novo synthesis of sphingolipid ceramide, a key regulator of programmed cell death. The synthesis of pro-apoptotic ceramide occurs in the endoplasmic reticular (ER) via activation of the enzyme ceramide synthase. Further insight into the specific signalling events downstream of ceramide indicates a main mechanism of cannabinoid-induced cell death with some variations inherent to different types of cancer cells [98]. The main pathway demonstrated in glioma, pancreatic, and hepatic cancer cells, and melanoma cells is the p8/TRIB3–mediated autophagy pathway [55, 72, 99, 100]. Up-regulation of the stress-regulated protein p8 together with several of its downstream targets such as the endoplasmic reticulum (ER) stress-related transcription factors ATF4 and CHOP, and the pseudokinase tribbles-homologue 3 (TRIB3) are involved in the control of tumorigenesis and tumor progression by cannabinoids [54, 98]. This cascade of events trigger the interaction of TRIB3 with the serine-threonine kinase AKT [101] leading to the inhibition of the AKT–mammalian target of rapamycin complex 1 (mTORC1) axis, and the subsequent induction of autophagy [99].
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Fig. (1))


          Schematic representation of the signaling pathways through which cannabinoids impact apoptosis and proliferation. Created with BioRender.com.



          Thus, the ceramide accumulation and the activation of the ER-stress related pathway lead to autophagy that has been shown to be upstream of apoptosis in this mechanism of cannabinoid-induced cell death. Additional signalling pathways have been shown to cooperate with the p8/trib3–mediated autophagy pathway. One of them involves ER stress–dependent activation of calcium/calmodulin-dependent protein kinase 2β and AMP-activated protein kinase leads [72]. Activation of CBRs in certain types of cancer cells such as breast cancer and melanoma, inhibits AKT to promote cycle arrest and apoptosis through different pathways that include modulation of cyclins by the cyclin kinase inhibitors (p21 and p27), frequently deregulated in cancers and active in different parts of the cell cycle, or decrease of the phosphorylation of the pro-apoptotic BCL-2 proteins leading to the activation of caspases, which play an essential role in triggering apoptosis [60, 98, 102, 103]. An additional process centered on the activation of an extracellular regulated kinase (ERK) signaling cascade promoting cell cycle arrest and apoptosis have been proposed [54, 55, 59, 104, 105].




          There are still many unraveled sides on death pathways activated by cannabinoids as well as on the different contribution of apoptosis and autophagy in cell death depending on the nature of the tumor system.


        




        

          Effects on Tumor Invasion, Metastasis and Angiogenesis




          Angiogenesis has been shown to be inhibited by certain cannabinoids [106]. CBRs activation in cancer cells plays a major role in the vascular endothelial growth factor (VEGF) pathway, known to be inducer of angiogenesis [98]. A down-regulation of the receptors VEGFR1 and VEGFR2 has been observed after cannabinoid pre-clinical treatment in skin carcinomas [107], gliomas [105, 106], and thyroid carcinomas [108]. The cannabinoid-evoked angiogenesis suppression is also associated with a reduced expression of pro-angiogenic cytokine.




          Evidence of anti-migrative, anti-adhesive, anti-invasive, and anti-metastatic properties of certain cannabinoids is gathered from a variety of studies [109], including lung [110, 111], glioma [112], cervical [111], and breast [63, 113] cancer cells culture analyses. The potential mechanism of action involves modulation of matrix metalloproteinase 2 (MMP-2), a proteolytic extracellular enzyme that plays a crucial role in tumor invasion allowing tissue breakdown and remodeling during angiogenesis and metastasis. This hypothesis has been confirmed in a cervical cancer cell line [111, 114, 115] and in glioma cells [112] in which the tissue inhibitor of MMPs (TIMP-1) could inhibit the MMPs proteolytic activity suppressing vascular tumor growth and angiogenesis. Ceramide biosynthesis and expression of the stress protein p8 also target these processes [112]. In lung cancer cells, cannabinoids promote the up-regulation of the intercellular adhesion molecule 1 (ICAM-1), a marker for metastatic stage [116].




          All these data support the potential of cannabinoids as potent inhibitors of both cancer growth and spreading. However, these effects are generally cell line- or tumor type-dependent. Nonetheless, the potential development of cannabinoids as antitumor drugs has been restricted so far mainly due to their psychoactive properties and the lack of supporting clinical assays.


        


      




      

        Towards Clinical Antitumor Application




        Cannabis-based medicines have proven benefits in cancer patients as adjunctive treatment to conventional prescriptions for chemotherapy-induced nausea, vomiting, and cancer-related pain. So far, their therapeutic usage in oncology is restricted to treatment-related adverse effects. Despite increasing in vitro and in vivo preclinical evidence raising their potential in the treatment of tumor progression, only few clinical trials have being reported so far. They engaged a limited number of patients probably due to regulative issues overcoming large randomized clinical trials.




        The first pilot clinical trial supporting the antitumor capacity of cannabinoids was performed on 9 patients suffering glioblastoma multiforme refractory to surgical and radiotherapy [117]. The safety profile of intratumoral administration of THC revealed no obvious psychoactive effects. In some of these patients exhibiting clear evidence of tumor progression, a decrease in tumor growth and even induced cell death was observed. Whereas median survival from a surgical operation of tumor relapse was 24 weeks, 2 of the patients survived for approximately 1 year. The very limited number of patients involved in this study does not allow generalizing the outcomes, but it may be considered a first proof-of-concept.




        To assess the safety of Sativex® in a combinational therapy with temozolomide (TMZ), a first-line treatment for glioblastoma multiforme, an open-label Phase followed by a randomized Phase have been undertaken in 6-21 recurrent glioblastoma patients (ClinicalTrials.gov Identifier: NCT01812603 and NCT01812616). The outcomes of these studies suggest that a combination of THC/CBD with dose-intensive TMZ led to significant improvements in survival compared with placebo [118]. TMZ monotherapy showed 44% 1-year survival rate in these studies whereas the combinatorial therapy Sativex®/TMZ indicated a 83% 1-year survival rate with a median survival over 662 days compared with 369 days in the control group.




        Extensive clinical studies are needed to extract significant conclusions that reinforce the potential utility of cannabinoids as anticancer therapeutics for glioblastoma. In this sense, a clinical Phase Ib, open-label, multicenter, intrapatient dose-escalation clinical trial is recruiting 30 patients to assess the safety profile of a THC/CBD combination at a 1:1 ratio, adding TMZ and radiotherapy in patients with newly-diagnosed glioblastoma (ClinicalTrials.gov Identifier: NCT03529448).




        It is worth mentioning here Phase 1 clinical studies realized with dexanabinol (also named HU-211 or ETS2101) in patients with brain (ClinicalTrials.gov Identifier: NCT01654497) and advanced solid tumors (ClinicalTrials.gov Identifier: NCT01489826). These early clinical studies allowed determining the maximum safe dose that can be administered to cancer patients. Even though dexanabinol is the enantiomer of the potent cannabinoid agonist HU-210, it lacks activity at CBRs but has been characterized as a NMDA (N-methyl-D-aspartate) receptor antagonist [119]. It has been suggested to have anti-tumor properties through NFĸB, TNFα, COX-2 and additional putative targets suck as HAT, FAT and cyclin dependent kinases [120]. The safety of dexanabinol in monotherapy and in combination with standard chemotherapy (Sorafenib, nab-paclitaxel, or gemcitabine) is assessed in patients with pancreatic cancer or hepatocellular carcinoma (ClinicalTrials.gov Identifier: NCT02423239). Tumor response evaluation outcomes have not been published yet.




        Antitumor cannabinoids tested so far in clinical trials are assessed most of the case toxicological profile. Nevertheless, these compounds are not fully appropriate due to elicit CB1R-mediated psychomimetic activity (THC, Sativex®) and/or high lipophilicity with pharmacokinetic issues (CBD, Sativex®, THC, dexanabinol). Synthetic cannabinoids are still far from clinical assays due to their unknown toxicity for humans.


      


    




    

      ANTITUMOR CANNABINOIDS




      A range of endogenous, phytogenic and synthetic cannabinoids has shown to impact diverse types of cancer. As discussed above, certain phytocannabinoid-based drugs have already reached the oncological bedside for their palliative effects. However, even though widely proved in preclinical models, their antitumor properties have not been advanced yet into patients. In this section we aim to provide an overview of the compounds that exhibit anticancer therapeutic avenues upon modulation of the ECS.




      

        Endocannabinoids and Endocannabinoid-like Synthetic Derivatives




        As aforementioned, abnormal endocannabinoidome regulation in cancer physiopathology is accompanied by dysregulation of the concentration of circulating endocannabinoids and this has been related to cancer progression [3]. In specific tumor types, including hepatocellular carcinoma [121], pituitary adenomas [122], glioma, meningioma [121], or lymphatic metastasis [123] increased AEA levels have been reported in comparison to healthy tissue. Moreover, higher levels of both 2-AG and AEA were detected in colon cancer tissue versus its normal counterpart [78]. 2-AG upregulation of was also reported in glioblastomas and meningiomas [121] as well as diffuse in large B-cell lymphoma [124]. Contrariwise, other reports claim minor changes or even lower levels of 2-AG and AEA in cancer samples in comparison to control [122, 123, 125].




        Impairment of other endocannabinoids such as oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) have also been detected in human plasma of cancer patients [126]. These monounsaturated (OEA) and fully saturated (PEA) analogues of AEA have shown to target the nuclear the receptor PPARα lacking CB1R/CB2R affinity. Interestingly PEA has been reported to synergistically improve AEA’s anti proliferative effects in human breast cancer cells [127].




        It is also important to note that, as previously mentioned, endocannabinoid degradation enzymes FAAH and MAGL have also shown to be abnormally regulated in cancer tissue correlating with endocannabinoid levels cancer changes [7].




        Overall, there is a tendency to observe increased endocannabinoid levels in cancer and correlate with the progression of the disease. However, this might be tumor specific and further investigations remain to be done to obtain consistent data. Therefore, these endogenous molecules cannot be used as reliable general oncology biomarkers.




        In addition to expression differences in cancer tissue, numerous studies have evidenced the antitumor potential of endocannabinoids and endocannabinoid-like molecules in diverse cancer models.




        Exogenous administration of AEA exhibited antitumorigenic actions in several cancer cell lines and animal models [7]. Its antiproliferative effects are mediated through different mechanisms depending on particular tumor types. For example, AEA has shown to block cancer proliferation via CB1R activation in human breast cancer cells [128, 129], in prostate cancer cell lines activated with epidermal growth factor [130], or in human cutaneous melanoma cells [131], while FAAH-mediated mechanisms have been reported in murine neuroblastoma cells [132]. Moreover, AEA´s apoptotic effect in non-melanoma skin cancer has shown to be mediated through oxidative stress and cannabinoid receptors-independent mechanisms [133]. This endocannabinoid also exhibited ability to inhibit tumor invasion and to provoke antimetastatic effects in a lung cancer in vivo model [81]. These properties have been linked to AEA-induced upregulation of TIMP-1.




        Stable synthetic derivatives of AEA also demonstrated a promising antiproliferative profile. For instance, (R)-(+)-methanandamide (Met-AEA, Fig. 2) which possesses higher CB1R potency and metabolic stability than AEA, induces apoptosis in prostate cancer cells [134, 135], in cervical and lung cancer cell lines [136], glioma cells [125, 136] or mantle cell lymphoma [125]. The CB1R highly selective analog of AEA arachidonyl-2'-chloroethylamide (ACEA, Fig. 2) was also found to confer inhibition of tumor growth in breast cancer stem cell invasiveness [137] and colorectal carcinoma cells [78] resulting inactive in Kaposi's sarcoma cells [138].
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Fig. (2))


        Chemical structure of endocannabinoids and synthetic derivatives involved in cancer processes.



        More recently, biocatalysis was used to obtain N-fatty acylamines from linolenic and arachidonic acids [139]. From this series of compounds, AEA derivatives 4g and 5c (Fig. 2) proved to enhance the antiproliferative properties of AEA in rat glioma C6 cells [139]. The authors suggest that this improved effect is likely due to the FAAH inhibition.




        The second major endocannabinoid, 2-AG, has also shown to elicit antitumorigenic actions in a wide range of malignancies. Reduction of tumor growth by 2-AG has been reported in breast cancer cells (CB1R-mediated mechanism) [140], in colorectal carcinoma [78] and in glioma cells [141] among others. Anti-invasive and antimetastatic properties were demonstrated in lung cancer cells in nude mice [81]. Moreover, 2-AG was found to induce anti-invasive effects on androgen-independent prostate cancer cell lines [142] and antiproliferative actions in prostate carcinoma cells [143].




        The anticancer properties of the stable 2-AG analog 2-arachidonyl glyceryl ether (2-AGE, noladin ether, Fig. 2) were demonstrated in prostate cancer cells [142, 143]. 2-AGE inhibits tumor growth via nuclear factor (NF)-κB/cyclin D- and cyclin E-dependent pathways [143].




        Another endocannabinoid that exerts antitumor actions is N-arachidonoyl dopamine (NADA, Fig. 2). In vitro and in vivo studies confirmed its ability to reduce proliferation in an array of cancer types including breast adenocarcinoma, neuroblastoma, osteosarcoma, colorectal carcinoma or lymphoma among others [78, 144-146].




        It is also worth mentioning that exogenous administration of OEA and PEA was reported to counteract tumor progression. Their antiproliferative properties were demonstrated in neuroblastoma [144], while anti-invasive and antimetastatic effects were found in lung cancer models [81].




        Besides the growing evidence of the antitumorigenic potential of endocannabinoids in cancer physiopathology, further research is needed to precisely understand their role in the modulation of tumor progression.


      




      

        Phytocannabinoids and Phytocannabinoid-like Synthetic Derivatives




        Phytocannabinoids and their synthetic have not only been approved for palliative cancer care but also are at the forefront of current clinical trials for its antitumor potential. Numerous studies have preclinically confirmed the ability of phytocannabinoids to induce anticancer responses. Although investigations have been mainly focused on the activity of THC and CBD (Fig. 3), their acidic derivatives Δ9-tetrahydrocannabinolic acid (THCA, Fig. 3) and cannabidiolic acid (CBDA, Fig. 3) have also attracted broad attention because of their antitumor potential [52, 54, 147-151]. To a lesser extent, minor phytocannabinoids such as cannabigerol (CBG, Fig. 3), CBN (Fig. 3) or cannabichromene (CBC, Fig. 3) have also shown ability to reduce tumor growth [151].




        Antitumorigenic effects of THC have been widely confirmed in different types of cancer including glioblastoma, myeloma, lymphoma, prostate, colon, breast, lung or pancreatic cancers, among others [147, 151, 152]. THC is able to elicit diverse anticancer responses such as inhibition of cell proliferation, induction of apoptosis, impairment of tumor angiogenesis or inhibition of tumor invasion [151]. These effects are largely depending on the cancer type due to molecular changes. Therefore, even though the cannabinoid receptors CB1R and CB2R have shown to mediate most of these effects, CBR independent mechanisms have also been observed [153].




        As discussed above, the THC synthetic analogs dexanabinol (Fig. 3) and nabilone (Fig. 3) have successfully reached the bedside for palliative effects and their antitumor potential is being assessed in ongoing clinical trials.




        The non-psychoactive phytocannabinoid CBD was found to inhibit tumor growth, migration, invasion, metastasis or increase autophagy in a variety of malignancies [154]. In vitro and in vivo studies have demonstrated its antiproliferative potential in glioma, neuroblastoma, myeloma, melanoma, leukemia, cervical, colon, prostate, lung, breast, endometrial and ovarian cancer [148, 151]. The intricate molecular pharmacology of this phytocannabinoid complicates the elucidation of the underlying antitumor mechanisms. Accumulation of reactive oxygen species (ROS) [96], along with its activity at COX-2, 5-LOX, PPARγ, mTOR, p38 MAPK pathway have been suggested to mediate these effects [148]. Clinical trials of CBD alone or in combination with THC and/or other chemotherapeutic agents remain to assess its antitumor actions in cancer patients [154].
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Fig. (3))


        Chemical structure of phytocannabinoids and synthetic derivatives involved in cancer processes.



        The acidic precursors of THC and CBD, THCA and CBDA, have also shown to elicit antiproliferative effects in diverse cancer models. THCA reduces tumor growth in human prostate carcinoma androgen receptor-negative and positive cell lines being slightly less potent than THC [155]. THCA exhibited anticancer effects in other tumor types including glioma, basophilic leukemia, breast, colon, or gastric cancer with comparable in vitro activity to its parent compound [96]. CBDA was found to inhibit cell viability and induce apoptosis in breast cancer cells [156].




        Even if only a handful of studies claim the potential of minor phytocannabinoids in cancer treatment, promising results have been reported for CBG, CBC and CBN. Emerging data from CBG indicates its antitumorigenic potential in murine models of melanoma and colorectal cancer [157-159]. The non-intoxicating phytocannabinoid CBC demonstrated to potently inhibit cell viability in prostate carcinoma [155] and breast cancer cells [96]. In colorectal cancer cells, CBC was only able to reduce proliferation at high doses [158]. CBN, the degraded product of THCA whose psychoactive effects are lower than those of THC, has also been assessed as a cytotoxic agent. Its ability to reduce viability was demonstrated in prostate [155] and aggressive breast cancer cells [160]. Moreover, propyl side chain derivatives of THC and CBD, tetrahydrocannabivarin (THCV, Fig. 3) and cannabidivarin (CBDV, Fig. 3), also exhibited potential cytotoxic effects on diverse prostate cancer in vitro models [155].




        In addition to phytogenic cannabinoids, some synthetic phytocannabinoid-like molecules have shown to counteract tumor progression in a variety of cancer models. For instance, the potent CB1R/CB2R agonist CP55,940 (Fig. 3), displayed apoptotic effects in gastric cancer cells [161]. As aforementioned, CP55,940 has shown to alleviate allodynia in a mouse model of paclitaxel-induced neuropathic pain [162]. Moreover, the potent CB2R selective agonist JWH-133 was found to inhibit breast cancer growth and metastasis via CB2R [63]. This compound also exerts antinociceptive effects in cisplatin-induced neuropathy [40]. Another synthetic derivative, the resorcinol derivative O-1663 (Fig. 1), revealed ability to confer inhibition of advanced stages of breast cancer through ROS (reactive oxygen species) stimulation, autophagy upregulation and apoptosis induction [163].




        Some flavonoids and terpenes found in diverse plants, including Cannabis sativa, can also elicit anticancer effects upon ECS modulation [151]. An example is the flavonoid quercetin (Fig. 1), a polyphenol present in diverse vegetables and fruits, which reduces cell proliferation in colorectal adenocarcinoma cells via CB1R [66]. Likewise, the structurally related flavonoid morin (Fig. 1) was shown to induce apoptosis in colorectal carcinoma cells [164]. Although at low levels, over 200 terpenes have been detected in cannabis cultivars [165]. β-caryophyllene (BCP, Fig. 1) is a relevant anticancer representative of this family [166]. BCP was demonstrated to induce apoptosis and cell cycle arrest in different cancer models including lung and ovarian cancer or glioma [151, 166]. In the latter type, BCP antiproliferative action was proved to be mediated through CB2R modulation [167]. Furthermore, BCP was found to increase sensitivity to chemotherapeutic agents such as doxorubicin, 5-fluoruracil, oxaliplatin or sorafenib when administered in combination in human cancer cells [168-170].




        Besides their individual activity, flavonoids and terpenes present in Cannabis sativa have been claimed to synergistically improve phytocannabinoids anticancer actions through the so-called “entourage effect” [163]. For instance, a recent study in preclinical breast cancer models compared the effect of pure THC versus a botanical extract observing more potent antitumor actions when administering the latter [171]. However, the therapeutic validity of the “entourage effect” has been questioned and needs to be further studied to shed light into its potential [172].


      




      

        Synthetic Cannabinoids




        Synthetic cannabinergic molecules from diverse structural families have been studied in a variety of cancer types. Their antitumor action and/or ability to reduce chemotherapy side effects was demonstrated. Aminoalkyindoles, arylpyrazoles and cannabinoid quinone are among the synthetic chemotypes that have shown most promising results in this pathology.




        

          Aminoalkylindoles




          The aminoalkylindole scaffold has been successfully exploited in the cannabinoid field since the early 1990s. The CB1R/CB2R potent agonist WIN55,212-2 (Fig. 4) has been extensively used in research being one of the most relevant synthetic cannabinoids. A number of in vitro and in vivo studies provide evidence of its anticancer potential. WIN55,212-2 inhibits tumor growth in prostate cancer [173], in hepatocellular carcinoma [174], in triple-negative breast cancer [63], in myeloma [175], in gastric cancer [176], in lung cancer, testicular cancer and neuroblastoma [177], and in renal carcinoma [178]. CB2R activation seems to primarily mediate WIN55,212-2 antiproliferative effects in renal carcinoma [178], hepatocellular carcinoma [174], or myeloma [175]. Both CBRs are responsible of its antitumor actions in triple-negative breast cancer [63], whereas cyclooxigenase-2 has been implicated on its effects in gastric cancer metastasis [176].
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Fig. (4))


          Chemical structure of aminoalkylindoles and arylpyrazoles involved in cancer processes.



          Another synthetic aminoalkylindole with proved antitumorigenic activity is the CB2R agonist JWH015 (Fig. 4). This naphtoylindole was found to confer antiproliferative effects in experimental models of breast [179, 180], prostate [181] or lung cancer among others [182]. In most cases, cancer cells viability reduction has seen shown to be mediated through CB2R. However, in metastatic breast cancer, crosstalk between CB2R and the chemokine receptor type 4 (CXCR4) seems to be involved in JWH015 cytotoxic properties [179], while no relation with the CBRs has been observed in other mammary carcinomas [180].




          Interestingly, a recent study using AM1241 (Fig. 4), a CB2R selective aminoalkylindole, highlights the ability of this compound to inhibit morphine tolerance in a rat cancer pain model [183]. This effect was achieved using low doses of AM1241.


        




        

          Arylpyrazoles




          Arylpyrazoles emerged in the cannabinoid field in the late 1990s, providing a robust chemotype for the development of CBR inverse agonists/antagonists for both CB1R and CB2R. The CB1R antagonist SR141716 (Fig. 4), which reached the clinic for a very short period, as antiobesity drug, was found to exert antitumor actions in specific cell types.




          Different studies have confirmed the ability of SR141716 to elicit antiproliferative effects in breast cancer [184], leukemia [185], or colon cancer cells [186-188]. While in breast malignacies, the antitumor actions seem to be mediated through CB1R, preliminary data indicate that in colon cancer and leukimia, this effect is CB1R-independent. Synergistic effects with other antineoplastic drugs, such as oxaliplatin have been observed in colon cancer [189]. The closely related analog AM251 (Fig. 4) was found to confer antitumorigenic activity in Hodgkin lymphoma [190] and rhabdomyosarcoma [191].


        




        

          Cannabinoid Quinones




          Quinoid derivatives of phytocannabinoids were first reported in the early 2000s. Quinones, are well-known for their cytotoxic potential due to inhibition of DNA topoisomerase II enzyme, DNA intercalation, or their ability to form reactive oxygen species [192]. Therefore, cannabinoid quinone derivatives can trigger anticancer effects through diverse mechanisms of action.




          Oxidation of phytocannabinoids CBD, ∆8-THC, and CBN led to the formation of their subsequent paraquinones: HU-331 (Fig. 5), HU-306, and HU345 [193]. These three cannabinoid quinones were able to reduce tumor growth in glioblastoma, colon cancer, prostate cancer, Burkitt’s lymphoma, T-cell lymphoma, lung cancer, and breast cancer cells [193]. In vivo studies focused on the antiproliferative profile of HU331 and its mechanism of action [194]. The antitumoral activity of this molecule was found to be mediated through inhibition of topoisomerase II, acting in a CBR independent manner [195].
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Fig. (5))


          Chemical structure of cannabinoid quinones involved in cancer processes.



          Likewise, the synthetic chromenopyrazole scaffold was oxidized to obtain the corresponding cannabinoid quinone derivatives [196, 197]. Para-chromenopyrazolediones yielded remarkable antiproliferative activity in vitro and in vivo in prostate cancer models. The most promising compound of this series, PM49 (Fig. 5), a CB1R/CB2R agonist, mediates its antitumor actions via oxidative stress, PPARγ and partially through CB1R [196]. On the other hand, ortho-chromenopyrazolediones were found to efficiently reduce triple negative breast cancer cell proliferation. Mechanistic studies carried out using the most potent compound, 10 (Fig. 5), revealed that this effect was mediated by CB2R activation and ROS production [197].




          Moreover, a recent study reported the cytotoxic effects of 1,4-naphthoquinone derivatives in triple-negative breast cancer [198]. The most potent compound in this series, 3a (Fig. 5) acts as inverse agonist of GPR55 and since this receptor is highly expressed in this type of cancer [87], its antitumor mechanism could be mediated through this putative cannabinoid receptor. However, further studies are needed to confirm this effect.


        




        

          Other Antitumor Cannabinergic Ligands




          Synthetic cannabinoids from other structural families have also been found to elicit promising therapeutic responses in this pathology. For instance, FAAH inhibitors from diverse chemotypes have confirmed the antitumor potential of endocannabinoid biodegradation [132]. An example is the well-known FAAH inhibitor URB597 (Fig. 6), which reduces cell viability in lung cancer cells [81]. Another FAAH inhibitor, PF-3845 (Fig. 6) has shown promising anticancer effects in colon cancer. This compound exhibited better results than the MAGL inhibitor JZL-184 (Fig. 6) [82]. Nevertheless, other reports demonstrated the antiproliferative activity of JZL-184 in metastatic tumor cell lines [83].
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Fig. (6))


          Chemical structure of synthetic cannabinoids involved in cancer processes.



          Naphthyridines and naphtalenes have also emerged as potential cannabinoids antitumor agents. For instance, 1,8-naphthyridin-2-ones, which are potent CB2R agonists, were able to reduce cell viability in glioblastoma, breast carcinoma, prostate carcinoma and gastric adenocarcinoma cells [199]. The proapoptotic properties of the naphthyridine derivative LV50 (Fig. 6) were confirmed on Jurkat leukemia cells. This effect was found to be mediated by CB2R activation [200]. It is also worth mentioning that the naphthylfenoterol MNF (Fig. 6) reduces tumor growth through a GPR55 mediated mechanism [201].




          Besides the activity of a wide variety of cannabinoids in diverse types of cancer models, combinatorial strategies potentiating synergistic effects have also been explored, offering promising results [202].


        


      


    




    

      CONCLUSION AND FUTURE PROSPECTS




      The intrinsic complexity of the ECS joined to the multifactorial etiology of cancer intricate the interplay between cannabinoids and oncogenesis. Molecular targets involved in the antitumor effects of cannabinoids include GPCRs, ionic channels, nuclear receptors as well as metabolic enzymes. ECS abnormal regulation in cancer tissue provides a promising targeting strategy for the management of specific types of tumors. Even though a growing body of research has demonstrated the potential of cannabinoids in cancer in the last two decades, ongoing and future clinical trials need to confirm their applicability.




      As extensively detailed in this chapter, phytocannabinoids and closely related synthetic analogs are at the forefront of cannabinoid clinical research. They have been successfully prescribed as palliative medicines for the control of chemotherapy side effects in some countries for several years. However, more importantly, their ability to reduce tumor growth is now being assessed in clinical trials. Unfortunately, these clinical trials are still set up to pursue the proof-of-concept issues. Despite extensive preclinical research, no cannabis extracts, cannabis-related, or synthetic cannabinoids are in Phase 3 as anticancer agents. The clinical trials are not large enough to support the cannabinoid anticancer strategies so far. Even though phytocannabinoids are considered medically safe as shown by the regularization of the medical cannabis in diverse countries, their use in cancer therapy is still limited to the palliative care in cancer patients. Drug repurposing for phytocannabinoids could be significantly faster and more economical than synthetic cannabinoids. However, the repurposing is still challenging, probably due to possible legal issues. In this context, synthetic cannabinoids hold many promises, some of them being devoid of psychotropic effects.




      The complex physiopathology of cancer underlines the need to contemplate the use of combinatorial approaches. In this context, combination of cannabinoids with other cancer therapies may help overcome oncogenesis from diverse mechanisms of action. Numerous recent reports are focused on the study of the synergistic effects obtained upon co-administration of cannabinoids with standard chemotherapeutic drugs [202]. Specific cannabinoids have been shown to improve sensitivity to conventional cancer treatment in different malignancies. For instance, combinatorial treatment of CBD with bortezomib (currently used myeloma anticancer drug) in myeloma allowed effective cytotoxicity at lower doses [203]. In this sense, clinical trials are currently oriented to combinatorial strategies, such as the study realized on the safety profile of THC/CBD in combination with TMZ and radiotherapy in patients with newly-diagnosed glioblastoma (ClinicalTrials.gov Identifier: NCT03529448).




      Most evidence on the use of cannabinoids as anticancer agents are based on preclinical studies. Although phytocannabinoids have a relatively favorable toxicity profile compared to aggressive anticancer drugs used in classical chemotherapies, large clinical trials are needed to support their properties in cancer patients. Synthetic cannabinoids targeting appropriate targets of the ECS can be potential candidates for further exploration, these targets being tumor-specific in most cases, related to the site of origin and to the patient characteristics.
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