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Abstract 15 

N-[(1S)-1-(aminocarbonyl)-2-methylpropyl]-1-(cyclohexylmethyl)-1H-indazole-3-16 

carboxamide (AB-CHMINACA) is a recently introduced synthetic cannabinoid. At present, 17 

no information is available about in vitro or in vivo human metabolism of AB-CHMINACA. 18 

Therefore, biomonitoring studies to screen AB-CHMINACA consumption lack any 19 

information about the potential biomarkers (e.g. metabolites) to target. To bridge this gap, we 20 

investigated the in vitro metabolism of AB-CHMINACA using human liver microsomes 21 

(HLMs). Formation of AB-CHMINACA metabolites was monitored using liquid 22 

chromatography coupled to time-of-flight mass spectrometry. Twenty-six metabolites of AB-23 

CHMINACA were detected including seven mono-hydroxylated and six di-hydroxylated 24 

metabolites and a metabolite resulting from N-dealkylation of AB-CHMINACA, all produced 25 

by cytochrome P450 (CYP) enzymes. Two carboxylated metabolites, likely produced by 26 

amidase enzymes, and five glucuronidated metabolites were also formed. Five mono-27 

hydroxylated and one carboxylated metabolite were likely the major metabolites detected. 28 

The involvement of individual CYPs in the formation of AB-CHMINACA metabolites was 29 

tested using a panel of seven human recombinant CYPs (rCYPs). All the hydroxylated AB-30 

CHMINACA metabolites produced by HLMs were also produced by the rCYPs tested, 31 

among which rCYP3A4 was the most active enzyme. Most of the in vitro metabolites of AB-32 

CHMINACA were also present in urine obtained from an AB-CHMINACA user, therefore 33 

showing the reliability of the results obtained using the in vitro metabolism experiments 34 

conducted to predict AB-CHMINACA in vivo metabolism. The AB-CHMINACA 35 

metabolites to target in biomonitoring studies using urine samples are now reliably identified 36 

and can be used for routine analysis. 37 

 38 

Keywords: AB-CHMINACA, in vitro metabolism, human liver microsomes, LC-QTOF/MS 39 
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Introduction 40 

In recent years, an increasing amount of new psychoactive substances (NPS) has been 41 

released on the drug market. In 2012, the United Nations Office on Drugs and Crime 42 

estimated that more than 340 different NPS were available worldwide. [1] These substances 43 

mimic the effects of regulated drugs of abuse such as cocaine, ecstasy and cannabis but they 44 

are often not controlled by law. Therefore, surveillance programs monitoring the use of law 45 

regulated drugs in the general population likely miss the use of the newly released NPS. Also, 46 

NPS are marketed without any pharmacokinetic, clinical or toxicological information and, as 47 

a consequence, users of these drugs can suffer from severe (and sometimes lethal) side 48 

effects.  49 

The largest class of NPS is probably the group of the synthetic cannabinoids with 105 50 

individual substances currently monitored in the European Union. [2] Many synthetic 51 

cannabinoids (and some of their metabolites) are full or partial agonists of the cannabinoid 52 

type 1 or type 2 receptors. [3-6] Therefore, these synthetic compounds can exert psychotropic 53 

and sedative effects similar to those of the natural psychoactive cannabinoid 9-54 

tetrahydrocannabinol. [7,8] Adverse effects associated with the use of synthetic cannabinoids 55 

include acute psychosis, anxiety, hypertension, agitation, and seizures. [8] However, profound 56 

knowledge about the toxic effects of synthetic cannabinoids in particular is still very limited 57 

and, therefore, requires further research. [8] 58 

Several families of synthetic cannabinoids can be identified according to their 59 

chemical structure. [2] Drugs belonging to the “AB-INACA” family, which appeared on the 60 

market only very recently, share an indazole-carboxamide (INACA) backbone with an extra 61 

amino-methyl-oxobutanyl (AB) group (Fig. 1). [ 9] To the authors knowledge, currently the 62 

“AB-INACA” family includes N-(1-amino-3-methyl-1-oxobutan-2-yl)-1-(4-fluorobenzyl)-63 

1Hindazole-3-carboxamide (AB-FUBINACA), N-(1-amino-3-methyl-1-oxobutan-2-yl)-1-64 
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pentyl-1H-indazole-3-carboxamide (AB-PINACA), 5-fluoro-AB-PINACA, 5-chloro-AB-65 

PINACA [10] and N-[(1S)-1-(aminocarbonyl)-2-methylpropyl]-1-(cyclohexylmethyl)-1H-66 

indazole-3-carboxamide (AB-CHMINACA). AB-PINACA and AB-FUBINACA have been 67 

identified in products sold online in Japan in 2013 [11] and AB-CHMINACA was detected in 68 

postmortem specimens from a multiple drug intoxication in Japan in 2014 [12], suggesting that 69 

the use of drugs belonging to the AB-INACA family is becoming more wide spread. The 70 

Drug Enforcement Administration of the United States of America reports adverse effects  71 

such as seizures, coma, severe agitation, loss of motor control, loss of consciousness, 72 

difficulty breathing, altered mental status, and convulsions that in some cases resulted in 73 

death related with the use of AB-CHMINACA and AB-PINACA. [13] 74 

Very limited information about human metabolism of the drugs belonging to the “AB-75 

INACA” family is presently available. In particular, only two studies investigating the Phase-76 

I metabolism of AB-PINACA and AB-FUBINACA by human liver microsomes (HLMs) 77 

have been published. [14, 15] In these studies, formation of carboxylated and hydroxylated 78 

metabolites of AB-PINACA and AB-FUBINACA were observed. However, Phase-II 79 

metabolism of these two compounds was not investigated. Also, to the authors’ knowledge, 80 

no information about AB-CHMINACA metabolism is currently available.  81 

Information about the drug metabolism in humans is of high importance. Typically 82 

drugs show a medium degree of lipophilicity. [16] Therefore, it is likely that they are poorly 83 

soluble in polar media, like urine, where they can be present in low concentrations, which 84 

make their detection an analytical challenge, therefore increasing the possibilities of false-85 

negative results. In contrast, usually drug metabolism results in the formation of metabolites 86 

which are more hydrophilic than the parent compound and, therefore, are more soluble in 87 

urine and are excreted from the body more readily than their parent compound. As a 88 

consequence, metabolites can be present at higher concentrations than their parent compound 89 



5 
 

in urine. Therefore, knowledge about the structure of the drug metabolites formed in humans 90 

substantially improves the ability to monitor the use of drugs through a selection of the best 91 

available metabolic biomarkers. 92 

The aims of the present study were (i) to elucidate the in vitro metabolic pathway of 93 

the synthetic cannabinoid AB-CHMINACA using human liver microsomes; (ii) to identify 94 

the individual enzymes responsible for the formation of the metabolites; (iii) to determine the 95 

human in vivo AB-CHMINACA metabolites excreted in the urine obtained from an AB-96 

CHMINACA user; and (iv) to compare the human in vitro and in vivo metabolites of AB-97 

CHMINACA detected to identify the most reliable AB-CHMINACA metabolites to use in 98 

biomonitoring studies. 99 

 100 

Materials and methods 101 

Chemicals and reagents 102 

The standard for AB-CHMINACA was obtained from Cayman Chemical Company 103 

(Ann Arbor, Michigan, USA) in neat powder. The standards for theophylline, benzamide, 104 

tramadol, 4-nitrophenol, 2,6-uridine-diphosphate glucuronic acid (UDPGA), alamethicin and 105 

NADPH (all neat, purity >99%) were obtained from Sigma-Aldrich (Diegem, Belgium). 106 

Pooled human liver microsomes (HLMs; mix gender, n=200) were purchased from Tebu-bio 107 

(Boechout, Belgium). Baculovirus-insect cell microsomes containing expressed human CYP 108 

enzyme (CYP1A2, 2B6, 2C9, 2C19, 2D6, 2E1 or 3A4) co-expressed with human CYP 109 

oxidoreductase and human cytochrome b5 were purchased from BD Biosciences 110 

(Erembodegem, Belgium) and Tebu-Bio. Ultrapure water was prepared using a Purelab flex 111 

water system from Elga (Tienen, Belgium). Methanol, acetonitrile and formic acid were 112 

purchased from Merck (Darmstadt, Germany). All organic solvents were HPLC grade or 113 

higher.  114 
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 115 

In vitro metabolism assays 116 

 In vitro metabolism of AB-CHMINACA was investigated using a two tiered 117 

approach. Tier-I experiments investigated the formation of the primary Phase-I (Tier-IA) and 118 

secondary Phase-II (Tier-IB) metabolites of AB-CHMINACA. Tier-II experiments 119 

investigated the formation of the major metabolites of AB-CHMINACA over a range of 120 

incubation times, protein concentrations and substrate concentrations to show that (i) the 121 

same metabolites are consistently formed over a range of different incubation conditions; (ii) 122 

the amount of each metabolite formed depends on incubation time, protein concentration and 123 

substrate concentration (as it should be for a metabolite); and (iii) to rank the metabolites as 124 

major, intermediate and minor in vitro and predict their in vivo ranking.. 125 

In Tier-IA, samples investigating CYP-mediated metabolism of AB-CHMINACA 126 

were prepared mixing 100 mM potassium phosphate buffer (pH 7.4), HLMs (0.5 mg/mL, 127 

final concentration) and AB-CHMINACA (10 µM, final concentration) on ice (final volume: 128 

990 µL). The total concentration of methanol was 1% of the final reaction mixture volume. 129 

After 5-min pre-incubation in a shaking water bath at 37 °C, the reaction was initiated by 130 

addition of 10 µL of NADPH solution (1 mM, final concentration). An extra aliquot of 131 

NADPH was added every hour to keep its concentration saturating. The reaction was stopped 132 

after 3 h by adding 250 µL of an ice-cold acetonitrile solution containing 1% formic acid v/v 133 

and 5.0 µg/mL of theophylline (used as internal standard because it can be ionized in either 134 

ionization polarity). The samples were vortexed for 30 s and centrifuged at 8,000 rpm for 5 135 

min. The supernatant was transferred to a glass tube, evaporated to dryness under a nitrogen 136 

gas stream at 60 °C and resuspended in 200 µL of ultrapure water before transferring it to a 137 

vial for analysis.  138 
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Samples investigating the amidase-mediated metabolism of AB-CHMINACA were 139 

prepared as described above omitting NADPH. Because amidases do not need a cofactor, the 140 

reaction was initiated by addition of HLMs, which were pre-incubated for 5 min at 37 °C 141 

alongside the metabolism samples. Samples investigating 2,6-uridinediphosphate 142 

glucuronosyl transferases (UGTs) mediated metabolism of AB-CHMINACA were prepared 143 

as described above for CYP enzyme samples, but adding a 10 µL aliquot of alamethicin (10 144 

µg/mL, final concentration) dissolved in dimethyl sulfoxide before pre-incubating the 145 

samples. The cofactor was UDPGA instead of NADPH (1 mM, final concentration). An 146 

aliquot of UDPGA was added to the reaction mixture every hour, consistently to NADPH in 147 

the CYP experiments.  148 

In Tier-IB, formation of glucuronidated (Phase-II) metabolites of the Phase I 149 

metabolites produced in the Tier-IA experiments was investigated. Phase I metabolites of 150 

AB-CHMINACA were produced as described in Tier-IA. The reaction was quenched by 151 

keeping the samples on ice for 5 min, followed by centrifugation at 8,000 rpm for 5 min. 152 

Then, 940 µL of the supernatant, containing the fraction of non-metabolized drug and its 153 

metabolites generated by CYP and/or amidase enzymes, was transferred to a new tube 154 

containing a fresh aliquot of pooled HLMs (0.5 mg/mL, final concentration). Alamethicin 155 

and UDPGA were added at the concentrations and time intervals described above for Tier-IA 156 

samples. The incubation time was 3 h and samples were processed as described above.   157 

In Tier-II, formation of AB-CHMINACA metabolites produced by CYP and amidase 158 

enzymes was monitored over a range of incubation times (10-90 min), protein concentrations 159 

(0.2-0.8 mg/mL) and substrate concentrations (1-10 µM). Samples were prepared and 160 

processed as described above in Tier-IA. 161 

Positive and negative control samples for each family of enzymes of interest were 162 

prepared as described above. For CYPs and UGTs, three different negative control samples 163 
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were prepared omitting the enzymes (HLMs), the substrate (AB-CHMINACA) or the 164 

cofactor (NADPH or UDPGA) in the reaction mixture. For amidases, only substrate and 165 

enzyme negative control samples were prepared. Positive control samples were prepared 166 

using tramadol, benzamide and 4-nitrophenol as marker substrates for CYPs, amidases and 167 

UGTs, respectively. [17,18] Formation of N- and O-dealkylated tramadol metabolites,  benzoic 168 

acid and the 4-glucuronidated nitrophenol was monitored. 169 

 The role of individual human CYP enzymes in the formation of AB-CHMINACA 170 

metabolites was investigated using a panel of seven human rCYPs: rCYP1A2, 2B6, 2C9, 171 

2C19, 2D6, 2E1 and 3A4. Reaction mixtures were prepared as described above for the Tier-172 

IA experiment, but using one human rCYP (20 pmol/mL, final concentration) per sample 173 

instead of HLMs. The reaction was allowed to proceed for 60 min. Enzyme negative control 174 

samples were prepared omitting the human rCYP. Samples were processed as described 175 

above.  176 

 177 

Investigation of AB-CHMINACA metabolites in a human urine sample 178 

 A 50 µL aliquot of urine obtained from an AB-CHMINACA user was diluted with 179 

150 µL of acetonitrile and vortexed for 30 s. The sample was then spun at 10,000 rpm for 2 180 

min. The supernatant was then transferred into an HPLC vial for analysis.  181 

 182 

Analytical methods  183 

 The liquid chromatography-quadrupole-time-of-flight mass spectrometry (LC-QTOF-184 

MS) system used consisted of a 1290 Infinity LC (Agilent Technologies, Santa Clara, 185 

California, USA) coupled to a 6530 Accurate-Mass QTOF-MS (Agilent Technologies, Santa 186 

Clara, California, USA). The instrument was operated in the 2 GHz (extended dynamic 187 

range) mode, which provides a FWHM resolution of ca. 4,700 at m/z 118 and ca. 10,000 at 188 
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m/z 922. Chromatographic separation of the AB-CHMINACA metabolites formed in vitro 189 

and present in human urine was achieved using a C8 Zorbax Eclipse Plus column (150 × 2.1 190 

mm, 3.5 µm, Agilent Technologies, Santa Clara, California, USA). The mobile phase 191 

consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. The 192 

column was kept at 30 °C and the gradient program was as follows: 10% B from 0 to 2 min, 193 

then linearly increased to 35% B from 2 to 10 min and from 35% to 85% B from 10 to 35 194 

min followed by 85% B isocratic elution from 35 to 36 min. At 36.1 min, B was decreased to 195 

10% until 43 min for column equilibration. The flow rate and the injection volume were set at 196 

0.18 mL/min and 5 µL, respectively. Formation of benzoic acid (amidase positive control) 197 

was analyzed using the same apparatus and LC column mentioned above. The mobile phases 198 

consisted of (A) water and (B) methanol. The gradient program was as follows:   50% B for 199 

the first 2 minutes followed by linear increase of B from 50 to 80% from 2 to 8 min. At 8.1 200 

min, B was decreased to 50% and kept at 50% until 15 min. The flow and the injection 201 

volume were 0.2 mL/min and 5 µL, respectively. 202 

The QTOF-MS was tuned and calibrated (mass accuracy within ±2 ppm) before each 203 

analysis using a solution containing reference masses (Agilent Technologies, Santa Clara, 204 

California, USA) up to 1,700 mass-to-charge ratio (m/z). Samples were analyzed using 205 

positive and negative electrospray ionization modes (+/-ve ESI), with gas temperature at 300 206 

ºC; gas flow at 8 L/min; nebulizer pressure at 40 psi; sheath gas temperature at 325 ºC; sheath 207 

gas flow at 11 L/min. Capillary and fragmentor voltages were set to 3500 and 90 V, 208 

respectively. The QTOF-MS was set to acquire m/z ranging between 50 and 1,000 amu at a 209 

scan rate of 2.5 spectra per s (400 ms/spectrum). The auto-MS/MS feature was used to obtain 210 

MS/MS spectra of precursor ions, using three different collision energy values (10, 20 and 40 211 

eV). During analysis, the mass accuracy of the QTOF was constantly monitored by 212 
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measuring the reference masses with m/z values of 121.0508 and 922.0097 for positve ESI 213 

mode and of 112.9856 and 966.0007 for negative ESI mode.  214 

 215 

Data analysis 216 

Data were analyzed using a two-strategy approach. First, structures of candidate 217 

metabolites of AB-CHMINACA were predicted using Nexus software (v1.5, Lhasa Limited). 218 

Starting from the chemical structure of the substrate and selecting the species of interest (i.e. 219 

humans) and the families of enzymes that might be involved in AB-CHMINACA 220 

metabolism, the software produces a list of candidate metabolites and their structures. This 221 

list was updated with the structures of additional candidate metabolites predicted by the 222 

authors. The second strategy is based on manual sieving using the Mass Hunter Workstation 223 

software (Agilent Technologies, Santa Clara, California, USA). To identify peaks 224 

representing AB-CHMINACA metabolites and to elucidate the structure of each metabolite 225 

the following criteria were applied: (a) the measured molecular m/z of the precursor ion 226 

should be within 10 ppm of its theoretical value; (b) the measured m/z of the product ions 227 

should be within 25 ppm of its theoretical value; (c) the proposed chemical structure of the 228 

detected metabolite has to be explainable considering the chemical structure of the substrate 229 

and the reactions that the family of enzymes present in the sample analyzed is able to 230 

catalyze; (d) the absence of the candidate metabolite at the same retention time in all the 231 

negative control samples; (e) the retention time of the detected metabolites should not be 232 

higher than that of the parent drug (exceptions to be clearly explained on the basis of the 233 

proposed metabolite structure); and (f) the amount of metabolite formed had to show an 234 

increasing trend over the incubation time, protein concentration and substrate concentration 235 

ranges assessed.  236 
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Tier-II data are presented as response values (calculated as the ratio of the metabolite 237 

and the internal standard peak area) to compensate for the inter-sample variability in the 238 

analysis.  The retention time and precursor ion values as well as MS/MS spectra obtained for 239 

the AB-CHMINACA in vitro metabolites were used to identify its metabolites present in the 240 

urine sample analyzed. 241 

 242 

Results 243 

AB-CHMINACA metabolites produced by amidase enzymes 244 

The MS/MS spectrum of AB-CHMINACA was first investigated (Fig. 2). The ion 245 

value measured at m/z 357.2284 represents the protonated precursor ion of AB-CHMINACA 246 

(mass error of 1.96 ppm; Table S1). Four major product ions at m/z 340.2031, 312.2087, 247 

241.1352 and 145.0401 were observed. The first two product ions resulted from the loss of 248 

the terminal amine and amide group, respectively (mass error 3.23 and 5.45 ppm, 249 

respectively). The last two product ions are the indazole-3-carbaldehyde moiety, with and 250 

without the methyl-cyclohexyl group (mass error 6.64 and 3.45 ppm, respectively). 251 

Two carboxylated metabolites, M20 and M21 (mass error of the precursor ions 1.54 252 

and 2.51 ppm, respectively; Table S1) were detected when AB-CHMINACA was incubated 253 

with HLMs (with or without NADPH). These metabolites were not detected in the negative 254 

control samples for AB-CHMINACA or HLMs. M20 and M21 eluted respectively earlier 255 

(26.7 min) and later (31.3 min) than AB-CHMINACA (28.4 min), suggesting that M20 and 256 

M21 are slightly more and less polar than AB-CHMINACA, respectively. Furthermore, the 257 

amount of M20 and M21 formed showed an increasing trend with increasing incubation 258 

times, protein concentrations and substrate concentrations. M21 was consistently formed in 259 

an amount 10 to 20 folds higher than M20 in all the samples (Fig. 3). These results suggest 260 

that M20 and M21 are metabolites of AB-CHMINACA produced by HLM enzymes that do 261 
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not need NADPH and, therefore, are not CYPs. The structure of M20 and M21 was further 262 

investigated using their MS/MS spectra, which contained m/z 145.0435, 241.1409 and m/z 263 

145.0396, 241.1342 and 312.2075, respectively (Fig. 4). These fragmentation patterns 264 

suggest a large overlap of the chemical structures of AB-CHMINACA, M20 and M21. The 265 

slight difference in fragmentation pattern of M21 and AB-CHMINICA is the presence of the 266 

ion with m/z 312 (exact mass m/z 312.2075), which suggests that the propyl group is still part 267 

of the molecule (Fig. 4A). The structure of product ions with m/z 241.1342 and 145.0396 are 268 

the indazole-3-carbaldehyde moiety with and without the methyl-cyclohexyl group (mass 269 

error 2.49 and 0 ppm, respectively). The precursor mass of M20 (m/z 259.1526) together with 270 

its observed fragmentation pattern suggest that the outer amide group of AB-CHMINACA is 271 

not present in M20 (Fig. 4B). Therefore, M20 and M21 result from the hydrolysis of the inner 272 

and outer amide group, respectively, forming the corresponding carboxylic acids. Because the 273 

carboxylic moiety is slightly less polar than the amide moiety, the proposed structure of M21 274 

is consistent with M21 retention time value being slightly higher than that of AB-275 

CHMINACA (31.3 and 28.5 min, respectively; Table S1). 276 

 277 

AB-CHMINACA metabolites produced by CYP enzymes 278 

Fourteen hydroxylated metabolites were formed incubating AB-CHMINACA with 279 

HLMs and NADPH. Six mono-hydroxylated (M9 to M14) and six di-hydroxylated (M2 to 280 

M7) metabolites as well as two metabolites resulting from AB-CHMINACA N-dealkylation 281 

(M8) and from M8 hydroxylation (M1) were detected. None of these metabolites were 282 

detected in the negative control samples, and their retention times (mono-hydroxylated: 283 

between 17.0 and 24.3 min; di-hydroxylated: between 14.1 and 17.7 min; Table S1) confirm 284 

their higher polarity than AB-CHMINACA. For each of these metabolites, an increasing 285 

amount was formed with an increasing incubation time, protein concentration and substrate 286 
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concentration (Fig. 5, S1 and S2), confirming their metabolic nature. M9, M11 and M13 were 287 

likely the major mono-hydroxylated metabolites and M3 and M4 were the likely major di-288 

hydroxylated metabolites detected (Fig. S1). These results consistently suggest that these 289 

fourteen peaks are metabolites of AB-CHMINACA produced by CYPs only.  290 

The structure of the fourteen hydroxylated metabolites was investigated using their 291 

MS/MS spectra. The fragmentation patterns of the M9-M13 mono-hydroxylated metabolites 292 

of AB-CHMINACA consistently contained the same 6 major product ions (Fig. 6A; m/z error 293 

are reported in Table S1). The product ions at m/z 356.2012 and 328.2061 result from the loss 294 

of the distal amine and amide group, respectively. Also, the product ion at m/z 310.1941 295 

results from the loss of water of m/z 328.2061. The product ions at m/z 257.1314 and 296 

145.0404 are the indazole-3-carbaldehyde moiety with and without the hydroxylated methyl-297 

cyclohexyl chain, respectively. The product ion at m/z 239.1206 resulted from a loss of water 298 

from m/z 257.1314. Altogether, the product ions in MS/MS spectra of M9-M13 consistently 299 

suggest that hydroxylation group occurs in the methyl-cyclohexyl chain. In contrast, the 300 

fragmentation pattern of the mono-hydroxylated metabolite M14 suggests that the hydroxyl 301 

group is not bound to the methyl-cyclohexyl moiety. Compared to the fragmentation pattern 302 

of M9-M13, the product ions at m/z 257.1314, 239.1206, and 310.1941 (Fig. 6A) were not 303 

present in M14 fragmentation spectra (Fig. 6B) while a product ion at m/z 241.1326 was 304 

observed. This result strongly suggests that no hydroxylation of the methyl-cyclohexyl 305 

moiety occurred. The observed product ions at m/z 328.2011 and 356.1964 can be linked with 306 

a hydroxyl group bound to the isopropyl group (Fig. 6B).  307 

The fragmentation patterns of the six di-hydroxylated metabolites of AB-308 

CHMINACA (M2 to M7) consistently contained the same 7 product ions (Fig. 6C). Observed 309 

masses at m/z 372.1920 and 344.1968 are the result of the loss of the terminal amine and 310 

amide groups of the protonated parent ion (m/z 389.2176), respectively. The product ion at 311 
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m/z 326.1869 results from the loss of a molecule of water from m/z 344.1968. The product 312 

ions at m/z 273.1245 and 145.0397 are the indazole-3-carbaldehyde moiety with and without 313 

the di-hydroxylated methyl-cyclohexyl group, respectively. The product ion at m/z 257.1291 314 

and 239.1177 results from a loss of one or two molecules of water, respectively, from m/z 315 

273.1245. The similarity of the fragmentation pattern of the di-hydroxylated metabolites of 316 

AB-CHMINACA with the fragmentation pattern observed for M9-M13 suggests that the two 317 

hydroxyl groups are bound to the methyl-cyclohexyl moiety. 318 

Two extra metabolites of AB-CHMINACA were also identified. The first metabolite 319 

(M8) resulted from the loss of the terminal methyl-cyclohexyl chain (Fig. 7A). The product 320 

ions m/z 244.1082 and 216.1134 result from the loss of the terminal amine and amide group, 321 

respectively, of the protonated precursor ion (m/z 261.1356). Also, the three major product 322 

ions can be explained by the lack of the methyl-cyclohexyl moiety, which suggest a N-323 

dealkylation of AB-CHMINACA. M1 resulted from the hydroxylation of M8 (Fig. 7B). The 324 

product ions at m/z 260.1059 and 232.1156 resulted from the loss of the terminal amine and 325 

amide groups, respectively. Both product ions at m/z 242.0948 and 214.0973 are formed 326 

through the loss of water from m/z 260.1059 and 232.1156, respectively. The absence of the 327 

cyclohexyl moiety in these structures together with the formation of a double bond, suggest 328 

that the hydroxyl group could only be bound to the isopropyl moiety. The product ions at m/z 329 

162.0668 and 145.0421 are the indazole-3carbaldehyde moiety with and without the amide 330 

group, respectively.  331 

 332 

AB-CHMINACA metabolites produced by amidase and CYP enzymes 333 

Five mono-hydroxylated products of M21 (Table S1) were detected (M15 to M19). 334 

None of these metabolites (M15-M19) were observed in the negative controls. The retention 335 

times of M15-M19 (between 19.5 and 23.7 min) suggest a higher polarity than that of AB-336 
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CHMINACA. Increasing incubation time, protein concentration or substrate concentration 337 

resulted in higher amounts of M15-M19 formed, with M15 being likely the major metabolite 338 

(Fig. S3). These results consistently suggest that metabolites M15-M19 are mono-339 

hydroxylated metabolites of AB-CHMINACA involving CYPs activity. Their chemical 340 

structures were further investigated using their MS/MS spectra. The fragmentation pattern of 341 

M15-M19 metabolites contained the same 4 major product ions (Table S1; Fig. 7C). The 342 

product ion at m/z 328.2039 results from the loss of the terminal carboxylic group of the 343 

protonated molecular ion (m/z 374.2084). The product ions at m/z 257.1285 and 145.0384 are 344 

the indazole 3-carbaldehyde with and without the hydroxylated methyl-cyclohexyl moiety. 345 

The product ion at m/z 239.1180 results of a water loss from m/z 257.1285. This 346 

fragmentation pattern consistently suggests that the hydroxyl group of M15-M19 is bound to 347 

the methyl-cyclohexyl moiety. M15-M19 can be formed through hydroxylation of M21 348 

catalyzed by CYPs or through a hydrolysis of M9-M14 catalyzed by amidase. 349 

 350 

AB-CHMINACA metabolites produced by UGT enzymes 351 

 No direct conjugation of AB-CHMINACA with glucuronic acid was observed. 352 

However, the positive control sample resulted in the formation of large amounts of 4-353 

nitrophenol-glucuronide confirming the proper experimental design used (data not shown), 354 

which substantiate the negative results obtained for AB-CHMINACA direct conjugation.  355 

 Glucuronidation of AB-CHMINACA metabolites produced by CYPs and/or amidase 356 

was investigated and resulted in the formation of 5 metabolites: one glucuronidated 357 

metabolite of M20 (M24), two of M21 (M25 and M26), and two of M15-M19 (M22-M23; 358 

table S2). None of these metabolites were detected in the negative control samples. The 359 

retention times of the glucuronidated metabolites were consistently lower than their putative 360 

substrates (M15 to M21), which confirms the higher hydrophilicity of glucuronidated 361 



16 
 

metabolites (Table S2). The structures of M22-M26 were further investigated using their 362 

MS/MS spectra patterns (Fig. S4). A common fragmentation pathway for all the five 363 

glucuronidated metabolites was observed. The two major product ions of M25 and M26 were 364 

at m/z 356.1951 and 175.0252, the former resulting from the loss of the glucuronic acid from 365 

the parent ion and the latter being the typical glucosyl fragment (Fig. S4A). This observed 366 

fragmentation pattern suggests that the glucuronic acid was bound to the carboxylic moiety of 367 

M21. Similarly, M22 and M23 were fragmented into m/z 175.0208 and 372.1836 (Fig. S4B), 368 

which resulted from the same mechanisms explained for M25 and M26. The product ion at 369 

m/z 328.2000 results from the loss of the carboxylic acid from m/z 372.1836. As well, M24 370 

was fragmented into m/z 175.00191 and 257.1285 (Fig. 4C), which resulted from the same 371 

mechanisms explained for M25 and M26 fragmentation pattern. The product ion at m/z 372 

213.1379 is the indazole with the methyl-cyclohexyl moiety, possibly resulting from the loss 373 

of the carboxylic group of m/z 257.1285.  374 

 375 

Positive control samples 376 

 Positive control samples for each family of enzymes of interest were prepared. Both 377 

tramadol metabolites were detected in large amounts in samples containing HLMs, tramadol 378 

and NADPH (mass error 2.96 and 9.59 ppm, respectively) and not in any negative control 379 

sample (data not shown). [17] For amidase, benzoic acid, produced from benzamide, was 380 

detected in samples containing HLM and benzamide (mass error 4.11 ppm) and not in HLM 381 

and substrate negative controls (data not shown). For UGTs, 4-glucuronidated nitrophenol 382 

was detected in samples containing HLMs, 4-nitrophenol, alamethicin and UDPGA (mass 383 

error 5.41 ppm) and not in negative controls (data not shown). Collectively, these results 384 

confirm that the used HLMs contained catalytically active CYP, UGT and amidase enzymes 385 

and that the experiments were properly conducted. 386 
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 387 

Identification of the CYP enzymes involved in AB-CHMINACA in vitro metabolism 388 

 The individual human CYP enzymes involved in the metabolism of AB-CHMINACA 389 

were investigated using a panel of seven human rCYPs (Fig. 8).  Among all the metabolites 390 

of AB-CHMINACA formed in the presence of HLMs and NADPH, only (M1 to M14) were 391 

also detected incubating AB-CHMINACA with the panel of human rCYPs. None of these 392 

metabolites were detected in human rCYP negative control sample. With the exception of 393 

M10, all the other metabolites detected were almost exclusively formed by rCYP3A4. Minor 394 

contributions to the formation of M9 (<20%), M11 (about 10%) and M14 (about 20%) were 395 

cumulatively given by rCYP1A2, 2B6, 2C9, 2C19 and 2D6. Formation of M10 was mainly 396 

catalyzed by rCYP3A4, 2C9 and 2C19 with a minor contribution of CYP2D6 (about 15%). 397 

Metabolites M15-M20 were not detected in the rCYP experiments, suggesting that their 398 

formation requires also enzyme(s) other than CYPs.  399 

 400 

Proposed in vitro metabolism pathway of AB-CHMINACA 401 

 The proposed in vitro metabolism of AB-CHMINACA is presented in Fig. 9. From 402 

AB-CHMINACA six primary mono-hydroxylated (M9-M14) and two deaminated (M20 and 403 

M21) metabolites are produced by CYP and amidase enzymes, respectively. Also, CYP 404 

enzymes catalyze the formation of six di-hydroxylated metabolites (M2-M7) and the 405 

formation of another primary metabolite (M8), which is the result of N-dealkylation of AB-406 

CHMINACA. M8 is then hydroxylated into M1 by CYPs, too. M21 is further metabolized by 407 

CYPs to produce 5 carboxylated/mono-hydroxylated metabolites (M15-M19), two of which 408 

are subsequently glucuronidated by UGTs (formation of M22 and M23). Finally, M20 and 409 

M21 are directly glucuronidated to form one (M24) and two (M25 and M26) metabolites. 410 

 411 
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In vivo AB-CHMINACA metabolites  412 

 Several metabolites of AB-CHMINACA were detected in the urine sample obtained 413 

from a drug user (Fig S5). Two mono-hydroxylated (M9 and M11) and six di-hydroxylated 414 

(M2 to M7) metabolites of ABCHMINACA as well as M8 were detected in the urine sample 415 

analyzed. Also, the carboxylated metabolites resulting from hydrolysis of the amide groups of 416 

AB-CHMINACA (M20 and M21) and two metabolites formed by M21 hydroxylation 417 

catalyzed by CYPs (M15 and M19) were present in the urine sample analyzed. Two 418 

glucuronidated metabolites, resulting from the glucuronidation of M21, were also detected 419 

(M25 and M26). Last, AB-CHMINACA was not detected in the urine sample analyzed. 420 

 421 

Discussion 422 

 This is the first study investigating the human in vitro and in vivo Phase-I and Phase-423 

II metabolism of the synthetic cannabinoid AB-CHMINACA. The major in vitro metabolites 424 

were likely a carboxylic acid (M21) and six mono-hydroxylated metabolites (M9-M14). The 425 

hydrolysis of the two amide groups, likely catalyzed by amidase enzymes, resulted in the 426 

formation of M20 and M21. Since M21 was consistently formed in about ten folds larger 427 

amounts than M20, our data suggest that amidase enzymes preferentially hydrolyze the outer 428 

than the inner amide group of AB-CHMINACA. Five out of the six mono-hydroxylated 429 

metabolites of AB-CHMINACA detected (M9-M13) resulted from the hydroxylation of the 430 

methyl-cyclohexyl moiety and only M14 resulted from hydroxylation of the isopropyl group. 431 

M8, which was formed in lower amounts than M14, resulted from N-dealkylation of AB-432 

CHMINACA. Therefore, the present results suggest that the main mechanism of AB-433 

CHMINACA metabolism by CYP enzymes is a hydroxylation of the methyl-cyclohexyl 434 

moiety. The MS/MS spectra of all six di-hydroxylated metabolites (M2 to M7) and those of 435 

the five metabolites formed by hydroxylation of M21 (M15-M19) consistently provide 436 
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further evidence that the main mechanism of AB-CHMINACA in vitro metabolism is the 437 

hydroxylation of the methyl-cyclohexyl moiety.  438 

 In vitro glucuronidation of primary and secondary metabolites of AB-CHMINACA 439 

occurred by the selective conjugation of the carboxylic acid moiety and not of any of the 440 

hydroxyl groups present in AB-CHMINACA Phase-I metabolites. The specificity of the 441 

glucuronidation is supported by what follows: (i) the metabolites containing a carboxylic acid 442 

moiety (M15-M21) were about half in number compared to those containing one or two 443 

hydroxylated groups and no carboxylic acid moiety (M1-M14); (ii) M21 was formed in lower 444 

amounts than those of the major mono-hydroxylated metabolites (M9-M13), while M15-M20 445 

were formed in lower amounts than those of the mono-hydroxylated (M9-M14) and di-446 

hydroxylated (M2-M7) metabolites; and (iii) although M15-M19 contained both a carboxylic 447 

and a hydroxyl group, only the carboxylic acid moiety was conjugated. Although 448 

glucuronidation can occur at hydroxyl and carboxylic groups [18, 19], some UGT enzymes have 449 

a marked preference for the carboxylic moiety rather than the hydroxyl group [20], which is 450 

consistent with our findings. The lack of standards for M15-M20 and the formation of 451 

glucuronidated metabolites of AB-CHMINACA only in small amounts prevented us to 452 

identify the contribution of individual UGT enzyme(s) in their formation using a panel of 453 

human recombinant UGTs or a combination of antibodies and chemical inhibitors specific for 454 

individual UGTs. Our data also shows that more than one glucuronidated metabolite can be 455 

formed from a substrate with only one site of expected glucuronidation (i.e. formation of 456 

M25 and M26 from M21). This result can be explained by the intramolecular rearrangement 457 

of 1-β-O-acyl glucuronide resulting from the migration of the acyl group to positions C-2, C-458 

3 or C-4 of the carbohydrate moiety. [21] The rate of isomerization is influenced by a number 459 

of parameters, including the structure of the aglycone [21, 22], which can also explain why only 460 

one glucuronidated metabolite was detected from M20. 461 
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 Results obtained incubating AB-CHMINACA with a panel of seven human rCYPs 462 

show that rCYP3A4 has a key role in AB-CHMINACA metabolism. All hydroxylated 463 

metabolites of AB-CHMINACA formed by the rCYPs tested are almost exclusively formed 464 

by CYP3A4. The number, identity and relative amounts of metabolites formed by rCYP3A4 465 

are in good agreement with those obtained in HLM incubations, therefore suggesting that the 466 

key role played by rCYP3A4 among the panel of human rCYPs used is representative of the 467 

CYP3A4 role in AB-CHMINACA metabolism in vitro (i.e. by  HLM) and, possibly, in vivo 468 

in humans. The only partial inconsistency between the human rCYPs and the HLM 469 

incubations is the formation of M5 as major and minor di-hydroxylated metabolite of AB-470 

CHMINACA, respectively. We currently have not a valid explanation for this discrepancy. 471 

Although the metabolism of some synthetic cannabinoid drugs by HLMs has been 472 

investigated, to the authors’ knowledge very limited attention has been paid to determine 473 

which CYP enzymes are involved in their in vitro metabolism. [14, 15, 23-28] Comparison of our 474 

data with those obtained about the JWH-018 in vitro metabolism by human rCYPs shows 475 

striking differences. While CYP3A4 was shown to have a key role in AB-CHMINACA in 476 

vitro metabolism, CYP1A2, 2C9, 2C19 and 2D6 (but not CYP2E1 and CYP3A4) were 477 

involved in the metabolism of JWH-018. [29] These results suggest that the human CYP 478 

enzymes involved in the metabolism of synthetic cannabinoids might differ substantially 479 

from one compound to the other.  480 

 The key role of CYP3A4 in in vitro metabolism of AB-CHMINACA suggests that 481 

(sub)chronic use of AB-CHMINACA could have multiple toxicological implications. 482 

CYP3A4 is the major CYP enzyme representing 30 to 60% of the total CYP content of 483 

human hepatic and intestinal microsomes [30-32], is at least in part responsible for the 484 

metabolism of more than half of the currently marketed pharmaceuticals and is involved in 485 

the metabolism of several hormones. [33, 34] Therefore, more research is necessary to evaluate 486 
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whether (sub)chronic use of AB-CHMINACA could result in toxicological effects due to the 487 

alteration of the metabolism of therapeutic drugs and hormones. 488 

 Comparison of our AB-CHMINACA in vitro metabolism results with those of 489 

structurally related compounds like AB-PINACA, AB-FUBINACA, ADB-FUBINACA and 490 

AKB-48 reveals major overlaps and few differences in the metabolism mechanisms. [14,15,24] 491 

First, hydrolysis of the terminal amide group by amidase is a major metabolic pathway of 492 

AB-CHMINACA, AB-PINACA and AB-FUBINACA. Second, formation of several mono- 493 

and di-hydroxylated metabolites of the non-aromatic terminal ring (AB-CHMINACA and 494 

AKB-48) or of terminal pentyl chain (AB-PINACA) is also a major mechanism. Third, with 495 

the exception of AB-FUBINACA, the indazole ring is not the part of the substrate that is 496 

preferentially metabolized. Fourth, CYP hydroxylation of the carboxylic acid metabolite 497 

likely produced by amidase generates intermediate or minor metabolites. Fifth, formation of 498 

glucuronidated conjugates of primary or secondary metabolites. However, differences in 499 

mechanisms of in vitro metabolism of AB-CHMINACA, AB-PINACA, AB-FUBINACA and 500 

AKB-48 can also be observed. A lack of hydrolysis of the inner and outer amide group in 501 

ADB-FUBINACA, of the inner amide group in AB-PINACA and AB-FUBINACA and of 502 

the only amide group in AKB-48 is in contrast with the formation of M20 from AB-503 

CHMINACA.[14,15,24] Also, glucuronidation of only carboxylated moieties in AB-504 

CHMINACA metabolism is in contrast with glucuronidation of hydroxyl groups observed in 505 

AKB-48 metabolism and is probably due a structural difference with the adamantyl end-506 

group.[24] These results suggest that in vitro metabolism of synthetic cannabinoids is mediated 507 

by the same families of enzymes (i.e. CYPs and UGTs) and produces similar types of 508 

metabolites (i.e. mono- and di-hydroxylated metabolites), but small structural differences can 509 

have some influence on the observed metabolic pathway. The higher number of metabolites 510 

detected in our study and the importance of secondary and tertiary metabolites (including 511 
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glucuronidated metabolites) for biomonitoring drug use in humans (see below) strongly 512 

suggest that QTOF-based analysis is preferable over MS/MS-based analysis in screening the 513 

in vitro drug metabolism. 514 

The majority of the in vitro AB-CHMINACA metabolites detected were also found in 515 

a urine sample collected from an AB-CHMINACA user. First, the same classes of AB-516 

CHMINACA metabolites (i.e. mono- and di-hydroxylated, carboxylated, 517 

carboxylated/hydroxylated and glucuronidated) detected in vitro were also detected in urine. 518 

Second, two out of the three major in vitro mono-hydroxylated metabolites of AB-519 

CHMINACA (M9 and M11) were also detected in urine sample, together with M21, another 520 

major in vitro AB-CHMINACA metabolite. Third, all six di-hydroxylated in vitro 521 

metabolites of AB-CHMINACA (intermediate metabolites) and M15 (the major metabolite 522 

among those resulting from the amidase- and CYP- mediated in vitro metabolism of AB-523 

CHMINACA) were also detected in urine samples. Fourth, the two major in vitro 524 

glucuronidated metabolites of AB-CHMINACA (M25 and M26) were detected in human 525 

urine samples. Seen together these results suggest that (i) the experimental design and the 526 

data acquisition and processing strategy adopted in the present study provides results that are 527 

substantially predictive of the in vivo metabolism of the same drug in humans and (ii) that 528 

characterization at least of secondary Phase-I (i.e. di-hydroxylated) metabolites and, 529 

preferentially, also of Phase-II metabolites is very important when the in vitro metabolites are 530 

also used for drug screening purposes. It is also important to remark that target analysis of 531 

AB-CHMINACA only in the urine sample would have failed in determining the use of such 532 

drug. This result clearly stresses the key importance of in vitro drug metabolism screening 533 

experiments and the elucidation of the structures of the metabolites detected. 534 

In conclusion, this is the first study to characterize the human in vitro and in vivo 535 

metabolism of AB-CHMINACA, a new synthetic cannabinoid. Major in vitro metabolites 536 
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were four mono-hydroxylated metabolites and the carboxylated metabolite resulting from the 537 

hydrolysis of the outer amide group of AB-CHMINACA (M21). Six di-hydroxylated 538 

metabolites, five mono-hydroxylated metabolites of M21 and five glucuronidated metabolites 539 

were also formed. Among the rCYPs tested, rCYP3A4 was the major CYP enzyme involved 540 

in the metabolism of AB-CHMINACA. The proposed in vitro metabolism pathway of AB-541 

CHMINACA is consistent with that described analyzing a human urine sample, suggesting 542 

that the experimental approach used in the present study to characterize the in vitro 543 

metabolism of AB-CHMINACA is substantially predictive of its in vivo metabolism in 544 

humans. 545 
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Fig. 3 Amount of carboxylated metabolites of AB-CHMINACA (M20 and M21) formed as a 669 
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Fig. 4  Fragmentation (MS/MS) spectrum of AB-CHMINACA carboxylated metabolites, 672 

M21 (A) and M20 (B). 673 

Fig. 5 Amount of mono-hydroxylated (M9 to and M14) metabolites of AB-CHMINACA 674 
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Fig. 6 Fragmentation (MS/MS) spectra of mono-hydroxylated (M9-M13, A and M14, B) and 677 

di-hydroxylated (M2 to M7; C) metabolites of AB-CHMINACA formed by CYPs. 678 

Fig. 7 Fragmentation (MS/MS) spectra of minor metabolites of AB-CHMINACA formed by 679 
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Fig. 9 Proposed in vitro metabolism pathway of AB-CHMINACA. 683 


