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Abstract

:

(1-Hexyl-1H-indol-3-yl)-1-naphthalenyl-methanone (JWH-019) is one of the second-generation synthetic cannabinoids which as a group have been associated with severe adverse reactions in humans. Although metabolic activation can be involved in the mechanism of action, the metabolic pathway of JWH-019 has not been fully investigated. In the present study, we aimed to identify the enzymes involved in the metabolism of JWH-019. JWH-019 was incubated with human liver microsomes (HLMs) and recombinant cytochrome P450s (P450s or CYPs). An animal study was also conducted to determine the contribution of the metabolic reaction to the onset of action. Using an ultra-performance liquid chromatography system connected to a single-quadrupole mass detector, we identified 6-OH JWH-019 as the main oxidative metabolite in HLMs supplemented with NADPH. JWH-019 was extensively metabolized to 6-OH JWH-019 in HLMs with the KM and Vmax values of 31.5 µM and 432.0 pmol/min/mg. The relative activity factor method estimated that CYP1A2 is the primary contributor to the metabolic reaction in the human liver. The animal study revealed that JWH-019 had a slower onset of action compared to natural and other synthetic cannabinoids. CYP1A2 mediates the metabolic activation of JWH-019, contributing to the slower onset of its pharmacological action.
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1. Introduction


Marijuana, Cannabis sativa, is one of the most pervasive drugs in the world due to its popularity in both medicinal and recreational use, with a significant increase in consumption being reported in the United States during the 21st century [1]. Synthetic cannabinoids (SCBs) are a large and chemically diverse group of substances. SCBs were initially created as investigatory cannabinoid receptor agonists, which activate central cannabinoid (CB1) and peripheral cannabinoid (CB2) receptors, the same receptors on which the naturally occurring cannabinoids found in marijuana exert their effects [2]. While researchers study the therapeutic potential of SCBs, the use of SCBs has deviated from its original intent, leading to abuse by the general public due to their initial uncontrolled legal status, low cost, ease of availability, difficulty of detection, and pronounced psychoactive effects [3,4,5]. SCBs are known as being natural and safe to consumers; however, they are neither natural nor safe, causing serious adverse reactions, including seizures, nephrotoxicity, and, in some cases, death [6,7,8]. With growing awareness and popularity, the number of SC users reporting adverse events dramatically increased over the last decade [9,10]. Case reports and user experiences indicate there is extreme variability in the pattern, duration, and severity of individual clinical courses following SC use. The continued limited understanding of the basic pharmacokinetic and dynamic specifics of individual SC compounds significantly complicates the clinical management of patients seeking medical attention. Care for these patients is largely symptomatic and supportive as, to this point, no specific antidote or therapy is available that targets SCBs in intoxicated users.



The substance (1-Hexyl-1H-indol-3-yl)-1-naphthalenyl-methanone (JWH-019) is a member of the second generation of SCBs with the molecular formula C25H25NO and a molecular mass of 355.5 [11]. It is one of the cannabinoid receptor agonists from the napthoylindole family that were synthesized during the 1990s and has seen widespread human recreational use in the U.S. since 2010 [12]. This synthetic compound is more potent and addictive than the natural cannabinoids and is associated with concerns of causing severe complications for human health [13]. While significant limitations in clinical testing have hampered clear delineation and complete characterization of toxicity among SCBs, the medical literature does contain several reports of analytically confirmed involvement of JWH-019 in patients experiencing adverse medical consequence. In 2013, there were 29 subjects reporting to the ER with restlessness, hallucination, vertigo, and anxiousness after ingesting SCBs including JWH-019 [14]. In a 2014 report, a twenty-year-old male is described as having driving skill impairment, vestibular disorder, enlarged pupils, and blunt mood during a traffic stop. In this case a toxicology blood sample was taken after 80 min and the result was positive for four SCs including JWH-019 (1.7 ng/mL) [15]. In 2015, a fifty-year-old man is described as losing consciousness while working and died after being transferred to the hospital. In his initial toxicology findings there was no detection of common psychoactive substances or drug of abuse but, three years later, using the same sample on gas chromatography–mass spectrometry urinalyses the reanalysis found the presence of JWH-019 (278 ng/mL) [16]. Additionally, calls to the United States Poison Control Centers involving exposure to SCBs increased from 14 in 2009 to 6968 by year end of 2011. As the significant harms from SCBs became apparent, an initial attempt in the United States to curb the open availability associated with the sale of many SCBs in the early portion of the last decade was the passage of the Synthetic Drug Abuse Prevention Act in June of 2012. This legislation categorized several chemical structure classes of cannabinoids as schedule I substances. Fifteen SCBs were named in the Act and JWH-019 was included among them [17].



Xenobiotics are transformed in the body by phase I and II drug-metabolizing enzymes (DMEs), such as cytochrome P450s (CYPs) and UDP-glucuronosyltransferases (UGTs), respectively [18,19]. CYPs and UGTs are the most important enzymes that catalyze oxidation and glucuronidation of xenobiotics; therefore, it was hypothesized that CYPs and UGTs are the main enzymes contributing to the metabolism of SCBs. They metabolize lipophilic xenobiotics by introducing a hydrophilic functional group [18,19]. The metabolites formed by DMEs are more readily excreted from the body due to increased water solubility. These detoxification enzymes are abundantly expressed in the liver and extrahepatic tissues, playing an important role in systemic and local metabolism of xenobiotics [19,20,21]. Oxidized and glucuronidated SCB metabolites have been identified in the blood and urine of SCB users [22,23], suggesting an involvement of CYPs and UGTs in the clearance of SCBs.



The JWH-019 homolog JWH-018 was identified as one of the earliest compounds detected early in the development of increased SCB recreational use [24]. As such, there has been significantly more investigation into this compound and there are many studies on its metabolic process and enzymes involved in its metabolism. JWH-018 shares a similar structure to JWH-019, with the only difference being the length of the alkyl chain. Currently, the process of metabolism of JWH-019 remains unclear. However, based on the similarity in the structure [25], it was hypothesized that JWH-019 would follow the same metabolic pathway as JWH-018 without supporting evidence. Based on the hypothesis, JWH-019 could undergo oxidation to form hydroxyindole (5-hydroxyindole JWH-019), N-hexanoic acid (JWH-019 COOH) and two monohydroxylated at the N-alkyl chain (5-OH JWH-019 and 6-OH JWH-019) metabolites (Figure 1). According to a recent study that analyzed urine samples from drug users that were positive for JWH-019, three out of four metabolites, 5-OH JWH-019, 6-OH JWH-019, and JWH-019 COOH, have been confirmed [26]. However, it is still unclear which is the primary metabolite or which drug metabolizing enzyme is responsible for the oxidation reaction.



The aim of this study is to identify the main metabolite of JWH-019 and the P450 isoforms that are responsible for the metabolite formation in vitro. We also conducted an animal study to determine the contribution of the metabolic reaction to the onset of action.




2. Results


2.1. Development of a UPLC Method for JWH-019 and Its Metabolites


Currently, four oxidative metabolites of JWH-019 have been suggested, which are 5-OH JWH-019, 6-OH JWH-019, JWH-019 COOH, and 5-hydroxyindole JWH-019. Out of the four postulated metabolites, three, 5-OH JWH-019, 6-OH JWH-019, and JWH-019 COOH, have been previously detected in human urine samples [26]. However, the study was not quantitative. Furthermore, the enzymes that mediate the metabolic reactions of JWH-019 have not been determined to date. The liver is the most important tissue for the metabolism of xenobiotics. Among a number of hepatic detoxification enzymes, CYP is the most abundant and functional enzyme responsible for oxidative metabolism. Therefore, the first aim of this investigation was to identify metabolites of JWH-019 produced in HLMs where CYPs are located.



As a preliminary study, we tested the detection of JWH-019 and its metabolites with positive and negative modes of ionization using incubation mixtures. While the negative mode did not produce any significant peak of any compounds, the positive mode detected JWH-019 and metabolites. The data indicated that the highest sensitivity would be obtained at m/z = 356.47 (potentially JWH-019), 386.45 (potentially JWH-019 COOH), and 372.47 (potentially 5-hydroxyindole JWH-019, 5-OH JWH-019, and 6-OH JWH-019). Using the chemical standard, it was confirmed that the peak of m/z = 356.47 was JWH-019 with the retention time of 7.6 min. Similarly, we confirmed that a peak at the retention time of 5.5 min was 6-OH JWH-019. The retention times of hydroxyindole JWH-019 and 5-OH JWH-019 were 6.5 min and 6.6 min, respectively (Figure 2). Although we believe that JWH-019 COOH will be detected at m/z = 386.45, we were not able to determine the retention time of JWH-019 COOH due to the unavailability of the standard molecule on the market.



To investigate which form of metabolites can be produced by CYPs, JWH-019 (400 µM) was incubated with HLMs for 15 min in the presence and absence of the NADPH regenerating system. A significant peak was observed at 7.6 min regardless of the NADPH regenerating system when the incubated mixture was analyzed at m/z = 356.47, indicating that the substrate was not depleted at all with the 15 min incubation with HLMs (Figure 3A,B). A unique peak was observed at 5.5 min only in a sample that was incubated with NADPH when it was analyzed at m/z = 372.47 (Figure 3C,D), indicating that CYPs are responsible for producing 6-OH JWH-019. The peak size was incubation time dependent, supporting the involvement of enzyme reaction in the production of 6-OH JWH-019 in HLMs. In the same detection setting (m/z = 372.47), another peak was detected at 6.6 min in both incubated mixtures. The peak size, which was much smaller than that of 6-OH JWH-019, was not incubation time dependent, suggesting that a small amount of 5-OH JWH-019 was non-enzymatically produced in HLM regardless of the NADPH regenerating system. There was no peak at 6.5 min when incubation mixtures were analyzed at m/z = 372.47. In addition, there was no significant peak when samples were analyzed at m/z = 386.45 (Figure 3E,F). These data indicate that hydroxyindole JWH-019 or JWH-019 COOH was not produced, or the produced amount was below the limits of detection, in HLMs even with the presence of NADPH.




2.2. Kinetic Analysis of 6-OH JWH-019 Formation in HLMs


After the initial screening, it was determined that HLMs produced 6-OH JWH-019 as a main metabolite of JWH-019 when supplemented with NADPH. To further investigate the enzyme–substrate binding affinity and reaction rate in HLMs, we conducted the enzyme assay at a wide range of substrate concentrations (1–400 µM). The metabolic rate-substrate concentration plots showed a Michaelis–Menten curve (Figure 4). By fitting the data into the Michaelis–Menten equation, the KM and Vmax values were estimated to be 31.5 ± 3.3 µM and 432 ± 40 pmol/min/mg protein.




2.3. Identification of JWH-019-Oxidating Enzymes


CYPs are super-family enzymes. CYP1A2, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -2E1, -2J2, -3A4, and -3A5 have been reported as main CYP isoforms expressed and functional in the human liver [27,28]. To identify the CYP isoforms responsible for the formation of 6-OH JWH-019 in HLMs, we used recombinant CYPs and assessed their respective abilities to metabolize JWH-019 using a substrate concentration of 400 μM. Of all the recombinant proteins that were screened, CYP2J2 showed the greatest activity for the formation of 6-OH JWH-019 at a reaction rate of 8.0 ± 0.3 nmol/min/nmol P450 (Table 1). CYP1A2, -2C19, -2D6, and -3A5 showed moderate activities with their reaction rates of 2.4 ± 0.1, 4.2 ± 0.04, 1.6 ± 0.1, and 2.0 ± 0.1 nmol/min/nmol P450, respectively. While CYP2B6, -2C8, -2C9, and -3A4 showed slight activities of the 6-OH JWN-019 formation, CYP2A6 or CYP2E1 barely showed the activity.



Each CYP isoform is differently expressed in the human liver. While CYP3A4 has been known as the isoform that is dominantly expressed in the liver, other isoforms such as CYP2J2 are hardly expressed in hepatic tissue [27,28]. To quantitatively determine the contribution of each CYP isoform to the formation of 6-OH JWH-019 in HLMs, we employed a relative activity factor (RAF) method. The contribution rate (%) was estimated by considering the enzyme activity of the recombinant enzyme and the relative expression level of each CYP isoform in the human liver. Even though CYP2J2 showed the highest activity in the earlier investigation, it was estimated to be the fifth contributor to the overall metabolic reaction in the liver (Table 1). The enzyme that contributes to the metabolism the most was estimated to be CYP1A2 with the contribution rate of 33.6%. CYP2C19, -2C9, and -3A4 were the second, third, and fourth contributors to the formation of 6-OH JWH-019, respectively, with their contribution rates ranging from 10.9 to 15.8%. While CYP2B6, -2C8, -2D6, and -3A5 made a slight contribution (1.1–6.1%), CYP2A6 and CYP2E1 made almost no contribution due to their lowest enzyme activity.




2.4. Pharmacological Activity of JWH-019


Metabolic reaction usually results in reduction of the pharmacological activity of the substances. However, in rare cases, metabolic activation occurs where metabolites show stronger pharmacological activity, which is evidenced by an enhanced pharmacological activity with increased pretreatment time.



Sprague Dawley rats were administered THC (0.3–3.0 mg/kg, I.P., N = 8), JWH-019 (1.0–30 mg/kg, I.P., N = 8), or JWH-081 (1.0–30 mg/kg, I.P., N = 8). All injections were made 30 min prior to sessions. THC showed the strongest activity with its ED50 values of 0.85 mg/kg (Figure 5). JWH-081 fully substituted for the discriminative stimulus effects produced by 3 mg/kg of THC (ED50 = 4.89 mg/kg). In contrast, JWH-019 only partially substituted for THC when tested 30 min after injection (Emax = 46% at 3 mg/kg). We also tested the pharmacological activity of JWH-019 with a pretreatment time of 60 min. This time, interestingly, JWH-019 fully substituted for the discriminative stimulus effects produced by 3 mg/kg of THC (Emax = 97% and ED50 = 2.7 mg/kg). Prolonged pretreatment time enhanced the pharmacological activity of JWH-019, indicating that an active metabolite was produced in the JWH-019-treated rats.





3. Materials and Methods


3.1. Materials


Cannabinoids used in the study, JWH-019, JWH-081, and Δ9-THC, were obtained from the NIDA Drug Supply Program (Research Triangle Institute, Durham, NC, USA). Oxidative metabolites of JWH-019 were obtained from Cayman Chemical (Ann Arbor, MI). Pooled human liver microsomes (HLMs), recombinant P450s, and NADPH Regenerating System Solutions A and B were purchased from Corning (Corning, NY, USA). Recombinant P450 systems used in the study included the expression of cytochrome b5. Water, methanol, and acetic acid at LC/MS grade were purchased from Thermo Fisher Scientific (Hampton, NH, USA). All other chemicals and reagents used for this study were of at least reagent grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Thermo Fisher Scientific, unless specified otherwise.




3.2. Separation and Detection of JWH-019 and Its Metabolites


The parent compound and its oxidized metabolites were separated and identified by the ACQUITY UPLC System with a QDa single-quadrupole mass detector (Waters, Milford, MA, USA). The mobile phases were 0.1% acetic acid (A) and 100% methanol (B), and the flow rate was 0.5 mL/min with an elution gradient of 100% A (0–0.1 min) and a linear gradient from 100% A to 10% A–90% B (0.1–8.5 min). An ACQUITY UPLC BEH C18 column (130 Å, 1.7 µm, 2.1 mm × 50 mm) was re-equilibrated at initial conditions for 1.5 min between runs. The elution was monitored using the MassLynx software (Waters). Injected standards and samples (10 μL) were analyzed with the QDa detector at a positive mode. The optimized parameters of the QDa interface were: source temperature, 120 °C; vaporizer temperature, 600 °C; drying gas (nitrogen) temperature, 600 °C; cone voltage, 15 V; capillary voltage, 800 mV; Gain 1. JWH-019 and its metabolites 5-hydroxyindole JWH-019, JWH-019 COOH, 5-OH JWH-019, and 6-OH JWH-019 were monitored at their m/z = 356.47 (JWH-019), 386.45 (JWH-019 COOH), and 372.47 (5-hydroxyindole JWH-019, 5-OH JWH-019, and 6-OH JWH-019). The retention times were 7.6 min for JWH-019, 5.5 min for 6-OH JWH-019, 6.5 min for hydroxyindole JWH-019, and 6.6 min for 5-OH JWH-019, respectively.




3.3. Metabolism of JWH-019 in HLMs and Recombinant P450s


The metabolism of JWH-019 was examined by analyzing the activity of HLMs and recombinant human P450 enzymes (CYP1A2, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -2E1, -2J2, -3A4, and -3A5). The substrate (final concentration 1–400 µM) was added to each tube (50 µL) along with protein, water, and buffer (final concentration 0.1 M KPO4, pH 7.4); the reactions were started with the addition of an NADPH-regenerating system (1 mM NADP+, 3 mM glucose 6-phosphate, 3 mM MgCl2; 1 U/mL glucose 6-phosphate dehydrogenase) to ensure the saturation of NADPH, thus enabling cytochrome P450-mediated reactions. As described previously in Jones et al. (2020) [29], we used up to 50 µg of enzyme sources for each incubation tube. We confirmed that we observed the enzyme activity in a protein amount-dependent manner. Controls omitting the substrate, protein, and NADPH were included with each assay. Reactions were incubated at 37 °C for 0–60 min and were terminated by the addition of three-time volume of methanol. Protein and other particulates were precipitated by centrifugation at 12,000× g for 5 min, and the supernatant was subsequently analyzed by the UPLC-QDa system as described above. All reactions were performed in triplicate.




3.4. Kinetic Assay and Data Analysis


Incubation conditions were optimized for time and protein concentration, which is typically 15–30 min of incubation time and 1.0 mg/mL of protein concentration. All reactions were performed within the linear range of metabolite formation. Other than substrate concentrations and incubation times, the reaction mixture composition and analytical methods were identical to those described for the above screening assays. Incubations were carried out with HLMs in the presence of various concentrations of the substrate (1–400 µM) for 15 min at 37 °C.



Kinetic parameters were estimated from fitted curves using a program (http://www.ic50.tk, accessed on 1 July 2021) designed for non-linear regression analysis. The Michaelis–Menten equation,


V = Vmax · [S]/(KM + [S]),








was used to calculate the KM and Vmax values, where V is the velocity of the reaction, S is the substrate concentration, KM is the Michaelis–Menten constant, and Vmax is the maximum velocity. Kinetic constants are reported as the mean ± SD of triplicate experiments. Quantification of 6-OH JWH-019 was performed by comparing the peak height to that of the authentic standard.




3.5. Assessment of the Pharmacological Activity


All procedures were identical, with some modifications, to those in previous methods [30,31]. All procedures were carried out in accordance with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health (NIH). The experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Arkansas for Medical Sciences. The detailed method for the animal study can be found as a supplemental material.



The percentage of drug-appropriate responding was calculated by dividing the total number of responses on the drug-appropriate lever by the total number of responses. Rate of responding was calculated by dividing the total number of responses by the session time (excluding the post-response TO periods) and expressed as percentage of saline (control) rate of responding. These data were shown as mean values (±S.E.M.) for groups of subjects at each drug dose. If subjects were tested repeatedly under a single condition, the data were pooled for an individual subject and then averaged into a group mean.



Full substitution was operationally defined as: (1) 85% or more of the group responses on the drug-appropriate lever and (2) the group mean was significantly different from that of saline. For all analyses, p < 0.05 was considered statistically significant. The statistical significance was assessed by appropriate one-way repeated-measures analyses of variance (ANOVA). A post hoc Bonferroni t test was used for all pairwise comparisons. Dose–effect curves (DECs) for percent drug-appropriate responding were analyzed using standard linear regression techniques, from which ED50 values (50% effective dose for the substitution) with 95% confidence limit (95% Cl) values [32] will be calculated. Only points on the linear part of the ascending portions of the DECs were used. For test substances that did not fully substitute for the training drug, standard ANOVA was conducted to determine whether drug substitution differed from saline controls. The maximal substitution (Emax) was also compared.





4. Discussion


While a few SCB based drug products (dronabinol and nabilone) have obtained U.S. Food and Drug Administration approval for human medicinal use, the number of unapproved SCBs used recreationally has rapidly expanded in popularity, due to their low cost, ease of availability, and difficulty of detection [4,5,33]. Importantly, a significant portion of patients admitted to emergency rooms after use of SCBs are adolescents [34]. However, currently there are limited data to explain the high risk of SCB toxicity in adolescents. Moreover, there is no emergency therapy that can be used to target SCBs in intoxicated users. In order to develop therapeutic treatments for detoxification of SCBs, it is essential to determine whether the metabolic process results in detoxification of SCBs or production of their active metabolite., Additionally, the understanding of SCBs’ toxicokinetic properties is unknown due to the uncontrolled and rapid emergence of SCBs, These knowledge deficits make investigations into their metabolic profiles vital for developing improved risk assessment and prognosis of clinical course following recreational use misadventure.



A previous study extensively investigated the metabolic pathway of JWH-018, finding that at least 13 metabolites were formed in NADPH-supplemented HLMs [35]. One of the major metabolic reactions of JWH-018 was mono-hydroxylation at the naphthalene ring system, the indole moiety, or the alkyl side chain. Carboxylation of the alkyl chain produced carboxylated JWH-018 in HLMs. Meanwhile, in a case of JWH-019, the chemical structure of which is almost identical to that of JWH-018 except for the length of the alkyl chain, 6-OH JWH-019 was identified as the main oxidative metabolite in HLMs. This observation might appear inconsistent with the earlier investigation that detected 5-OH JWH-019 and JWH-019 COOH in urine samples from drug users that were positive for JWH-019 [26]. One explanation for this is a potential involvement of cytosolic enzymes or extrahepatic tissues in the production of 5-OH JWH-019 and JWH-019 COOH. In fact, DMEs including CYPs and carboxylases are widely expressed and functional in various extrahepatic tissues [36,37].



One of the most significant findings in our study was the identification of CYP1A2 as the major contributor to the mono-hydroxylation of JWH-019. The expression of CYP1A2 is highly regulated by an aryl hydrocarbon receptor (AhR), which is a ligand-activated transcription factor. Environmental contaminants such as dioxin, polycyclic aromatic hydrocarbons, and a component of ambient air pollution and cigarette smoke activate the function of AhR [38], causing induction of the CYP1A2 expression. Moreover, CYP1A2 is a polymorphic enzyme. While many of the gene polymorphisms on human CYP1A2 result in reducing its enzyme activity, some genetic mutation can induce the activity [39]. Although increased metabolism might seem helpful, that is not the case if the metabolic reaction produces an active metabolite. As evidenced by our investigation, 6-OH JWH-019 seems to be an active metabolite (Figure 5). Therefore, genetic mutation and/or exposure to AhR-activating environmental contaminants might be an important contributing factor associated with development of JWH-019 toxic reactions in some individuals.



Another interesting observation in our study was the great ability of CYP2J2 to form 6-OH JWH-019 (Figure 4). Due to the lowest expression in the human liver, its contribution to the overall metabolism of JWH-019 in the body was lower (Table 1). However, CYP2J2 is primarily expressed in the cardiovascular system, especially cardiomyocytes and endothelial cells [40,41]. Due to its abundance in the heart, along with the ability to form the active metabolite, CYP2J2 might be involved in an increased susceptibility to cardiac toxicity of JWH-019.



In conclusion, we investigated the CYP-mediated oxidation metabolism of JWH-019 in NADPH-supplemented HLMs. We identified 6-OH JWH-019 as the main oxidative metabolite in contrast to the case of JWH-018, which is metabolized to at least 13 oxidative metabolites in HLMs. The RAF method concluded that CYP1A2 was the highest contributor to the metabolism of JWH-019 in the liver. Prolonged metabolic process resulted in increased pharmacological activity of JWH-019 in our animal study, suggesting that JWH-019 is metabolized to an active metabolite, which is most likely 6-OH JWH-019. Smoking and genetic polymorphisms in the CYP1A2 gene might increase the risk of JWH-019-inducing toxic reactions in individuals.
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Figure 1. Structures of JWH-019 and its potential metabolites. Chemical structures of SCB JWH-019, -018, and -081 (top) and predicted metabolites of JWH-019 (bottom), 5-OH JWH-019, 6-OH JWH-019, 5-hydroxyindole JWH-019, and JWH-019 COOH, are shown. 
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Figure 2. Representative chromatogram of JWH-019 and its main metabolites. Standard solution of JWH-019 and its metabolites was injected to the UPLC-MS system. JWH-019 was detected at m/z = 356.47. 5-OH JWH-019, 6-OH JWH-019, and 5-hydroxyindole JWH-019 were detected at m/z = 372.47. The retention times were 7.6 min for JWH-019, 5.5 min for 6-OH JWH-019, 6.5 min for hydroxyindole JWH-019, and 6.6 min for 5-OH JWH-019, respectively. 
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Figure 3. Incubation of JWH-019 in HLMs with and without NADPH. After the incubation of JWH-019 with (A) and without (B) NADPH, the sample was separated and monitored at m/z = 356.47 to detect the presence of JWH-019. The incubated sample was also monitored at m/z = 372.47 and 386.45 to detect the presence of JWH-019 mono-hydroxy and carboxylated metabolites. A unique peak (6-OH JWH-019) was detected when the parent compound was incubated with NADPH (C) but not when incubated without NADPH (D). JWH-019 COOH was not detected when JWH-019 was incubated with (E) or without (F) NADPH. 
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Figure 4. Steady-state kinetic analysis in HLMs. Kinetic constant of 6-OH JWH-019 formation in HLMs was estimated. The kinetic profile followed classical Michaelis–Menten kinetics with a Vmax value of 432 ± 40 pmol/min/mg and a KM value of 31.5 ± 3.3 µM. 
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Figure 5. Dose–effect curves for substitution of JWH-019 (1.0–30 mg/kg, I.P., N = 8), THC (0.3–3.0 mg/kg, I.P., N = 8), JWH-081 (1.0–30.0 mg/kg, I.P., N = 8), and cannabinoid vehicle (0.9% saline containing 5% ethanol and 5% emulphor, I.P., N = 8) for THC (3 mg/kg, I.P.). All injections were made 30 min prior to sessions, except for JWH-019, which was also tested following 60 min pretreatment (black inverted triangles). JWH-019 dose dependently produced THC-like discriminative-stimulus effects as reflected in dose-dependent increases in % drug responding when administered 30 or 60 min before sessions, but was more potent and effective when injected 60 min before testing. Vertical lines represent S.E.M. unless the S.E.M. is smaller than the size of the symbol. 
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Table 1. Estimated contribution of CYPs to the 6-OH JWH-019 formation in HLMs.
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	Activity (pmol/min/nmol P450)
	Abundance (%)
	Contribution (%)





	CYP1A2
	2359 ± 68
	12.1
	33.0 ± 0.9



	CYP2A6
	25 ± 7
	8.3
	0.25 ± 0.07



	CYP2B6
	395 ± 48
	2.5
	1.14 ± 0.14



	CYP2C8
	1238 ± 17
	5.5
	7.86 ± 0.11



	CYP2C9
	559 ± 17
	16.8
	10.8 ± 0.3



	CYP2C19
	4195 ± 43
	3.2
	15.5 ± 0.2



	CYP2D6
	1637 ± 65
	1.8
	3.40 ± 0.14



	CYP2E1
	2.8 ± 0.6
	14.1
	0.05 ± 0.01



	CYP2J2
	8000 ± 334
	1.16
	10.7 ± 0.4



	CYP3A4
	366 ± 8
	30.5
	12.9 ± 0.3



	CYP3A5
	2014 ± 104
	1.9
	4.41 ± 0.23
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