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Abstract

:

Background: Novel psychoactive substances (NPS) are compounds of natural and synthetic origin, similar to traditional drugs of abuse. NPS are involved in a contemporary trend whose origin lies in a thinner balance between legitimate therapeutic drug research and legislative control. The contemporary NPS trend resulted from the replacement of MDMA by synthetic cathinones in ‘ecstasy’ during the 2000s. The most common NPS are synthetic cannabinoids and synthetic cathinones. Interestingly, during the last 50 years, these two classes of NPS have been the object of scientific research for a set of health conditions. Methods: Searches were conducted in the online database PubMed using boolean equations. Results: Synthetic cannabinoids displayed protective and therapeutic effects for inflammatory, neurodegenerative and oncologic pathologies, activating the immune system and reducing inflammation. Synthetic cathinones act similarly to amphetamine-type stimulants and can be used for depression and chronic fatigue. Conclusions: Despite the scientific advances in this field of research, pharmacological application of NPS is being jeopardized by fatalities associated with their recreational use. This review addresses the scientific achievements of these two classes of NPS and the toxicological data, ending with a reflection on Illicit and NPS control frames.
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1. Introduction


Over the past 15 years, the market for psychotropic substances has been flooded with a vast and heterogeneous set of substances active over the central nervous system (CNS), termed novel psychoactive substances (NPS) [1]. According to the United Nations Office on Drugs and Crime (UNODC), NPS encompass substances not controlled by the 1961 Single Convention on Narcotic Drugs, the 1971 Convention on Psychotropic Substances and the 1988 Convention against Illicit Traffic in Narcotic Drugs and Psychotropic Substances. These compounds, of natural and synthetic origin, mimic the effects of traditional drugs of abuse, posing a risk to public health due to the lack of pharmacological knowledge [2]. These compounds are distinguished from the classical drugs, such as amphetamine, cocaine, heroin, and cannabis, due to their poor or absent medicinal historical use [3]. Thus, the term ‘novel’ on NPS does not necessarily refer to original molecules but to substances that have recently become available on the recreational market [4]. In Europe, at least one new substance is detected weekly on the drug market [5].



Interestingly, NPS owe their origin to a conflict between socioeconomic changes, legislation revision and legitimate drug research with medical purposes on opiates. In 1898, the Bayer Company started the production of heroin by deacetylation of morphine and was mistakenly pronounced to be free from abuse liability. Throughout the 1910s and 1920s, the U.S. placed restrictions on opiates, requiring formal prescriptions to be sold, and simultaneously banned heroin [6,7]. In the 1930s, amphetamine, which was first synthesized in 1887 by Lazar Edeleano [8], started to be used due to its pharmacological effects on attention and cognition, emotions and appetite. It was spread as an antidepressant during the next decade, gaining success as a medication to lose weight [9,10,11]. The nonmedical use of amphetamines and their addiction potential led to strict control by the United Nations (UN) Convention of 1971 [12]. Further, 3,4-methylenedioxymethamphetamine (MDMA), a derivative of amphetamine also known as ‘ecstasy’ or ‘molly’, was first synthesized in 1912 and patented by Merck in 1914 [13]. This substance gained popularity in psychiatric practice during the 1970s and 1980s due to its empathogenic effect, making patients more open to psychotherapy [13,14,15,16]. MDMA was used as a recreational drug associated with electronic dance music events and all-night dance parties during the same period, termed raves. ‘Ecstasy’ reached its peak of usage during the 1980s. MDMA became an internationally controlled substance in 1986 [17]. The measures against MDMA and its precursors led to a worldwide shortage of this substance in the mid-2000s. The continuing demand for ecstasy led to alternatives to MDMA, including ‘ecstasy’ pills, which mimicked its effects. The substances found as substitutes for MDMA included synthetic cathinones, such as mephedrone, among others, marking the current boom of NPS [18].



The introduction of synthetic cathinones as recreational substances, in ‘ecstasy’ and ‘bath salts’ on the market [19], was accompanied by other classes of compounds mimicking the effects of opiates, benzodiazepines, dissociative, hallucinogens and cannabinoids [20,21]. Compared to traditional drugs of abuse, NPS are cheaper, easier to buy, and their transitory unregulated status makes them very attractive, especially among young people [22]. The compound JWH-018 was among the first NPS found in the streets [23]. The synthetic cannabinoid, when added to smokeable plant material, is branded as ‘spice’ [24,25]. Synthetic cannabinoids research began after the UN acts to control narcotics and psychotropic substances. Due to these restrictions in the early 1980s, Pfizer© and Lilly© developed several synthetic cannabinoids mimicking the effects of Δ9-tetrahydrocannabinol (Δ9-THC), aiming to understand the endocannabinoid system [26]. Subsequently, many other cannabinoid-like molecules have been synthesized with the purpose to develop novel therapeutic strategies against Alzheimer’s and Parkinson’s diseases, arthritis, colitis and several oncological conditions [27,28,29,30,31,32,33,34]. Despite the past and present research efforts, the Food and Drug Administration (FDA) just approved Dronabinol, Nabilone and Rimonabant, and this last one was already removed from the market [35].



According to the European Monitoring Centre for Drug and Drug Addiction (EMCDDA), NPS seizures are dominated by synthetic cannabinoids and synthetic cathinones, up to 60% of NPS confiscations in Europe in 2019 [36]. By the end of 2020, around 209 synthetic cannabinoids and 156 synthetic cathinones had been identified in Europe and reported by EMCDDA [36]. Synthetic cannabinoids are typically found in herbal blends or, less typically, in the form of tablets, capsules and powders [37]. More recently, liquid products have emerged for e-cigarettes [38]. Otherwise, synthetic cathinones are typically found in powder [39]. The accurate components of the selling package are unknown since the advertising and packaging of these products are often misleading, with evidence showing that NPS is causing global short- and long-term health problems [21]. The present review reflects on the scientific achievements of using NPS in medical research, focusing on the mechanisms of diseases. It also brings forward the thin line separating legitimate medical research from substance abuse in light of the contemporaneous trend of NPS, allowing to better understand the origins of such trends.




2. Materials and Methods


Searches were conducted in the online database PubMed, and an advanced search was performed using the following boolean equations: (i) “synthetic cannabinoids” AND “therapeutics” with a cut-off filter to select just the papers from the last 20 years; (ii) “synthetic cathinones” AND “therapeutics”; (iii) “synthetic cannabinoids” AND “toxicity”; (iv) “synthetic cathinones” AND “toxicity”. The search was limited to English-language peer-reviewed journal publications. In the exclusion criteria, papers that did not focus on synthetic cannabinoids or cathinones or had no relationship between them and toxicity/therapeutic were excluded. Different sources were identified by following up internal citations and references within the documents retrieved in the initial search.




3. Most-Consumed NPS


3.1. Synthetic Cathinones


Synthetic cathinones are derived from cathinone, which is the principal active ingredient in the leaves of the khat plant (Catha edulis). These substances act similarly to amphetamine-type stimulants, promoting euphoria, mood elevation, sense of wellbeing, energy, wakefulness, fatigue decrease, focus and alertness increase [40]. Ephedrone (methcathinone) and mephedrone (4-methyl-methcathinone) were the first cathinone derivatives to be produced [41]. Notwithstanding the medical research for the therapeutic use of synthetic cathinones, just bupropion and amphepramone (N,N-diethylcathinone) are still used as medicine as antidepressants and appetite suppressants, respectively. Synthetic cathinones appeared in drug markets in the mid-2000s as alternatives to MDMA or ‘ecstasy’ [42].



Synthetic cathinones are commonly known as bath salts and are available in online drug stores under various brand names, including Bliss, Cloud Nine, Lunar Wave and Vanilla Sky [43,44]. Generally, considering the mechanism of action and similarity to classic drugs, synthetic cathinones are divided into three subgroups [45] The first subgroup consists of cathinones with similar effects to cocaine and ecstasy (e.g., mephedrone, methylone, ethylone and butylone). Like cocaine, these compounds inhibit the reuptake of monoamines, prominently of dopamine (DA), and also mimic the action of MDMA by stimulating the release of serotonin (5-HT). The second subgroup consists of methamphetamine-like cathinones (e.g., 4-methylcathinone and flephedrone (4-FMC)), which, like amphetamine and methamphetamine, inhibit the reuptake of DA and noradrenaline (NA) and stimulate the release of DA. Finally, the third one is the pyrovalerone type of cathinones (e.g., 3,4-methylenedioxypyrovalerone (MDPV), α-pyrrolidinopentiophenone (α-PVP or ‘flakka’) and α-pyrrolidinoheptaphenone (PV8)), which strongly inhibit DA and NA reuptake, not affecting the release of monoamines [45,46].



Due to the continuous search for new, legal, less expensive and more powerful effects, the synthesis of novel cathinone derivatives became a fruitful industry, leading to the fast emergence of new alternative substances every year. Moreover, the decrease in availability and purity of the more typical abusable drugs is advantageous for the illicit drug market to introduce synthetic cathinones [47]. As earlier synthetic cathinones were banned, a group of products named ‘energy’ (NRG), advertised as naphthyl cathinone analogues, emerged in 2010 [41]. During the same period, another type of synthetic cathinones started showing up, first 3,4-dimethylmethcathinone (3,4-DMMC) in 2010, then pentedrone (α-methylaminovalerophenone) and, finally, α-PVP in 2013 [5,48]. Moreover, the drug market was flooded by other psychoactive cathinone derivatives to circumvent the law. Para substituted cathinone derivatives, such as 4-FMC, brephedrone (4-BMC) and methedrone (PMMC), showed up on the illicit drug market and increased recreational drug misuse. Recently, clephedrone (4-chloromethcathinone, 4-CMC) and clophedrone (3-chloromethcathinone, 3-CMC), chloride substituted derivatives of cathinone, were offered on the internet for the first time [49]. However, 4-CMC is already controlled under the 1971 UN Convention on Psychotropic Substances because of the public health and social risks that it poses [50]. However, there are also synthetic cathinones used as medicine, such as bupropion and amphepramone.




3.2. Synthetic Cannabinoids


Synthetic cannabinoids are a group of NPS with similar properties to Δ9-THC and other cannabinoids naturally found in the Cannabis sativa L. and Cannabis indica plants. The effects promoted by these substances are similar to the ones caused by the phytocannabinoids they mimic [51]. However, such as with cannabis, the effect depends on the person exposed to it. Consequently, while some users may feel euphoric, relaxed and talkative, others may feel ill or paranoid [51,52,53,54]. Synthetic cannabinoids are often more potent than phytocannabinoids, so their use is frequently associated with unpleasant experiences and harmful effects [55,56]. Cannabinoid receptor agonists have been developed for therapeutic purposes after the UN Conventions to control narcotics and psychotropic substances [57]. However, most of these substances were not approved by medicine regulatory agencies. The only synthetic cannabinoids used medically are nabilone and dronabinol [58,59,60]. However, despite its synthetic origin, the dronabinol pharmacological active ingredient is Δ9-THC [59]. In the early 2000s, these substances were found as an herbal blend in the street drug recreational market [42].



According to UNODC, synthetic cannabinoids can be divided into seven classes based on their structural differences, lipophilicity and binding capacity to cannabinoid receptors [61]. These are the classic cannabinoids, the non-classical cannabinoids, the hybrid cannabinoids, the aminoalkylindols, the aminoalkylindazoles, the eicosanoids and others. Synthetic cannabinoids can also be grouped into different series according to the entity responsible for their introduction and synthesis, including the series JWH (John William Huffman), aminoalkylindols and AM (Alexandros Makriyannis) and HU (Hebrew University) classic cannabinoids. The HU and AM series, such as the HU-210, AM-906 and AM-411, and the O-1184 are designated classical cannabinoids since they derive from the structure of phytocannabinoids [62]. Despite the chemical heterogeneity among the several classes of synthetic cannabinoids, they act by biding to cannabinoid receptors [63]. There are two known cannabinoid receptors subtypes, cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) [64].



Although the research on synthetic cannabinoids aims to develop new compounds for therapeutic purposes, this group of substances has quickly become popular in the recreational market under the designation of ‘spice’ [57]. JWH-018 was the first synthetic cannabinoid present in spice reported to the EMCDDA in December 2008 [23,65,66,67].





4. Therapeutic Potential of Synthetic Cathinones and Synthetic Cannabinoids


4.1. Synthetic Cathinones


Synthetic cathinones-related effects bank on two primary mechanisms: monoamine uptake blockade resulting from transporter inhibition and increased monoamine release. In addition, the effects can be derived from the two mechanisms combined [68]. Regardless of the molecular mechanism involved, all synthetic cathinones increase extracellular monoamine concentrations in the brain, enhancing cell-to-cell monoamine signalling, and are potent inhibitors of NA transporter (NET) [69]. However, they differ in their inhibition profiles on DA transporter (DAT) and 5-HT transporter (SERT) and in their ability to release monoamines, which possibly explains clinical differences reported in their effects and toxicities [68,70,71,72]. Cathinone highly inhibits DAT but is a less potent SERT inhibitor [70]. MDPV is one of the first recreational synthetic cathinones and acts as a potent, selective monoamine uptake blocker, with high affinity for DAT and NET and weak for SERT, but has less impact on monoamine release than cocaine [71]. Still, comparing the uptake blocking capacity of both, MDPV is 10 and 50 times more potent as an uptake blocker than DAT and NET, respectively [68]. On the other hand, mephedrone and methylone act as nonselective monoamine uptake inhibitors [71] like cocaine and increase serotonin release like MDMA [72].



The observation of synthetic cathinones’ effects on CNS led to the study of their pharmacology and, eventually, their medical application to treat depression, chronic fatigue and obesity [73,74]. Otherwise, synthetic cathinones have also been used by undiagnosed attention-deficit/hyperactivity disorder (ADHD) adolescents, who self-medicate with synthetic cathinones [75].



4.1.1. Depression


Depression is a common illness that affects an estimated 3.8% of the world population (approximately 280 million people) [76]. Depression was ranked by the World Health Organization (WHO) as the single most significant contributor to global disability [77]. Common symptoms are sadness, irritability, emptiness or loss of interest in activities [78]. Depression is often attributed to a defective serotonergic function, but an ineffective compensatory response to abnormally high serotonergic function can also be responsible [79]. Especially when recurrent and with moderate or severe intensity, depression may become a serious health condition and, at its worst, may lead to suicide [77,80].



Synthetic cathinones, namely methcathinone and bupropion, might be used in the treatment of depression. Methcathinone was used as an antidepressant in the 1930s and 1940s, and bupropion is still prescribed for the treatment of depression and smoking cessation by the FDA [73,81].




4.1.2. Chronic Fatigue


Lethargy and chronic fatigue are complex multisystemic diseases characterized by severe fatigue, cognitive dysfunction, sleep difficulties and autonomic dysfunction [82]. In the 1970s, the synthetic cathinone pyrovalerone started to be used to treat lethargy and chronic fatigue [74]. This medicine is still an approved medication by the FDA. However, it is a Schedule V controlled substance and is rarely prescribed [69].




4.1.3. Obesity


Obesity is a worldwide issue that has nearly tripled since 1975. In 2016, more than 1.9 billion adults were overweight, and 39 million children under the age of 5 were overweight or obese in 2020 [83]. Obesity is a complex, multifactorial preventable disease primarily associated with excess adiposity, or body fatness [84]. This condition considerably increases the risk of chronic disease morbidity, disabilities, depression, type 2 diabetes, cardiovascular disease, certain types of oncologic pathologies and mortality [85]. If the secular trends continue, by 2030, an estimated 38% of the world’s adult population will be overweight and another 20% will be obese [86].



In the past, two synthetic cathinones were used as appetite suppressants, namely amphepramone and metamphepramone (N,N-dimethylcathinone or dimethylpropion) [87,88,89]. Currently, only amphepramone is still in use.




4.1.4. Attention-Deficit/Hyperactivity Disorder


ADHD is among the most common neurobehavioral disorders in children. The clinical significance of the signs and symptoms of the disorder has been recognized for over two centuries [90]. It carries a high rate of comorbid psychiatric difficulties, such as oppositional defiant disorder (ODD), conduct disorder, mood and anxiety disorders, and also the consumption of substances of abuse. The societal costs of untreated ADHD are significant, including academic and occupational underachievement, delinquency, motor vehicle safety, difficulties with personal relationships and excessive talking with impaired listening comprehension [90]. Scientists have not yet identified the specific causes of ADHD. Still, there is evidence that genetics contribute to the disorder, but factors such as being born prematurely, brain injury or the mother smoking, using alcohol or having extreme stress during pregnancy can also be involved [91]. The main features of the ADHD diagnosis are (1) the presence of inappropriate levels of hyperactive–impulsive and/or inattentive symptoms for at least 6 months; (2) symptoms occurring in different settings, and that cause impairments in living; (3) some of the symptoms first occurring in early to mid-childhood years of the person and (4) that no other disorder better explains the symptoms [91]. The clinical presentation of ADHD can be described as primarily inattentive, primarily hyperactive–impulsive, or combined, depending on the nature of the symptoms. Studies indicate that distraction is more powerfully associated with academic underachievement, low self-esteem, negative occupational outcomes and lower overall adaptive functioning [90]. Data reporting to 2016 described that, of the children with current ADHD, almost two-thirds were taking medication and around half of them had received behavioural treatment for ADHD in the past year [92].



Phenethylamines are a class of stimulants prescribed in patients with ADHD, namely methylphenidate. Methylphenidate and other ADHD pharmacotherapies influence the nucleus acumbens of adolescents with ADHD in the same way as cocaine. Hence, cocaine dependence in adolescents with ADHD might answer to therapeutic interventions that substitute cocaine with psychostimulants, such as MDPV [75]. Synthetic cathinones are substances with chemical structures related to phenethylamines, promoting similar effects. Nowadays, the use or potential use of cathinones to treat this disease is still a matter of debate, being hindered by the harmful secondary effects to users. However, undiagnosed ADHD adolescents often use bath salts to self-medicate, aiming to contain ADHD symptoms [93]. MDPV comes close to the effect of methylphenidate at low doses, and its self-administration can induce psychoactive effects that help alleviate ADHD symptoms, so adolescents might continue to experience enhanced concentration and overall performance [72]. It is important to note that bath salts can be found worldwide at a low cost in internet shops.



There is still a lack of knowledge around synthetic cathinones’ therapeutic potential, with a great deal of room left for new studies to develop.





4.2. Synthetic Cannabinoids


4.2.1. Inflammatory Pathologies


Inflammation is an immune system’s response to harmful stimuli, such as pathogens, toxic compounds and damaged cells, among others, crucial for initiating the healing process [94]. However, when the molecular and cellular events underlying acute inflammation become uncontrolled, the process may become chronic, developing chronic inflammatory diseases. Such is the case of arthritis and colitis. Several studies have shown that cannabinoids downregulate cytokine and chemokine production, suppressing inflammatory responses. Thus, synthetic cannabinoids are being investigated as novel therapeutics approaches to such conditions [29,95,96,97].



Arthritis


Rheumatoid arthritis is an inflammatory disease characterized by persistent synovitis, painful systemic inflammation and autoantibodies, which lead to joint damage and disability [98,99]. This condition results from an overactive immune system that leads to excessive and unregulated inflammation [99,100]. As a result of this event, the tissue invasion by immune cells and their effectors, such as pro-inflammatory cytokines, is prolonged, damaging the affected areas and provoking the typical symptoms of inflammation, namely pain, rubor, warmth and swelling [100]. The pathophysiology of arthritis is related to a series of catabolic events that lead to degradation and consequent loss of articular cartilage and resorption of subchondral bone [101,102]. The pathway that leads to these events seems to involve a complex network of signalling agents, including high levels of pro-inflammatory cytokines (e.g., IL-1, IFN-γ, TNFα, IL-17) and lower levels of the anti-inflammatory factor interleukin IL-10 [103,104,105,106]. Additionally, inflammatory arthritis is associated with increased production of nitric oxide (NO) due to activation of the nitric oxide synthase (iNOS) pathway [107]. Several cell types present within the joint, including chondrocytes, can be induced by pro-inflammatory cytokines to produce NO [106]. NO production in the early stages of arthritis may cause apoptosis in chondrocytes, contributing to cartilage degradation [108,109]. Additionally, there is evidence that NO synthesis reduces proteoglycan and type II collagen synthesis, both components of the cartilage extracellular matrix [108,110].



Considering that the endocannabinoid system plays an essential role in several processes, including inflammation and immune system modulation [111], which are implicated in inflammatory arthritis pathogenesis, synthetic cannabinoids are an object of medical research as a potential treatment for this condition. In 2005, Mbvundula et al. demonstrated that R-(+)-WIN-55,212, a nonselective cannabinoid receptor agonist, reduced NO production in chondrocytes, suggesting that some cannabinoids may prevent cartilage resorption through inhibiting cytokine-induced NO production by chondrocytes and by inhibiting proteoglycan degradation [32]. A similar effect was observed with the CB agonist CP-55,940 [95], which was also proven to stimulate osteoclast formation in vitro [96]. Moreover, Gui and collaborators have shown a reduction in osteoclast formation in osteoblast-bone marrow in the presence of the synthetic cannabinoid HU-308. The mechanism seems to involve the decrease in the levels of IL-6 and TNFα through the CB2 receptor [97]. Although targeting the cannabinoid system seems to be a promising therapeutic approach, cannabis-based drugs interact with receptors other than CB receptors, having unexpected outcomes in clinical studies compared to preclinical trials.




Colitis


Ulcerative colitis is a chronic, idiopathic inflammatory bowel disease characterized by relapsing and remitting mucosal inflammation [112]. This inflammation starts in the rectum, extends to the colon’s proximal segments and results in diffuse friability and superficial erosions on the colonic wall and consequent bleeding [113]. The most common symptoms are blood in the stool and diarrhoea. In severe disease, the symptoms referred to can be accompanied by incontinence, increased frequency of bowel movements, abdominal discomfort, fever and others [113,114]. Both genetic and environmental factors have an essential role in ulcerative colitis development. Family history of inflammatory bowel disease has been reported as a relevant risk factor in this disease [115,116]. Moreover, factors such as drug use, changes in the gut microbiota composition and impaired mucosal immunity seem relevant in ulcerative colitis aetiology [113,117,118].



The pathophysiology of ulcerative colitis is complex since it involves impairment in the epithelial barrier, immune response, leukocyte recruitment and microflora of the colon [113,119,120]. Despite the complexity of the disease, here, just the influence of abnormal immune response and leukocyte recruitment in ulcerative colitis development is addressed. In physiological conditions, the single-layered intestinal epithelium behaves like a physical and immunological barrier that prevents direct contact between luminal microbiota and intestinal mucosa [121]. However, if the intestinal epithelium is injured, an immune response is initiated, leading to neutrophil recruitment. These neutrophils recognize, phagocytise and kill pathogenic agents and promote the production of cytokines and other pro-inflammatory factors that also regulate inflammation and immune system response [121,122,123,124,125]. Neutrophil accumulation in intestinal tissue can promote significant tissue damage when not properly eliminated [121].



In 2014, Fichna et al. demonstrated that AM-841, a preferential CB1 receptor agonist, reduces inflammation in the colon of mice with induced colitis, attenuates colitis and inhibits ulceration [29]. This effect is due to a decrease in immunocytes infiltration of the colonic tissue, improving the mucosal and muscle architecture and inhibiting its ulceration. More specifically, AM-841 inhibits fMLP-stimulated neutrophil migration, an essential feature of the anti-inflammatory action of this synthetic cannabinoid [29]. Indeed, fMLP is a chemical compound that attracts neutrophils [126]. It is worth mentioning that the AM-841 anti-inflammatory effects occur when this synthetic cannabinoid is administered prior to colitis induction, revealing its protective properties [29].



To understand AM-841 action on the cannabinoid receptors, Fichna and collaborators used mice with cannabinoid receptors CB1 and CB2 and without one or both receptors [29]. This experiment revealed that AM-841 did not attenuate colitis in mice in the absence of one or both cannabinoid receptors. As such, despite its preference for the CB1 receptor, the data suggest that just AM-841 action on both cannabinoid receptors alleviates colitis in mice [29].



Concluding, AM-841 displayed protective and therapeutic effects on colitis in mice through its anti-inflammatory action, mediated through the CB1 and CB2 receptors [29].





4.2.2. Neurodegenerative Pathologies


Neurodegenerative diseases are progressive, incapacitating conditions involving the function loss of nerve cells in the brain or peripheral nervous system, affecting millions worldwide. The hallmark of these pathologies is the accumulation of misfolded and aggregated proteins associated with neuroinflammation, infection, mitochondrial dysfunction and excitotoxicity. Phytocannabinoids and synthetic cannabinoids appear to be neuroprotective either by binding to the CB1 or CB2 receptors [127] and are used worldwide by patients with neurodegenerative diseases. Therefore, cannabinoid receptor agonists are a research field for therapeutic purposes. Notwithstanding, most of these substances were not approved by medicine regulatory agencies. Thereby, the potential therapeutic of synthetic cannabinoids is explored, focusing on Parkinson’s disease (PD), Alzheimer’s disease (AD) and neurocognitive disorders associated with HIV-1 [24,28,33,34,128].



Parkinson’s’ Disease


PD is a chronic, progressive neurodegenerative disease characterized by the loss of dopaminergic neurons in the substancia nigra pars compacta, a midbrain dopaminergic nucleus [129,130]. This pathology is the second most common neurodegenerative disorder worldwide, and its prevalence has been rising in the last three decades [131]. Its onset occurs mainly in later life, giving rise to resting generalized tremors, bradykinesia and rigidity [130,132]. Besides these symptoms, loss of smell, sleep dysfunction, mood disorders, constipation, excessive salivation and postural instability in the latter phase of the disease can be described [129,133]. The aetiology of Parkinson’s disease is driven by a complex interplay between genetic and environmental factors [134,135].



PD is an α-synucleinopathy since it involves the abnormal accumulation of α-synuclein protein in the neuronal tissue [132]. This abnormal accumulation culminates in the generation of Lewy bodies, which leads to neuronal death in dopaminergic and non-dopaminergic brain areas. The loss of dopaminergic neurons leads to motor and non-motor symptoms that characterize PD [133,136]. Besides α-synuclein aggregation, other key molecular events have been associated with PD, such as mitochondrial dysfunction and oxidative stress, which lead to radical oxygen species (ROS) generation [137,138]. During the pathogenesis of PD, ROS generation damages the substancia nigra through lipid peroxidation, protein oxidation and DNA oxidation [137,139]. According to the available research, this event seems to be induced mainly by changes in the brain iron content, mitochondrial dysfunction and monoamine oxidase activation, an enzyme responsible for dopamine metabolization [138,140,141]. There is also evidence that oxidative stress can induce α-synuclein conformational changes and increase its aggregation [142,143].



In 2008, Del Rio and Velez-Pardo demonstrated that CP-55,940, a non-selective cannabinoid receptor agonist, and JWH-015, a preferential CB2 receptor agonist, protect and rescue lymphocytes against paraquat exposition [28]. Paraquat is a Parkinson’s disease chemical inducer, and, in lymphocytes, induces mitochondrial damage and apoptosis through an oxidative stress mechanism involving ROS generation, namely superoxide anion radical (O2−), hydroxyl radical (OH) and hydrogen peroxide (H2O2) [144]. The authors showed that the abovementioned synthetic cannabinoids inhibit ROS formation, contributing to maintaining mitochondrial membrane potential and cell nucleus morphology [28]. According to this study, CP-55,940 and JWH-015 are protective due to potential anti-oxidative action. Subsequently, Velez-Pardo observed that CP-55,940 and JWH-015 attenuate paraquat-induced mitochondrial damage in the brain cortex of mice by scavenging O2− and H2O2 and avoiding Ca2+-induced mitochondrial swelling, contributing to the maintenance of mitochondrial membrane potential [34]. The authors also revealed that JWH-015 has more effective and potent anti-oxidative effects when compared to CP-55,940. It is relevant to mention that CP-55,940 and JWH-015 exert an inhibiting effect against O2− and do not cause any changes in mitochondrial membrane potential in mitochondria not exposed to paraquat [34].




Alzheimer’s Disease


AD is a neurodegenerative disease characterized by the deposition of β-amyloid peptide (Aβ) plaques and neurofibrillary tangles (NFT) of the protein tau [145,146]. AD is the most common type of dementia, a clinical syndrome that involves a progressive decline in two or more cognitive domains, including memory, language, executive and visuospatial function, personality and behaviour [147]. This disease is more commonly associated with elders, and its initial and most prevalent presenting symptom is episodic short-term memory loss with relative sparing of long-term memory [145,148]. This event is followed by impairment in problem-solving, judgment, executive functioning, lack of motivation, and disorganization, culminating in multitasking and abstract thinking difficulties [149]. Genetic and lifestyle factors, such as smoking and a series of pathologies and conditions, such as cerebrovascular diseases, diabetes, hypercholesterolemia and depression, seem to be involved in AD aetiology [149,150,151,152].



As previously mentioned, the abnormal presence of extracellular plaques of insoluble Aβ and flame-shaped NFT of the microtubule-binding protein tau in neuronal cytoplasm, especially in brain regions involved in memory processes, are the two main mechanisms in AD [146]. According to amyloid cascade theory, the cerebral accumulation of Aβ, particularly Aβ42 form, is the main event causing AD [153,154,155]. Considering that Aβ42 is generated through cleavage of the amyloid precursor protein (APP), reports indicate APP metabolism dysfunction with a subsequent increase in Aβ levels as a possible mechanism that promotes AD [155,156,157]. Additionally, it was already observed that abnormal Aβ plaques induce the phosphorylation of tau protein, which spreads via microtubule transport to neighbouring neurons, contributing to their death [158,159]. The molecular mechanisms are not fully understood yet. Still, the studies suggest that Aβ induces a series of processes that lead to abnormalities in tau protein folding, phosphorylation, degradation and localization, leading to neuronal and synaptic atrophy and death resulting from excessive stimulation of neurotransmitter receptors in neuronal membranes, collapse in calcium homeostasis, inflammation and depletion of energy and neuronal factors [147,149,158].



In 2009, Tolón et al. showed that JWH-015 induced the removal of Aβ-amyloid peptide from human frozen tissue section belonging to Alzheimer’s disease patients through the human macrophage cell line THP-1 [33]. It is worth mentioning that, without exposure to JWH-015, THP-1 macrophages cannot remove pathological deposits of Aβ-amyloid peptide.



Tolón and collaborators also showed that the JWH-015 effect is mediated by the CB2 receptor since adding SR144528, a CB2 receptor antagonist, cancels its effects in situ [33]. However, in vitro, the reversal of JWH-015 effects was not observed with the CB2 antagonist, which indicates a possible environment-dependent macrophage response. Through its action on CB2 receptors, JWH-015 exerts a stimulatory effect on the phagocytosis of Aβ-amyloid peptide by THP-1 macrophages, promoting its removal [33].



Concluding, the activation of the CB2 receptor by JWH-015 triggers the in situ phagocytosis of β-amyloid peptide by THP-1 macrophages, inducing its removal [33].




Neurocognitive Disorders Associated with HIV-I


Human immunodeficiency virus (HIV) is the causing agent of acquired immunodeficiency syndrome (AIDS), a chronic, potentially life-threatening condition caused by the human immunodeficiency virus [160]. This virus targets the immune system by destroying and impairing the function of immune cells, weakening the immunologic defences against a series of infections and pathologies [161]. Nowadays, anti-retroviral therapy (ART) is the available therapeutic option for AIDS. This therapy uses a set of medicines that target the enzymes reverse transcriptase, protease and integrase, among other vulnerable points in the HIV replication cycle [162]. Despite the considerable success of ART, HIV-I associated neurocognitive disorders, such as asymptomatic neurocognitive impairment, mild neurocognitive disorder and dementia, are still prevalent conditions without therapeutic options [163,164,165].



In 2013, Hu et al. demonstrated that WIN-55,212 attenuates neuronal damage and apoptosis caused by the HIV-1 gp120 protein in a human mesencephalic neuronal and glial culture model [166]. This protein induces neuronal damage and apoptosis, specifically in dopaminergic neurons, by decreasing DA uptake through the reduction in DAT function, causing morphological changes, inducing oxidative stress and reducing its viability, judging by a decrease in the number of dopaminergic neurons and a loss of dendrites [166]. The nigrostriatal dopaminergic area is a critical brain region for the neuronal dysfunction observed in HIV-1-associated neurocognitive disorders [167]. Interestingly, it has been shown that WIN-55,212 inhibits gp120-induced O2− production, reducing oxidative stress. This effect was observed in the human mesencephalic culture exposed to gp120 alone and with purified human microglial cells that potentiate the neurotoxic effects of gp120 [166]. Hu and collaborators evaluated the capacity of WIN-55,212 to inhibit the migration of highly purified human microglia towards the supernatants generated from gp120-exposed human mesencephalic cultures. The authors found that the synthetic cannabinoid mentioned inhibits the migration of microglial cells, inhibiting the release of chemokines CCL2, CX3CL1, CXCL10 and cytokine IL-1β [128,166]. Finally, the CB2 receptor is the main one responsible for the effects of WIN-55,212 since its neuroprotection decreases more significantly in the presence of the CB2 antagonist SR144528 compared to the CB1 antagonist SR141716A [166].





4.2.3. Oncologic Pathologies


Since phytocannabinoids’ anti-tumour properties discovery, several synthetic cannabinoids have been synthesized and subjected to research and trials as potential anticancer agents [168,169,170,171]. By interacting with cannabinoid receptors, synthetic cannabinoids can modulate crucial cellular signalling mechanisms and pathways for tumour development, including cell proliferation and survival [172]. As such, the antitumorigenic capacity of these compounds relies on the inhibition of tumour cell migration and proliferation, induction of apoptotic processes, reduction of tumour cell viability and blocking of angiogenesis and tumour invasion/metastasis [173,174]. The activation of these antitumorigenic processes by synthetic cannabinoids has been observed in several oncological studies, including multiple myeloma, osteosarcoma, glioblastoma multiforme and triple negative breast cancer [27,30,175,176].



Multiple Myeloma


Multiple myeloma is a clonal plasma cell proliferative blood disorder in which monoclonal plasma cells proliferate in bone marrow, leading to an overabundance of monoclonal paraprotein, destruction of bone and displacement of other hematopoietic cell lines [177,178]. Some common signs and symptoms include anaemia, bone pain or lytic lesions on X-ray, kidney injury and hypercalcemia, among others [179,180]. Despite its aetiology not being fully defined, the research on this topic indicates that environmental, lifestyle factors and genetic abnormalities in oncogenes, such as CMYC, NRAS and KRAS, are potentially critical for plasma cell proliferation [181,182].



In 2017, Barbado et al. demonstrated that WIN-55,212 reduces cell viability and induces selective apoptosis in multiple myeloma cell lines and spinal cord primary plasma cells of multiple myeloma patients while sparing normal cells from healthy donors, particularly hematopoietic stem cells [27]. This synthetic cannabinoid also suppresses tumour growth in mice [27].



These authors have shown that WIN-55,212 effects are mediated by apoptotic mechanisms, primarily through the activation of the initiator caspase caspase-2. Reinforcing this observation, in the presence of pan-caspase inhibitor Z-VAD-FMK, WIN55,212 pro-apoptotic effects are partially inhibited, showing that these effects are, at least in part, caspase-dependent [27].



To understand the process responsible for apoptosis induction, the authors evaluated the involvement of de novo synthesis of ceramides in the WIN-55,212-induced apoptosis. It was already demonstrated that ceramide is a potent suppressor that potentiates and drives the process of apoptosis [183]. It was observed that WIN-55,212 promotes the synthesis of ceramide through the upregulation of SPT, an essential enzyme in regulating ceramide synthesis [27,183]. The authors also demonstrated that WIN-55,212 also excerpts its effects through CB2 receptor activation since the CB2 receptor antagonists PGN-8, PGN-37 and PGN-70 blocked its action [27].




Osteosarcoma


Osteosarcoma is a malignant bone tumour characterized by osteoid production by malignant mesenchymal cells [184]. Its high degree of malignancy, strong invasiveness, rapid disease progression and extremely high mortality rate are associated with this pathology [185]. Osteosarcoma is the third most common cancer in adolescents [186]. Patients typically complain about localised and persistent pain usually noticed after an injury. Despite the patients being heavily treated for pain, the pain felt is never fully resolved [185,187]. Physical examination also allows observing warmth, skin vascularity or pulsations over the lesioned area [187]. Such as in multiple myeloma, osteosarcoma aetiology remains a poorly understood issue. However, available research indicates an important interplay of genetic and environmental factors, such as the exposition to certain types of radiation and chemicals, in osteosarcoma aetiology [184,188].



In 2019, Notaro et al. demonstrated that WIN-55,212 prevents cell migration and reduces extracellular levels of matrix metalloproteinases (MMP) 2 and 9 and drastically decreases intracellular levels of MMP9 in human osteosarcoma cell line MG63 [175]. MMP regulates many physiological and pathological processes, including normal tissue remodelling, angiogenesis, DNA replication, neurodegeneration and cancer [189]. This synthetic cannabinoid also prevents the release of secreted protein acidic and rich in cysteine (SPARC), inhibiting its secretion into the extracellular medium and promoting the upregulation of miR-29b1, a microRNA that inhibits cell proliferation and migration when overexpressed [175]. SPARC is involved in the regulation of cell adhesion and migration processes and tissue remodelling [190]. Notaro and collaborators also showed that the WIN-55,212-2 effects on cell migration are SPARC-independent and miR-28b1-dependent since, when SPARC expression is silenced in MG63 cells, by RNA interference, WIN55,212 continues to reduce cell migration [175]. Conversely, a reduction in cell migration is observed in cells transfected with miR-29b1 and treated with WIN-55,212 but not in cells not transfected with this microRNA. These results demonstrate the importance of WIN-55,212-induced miR-29b1 upregulation to its anti-migratory effects [175].




Glioblastoma Multiforme


Glioblastoma multiforme is a primary malignant CNS tumour that arises from astrocytes [191,192]. Astrocytes are a sub-type of glial cells located in the CNS that provide physical and metabolic support to neuronal cells, including neuronal communication, nutrient supply and waste removal [193]. This oncologic pathology is the most prevalent, aggressive and invasive CNS tumour in adults [192,194]. Patients with glioblastoma multiforme can exhibit several symptoms, such as headaches, seizures, memory loss and functional impairment [195]. The aetiology of glioblastoma multiforme is poorly understood, the exposure to high dose ionizing radiation being the only aetiologic possibility confirmed [196]. Nevertheless, genetic and environmental factors in glioblastoma multiforme aetiology are an object of research [191].



In 2012, Gurley et al. found that KM-233, a non-selective CB1 and CB2 receptor agonist, causes a time-dependent change in the phosphorylation profiles of MEK, ERK1/2, Akt, BAD, STAT3 and p70S6K in the glioblastoma multiforme human cell line u87MG [30]. This synthetic cannabinoid also promotes a redistribution of the golgi–endoplasmic reticulum structures and an almost complete mitochondrial depolarization by a rapid increase in cleaved caspase 3 levels and significant cytoskeletal contractions, which are indicators of apoptosis [30]. The alterations in mitochondrial membrane polarization lead to mitochondrial integrity loss and the formation of autophagic compartments and vacuoles. The formation of these structures is an indicator of autophagy, evidencing the initiation of a mitochondrial-mediated autophagy process [30]. Additionally, KM-233 promotes an 80% reduction in tumour size by decreasing its growth rate without showing acute toxicity in the mice organs [30]. KM-233 effects are inhibited in the presence of SR141716A, a CB1 receptor antagonist, suggesting CB1 receptor involvement in the process. Concluding, KM-233 may be a potential treatment for glioblastoma multiforme cases through its pro-apoptotic and anti-proliferative properties [30].




Triple Negative Breast Cancer


Triple-negative breast cancer is a sub-type of breast cancer defined by the lack of expression of the three principal biomarkers associated with breast cancer: oestrogen receptor-α, progesterone receptor and human epidermal growth factor receptor 2 (HER2) [197]. These characteristics lead to a poorer prognosis and a reduced response to therapeutics, making this sub-type of breast cancer more aggressive and fatal [198]. Breast cancers represent the most common cancers diagnosed in women [199]. From this, about 10 to 15% correspond to triple-negative breast cancer [200]. The typical symptoms are similar to those observed in other forms of breast cancer, including partial or complete breast swelling, breast or nipple pain, nipple retraction and swollen lymph nodes [201]. Genetic factors, such as mutations in BRCA1 and BRCA2 genes, are key for triple-negative breast cancer aetiology [202,203]. These gene products act as cell growth suppressors, playing a protective role against tumorigenesis [204]. The evidence shows that mutations in these genes promote an increased risk of developing breast cancer [205].



In 2018, Greish et al. demonstrated that SMA-WIN, a nanomicellar formulation of WIN55,212, reduces tumour growth by promoting necrotic areas in the tumours in mice with triple-negative breast cancer 4T1 [176]. In addition, this formulation reduces the psychoactive effects of WIN-55,212 free form. The lower psychoactive effect is due to a significantly lower concentration of micelles in the brain when compared to the WIN-55,212 free form concentration, suggesting that blood–brain barrier permeability to the nanomicellar structure is reduced [176]. The studies indicate that the formulation has reduced blood–brain permeability and a propensity to accumulate in the tumour site [176].





4.2.4. Other Pathologies and Conditions


Acute and chronic inflammation underly so many diseases that it is hard to pinpoint all the pathologies involving inflammatory processes. According to Philip Hunter, it would make sense to recognize inflammation as a condition that should be treated in its own right, “to make possible the development of a new generation of drugs to treat conditions including cancers, autoimmune disorders and infectious diseases” [206]. Thus, cannabinoids and synthetic cannabinoids research may make possible the development of a new generation of drugs to treat conditions, including those already mentioned and others that do not fit in the previous categories.



Trigeminal Neuralgia


In 2007, Liang et al. found that WIN-55,212 increases the mechanical response threshold and the latency response to heat stimulation in mice with trigeminal neuropathic pain caused by a chronic constriction injury in the infraorbital branch of the trigeminal nerve [207]. However, a lower dose of WIN-55,212 increased the mechanical response threshold without modifying the thermal response threshold, revealing that this synthetic cannabinoid is more potent against mechanical allodynia than thermal hyperalgesia [207]. It is important to note that, excepting the highest concentration tested (5 mg/kg), WIN-55,212 promoted the above-mentioned effects without causing motor deficits or body temperature changes in the mice.



Using CB1 and CB2 receptor antagonists AM-251 and AM-630, respectively, it was demonstrated that WIN-55,212 effects are mediated through its action on the CB1 receptor since AM-251, but not AM-630, completely reversed the antiallodynic and antihyperalgesic WIN-55,212 effects [207].




Cognitive Dysfunctions—Recognition Memory


In 2011, Bialuk and Winnicka demonstrated that AM-251, a preferential CB1 receptor antagonist/reverse agonist, improves recognition memory by improving mice’s ability to acquire and consolidate information without provoking anxious behaviour and changes in psychomotor capacities [208]. It is relevant to mention that the desirable effects were seen with the lowest concentration tested (1.0 mg/kg), while the higher concentrations (2.5 mg/kg and 5.0 mg/kg) did not influence recognition memory.



To understand how AM-251 exerts its pro-cognitive effects, Bialuk and Winnicka put forward three possible mechanisms of action: (i) CB1 receptor-mediated endocannabinoids inhibition of the release of acetylcholine in the neocortex leading to a decrease in cholinergic transmission promoting memory deficits; (ii) activation of GPR55 receptor followed by cellular calcium mobilization by AM251 due to GPR55 expression in the ventral hippocampus, critical for cognition and recognition memory; (iii) AM-251 inverse agonistic/antagonistic properties on CB1 receptor [208,209,210,211].




Accelerated Gastrointestinal Motility


In 2015, Keenan et al. found that AM-841 reduces intestinal and colonic motility in mice under physiological and acute stress conditions [212]. However, AM-841 is more potent in acutely stressed mice than normal stress-accelerated gastrointestinal motility. According to this study, the AM-841 effects are present in mice with CB1 and CB2 receptors and in mice knocked out for CB2 receptors [212]. However, the AM-841 effects are abolished in mice knock out for CB1 receptor, suggesting the involvement of the CB1 receptors present in the small and large intestines. According to this study, AM-841 reduces gastrointestinal motility in mice through CB1 receptors in the intestinal level in acutely stressed mice [212].




Peripheral Inflammation and Tissue Repair


In 2016, Bort et al. found that JWH-015, a preferential CB2 receptor agonist, reduces the concentration of pro-inflammatory factors, such as interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1), and increases the concentration of anti-inflammatory factors, namely transforming growth factor β (TGF-β), in keratinocytes and fibroblasts treated with lipopolysaccharide, an inflammatory stimulus [213]. Keratinocytes and fibroblasts are two of the main cell types that, through activation mediated by inflammatory signals such as pro-inflammatory factors, respond to the inflammatory phase in skin repair, essential for wound healing [214,215]. The observed effects were promoted by CB1 and CB2 receptors, except the decrease in MCP-1 concentration in the keratinocytes. This reduction was promoted by the action of JWH-015 on the CB2 receptor since the CB1 receptor antagonist AM-281 did not decrease or nullify the effect observed [213].



Additionally, Bort and collaborators evaluated the rate of permeation of JWH-015 using swine skin. The authors showed that JWH-015 is mostly retained in the skin and displays a sustained and low-level transdermal permeation, revealing that this synthetic cannabinoid can reach the pretended target [213].




Pulmonary Fibrosis


In 2016, Lucattelli et al. demonstrated that ajulemic acid, a preferential CB2 receptor agonist, significantly reduces the fibrotic response in the inflammatory and early fibrogenic phase in mice with bleomycin-induced pulmonary disease fibrosis [216]. The authors observed a reduction in the number of inflammatory cells, an attenuation of collagen deposition destruction in lung architecture and a decrease in the fibrotic areas [216]. Additionally, this synthetic cannabinoid induces changes in the expression pattern of products involved in fibrogenesis, namely TGF-β1, pSMAD2/3, CTGF and α-SMA. Ajulemic acid reduces the expression, tissue levels and retention of these indicators of myofibroblastic differentiation, leading to a decrease in the number of active fibrogenic cells [21].



Lucattelli and collaborators also found that ajulemic acid increases the number of PPAR-γ positive cells and its prevalence at the nuclear compartment, even with a low grade of fibrosis [216]. PPAR-γ (proliferator-activated receptor γ) is a ligand-inducible transcription factor that belongs to the nuclear hormone receptor family [217]. This transcription factor is involved in a series of biological processes, including modulation of inflammatory and immune response, cell differentiation and wound healing, these last two events being related to fibrogenesis [217,218]. It is also important to mention that it was already demonstrated that ajulemic acid binds specifically to PPAR-γ, promoting its transcriptional activity [219].



According to this study, ajulemic acid limits the progression of bleomycin-induced pulmonary fibrogenesis through its anti-inflammatory and anti-fibrotic properties. The authors suggest that the anti-fibrotic ajulemic acid effects are mediated through PPAR-γ action [216].




Seizures and Epilepsy


In 2017, Huizenga et al. demonstrated that WIN-55,212 and ACEA, a preferential CB1 receptor agonist, exhibit anticonvulsant effects against clonic seizures, tonic–clonic seizures and both chemoconvulsant-induced and acute hypoxia-induced seizures in mice [220]. Additionally, these synthetic cannabinoids increase the time interval between clonic seizure stimulation and its emergence (latency to clonic seizures) and protect mice against tonic extension in tonic–clonic seizures [220]. However, it is important to note that, at the concentrations required to observe the anticonvulsant effects, WIN-55,212 provokes significant sedative effects. The CB2 and GPR55 receptors agonists and the CB2 receptor antagonists HU-308, O-1602 and AM-630, respectively, showed no effect [220].



Interestingly, the anticonvulsant effects previously mentioned were only observed in P10 mice. P10 corresponds to an age stage equivalent to newborns in humans [220].



Huizenga and collaborators showed that the WIN-55,212- and ACEA-induced decrease in seizures severity is mediated by their action on the CB1 receptor since the CB1 receptor antagonist AM-251 reverses this effect [220]. However, AM-251 exhibits no effect on clonic or tonic–clonic seizures latency.



Considering these results, the authors suggest that the anticonvulsant action of the cannabinoid receptor is due to CB1 receptor activation during early development. Moreover, they emphasise the therapeutical potential of WIN55,212 and ACEA as antiepileptic drugs for epilepsy in infants and children [220].



In 2020, Griffin et al. demonstrated that JWH-018 N-(5-chloropentyl) analogue, JWH-018 N(2-methylbutyl) isomer, 5-fluoro PB-22 5-hydroxyxisoquinoline isomer, 5-fluoro ADBICA and AB-FUBINACA 3-fluoronezil isomer exhibit anticonvulsant activity by decreasing seizure-like swim behaviour and electrographic seizures frequency in a zebrafish model with Dravet syndrome [221]. Electrographic seizures correspond to seizures that are evident in electroencephalographic monitoring and are common in children and newborns with encephalopathy in an advanced stage [221].




Intestinal Ischemia and Reperfusion


In 2019, Bayram et al. demonstrated that AM-1241, a preferential CB2 receptor agonist, allows the recovery of smooth ileum muscle functional contractility in mice with intestinal ischemia and reperfusion [222]. This improvement was accompanied by a decrease in malondialdehyde (MDA) levels, a reverse in the depletion of glutathione (GSH) levels observed in mice with intestinal ischemia and reperfusion, inhibition of pro-inflammatory factors expressions, such as TNF-α and IL-1β, and a decrease in myeloperoxidase (MPO) activity in the intestinal tissue [222]. MPO is a heme-containing peroxidase expressed in immunocytes that, in the presence of hydrogen peroxide and halides, catalyses the generation of reactive oxygen intermediates. Its activity is related to cell migration and is increased in intestinal ischemia and reperfusion, contributing to oxidative stress [223]. Moreover, MDA is one of the final products of lipid peroxidation, for which an increase in ROS stimulates overproduction. As such, MDA is an indicator of oxidative stress [224].



Bayram and collaborators also showed that the AM-1241 anti-inflammatory and oxidative stress preventing effects are mediated through its action on the CB2 receptor since its antagonist, JTE-907, reverses the effects previously mentioned [222].




Traumatic Brain Injury


Relative to HU-910, it was observed that this synthetic cannabinoid increases synaptogenesis by promoting the increase in the synaptophysin protein in the brain cortical cytosolic fraction, which indicates a higher synaptic density [225]. Synaptogenesis is a process characterized by synapses/connections forming between the neurons [226]. Regarding HU-914, this compound promotes neurological recovery, as seen through a decrease in the injured brain area and an increase in the number of axons in the corticospinal tract, and inhibits the release of pro-inflammatory TNF-α cytokine in the ipsilateral hippocampus [225].



Additionally, Magid and collaborators have shown that the HU-910 and HU-914 effects are mediated by the CB2 receptor, judged both by the inhibition of its effects in the presence of CB2 receptor antagonists SR144538 and AM630, HU-910 and in CB2 knocked out mice [225].




Brain Injury


In 2020, Al-Eitan et al. demonstrated that XLR-11, a non-selective cannabinoid receptors agonist, enhances the viability of human brain microvascular endothelial cells (HBMECs) by increasing the number of viable cells [227]. Additionally, this synthetic cannabinoid increases the migration rate of brain endothelial cells, the first stage in the angiogenesis process, and promotes their angiogenic capacity. [227] Angiogenesis is a biological process characterized by the formation of new blood vessels through pre-existent blood vessels. This process plays a pivotal role in a series of events, such as tissue growth and wound healing [228]. This was observed through an in vitro tube formation assay that revealed an increase in the number of formed tubular structures, in their total length, in the number of branching points and the number of loops [227].



In conclusion, XLR-11 promotes cell viability in HBMECs and enhances angiogenesis in the brain in vitro. Considering these results, Al-Eitan and collaborators suggest that this synthetic cannabinoid has the potential to be used as a therapeutic angiogenic drug in cases of human brain injury [227].




Type 1 Diabetes


In 2021, Hove et al. found that JWH-133, a preferential CB2 receptor agonist, promotes endothelial (eNos)- and neuronal (nNOS)-dependent dilation of cerebral arterioles in mice with type 1 diabetes [229]. This synthetic cannabinoid also improves brain arterioles’ response to ADP, an eNOS-dependent agonist, and NMDA, an nNOS-dependent agonist, contributing to increased cerebral arterioles dilation. The authors have shown that JWH-133 effects are mediated by the CB2 receptor since its antagonist AM-630 inhibits the effects mentioned above [229].



Overall, the study suggests that JWH-133 can act as a potential therapeutic agent for treating cerebral vascular diseases via a mechanism that promotes the increase of cerebral blood flow [229]. Concerning the mechanism through which this synthetic cannabinoid improved cerebral arterioles dilation in T1D mice, based on the available literature, Hove and collaborators hypothesised that JWH-133 may influence oxidative stress, stimulate the PPARs pathway in brain arterioles or inhibit the synthesis and release of inflammatory mediators [229,230,231].







5. Toxicity of Synthetic Cathinones and Synthetic Cannabinoids


5.1. Synthetic Cathinones


Synthetic cathinones were primarily synthesized for therapeutic purposes. However, all synthetic cathinones, excepting bupropion, branded as Wellbutrin [41,81], and amphepramone, branded as Tenuate and Hipofagin, were withdrawn from the market due to vast cases of dependency and associated toxicity [69].



Synthetic cathinones produce distinct pharmacological effects, with psycho-stimulation and hallucinations. Taking the effects of mephedrone, for example, they are simultaneously psychostimulant (i.e., like amphetamine) and hallucinogenic (like MDMA). Therefore, synthetic cathinones and amphetamines share pharmacological properties, and, based on the extensive similarities in the effects of these drug classes, it might be predicted that these cathinones would cause neurotoxicity to DA and 5-HT nerve endings identical to methamphetamine METH and MDMA [68,232]. Moreover, overdose can occur after continuous daily consumption and can lead to psychological illness with paranoid or delusional mania symptoms. Finally, withdrawal syndrome was reported after suspension and was characterized by insomnia, lack of concentration, craving, nightmares and slight trembling [233]. In addition to the neuropsychiatric symptoms, consumers often present with sympathomimetic toxicity. Consistently, several cathinones have been associated with the development of serotonin syndrome, eventually leading to fatalities [234]. Therefore, some studies have been developed to elucidate the mechanisms underlying the synthetic cathinones toxicity [232,235]. The toxicities of the synthetic cathinones with medical potential are described in this section.



5.1.1. Molecular and Cellular Studies


The neurotoxic profiles of methcathinone, metamphepramone and amphepramone were accessed in a human neuronal cell line (differentiated neuroblastomas SH-SY5Y) [236]. Firstly, the potential toxicity of thirteen synthetic cathinones was studied, and metamphepramone and amphepramone were the least toxic [236]. Furthermore, these substances promoted apoptotic death and intracellular vacuolization, and methcathinone triggered autophagy activation.



Pyrovalerone is used as a medicine. However, there were no studies found relating to toxicity results for pyrovalerone. Nevertheless, α-PVP is a synthetic cathinone used as a recreational drug that shares chemical structure similarity with pyrovalerone. In the study of Soares et al., this compound showed to be one of the most toxic synthetic cathinones addressed [236]. Moreover, α-PVP was also shown to be myotoxic by impairing the cell membrane integrity, depleting ATP levels and increasing mitochondrial superoxide concentrations in a myoblasts cell line (C2C12) [237]. On the other hand, MDPV showed similar effects to α-PVP, also being myotoxic [237]. Moreover, this synthetic cathinone was also shown to be hepatotoxic [238].




5.1.2. Animal Studies


Most cathinone derivatives increase locomotor activity in rodent models at a similar dose range. Methcathinone and bupropion displayed reduced immobility time, suggesting antidepressant potential [239]. In rats, it has also been verified that cathinone and its synthetic forms led to behavioural sensitization [233]. Repeated administration of methcathinone was neurotoxic to the central dopaminergic system by reducing the number of DA transporter sites, central 5-HT and DA content and the activity of tryptophan hydroxylase (TPH) and tyrosine hydroxylase (TH), both responsible for the synthesis of 5-HT and catecholamines, respectively. On the other hand, the MDPV consumption did not decrease the levels of TH, DA or DAT [232,240]. However, long-term use of MDPV showed to increase the risk of neurocognitive dysfunction and neurodegeneration in the prefrontal cortex or hippocampus [241].




5.1.3. Case Reports from Emergency Rooms


According to the US National Association of Pharmacy Boards, synthetic cathinones were linked to an estimated 22,904 visits to hospital emergency rooms in 2011 [242]. This tendency seems to have risen worldwide judging by a recent analysis of the number of case reports of patients taking a series of new psychoactive substances [243]. The symptoms described by clinicians include hyperthermia, agitated delirium, tachypnoea, coagulopathy, rhabdomyolysis and cardiac and other organs arrest or failure. In several cases, other psychoactive drugs have been detected in deceased patients [244]. Fatal cases related to the consumption of synthetic cathinones have been reported. However, many of these cases are associated with exposition to synthetic cathinones concomitantly with other drugs of abuse [45,73,244]. In this section, reported fatal toxicity cases after exposition to synthetic cathinones, therapeutically used, are addressed.



The recommended amphepramone intake is 75 mg/day [245], and the adverse effects reported are urticaria, rash, ecchymosis and erythema [246]. A 52-year-old woman went to the hospital with a rash suggestive of cutaneous vasculitis. She reported the ingestion of an ‘herbal medicine’ for weight reduction. Samples of the supplement were analysed, and it was determined that each tablet contained 69 mg of amphepramone. After four weeks of taking this supplement twice daily, the patient suffered from flu-like symptoms of varying intensity for one week, and, one month later, the itching started. Dark-red, painful, palpable skin lacerations and central necrosis appeared symmetrically on both legs.



Methcathinone hydrochloride, after being intravenously injected, promoted a new form of alleged manganese poisoning [247]. A case report on manganese abuse revealed eight patients abusing methcathinone intravenously, all of them for at least five months. The reported clinical symptoms were balance difficulties, dysarthria, apraxia as well as extrapyramidal symptoms (bradykinesia, hypomimia, facial dystopia, micrography). Laboratory analyses showed elevated serum Mn levels exceeding 2.0 μg/L (normal range 0.3–0.9 μg/L) in all the patients [248].



No reported cases were found for pyrovalerone. However, there are fatal cases reported from two pyrovalerone derivatives, α-pyrrolidinohexiophenone (α-PHP) and α-PVP [249].



The first reported fatal overdose with MDPV, resulting from a cardiac arrhythmia, occurred in 2012 [250,251]. This synthetic cathinone can cause multi-organ collapse. Patients with MDPV intoxication and concomitant renal injury seem to profit from haemodialysis [252]. Repeat intoxication events may produce acute renal injury full of metabolic derangements, including metabolic acidosis, hyperuricemia and rhabdomyolysis [93,253].



Bupropion is also reported in the literature. There are reported cases of serotonin toxicity involving recreational use of bupropion [254], either on its own [255,256] or in combination with other serotonergic medications. These cases led to bupropion notification as an NPS in 2014 [257]. In a report regarding cases of serotonin toxicity, from information collected in an international database between 2010 and 2016, antidepressants were the most common cause of serotonin syndrome, with bupropion being the most frequent overall [258].



Metamphepramone consumption is not associated with hospital emergency cases.



There are many other case reports in synthetic cathinones consumption for which therapeutical studies were not found [239,244,259,260,261,262,263,264,265].





5.2. Synthetic Cannabinoids


Despite their potential therapeutic use in a wide variety of pathologies and conditions, synthetic cannabinoids are associated with toxicity and several adverse effects [266,267,268,269,270,271,272,273,274,275]. Focusing on the synthetic cannabinoids that demonstrated medical potential, namely those belonging to the JWH, HU and AM series, the present section describes the toxicological effects observed.



5.2.1. Molecular and Cellular Studies


Some studies explore the toxic effects at the molecular and cellular levels in the literature. These studies are usually performed in several models, namely carcinogen and non-carcinogen cells, and it becomes challenging to compare between them. Therefore, the studies were divided between cell lines.



Neuronal Human Cells


In 2016, Wojcieszak et al. demonstrated that synthetic cannabinoid JWH-133 significantly decreases cell viability and proliferation, depending on the concentration, in SH-SY5Y human neuroblastoma cells [266]. Moreover, JWH-018 and JWH-122 also promote a decrease in cell viability by lysing cell membranes [266]. This lower viability was also seen in other cell models, such as choriocarcinoma cells (BeWo) [267], epithelium cells (TR146), breast derived cells (MCF-7) and TK6 lymphoblastoid cells [268]. Moreover, the cellular mechanism underlying this effect was explored. Sezer and collaborators observed an increment in oxidative stress by increasing MDA levels, decreasing the activity of glutathione reductase (GR) and catalase, responsible for the detoxification of peroxide hydrogen (H2O2), reducing glutathione levels (GSH), a known endogenous antioxidant that protect cells from oxidative reactions [269]. Based on these results and considering that studies indicate that JWH-133 has therapeutic potential, the authors call for caution in its possible use as this substance may accumulate in the CNS and lead to neuronal damage [266]. Contrastingly, in the same cellular model, Couceiro et al. and Sezer et al. found that synthetic cannabinoid JWH-018 does not significantly modify the cell viability of SH-SY5Y cells [269,270]. Later, using yeast as a model, it was observed that this synthetic cannabinoid increases the rate of cell proliferation significantly through an increase in glycolytic flow to the detriment of the pentose phosphate pathway, which suffers a decrease [271]. More studies have demonstrated that JWH-018 is not toxic for cells, neither by genotoxicity nor promoting apoptotis/necrotis [269]. Furthermore, these results were corroborated in other cell lines, such as in the epithelium (TR146)- and breast (MCF-7)-derived cell lines [272]. However, there are also contradictory results in these cell lines since Koller et al. observed genotoxicity in the epithelium (TR146)- and breast (MCF-7)-derived cell lines after exposure to JWH-073, JWH-122 and JWH-210 [275].



However, synthetic cannabinoids metabolization originates metabolites that can be more toxic than parent compounds. Couceiro and collaborators determined that, contrastingly to JWH-018, its metabolite N-(3-hydroxypentyl) promotes a decrease in cell viability, lysis of the cell membranes and consequent death via necrotic processes. It is essential to mention that all the observed results in SH-SY5Y cells also occurred in kidney human embryonic cells HEK293T [270]. According to these results, the authors showed that phase I metabolites of JWH series synthetic cannabinoids may have biological activity, highlighting the importance of their toxicological profile to understand the long-term adverse effects of these substances [270].




Mice Neural Cells


In 2011, Tomiyama and Funada showed that synthetic cannabinoids CP-55,940, CP-47,497 and CP-47,497-C8 promote apoptosis in mice neuroblastoma and glial cells (NG 108-15) by inducing the activation of caspase 3 [273]. Morphological changes related to cytotoxicity were observed, namely nuclear fragmentation and condensation, which lead to neuronal damage. Moreover, the CB1 receptor antagonist AM-251 supressed the observed cytotoxicity, showing that the CB1 receptor has a pivotal role in synthetic cannabinoid-induced toxicity [273]. The referred observations were corroborated in mice forebrain cells [274]. They also observed that CP-55,940, CP-47,497 and CP-47,497-C8 reduce cell viability. Moreover, other synthetic cannabinoids were tested, namely JWH-018, JWH-210, HU-210 and AM-2210, which showed similar effects [274]. Cha et al. also used the mice forebrain cells model to study JWH-081 and JWH-210. Its exposition decreased the number of neuronal cells and distortion of the nuclei and respective nuclear membranes throughout the entire length of the central zone of nucleus accumbens, corroborating its neurotoxic properties [275].



Considering the presented studies, it is quite challenging to gather strong evidence since different synthetic cannabinoids and cellular models are used. Various parameters are evaluated, and, even with the same substance and model, sometimes, contradictory results are obtained. Nevertheless, it is possible to observe a prevalence in reduced cell viability and apoptosis induction, even in non-carcinogenic cells.





5.2.2. Case Reports from Emergency Rooms


The adverse effects promoted by synthetic cannabinoids are observed mostly at the neurological and psychiatric levels and in the cardiovascular and gastrointestinal systems [276,277]. In acute intoxication, the adverse effects include tachycardia, agitation, drowsiness, confusion, nausea and vomiting and hallucinations [277,278]. In most of the clinical cases recorded, the listed effects are not life-threatening and cease six to eight hours after consumption [279]. Before severe intoxication with these substances, the main manifestations identified are chest pain, myocardial infarction, acute kidney damage, seizures, acute psychosis, panic, hallucinations and paranoia, which may culminate in death attributed directly and indirectly to this set of synthetic cannabinoids [51,55,276,280]. The cases of death attributed directly to these compounds result from dysrhythmia, seizures and multiple organ failure, while deaths attributed indirectly to these cannabinoid receptor agonists come from hypothermia, development of trauma and self-mutilation [277,280,281]. Compared to ∆9-THC, exposure to synthetic cannabinoids increases the severity and intensity of adverse effects [56]. In this context, it was concluded that the risks of agitation and cardiotoxicity, promoted by these synthetic cannabinoids, are 3.8 and 9.2 times higher than after traditional cannabis use, respectively, and that the likelihood of the consumer to resort to emergencies due to the adverse effects suffered is 30 times higher [282,283].



In addition to the systems previously mentioned, the clinical manifestations triggered by synthetic cannabinoids are also identified at the neuromuscular, neurobiological and metabolic levels, respiratory and renal systems, eyes and mouth [276]. At the neuromuscular level, myoclonus may occur, a manifestation characterized by involuntary, brief and sudden muscle contractions and increased creatine kinase (CPK) enzyme levels, resulting from the destruction of muscle tissue [24,276]. At the metabolic level, it may verify hyperglycaemia) and hyponatremia [280]. Dyspnea and tachypnea can be identified in the respiratory system, and, in the renal system, urine production-related and renal failure-related dysfunctions may occur [282,283]. In the ocular system, mydriasis and weak reaction of the pupils to light exposure may occur, and the consumer may also experience a sense of dry mouth (xerostomia) [24,55]. In addition to the manifestations associated with the nervous system, after consuming synthetic cannabinoids, the consumer may exhibit headaches, irritability, sensitivity to light, cognitive difficulties and anxiety and, at the cardiovascular level, hypertension, palpitations, dysrhythmia and chest pain [38,55,279,280].



The use of these substances, through one or repeated exposures, may trigger an acute psychotic reaction in healthy subjects and lead to effects that mimic symptoms characteristic of a clinical diagnosis of schizophrenia, such as changes in perception, depersonalization, development of a dissociative state, auditory and visual hallucinations, disorganized behaviour and discourse and suicidal ideation [52,54]. These symptoms may manifest more intensely in individuals with an established diagnosis of psychotic pathology [52]. The effects previously mentioned and the synthetic cannabinoids associated can be seen in Table 1.






6. Synthesis of the Available Data


The present work addresses the current knowledge of the therapeutic potential and toxicity of NPS, namely synthetic cathinones and synthetic cannabinoids, the most used according to the EMCCDA.



6.1. Synthetic Cathinone


As stimulants, synthetic cathinones, particularly methcathinone, were medically used to treat depression during the 1930s and 1940s. However, methcathinone was removed as a therapeutic option due to its side effects. Therefore, pharmacological research allowed the medical approval of bupropion for depression and smoking cessation and pyrovalerone for chronic fatigue. Other synthetic cathinones were developed but were removed from the market or did not pass in a clinical trial, such as methcathinone for depression, and amphepramone and metamphepramone for obesity. MDPV was reported as being used illegally by ADHD adolescents. The misuse of these stimulants draws a thin line between prescribed and non-prescribed exposition to the substances. It was a small leap from this to the introduction of synthetic cathinones as recreational substances on the market. This was, probably, the first contemporary step between the therapeutical use and recreational use of psychoactive substances.




6.2. Synthetic Cannabinoids


Synthetic THC medicine (dronabinol) and a synthetic THC analogue (Nabilone) are approved as antiemetic and analgesic medication in the US and Canada. Furthermore, several synthetic cannabinoids are being studied mainly for inflammatory, neurodegenerative and oncological diseases. CP-55,940, HU-308 and AM-841 are under research investigation for inflammatory conditions. Both inflammation reduction and immune system modulation were observed, which are promising results. The NPS research on neurodegenerative diseases is mainly focused on synthetic cannabinoids. Moreover, CP-55,940, JWH-015 and WIN-55,212 have also been studied. Furthermore, JWH-015 showed therapeutical potential by triggering phagocytosis of the β-amyloid peptide by THP-1 macrophages. WIN-55,212 and KM-233 have been extensively studied in cell models of oncological diseases. WIN55,212 showed CB2 receptor-mediated selective anti-myeloma and pro-apoptotic properties, and KM-233 showed therapeutical potential due to its pro-apoptotic and anti-proliferative properties. Interestingly, a nanomicellar formulation of WIN55,212 presented the same anti-myeloma and pro-apoptotic properties as the free form without the secondary psychoactive effects. Fourteen other synthetic cannabinoids are being studied for several other conditions. Although targeting the cannabinoid system seems to be a promising therapeutic approach, cannabis-based drugs interact with receptors other than CB receptors, having unexpected outcomes in clinical studies compared to preclinical trials. Considering the presented studies, it is difficult to make sense of the overall data since different cellular models are used, various parameters are evaluated and, sometimes, contradictory results are obtained even with the same substance and model. Nevertheless, a prevalence in reduced cell viability and apoptosis induction is observed, even in non-carcinogenic cells. Actually, the poor understanding of the endocannabinoid system, namely the mechanism of action of cannabinoids on other receptors besides CB1 and CB2, is hindering this field’s development. Further studies on the less known receptors of the endocannabinoid system are paramount for the therapeutic use of synthetic cannabinoids.




6.3. Final Remarks


Another issue in cannabinoids and cathinones research is their psychoactive nature. This property makes their recreational use desirable, posing a societal challenge to the frame used to control, or not, such substances. Since the 1961 and 1971 UN Conventions, the repressive control imposed by countries seems outdated presently. During the last 50 years, the scientific achievements may allow us to draw another control frame. Accordingly, the control due to health hazards seems to be the most promising framework. The relationship between the costs and benefits posed to pharmacological drugs should be applied to NPS. Simultaneously, education of individuals on the effects of NPS or other chemicals should be included in the educational programs of teenagers and young adults. This new paradigm may change chemical therapeutic research and the NPS trend balance from a razor’s edge to a wider road.
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Table 1. Examples of clinical case, registered in Europe and USA, associated with the consumption of synthetic cannabinoids of the JWH series and respective symptomatology, in various systems. (Adapted from Tournebize et al., 2016).
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Affected System

	




	
Drug of Abuse

	
Nervous

	
Cardiovascular

	
Digestive

	
Respiratory

	
Ocular

	
Country






	
JWH-018

JWH-122

	
Headaches, confusion, visual and auditory hallucinations, irritability

	
Tachycardia

	
Vomiting

	
-

	
Mydriasis and slow reaction to light

	
Italy




	
JWH-018

JWH-073

	
Seizures, anxiety, paranoia

	
Tachycardia and hypertension

	
Abdominal pain, nausea, vomiting

	
Tachypnea

	
Mydriasis

	
USA




	
JWH-018

JWH-081

JWH-250

	
Seizures and confusion

	
Hypertension

	
Vomiting

	
-

	
-

	
USA




	
JWH-018

	
Cognitive impairment, insomnia, depression, twitching, dependency

	
Tachycardia, hypertension, palpitations

	
Nausea, diarrhea

	
-

	
-

	
Germany




	
JWH-210

	
Disturbance, anxiety, panic attacks and sedation

	
Tachycardia, hypertension

	
Vomiting, diarrhea, intense thirst

	
Dyspnea

	
Mydriasis

	
Germany
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