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ABSTRACT: Designer synthetic cannabinoids like JWH-018 and AM2201
have unique clinical toxicity. Cytochrome-P450-mediated metabolism of
each leads to the generation of pharmacologically active (ω)- and (ω-1)-
monohydroxyl metabolites that retain high affinity for cannabinoid type-1
receptors, exhibit Δ9-THC-like effects in rodents, and are conjugated with
glucuronic acid prior to excretion in human urine. Previous studies have not
measured the contribution of the specific (ω-1)-monohydroxyl enantiomers
in human metabolism and toxicity. This study uses a chiral liquid
chromatography−tandem mass spectroscopy approach (LC−MS/MS) to
quantify each specific enantiomer and other nonchiral, human metabolites
of JWH-018 and AM2201 in human urine. The accuracy (average % RE =
18.6) and reproducibility (average CV = 15.8%) of the method resulted in
low-level quantification (average LLQ = 0.99 ng/mL) of each metabolite. Comparisons with a previously validated nonchiral
method showed strong correlation between the two approaches (average r2 = 0.89). Pilot data from human urine samples
demonstrate enantiospecific excretion patterns. The (S)-isomer of the JWH-018-(ω-1)-monohydroxyl metabolite was
predominantly excreted (>87%) in human urine as the glucuronic acid conjugate, whereas the relative abundance of the
corresponding AM2201-(ω-1)-metabolite was low (<5%) and did not demonstrate enantiospecificity (approximate 50:50 ratio of
each enantiomer). The new chiral method provides a comprehensive, targeted metabolomic approach for studying the human
metabolism of JWH-018 and AM2201. Preliminary evaluations of specific enantiomeric contributions support the use of this
approach in future studies designed to understand the pharmacokinetic properties of JWH-018 and/or AM2201.

The human cannabinoid type-1 receptor (CB1R) is the
most abundant G-protein-coupled receptor in the central

nervous system1 and is responsible for the psychotropic effects
of Δ9-tetrahydrocannabinol (Δ9-THC), the primary psycho-
active cannabinoid in cannabis.2−4 Activation of the CB1R has
therapeutic potential for a variety of medical conditions.5−9

However, most synthetic cannabinoid drugs retain undesirable
psychoactive properties and thus have not been approved for
human use.3,10,11 Synthetic cannabinoid abuse has recently
emerged as a significant public health concern,12 and one in
nine high school seniors admit recent use.13 Clinical reports

show that synthetic cannabinoid users exhibit signs of central
nervous system and cardiovascular toxicity including extreme
agitation, hallucinations, and syncope.14−23 Severe cases can
progress to supraventricular tachycardia, generalized seizures,
and death.24−26

The synthetic cannabinoid 1-(pentyl-1H-indol-3-yl)-1-
naphthalenyl-methanone (JWH-018) and the fluorinated analogue
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[1-(5-fluoropentyl)-1H-indol-3-yl]-1-naphthalenyl-methanone
(AM-2201) represent two synthetic cannabinoids contained in
the purported synthetic marijuana products marketed as “K2” or
“Spice”. JWH-018 and AM-2201 were among the most prevalent
synthetic cannabinoids found in the United States from 2010 to
2011. Thus, these cannabinoids are the subject of several recent
analytical, metabolic, and toxicological investigations aimed at
understanding the unique clinical toxicity of these drugs.27−31

Both JWH-018 and AM2201 undergo cytochrome-P450 (CYP)-
mediated oxidation and uridine diphosphate glucuronyltransferase
(UGT) conjugation prior to urinary excretion (Figure 1).32−34

Lung and liver CYP2C9 and CYP1A2 isozymes are responsible for
the generation of the three primary human metabolites of JWH-
018 and AM2201, namely, the (ω)-monohydroxyl, (ω)-carboxyl,

and (ω-1)-monohydroxyl metabolites.32,35,36 UGT1A1, UGT1A3,
UGT1A9, UGT1A10, and UGT2B7 are thought to be
responsible for conjugating each metabolite with glucuronic
acid.37 Full characterization of these metabolic pathways is
important because many synthetic cannabinoid metabolites retain
significant pharmacological activity.29,30,32,38,39 Since the JWH-018
and AM2201 (ω)- and (ω-1)-monohydroxyl metabolites retain
nanomolar affinity for CB1R and exhibit Δ9-THC-like effects in
laboratory animals, the specific enantiomeric contributions of the
chiral (ω-1)-monohydroxyl metabolites should be investigated for
differences in metabolism, potency, and efficacy.
Developing a chiral analytical approach for studying specific

cannabinoid enantiomers is the first step in understanding
the clinical consequences of these chiral metabolites. This

Figure 1. Schematic summary of what is known about the absorption, distribution, metabolism, and excretion of JWH-018 and AM2201, two
synthetic cannabinoids in purported quasi-legal marijuana substitutes commonly branded as “K2” or “Spice”. Parent drugs are absorbed by the lungs
and distributed to the liver via the bloodstream where primary metabolism is thought to take place. Metabolic products are eliminated in urine as
glucuronic acid conjugates.
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report couples solid-phase extraction with a chiral liquid
chromatography−tandem mass spectroscopy (LC−MS/MS)
method to provide a comprehensive, targeted metabolomic
approach for studying JWH-018 and AM2201 metabolism and
toxicity. The new chiral method fully resolves each enantiomer,
achieves low level quantification, is comparable to nonchiral
methods, and meets or exceeds accuracy and precision require-
ments of most clinical and research laboratories. Analysis
of 15 human urine specimens known to contain JWH-018 and
AM2201 metabolites showed metabolic interindividual differ-
ences and demonstrated human enantioselectivity toward (ω-1)-
monohydroxyl metabolite conjugation. Supplemental work
(Supplemental Experimental Section) also validates this approach
in rodent brain, liver, and lung tissue and in commercially
available caprine blood.

■ EXPERIMENTAL SECTION

Reagents and Chemicals. All chemicals used for this study
were of at least reagent grade, and unless otherwise noted,

they were provided by Sigma-Aldrich (St. Louis, MO), Fisher
Scientific (Pittsburgh, PA), Hemostat Laboratories (Dixon, CA),
Phenomenex (Torrance, CA), or Cayman Chemical (Ann Arbor,
MI). Blank, pooled human urine void of synthetic cannabinoid
contamination was provided by the Arkansas Department of
Health Public Health Laboratory. Blank mouse brain, liver, and
lung tissue (Supplemental Experimental Section) were obtained
from the University of Arkansas for Medical Sciences, Depart-
ment of Pharmacology (Little Rock, AR). Absolute configuration
assignments of the (+)-(S) enantiomer of JWH-018-(ω-1)−OH
and the (+)-(R) enantiomer of AM2201-(ω-1)−OH were
determined by the synthesis of each enantiomer through a
common chiral starting material (Supplemental Figure S-1). 1H
NMR conformational studies have been previously published for
the JWH-018 analytical metabolic standards,35,36 and the results
for the new AM2201-(ω-1)−OH metabolic standard are shown
in Supplemental Figure S-2.

Equipment. Solid-phase extraction procedures were opti-
mized for 96-well plate processing but were performed serially

Figure 2. Representative LC−MS/MS chromatograph from a 10 ng/mL quality control sample prepared in pooled human urine. (ω-1)-
Monohydroxylated metabolites are unique biomarkers for each respective cannabinoid (Figure 1). Different color tracings are representative of the
Specific Reaction Monitoring (SRM) experiments used for each specific metabolite. Experimental details are provided in the Experiential Section and
are listed in Table S-1.

Table 1. Summary of Accuracy, Precision, and Quantification Limits in Urinea

urine

quality control high (50 ng/mL) quality control medium (10 ng/mL) quality control low (1 ng/mL)

analyte
concn ± SD
(ng/mL) % CVb % REc

concn ± SD
(ng/mL) % CVb % REc

concn ± SD
(ng/mL) % CVb % REc LLQd

(S)-AM2201-(ω-1)−OH 51.92 ± 4.73 9.1 3.8 9.66 ± 1.56 16.2 3.4 1.26 ± 0.22 17.7 25.9 0.67
(R)-AM2201-(ω-1)−OH 49.27 ± 1.29 2.6 1.5 10.19 ± 1.46 14.4 1.9 1.49 ± 0.36 23.8 49.2 1.07
JWH-018-(ω)−OH 47.75 ± 6.99 14.6 4.5 8.72 ± 1.16 13.3 12.8 1.54 ± 0.28 18.3 54.2 0.85
JWH-018-(ω)-COOH 47.82 ± 4.07 8.5 4.4 9.24 ± 1.93 20.9 7.6 1.52 ± 0.51 33.7 51.5 1.53
(S)-JWH-018-(ω-1)−OH 49.65 ± 3.96 8.0 0.7 9.54 ± 2.00 20.9 4.7 1.45 ± 0.32 22.2 45.2 0.97
(R)-JWH-018-(ω-1)−OH 46.93 ± 6.01 12.8 6.1 8.81 ± 0.59 6.7 12.0 1.45 ± 0.29 20.0 45.2 0.87
aData are based on six single, independent experiments conducted on multiple, nonconsecutive days. b% CV, coefficient of variation, calculated as
[(SD/mean) × 100] at each concentration. c% RE, absolute relative error, calculated as [((expected concentration − calculated concentration)/
expected concentration) × 100] at each concentration. dLLQ, lower limit of quantification, calculated as (3 × SD) of the quality control low for each
analyte.
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on a Gilson Nebula 215 solid-phase extraction system
(Middleton, WI). Samples were analyzed using an Agilent
1200 series quaternary liquid chromatography system (Santa
Clara, CA) that was interfaced with an API-4000 Q-Trap
tandem mass spectrometer (AB SCIEX, Framingham, MA).
Preparation of Analytical Standards and Quality

Control Material. Analytical calibration standards and QC
standards were prepared from a common ethanol stock solu-
tion containing JWH-018 (10 μg/mL), AM2201 (10 μg/mL),
JWH 018 N-pentanoic acid metabolite (10 μg/mL), (+)-(S)-
JWH 018 N-(4-hydroxypentyl) metabolite (10 μg/mL),
(−)-(R)-JWH 018 N-(4-hydroxypentyl) metabolite (10 μg/mL),
JWH 018 N-(5-hydroxypentyl) metabolite (10 μg/mL),
(+)-(R)-AM2201 N-(4-hydroxypentyl) metabolite (10 μg/mL),
and (−)-(S)-AM2201 N-(4-hydroxypentyl) metabolite (10 μg/mL).
A common internal standard stock solution containing
JWH-018-d9 (10 μg/mL), AM2201-d5 (10 μg/mL), JWH 018
N-pentanoic acid metabolite-d4 (10 μg/mL), (±)-(S/R)-JWH
018 N-(4-hydroxypentyl) metabolite-d5 (20 μg/mL), JWH 018

N-(5-hydroxypentyl) metabolite-d5 (10 μg/mL), and (±)-(S/R)-
AM2201 N-(4-hydroxypentyl) metabolite-d5 (20 μg/mL) was
also prepared in ethanol. All analytical and internal standard
solutions were stored at −40 °C until needed.
Urine calibration standards were prepared from a 1 μg/mL

intermediate working standard prepared in pooled, blank
human urine free of synthetic cannabinoid contamination.
Final working urine standards (0.5−100 ng/mL) were prepared
daily by serially diluting the intermediate working standard
with pooled, blank urine. Since no second source of analytical
standards is currently available, quality control (QC) material
was prepared in urine at three concentrations spanning the
calibration range (QCL, QCM, QCH). All QC material was
prepared independent of calibration standards. Protocols for
preparing blood and tissue standards are provided as Supporting
Information (Supplemental Experimental Section).
Prior to sample processing and analysis, the internal standard

was added identically to all analytical standards, QC material,
and unknown samples. The common internal standard stock

Figure 3. Correlation study results for each primary human metabolite of JWH-018 and AM2201 (A−D). Fifteen human urine samples were
selected for this study. Three groups of five were chosen to represent, as described in the Experimental Section: JWH-18-only, AM2201-only, and
combined JWH-018/AM2201 exposure groups. The concentration of each primary human metabolite was determined using previously validated
reverse-phase LC−MS/MS applications35,36 and compared to the results obtained with the chiral application developed for this study. Pearson
correlation coefficients (r2) are inset within each panel.
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solution was diluted with ethanol to yield a final 1 μg/mL
spiking solution that contained all the metabolites of interest.
Solid-Phase Extraction of Standards, Quality Control

Material, and Specimens. Previously optimized reaction
conditions for β-glucuronidase treatment and solid-phase
extraction procedures were used in this study.35,36 All urine
calibration standards, QC material, and unknown samples were
processed identically. Extraction procedures used for supple-
mental studies are provided as Supporting Information
(Supplemental Experimental Section).
Liquid Chromatography−Tandem Mass Spectrometry.

The chiral LC−MS/MS method utilizes a Phenomenex Lux
3 μm Cellulose-3 analytical column (150 mm × 2 mm) heated
to 40 °C. Analytes are resolved using a 20 mM ammonium
bicarbonate/acetonitrile gradient starting at 60% aqueous,
ramping to 5% aqueous over 10 min, and holding constant
for an additional 2 min. The gradient was returned to initial
conditions over 3 min and equilibrated for an additional minute.
The total run time is 16 min, including the column equilibration
period between injections.
Mass spectrometer methods are a modification of a method

previously reported for synthetic cannabinoid analysis.35

Supplemental Table S-1 lists the modified SRM/IDA-EPI
experiment parameters for each analyte. Mass spectra obtained
from EPI experiments of unknown samples were matched to EPI
mass spectra obtained from previous work26,35,36 and calibration
standards to ensure interfering metabolites and other compounds
were resolved. To ensure carryover was not present, matrix-
matched samples containing no calibration standard material
were injected, and ethanol blanks were injected following analysis
of a known high-concentration sample (i.e., high standard, QCH).
Human Subject Study Design. Fifteen human urine

samples collected from individuals testing positive for the
unique (ω-1)-monohydroxyl metabolites of JWH-018 and/or
AM2201 (Figure 1) were selected for pilot testing of the chiral
assay. Three groups (n = 5 samples per group) were defined as
JWH-018-only, AM2201-only, or combined JWH-018/AM2201
exposure groups. Specific biomarkers shown in Figure 1 were
used to establish each exposure group. This study was approved
by the Institutional Review Board of the University of Arkansas
for Medical Sciences (Little Rock, AR).

Statistical Methods. Accuracy and precision were
determined using QC samples prepared during six single,
independent experiments performed over several nonconsecu-
tive days. Accuracy was calculated as the absolute percent
relative error for each of the expected QC concentrations.
Analytical precision was calculated as the % CV for replicate
measurements at the three QC concentrations. The limit of detec-
tion was defined at less than the lowest calibrator (0.5 ng/mL),
and the lower limit of quantitation (LLQ) was calculated as
three times the standard deviation of six replicate analyses of
the low QC standard in each matrix. Correlation studies were
evaluated by calculating Pearson correlation coefficients (r2).

■ RESULTS AND DISCUSSION

JWH-018 is metabolized in humans to form the (ω)-
monohydroxylated, (ω)-carboxylated, and (ω-1)-monohydroxylated
metabolites (Figure 1). AM2201 exposure leads to the forma-
tion of common (ω)-JWH-018 metabolites but also the distinct
(ω-1)-monohydroxylated AM2201 metabolite (Figure 1).35,36

Elucidating these metabolic pathways is important because many
synthetic cannabinoid metabolites retain nanomolar affinity at
CB1Rs and exhibit a range of intrinsic activities.29,30 For example,
the affinities of the (ω)- and (ω-1)-monohydroxylated
metabolites of JWH-018 and AM2201 are similar to Δ9-THC,
where Ki values range between 12 and 35 nM.32 Importantly,
all of these synthetic cannabinoid metabolites are considered
full agonists of the CB1R, whereas Δ9-THC is a partial agonist.
A targeted metabolomic approach that simultaneously measures
each primary metabolite including the enantiomeric (ω-1)-
metabolites is required to facilitate future clinical studies designed
to understand the relationship between drug metabolism and
clinical symptoms documented after JWH-018 and AM2201 use.
This chiral LC−MS/MS approach achieves baseline separa-

tion of all metabolites of interest, including the R and S
enantiomers of the (ω-1)-monohydroxylated metabolites of
JWH-018 and AM2201 in human urine, and resolves isobaric
metabolites and interference (Figure 2 and Supplemental
Figure S-3). The chromatography of standards, QC samples,
and unknown specimens was similar for all matrices evaluated
(Figure 2 and Supplemental Figures S-3 and S-4). Retention
times established for each analyte and isotopically labeled

Table 2. Available Clinical and Demographic Data

specimen age gender clinical symptoms
duration of
effects exposure group

7 27 male agitation, anxiety, confusion, electrolyte abnormality, fever, hallucination, hyperglycemia,
hypertension, mydriasis, pallor, tachycardia, vomiting

>8 <24 h JWH-018

10 48 male fever, seizures, tachycardia unknown
14 unknown male no clinical information unknown
15 unknown unknown no clinical information unknown
57 unknown unknown no clinical information unknown

39 unknown unknown no clinical information unknown AM2201
49 19 male agitation, anxiety, confusion, hallucination, hyperglycemia, hypertension, mydriasis,

tachycardia, tremor
>8 <24 h

59 18 male drowsiness/lethargy, nausea, vomiting <2 h
61 unknown unknown no clinical information unknown
62 unknown unknown no clinical information unknown

25 unknown male agitation, anxiety, hypertension, vomiting unknown JWH-018 + AM2201
28 21 male confusion, diaphoresis, drowsiness/lethargy, hyperglycemia, pallor >2 <8 h
35 18 female confusion, drowsiness/lethargy, hyperglycemia, hypertension, pallor, tachycardia,

vomiting
>2 <8 h

37 unknown unknown no clinical information unknown
53 35 male agitation, anxiety, dyspnea, hallucination, lacrimation, mydriasis, hyperglycemia >2 <8 h
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internal standard remained constant (±0.1 min). Accuracy,
precision, and lower limits of quantification (LLQ) for each
analyte in urine are presented in Table 1. All calibration curves
were linear over the tested analytical range, where r2 values
were ≥0.99. The LLQs for each analyte are comparable to

previous LLQ measurements reported with similar methods
(Table 1 and Tables S-2−S-5),35,36 and mass spectra are consistent
with reference libraries previously reported.35,36

Most analytical applications developed for JWH-018 and
AM2201 rely on reverse-phase applications.35,40,41 To ensure that

Figure 4. Metabolic profiles generated from five human urine samples representing the JWH-018-only exposure group (A−E). Selection criteria for
this exposure group are provided in the Experimental Section. Values represent the relative percentage of each metabolite. Actual calculated values
are provided in Supplemental Table S-6. The relative percentage of S or R enantiomers is provided above the bar representing each corresponding
(ω-1)-monohydroxylated metabolite. The pie chart inset within each panel compares the total relative percentage of free cytochrome P450
metabolites versus the total relative percentage of glucuronic acid conjugates. Percent conjugation was determined as described in the Experimental
Section by measuring metabolite concentrations pre- and post-β-glucuronidase treatment.
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the chiral application does not introduce unknown matrix effects
or other analytical errors, a comparison study was completed. The
results obtained from human urine samples using a previously
described reverse-phase LC−MS/MS method35,36 were com-
pared to results obtained with the new, chiral LC−MS/MS

method (Figure 3). A strong correlation between the two
methods was observed for all analytes (r2 = 0.84−0.96),
demonstrating that both methods are nearly equivalent.
To begin examining the clinical utility of the chiral assay,

analysis was performed on 15 human urine samples positive for

Figure 5. Metabolic profiles generated from five human urine samples representing the AM2201-only exposure group (A−E). Selection criteria for
this exposure group are provided in the Experimental Section. Values represent the relative percentage of each metabolite. Actual calculated values
are provided in Supplemental Table S-6. The relative percentage of S or R enantiomers is provided above the bar representing each corresponding
(ω-1)-monohydroxylated metabolite. The pie chart inset within each panel compares the total relative percentage of free cytochrome P450
metabolites versus the total relative percentage of glucuronic acid conjugates. Percent conjugation was determined as described in the Experimental
Section by measuring metabolite concentrations pre- and post-β-glucuronidase treatment.
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the (ω-1)-monohydroxyl metabolites of JWH-018 and/or
AM2201 (Figure 1). Available demographic and clinical informa-
tion for the JWH-018-only, AM2201-only, or combined
JWH-018/AM2201 exposure groups is provided in Table 2.
Chromatography of clinical samples was similar to quality controls

prepared in blank urine (Figure 2 and Supplemental Figure S-3).
No interfering compounds were detected, and no modifications to
sample preparation procedures were introduced.
One of the most striking findings of this pilot study was

that the glucuronic acid conjugate of the (S) enantiomer of the

Figure 6. Metabolic profiles generated from five human urine samples representing the combined JWH-018/AM2201 exposure group (A−E).
Selection criteria for this exposure group are provided in the Experimental Section. Values represent the relative percentage of each metabolite.
Actual calculated values are provided in Supplemental Table S-6. The relative percentage of S or R enantiomers is provided above the bar
representing each corresponding (ω-1)-monohydroxylated metabolite. The pie chart inset within each panel compares the total relative percentage
of free cytochrome P450 metabolites versus the total relative percentage of glucuronic acid conjugates. Percent conjugation was determined as
described in the Experimental Section by measuring metabolite concentrations pre- and post-β-glucuronidase treatment.
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JWH-018 (ω-1)-monohydroxylated metabolite was almost
exclusively excreted in the JWH-018-only exposure group
(81−95%; Figure 4). In contrast, specific AM2201 (ω-1)-
monohydroxylated enantiomers were not preferentially ex-
creted (Supplemental Table S-6 and Figure 5). It is intriguing
to speculate that UGTs may exhibit stereospecificity toward
chiral synthetic cannabinoid metabolites. The stereospecific
nature of CYPs, UGTs, and drug transporters is well-
known42−46 and may explain the findings with the JWH-018
(ω-1)-monohydroxylated metabolite. Potential clinical implica-
tions of stereospecific metabolism include the increased risk
of toxicity in individuals who preferentially produce the (R)
enantiomer. Larger clinical studies are required to confirm the
preliminary findings and to more closely associate the health
effects with each specific enantiomer.
The relative contributions of chiral and nonchiral metab-

olites were also evaluated in the three exposure groups. The
total metabolite concentration of P450 and UGT products
varied among the three exposure groups (Figures 4−6 and
Supplemental Table S-6). There are several pharmacokinetic
and pharmacodynamic explanations that may account for these
findings, including drug dose, the timing of specimen collection
relative to drug exposure, cytochrome P450 expression, and/or
genetic polymorphisms that would affect metabolism. Other
confounding factors such as concomitant drug exposures may
also influence the results because synthetic cannabinoid
metabolism may be inhibited or induced by other xenobiotics.

■ CONCLUSIONS

The LC−MS/MS method presented provides low levels of
quantification and a high level of accuracy and reproducibility
for all the primary human metabolites of JWH-018 and
AM2201 found in urine, including the chiral metabolites of
each. The accuracy of this method is equivalent to previously
reported methods and provides baseline resolution of each
enantiomer, while resolving isobaric metabolites and interfer-
ences. This is the first study to evaluate the chirality of human
metabolites of JWH-018 and AM2201 in human urine samples
and to suggest potential interindividual metabolic differences,
which may be relevant for understanding the clinical toxicity of
synthetic cannabinoids. The high variability observed in human
metabolic profiles may reflect the genetic polymorphisms and
inhibition or induction of P450s and UGTs. Larger human
studies using the chiral method are needed to elucidate the
pharmacokinetics of these commonly used drugs of abuse and
the relationship of clinical symptoms to drug clearance.
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