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BACKGROUND: Despite increasing prevalence of novel
psychoactive substances, no human metabolism data are
currently available, complicating laboratory documenta-
tion of intake in urine samples and assessment of the
drugs’ pharmacodynamic, pharmacokinetic, and toxico-
logical properties. In 2014, THJ-018 and THJ-2201,
synthetic cannabinoid indazole analogs of JWH-018 and
AM-2201, were identified, with the National Forensic
Laboratory Information System containing 220 THJ-
2201 reports. Because of numerous adverse events, the
Drug Enforcement Administration listed THJ-2201 as
Schedule I in January 2015.

METHODS: We used high-resolution mass spectrometry
(HR-MS) (TripleTOF 5600�) to identify optimal me-
tabolite markers after incubating 10 �mol/L THJ-018
and THJ-2201 in human hepatocytes for 3 h. Data were
acquired via full scan and information-dependent acqui-
sition triggered product ion scans with mass defect filter.
In silico metabolite predictions were performed with
MetaSite and compared with metabolites identified in
human hepatocytes.

RESULTS: Thirteen THJ-018 metabolites were detected,
with the major metabolic pathways being hydroxylation
on the N-pentyl chain and further oxidation or glucu-
ronidation. For THJ-2201, 27 metabolites were ob-
served, predominantly oxidative defluorination plus
subsequent carboxylation or glucuronidation, and glucu-
ronidation of hydroxylated metabolites. Dihydrodiol for-
mation on the naphthalene moiety was observed for both
compounds. MetaSite prediction matched well with
THJ-018 hepatocyte metabolites but underestimated
THJ-2201 oxidative defluorination.

CONCLUSIONS: With HR-MS for data acquisition and
processing, we characterized THJ-018 and THJ-2201
metabolism in human hepatocytes and suggest appropri-
ate markers for laboratories to identify THJ-018 and
THJ-2201 intake and link observed adverse events to
these new synthetic cannabinoids.
© 2015 American Association for Clinical Chemistry

Synthetic cannabinoids (SCs) interact with endogenous
cannabinoid receptors and elicit cannabimimetic effects
similar to those of �9-tetrahydrocannabinol (1, 2 ). SC3

abuse causes serious toxicities, including acute kidney
injury, myocardial infarction, and death (3, 4 ). Despite
these health hazards, SC intake persists. Many SCs (e.g.,
JWH018, JWH-073, AKB48, and XLR-11) have been
scheduled in the US, Japan, and most European coun-
tries; however, more structurally diverse compounds con-
tinuously emerge.

Two new SCs, THJ-018 [1-naphthalenyl(1-pentyl-
1H-indazol-3-yl)-methanone] and its 5-fluoro analog,
THJ-2201 [(1-(5-fluoropentyl)-1H-indazol-3-yl)(naph-
thalen-1-yl)methanone] (Fig. 1), were found in the US,
Japan, and Russia in 2014 (5–8 ). The indole core of
JWH-018 and AM2201 is replaced by indazole in THJ-
018 and THJ-2201. The National Forensic Laboratory
Information System has detailed 220 THJ-2201 reports
since January 2014 (7 ). Although no THJ-018 preva-
lence data are available, drug-user forums suggested in-
creasing popularity for both analogs (9 ). In January
2015, THJ-2201 became a Schedule I compound in the
US (7 ); THJ-018 and THJ-2201 were scheduled in Ja-
pan in August 2014 (10 ). Currently, THJ-018 and THJ-
2201 pharmacological data are unavailable; however,
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Fig. 1. THJ-018, m/z 343.1811, extracted ion chromatogram (A) (structure as inset), product ion spectrum (B), and proposed
fragmentation pattern (C). THJ-2201, m/z 361.1716, extracted ion chromatogram (D) (structure as inset), product ion spectrum (E),
and proposed fragmentation pattern (F).
Carbons were numbered for metabolite identification.
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they should possess similar affinity to cannabinoid recep-
tors as JWH-018 and AM-2201 (11 ). Adverse reactions,
such as kidney pains, muscle spasms, and paranoia, were
reported on drug-user forums (9 ).

All investigated SCs undergo extensive metabolism
in humans, with little to no parent compound excreted in
urine (11–13), complicating detection, since metabolites
are initially unknown. Because urine is the most common
matrix in clinical, antidoping, and military drug testing,
characterizing THJ-018 and THJ-2201 metabolism is
essential for developing effective urine screening meth-
ods. THJ-018 and THJ-2201 metabolism is unknown.
However, JWH-018 and AM-2201 metabolism have
been intensively studied (12, 14–16). JWH-018 under-
goes monohydroxylation on the naphthalene, indole,
and pentyl chain, as well as carboxylation (14, 15 ). In
contrast, AM-2201 primarily undergoes oxidative de-
fluorination and subsequent carboxylation (12, 16 ).

We used high-resolution mass spectrometry (HR-
MS) for data acquisition instead of traditional unit–reso-
lution MS. HR-MS facilitates the interpretation of frag-
ment formula, accomplishing all requisite metabolite
identification tasks with improved productivity and
quality (17 ). Traditional unit–resolution MS requires
multiple injections with different acquisition methods to
identify metabolites, and data analysis is more time-
consuming and less reliable because of uncertainty of
fragment formula.

Human hepatocytes were chosen over human liver
microsomes (HLMs) because hepatocytes contain all en-
dogenous drug-metabolizing enzymes and essential co-
factors (18 ). Metabolites identified with human hepato-
cytes can serve as useful markers for identifying novel SCs
(19 ). Recent increases in drug-related emergency visits
have been linked to new novel psychoactive substances
(NPSs) (20 ). Identification of urinary metabolites for
documenting NPS intake is critical for determining the
cause of adverse events.

The objectives of this study were to characterize
THJ-018 and THJ-2201 metabolism, identify optimal
markers to document SC intake, link observed adverse
events to causative substances, and provide reference
standard manufacturers with the most critical metabo-
lites for synthesis efforts.

Materials and Methods

CHEMICALS AND REAGENTS

We purchased THJ-018 and THJ-2201 from Cayman
Chemicals. Cryopreserved human hepatocytes (10-
donor pool), Gro CP buffer, and Krebs-Henseleit buffer
(KHB) were obtained from BioreclamationIVT, and
LC-MS grade water, formic acid, and acetonitrile from
Fisher Scientific.

METABOLIC STABILITY IN HLMs

The metabolic stability assay is shown in Supplemental
Methods and Data, which accompanies the online
version of this article at http://www.clinchem.org/
content/vol62/issue1.

HEPATOCYTE INCUBATION

Cryopreserved human hepatocytes were thawed in a
37 °C water bath, washed twice with Gro CP medium
and KHB, and assessed with Trypan blue (0.4%, vol/vol)
to ensure �80% viability. THJ-018 and THJ-2201 were
dissolved in methanol and diluted in KHB buffer at final
incubation concentrations of 10 �mol/L. Human hepa-
tocytes (0.5 mL; 1.0 � 106 cells/mL) were incubated in a
24-well plate at 37 °C. Reactions were terminated with
500 �L ice-cold acetonitrile after 0 and 3 h, and samples
were stored at �80 °C until analysis. Diclofenac was in-
cubated to ensure hepatocyte metabolic activity by mon-
itoring metabolism to 4�-hydroxydiclofenac and acyl-�-
D-glucuronide diclofenac.

HEPATOCYTE SAMPLE PREPARATION

Hepatocyte samples were thawed, vortex-mixed, and
clarified via centrifugation (15 000g, 4 °C, 5 min). The
supernatant was diluted 1:4 in 0.1% formic acid in water
(mobile phase A), and 25 �L was injected.

CHROMATOGRAPHIC CONDITIONS

The Shimadzu HPLC system consisted of 2 LC-20ADXR

pumps, a DGU-20A3R degasser, a SIL-20ACXR

autosampler, and a CTO-20A column oven. We per-
formed chromatographic separation with a Kinetex™
C18 column (100 � 2.1 mm internal diameter, 2.6 �m)
fitted with a KrudKatcher Ultra HPLC inline filter (0.5
�m � 0.1 mm internal diameter) (Phenomenex). Gra-
dient elution (at a flow rate of 0.3 mL/min) was 10%
of mobile phase B (0.1% formic acid in acetonitrile)
for 2 min, ramping to 95% B at 20 min, holding until
22 min, and reequilibrating at 10% B for 3 min. Col-
umn and autosampler temperatures were 40 and 4 °C,
respectively.

DATA ACQUISITION AND PROCESSING

Data acquisition was performed with Analyst TF (V1.6)
on a 5600� TripleTOF® mass spectrometer (SCIEX).
The MS method consisted of TOF full scan and
information-dependent acquisition (IDA) with positive
electrospray ionization. Source parameters were temper-
ature, 500 °C; ion spray voltage, 5500 V; gas 1, 50 psi;
gas 2, 50 psi; curtain gas, 45 psi; declustering potential,
80 V; and collision energy, 10 eV. For IDA, multiple
mass defect filters (MDFs) and dynamic background
subtraction were used; spectra exceeding 100 cps were
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selected for dependent MS/MS scan; isotopes within 3
Da were excluded; mass tolerance was 50 mDa; and col-
lision energy was set to 35 (15) eV.

We used MetabolitePilot™ (V1.5; SCIEX) with
different algorithms including common product ion,
neutral loss, MDF, predicted biotransformation, and
generic LC peak-finding. LC peak, MS, and MS/MS
intensity thresholds were set at 200, 50, and 25 cps,
respectively. Additional details are shown in online Sup-
plemental Methods and Data.

IN SILICO PREDICTION

MetaSite software (V5; Molecular Discovery) predicts
cytochrome P450 (CYP450) and flavin-containing
monooxygenase catalyzed phase I metabolism. Potential
THJ-018 and THJ-2201 metabolites were predicted and
compared with hepatocyte metabolites. First-generation
metabolites with 100% probability scores were repro-
cessed to obtain second-generation metabolites.

Results

METABOLIC STABILITY IN HLMs

For THJ-018, in vitro half-life (T1/2) was 19.2 (0.11)
min, and in vitro microsomal intrinsic clearance
(CLint, micr) was 0.036 mL � min�1 � mg�1, which was
scaled to whole liver dimensions yielding an intrinsic
clearance (CLint) of 34.2 mL � min�1 � kg�1. Without
considering plasma protein binding and with a simplified
Rowland equation (21 ), we calculated the predicted hu-
man hepatic clearance (CLH) as 12.6 mL � min�1 � kg�1

and an extraction ratio (ER) of 0.63. For THJ-2201, in
vitro T1/2, microsomal CLint, micr, CLint, CLH, and ER
were 10.8 (0.01) min, 0.064 mL � min�1 � mg�1, 60.8
mL � min�1 � kg�1, 15.1 mL � min�1 � kg�1, and 0.75,
respectively.

THJ-018 AND THJ-2201 FRAGMENTATION

Fig. 1, A–C, shows the THJ-018 extracted ion chromato-
gram and its product ion spectrum. The peak fragment
m/z 215.1184 is generated via neutral loss of naphtha-
lene; further cleaving of the pentyl chain yields m/z
145.0401. Fragments m/z 155.0489, 127.0544, and
71.0866 represent the naphthalene acylium ion, naph-
thalene, and pentyl chain, respectively.

As shown in Fig. 1, D–F, THJ-2201 produces major
fragments at m/z 233.1089 and 145.0397, correspond-
ing to the indazole with and without pentyl chain. Neu-
tral loss of hydrogen fluoride from m/z 233.1089 gener-
ates m/z 213.1022. Minor fragments m/z 155.0491 and
69.0715 represent the naphthalene and pentyl chain
without hydrogen fluoride, respectively; m/z 177.0458 is
formed by fluorine rearrangement.

THJ-018 METABOLITES IN HEPATOCYTES

We identified 13 THJ-018 metabolites in hepatocyte
samples (Fig. 2; Table 1). Metabolites were named in the
order of retention time. No reference standards for con-
firmation of the tentative metabolites were commercially
available.

MAJOR THJ-018 METABOLITES

On the basis of peak areas, major metabolites were 5�-
OH-THJ-018 glucuronide (M4), 4�-OH-THJ-018
glucuronide (M3), 4�-carbonyl-THJ-018 (M11), 4�-
OH-THJ-018 (M9), pent-1�-enyl-THJ-018 (M13), and
hydroxylated 4�-OH-THJ-018 (M1). Their product ion
spectra and proposed fragmentation are shown in Fig. 3,
A–E. Product ion spectra of other metabolites are shown
in online Supplemental Fig. 1.

5’-HYDROXYLATION AND FURTHER CARBOXYLATION AND

GLUCURONIDATION

Three 5�-hydroxylation–related metabolites were ob-
served (M8, M7, and M4). M8 shared fragments m/z
155.0480, 145.0399, and 127.0534 with THJ-018; m/z
231.1124 was 15.9940 Da larger than m/z 215.1184 of
THJ-018, suggesting pentyl chain hydroxylation. M8
displayed the same retention time and fragmentation
profile as F26 of THJ-2201, 5�-OH-THJ-018 (Fig. 3J).

M8 carboxylation yielded THJ-018 pentanoic acid
(M7), and glucuronidation formed 5�-OH-THJ-018
glucuronide (M4). M7 and M4 corresponded to THJ-
2201 metabolites F25 and F18 (Fig. 3, H–I), respec-
tively, which were second-generation metabolites of F26.
Neutral loss of HCOOH and presence of m/z 227.0818
and 217.0949 indicated that M7 was a carboxylic acid
(Fig. 3I). In M4, neutral loss of the glucuronide gener-
ated m/z 359.1766 and other fragments were the same
as M8, suggesting that M4 was 5�-OH-THJ-018
glucuronide.

4’-HYDROXYLATION AND FURTHER OXIDATION AND

GLUCURONIDATION

4�-Hydroxylation was another major metabolic pathway,
producing 5 metabolites (M9, M3, M11, M1, and M2).
M9 coeluted with M8 (5�-OH-THJ-018) and shared the
same product ions (Fig. 3C). We propose M9 as 4�-OH-
THJ-018 because �-hydroxylation and �-1-hydroxyl-
ation were usually the primary biotransformations for
drugs with aliphatic side chains and displayed similar
physicochemical properties (22–24). This phenomenon
also was observed for 5�-OH-JWH-018 and 4�-OH-
JWH-018 (11 ). Glucuronidation of M9 forms M3 (4�-
OH-THJ-018 glucuronide) (Fig. 3B), coeluting with
M4 (5�-OH-THJ-018 glucuronide) owing to close
physicochemical properties.

4�-OH-THJ-018 (M9) underwent further dehydro-
genation to 4�-carbonyl-THJ-018 (M11). M11 frag-
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ments m/z 229.0967 and 85.0663 suggested pentyl chain
carbonylation (Fig. 3D). 4�-Carbonylation products also
were major metabolites of drugs with aliphatic side chain
such as 3-n-butylphthalide and sameridine (22, 24 ). Me-
tabolite M1 shared fragments m/z 145.0399, 213.1017,

and 231.1128 with M9 (Fig. 3A), implying pentyl chain
hydroxylation; fragment m/z 171.0450 was 15.9970 Da
greater than m/z 155.0480 of M9, indicating another hy-
droxylation on naphthalene. M1 also underwent carboxyla-
tion to M2, indicated by m/z 229.0973 and 85.0661.

Fig. 2. Metabolic profile (A) and proposed metabolic pathway (B) of THJ-018 after 3-h incubation in human hepatocytes.
Gluc, glucuronide.
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1’-HYDROXYLATION AND FURTHER DEHYDROGENATION,

DEHYDRATION, AND DEALKYLATION

Besides 5�- and 4�-carbons, the heteroatom 1�-carbon
was susceptible to hydroxylation, resulting in M10. Frag-
ments m/z 231.1123, 155.0493, and 145.0398 sug-
gested pentyl chain hydroxylation. In silico prediction
further supported M10 being 1�-OH-THJ-018 (50%
probability score). Subsequent M10 oxidation led to the
N-dealkylation metabolite M5. N-Depentylation was
observed for several SCs, including JWH-018 (25 ),
AM2201 (12 ), and UR-144 (12 ).

M10 also underwent carboxylation, yielding M12
(1�-carbonyl-THJ-018). Fragments m/z 229.0979 and
85.0644 indicated pentyl chain carbonylation. Intense
m/z 273.1017 betrays 1�-carbonylation, in which case
the amido bond cleaves easily (5, 19, 26 ). M13 was the
most lipophilic metabolite, eluting at 16.55 min. Char-
acteristic fragments m/z 213.1024 and 69.0716 sug-

gested pentyl chain dehydrogenation (Fig. 3E). M13 was
probably generated via dehydration of M10, which
agreed well with prediction of pent-1�-enyl-THJ-018
(see online Supplemental Table 1) in terms of largest
logD4 value.

DIHYDRODIOL FORMATION

M6 produced fragments m/z 215.1175 and 145.0399,
implying that the indazole and pentyl chain were un-
changed. Fragment m/z 215.1175 was generated via neu-
tral loss of 162.0692, 34.0068 Da (�2O�2H) larger
than naphthalene, from m/z 377.1867, suggesting dihy-
drodiol formation on naphthalene.

THJ-018 IN SILICO PREDICTION

MetaSite predicted 7 first-generation and 4 second-
generation metabolites. Online Supplemental Table 1
shows predicted metabolites with probability score, bio-

Table 1. Identification of THJ-018 metabolites after 3-h incubation with human hepatocytes.a

ID Metabolic pathway

Retention
time
(min) Mass (m/z)

Mass
error

(ppm) Formula Major product ions MS area Rank

M1 Dihydroxylation 8.98 375.1708 1.2 C23H22N2O3 357, 231, 213, 171,
145

1.52 × 104 7

M2 Carbonylation +
naphthalene
hydroxylation

9.40 373.1559 3.3 C23H20N2O3 229, 145, 85 1.61 × 104 6

M3 Hydroxylation +
glucuronidation

10.81 535.2085 1.8 C29H30N2O8 359, 341, 231, 213,
155, 145

1.65 × 105 2

M4 Hydroxylation +
glucuronidation

10.90 535.2080 1.0 C29H30N2O8 359, 341, 231, 213,
155, 145

5.63 × 105 1

M5 N-Depentylation
(−C5H10)

12.45 273.1007 −5.7 C18H12N2O 145, 117 1.42 × 104 9

M6 Dihydrodiol
formation on
naphthalene

12.50 377.1867 1.9 C23H24N2O3 289, 215, 145 1.27 × 104 11

M7 Carboxylation 12.86 373.1557 2.8 C23H20N2O3 355, 327, 227, 217,
155, 127

8.77 × 103 12

M8 Hydroxylation 13.08 359.1771 4.7 C23H22N2O2 341, 231, 213, 155,
145, 127, 69

7.72 × 103 13

M9 Hydroxylation 13.17 359.1763 2.5 C23H22N2O2 341, 231, 213, 155,
145, 127, 69

7.26 × 104 4

M10 Hydroxylation 13.87 359.1762 2.3 C23H22N2O2 341, 231, 213, 155,
145, 127, 69

1.45 × 104 8

M11 Carbonylation 13.94 357.1603 1.5 C23H20N2O2 229, 155, 145, 127,
85

1.54 × 105 3

M12 Carbonylation 14.57 357.1614 4.6 C23H20N2O2 273, 229, 145, 127,
85

1.29 × 104 10

M13 Dehydrogenation 16.55 341.1670 6.2 C23H20N2O 213, 155, 145, 127,
69

2.24 × 104 5

M0 Parent 17.34 343.1810 1.4 C23H22N2O 215, 155, 145, 127,
117, 71

7.65 × 106

a Product ions are expressed in nominal m/z values because of space limitations.
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transformation, monoisotopic mass, and calculated
logD4. LogD4 for THJ-018 is 6.43. The top 5 predicted
metabolites were 4�-OH-THJ-018, 1�-OH-THJ-018,
N-depentyl-THJ-018, pent-1�-enyl-THJ-018, and
1�-carbonyl-THJ-018.

THJ-2201 METABOLITES IN HEPATOCYTES

Table 2 and Fig. 4 summarize the 27 THJ-2201 metab-
olites identified in hepatocyte samples. THJ-2201 me-
tabolites were labeled “F” (to distinguish from THJ-018)
in order of increasing retention time.

Fig. 3. Product ion spectra and tentative fragmentation patterns for the major metabolites of THJ-018 (A–E) and THJ-2201 (F–J)
after incubation with human hepatocytes.
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Table 2. Identification of THJ-2201 metabolites after 3-h incubation with human hepatocytes.

ID Metabolic pathway

Retention
time
(min)

Mass
(m/z)

Mass
error

(ppm) Formula Major product ions MS area Rank

F1 Oxidative defluorination +
hydroxylation + glucuronidation

8.05 551.2017 −1.2 C29H30N2O9 375, 357, 231, 213, 145 2.88 × 104 15

F2 Oxidative defluorination to COOH +
naphthalene hydroxylation

8.45 389.1505 2.4 C23H20N2O4 371, 343, 227, 217, 171,
161, 145

2.36 × 104 19

F3 Oxidative defluorination +
hydroxylation + glucuronidation

8.63 551.2039 2.7 C29H30N2O9 375, 231, 213, 145 2.64 × 104 17

F4 Oxidative defluorination +
hydroxylation + glucuronidation

8.73 551.2058 6.1 C29H30N2O9 375, 357, 231, 213 1.65 × 104 22

F5 Oxidative defluorination to COOH +
naphthalene hydroxylation

8.98 389.1502 1.6 C23H20N2O4 371, 343, 245, 227, 217,
171, 145

1.10 × 105 7

F6 Oxidative defluorination to COOH +
dihydrodiol formation on
naphthalene

8.99 407.1597 −1.1 C23H22N2O5 389, 371, 343, 245, 227,
217, 171, 145, 143

9.72 × 103 26

F7 Oxidative defluorination +
naphthalene hydroxylation

9.02 375.1709 1.5 C23H22N2O3 357, 231, 213, 175, 171,
145, 69

6.65 × 104 11

F8 Oxidative defluorination +
dihydrodiol formation on
naphthalene

9.02 393.1808 −0.2 C23H24N2O4 375, 357, 231, 213, 175,
171, 145

5.16 × 104 13

F9 Oxidative defluorination +
naphthalene dihydroxylation +
glucuronidation

9.32 567.1968 −0.8 C29H30N2O10 391, 373, 231, 213, 187,
145

2.27 × 104 20

F10 Oxidative defluorination to COOH +
naphthalene hydroxylation

9.38 389.1475 −5.4 C23H20N2O4 371, 343, 245, 227, 217,
171, 145

9.01 × 103 27

F11 Oxidative defluorination +
hydroxylation + glucuronidation

9.59 551.2024 0.1 C29H30N2O9 375, 357, 231, 213, 171,
145

2.68 × 104 16

F12 Oxidative defluorination +
naphthalene dihydroxylation +
glucuronidation

9.61 567.1948 −4.4 C29H30N2O10 391, 231, 213, 145 2.64 × 104 18

F13 Naphthalene hydroxylation 10.02 377.1667 2.0 C23H21N2O2F 289, 233, 213, 177, 145,
69

7.6 × 104 9

F14 Naphthalene hydroxylation +
glucuronidation

10.20 553.1987 1.2 C29H29N2O8F 377, 359, 233, 213, 177,
145

2.09 × 105 4

F15 Hydroxylation + glucuronidation 10.71 553.1990 1.8 C29H29N2O8F 377, 359, 249, 231, 155,
145

7.05 × 104 10

F16 N-Oxide + glucuronidation 10.86 553.1973 −1.4 C29H29N2O8F 377, 359, 249, 233, 213,
177, 145

1.27 × 105 5

F17 Naphthalene dihydroxylation +
glucuronidation

10.91 569.1903 −4.7 C29H29N2O9F 393, 233, 213, 177, 145,
69

1.62 × 104 23

F18 Oxidative defluorination +
glucuronidation

10.94 535.2078 0.5 C29H30N2O8 359, 341, 231, 213, 175,
155, 145

2.53 × 106 1

F19 Naphthalene hydroxylation +
glucuronidation

11.12 553.1977 −0.7 C29H29N2O8F 377, 233, 213, 145 1.10 × 105 6

F20 Naphthalene dihydroxylation +
glucuronidation

11.12 569.1918 −2.1 C29H29N2O9F 393, 233, 213, 145, 69 7.84 × 104 8

F21 Dihydrodiol formation on
naphthalene

11.16 395.1747 −4.7 C23H23N2O3F 377, 289, 233, 213, 177,
145, 69

1.23 × 104 24

F22 N-Oxide 11.20 377.1661 0.4 C23H21N2O2F 289, 249, 233, 213, 177,
145, 161, 145

1.82 × 104 21

F23 Naphthalene dihydroxylation +
glucuronidation

11.27 569.1932 0.4 C29H29N2O9F 393, 233, 213, 177, 145 3.01 × 104 14

F24 N-Dealkylation (−C5H9F) 12.43 273.1017 −1.9 C18H12N2O 145, 117, 90 5.67 × 104 12

F25 Oxidative defluorination to COOH 12.86 373.1542 −1.4 C23H20N2O3 355, 327, 245, 227, 217,
155, 145, 127

3.85 × 105 3

F26 Oxidative defluorination 13.08 359.1747 −1.9 C23H22N2O2 341, 231, 213, 185, 175,
155, 145, 127

5.40 × 105 2

F27 Hydroxylation 13.31 377.1673 3.4 C23H21N2O2F 359, 249, 231, 177, 155,
145, 127

1.14 × 104 25

F0 Parent 15.73 361.1709 −0.4 C23H21N2OF 233, 213, 185, 177, 155,
145, 69

2.16 × 106
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Fig. 4. Metabolic profile (A) and proposed metabolic pathway (B) of THJ-2201 after 3-h incubation in human hepatocytes.
Gluc, glucuronide.
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MAJOR THJ-2201 METABOLITES

On the basis of peak areas, primary metabolites were
5�-OH-THJ-018 glucuronide (F18), 5�-OH-THJ-018
(F26), THJ-018 pentanoic acid (F25), and glucuronides
of monooxide (F14, F16, and F19). Their product ion
spectra and fragmentation are shown in Fig. 3, F–J. Prod-
uct ion spectra of other metabolites are shown in online
Supplemental Fig. 2.

OXIDATIVE DEFLUORINATION AND FURTHER OXIDATION AND

GLUCURONIDATION

For F26, precursor m/z 359.1745 and fragment m/z
231.1119 were 1.9971 Da (�F�OH) less than corre-
sponding THJ-2201 ions (Fig. 3J), implying oxidative
defluorination. Other F26 fragments m/z 213.1016,
155.0483, and 145.0391 suggested that indazole and
naphthalene moieties were unmodified. Tentatively, F26
was proposed as 5�-OH-THJ-018. F26 was further
glucuronidated to 5�-OH-THJ-018 glucuronide (F18),
whose intense fragment m/z 359.1761 was formed via
loss of glucuronide, with other fragments the same as F26
(Fig. 3H).

F26 (5�-OH-THJ-018) underwent naphthalene
hydroxylation, yielding F7, indicated by fragments
m/z 231.1128, 213.1019, 175.0466, 171.0437, and
145.0384. F7 and its isomers, which were not identified
themselves, were further glucuronidated to yield F1/F3/
F4/F11. These conjugates yielded similar product ion
spectra and displayed m/z 375.1698 via loss of glucuro-
nide. Other fragments remained the same as F7. Addi-
tionally, F7 could undergo another hydroxylation on
naphthalene and glucuronidation yielding F9/F12,
which shared fragments m/z 231.1126, 213.1021, and
145.0405 with F7. Neutral glucuronide losses from F9/
F12 led to m/z 391.1655, 15.9946 Da larger than m/z
375.1709 of F7, indicating F9/F12 being glucuronides of
hydroxylated F7.

Carboxylation of F26 (5�-OH-THJ-018) yielded
THJ-018 pentanoic acid (F25), displaying the same
retention time and fragment profile as M7 of THJ-018
(Fig. 3I). Further hydroxylation of F25 generated F2/
F5/F10. Characteristic carboxylic acid ions, m/z
227.0806 and 217.0971, were observed; in addition,
their fragment m/z 171.0434 indicated naphthalene
hydroxylation.

Dihydrodiol metabolites of 5�-OH-THJ-018 (F26)
and THJ-018 pentanoic acid (F25), namely F8 and F6,
were detected. F8 shared fragments m/z 231.1125,
213.1018, and 145.0394 with F26; its fragment m/z
231.1125 was generated by characteristic neutral loss of
162.0683 Da, corresponding to naphthalene dihydro-
diol as described for M6. This particular neutral loss also
was observed for F6.

1’-HYDROXYLATION AND FURTHER GLUCURONIDATION AND

DEALKYLATION

Similar to THJ-018, 1�-hydroxylation also was observed
for THJ-2201 (F27). Its fragments m/z 155.0488 and
145.0393 were the same as for THJ-2201; m/z 249.1031
was 15.9942 Da more than m/z 233.1089 of THJ-2201,
indicating pentyl chain hydroxylation. MetaSite pre-
dicted 1�-OH-THJ-2201 with a 100% probability score.
We tentatively assigned F27 as 1�-OH-THJ-2201. Fur-
ther glucuronidation yielded 1�-OH-THJ-2201 glu-
curonide (F15). N-Dealkylation metabolite F24 was
equivalent to M5 in terms of the same retention time and
product ion spectrum.

NAPHTHALENE HYDROXYLATION AND FURTHER

GLUCURONIDATION

Naphthalene hydroxylation formed F13. Its fragments
m/z 233.1082, 213.1015, 177.0445, 145.0393, and
69.0725 were the same as for THJ-2201; m/z 289.0947
suggested naphthalene hydroxylation. Neutral loss of
glucuronide from F14/F19 generated m/z 377.1655
(Fig. 3F); fragments m/z 233.1086, 213.1021, and
145.0383 were the same as F13. Thus, F14/F19 were
proposed as F13 glucuronides. F13 could undergo a sec-
ond naphthalene hydroxylation and further glucuronida-
tion, yielding F17/F20/F23, indicated by fragments
m/z 393.1617, 233.1084, 213.1021, 177.0434, and
145.0396.

N-OXIDE AND FURTHER GLUCURONIDATION

We observed N-oxide of THJ-2201 (F22) followed by
glucuronidation. F22 shared fragments m/z 233.1079,
213.1018, 177.0444, and 145.0397 with THJ-2201, in-
dicating 5-fluoropentyl chain and indazole unmodified.
However, fragments m/z 249.1026 and 161.0338 were
15.9947 Da more than m/z 233.1079 and 145.0397,
respectively, pointing to indazole monooxidation. F22
was probably an N-oxide rather than a hydroxylated me-
tabolite, under which circumstance it is unlikely to yield
high abundance of m/z 249.1026 and 233.1079 simul-
taneously. Generally, neutral loss of H2O, rather than O,
is observed between fragment ions of hydroxylated me-
tabolites, whereas loss of O or OH radical is common for
N-oxides during fragmentation (27–29).

F16 is probably F22 glucuronide, since it also
showed concurrent appearance of m/z 249.1032 and
233.1080. Although unusual, N-oxide glucuronidation
is important in the metabolism of some xenobiotics, e.g.,
the antidepressant vortioxetine (28 ) and anticonvulsants
GI265080 and GW273293 (30 ).

DIHYDRODIOL FORMATION

The naphthalene dihydrodiol metabolite of THJ-2201
(F21) shares fragments m/z 233.1079, 213.1016,
177.0458, and 145.0395 with THJ-2201; m/z 233.1079
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was generated by a particular 162.0685 Da neutral loss,
corresponding to naphthalene dihydrodiol.

THJ-2201 IN SILICO PREDICTION

MetaSite predicted 8 first-generation metabolites and 7
second-generation metabolites. Online Supplemental
Table 1 details predicted metabolites. The logD4 value of
THJ-2201 is 5.96. The top 4 predicted metabolites were
N-depentyl-THJ-018, 1�-OH-THJ-2201, 1�-carbonyl-
THJ-2201, and pent-1�-enyl-THJ-2201.

Discussion

HLM METABOLIC STABILITY

In vitro T1/2 and CLint estimate a drug’s susceptibility to
metabolism and facilitate in vivo CLH, in vivo T1/2, and
bioavailability prediction (21 ). THJ-018 and THJ-2201
CLint and ER indicate that they are intermediate- and
fast-metabolizing drugs, respectively (31, 32 ). T1/2 and
CLint are useful for future predictions of human pharma-
cokinetics once plasma protein binding and volume of
distribution are determined.

IN SILICO PREDICTIONS

In silico prediction assists metabolite identification with-
out reference standards. MetaSite mainly focuses on
CYP450-catalyzed metabolism and does not simulate re-
actions mediated by non-CYP450 oxidases such as alde-
hyde oxidase (33 ). Despite this limitation, predicted
THJ-018 metabolites are in good agreement with hepa-
tocyte metabolites: all top 5 predicted metabolites were
detected. However, the overall performance of MetaSite
was not as accurate for THJ-2201 as for THJ-018 be-
cause of strong underestimation on oxidative defluorina-
tion (14.1% probability score), probably because the re-
action was not catalyzed by CYP450.

THJ-018 AND THJ-2201 METABOLISM COMPARED WITH

JWH-018 AND AM-2201

THJ-018 is metabolized similarly to JWH-018. Pentyl
chain hydroxylation and further glucuronidation, car-
boxylation, and naphthalene dihydrodiol formation were
detected for both (11, 14 ). However, susceptibility to
metabolism was different for indole (JWH-018) and in-
dazole (THJ-018) rings. For JWH-018, several indole-
hydroxylated metabolites were identified (11 ), whereas
for THJ-018, we did not detect any indazole-
hydroxylated metabolite. This might be attributed to
electron cloud distribution differences between indole
and indazole rings. Likewise, no indazole-hydroxylated
metabolites were observed for AKB-48 and AB-PINACA
(19, 34 ). Both AM-2201 and THJ-2201 underwent ox-
idative defluorination with subsequent carboxylation and
glucuronidation (11, 16 ). Surprisingly, an uncommon
pathway was observed for THJ-2201, i.e., glucuronida-

tion after N-oxidation (F16). N-Oxide glucuronidation
is rare, with only sporadic reports (28, 30 ). To date, this
reaction was not reported for any other SC.

THJ-018 AND THJ-2201 SHARED METABOLITES

Coeluting isomers are difficult to distinguish. For THJ-
018, we detected isomers M8 (5�-OH-THJ-018) and
M9 (4�-OH-THJ-018) as well as M4 (5�-OH-THJ-018
glucuronide) and M3 (4�-OH-THJ-018 glucuronide).
However, for THJ-2201, we detected F26 (5�-OH-THJ-
018) and F18 (5�-OH-THJ-018 glucuronide) only after
oxidative defluorination. Oxidative defluorination also
was the primary metabolic pathway for fluorinated SC,
such as AM-2201 (16 ), 5F-AB-PINACA (19 ), XLR-11
(35 ), and 5F-PB-22 (36 ), and it dominated THJ-2201
metabolism. F26 and F18 have retention times and spec-
tra identical to those of M8 and M4, respectively. There-
fore, M8 and M4 were assigned as 5�-OH-THJ-018 and
5�-OH-THJ-018 glucuronide, respectively; then M9
and M3 were proposed as 4�-OH-THJ-018 and 4�-OH-
THJ-018 glucuronide.

After oxidative defluorination, THJ-2201 produced
several THJ-018 metabolites. Further carboxylation and
glucuronidation led to the same metabolites, namely,
F25/M7 and F18/M4.

SPECIFIC MARKERS FOR DOCUMENTING THJ-018 AND

THJ-2201 INTAKE

As discussed above, unambiguous identification of THJ-
018 or THJ-2201 consumption cannot be achieved by
monitoring 5�-OH-THJ-018, THJ-018 pentanoic acid,
and 5�-OH-THJ-018 glucuronide. It may be essential
for legal purposes to identify which substance is con-
sumed because of different legal statuses. Metabolites
containing fluoropentyl chain should be used to distin-
guish THJ-2201 from THJ-018 intake. To verify con-
sumption of THJ-018 or THJ-2201 or both, 5�-OH-
THJ-018 (M8/F26) and THJ-018 pentanoic acid (M7/
F25) should be observed at high abundance. On the basis
of our hepatocyte study, specific markers for THJ-2201
consumption include naphthalene hydroxylated THJ-
2201 (F13), N-oxide THJ-2201 (F22), and 1�-OH-
THJ-2201 (F27). Unique markers for THJ-018
consumption include 4�-OH-THJ-018 (M9), 4�-
carbonyl-THJ-018 (M11), pent-1�-enyl-THJ-018
(M13), and 1�-OH-THJ-018 (M10). Of note, 4�-OH-
THJ-018 (THJ-018 specific) and 5�-OH-THJ-018
(shared) possessed similar physicochemical properties,
making complete chromatographic separation challeng-
ing. However, chromatographic resolution of these 2
THJ-018 hydroxypentyl isomers might be important
for distinguishing THJ-018 and THJ-2201 intake,
similar to observations for JWH-018 and AM-2201
(14, 16, 37 ). THJ-2201 produced abundant 5�-OH-
THJ-018 and no 4�-OH-THJ-018, whereas THJ-018
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produced comparable amounts of 4�-OH-THJ-018 and
5�-OH-THJ-018. Distinguishing THJ-2201 intake
from THJ-018 can be accomplished by simultaneous
screening of metabolites retaining fluorine or via ratios of
4�-OH-THJ-018 and 5�-OH-THJ-018.

Urine is the most common drug detection matrix
because of adequate sample volume and high drug con-
centrations compared with blood; hence the importance
of identifying urinary metabolites as targets. When ex-
trapolating from hepatocytes to urine, some factors,
such as extrahepatic metabolism, transporters, and
metabolites’ enrichment in urine, may affect the rela-
tive abundance of urinary metabolites, and thus, selec-
tion of identifying markers. Extrahepatic formation of
glucuronide- and sulfate-acetaminophen in anhepatic
model rats accounted for about 28% of metabolites
formed in normal control rats (38 ). Selective hepatic up-
take of different metabolites by transporter organic
anion-transporting polypeptide 2B1 led to unique uri-
nary distribution of scutellarin metabolites (39 ). Urinary
metabolite abundance profiles may not represent the he-
patic metabolic scenario if feces is the major excretion
route instead of urine (40 ). For these reasons, it would be
preferable to obtain authentic THJ-018 and THJ-2201
urine samples to confirm that major hepatocyte metabo-
lites match urinary metabolites. However, such samples
are not currently available to us despite our efforts.

These metabolism results also are important for as-
sessing pharmacodynamic effects. Major hydroxylated
JWH-018 and AM-2201 metabolites such as 4�-OH-
JWH-018, 5�-OH-JWH-018, and 4�-OH-AM-2201 re-
mained full agonists at nanomolar concentrations
(11, 16 ). Because of structural similarity, high binding
affinity and activity can be expected for hydroxypentyl
THJ-018 and THJ-2201 metabolites, which may pro-

long or even enhance the adverse effects of THJ-018 and
THJ-2201.

In summary, for the first time, we characterized hu-
man metabolism of THJ-018 and THJ-2201 by HR-MS
in human hepatocytes. HR-MS provided robust data ac-
quisition and processing capability, facilitating expedient
identification of optimal metabolite targets. These data
empower clinical laboratories to target markers of NPS
intake and manufacturers to focus synthesis efforts on the
most appropriate targets. These data also enable linkage
of adverse events to specific NPSs and the knowledge to
educate the public on the dangers of specific NPSs. Our
analysis strategy, HR-MS data acquisition and processing
and hepatocyte incubation, is also applicable to further
studies of newly emerging NPSs.
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