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Quantification of methylone and metabolites in rat and human
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Abstract Methylone is a commonly abused synthetic
cathinone derivative marketed as a “legal” alternative to
“ecstasy” or cocaine. Previous studies examined the
metabolism of methylone in vitro and in vivo; 4-hydroxy-
3-methoxymethcathinone (HMMC) was identified as the
primary metabolite, with other reported minor metabolites,
3,4-methylenedioxycathinone =~ (MDC) and  3.,4-di-
hydroxymethcathinone (HHMC). However, limited infor-
mation is known about methylone and its metabolites’
pharmacokinetics. We developed and fully validated a
method for the simultaneous quantification of methylone,
HMMC, MDC and HHMC by liquid chromatography-
tandem mass spectrometry in 100 pl rat and human plasma.
B-Glucuronidase was utilized for plasma hydrolysis, fol-
lowed by perchloric acid protein precipitation and solid-
phase extraction utilizing cation exchange columns.

K. N. Ellefsen - M. Concheiro - M. A. Huestis (X))

Chemistry and Drug Metabolism, Intramural Research Program,
National Institute on Drug Abuse, National Institutes of Health,
251 Bayview Boulevard, Suite 200 Room 05A-721, Baltimore,
MD 21224, USA

e-mail: mhuestis @intra.nida.nih.gov

K. N. Ellefsen
Program in Toxicology, University of Maryland Baltimore,
Baltimore, MD, USA

M. Suzuki - K. C. Rice

Drug Design and Synthesis Section, Intramural Research
Program, National Institute on Drug Abuse and National
Institute on Alcohol Abuse and Alcoholism, National Institutes
of Health, Baltimore, MD, USA

J. S. Elmore - M. H. Baumann

Designer Drug Research Unit, Intramural Research Program,
National Institute on Drug Abuse, National Institutes of Health,
Baltimore, MD, USA

Published online: 05 February 2015

Chromatographic separation was performed with a Synergi
Polar column in gradient mode, and analytes were deter-
mined by two multiple reaction monitoring (MRM) tran-
sitions. Linear ranges of 0.5-1,000 pg/l (methylone,
HMMC and MDC) and 10-1,000 pg/l (HHMC) were
achieved. Bias and imprecision were generally acceptable,
although quantification of HHMC exhibited variability
(16.2-37 %). Extraction efficiencies and ion suppression
were 89.9-104 % (for HHMC, 15.9-16.2 %) and <
11.4 %, respectively. Methylone and metabolites were
stable in plasma for 24 h at room temperature, 72 h at
4 °C, and after three freeze—thaw cycles (except for a 60 %
HMMC increase). Human and rat plasma were cross-vali-
dated, documenting that rat plasma quality control samples
were accurately quantified against a human plasma cali-
bration curve (—23.8 to 12 % bias). As proof of method, rat
plasma specimens were analyzed pre-injection and after
subcutaneous administration of methylone at 6 mg/kg from
15 to 480 min post-dosing. Methylone, HMMC, MDC and
HHMC concentrations ranged from 1.1 to 1,310, 11.2 to
194, 1.9 to 152 and 24.7 to 188 pg/l, respectively.

Keywords Methylone - Synthetic cathinones - Novel
designer drugs - Metabolites - 4-Hydroxy-3-
methoxymethcathinone - LC-MS/MS

Introduction

Abuse of novel psychoactive substances is an ongoing
problem around the world. Synthetic cathinones appeared in
the US market in 2010 as legal alternatives to 3,4-methyle-
nedioxymethamphetamine (MDMA), amphetamine, or
cocaine [1]. They are stimulant-like drugs derived from
cathinone, the active ingredient of the khat plant Catha
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edulis. In 2011, the American Association of Poison Control
Centers (AAPC) received 6,138 synthetic cathinone calls
[2]. As a result of this increased presence, the synthetic
cathinones  3,4-methylenedioxypyrovalerone (MDPV),
4-methylmethcathinone (mephedrone), and 3,4-methylene-
dioxymethcathinone (methylone) have been regulated as
Schedule I controlled substances in the US. Despite sched-
uling, methylone remains one of the 25 most frequently
identified drugs in the US [3].

Reports of synthetic cathinones from state and local
forensic laboratories increased from 142 reports in the first
half of 2010 to 7,997 reports during the first half of 2013
[1], with methylone detected in 65 % of reports in 2013.
The Drug Enforcement Administration (DEA) and Cus-
toms and Border Patrol (CBP) also detected methylone in
just over half (51 %) of the reported 518 synthetic cathi-
none cases from January to June 2013 [1]. A recent study
administered a self-reported survey to students at a large
university in the Southeastern US and found that 1.1 % of
the population surveyed (n = 2,394) used synthetic cathi-
nones at least once in their lifetime [4]. Another study
analyzing 34,561 urine samples submitted for designer
stimulant testing, between February 2011 and January
2013, reported methylone as the fourth-most detected
synthetic cathinone (n = 186), behind only a-pyrrolidino-
valerophenone (a-PVP), MDPV, and o-methylaminoval-
erophenone (pentedrone) [5].

From a chemical structure perspective, methylone only
differs from MDMA by the presence of a keto moiety on
the beta carbon (Fig. 1a). It was initially patented as an
anti-depressant and anti-Parkinsonian drug in 1996; how-
ever, it was never developed into a pharmaceutical product
[6, 7]. Drug users take methylone for its euphoric and
psychostimulant properties, but its reported adverse effects
include increased body temperatures, agitation, confusion,
psychosis, seizures, and tachycardia [8—12]. Additionally,
several fatalities have been linked to methylone con-
sumption [8, 13-17].

Limited data are available on methylone’s pharmacology.
Recent preclinical studies demonstrated that like other
stimulants, methylone interacts with the monoamine trans-
porters [18-21]. Baumann et al. [19] reported that methy-
lone acts as a fully efficacious transporter releaser at
dopamine, norepinephrine, and serotonin transporters, to
produce in vivo neurochemical effects resembling MDMA.
The in vitro metabolism of methylone was studied in human
liver microsomes [22, 23], with the identification of various
metabolites, including dihydromethylone, normethylone or
3,4-methylenedioxycathinone (MDC), N-hydroxymethy-
lone, 3-hydroxy-methylenedioxymethcathinone, and most
notably 3,4-dihydroxymethcathinone (HHMC). In vivo
studies analyzing rat urine after methylone administration,
and human urine from acutely intoxicated individuals,
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revealed 4-hydroxy-3-methoxymethcathinone (HMMC) as
the primary metabolite in both species [24, 25]. Other minor
metabolites included the N-demethylated metabolite
(MDC), and 3-hydroxy-4-methoxymethcathinone. These
studies also reported that hydroxylated methylone metabo-
lites were primarily conjugated. A recent study investigating
oral and intravenous methylone administration in rats
identified four metabolites in rat blood: HMMC, 3-hydroxy-
4-methoxymethcathinone, MDC, and 3-hydroxy-methyle-
nedioxymethcathinone. The intermediate metabolite
HHMC, a precursor of the two hydroxylated metabolites
(HMMC and 3-hydroxy-4-methoxymethcathinone), was not
detected, potentially due to a relatively short half-life [26].

Currently, there are no published quantitative methods
for the analysis of methylone and its main metabolites in
plasma. It is critical to develop assays to detect methylone
and metabolites to determine their presence and concen-
trations in forensic and clinical settings. Also, it is important
to quantitatively characterize methylone pharmacokinetics
and its metabolites in rodent models, since preclinical safety
data are needed before controlled administration studies in
humans can be conducted. Here, we report the development
and full validation of a method for the simultaneous quan-
tification of methylone, HMMC and MDC, and the dihy-
droxy intermediate HHMC by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). This method will
be utilized to characterize the pharmacokinetics of methy-
lone and its metabolites after controlled administration in
rats.

Materials and methods
Chemicals and materials

Methylone (1 g/l) and methylone-d; (100 mg/l) were pur-
chased from Cerilliant (Round Rock, TX, USA). HMMC,
MDC and HHMC were synthesized and purified by the
Drug Design and Synthesis Section of the National Institute
on Drug Abuse (NIDA) Intramural Research Program,
Baltimore, MD, USA, in powder form. Solid-phase
extraction (SPE) was performed with SOLA SCX
10 mg x 1 ml cartridges (Thermo Scientific, Fremont,
CA, USA). Glacial acetic acid, formic acid (FA), hydro-
chloric acid (HCl) (36.5-38 %), methanol, acetonitrile,
water, methylene chloride, ethylenediaminetetraacetic acid
(EDTA) and sodium metabisulfite (SMBS) were purchased
from Fisher Scientific (Fair Lawn, NJ, USA); isopropranol
and 4-methylcatechol from Sigma (Milwaukee, WI, USA)
and ammonium hydroxide (28-30 %) and perchloric acid
(69-72 %) from JT Baker (Phillipsburg, NJ, USA). All
solvents employed in the extraction were of the high-per-
formance liquid chromatography (HPLC) grade and LC-



Forensic Toxicol

MS grade in the chromatographic system. -Glucuronidase
from Red Abalone (> 100,000 U/ml) was obtained from
Kura Biotec (Inglewood, CA, USA). Water for EDTA,
4-methylcatechol and SMBS solution preparation was
purified in-house by an ELGA Purelab Ultra Analytic
purifier (Siemens Water Technologies, Lowell, MA, USA).

Chemical synthesis of 3,4-dihydroxymethcathinone,
4-hydroxy-3-methoxymethcathinone, and 3,4-
methylenedioxycathinone

The synthetic route to HHMC, HMMC, and MDC is shown
in Fig. 1b. These compounds were synthesized according
to the procedures of Kamata et al. [24], with modifications.
Briefly, commercially available benzaldehyde (1) was
treated with ethylmagnesium bromide (EtMgBr) to pro-
duce the desired alcohol (2) in 98 % yield. Oxidation of 2
was easily accomplished with manganase dioxide in re-
fluxing chloroform to create the ketone 3 in 91 % yield.
The ketone 3 was brominated to give a crude bromide. The
crude bromide was treated with methyl amine to give crude
4, which was converted to a pure HCI salt (4). Hydrog-
enolysis of the free base of 4 gave the desired HMMC in
63 % yield. HMMC was treated with 48 % HBr aq. to
produce the HBr salt (HHMC-HBr) in 38 % yield. Reac-
tion of a commercially available aldehyde (5) with EtMgBr
created the desired alcohol (6) in 97 % yield. Oxidation of
6 was carried out with manganase dioxide in refluxing
chloroform to give a ketone (7) in 80 % yield. Bromination
of 7 provided a crude product that was treated with NaNj to
give the desired azide derivative. Hydrogenolysis of azide
resulted in the crude MDC that was converted to the pure
HCI salt (MDC-HCI) in 68 % yield.

Instrumentation

LC-MS/MS was performed on a Shimadzu liquid chro-
matography (LC) system (Columbia, MD, USA) coupled
with an ABSciex 3200 QTrap® mass spectrometer with a
TurbolonSpray source (Foster City, CA, USA). The LC
system consisted of a DGU-20A3 degasser, LC-20ADXR
pumps, and a CTO-10AC column oven. SPE was per-
formed with a negative pressure manifold. Evaporation
under nitrogen was completed using a TurboVap LV®
evaporator from Zymark (Hopkinton, MA, USA).

Preparation of standard solutions

Stock solutions (1 g/l) of all analytes were prepared in
methanol. Calibrator working solutions were prepared in
3 % 250 mM SMBS, 3 % 250 mM EDTA in 0.01 M FA
(SMBS + EDTA + FA mixture) at 0.5, 1, 5, 10, 25, 50,
100, 500 and 1000 pg/l. Quality control (QC) working

solutions also were prepared in the same manner, on dif-
ferent days, at 1.5 pg/l (low 1), 30 pg/l (low 2), 300 pg/l
(medium), and 750 pg/l (high). An internal standard solu-
tion (100 pg/l) of methylone-d; also was prepared in the
SMBS + EDTA + FA mixture.

Animals and surgery

Methylone and its metabolites were quantified in rat plasma
specimens obtained after subcutaneous (s.c.) administration
of methylone at 6.0 mg/kg. To obtain pooled plasma for
hydrolysis optimization, twelve male Sprague-Dawley rats
were anesthetized with 60 mg/kg pentobarbital, and
indwelling jugular catheters were surgically implanted. One
week after surgery, rats received a methylone injection in the
home cage, and 4 h later, single blood specimens (1,200 pl)
were withdrawn via the catheter and transferred to collection
tubes. Blood was centrifuged at 3,000 rpm for 10 min at
4 °C.Plasma from all rats was combined into a single plasma
pool and stored at —80 °C until analysis. For the time-course
study, six male Sprague-Dawley rats received surgically-
implanted jugular catheter under pentobarbital anesthesia as
noted above. One week after surgery, rats were brought from
the vivarium to the laboratory in their home cages, and
polyethylene extension tubes were connected to the cathe-
ters. Rats received 0.5 ml intravenous 48 IU/ml heparin
saline, and control blood specimens (300 pl) were collected
via the catheter. Immediately thereafter, rats received s.c.
injections of methylone at 6 mg/kg, with blood specimens
collected at 15 min, 30 min, 1, 2, 4, and 8 h post-injection.
Plasma was collected and specimens from each individual rat
were stored at —80 °C prior to analysis, as described above.
Animal use procedures followed the National Institutes of
Health Guide for care and use of laboratory animals, and
were approved by the National Institute on Drug Abuse
Animal Care and Use Committee.

Sample preparation

Sample preparation was modeled after previously descri-
bed methods [27, 28], with modifications. Twenty micro-
liters of 250 mM SMBS, 10 ul of 250 mM EDTA, 50 pl of
internal standard, and 100 pl of either standard or
SMBS + EDTA + FA mixture for authentic specimens
were added to 100 pl rat plasma in 1.5-ml microcentrifuge
tubes and gently vortexed. Cleavage of metabolite conju-
gates was performed by incubating the specimens with
10 pl B-glucuronidase with the specimens at 50 °C for
60 min. Specimens were then cooled to room temperature
before addition of 20 pl 4-methylcatechol. Protein precip-
itation was performed with 10 pl concentrated perchloric
acid, followed by centrifugation (15,000x g, 10 min).
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Fig. 1 a Structures of methylone, 3,4-dihydroxymethcathinone (HHMC), 4-hydroxy-3-methoxymethcathinone (HMMC), and 3,4-methylene-
dioxycathinone (MDC). b Chemical synthesis of HMMC, HHMC-HBr, and MDC-HCI
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To further improve analyte recovery and reduce matrix
effects, supernatants were loaded onto SOLA SCX car-
tridges preconditioned with methanol (500 pl) and water
(500 pl), utilizing a negative pressure manifold. Columns
were washed with 1 M acetic acid (500 pl) and methanol
(500 pl) before drying columns under nitrogen using nega-
tive pressure at 10 psi for 5 min. Elution was performed with
5 % ammonium hydroxide in methylene chloride/isopro-
panol (60:40 v/v). Acidic methanol (1 % HCI) (50 pl) was
added to eluates prior to evaporating to dryness under
nitrogen for 20 min at 40 °C. Specimens were reconstituted
in 200 pl mobile phase A (0.1 % formic acid in water),
vortexed briefly, and centrifuged (4,000x g, 5 min).

Hydrolysis optimization and performance

Pooled rat plasma specimens were utilized to optimize
hydrolysis parameters, as conjugated methylone metabolite
reference materials were not commercially available.
Temperature (37, 50, and 70 °C), incubation time (60, 90,
and 120 min) and amount of enzyme (10, 20, and 40 pl)
were optimized to maximize the recoveries of methylone
and its metabolites. One-way analysis of variance
(ANOVA) followed by Tukeys post hoc test evaluated
hydrolysis conditions. Data were considered significant if
P < 0.05. In addition, after hydrolysis conditions were
optimized, authentic specimens were analyzed with and
without hydrolysis, and evaluated with a paired ¢-test for
significance.

Liquid chromatography-tandem mass spectrometry

Chromatographic separation was achieved at 40 °C with a
Phenomenex Synergi Polar-RP column (100 x 2 mm,
particle size 2.5 pm) and identically packed defender guard
cartridges (10 x 20 mm, particle size 2.5 pm). Gradient
elution was performed with 0.1 % formic acid in water
(mobile phase A) and 0.1 % formic acid in acetonitrile
(mobile phase B) at 0.3 ml/min of flow rate. Initial

composition (5 % B) was increased to 50 % over 5 min,
from 50 to 95 % over 0.5 min, held at 95 % for 1 min, and
returned to initial conditions over 0.5 min. A 2-min
equilibration followed, yielding a total run time of 9 min.

MS conditions were: interface, electrospray ionization
(ESI) in positive mode; lonSpray voltage, 3.5 kV; capillary
temperature, 600 °C; curtain gas, 50; ion source gas 1 and
2, 50 and 30, respectively; nitrogen collision gas, medium
for all experiments; dwell time, 50 ms; collision cell exit
potential (CXP), 4. Analyst software version 1.5.1 was
used for data collection and processing. Multiple reaction
monitoring transitions and MS parameters for methylone,
methylone-d;, HMMC, MDC, and HHMC are outlined in
Table 1.

The following criteria identified compounds: presence
of two characteristic transitions, ion ratio of the quantifying
ion/qualifying ion within +20 % of the average of all
calibrators, and retention time (RT) within £0.2 min.

Method validation

Method validation was performed based on the standard
practices for method validation of the Scientific Working
Group for Forensic Toxicology (SWGTOX) [29]. Valida-
tion parameters included linearity, limits of detection
(LODs), limits of quantification (LOQs), bias and impre-
cision, ionization suppression/enhancement, extraction
efficiency, process efficiency, interference studies, carry-
over, dilution integrity and autosampler and short-term
stability studies. Linearity (+*) was determined by least
squares regression with > 6 nonzero calibrators on 5 days.
Acceptable linearity was achieved when r* > 0.99 and
calibrators quantified within £15 %. LODs and LOQs
were evaluated with decreasing analyte concentrations;
LOD was the lowest concentration with acceptable chro-
matography, signal/noise ratio > 3, with the ratio of ions
within £20 % of the average ratio of the calibrators. LOQs
were the lowest concentrations that met LOD criteria, a
signal/noise ratio of at least 10, bias and imprecision within

Table 1 Parameters for analysis of methylone, its metabolites and internal standard by liquid chromatography-tandem mass spectrometry

Analyte Precursor ion (m/z) Product ions (m/z) DP (V) EP (V) CEP (V) CE (V) RT (min)
HHMC 196.1 160.1, 132.2 31 35 12 21, 31 1.93
HMMC 210.1 160.2, 132.3 26 55 18 25, 39 2.87
MDC 194.1 146.0, 118.1 31 4 14 21, 35 3.39
Methylone 208.2 160.2, 132.2 36 5 14 23, 35 3.67
Methylone-d; 211.1 163.1, 135.1 26 11 18 25, 35 3.67

Quantification ions are in bold

DP declustering potential, EP entrance potential, CEP cell exit potential, CE collision energy, HHMC 3,4-dihydroxymethcathinone, HMMC
4-hydroxy-3-methoxymethcathinone, MDC 3,4-methylendixoycathinone, RT retention time
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+20 % of target concentrations. LOD and LOQ were
evaluated in triplicate on three different days (n = 9).

Assay bias and imprecision were determined at four
concentrations [1.5 pg/l (low 1), 30 pg/l (low 2), 300 pg/l
(medium) and 750 pg/l (high)] in triplicate over 5 days
(overall n = 15). Bias was evaluated for each concentra-
tion as the percent error. Acceptable bias was +20 % of
target. Imprecision was expressed as percent coefficient of
variation (%CV), and was determined by the one-way
analysis of variation (ANOVA) approach to calculate
combined within-run and between-run imprecision.
Acceptable imprecision was < 15 %CV.

Ion suppression/enhancement, extraction efficiency, and
process efficiency for each analyte were measured at low
(30 pg/l) and high (750 pg/l) QC concentrations, as
described by Matuszewski et al. [30]. Ion suppression/
enhancement was assessed by comparing analyte peak
areas of neat samples (n = 6) (Set 1) to peak areas of ten
different blank samples fortified with analyte and internal
standard after extraction (Set 2). Extraction efficiency was
examined by comparing analyte peak areas of five different
samples fortified at low and high concentrations with
internal standard before extraction (Set 3), to peak areas of
Set 2. Process efficiency examined the overall effect of
extraction efficiency and ion suppression/enhancement on
quantification of analytes, and was calculated by compar-
ing mean peak areas of Set 3 with mean peak areas of Set 1
at low and high concentrations.

Endogenous and exogenous interferences were evaluated.
Interferences from endogenous matrix components were
investigated by analyzing plasma samples from nine indi-
viduals and one rat without the addition of internal standard.
Exogenous interferences including an amphetamine mixture
[amphetamine, methamphetamine, MDMA, 3,4-methyle-
nedioxyethylamphetamine (MDEA), 3,4-methylenediox-
yamphetamine (MDA), and phentermine], a stimulant
mixture (benzoylecgonine, cocaethylene, cocaine, and
ecgonine methyl ester), and a benzodiazepine mixture
(alprazolam, clonazepam, diazepam, flunitrazepam, loraze-
pam, nitrazepam, oxazepam, and temazepam) were analyzed
in neat samples with interferences equivalent to 1,000 pg/l.
Interferences were considered insignificant if analytes of
interest were less than LOD. Lack of carryover was dem-
onstrated by injecting triplicate internal standard-fortified
blank samples after a sample fortified with analytes at
2,500 pg/l. Carryover was considered negligible if the
measured concentration was less than LOD.

Dilution integrity was evaluated by diluting 2,500 and
1,500 pg/l samples in SMBS + EDTA + FA mixture to
achieve tenfold and twofold dilutions, respectively. After
internal standard addition, samples were extracted as pre-
viously described. Dilution integrity was maintained if
samples quantified within +20 % of target. Autosampler
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stability was investigated by reinjecting low (30 pg/l) and
high (750 pg/l) QC samples stored 48 h at 4 °C on the
autosampler (n = 3) and calculating results against the
original calibration curve. In addition, short-term stability
was evaluated with plasma fortified at low and high QC
concentrations and stored for 24 h at room temperature
(n=3), 72h at 4 °C (n = 3) and —20 °C (n = 3), and
after three freeze—thaw cycles (n = 3). Internal standard
was added to each sample just prior to extraction and
processed as described. Stability was considered acceptable
if QC samples quantified within +20 % of freshly prepared
QC samples (n = 3).

Results
Hydrolysis optimization and performance

Hydrolysis conditions, including temperature, time, and
enzyme amount, were evaluated for optimal recovery of
methylone and metabolites. Overall significant differences
between hydrolysis conditions were observed for methy-
lone, HMMC, and MDC, with significant decreases in peak
areas when specimens were incubated at 70 °C versus
50 °C (P < 0.05). No significant differences were observed
between amounts of enzyme utilized and times of incuba-
tion. Therefore, to save on cost and time, 10 pl enzyme and
60 min incubation were utilized for hydrolysis. No signif-
icant differences were observed between hydrolysis con-
ditions for HHMC. Therefore, optimal recovery of
methylone and metabolites was achieved when specimens
were incubated at 50 °C for 60 min with 10 pl enzyme.
Methylone and metabolite concentrations in rat plasma,
with and without hydrolysis (n = 3 each), were examined
4 h after rats were administered 6 mg/kg methylone sub-
cutaneously. Methylone (with hydrolysis 26.5 ng/l; with-
out hydrolysis 26.4 pg/l) and MDC (with hydrolysis 42.7;
without hydrolysis 41.6 png/l) mean concentrations did not
change significantly with or without hydrolysis; however,
HMMC (with hydrolysis 183.0 pg/l; without hydrolysis
2.8 pg/l) and HHMC (with hydrolysis 38.4 pg/l; without
hydrolysis <LLOQ) mean concentrations significantly
decreased (P < 0.05) without the deconjugation step, to
concentrations near or below their respective LOQs.

Method validation

Linearity of analyte-to-internal standard peak area ratio
versus theoretical concentration was verified in plasma
samples from 0.5 (methylone, HMMC and MDC) or 10
(HHMC) to 1000 pg/l with 1/x* weighted linear regression.
The 1/x* weighting was selected for this method as corre-
lation coefficients were acceptable and data demonstrated
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homoscedasticity, or random distribution of the individual
residuals around the zero line, suggesting that this linear
model was optimal in comparison to other models. Cali-
bration curves from five separate days yielded determina-
tion coefficients (+?) above 0.99 + 0.002 with residuals
within £ 15 %, except HHMC (0.986 £ 0.014). LODs
were 0.25 pg/l for all analytes except HHMC (10 ng/l),
and LOQs were 0.5 pg/l for all analytes except HHMC
(also 10 pg/l). Figure 2a shows a chromatogram of a
human plasma sample with all analytes at LOQs.

Bias and imprecision results using human blank plasma
are presented in Table 2. For all analytes, bias was between
—16.8 and 9.5 %, and within-run and between-run impre-
cision was <8.8 %, except for HHMC, which displayed
greater imprecision (16.2-37.0 %). Extraction efficiencies
and process efficiencies were 89.9-104 % and
83.3-96.9 %, respectively, for methylone, HMMC, and
MDC (Table 2). HHMC exhibited extraction efficiencies
between 15.9 and 16.2 % and process efficiencies between
15.2 and 15.6 %. lon suppression was less than 11.4 % for
all analytes with %RSD <12.7 (Table 2).

Under the described conditions, no interference from
any extractable endogenous plasma compound was
observed in nine human plasma samples and one rat plasma
sample. The addition of potentially interfering drugs and
metabolites at 1,000 pg/l to neat samples did not produce
any interfering peaks. For all four analytes, no carryover
was observed after a sample fortified at 2,500 pg/l.

Dilution integrity was evaluated for 1:2 and 1:10 dilu-
tions. Diluted samples (750 pg/l targeted) were quantified
within —16.9 to 4.1 % of target (n = 2) for a 1:2 dilution,
and within —7.4 to 0.6 % of target (250 ng/l) (n = 2) for a
1:10 dilution for methylone, HMMC, and MDC. Extracted
analytes were stable in the autosampler for 48 h with %
differences between —11.5 and 3.9 % (Table 3). When
stored at room temperature for 24 h, at 4 °C for 72 h, and
after three freeze-thaw cycles, methylone, HMMC, and
MDC were stable (—15.8 to —0.2 %); however, HHMC
was not stable (—14.1 to 60.6 %).

Human-rat plasma cross validation was investigated by
assaying rat plasma from drug-naive rats fortified at all QC
concentrations (n = 5) against a calibration curve fortified
into human plasma. Imprecision (% CV) was < 11.5 and
% bias was between —16.9 and 12.1 % for methylone,
HMMC, and MDC (Table 4). For HHMC, bias ranged
from —23.8 to —17.1 %, with % CV < 25.7 %. Due to the
poor validation performance of HHMC, concentrations
were considered semi-quantitative.

Authentic specimens

As proof of method, plasma specimens from individual
rats were analyzed for methylone and metabolites

following s.c. administration of methylone at 6 mg/kg,
from 15 to 480 min post-dosing. In the specimen collected
before dosing, all analytes were absent. After s.c. dosing,
all specimens were positive for methylone, HMMC, MDC
and HHMC, with concentrations ranging from 1.1 to
1,310, 11.2 to 194, 1.9 to 152, and 24.7 to 187 pg/l,
respectively.

Discussion

A sensitive and specific LC-MS/MS method for the
detection of methylone and its metabolites HMMC, MDC
and HHMC in plasma was developed and validated. Cur-
rently, there are no published quantitative methods for the
analysis of methylone and its main metabolites in plasma.
A previous study quantified methylone only in rat plasma
specimens obtained via repeated venipuncture under iso-
flurane anesthesia, with a 10 pg/l LOQ in 100 pl plasma
[26]. In the present study, we obtained repeated plasma
specimens from unanesthetized, freely behaving rats
bearing indwelling jugular catheters. Our LOQs were
0.5 pg/l for methylone, HMMC and MDC, and 10 pg/1 for
HHMC, in 100 pl plasma. Lower LOQs may be achieved
with a larger specimen volume; however, a limitation with
pharmacokinetic animal studies is the low amount of
specimen available for analyses. Methylone blood con-
centrations from reported intoxication and fatality cases
ranged from 7 to 3,400 pg/l [8, 13—17]; therefore, LOQs in
this new method are more than adequate to detect methy-
lone and metabolites in authentic cases, even with low
specimen volume.

Sample preparation for this method required three steps:
deconjugation of possible phase II metabolites, protein
precipitation, and solid-phase extraction. Deconjugation
was performed because prior metabolism studies demon-
strated that methylone metabolites are primarily conjugated
[24, 25], and commercial conjugated reference standards
were unavailable. HHMC and HMMC had significant
decreases in concentrations when there was no hydrolysis
procedure, similar to MDMA metabolites, 3,4-dihydrox-
ymethamphetamine and 4-hydroxy-3-methox-
ymethamphetamine [31, 32]. These results indicate that
HHMC and HMMC are present in rat plasma primarily as
conjugated metabolites, which coincides with previous
reports [24, 25, 31, 32]. Protein precipitation was achieved
with perchloric acid after the addition of 4-methylcatechol,
which was added to reduce possible adsorption of the
dihydroxy-metabolite to precipitated proteins. Cold aceto-
nitrile also was evaluated for protein precipitation; how-
ever, analyte recoveries were lower and interference/
background noise was larger than observed with perchloric
acid.
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Fig. 2 Multiple reaction monitoring chromatograms for a limits of
quantification for HHMC (10 pg/l1), HMMC, MDC, and methylone
(0.5 pg/l) fortified in human plasma; b authentic rat plasma specimen

Despite adequate analyte recoveries with perchloric acid
protein precipitation, large matrix effects and endogenous
interferences were observed during method development;
therefore, SPE was employed to reduce these effects. The
SPE method employed in this study minimized ion sup-
pression, as less than 11.4 % suppression was observed for
all four analytes; however, recovery of the intermediate
dihydroxy metabolite, HHMC, was difficult due to its
polarity. Several different elution solvents were evaluated
during method development, including 2 % ammonium
hydroxide in methylene chloride/isopropanol (80:20 v/v),
5 % ammonium hydroxide in methylene chloride/isopro-
panol (60:40 v/v), and methanol/ammonium hydroxide
(95:5 v/v). Optimal HHMC recovery was accomplished
with methanol/ammonium hydroxide (95:5 v/v) (49.2 %),
although recovery of the three remaining analytes was poor
(64.6-81.7 %). Taking into account that HMMC and MDC
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for HHMC, HMMC, MDC and methylone after subcutaneous
administration of methylone at 6 mg/kg, collected 4 h post-dosing

are the main metabolites of methylone, 5 % ammonium
hydroxide in methylene chloride/isopropanol (60:40 v/v)
was utilized to recover all four compounds from the SPE
cartridges. It also is important to note that SMBS and
EDTA were utilized to prevent analyte oxidation, similar to
MDMA and MDPV metabolite quantification in plasma
[27, 28].

Validation results of methylone and its main metabo-
lites, HMMC and MDC, were acceptable. Extraction
efficiencies and process efficiencies were between 89.9
and 104 %, and 83.3 and 96.9 %, respectively. The per-
formance of the intermediate dihydroxy metabolite
(HHMC), however, was not optimal. This is most likely
due to its low extraction (15.9-16.2 %) and process effi-
ciencies (15.2-15.6 %), and analyte instability. Percent
bias was acceptable for HHMC (—12.8 to 6.7 %),
although imprecision was greater than 20 %. Similar
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Table 3 Stability data (% difference) for methylone, HMMC, MDC, and HHMC at low (30 pg/l) and high (750 pg/l) concentrations after
storage in autosampler at 4 °C for 48 h, at room temperature for 24 h, at 4 °C for 72 h, and after 3 freeze—thaw cycles (over 72 h)

Stability conditions (n = 3) Methylone HMMC MDC HHMC

Low High Low High Low High Low High
48 h at 4 °C in autosampler 0.9 —11.5 3.5 =72 3.9 —8.5 3.5 32
24 h at room temperature —6.2 —14.2 -3.1 —11.2 —8.1 —14.0 33.6 —14.1
72 hat 4 °C —6.5 —15.8 —4.4 —10.9 —52 —-132 -3.1 —10.6
3 freeze—thaw cycles —-1.3 —14.6 -0.2 —10.6 —5.5 —11.3 60.6 37.3

Table 4 Human-rat plasma cross validation data for methylone, HMMC, MDC, and HHMC, including % bias and % CV of fortified rat
plasma at low 1 (1.5 pg/l), low 2 (30 pg/l), medium (300 pg/l), and high (750 pg/l) concentrations against a human plasma calibration curve

Analyte % Bias (% CV) (n =5)

Lowl Low2 Med High
Methylone 12.1 (11.5) —-2.9 (3.7) —-0.3 4.1) -5.3(3.9)
HMMC —9.7 (10.7) 4.0 (2.3) —12.5 (4.9) —16.9 (2.0)
MDC 5.3 (9.0) —11.8 (5.2) 1.1 (5.3) —-0.2 (1.7)
HHMC - —17.1 (15.1) —23.8 (12.4) —18.3 (25.7)
Conclusions 3. US DEA (2014) National forensic laboratory information system

(NFLIS): 2013 midyear report. Springfield

.. . . 4. Miller BL, Stogner JM (2014) Not-so-clean fun: a profile of bath
A sensitive and specific LC-MS/MS method for simulta- salt users among a college sample in the United States. J Psy-

neous quantification of methylone and the metabolites choactive Drugs 46:147-153
HMMC, MDC and HHMC in plasma was developed and 5. Uralets V, Rana S, Morgan S, Ross W (2014) Testing for designer
validated. Only 100 pl specimen was required for LOQs of stimulants: metabolic profiles of 16 synthetic cathinones excreted

. free in human urine. J Anal Toxicol 38:233-241
0.5 pg/l for all analytes except HHMC (10 pg/l). Quanti- ¢y 5 p, Shulgin AT (1996) Novel n-substituted-2-amino-3'.4'-

fication methods are needed to characterize the pharma- methylene-dioxypropiophenones. US Patent WO1996039133 Al,

cokinetics of methylone and its metabolites for preclinical, filed 6 June 1996, and issued 12 December 1996

clinical and forensic studies. Methylone remains one of the 7. Bossong MG, Van Dijk JP, Niesink RJ (2005) Methylone and
. . . . mCPP, two new drugs of abuse? Addict Biol 10:321-323

most commonly used synthetic cathinones in the United 8. Pearson JM, Hargraves TL, Hair LS, Massucci CJ, Frazee CC

States despite scheduling efforts, and as such, quantifica- 3rd, Garg U, Pietak BR (2012) Three fatal intoxications due to

tion data for this analyte and its metabolites will aid in the methylone. J Anal Toxicol 36:444-451

9. Spiller HA, Ryan ML, Weston RG, Jansen J (2011) Clinical
experience with and analytical confirmation of “bath salts” and
“legal highs” (synthetic cathinones) in the United States. Clin
Toxicol 49:499-505

interpretation of results in forensic and clinical settings,
and may suggest mechanisms of methylone toxicity.
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