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Abstract

4-Methylthioamphetamine (4-MTA) is a scheduled designer drug that has appeared on the illicit drug market and led to several non-fatal
or even fatal poisonings. Only few data are available on its metabolism. The first aim of this study was to identify the 4-MTA metabolites
in human urine and then to study whether the authors’ STA procedure is suitable for screening for and identification of 4-MTA and/or its
metabolites in urine. After enzymatic cleavage of conjugates, solid-phase extraction (SPE) and acetylation the following metabolites could be
identified by full-scan gas chromatography—mass spectrometry (GC-MS): deamino-oxo 4-MTA, deamino-hydroxy 4-MTA, ring hydroxy and
B-hydroxy 4-MTA. 4-MTA sulfoxide could be identified as possible artifact. In urine samples after enzymatic hydrolysis, acidic extraction,
and methylation, 4-methylthiobenzoic acid could be identified. The authors’ systematical toxicological analysis (STA) procedure using full-
scan GC-MS after acid hydrolysis, liquid—liquid extraction (LLE) and acetylation allowed detection of 4-MTA as target analyte plus all the
above-mentioned metabolites with the exception of 4-methylthiobenzoic acid. The extraction efficiency of 4-MTA was approximately 70%
and the limit of detection (LOD) was 30 ng/n#N\ 3).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction with monoamine oxidase-A inhibitory propertigg-9]. Its
mode of action is similar to that of other designer drugs such
The amphetamine derivative 4-methylthioamphetamine as dimethoxymethylamphetamine (DOM) and of methylene-
(4-MTA) is a designer drug, which has appeared on the dioxymethamphetamine (MDMA), but with a slower onset
illicit drug market across Europe, especially in the dance of the effects[9,10]. Only few data are available on the
scend1,2]. There it has been distributed among drug abusers metabolism of 4-MTA11]. Carmo et al[12] identified aring
as tablets called ‘ecstasy’ or ‘flatliner’ and led to sev- and aB-hydroxy metabolite and 4-(methylthio)benzoic acid
eral non-fatal or even fatal poisoning@-5]. Meanwhile, in mouse urine after application of 4-MTA. In another study
it has been scheduled in the lists of controlled substancesusing hepatocytes of different animal species and humans,
of several countries. 4-MTA has been reported to be a non-they could identify two side-chain hydroxy metabolites, 4-
neurotoxic serotonin releasing and reuptake inhibitory agent (methylthio)benzoic acid, and a sulfoxiffe3]. The in-vivo
metabolism of 4-MTA in humans has not been studied so
* Corresponding author. Tel.: +49 6841 16 26050; fax: +49 6841 16 26051, fal, although itis important for toxicological risk assessment
E-mail addresshans.maurer@uniklinikum-saarland.de (H.H. Maurer). based on extrapolation of animal to human data. It is also
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important for developing screening procedures for toxico- a solid-phase extraction (SPE) cartridge (Isolute Confirm
logical detection, especially in urine, because the excretion HCX, 130 mg, 3 ml), previously conditioned with 1 ml of
pattern allows selection of the most suitable target analyte. Inmethanol and 1 ml of water. After passage of the sample,
reports on poisoning cases, gas chromatography—mass spedhe cartridge was washed with 1 ml of water and 1 ml of
trometry (GC-MS])2], liquid chromatography—tandem mass 0.01 M hydrochloric acid. The retained non-basic compounds
spectrometry (LC—-MS—M3¥], and liquid chromatography  were first eluted into a 1.5-ml reaction vial with 1 ml of
diode-array detectiofB,14] were used for detection and/or methanol and gently evaporated under a stream of nitrogen at
determination of 4-MTA in various body samples. In addi- 56°C. The basic compounds were eluted into the same vial
tion, simultaneous determination of amphetamine deriva- in a second step with 1 ml of a freshly prepared mixture of
tives including 4-MTA was described in human urine using methanol-aqueous ammonia (98:2, v/v). After evaporation
HPLC-UV analysiq15] and in plasma using GC-MRZ6]. to dryness under a stream of nitrogen aP66the sample
Screening for the presence of 4-MTA in urine by commercial was derivatized with 100l of an acetic anhydride—pyridine
immunoassays and confirmation by GC-MS were describedmixture (3:2, v/v) for 5min under microwave irradiation at
[17]. In the authors’ laboratory, screening is performed using about 440 W. After evaporation under a stream of nitrogen
a so-called systematic toxicological analysis (STA) proce- at 56°C, the residue was dissolved in fDof methanol and
dure based on full-scan electron ionization (El) GC-MS that 2l of this solution were injected into the GC-MS.

allows simultaneous screening for and identifying of vari- Another 1-ml portion of urine was adjusted to pH 5.2 with
ous drug classd48] in urine including classical and newer acetic acid (1 M) and incubated at 50 for 1.5 h with 10Qul
designer drugfl9-27] of amixture (100,000 Fishman units per ml) of glucuronidase

The first aim of the present study was to identify the 4- (ECno. 3.2.1.31) and arylsulfatase (EC no. 3.1.6.1). The sam-
MTA metabolites in human urine using GC-MS in the EI ple was then worked-up by liquid—liquid extraction (LLE)
and positive-ion chemical ionization (PICI) mode. The sec- with 5ml of dichloromethane—isopropanol—ethyl acetate
ond aim was to study whether the authors’ STA procedure is (1:1:3, v/v/v). After phase separation by centrifugation, the
suitable for screening for and identification of 4-MTA and/or organic layer was transferred into a glass flask and evapo-
its metabolites in human urine. rated under a stream of nitrogen at°&5to dryness. The

residue was dissolved in 50 of methanol and derivatized

with 100l of a solution of diazomethane in diethyl ether.
2. Experimental The reaction vial was sealed and left at room temperature
for 30 min. Thereafter, the mixture was gently evaporated to
dryness under a stream of nitrogen af66and dissolved in
50l of methanol and 2l were injected into the GC-MS.

2.1. Chemicals and reagents

4-MTA hydrochloride used for the extraction efficiency
and limit of detection (LOD) studies was provided by the Bay-
erisches Landeskriminalamt (Munich, Germany) for research
purposes. 4-(Methylthio)benzoic acid and vanillic acid were
obtained from Fluka (Taufkirchen, Germany). Diazomethane
was synthesized according to the procedure of McKay et
al. [28]. All other chemicals and biochemicals used were
obtained from E. Merck, Darmstadt (Germany) and were of
analytical grade.

2.4. Sample preparation for toxicological analysis

The urine samples (5 ml) were divided into two aliquots.
One aliquot was refluxed with 1 ml of 37% hydrochlo-
ric acid for 15 min. Following hydrolysis, the sample was
mixed with 2ml of 2.3 M aqueous ammonium sulfate and
1.5ml of 10M aqueous sodium hydroxide to obtain a
pH value of 8-9. Before extraction, the other aliquot of
native urine was added. This mixture was extracted with
5ml of a dichloromethane—isopropanol—ethyl acetate mix-

The investigations were performed using five authentic ture (1:1:3; v/vlv). After phase separation by centrifuga-
human urine samples that were taken about 8-15h aftertion, the organic layer was transferred into a glass flask and
reported ingestion of one to five pills of 4-MTA and sub- €vaporated under reduced pressure a7 dryness. The
mitted to the authors’ laboratories for toxicological analysis. fesidue was derivatized by acetylation with 300of an
Blank urine samples were obtained from healthy young vol- acetic anhydride—pyridine mixture (3:2; v/v) for 5min under

2.2. Urine samples

unteers. microwave irradiation at about 440 W. After evaporation of
the derivatization mixture under reduced pressure acC70
2.3. Samp|e prepara’[ion for metabolism studies the residue was dissolved in 1Q0of methanol and 2.l were

injected into the GC-MS system.
A 1-ml portion of urine was adjusted to pH 5.2 with acetic
acid (1 M) and incubated at 5C for 1.5 h with 10Qul of a 2.5. Gas chromatography—mass spectrometry
mixture (100,000 Fishman units per ml) of glucuronidase
(EC no. 3.2.1.31) and arylsulfatase (EC no. 3.1.6.1). The 4-MTA and its metabolites were separated and identified
sample was then diluted with 2 ml of water and loaded on in derivatized urine extracts using a Hewlett-Packard (Agi-
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lent, Waldbronn, Germany) 5890 Series Il gas chromatographdeamino-oxo 4-MTA (1-[4-(methylthio)-phenyl]propan-2-
combined with an HP 5989B MS Engine mass spectrom- one; mass spectra no. 2 Fg. 1), deamino-hydroxy 4-
eter and an HP MS ChemStation (DOS series) with HP MTA (1-[4-(methylthio)phenyl]propan-2-ol; mass spectra
G1034C software. The GC conditions were as follows: split- no. 3 in Fig. 1), ring hydroxy 4-MTA ((2-aminopropyl)-
less injection mode; column, HP-1 capillary (121®.2 mm (methylthio)phenol; mass spectra no. 4 iRig. 1),
I.D.), cross linked methyl silicone, 330 nm film thickness; andp-hydroxy 4-MTA (2-amino-1-[4-(methylthio)phenyl]-
injection port temperature, 28C; carrier gas, helium; flow-  propan-1-ol; mass spectra no. JHig. 1). In addition, 4-MTA
rate 1 ml/min; column temperature, programmed from 100 sulfoxide (mass spectra no. 6 lig. 1) could be identified
to 310°C at 30/min, initial time 3 min, final time 8 min. as possible metabolite. However, this compound could also
The MS conditions were as follows: full scan moaez be detected in blank urine samples spiked with 4-MTA at a
50-550u; El mode: ionization energy, 70eV; PICI using concentration of 1000 ng/ml, so that it can (also) be formed
methane: ionization energy, 230 eV; ion source temperature,artificially during workup and/or analysis. The exact position
220°C; capillary direct interface heated at 26D. of the hydroxy group in the phenyl ring (mass spectrano. 4 in
For toxicological detection of acetylated 4-MTA and its Fig. 1) could not be determined by means of GC-MS. The two
metabolites, mass chromatography with the selectechitins  isomers of th@3-hydroxy metabolite that have been detected
164,86, 137,122, and 223 was used. The identity of the peaksby Carmo et al[13] in hepatocytes, could not be detected in
in the mass chromatograms was confirmed by computerizedhuman urine, maybe due to their low urine concentrations.
comparison of the mass spectra underlying the peaks (after In the urine samples after acidic extraction and methyla-
background subtraction) with reference spectra recorded dur-tion, 4-methylthiobenzoic acid (mass spectra no.Fim 1),
ing this study. that was described as the main metabolite in hepatocyte incu-
bations[13], could be identified. However, in some of the
blank urine samples worked-up in the same way, a peak

3. Results and discussion appeared with an underlying mass spectrum (mass spec-
tra no. 8 inFig. 1) that looked very similar to that of 4-
3.1. Identification of metabolites methylthiobenzoic acid. The authors’ mass spectral library

[31] found as best hit methylated vanillic acid, a degrada-

Cleavage of conjugates was necessary before extractiortion product of several fruit or vegetable ingredients. As the
and GC-MS analysis of the suspected metabolites in ordersulfur isotope clusters of 4-methylthiobenzoic acid was not
not to overlook conjugated metabolites. For studies on the predominant enough in the El spectrum for differentiation,
metabolism, gentle enzymatic hydrolysis was preferred. 4- both compounds were spiked alone or in combination into
MTA and its metabolites were isolated from urine by SPE blank urine at concentrations of 1000 ng/ml, each, that was
that led to cleaner extracts than the LLE procedure usedworked-up as described here for 4-methylthiobenzoic acid.
for similar metabolism studies in the authors’ laboratory in Fortunately, the retention indices of both compounds differed
the pasf22-27] The metabolite 4-methylthiobenzoic acid markedly, which allowed differentiation of both.
was not extractable by this SPE, but by LLE at acidic pH Based on the identified metabolites of 4-MTA, the fol-
followed by methylation. Derivatization of the extracts was lowing metabolic pathway could be postulatefig( 2):
indispensable for sensitive detection. The urinary metabolitesoxidative deamination to the corresponding oxo metabo-
of 4-MTA were separated by GC and identified by full-scan lite (no. 2) followed by reduction to the corresponding
El and PICI MS. The postulated structures of the metabo- alcohol (no. 3) or degradation of the side chain to 4-
lites were deduced from the fragments detected in the EI methylthiobenzoic acid (no. 7), ring hydroxylation to a phe-
mode, which were interpreted in correlation to those of the nolic structure (no. 4) anfi—hydroxylation of the side chain
parent compound according to the rules described by, e.g.to 4-methylthionorephedrine (no. 5). As the peak of the
McLafferty and Turecek29] and Smith and Busc}80]. El deamino-hydroxy metabolite was more abundant in urine
and PICI mass spectra, the gas chromatographic retentiorafter hydrolysis with glucuronidase and arylsulfatase, it can
indices (RIs), structures and predominant fragmentation pat-be concluded that it is partly excreted as glucuronide and/or
terns of 4-MTA and its proposed metabolites are shown in sulfate. The pathways of 4-MTA are similar to those of struc-
Fig. L In order to verify the molecular mass of the postulated turally related 4-methoxyamphetamine (PMBR]. Three
metabolites, PICI mass spectra were recorded, because theynetabolites (nos. 4, 5 and 7) had already been identified in
usually contain abundant peaks of the protonated moleculemouse uring12] and one (no. 7) in incubations with hep-
[M + H] * with the adduct ions typical for PICI using methane atocytes from different species including hum§h3]. The
as reagent gas [M +£is]* and [M + GHs]*. However, the metabolic patterns were similar in all analyzed urine samples.
compounds containing aB-acetyl substituent (mass spec-
tra nos. 3-5 irFig. 1) did not show the protonated molecule 3.2. Detection by GC-MS within the STA
[M+H]*.

Besides 4-MTA (mass spectra no. IFig. 1), the follow- For cleavage of conjugates, rapid acid hydrolysis was
ing metabolites could be identified after SPE and acetylation: performed that has proved to be very efficient and fast for
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metabolites and vanillic acid after acetylation or methylation.



N

relative Abundance [%]

relative Abundance [%)]

[«

relative Abundance [%]

A.H. Ewald et al. / J. Chromatogr. B 824 (2005) 123-131
T 222
] RI: 2240 198 : :
| 86
i _ 28
180‘ 195
L N h Jll 1
T T T T [ T 1 T T | I
~ 100 200 , 300
| Pici %
] 180 250 :’;,LBCZH;
_ M+CH.*
262 3 s
| . L || 1 |I |/322
T T T T I T T T T ' T T T T I T T T T | T T T T ' T T T T |
100 200 300
4-Methylthioamphetamine-M (ring-HO-) 2AC m/z [u]
. e}
El 222 \>:
| RI: 2260 0
1150 A LEN Y
| 150 \ “, O
86 ) 1paf 1 222
| 123\ _ 223 e 186
281
e -
T T T I T 1 T T | T T T T ' T T T T I
100 200 300
PICI eez
- M+CZH5*
SR
1 . 163\' |. 250 260 | s o
T T T T | T T T T ' T T T T I T T T T | T T T T ' 1 T T T |
100 200 300
4-Methylthioamphetamine-M (HO-) 2AC m/z [u]
. 137
RI: 2360
] SN
| 180
I L 1 I‘u“'l]l T |I I — T T L 1 | L T T T T | T 1 1 T I
100 200
M+H*
PICI 240
M+C,H,*
268
224 / M+C H,*
| | _-280
T T T T I T T T T | T T T T | T T * T | L T .I : T |
100 200
4-Methylthioamphetamine-M/artifact (sulfoxide) AC m/z [u]

Fig. 1. Continued

127



128 A.H. Ewald et al. / J. Chromatogr. B 824 (2005) 123-131

7 7 El 151
| RI: 1610
3
o M+
o 123
e | 108 _~ 182
5 L
_g Liy |I| | II|I|| Aoy P IT] L., qull 1 | 1 il
< 1 T 1 T | T T T | T T T T | T T T 1
) 100 200
-% b PICI :\gw
<
] M+C,H,*
i 211
/ M+C,H,*
i | _-223
Al A I
T T T T T T T T T T T T T T T T 1
100 200
4-Methylthioamphetamine-M (methylthiobenzoic acid) ME m/z [u]
7 H 151
8
i RI: 1455
— M*
2 182
3 108
e P 123
g Ll -
c  lebwal, L || I||I.. [N R PR PO 11 I lis b . 1L,
-8 T T T T | T T T T ' T T T T I T T T T
< 100 200
o PICI M+H -
2 | 183
i
o |
M+C,H,*
T 211
] / M+C.H, -
223
I L Al . I i
T T T T I T T T T ' T T T T | T T T 1
100 200
Vanillic acid ME m/z [u]
Fig. 1. Continued.
s
1
HO
\S \S
2 \ 4
Q OH
OH NH,
oY — )
~
s s s
3 7 5

Fig. 2. Proposed scheme for the phase | metabolism of 4-MTA in humans. The numbering of the compounds corresponds to that of the maB&gsfectra in



A.H. Ewald et al. / J. Chromatogr. B 824 (2005) 123-131 129

this purpos€22—-27] However, one part of unhydrolyzed standard solution of typical drugs which is measured daily for
urine was added before extraction, because some analytesesting the GC-MS performan¢85,36] The reproducibil-
are altered or destroyed during hydrolyf38]. 4-MTA and ity of RIs measured on capillary columns was better using a
all its metabolites detected within the metabolism studies mixture of drugs than that of the homologous hydrocarbons
after enzymatic hydrolysis, SPE and acetylation could also recommended by Kovats.
be detected within the STA (mass spectra nos. 1-+agnl). Interferences by biomolecules or further drugs indicated
Only 4-methylthiobenzoic acid was not detected due to the in the reconstructed mass chromatograms could be excluded,
basic extraction pH and the lack of methylation. As could because these compounds have different gas chromato-
be seen in all authentic cases, the target analyte for the STAgraphic and/or mass spectral properties. The corresponding
is acetylated 4-MTA itself (mass spectrum no. 1Fig. 1). Rls and reference mass spectra are included in the used ref-
At a concentration of 1000 ng/ml, the extraction efficiency erence library31].
of 4-MTA was 69+ 1.9% (meant S.D.,n=5). The LOD of For illustration of the methodsig. 3shows reconstructed
acetylated 4-MTA was 30 ng/mE8(N 3). Unfortunately, the ~ mass chromatograms with the ioméz 164, 86, 137, 122,
excretion rates of the metabolites could not be determined dueand 223 indicating the presence of 4-MTA and its metabo-
to the lack of reference substances. However, assuming sim{ites and artifact in an acetylated extract of an authentic urine
ilar chromatographic properties of the derivatives of 4-MTA sample of a patient after reported ingestion of two to four
and its metabolites, their peak areas allow assessing that theills (the peak numbers correspond to those of the underlying
amount of the metabolites, detected in urine by STA, were mass spectra iRig. 1). lon m/z 164 was used for monitoring
about 10% of that of the parent drug. Nevertheless, detectionthe presence of the 4-methylthiophenylisopropyl moiety,
of the metabolites might allow proofing an intake of 4-MTA 86 for the intact ethyl mond-acetyl part,m/z 137 for the
and to exclude a manipulation of a urine sample by adding unchanged 4-methylthiophenylmethyl moietyz 122 for
4-MTA, e.g. to plead for diminished responsibility in case of the 4-thiophenylmethyl moiety, and/z 223 for the molec-
crime after drug abuse. ular ion of the parent compound and th¥€ isotope mass
The gas chromatographic Rls given kig. 1 provide of the hydroxy metabolites and the sulfoxide. The latter
preliminary indications, allow distinguishing between, e.g. can be found in the STA as artifact of 4-MTA. The iden-
4-methylthiobenzoic acid and vanillic acid and may be useful tity of the peak in the mass chromatogram was confirmed
for gas chromatographers without an MS facility. They were by computerized comparison of the underlying mass spec-
recorded during the GC-MS procedure and calculated in cor-trum with reference spectra recorded during this s{i3dy.
relation with the Kovats’ indicef84] of the componentsofa  Fig. 4shows the mass spectrum underlying the marked peak
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Fig. 3. Typical mass chromatograms with the ion'g 164, 86, 137, 122, and 223. They indicate the presence of 4-MTA and its metabolites and artifact in an
acetylated extract of an authentic urine sample of a patient after reported ingestion of 2—4 pills of 4-MTA. The merged ion chromatograms camtibéediffer
by their colors on a color screen.
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