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Abstract

Abstract

Amphetamine-type stimulants (ATS) are a globally abused type of narcotic drugs. Effects range
from stimulant effects such as increased concentration ability and psychomotor performance to
restlessness, confusion and aggression. The acute phase is followed by symptoms of exhaustion
such as fatigue and lack of concentration, which can last for days. Due to their psychomimetic
properties and the widespread use of ATS, forensic toxicologists are frequently confronted with
the assessment of offenses related to the consumption of these stimulants. These primarily
include questions related to driving ability, but also the assessment of criminal responsibility. In
this context, experts are often challenged by the fact that it is hardly possible to make statements
regarding the influence at the moment of the crime, in particular due to the unknown quantity
consumed. The verification of the defendant's information on the time of the last consumption is
therefore of crucial forensic interest. While time estimation based on blood serum concentrations
as determined routinely in forensic laboratories is not possible, enantioselective analysis offers
an approach that potentially expands the forensic interpretation possibilities. Since ATS are
mostly consumed as racemates, but their enantiomers are metabolized at different rates in the
human body, conclusions can be drawn about the time of consumption if the time course of the
enantiomeric ratios is known. The studies summarized in this dissertation describe the
investigation of the enantioselective pharmacokinetics of 4-fluoroamphetamine (4-FA) and
amphetamine with respect to forensic issues. In addition, the plasma protein binding (PPB) of
various ATSs was determined enantioselectively and seized substance samples of illicit ATS were

analyzed for their chiral composition.

For this purpose, two liquid chromatographic-tandem mass spectrometric (LC-MS/MS) methods
for the detection of the enantiomers of amphetamine, methamphetamine, 4-FA,
3,4-methylenedioxy-N-methylamphetamine (MDMA), and the amphetamine metabolites
norephedrine and 4-hydroxyamphetamine were developed and successfully validated for
application in serum samples. Sample preparation was performed by solid phase extraction (SPE)

and enantiomer separation was performed using a chiral column.

The analysis of police seizures showed exclusively racemic composition for amphetamine and
MDMA. On the one hand, this allows the interpretation of enantiomeric ratios in serum for the
purpose of time estimation and, on the other hand, the differentiation from a therapeutic intake of
approved (S)-amphetamine-containing drugs. While the majority of the seized methamphetamine

samples exclusively contained the more potent (S)-enantiomer, in some cases the pure

VI



Abstract

(R)-enantiomer as well as racemic and non-racemic mixtures were also detected. These results
reflect the current changes in the drug market and may also have legal implications for the
interpretation of the so-called ‘nicht geringe Menge’ (non-small amount) according to the German
Narcotics Act (BIMG).

Analysis of serum samples obtained from 12 subjects in a clinical study with oral ingestion of 4-FA
showed significantly shorter half-lives for the (S)-enantiomer. The increase in
(R)/(S)-concentration ratios was linear for all subjects and was independent of the given dose.
However, the slope of the (R)/(S)-ratios showed considerable interindividual differences, resulting
in enantiomeric ratios between 1.08 and 2.77 after 12 hours. Nevertheless, for forensic
interpretation, a cut-off at a (R)/(S)-ratio of 1.60 could be suggested, indicating the absence of

acute effects.

For time estimation in amphetamine use, samples were collected from psychiatric inpatients who
voluntarily provided information on their last consumption. Here, a good correlation of the
(R)/(S)-concentration ratios with the reported time difference to the last consumption was found,
although significant outliers were also observed. Analogous to the 4-FA study, this study indicated
a cut-off at a (R)/(S)-ratio of 1.09 for the assumption that acute effects have passed. Limitations
include the relatively small sample size of 30 samples, the reliability of the self-reported data and
the frequent presence of binge consumption. Examination of a total of 425 amphetamine-positive
forensic serum samples yielded (R)/(S) concentration ratios between 0.88 and 4.04. Furthermore,
the enantiomers of the metabolites norephedrine and 4-hydroxyamphetamine could be detected

in many of these samples.

The determination of the PPB of amphetamine, methamphetamine, 4-FA and MDMA by
ultrafiltration (UF) revealed no or only insignificant differences in the binding of the enantiomers.
A significant influence of the PPB on the stereospecific differences in pharmacokinetics and

pharmacodynamics could therefore be excluded.



Zusammenfassung

Zusammenfassung

Stimulantien des Amphetamin-Typs (amphetamine-type stimulants, ATS) sind eine weltweit
missbrauchte Gruppe von Betdubungsmitteln. lhre Wirkung reicht von stimulierenden Effekten
wie Konzentrations- und Leistungssteigerung bis hin zu Unruhe, Verwirrtheit und Aggressivitat.
Im Anschluss an die akute Wirkungsphase treten Erschopfungssymptome wie Mudigkeit und
Konzentrationslosigkeit auf, die mitunter Uber Tage andauern koénnen. Aufgrund ihrer
psychomimetischen Eigenschaften und der weiten Verbreitung von ATS sind Forensische
Toxikologen haufig mit der Beurteilung von Delikten im Zusammenhang mit dem Konsum dieser
Stimulantien konfrontiert. Dazu gehdren vor allem Fragestellungen bezlglich der Fahrtlichtigkeit
aber auch der Einschatzung von Schuldfahigkeit. Hierbei stehen Gutachter oft vor dem Problem,
dass sich insbesondere aufgrund der unbekannten Konsummenge kaum Aussagen zur
Beeinflussung zum Tatzeitpunkt treffen lassen. Die Uberpriifung der Angaben des Beschuldigten
zum Zeitpunkt des letzten Konsums ist somit von zentralem forensischen Interesse. Wahrend
eine Zeiteinschatzung auf Basis der in forensischen Laboren routinemafig ermittelten
Blutserumkonzentrationen nicht méglich ist, bietet die enantioselektive Analytik einen Ansatz, der
potentiell die forensischen Interpretationsmaoglichkeiten erweitert. Da ATS meist in Form des
Racemates konsumiert werden, die Enantiomere im menschlichen Korper jedoch unterschiedlich
schnell metabolisiert werden, koénnen unter Kenntnis des zeitlichen Verlaufs der
Enantiomerenverhaltnisse Ruckschlisse auf den Konsumzeitpunkt gezogen werden. Die in
dieser Arbeit zusammengefassten Studien beschreiben die Untersuchung der enantioselektiven
Pharmakokinetik von 4-Fluoramphetamin (4-FA) und Amphetamin in Hinblick auf forensische
Fragestellungen. Daruber hinaus wurde die Plasmaproteinbindung (PPB) von verschiedenen
ATS enantioselektiv ermittelt und beschlagnahmte Stoffproben illegaler ATS auf ihre chirale

Zusammensetzung untersucht.

Zu diesem Zweck wurden zwei flissigkeitschromatographisch-tandem-massenspektrometrische
(LC-MS/MS) Methoden zur Detektion der Enantiomere von Amphetamin, Methamphetamin,
4-FA, 3,4-Methylendioxy-N-methylamphetamin (MDMA), sowie der Amphetamin-Metabolite
Norephedrin und 4-Hydroxyamphetamin entwickelt und erfolgreich fir die Anwendung in
Serumproben validiert. Die Probenaufarbeitung erfolgte hierbei mittels Festphasenextraktion

(solid phase extraction, SPE) und die Enantiomerentrennung mithilfe einer chiralen Saule.

Bei der Analyse von polizeilich beschlagnahmten Stoffproben zeigten sich fur Amphetamin und

MDMA ausnahmslos racemische Zusammensetzungen. Dies erlaubt zum einen die Interpretation
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von Enantiomerenverhaltnissen im Serum im Sinne einer Zeiteinschatzung und zum anderen die
Differenzierung von einer therapeutischen Aufnahme zugelassener (S)-amphetaminhaltiger
Medikamente. Wahrend der Grofdteil der beschlagnahmten Methamphetaminproben
ausschlielllich das potentere (S)-Enantiomer enthielt, konnte in einigen Fallen auch das reine
(R)-Enantiomer sowie racemische und nicht-racemische Mischungen detektiert werden. Diese
Ergebnisse spiegeln den aktuell stattfindenden Wandel auf dem Drogenmarkt wider und kdnnen
daruber hinaus rechtliche Auswirkungen auf die Auslegung der sogenannten ,nicht geringen

Menge“ im Sinne des deutschen Betaubungsmittelgesetzes (BtMG) haben.

Bei der Analyse von Serumproben, die von 12 Probanden im Rahmen einer klinischen Studie mit
oraler Einnahme von 4-FA gewonnen wurden, zeigten sich deutlich kiirzere Halbwertszeiten fir
das (S)-Enantiomer. Der Anstieg der (R)/(S)-Konzentrationsverhaltnisse verlief fur alle
Probanden linear und war unabhangig von der konsumierten Dosis. Bei der Steigung der
(R)/(S)-Verhaltnisse zeigten sich jedoch erhebliche interindividuelle Unterschiede, sodass sich
nach 12 Stunden Enantiomerenverhaltnisse zwischen 1,08 und 2,77 ergaben. Fir die forensische
Interpretation konnte dennoch ein Cut-off bei einem (R)/(S)-Verhaltnis von 1,60 vorgeschlagen

werden, der die Abwesenheit von Akuteffekten nahelegt.

Zur Zeiteinschatzung bei Konsum von Amphetamin wurden Proben von psychiatrischen
Patienten gesammelt, die freiwillig Angaben zu ihrem letzten Konsum machten. Hierbei zeigte
sich eine gute Korrelation der (R)/(S)-Konzentrationsverhaltnisse mit der angegebenen
Zeitdifferenz zum letzten Konsum, wobei auch hier deutliche Ausreil3er zu beobachten waren.
Analog zur 4-FA-Studie ergab sich aus dieser Studie fur die Annahme des Nichtvorliegens einer
akuten Beeinflussung ein Cut-off bei einem (R)/(S)-Verhaltnis von 1,09. Hierbei stellen neben
dem relativ kleinen Probenumfang von 30 Proben sowohl die Verlasslichkeit der Eigenangaben
als auch der oftmals vorliegende Mehrfachkonsum Limitationen dar. Bei der Untersuchung von
insgesamt 425  Amphetamin-positiver  forensischer =~ Serumproben  ergaben  sich
(R)/(S)-Konzentrationsverhaltnisse zwischen 0,88 und 4,04. In vielen dieser Proben konnten
darUber hinaus die Enantiomere der Metabolite Norephedrin und 4-Hydroxyamphetamin

nachgewiesen werden.

Bei der Bestimmung der PPB von Amphetamin, Methamphetamin, 4-FA und MDMA mittels
Ultrafiltration (UF) konnten keine oder nur unerhebliche Unterschiede in der Bindung der
Enantiomere festgestellt werden. Ein nennenswerter Einfluss der PPB auf die stereospezifischen

Unterschiede in Pharmakokinetik und Pharmakodynamik konnte somit ausgeschlossen werden.

Xl



Einleitung

1 Einleitung

1.1 Stimulantien des Amphetamin-Typs

Amphetamin und seine strukturverwandten Analoga werden in der Gruppe der sogenannten
amphetamine-type stimulants (ATS, Stimulantien des Amphetamin-Typs) zusammengefasst [1].
In der Literatur wird bisweilen der Oberbegriff ,Amphetamine generisch verwendet [2—4],
historisch fand der etwas weiter gefasste Begriff der ,Weckamine“ Gebrauch [5,6]. ATS sind
Derivate des 2-Phenethylamins und gehéren daher zur Stoffgruppe der Phenethylamine [2,7]. Sie
besitzen somit die selbe Grundstruktur wie die endogenen Neurotransmitter der Katecholamine
[2]. Allgemein bewirken ATS eine Konzentrationserhdhung der Neurotransmitter Dopamin,
Noradrenalin und Serotonin im synaptischen Spalt der Nervenzellen (Neuronen) des Gehirns
[3,8,9]. Zu den dadurch bedingten stimulierenden Effekten zahlen Leistungssteigerung, Euphorie

und Enthemmung. Gleichzeitig werden Muadigkeit und Hungergefiihl unterdrickt [2,9,10].

Zu den wichtigsten Vertretern der ATS gehoéren neben dem namensgebenden Amphetamin das
deutlich potentere Methamphetamin und das meist als sogenannte ,Partydroge” verwendete
3,4-Methylendioxy-N-methylamphetamin (MDMA) [9,11-13]. Daneben existieren unzahlige
weitere Substanzen der ATS-Gruppe, von denen einige der Gruppe der Neuen psychoaktiven
Stoffe (NPS, auch ,Designerdrogen®) zugeordnet werden [7,13]. Durch gezielte Modifizierung der
chemischen Struktur wird versucht, betdubungsmittelrechtliche Beschrankungen zu umgehen.
Dies fuhrt mitunter dazu, dass die Substanzen nur kurzzeitig auf dem Markt erscheinen und dann
wieder an Bedeutung verlieren [7,14,15]. Wahrend einige Vertreter der ATS auch natirlich
vorliegen und seit Jahrtausenden genutzt werden, wie zum Beispiel das im Kathstrauch
enthaltene Cathinon [3,10,16], werden die heute in der westlichen Welt relevanten Vertreter voll-
oder halbsynthetisch hergestellt [17,18].

Wurden Amphetamin und Methamphetamin nach ihrer Entdeckung zunachst therapeutisch fir
vielfaltige Indikationen angewendet, offenbarte sich schnell das grofle Missbrauchs- und
Abhangigkeitspotential der Stimulantien [2,19]. So stehen die am haufigsten missbrauchten
Vertreter der ATS seit 1971 unter internationaler Kontrolle [20]. Dennoch sind ATS nach Cannabis
und Opioiden die weltweit am dritthaufigsten missbrauchte Gruppe von Betdubungsmitteln [11].
In Deutschland konsumieren etwa ein Prozent aller Erwachsenen mindestens einmal im Jahr
Amphetamine, wahrend die Pravalenz unter jungen Erwachsenen in etwa bei zwei Prozent liegt

[21,22]. Einzelne Vertreter der ATS und weitere Derivate der Phenethylamine finden jedoch auch
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heute noch therapeutische @ Anwendung, insbesondere zur Behandlung der
Aufmerksamkeitsdefizit-/Hyperaktivitatsstorung (ADHS) [23,24].

Die folgenden Kapitel beinhalten kurze Substanzmonographien der in dieser Arbeit untersuchten
ATS.

111 Amphetamin

Der Name Amphetamin (vgl. Abbildung 1) ist von der veralteten systematischen Bezeichnung
alpha-Methylphenethylamin abgeleitet [25]. Die systematische deutsche Bezeichnung nach
IUPAC-Nomenklatur  (International Union of Pure and Applied Chemistry) lautet
1-Phenylpropan-2-amin. Amphetamin wurde erstmals 1887 in Berlin von dem rumanischen
Chemiker Lazar Edeleanu synthetisiert [3,5,26]. Im Jahr 1927 wurde es von Gordon Alles
resynthetisiert, der nach einer kostenglnstigen Alternative zum natirlich vorkommenden
Phenethylamin Ephedrin suchte und den stimulierenden Effekt des Amphetamins zuerst
beschrieb [27-30]. Erstmals zur medizinischen Anwendung zugelassen wurde es im Jahr 1932
unter dem Namen Benzedrine® in Tablettenform und zur nasalen Applikation [29,30]. Mit der
Zulassung fur Indikationen wie Narkolepsie und Depression stiegen die Verschreibungen von
amphetaminhaltigen Arzneimitteln [5,31]. In Folge des zweiten Weltkrieges, wo Amphetamin
breite Anwendung unter alliierten Truppen fand, wurde es auch in der zivilen Bevolkerung immer
haufiger missbraucht [2,31]. Heute wird Amphetamin weltweit konsumiert und stellt in
Deutschland sowie vielen anderen europaischen Landern das am haufigsten missbrauchte ATS
dar [11,12,22]. Das in Deutschland sichergestellte Amphetamin stammt Uberwiegend aus den
Niederlanden [32,33]. Amphetamin, genannt ,Speed* oder ,,Pep“, wird meist als Pulver, seltener
in Tablettenform, angeboten [13,34]. Der mittlere Reinheitsgrad betrug im Jahr 2019 etwa 13
Prozent [35]. Der Konsum erfolgt in der Regel nasal, jedoch werden auch oraler, inhalativer und

intravendser Konsum gelegentlich praktiziert [12].
1.1.2 Methamphetamin

Methamphetamin (IUPAC: N-Methyl-1-phenylpropan-2-amin) ist das N-methylierte Derivat des
Amphetamins (vgl. Abbildung 1) [25]. Die Erstsynthese gelang dem Japaner Nagayoshi Nagai im
Jahr 1893 [36-38]. Der Durchbruch hin zu einer industriellen Herstellung erfolgte 1919, als Akira
Ogata erstmals kristallines Methamphetamin synthetisierte [36,38]. Die Temmler-Werke brachten
Methamphetamin 1938 unter dem Handelsnamen Pervitin® als Fertigpraparat in Deutschland auf

den Markt [30,39]. Das im Zweiten Weltkrieg vor allem von deutschen und japanischen Truppen
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zur  Leistungssteigerung  genutzte  Stimulanz  [30,38] wurde aufgrund seines
Missbrauchspotentials bereits 1941 dem Reichsopiumgesetz unterstellt [40,41]. Uber die darauf
folgenden Jahrzehnte entwickelte sich der Methamphetaminmissbrauch zu einem weltweiten
Problem [11,42].

Heute ist Methamphetamin im asiatischen Raum das am haufigsten missbrauchte Stimulanz,
jedoch gewinnt es auch in Zentraleuropa an Relevanz [11,43]. Wahrend Methamphetamin in den
letzten Jahrzehnten vor allem in der Tschechischen Republik hergestellt und missbraucht wurde,
unterliegt der europdische Markt momentan einem Wandel [33,43]. So stammte im Jahr 2019 der
Groliteil des in Deutschland sichergestellten Methamphetamins aus den Niederlanden [21,32].
Die 12-Monats-Pravalenz unter den Erwachsenen liegt bei 0,2 Prozent [21], wobei der Konsum

vor allem in den an Tschechien angrenzenden Bundeslandern verbreitet ist [44,45].

Die Wirkung von Methamphetamin ist qualitativ mit der von Amphetamin vergleichbar [2,34,46].
Ob die Wirkung von Methamphetamin etwa aufgrund hdheren Lipophilie und somit leichterer
Passage der Blut-Hirnschranke oder aufgrund der allgemein hoheren Reinheit zu einer
intensiveren Wirkung und damit verbundenem hoéherem Abhangigkeitspotential fuhrt, wird
kontrovers diskutiert [2,3,34,46—48]. Wahrend Methamphetamin in Europa meist als Pulver
(,Crank*) oder in kristalliner Form (,Crystal Meth“) gehandelt wird, tritt es vor allem in Asien auch
in Tablettenform (,, Yaba") auf [12,30,49-51]. Der Konsum erfolgt in der Regel nasal (Pulver) oder
oral (Tabletten), seltener intravends [2,12,43]. Die hochreine kristalline Form, auch “/ce” genannt,

kann geraucht werden [30,49].
1.1.3 3,4-Methylendioxy-N-methylamphetamin (MDMA)

3,4-Methylendioxy-N-methylamphetamin (IUPAC: 1-(1,3-Benzodioxol-5-yl)-N-methylpropan-2-
amin), kurz MDMA, ist ein ringsubstituiertes Phenethylamin (vgl. Abbildung 1) [52]. Es wurde
erstmals 1912 von der Darmstadter Firma E. Merck als Syntheseintermediat hergestellt
(Patenschrift Nr. 274350). Erste pharmakologische Untersuchungen fanden jedoch erst 1927
statt. [53,54]. 1978 fuhrte der US-Amerikanische Halluzinogenforscher Alexander Shulgin erste
Studien am Menschen durch [55,56]. Erste Belege fur den Missbrauch im amerikanischen
Mittleren Westen finden sich jedoch schon in den frihen Siebzigern [54,57,58]. In den
Achtzigerjahren verbreitete sich der MDMA Konsum im Rest der USA und auch in Europa,
insbesondere in der Technokultur (,Raveszene®) [2,58—60]. Nach einem Tiefpunkt im Jahr 2010
ist in Deutschland zuletzt wieder ein deutlich ansteigender Trend bei den Konsumdelikten von
MDMA zu beobachten [35,61].
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MDMA unterscheidet sich in seiner psychotropen Wirkung grundsatzlich von Amphetamin und
Methamphetamin. Wahrend bei letzteren Stimulantien die Wirkung von Dopamin und
Noradrenalin im Vordergrund steht, bewirkt MDMA einen deutlich héheren Anstieg von Serotonin
im synaptischen Spalt [62—65]. Der US-amerikanische Pharmakologe David E. Nichols pragte zur
Beschreibung der emotional 6ffnenden und empathiesteigernden Wirkung den Begriff

.entactogen”, was so viel bedeutet wie ,das Innere berihrend” [13,63].

Im Jahr 2019 betrug die 12-Monats-Pravalenz in Deutschland unter den Erwachsenen
1,1 Prozent, wahrend der Konsum unter jungen Erwachsenen (18 bis 25 Jahre) mit 3,6 Prozent
deutlich verbreiteter war [21]. MDMA wird typischerweise in Form von bunten Tabletten
(,Ecstasy”, kurz ,E* oder ,XTC") vertrieben, die mit Symbolen oder Markenlogos versehen sind
[55,60,66—68]. Wahrend in der Vergangenheit mitunter auch andere psychotrope Substanzen in
Ecstasy-Tabletten enthalten waren [69,70], beinhalten in Deutschland sichergestellte Tabletten
heute fast immer MDMA [61], sodass der Begriff ,Ecstasy” mitunter auch Synonym verwendet
wird [69,71]. Der mittlere Wirkstoffgehalt von in Deutschland sichergestellten Ecstasy-Tabletten
hat sich in den letzten zehn Jahren annahernd verdreifacht und betrug 2019 im Schnitt
146 Milligramm pro Tablette [35,61]. Seit 2010 ist MDMA dariber hinaus auch in unverschnittener
kristalliner Form auf dem Markt [11,68], dessen Wirkstoffgehalt meist Uber 70 Prozent
betragt [35]. Der Grofdteil des in Deutschland sichergestelten MDMA stammt aus den
Niederlanden, in denen eine besonders hohe Konsumpravalenz herrscht [11,22].
Ecstasy-Tabletten werden in der Regel geschluckt, die kristalline Form kann auch geschnupft

werden [22]. Seltener wird es intravends injiziert oder geraucht [72].
1.1.4 4-Fluoramphetamin

4-Fluoramphetamin (IUPAC: 1-(4-Fluorphenyl)propan-2-amin), kurz 4-FA, ist das para-fluorierte
Analogon des Amphetamins (vgl. Abbildung 1) [73]. Als halogenierte Variante einer bereits
gebrauchlichen Droge ist 4-FA der Gruppe der NPS zuzuordnen [74-76]. 4-FA wurde erstmals
im Januar 2003 in Deutschland sichergestellt [76]. Seitdem wurde es in einigen europaischen
Landern wie Danemark [77,78], Deutschland [73,79], Belgien [80], Schweden [81,82], Finnland
[83] und der Schweiz [84] detektiert. Darliber hinaus gibt es Berichte von schweren Intoxikationen
aus den USA [85-87]. Besonders popular war 4-FA in den Niederlanden, wo es 2013 das am
haufigsten konsumierte NPS war [88-93]. Dort wurde es zunachst als Bestandteil von
Amphetamin- und Ecstasyzubereitungen festgestellt, entwickelte sich aber im Laufe der Zeit zu

einer Droge der Wahl, die eigenstéandig vermarktet wurde [88,90]. Nach der Aufnahme in das
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niederlandische Opiumgesetz (nl.: Opiumwet) und einer 6ffentlichen Informationskampagne
verlor es jedoch deutlich an Popularitat [94]. Bereits 2012 wurde 4-FA in Anlage | (nicht
verkehrsfahige Betaubungsmittel) des deutschen Betaubungsmittelgesetzes (BtMG)

aufgenommen [95].

4-FA ist auch bekannt unter Szenenamen wie ,PFA*, ,4-FMP*, flava®, ,4floor*, ,4-fluor*, und
wurde dariber hinaus als ,Flux CD cleaner® vermarktet [92]. Die Substanz wird hauptséachlich in
Form von Tabletten oder Kapseln und seltener als Pulver angeboten [89,90]. In der Regel erfolgt
der Konsum oral, der nasale Konsum wird seltener praktiziert und ist mit starken Schmerzen in
der Nase verbunden [91]. Die Wirkung lasst sich zwischen den stimulierenden Effekten des
Amphetamins und den entaktogenen Effekten von MDMA einordnen [91,96] und kann als ,mild

psychedelisch® bezeichnet werden [96].

O/Y /O/Y m OD/Y
NH NH HN < HN
2 F 2 \ o \

Amphetamin 4-Fluoramphetamin Methamphetamin MDMA

Abbildung 1 Strukturformeln der in dieser Arbeit untersuchten Phenethylamine Amphetamin,

4-Fluoramphetamin, Methamphetamin und 3,4-Methylendioxy-N-methylamphetamin (MDMA)
1.1.5 Epidemiologie

Wahrend Konsum von ATS in der Regel nicht zu kdrperlicher Abhangigkeit flhrt, bieten sie ein
erhebliches psychisches Abhangigkeitspotential [97,98]. Die Konsummuster reichen von
gelegenheitsmafligem Gebrauch bis hin zu chronischem, mehrfach taglichem Missbrauch
[10,99,100]. Bei weitem am haufigsten werden ATS in der Gruppe der jungen Erwachsenen
(15 bis 24 Jahre) konsumiert, dabei etwas haufiger von Mannern [12,22,101]. In den freiwilligen
Entzug begeben sich jedoch in etwa dreimal so viele Manner wie Frauen [12,22,101]. Laut dem
Report der Europaischen Beobachtungsstelle flir Drogen und Drogensucht (EMCDDA) liegt die
12-Monats-Pravalenz fur MDMA-Konsum unter jungen Erwachsenen (15 bis 34 Jahre) in
Deutschland mit etwa 1,3 Prozent im EU-Mittel, Spitzenreiter ist die Niederlande mit 7,1 Prozent.
Beim Amphetamin-Konsum befindet sich Deutschland mit 1,9 Prozent in der EU-Spitze, wahrend
auch hier die Niederlande mit 3,5 Prozent deutlich heraussticht [22]. Vor allem MDMA wird
vermehrt in der Techno- und Partyszene konsumiert [2,58—60], haufig gemeinsam mit anderen

Substanzen, insbesondere Alkohol, Cannabis und anderen ATS [22,101]. Auch unter



Einleitung

Gelegenheitskonsumenten von ATS ist der Bingekonsum, also der Konsum von mehreren Dosen
in relativ kurzen Zeitabstanden, ein verbreitetes Phanomen [99,100,102]. Der regelmalige
Gebrauch von ATS flhrt zu einer raschen Toleranzentwicklung, sodass Dosen gesteigert und
Konsumintervalle verkirzt werden [10,100]. Chronisch Abhangige wahlen zudem vermehrt den

Applikationsweg der Injektion, um einen starkeren Effekt zu erzielen [10,103].
1.2 Chiralitat

Chiralitat ist eine Form der chemischen Isomerie (vgl. Abbildung 2). In erster Linie tritt Chiralitat
bei Molekilen auf, die vier unterschiedliche Substituenten an einem Kohlenstoffatom tragen
[104,105]. Dieses Atom wird als ,asymmetrisches C-Atom", ,Asymmetriezentrum®, ,stereogenes
Zentrum* oder kurz ,Stereozentrum® bezeichnet [104-106]. Durch die dreidimensionale
Anordnung der vier Substituenten als Tetraeder (absolute Konfiguration) existieren zwei mogliche
Konfigurationsisomere, die sich wie Bild und Spiegelbild verhalten und somit nicht zur Deckung
gebracht werden kénnen (vgl. Abbildung 3) [104—108]. Die beiden Verbindungen werden als
Enantiomere (enantios, griech.: entgegengesetzt) bezeichnet [106,109]. Die Eigenschaft der
Enantiomere wird Chiralitdt genannt (cheir, griech.: Hand), da sich die beiden Verbindungen
zueinander verhalten wie rechte und linke Hand [104-107]. Eine aquimolare (1:1) Mischung von
zwei Enantiomeren wird als ,racemische Mischung® oder ,Racemat‘ (racemus, lat. etwa:
Weinrebe) bezeichnet [104—-107].

Isomerie

Konstitutionsisomerie Stereoisomerie

Konfigurationsisomerie Konformationsisomerie

Enantiomere Diastereomere cis/trans-Isomerie

Abbildung 2 Ubersicht der unterschiedlichen Formen der Isomerie (modifiziert nach [110]).
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Enantiomere kénnen sich unter bestimmten Umstanden ineinander umwandeln. Die Einstellung
auf ein aquimolares Gleichgewicht wird ,Racemisierung” genannt [104—106]. Besitzt ein Molekdl
mehrere (n) Stereozentren, existieren in der Regel 2" Stereoisomere, wobei jeweils n
Enantiomerenpaare vorliegen [111]. Alle Stereocisomere, deren absolute Konfiguration sich nicht
an samtlichen (n) Stereozentren voneinander unterscheiden und sich somit nicht wie
Spiegelbilder verhalten, werden Diastereomere genannt [104,107]. Wahrend Diastereomere sich
in ihren grundlegenden physikalischen und chemischen Eigenschaften unterscheiden, sind diese
bei Enantiomeren identisch [104,107,112]. Wahrend achirale Substanzen und Racemate in
Lésung die Richtung von linear polarisiertem Licht in der Regel nicht andern, konnen Enantiomere

anhand ihrer spezifischen Drehrichtung unterschieden werden (optische Aktivitat) [104,106].

sl Higy,

(R)-Amphetamin (S)-Amphetamin

Abbildung 3 Veranschaulichung der Chiralitdt am Beispiel des Amphetaminmolekils im Tetraedermodell

Um die absolute Konfiguration in der zweidimensionalen Ebene sichtbar zu machen, hat sich die
sogenannte Keilstrichformel etabliert [106,108]. Hierbei werden Bindungen in der Zeichenebene
als einfache Linie dargestellt, Bindungen vor der Zeichenebene als Keil und hinter der
Zeichenebene als gestichelter Keil [108,113]. Bei unbekannter Konfiguration oder Gemischen
(Racematen) wird eine wellenformige Linie genutzt (vgl. Abbildung 1) [108]. Zur Beschreibung
der absoluten Konfiguration im Substanznamen existieren mehrere Deskriptoren. Historisch
wurden die Enantiomere anhand ihrer optischen Aktivitdt in rechtsdrehend (+) und
linksdrehend (-) unterschieden. Ebenso kénnen synonym die Minuskel d fur rechtsrotierend
(lat.: dexter) und | fur linksrotierend (lat. laevus) genutzt werden [104,112]. Diese Deskriptoren
korrelieren jedoch nicht mit der tatsachlichen Lage der Atome im Raum [106,112]. Die von Emil

Fischer 1891 eigefuhrten Stereodeskriptoren D und L (geschrieben als sogenannte Kapitalchen)
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beruhen auf der absoluten Konfiguration und sind heute noch fir Aminosduren und
Kohlenhydrate gebrauchlich [107,108]. Sowohl die Fischer Nomenklatur als auch die
Beschreibung der optischen Drehrichtung lassen jedoch nur die Unterscheidung von zwei
Enantiomeren zu. Diastereomeren Verbindungen muissen daher zwingend unterschiedliche
Substanznamen zugeordnet werden [108]. Aus diesem Grund wird heute meist die von der
IUPAC empfohlene Cahn-Ingold-Prelog-Nomenklatur (CIP) genutzt [104,107,112]. Dazu werden
die vier Substituenten beginnend mit der héchsten Ordnungszahl priorisiert. Besitzen Atome die
gleiche Ordnungszahl, wird die Kette weiterverfolgt, bis eine eindeutige Priorisierung maoglich ist.
AnschlieBend wird die Bindung mit der geringsten Prioritat (oftmals Wasserstoff) nach hinten
gedreht. Erscheinen nun die restlichen Substituenten mit aufsteigender Prioritat (1, 2, 3) im
Uhrzeigersinn, liegt die (R)-Konfiguration (rectus, lat.: rechts) vor. Andernfalls liegt die
(S)-Konfiguration (sinister, lat.: links) vor [104—106]. Die hier vorgestellten Stereodeskriptoren
(optische Drehrichtung, Fischer- oder IUPAC-Nomenklatur) stehen in keinem direkten

Zusammenhang und werden daher mitunter nebeneinander angegeben [105,106,112].

Alle in dieser Arbeit untersuchten Substanzen besitzen ein Stereozentrum. Eine Ausnahme bildet
Norephedrin, da es zusatzlich an der Seitenkette hydroxyliert ist und somit zwei Stereozentren
besitzt. Die (1R,2S) bzw. (1S,2R) konfigurierten Enantiomere werden Norephedrin genannt, die

(1S,2S) bzw. (1R,2R) konfigurierten Enantiomere dagegen Norpseudoephedrin [114].
1.21 Chirale Arzneimittel

Neben ihrer optischen Aktivitat unterscheiden sich Enantiomere lediglich in inrer Wechselwirkung
mit anderen chiralen Systemen [104,107]. Da alle proteinogenen Aminosauren aufier Glycin
chirale Moleklle sind, bilden die daraus aufgebauten Zielstrukturen wie Rezeptoren, Enzyme,
Transporter und lonenkanale, mit denen Arzneistoffe und Drogen im menschlichen Korper
interagieren, eine chirale Umgebung [104,112,115]. Dementsprechend unterscheidet sich die
Pharmakologie von Enantiomeren grundsatzlich [115-117]. Enantiomere kdnnen unter anderem
unterschiedlich stark an Rezeptoren [118,119] oder Plasmaproteine [120] binden,
unterschiedliche Potenz oder Toxizitat aufweisen [121,122], agonistisch oder antagonistisch
wirken [123,124] und unterschiedlich schnell zu unterschiedlichen Metaboliten verstoffwechselt
werden [125,126]. Dabei ist zu beachten, dass unter Umstanden auch enantiomerenreine Stoffe
im Korper invertieren oder racemisieren konnen, wie es zum Beispiel fir Thalidomid (Contergan®)
[127] oder Ibuprofen [125] der Fall ist. Das Enantiomer, welches die gewinschte

pharmakologische Wirkung hervorruft oder eine hohere pharmakologische Potenz aufweist, wird
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.Eutomer’ genannt. Das andere Enantiomer, welches weniger aktiv bzw. inaktiv ist oder sogar
unerwulnschte bis toxische Effekte hervorruft, wird als ,Distomer bezeichnet [104,108]. Da durch
die Gabe des reinen Eutomers die Dosis halbiert und Nebenwirkungen reduziert werden kdonnen,
werden immer weniger racemische Arzneimittel in Deutschland zugelassen [115,128]. Zur
Kennzeichnung von enantiomerenreinen Arzneimitteln werden abgewandelte Prafixe verwendet.
Die Zusatze ,Dex-* und ,Lev-“ beziehen sich auf die Fischer-Nomenklatur, ,Ar-“ oder ,Er-“ sowie
-Es-“ auf die CIP-Nomenklatur. Auch der Zusatz ,rac-“ wird mitunter flr racemische Arzneimittel
verwendet [129,130].

1.2.2 Enantiomerenzusammensetzung illegaler ATS

ATS kdnnen Uber diverse Synthesewege hergestellt werden. Abhangig von den zur Verfiigung
stehenden Vorlauferstoffen und den entsprechend angewandten Methoden kénnen entweder
racemische oder enantiomerenreine Produkte sowie nichtracemische Enantiomerengemische
entstehen [18,131-134]. Im Zuge der Umsetzung des Ubereinkommens der Vereinten Nationen
gegen den unerlaubten Verkehr mit Suchtstoffen und psychotropen Stoffen von 1988 [135]
kontrollieren die Europaische Union (EU) sowie nationale Gesetzgeber den Verkehr von
moglichen Synthesevorlauferstoffen [136—138]. Da viele Edukte und Reagenzien auch von
pharmazeutischer oder industrieller Bedeutung sind, sind den Gesetzgebern allerdings Grenzen
gesetzt [139,140]. In Deutschland regelt das Grundstoffiiberwachungsgesetz (GUG) den Verkehr
von ,,Grundstoffen, die fur die unerlaubte Herstellung von Betadubungsmitteln missbraucht werden
kénnen“ [141]. Laut § 2 GUG liegen ihr die EU-Verordnungen (EG) Nr. 111/2005,
(EG) Nr. 1277/2005 und (EG) Nr. 273/2004 zu Grunde. Die kontrollierten Stoffe selbst sind
lediglich in den EU-Verordnungen, nicht aber im GUG gelistet und werden in drei Kategorien
eingeteilt. Kategorie 1 umfasst Grundstoffe (Edukte), Kategorie 2 Reagenzien zur Umsetzung

und Kategorie 3 Losemittel und Sauren [138,141].
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rac-Amphetamin

Phenylaceton Reduktive Aminierung /
Leuckart-Wallach NH5 4\ Racemisierung

rac-Methamphetamin

Racematspaltung }v

OH (R)-Methamphetamin
H Emde
() Nagai
Birch
HN
\ Moscow
(1S,28)-Pseudoephedrin S)-Methamphetamin

(1R,23)-Ephedrin

Abbildung 4 Schematische Darstellung der stereoselektiven und nicht stereoselektiven Synthesewege fur

Amphetamin und Methamphetamin (modifiziert nach [142])

Das Syntheseschema in Abbildung 4 zeigt die grundlegenden stereoselektiven und nicht
stereoselektiven Synthesewege fur Amphetamin und Methamphetamin. Amphetamin wird
ublicherweise aus Phenylaceton (IUPAC: 1-Phenyl-2-propanon, kurz P2P) [138,143,144]
hergestellt. Die am haufigsten angewandten Methoden sind die reduktive Aminierung und die
sogenannte Leuckart-Methode (Leuckart-Wallach-Reaktion) [144,145]. Bei allen gangigen
Synthesemethoden ausgehend von P2P entsteht racemisches Amphetamin [18,146,147]. Analog
zum Amphetamin kann racemisches Methamphetamin aus P2P hergestellt werden
[131,139,148]. Vor allem in Osteuropa und insbesondere in der Tschechischen Republik [138]
wird Methamphetamin aus den pharmazeutisch genutzten Vorlauferstoffen
(1S,25)-Pseudoephedrin oder seltener (1R,2S)-Ephedrin hergestellt [43,68,131,148—-150]. Da die

jeweils anderen Enantiomere in der Natur nicht vorkommen und auch nicht pharmazeutisch
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genutzt werden [151,152], entsteht aus diesen Vorlaufern unter Retention der absoluten
Konfiguration an der 2-Position enantiomerenreines (S)-Methamphetamin [151,153]. Hierfir am
haufigsten angewandt werden die Reduktionswege nach Birch, Emde und Nagai sowie die
.Moscow“-Route [131,148,149]. Da P2P sowie Ephedrin und Pseudoephedrin kontrollierte
Substanzen der Kategorie 1 sind, werden immer haufiger nicht-kontrollierte Vorlaufer von P2P
- sogenannte ,pre-precursor”, auch ,Designer-Grundstoffe* - als Ausgangsstoff fur die Synthese
verwendet [33,138]. Aufgrund der Nutzung von Chlorephedrin als Ephedrin-Alternative, wurde
auch dieses zusammen mit Chlorpseudoephedrin in Kategorie 1 aufgenommen [138,154]. Die
Restriktion von Vorlauferstoffen fihren zu kontinuierlichen Veranderungen in der Herstellung
[18,43,138]. So wurde in den letzten Jahren der Trend beobachtet, das als minderwertig
angesehene racemische Methamphetamin mittels Racematspaltung (engl. chiral resolution)
aufzureinigen [43,131,155]. Bei der sogenannten ,Pope-Peachy“-Methode bilden sich durch die
Zugabe von Weinsaure diastereomere Salze, welche mittels fraktionierter Kristallisation getrennt
werden kdnnen [43,155]. Es ist mdglich, die unerwiinschte Fraktion zu racemisieren [156], um

durch erneute Racematspaltung héhere Ausbeuten zu erzielen [157].

MDMA wird analog zu Amphetamin und Methamphetamin Uber reduktive Aminierung oder die
Leuckart-Reaktion aus Piperonylmethylketon (PMK, auch MDP2P) synthetisiert [158-160]. PMK
selbst wird oft Uber die ebenfalls kontrollierten Vorlauferstoffe Safrol, Isosafrol oder Piperonal
hergestellt [161,162]. Eine andere Synthesemdglichkeit bildet die Bromierung und anschliel3ende
Substituierung  von  Safrol  (,Bromopropan-Route”) [158,159]. Die angewandten
Synthesemethoden sind nicht stereoselektiv, weshalb illegales MDMA in racemischer Form
vorliegt [134,163]. Bis heute gibt es keine Belege fir das Auftreten nicht-racemischer

Beschlagnahmungen.

Wie fur Amphetamin kommen auch fir 4-FA diverse (nicht stereoselektive) Syntheserouten
ausgehend von entsprechenden 4-fluorierten Analoga in Frage [90]. Dennoch existieren
zumindest theoretisch stereoselektive Synthesemethoden oder Methoden zur optischen
Aufreinigung [164—-166].

1.2.3 Enantiomerenzusammensetzung zugelassener Arzneimittel

Das deutsche Betadubungsmittelgesetz (BtMG) unterteilt Substanzen in drei Gruppen (Anlagen).
Die in Anlage 1 genannten Substanzen sind generell nicht verkehrsfahig. Stoffe, die in Anlage 2
genannt sind, sind verkehrs- jedoch nicht verschreibungsfahig. In Anlage 3 sind schlieRlich

Betaubungsmittel aufgefuhrt, die sowohl verkehrs- als auch verschreibungsfahig sind. Mitunter
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werden einzelne Enantiomere in unterschiedlichen Anlagen gefiihrt. Dies ist auch flir Amphetamin
der Fall. Wahrend (R)-Amphetamin (Levamphetamin oder Levamfetamin) in Anlage 2 geflihrt
wird, stehen sowohl racemisches Amphetamin als auch (S)-Amphetamin (Dexamphetamin oder
Dexamfetamin) in Anlage 3 und sind somit verschreibungsfahig [167]. In Deutschland sind
Amphetaminpraparate ausschlielich fir die Behandlung von ADHS zugelassen. Attentin®
(Dexamfetaminhemisulfat Tabletten, 5 - 20 mg) ist fur Kinder und Jugendliche von 6 bis 17 Jahren
zugelassen [168]. Das Retardpraparat Elvanse® (Lisdexamfetamindimesilat) wird im
Gastrointestinaltrakt enzymatisch zu L-Lysin und (S)-Amphetamin gespalten (vgl. Abbildung 5)
[169]. Es ist fur Kinder und Jugendliche ab 6 Jahren (Dosierung 20 - 70 mg) und seit 2019 unter
dem Namen Elvanse Adult® (Dosierung 30 - 70 mg) auch fiir Erwachsene zugelassen [168,170].
Darlber hinaus kdnnen amphetaminhaltige Praparate als Individualrezeptur nach dem Neuen
Rezeptur-Formularium (NRF) angefertigt werden. Neben enantiomerenreinen
Dexamfetaminsulfat-Tropfen (25 mg/mL, NRF 22.9) sind dort auch die racemischen Praparate
Amfetaminsulfat-Saft (2 mg/mL, NRF 22.4) und Amfetaminsulfat-Kapseln (5 mg/10mg,
NRF 22.5) gefuhrt [171].

Methamphetamin (,Metamfetamin®) wird in Anlage 2 des BtMG geflihrt, wobei laut der dort
angegebenen IUPAC-Bezeichnung lediglich das (S)-Enantiomer gemeint ist. Im Gegensatz zum
Amphetamin finden sich flir das Racemat oder das (R)-Enantiomer keine separaten Eintrage
[167]. Diese Diskrepanz Ilasst den betaubungsmittelrechtlichen Status von reinem
(R)-Methamphetamin fraglich erscheinen. Da fur (R)-Methamphetamin unter anderem eine
sogenannte nicht geringe Menge im Sinne des BtMG vorgeschlagen wird [172], legt dies nahe,
dass der Eintrag in Anlage 2 des BtMG fur alle Enantiomere gleichermallen Geltung findet. Seit
dem Produktionsende von Pervitin® im Jahr 1988 [173,174] ist kein methamphetaminhaltiges
Medikament in Deutschland zugelassen. Das auch in Deutschland zugelassene Parkinson
Medikament Selegilin wird jedoch zu (R)-Methamphetamin (sowie (R)-Amphetamin) metabolisiert
(vgl. Abbildung 5) [175,176]. Etwa in den USA ist (R)-Methamphetamin zur nasalen
Vasokonstriktion als Vicks Vapor Inhaler® oder in racemischer Form zur Behandlung von ADHS

als Desoxyn® zugelassen [177,178].

12



Einleitung

L-Lys

(S)-Amphetamin

i‘\% NH NHz

Selegilin (R)-Methamphetamin (R)-Amphetamin

Abbildung 5 Metabolismus von Lisdexamfetamin zu (S)-Amphetamin (oben, modifiziert nach [169]) und

von Selegilin zu (R)-Methamphetamin und (R)-Amphetamin (unten, modifiziert nach [179])

In Deutschland sind MDMA sowie 4-FA als nicht verkehrsfahig eingestuft, eine Unterscheidung
zwischen den Enantiomeren wird im BtMG nicht vorgenommen [167]. MDMA wird seit den
Achtzigerjahren experimentell in der Psychotherapie eingesetzt und aktuelle klinische Studien
ergaben vielversprechende Ergebnisse [180]. So zeigte eine placebokontrollierte
Phase-lll-Studie aus 2021 eine deutliche Verbesserung des Therapieerfolgs bei
posttraumatischen Belastungsstérungen (PTBS), wenn den Patienten vor und wahrend der
Sitzungen MDMA verabreicht wurde [181].

1.3 Pharmakologie
1.31 Pharmakodynamik

Die Wirkung von ATS beruht auf einer Konzentrationserhéhung von Dopamin, Noradrenalin und
Serotonin im synaptischen Spalt der Neuronen des Gehirns [3,8,9]. In diesem Zusammenhang
spielen vor allem zwei Wirkmechanismen eine Rolle. Zum einen hemmen ATS die
Wiederaufnahme in die Prasynapse und flhren zum anderen gleichzeitig zu einer erhdhten
Ausschuttung der genannten Katecholamine (vgl. Abbildung 6) [63,64,182]. Die Wirkung von
Amphetamin und Methamphetamin beruht hauptsachlich auf der Wirkung von Dopamin und
Noradrenalin [3,46,63,64,183]. Die akute Wirkphase dieser Stimulantien ist allgemein gepragt
durch Euphorie, Antriebs- und Leistungssteigerung, sowie durch reduziertes Schlafbedirfnis und

Hungergefihl [2,10,184,185]. Zu den unerwinschten akuten Nebenwirkungen gehoéren
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beispielsweise Aggressivitat, Schlaflosigkeit und zwanghaftes Verhalten [10,186,187]. Die akute
Wirkung nach Konsum des Entaktogens MDMA unterscheidet sich von der rein stimulierenden
Wirkung von Amphetamin und Methamphetamin. Verbunden mit dem Konzentrationsanstieg von
Serotonin im synaptischen Spalt [62—-65] wird die Sinneswahrnehmung verandert und Geflhle
des Glucks, der Empathie, Nahe und Verbundenheit verstarkt [13,63,188]. Typische
Nebenwirkungen bei MDMA-Konsum sind etwa Hyperthermie (Uberwarmung), Tachykardie
(Herzrasen), Bruxismus (Zahneknirschen), Trismus (Kieferklemme) und Mundtrockenheit [2,189].
Nach Konsum von 4-FA treten sowohl stimulierende Effekte wie nach Amphetamin-Konsum als
auch entaktogene Effekte wie nach MDMA-Konsum auf [91,96]. Auch die von 4-FA-Konsumenten
am haufigsten berichteten Nebenwirkungen sind entsprechend vergleichbar [91]. Bei
Uberdosierung von ATS kann es neben psychischen Symptomen wie Agitation (Unruhe) und
Verwirrtheit zu schwerwiegenden physischen Akutkomplikationen wie Kreislaufdysregulation,
Hyperthermie, Krampfanfallen und kardialen Arrhythmien (Herzrhythmusstérungen) kommen
[2,10,34,190,191]. Amphetamin- und Methamphetaminkonsum kénnen zu Hirnblutungen und
insbesondere bei vorerkrankten Personen zu todlich verlaufenden kardialen Arrhythmien oder
Infarkten fuhren [192—-195]. MDMA-assoziierte Todesfalle werden oft mit Hyperthermie [196,197]
oder dem Serotoninsyndrom [192,198-201] in Verbindung gebracht. Der Konsum von 4-FA kann
unter anderem Schlaganfalle, Hirnblutungen oder eine schwerwiegende Takotsubo-

Kardiomyoparthie (,Stress-Kardiomyopathie®) verursachen [85,89,202,203].
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Abbildung 6 Schematische Darstellung der ATS-induzierten Wiederaufnahmehemmung von Monoaminen

im synaptischen Spalt. [13] Mit freundlicher Genehmigung der W. Kohlhammer GmbH.

Die Dauer der akuten Phase nach ATS-Konsum wurde nur in wenigen Studien untersucht und
betragt in der Regel nicht mehr als 6 Stunden. In einer Studie von Holze et al. nadherten sich

6 Stunden nach Konsum von (S)-Amphetamin sowohl Vitalparameter als auch subjektive
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Wirkungen der Basislinie, wobei das Abklingen jeglicher subjektiver Effekte im Mittel erst nach
8,5 Stunden erfolgte. In der gleichen Studie zeigte sich flir MDMA eine etwas kirzere akute
Wirkdauer. Im Mittel konnten nach etwa 6 Stunden keinerlei subjektive Effekte mehr
wahrgenommen werden, wahrend sich die Vitalparameter in ahnlicher Geschwindigkeit wie nach
Amphetaminkonsum der Basislinie naherten [204]. Mendelson et al. beobachteten nach
separater Injektion der Methamphetamin-Enantiomere eine Wirkdauer der kardiovaskularen
Effekte von maximal 6 Stunden fur (S)-Metamphetamin und 4 Stunden fur (R)-Methamphetamin.
Auch die subjektive Wirkung hielt fur das (S)-Enantiomer mit 6 Stunden langer an als fur das
(R)-Enantiomer mit 3 Stunden [139]. In einer Umfrage unter 4-FA-Konsumenten gaben zwei
Drittel der Befragten eine Wirkdauer von maximal 6 Stunden an, etwa 11 Prozent berichteten
jedoch von einer Wirkdauer von Uber 8 Stunden [91]. Auch in einer klinischen Studie zeigte sich
6 Stunden nach Konsum von 4-FA ein erheblicher Riickgang der subjektiven Effekte [96].

Attention Focusing Ability

Enhanced

Drug Dose or Drug Concentration

Performance

Impaired

withdrawal
HYPErsomnolence’
Fatigue

Abbildung 7 Dosis- und Zeitabhangigkeit der Wirkung von Stimulantien: Zu hohe Dosen wirken sich

negativ auf die Leistungsfahigkeit aus. Auf die akute Phase folgen Erschépfungsreaktionen. [187]

An die akute Wirkungsphase schlie3t sich die durch Erschépfungsreaktionen gepragte
Subakutphase an. Sie ist typischerweise gepragt durch Symptome wie Mudigkeit,

Schlafstérungen, Konzentrations- und Motivationslosigkeit, verzogerte Reaktion sowie
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depressive Verstimmungen aber auch Aggression [2,186,187,205-208]. Derartige subakute
Effekte kdnnen mitunter GUber Tage andauern [205,207-211]. Abbildung 7 zeigt den dosis- bzw.
zeitabhangigen Verlauf der pharmakodynamischen Effekte nach Stimulantienkonsum. Dort ist
veranschaulicht, dass sowohl bei Uberdosierung als auch in der Subakutphase die geistige

Leistungsfahigkeit durch Agitation bzw. durch Erschépfungssymptome eingeschrankt wird.

Sowohl fur Amphetamin und Methamphetamin als auch fir MDMA belegen unterschiedliche
Studien eine hohere pharmakologische Potenz der jeweiligen (S)-Enantiomere. Smith und Davis
fanden in einer Studie mit Einnahme der Amphetamin-Enantiomere eine doppelt so hohe
anregende und Euphorie steigernde Potenz des (S)-Enantiomers im Vergleich zum
(R)-Enantiomer [212]. Prinzmetal und Alles geben basierend auf einer Studie mit
psychosomatischen Patienten fur (S)-Amphetamin die drei- bis vierfache zentral stimulierende
Potenz an [213]. Anderson et al. fanden in einer klinischen Studie fur (S)-MDMA eine im Vergleich
zum (R)-Enantiomer etwa dreifach héhere Potenz subjektive Intoxikationssymptome auszuldsen.
Hierbei ergab sich fur das Racemat eine hdhere Potenz als sich aus der Summe der beiden
Enantiomere ergeben wirde [55]. Nishimura et al. schlossen auf Grundlage der an Mausen
beobachteten Auswirkungen auf psychomotorische Effekte auf eine mindestens 10-fach héhere
Potenz von (S)-Methamphetamin [150]. In-vitro Studien von Rothmann et al. zeigten fir
(S)-Methamphetamin vielfach hdhere Aktivitaten in der Freisetzung und
Wiederaufnahmehemmung von Dopamin, Noradrenalin und Serotonin [64]. Kuczenski et al.
fanden bei Experimenten mit Ratten ahnliche Ergebnisse flr den Konzentrationsanstieg dieser
Neurotransmitter [183]. Dartiber hinaus beobachteten Mendelson et al. in Humanexperimenten

ahnliche subjektive und kardiovaskulare Effekte fur (S)-Methamphetamin und das Racemat [139].
1.3.2 Pharmakokinetik

Die grundlegenden Reaktionen im Metabolismus von Amphetamin und Methamphetamin sind die
aromatische  Hydroxylierung, die N-Dealkylierung (nur far Methamphetamin), die
B-Hydroxylierung, die oxidative Deaminierung und die Oxidation der Seitenkette (vgl. Abbildung
8). Die aromatische Hydroxylierung (1) fuhrt zur Bildung von 4-Hydroxymethamphetamin,
4-Hydroxyamphetamin und  4-Hydroxynorephedrin. Durch N-Dealkylierung (2) von
Methamphetamin entsteht Amphetamin und durch B-Hydroxylierung (3) entstehen Norephedrin
bzw. 4-Hydroxynorephedrin. Durch Oxidation der Seitenkette (4) entsteht zunachst
Phenylaceton, welches zu Benzoesaure oxidiert wird (5) und nach Konjugation mit Glycin (6) als

Hippursaure ausgeschieden wird. [126,176,214,215]
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Abbildung 8 Metabolismus von Methamphetamin und Amphetamin (modifiziert nach [126])

Die p-Hydroxylierung und die N-Demethylierung sind Monooxygenierungen und werden von
CYP2D6, einem Leberenzym der Cytochrom-P450-Familie, katalysiert [216]. CYP2D6 weist
einen genetischen Polymorphismus auf und der Genotyp der Konsumenten kann somit einen
Einfluss auf Pharmakokinetik und Pharmakodynamik der ATS haben [217,218]. Etwa 71 Prozent

der auch als Kaukasier bezeichneten europaischstdmmigen Bevolkerung besitzen eine ,normale”

17



Einleitung

Aktivitat von CYP2D6 (extensive metabolizer), wahrend etwa 1 — 2 Prozent durch Duplikation
oder Mutation der Allele eine gesteigerte Aktivitat besitzen (ultrarapid metabolizer) [219].
Dagegen besitzen etwa 5 — 10 Prozent zwei nicht funktionierende Allele und weisen somit eine
deutlich verringerte Aktivitdt von CYP2D6 auf (poor metabolizer) [219,220]. CYP2D6 zeichnet
sich darlber hinaus durch eine Selektivitat bezlglich der absoluten Konfiguration seiner
Substrate aus [221-223]. So kann nach Konsum von racemischem Methamphetamin oder
Amphetamin in der Regel eine héhere Konzentration des (R)-Enantiomers im Blut nachgewiesen
werden [139,224]. Die Serumhalbwertszeit von (R)-Amphetamin ist im Vergleich zum
(S)-Enantiomer je nach pH-Wert des Urins um 13 — 238 Prozent héher [39,225]. Mendelson et al.
fanden bei Aufnahme von racemischem Methamphetamin eine 40 Prozent langere

Serumhalbwertszeit fir das (R)-Enantiomer [139].

Die B-Hydroxylierung wird von der Dopamin-B-Hydroxylase katalysiert, welche im zentralen
Nervensystem (ZNS) und peripheren Nervensystem (PNS) lokalisiert ist [126,224,226]. Die
B-Hydroxylierung ist auf primare Amine beschrankt und findet dariber hinaus selektiv nur fir die
(S)-Enantiomere von Amphetamin und der entsprechenden Metabolite statt [126,224]. Die
Hydroxygruppe wird in der (R)-Konfiguration eingefiihrt [126], sodass entsprechend lediglich die
(1R,2S)-Formen von Norephedrin und p-Hydroxynorephedrin gebildet werden.

In der einzigen pharmakokinetischen Studie mit Aufnahme von 4-FA konnten zwei Diastereomere
von 4-Fluornor(pseudo)ephedrin und ein ringhydroxylierter Metabolit, bei dem es sich
wahrscheinlich um 3-Hydroxy-4-fluoramphetamin handelte, im Urin nachgewiesen werden [227].

Im Serum konnten diese Metabolite nicht nachgewiesen werden [228].

Abbildung 9 zeigt schematisch den Metabolismus von MDMA. Der primare Metabolismusweg von
MDMA erfolgt Uber Demethylenierung (1) zum 3,4-Dihydroxymethamphetamin (HHMA) und
anschlielRende Methylierung (2) der Hydroxygruppe in 3-Position zum
4-Hydroxy-3-methoxymethamphetamin (HMMA). Daruber hinaus wird MDMA N-demethyliert (3)
zum 3,4-Methylendioxyamphetamin (MDA). Durch anschlieliende Demethylenierung entsteht
3,4-Dihydroxyamphetamin (HHA) und durch weitere Methylierung
4-Hydroxy-3-methoxyamphetamin  (HMA). [221,229,230] Die Demethylenierung  wird
hauptsachlich durch CYP2D6 katalysiert [221,231-233]. Wie auch fir Amphetamin und
Methamphetamin beobachtet, zeigt das (R)-Enantiomer von MDMA signifikant hdhere
(61 — 208 Prozent) Serumhalbwertszeiten [134,163,230,233].

18



Einleitung

O O
$ —
o HN\ 5 NH2

MDMA MDA
3,4-Methylendioxymethamphetamin 3,4-Methylendioxyamphetamin
1 1
HO HO
HN NH2
HO AN HO
HHMA HHA
3,4-Dihydroxymethamphetamin 3,4-Dihydroxyamphetamin
2 2
O @
- IO/\{ =7 m
—h...
HN NH2
HO N HO
HMMA HMA
4-Hydroxy-3-methoxymethamphetamin 4-Hydroxy-3-methoxyamphetamin

Abbildung 9 Metabolismus von MDMA (modifiziert nach [229])

1.3.3 Plasmaproteinbindung

Neben Zielstrukturen im ZNS binden chemische Stoffe im Koérper auch unspezifisch an
Plasmaproteine [234-237]. Basische Substanzen wie ATS werden vor allem durch das saure
Alpha1-Glykoprotein (AGP, auch Orosomucoid) gebunden. Dieses ist im menschlichen Blut mit
einer Konzentration von etwa 12 — 30 umol/L vorhanden und ist somit in der Lage, die freie
(ungebundene) Plasmakonzentration erheblich zu beeinflussen [234,236-239]. Der free drug

hypothesis zufolge kdnnen nur ungebundene Stoffe mit Zielstrukturen wie Rezeptoren,
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Transportern und Enzymen interagieren und das Ausmal} der Plasmaproteinbindung (PPB) hat
somit einen wesentlichen Einfluss auf Pharmakodynamik und Pharmakokinetik
[234,235,237,239,240]. Das Ausmall der PPB kann je nach Substrat erheblich variieren und
betragt fir Amphetamin und Methamphetamin etwa 20 Prozent [241-243]. Die Stereoselektivitat
der Bindung zu AGP wurde bereits fir andere Substanzen gezeigt [120,244], ist jedoch fur ATS
groBtenteils unerforscht. Einzig Wan et al. (1978) untersuchten die PPB von (S)- und
(R)-Amphetamin und fanden keine Unterschiede [225].

Die Ultrafiltration (UF) bietet eine einfache und kostengunstige Moglichkeit, die PPB zu ermitteln.
Hierbei werden Plasmaproteine wie AGP zusammen mit denen an sie gebundenen Substanzen
mittels einer Cellulosemembran durch Zentrifugation abgetrennt. Wahrend die Proteine aufgrund
ihrer Molekilgrofe im Probenreservoir verbleiben, kann das Filtrat zusammen mit dem
ungebundenen Anteil der Substanzen durch die Membran dringen. Durch Quantifizierung des

ungebundenen Anteils im Ultrafiltrat kann so die PPB errechnet werden. [245-247]
14 Forensische Toxikologie

Die Forensische Toxikologie dient dem Zweck des Nachweises oder des Ausschlusses von
Vergiftungen in rechtlich relevanten Fallen. Neben dem Nachweis absichtlicher Vergiftungen
durch fremde Hand und akzidentieller Vergiftungen stehen hierbei vor allem absichtliche
Vergiftungen durch eigene Hand im Vordergrund. Diese geschehen abgesehen von der
suizidalen Absicht vor allem mit dem Ziel sich zu berauschen. Der Einfluss von Drogen und
Arzneimitteln spielt etwa bei der Beurteilung der Schuldféhigkeit oder Fahrtlichtigkeit eine Rolle.
[248—-250]

Als Untersuchungsmatrices werden meist Blut, Urin oder Haare verwendet, wobei auch Matrices
wie Speichel, Schweil oder Mageninhalt bei Lebenden in Frage kommen. Bei der Postmortem
Toxikologie kommen neben Femoralvenenblut, Herzblut und Urin auch Organe oder
Korperflussigkeiten wie Liquor oder Glaskoérperflissigkeit als Untersuchungsmaterial in Betracht.
Auch die Untersuchung verdachtiger Stoffproben wie Tabletten, Flissigkeiten und Pulver fallt in

das Aufgabengebiet der Forensischen Toxikologie. [249]

Fir die Begutachtung von Intoxikationen durch Drogen oder Medikamente ist Blut bzw. Blutserum
oder Blutplasma die bevorzugte Matrix, da die Wirkstoffkonzentration im Blut Rickschlisse auf
eine Beeinflussung zulasst [249,251]. Fur die Beurteilung der Fahrtlichtigkeit oder Schuldfahigkeit

ist eine Blutabnahme somit zwingend erforderlich. Die Nachweisbarkeitsdauer ist dagegen im
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Blut beschrankt und betragt bei ATS in der Regel nur wenige Tage [252,253]. Die Untersuchung
von Urin und insbesondere von Haaren ermdglicht den Nachweis eines Konsums Uber einen
deutlich langeren Zeitraum, Iasst jedoch keine Rilckschlisse auf eine akute Beeinflussung zu
[249,252]. Neben den Muttersubstanzen selbst kénnen im Blut oftmals auch Metabolite
nachgewiesen werden, deren Nachweis zusatzliche Schlisse bezlglich Beeinflussung oder
Konsumhaufigkeit erlaubt [254—256].

1.4.1 Rechtlicher Hintergrund

Der Umgang und der Konsum von Betaubungsmitteln wie Stimulantien kann weitreichende straf-
und zivilrechtliche Konsequenzen nach sich ziehen, auf die im Folgenden eingegangen werden
soll. Forensisch-toxikologische Analysenbefunde und Gutachten geben der Rechtsprechung in

diesen Fallen Anhaltspunkte fir die Beurteilung des Tatbestandes.

Das BtMG regelt in Deutschland den Verkehr mit Betaubungsmitteln und definiert entsprechende
Straftaten und Ordnungswidrigkeiten. § 29 BtMG verbietet unter anderem unerlaubten Anbau,
Herstellung, Handel, Ein- und Ausfuhr, VerauRerung, Abgabe und Inverkehrbringung von
Betaubungsmitteln. In bestimmten Fallen kann jedoch von einer Strafe (§ 29 Abs. 5 BtMG) oder
Verfolgung (§ 31a Abs. 1 BtMG) absehen werden, wenn es sich um eine sogenannte geringe
Menge zum Eigenverbrauch handelt. Die geringe Menge soll sich dabei nhach dem Augenblicks-
oder Tagesbedarf eines nicht abhangigen Konsumenten richten und umfasst maximal drei
Konsumeinheiten. Dariber hinaus definiert das BtMG den Begriff der nicht geringen Menge
(§§ 29 Abs. 1, 30 Abs. 1, 30a Abs. 1 und 2 BtMG) als solche, bei deren Uberschreitung
unabhangig vom Eigenverbrauch stets ein Verbrechen vorliegt, das mit einer
Mindestfreiheitsstrafe von einem Jahr bedroht ist. Sowohl geringe als auch nicht geringe Menge
sind nicht rechtsverbindlich definiert, jedoch wurden von der Rechtsprechung entsprechende
Grenzwerte ausgearbeitet. Die Feststellung der Menge bedarf im Einzelfall einer Bestimmung

des vorliegenden Wirkstoffgehaltes. [257]

Laut § 316 StGB (Strafgesetzbuch) wird mit Geldstrafe oder Freiheitsstrafe bis zu einem Jahr
bestraft, wer ein Fahrzeug fuhrt obwohl er ,infolge des Genusses alkoholischer Getranke oder
anderer berauschender Mittel [...] nicht in der Lage ist, das Fahrzeug sicher zu fuhren®. Wenn
dariber hinaus ,Leib oder Leben eines anderen Menschen oder fremde Sachen von
bedeutendem Wert gefahrdet* werden, drohen dem Fahrer nach § 315¢c StGB Freiheitsstrafen

bis zu flinf Jahren.
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Gemal § 24a StVG Abs. 2 (StralBenverkehrsgesetz) handelt ordnungswidrig, ,wer unter der
Wirkung eines in der Anlage zu dieser Vorschrift genannten berauschenden Mittels im
Strallenverkehr ein Kraftfahrzeug fuhrt“. Der Nachweis einer Wirkung gilt oberhalb eines
»2analytischen Grenzwertes®, der von der Gemeinsamen Arbeitsgruppe fiir Grenzwertfragen und
Qualitatskontrolle (Grenzwertkommission) fur die in der Anlage genannten Stimulantien
Amphetamin, Methamphetamin und MDMA auf jeweils 25 ng/mL festgelegt wurde [258]. Die
Empfehlungen der Grenzwertkommission kdonnen dem Gericht als Anhaltspunkt fur eine
Beurteilung dienen, allerdings muss eine Mindestgrenze nicht zwingend Uberschritten sein. Laut
Urteil des Bundesverfassungsgerichtes [259], welches in seiner Geltung auf alle Substanzen des
§ 24a StVG ausgeweitet wurde, muss vielmehr eine Konzentration vorliegen, die es geeignet
erscheinen lasst, die Fahrtlchtigkeit einzuschranken. Somit steht &hnlich der §§ 315c und
316 StGB auch bei der Auslegung des § 24a StVG die momentane Wirkung der Betdubungsmittel
zum Tatzeitpunkt im Vordergrund [260]. Entscheidend flr einen mdglichen Entzug der
Fahrerlaubnis ist daruber hinaus das vom Konsumenten geforderte Trennungsvermdgen und
somit auch der zeitliche Zusammenhang von Konsum und Fuhren eines Kraftfahrzeuges
[261,262]. Keine Ordnungswidrigkeit nach § 24a StVG Abs. 2 liegt vor, ,wenn die Substanz aus
der bestimmungsgemalen Einnahme eines flr einen konkreten Krankheitsfall verschriebenen
Arzneimittels herriihrt®. Dieses sogenannte Medikamentenprivileg ist somit insbesondere bei der

forensisch-toxikologischen Begutachtung von Blutproben von ADHS-Patienten zu beachten [23].

Nach § 20 StGB besteht Schuldunfahigkeit, wenn der Beschuldigte ,wegen einer tiefgreifenden
Bewusstseinsstorung [...] unfahig ist, das Unrecht der Tat einzusehen oder nach dieser Einsicht
zu handeln®. Verminderte Schuldfahigkeit besteht nach § 21 StGB, wenn die Fahigkeit zur
Einsicht erheblich vermindert ist. Wird das Vorliegen eines akuten drogeninduzierten
Rauschzustandes belegt, kann entsprechend die Schuldfahigkeit zugunsten des Beschuldigten
gemindert werden [263]. Fur die Beurteilung der Schuldfahigkeit sowie von Versté3en gegen
§§ 315c und 316 StGB existieren keine Grenzwerte, da aufgrund der interindividuellen

Wirkungsunterschiede eine individuelle und differenzierte Betrachtung notwendig ist.
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1.4.2 Analytik

1.4.21 Hochleistungsfliissigkeitschromatographie

Die Hochleistungsflissigkeitschromatographie (engl.: high performance liquid chromatography,
HPLC) ist eine der wichtigsten analytischen Methoden in der Forensischen Toxikologie [248].
Hierbei wird ein Aliquot der zuvor aufgearbeiteten Probe mittels Autosampler in das
chromatographische System injiziert. Die sogenannte mobile Phase ist bei der HPLC flissig und
besteht in der Regel aus einer wassrigen Komponente (A) und einer organischen
Komponente (B). Das Substanzgemisch wird mittels leistungsstarker Pumpen durch dunne
Kapillaren zu einer chromatographischen Trennsaule gepumpt. Die Saule ist auf der Innenseite
mit Kieselgel besetzt, welches wiederum mit speziellen chemischen Gruppen maodifiziert ist und
die sogenannte stationare Phase bildet. Durch unterschiedlich starke Wechselwirkung der
Analyten mit der stationdaren Phase werden bestimmte Substanzen langer retardiert
(zurtckgehalten) als andere. Durch Anpassung der Zusammensetzung der mobilen Phase mit
der Zeit (Gradientenelution) kann die chromatographische Trennung so optimiert werden, dass
die Analytmolekile ausreichend voneinander und von stérenden Matrixbestandteilen getrennt
werden. [248,264,265]

Auch Enantiomere lassen sich flissigkeitschromatographisch voneinander trennen. Neben der
Moglichkeit der Derivatisierung von chiralen Analytmolekilen zu Diastereomeren, die auf
herkdbmmlichen Saulen trennbar sind, existiert heute eine Vielzahl chiraler Saulen. Die
chromatographische Trennung basiert hierbei auf der Bildung von intermediaren diastereomeren
Assoziationskomplexen der Enantiomere mit der chiralen stationdren Phase. Bedingt durch
unterschiedliche Dissoziationskonstanten dieser Komplexe wird ein Enantiomer langer retardiert
als das andere (vgl. Abbildung 10). [264,266]
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§ &D

stationare Phase

Abbildung 10 Trennungsprinzip einer chiralen stationaren Phase (modifiziert nach [266] und [267]). Das
linke Enantiomer hat eine gréRRere attraktive Wechselwirkung mit dem chiralen Selektor der stationaren
Phase. Der diastereomere Komplex hat somit eine héhere Komplexbildungskonstante und ist stabiler. Die
chromatographische Trennung basiert auf den unterschiedlichen Assoziationskonstanten (k'1, k'2) und

Dissoziationskonstanten (k"1, k"2).
1.4.2.2 Tandem-Massenspektrometrie

In der Forensischen Toxikologie wird die HPLC zur Detektion der chromatographisch
aufgetrennten Analyte meist mit Massenspektrometern gekoppelt. Als sogenannte lonenquelle
wird haufig die Elektrosprayionisation (ESI) verwendet. Hierbei wird die Flussigkeit kontinuierlich
mittels einer Kapillare verspruht und gleichzeitig elektrisch geladen. Durch Verdampfen des

Lésungsmittels Ubertragt sich die Ladung auf die Analytmolekule, die anschlieRend in das
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Hochvakuum des Massenspektrometers gelangen. Fir basische Analyten wie ATS ist die positive
lonisierung geeignet. Jedes ATS-Molekul wird hierbei einfach protoniert und die Atommasse des
[M+H]*-lons wird somit um 1 erhoht. [248,268,269]
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Abbildung 11 Schematische Darstellung eines Triple-Quadrupol-Massenspektrometers (modifiziert nach
[270])

Bei der sogenannten Tandem-Massenspektrometrie (MS/MS), bei der eine besonders hohe
Selektivitdt und Sensitivitat erreicht werden kann, werden zwei Massenspektrometer miteinander
gekoppelt. Am haufigsten werden hierfir die kostenglnstigen und kompakten
Triple-Quadrupol-Massenspektrometer (QqQ) eingesetzt (vgl. Abbildung 11). Im ersten
Quadrupol  (Q1) werden die Vorlauferionen (engl. precursor) nach ihrem
Masse-zu-Ladungsverhaltnis (m/z) ausgewahlt. Aufgrund der elektrischen Spannung, die an die
Stabe des Quadrupols angelegt wird, kdnnen sich nur lonen mit einem bestimmten m/z auf einer
stabilen, oszillierenden Flugbahn bewegen und anschlief3end in die sogenannte Kollisionszelle
(Q2) gelangen. Dort treffen die lonen auf das sogenannte Kollisionsgas (z.B. Stickstoff) und
zerfallen durch kollisionsinduzierte Dissoziation (engl. collision induced dissociation, CID) in
spezifische Molekilfragmente. Diese werden wiederum im dritten Quadrupol (Q3) herausgefiltert.
Das sogenannte multiple reaction monitoring (MRM) erlaubt durch schnelle Variation der
Spannungen an den Quadrupolen die nahezu gleichzeitige Detektion mehrerer Analyten. Die
Tochterionen treffen letztendlich auf einen Detektor, der bei Auftreffen eines lons ein elektrisches
Signal wiedergibt [268,269,271]. Hierzu werden zum Beispiel Sekundarelektronenvervielfacher

(SEV) oder sogenannte Channeltrons (engl. channel electron multiplier, CEM) verwendet [271].
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1.4.2.3 Validierung

Um verlassliche und gerichtsfeste Ergebnisse zu gewahrleisten, ist die Validierung einer
analytischen Methode in der forensischen Toxikologie von entscheidender Bedeutung. Die
Gesellschaft fur Toxikologische und Forensische Chemie (GTFCh) hat zu diesem Zweck einen

Validierungsleitfaden erarbeitet [272], deren Parameter im Folgenden dargelegt werden sollen.

Selektivitat und Spezifitat Die Selektivitdt beschreibt die Fahigkeit einer Methode,
verschiedene Analyten eindeutig, also ohne gegenseitige Stérung oder Stérungen von anderen
Probenbestandteilen wie Metaboliten oder Matrix, zu identifizieren. Die Spezifitat beschreibt
dagegen die Fahigkeit einen einzigen Analyten oder eine Substanzklasse ohne Verfalschung

durch andere in der Probe vorhandene Komponenten zu identifizieren.

Linearitat Fuir den gewahlten Kalibrationsbereich einer Methode muss ein geeignetes Mal3 an
Linearitdt gezeigt werden. Dies ist der Fall, wenn Peakflachenverhaltnisse und

Sollkonzentrationen der Kalibratoren direkt proportional zueinander sind.

Genauigkeit, Richtigkeit und Prazision Die Genauigkeit beschreibt den Abstand eines
einzelnen Messwertes vom Sollwert. Die Richtigkeit einer Methode beschreibt den mittleren
Abstand einer ausreichend grolen Anzahl an Messwerten vom Sollwert, welcher durch
systematische Fehler (Bias) bedingt ist. Die Prazision ist Ausdruck fir zufallige Fehler und

beschreibt das Mal} der Streuung von Messwerten um den Mittelwert.

Stabilitit Die chemische Stabilitat von Analyten in einer gegebenen Matrix wird unterschieden
in Langzeitstabilitat, Einfrier-/Auftaustabilitdt und Stabilitat der aufgearbeiteten Probe. Letztere ist

methodenabhangig und muss zwingend ermittelt werden.

Analytische Grenzen Die Nachweisgrenze (engl. limit of detection, LOD) beschreibt die
geringste Konzentration eines Analyten in der Probe, die nétig ist, um die Substanz eindeutig zu
identifizieren. Die Bestimmungsgrenze (engl. limit of quantification, LOQ) beschreibt die geringste

Konzentration, die eine Quantifizierung mit akzeptabler Genauigkeit und Prazision zulasst.

Wiederfindung und Matrixeffekte Die Wiederfindung beschreibt das in der aufgearbeiteten
Probe (Matrixprobe) wiedergefundene absolute Messsignal im Vergleich zu einer nachtraglich mit
Originallésung versetzten aufgearbeiteten Probe (Extrakt). Matrixbestandteile kénnen das
Messsignal direkt oder indirekt verstarken (engl. lon enhancement) oder unterdriicken (engl. lon
suppression). Die Matrixeffekte werden durch Vergleich der Peakflache des Extraktes mit der

Peakflache von Reinsubstanzldsungen (Kontrollen) ermittelt.
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1.5 Fragestellungen und Zielsetzung

Der Konsum von amphetamine-type stimulants (ATS, Stimulantien des Amphetamin-Typs) ist
weltweit verbreitet und kann bei Konsumenten erhebliche psychische und physische
Beeintrachtigungen hervorrufen. Diese konnen sowohl durch die stimulierende Akutwirkung als
auch durch subakute Erschopfungssymptome bedingt sein. In der Forensischen Toxikologie
spielen Beeintrachtigungen durch ATS-Konsum vor allem im Zusammenhang mit
Verkehrsdelikten eine groRe Rolle, wobei hier die Evaluation der Fahrtuchtigkeit von zentraler
Bedeutung ist. Sowohl bei der Bewertung von Delikten zu §§ 315c und 316 StGB als auch zu
§ 24a StVG gilt es daher, die Konsumangaben des Beschuldigten zu verifizieren oder zu
widerlegen. Insbesondere die Einlassung, dass der Konsum bereits sehr weit zurtickliege und
daher kein Betaubungsmitteleinfluss mehr vorliege, wird in diesem Zusammenhang haufig
abgegeben. Ferner erklaren Beschuldigte einen positiven Amphetaminbefund gelegentlich mit
der Einnahme der (S)-amphetaminhaltigen Medikamente Elvanse® oder Attentin® und berufen

sich auf das sogenannte Medikamentenprivileg nach § 24a StVG.

Auch bei Fragestellungen zur Schuldfahigkeit gilt es, eine Einschatzung der Beeinflussung zum
Tatzeitpunkt zu geben. Durch eine vorgebliche Bewusstseinsstorung aufgrund einer
Beeinflussung durch ATS-Konsum kann es im Sinne des Beschuldigten sein, eine Strafmilderung
nach §§ 20 oder 21 StGB zu erwirken. Auch zur Beurteilung der Schuldfahigkeit ist somit zu

prufen, ob die Konsumangaben mit den toxikologischen Befunden zu vereinbaren sind.

Die forensisch-toxikologische Beurteilung der Beeinflussung durch ATS-Konsum ist jedoch mit
der herkdmmlichen (achiralen) Laboranalytik, also durch die Feststellung absoluter
Serumkonzentrationen kaum mdglich. Eine Vielzahl unbekannter Faktoren macht eine genauere
Einschatzung nahezu unmdglich. So ist vor allem die Konsummenge, die insbesondere bei
chronisch abhangigen Konsumenten deutlich erhoht sein kann, in der Regel unbekannt.
Serumkonzentrationen sind zudem abhangig von der Konsumform und koénnen durch
wiederholten Konsum (Bingekonsum) kumulieren. So kdnnen auch langere Zeit nach
Konsumende bei anhaltend hohen Serumspiegeln bereits Symptome der Subakutphase

auftreten.

Da illegale ATS mit Ausnahme des Methamphetamins in der Regel als Racemat konsumiert
werden, der Metabolismus jedoch enantioselektiv ist, bieten sich durch stereoselektive Analytik
weitere forensische Interpretationsmoglichkeiten. Obwohl die Stereoselektivitdt schon seit

Jahrzehnten bekannt ist und verschiedene Studien vielversprechende Resultate ergeben haben,
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bleibt das Potential der stereoselektiven Analytik im forensischen Anwendungsbereich noch

weitgehend unausgeschdpft.

Voraussetzung fur die forensische Forschung ist die Entwicklung geeigneter analytischer
Methoden. Ziel war also zunachst die Trennung der Enantiomere von Amphetamin,
Methamphetamin, 4-FA, 4-Hydroxyamphetamin, Norephedrin, MDMA. Im Anschluss sollte eine

Validierung flr die Analyse humaner Serumproben nach der Richtlinie der GTFCh erfolgen.

1.5.1 Bestimmung der Enantiomerenzusammensetzung von beschlagnahmten
Stoffproben

Die Kenntnis der Enantiomerenzusammensetzung der konsumierten Drogen ist Voraussetzung
fur weitere forensische Evaluationen. In den letzten Jahren haufen sich Berichte, die auf eine
Veranderung der chiralen Zusammensetzung von illegalem Methamphetamin hindeuten.
Dennoch wird die Zusammensetzung von beschlagnahmten Methamphetaminproben nur selten
bestimmt. Eine Kontrolle der chiralen Zusammensetzung von Amphetamin- und MDMA-Proben,
fur die eine racemische Zusammensetzung angenommen wird, findet de facto nicht statt. Auch
fur diese Substanzen kommen jedoch enantioselektive Synthesemethoden oder
Racematspaltung in Frage. Insbesondere die pharmakologische Potenz der Produkte kdnnte
durch eine veranderte Enantiomerenzusammensetzung beeinflusst werden. Des Weiteren kann
die nicht geringe Menge abhangig von der chiralen Zusammensetzung ausgelegt werden. Ferner
ist die Kenntnis der Zusammensetzung von Strallenamphetamin fir die Differenzierung von einer

therapeutischen Einnahme (S)-amphetaminhaltiger Medikamente von grundlegender Bedeutung.

Ziel dieser Studie ist die chirale Charakterisierung von beschlagnahmten Stoffproben von
Amphetamin, Methamphetamin und MDMA. Die Ergebnisse sollen im Hinblick auf die mogliche
Anwendung alternativer Synthesetechniken sowie von Racematspaltung diskutiert werden. Es
soll Uberpruft werden, ob und, wenn ja, fur welche ATS eine chirale Untersuchung routinemafig
stattfinden sollte. Darlber hinaus soll abhangig von der Enantiomerenzusammensetzung der
Drogen die Zulassigkeit einer forensischen Interpretation von Enantiomerenverhaltnissen im Blut
geklart werden. Zu diesem Zweck sollen in Kooperation mit dem Landeskriminalamt (LKA)
Rheinland-Pfalz Stoffproben von Amphetamin und MDMA gesammelt werden. Da dort nur sehr
selten Methamphetaminproben asserviert werden, sollen entsprechende Daten vom Institut fr
Rechtsmedizin der Universitat Erlangen in die Studie aufgenommen und diskutiert werden. Die
Ergebnisse dieser Studie finden sich in Kapitel 2.
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1.5.2 Chirale Serum Pharmakokinetik von 4-Fluoramphetamin nach kontrollierter

oraler Aufnahme

Am besten geeignet fir die Erforschung des Metabolismus von Substanzen sind Serumproben,
die aus klinischen Studien nach kontrollierter Aufnahme stammen. Solche Studien sind jedoch
fur Betdubungsmittel aufgrund der heutigen forschungsethischen Richtlinien sowie des damit
verbundenen hohen Kostenaufwandes eine Seltenheit. Solche Serumproben konnten aus einer
Kooperation mit der Universitat Maastricht gewonnen werden. Die Proben aus dieser Studie mit
kontrollierter oraler Einnahme von zwei verschiedenen Dosen 4-FA sollen auf den zeitlichen

Verlauf der Konzentrationen von (R)- und (S)-4-FA untersucht werden.

Ziel dieser Studie ist die Untersuchung des enantioselektiven Metabolismus von 4-FA, welcher
bis dato noch nicht belegt wurde. Hierzu sollen Unterschiede in Absorption und Elimination
anhand pharmakokinetischer Parameter wie maximale Serumkonzentration (cmax), Zeit zum
Erreichen der maximalen Serumkonzentration (tmax) und Serumhalbwertszeit (t12) untersucht
werden. Darlber hinaus soll der zeitliche Verlauf der (R)/(S)-Konzentrationsverhaltnisse evaluiert
werden. Hierbei soll ein besonderes Augenmerk auf die interindividuellen Unterschiede sowie
eine modgliche Dosisabhangigkeit des Verlaufs gelegt werden. Die Ergebnisse sollen
anschlielBend im Hinblick auf forensische Fragestellungen diskutiert werden, insbesondere
bezlglich der Moéglichkeit einer Einschatzung des Konsumzeitpunktes und der Etablierung von
Entscheidungsgrenzen (Cut-offs) fur die forensische Begutachtung. Die Ergebnisse dieser Studie
finden sich in Kapitel 3.

1.5.3 Enantioselektive Bestimmung von Amphetamin und Metaboliten in

Serumproben

Besonders relevant ist eine Zeiteinschatzung fir das in Deutschland meistkonsumierte ATS
Amphetamin. Da hierfir keine Proben aus einer klinischen Studie verfigbar sind, soll auf
Serumproben von psychiatrischen Patienten zurlickgegriffen werden. Bei Stationsaufnahme fiir
den freiwilligen Entzug kdnnen Patienten Angaben zu ihrem letzten Konsumzeitpunkt machen.
Daruber hinaus sollen Serumproben aus dem Probengut der Forensischen Toxikologie Mainz
untersucht werden, welche im Rahmen polizeilicher Ermittlungsverfahren entnommen wurden.
Neben (R)- und (S)-Amphetamin sollen in allen Proben auch die Enantiomere der Metabolite
4-Hydroxyamphetamin und Norephedrin quantifiziert werden, deren Vorkommen in Serumproben

nur sparlich belegt ist.

29



Einleitung

Ziel dieser Studie ist die Beschreibung der Konzentrationen von (R)- und (S)-Amphetamin in
einem grofRen Kollektiv an Polizeiproben, insbesondere im Hinblick auf die Verteilung und
Streuung der Enantiomerenverhaltnisse. Das Vorhandensein, die Konzentrationen und die
Verhaltnisse der Enantiomere von 4-Hydroxyamphetamin und Norephedrin sollen ebenfalls
beschrieben werden. Durch erneute Untersuchung von Teilen dieser Proben nach zehn Monaten
soll daruber hinaus die Uberpruft werden, ob die Verhaltnisse von (R)- und (S)-Amphetamin bei
Lagerung stabil sind und somit eine forensische Interpretation legitimieren. Analog zu den
Untersuchungen zu 4-FA soll durch Untersuchung der Psychiatrieproben der zeitliche Verlauf der
(R)/(S)-Konzentrationsverhaltnisse fir Amphetamin evaluiert werden. Dazu soll das von den
Patienten angegebene Zeitintervall zum letzten Konsum sowie maoglicher Bingekonsum
berlcksichtigt werden. Der Verlauf und die Korrelation der (R)/(S)-Verhaltnisse mit der Zeit soll
denen von 4-FA und MDMA gegenubergestellt werden. Daruber hinaus soll die ermittelte
Steigung mit denen aus Literaturdaten fur Amphetamin errechneten theoretischen Steigungen
verglichen werden. Die Ergebnisse sollen letztendlich hinsichtlich einer forensischen Anwendung
und der Moglichkeit einer Zeiteinschatzung evaluiert werden. Die Ergebnisse dieser Studie finden

sich in Kapitel 4.

154 Enantioselektive Bestimmung der Plasmaproteinbindung von gebrauchlichen
ATS

Die Plasmaproteinbindung (PPB) von ATS ist nur sehr unzureichend erforscht und die teilweise
aus Tierversuchen gewonnenen Daten werden in der Literatur mitunter irrefihrend oder falsch
zitiert. Die Unterschiede in der Pharmakodynamik und Pharmakokinetik der Enantiomere von
ATS koénnten unter anderem gemaly der free drug hypothesis durch unterschiedliche

Proteinbindung erklart werden.

Ziel dieser Studie ist die enantioselektive Bestimmung der PPB von Amphetamin,
Methamphetamin, MDMA und 4-FA. Hierzu soll die freie Fraktion von mit diesen Substanzen
gespikten Leerserumproben mittels Ultrafiltration (UF) abgetrennt werden. Durch Quantifizierung
des ungebundenen Anteils im Ultrafiltrat soll so die PPB errechnet werden. Auf diese Weise sollen
Unterschiede in der PPB der Substanzen im Allgemeinen sowie mogliche Unterschiede in der
PPB der Enantiomere ermittelt werden. Ein mdoglicher Einfluss der PPB auf die
pharmakodynamischen und pharmakokinetischen Eigenschaften der Enantiomere soll diskutiert

werden. Die Ergebnisse dieser Studie finden sich in Kapitel 5.
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2 Bestimmung der Enantiomerenzusammensetzung von in
Suddeutschland beschlagnahmten Amphetamin-, MDMA- und

Methamphetaminproben

21 Zusammenfassung

Zur Detektion der Enantiomere von Amphetamin und MDMA wurden zwei LC-MS/MS-Methoden
entwickelt, deren Messgenauigkeit in methanolischer Losung durch mehrfache Analyse von
zertifizierten racemischen Standardldsungen validiert wurde. Insgesamt wurden 143 Asservate
von Amphetamin und 94 von MDMA untersucht. Die Analyse von insgesamt 528
beschlagnahmten Methamphetaminproben, welche vorwiegend aus Franken stammten, erfolgte
im Institut fir Rechtsmedizin in Erlangen mittels chiraler HPLC-DAD (Diodenarray-Detektor).
Samtliche im Rahmen dieser Studie untersuchten Proben stammten aus den Jahren 2019 und
2020.

Alle untersuchten Asservate von Amphetamin (139 Pulver, 4 Flissigkeiten) lagen als Racemat
vor. Ebenso waren alle untersuchten Asservate von MDMA (63 Tabletten, 30 kristalline Proben,
1 Pulver) racemisch. Die einzige flissige Methamphetaminprobe sowie 28 von 29 pulverformigen
Proben enthielten enantiomerenreines (S)-Methamphetamin. Die verbleibende Pulverprobe
enthielt dagegen reines (R)-Methamphetamin. 95  Prozent der  kristallinen
Methamphetaminproben enthielten ausschlieBlich (S)-Methamphetamin. Neben 7 kristallinen
Proben (1,4 %), die enantiomerenreines (R)-Methamphetamin enthielten, und 10 racemischen
Mischungen (2,0 %), lagen weitere 10 Proben als nicht-racemische Mischungen vor. Hiervon
enthielten 8 Proben einen Uberschuss an (S)-Methamphetamin. 7 der 10 nicht-racemischen

Mischungen stammten aus einer einzigen Beschlagnahmung.

Die Detektion von racemischem Amphetamin und MDMA ist im Einklang mit den fur diese
Stimulantien Ublichen Synthesewegen. Dies deckt sich auch mit den wenigen vorhandenen
publizierten Studien. Die vorwiegende Detektion von enantiomerenreinem (S)-Methamphetamin
ware zum einen mit der Versorgung aus der an Franken grenzenden Tschechischen Republik
erklarbar, wo die Synthese stereoselektiv aus pharmazeutischen Vorldufern erfolgt. Da
mittlerweile der GrofRteil des deutschen Methamphetamins aus vollsynthetischer Herstellung in

den Niederlanden stammt, kdénnte zum anderen auch eine im groRen Stil angewandte
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Racematspaltung fir die Dominanz des enantiomerenreinen (S)-Methamphetamins

verantwortlich sein. Vereinzelt scheint auch racemisches Methamphetamin vertrieben zu werden.

Die vorgefundenen nicht-racemischen Proben lassen sich durch eine unvollstandige
Racematspaltung erklaren. Die sichergestellten Proben von (R)-Methamphetamin kdénnen als
minderwertiges Nebenprodukt der Racematspaltung angesehen werden. Allgemein sind die
Beobachtungen fir Methamphetamin im Einklang mit internationalen Studien, die einen

ricklaufigen Trend in den Beschlagnahmungen von reinem (S)-Methamphetamin beobachten.

Obwohl dies theoretisch mdglich ware, konnten in dieser Studie keine Hinweise auf eine
Anwendung der Racematspaltung fir Amphetamin und MDMA gefunden werden. Ein Grund
hierfir kdnnte sein, dass wahrend fir (S)-Methamphetamin im Vergleich zum (R)-Enantiomer
eine bis zu zehnfach héhere pharmakologische Potenz angegeben wird, der Unterschied fir
Amphetamin und MDMA nur etwa das dreifache betragen soll. Demnach ware das Kosten-
Nutzen-Verhaltnis einer Racematspaltung bei diesen Substanzen, insbesondere unter

Berlcksichtigung der allgemein geringeren Marktpreise, ein anderes.

In Anbetracht der durch die KKWT/ED vorgeschlagenen deutlich niedrigeren nicht geringen
Mengen fur reines (R)-Methamphetamin und das Racemat legen die Ergebnisse dieser Studie
nahe, dass jede beschlagnahmte Methamphetaminprobe enantioselektiv untersucht werden
sollte. Falls sich der Trend weg von enantiomerenreinem (S)-Methamphetamin fortsetzen sollte,
ware von einer erheblich geringeren pharmakologischen Potenz der Strallendrogen auszugehen.
Fur Amphetamin und MDMA kann weiterhin von einer racemischen Zusammensetzung
ausgegangen werden. Hierdurch wird auch die forensische Interpretation von
(R)/(S)-Enantiomerenverhaltnissen in Serumproben ermdglicht. Des Weiteren kann aufgrund der
racemischen Zusammensetzung von illegalem Amphetamin weiterhin der illegale Konsum von
einer therapeutischen Einnahme der (S)-amphetaminhaltigen Medikamente Elvanse® oder

Attentin® unterschieden werden.

Eigenleistung an dieser Publikation: Konzept, Methodenentwicklung, Validierung,
Probenmessung, Datenanalyse, Datenaufbereitung, graphische Aufbereitung,
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Probenkoordination, Korrektur; S. Staudt: Probenmessung, Datenanalyse, Datenaufbereitung; J.
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Abstract

Amphetamine (speed), methamphetamine (crystal meth), and 3,4-methylenedioxy-N-
methylamphetamine (MDMA, ecstasy) represent the most frequently abused
amphetamine-type stimulants (ATS). Differences in pharmacological potency and
metabolism have been shown for the enantiomers of all three stimulants. Legal
consequences in cases of drug possession may also differ according to the German
law depending on the enantiomeric composition of the seized drug. Therefore,
enantioselective monitoring of seized specimens is crucial for legal and forensic
casework.

Various kinds of samples of amphetamine (n = 143), MDMA (n = 94), and metham-
phetamine (n = 528) that were seized in southern Germany in 2019 and 2020 were
analyzed for their chiral composition using different chromatographic methods.
Whereas all samples of amphetamine and MDMA were racemic mixtures, the chiral
composition of the methamphetamine specimens was diverse. Although the vast
majority (n = 502) was present as (S)-methamphetamine, also specimens containing
pure (R)-methamphetamine (n = 7) were found. Furthermore, few samples (n = 8)
were of racemic nature or contained non-racemic mixtures of both enantiomers
(n = 10).

Because methamphetamine appears in varying enantiomeric compositions, any
seizure should be analyzed using an enantioselective method. Amphetamine and
MDMA, on the other hand, currently appear to be synthesized exclusively via
racemic pathways and are not chirally purified. Nevertheless, regular monitoring of

the chiral composition should be ensured.
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Over the past decade, global seizures of amphetamine-type stimulants

INTRODUCTION

(ATS) have continuously increased.? In addition to amphetamine
(speed) and methamphetamine (crystal meth), the two major repre-
sentatives of the ATS group, MDMA (3,4-methylenedioxy-N-
methylamphetamine), commonly known as ecstasy, poses another
frequently abused member of this group.2 Use of ATS is on the rise in
Europe and especially in Germany, where amphetamine is the most
commonly abused ATS.*? At the same time, an increasing trend in the
use of ecstasy can be observed, whereas the MDMA content of tablets
is rising and other high-purity forms such as powder and crystals have
also become available.®* The use of methamphetamine is also becom-
ing more widespread in many European countries.**

Amphetamine, methamphetamine, and MDMA each possess one
stereogenic center and therefore exist in two enantiomeric forms. For
all three substances, studies suggest a higher stimulant activity of the
(S)-(+)-enantiomer.>"® Furthermore, pharmacokinetic studies showed
metabolic preferences for the respective (S)-enantiomers.”%"12 Due to
the different potencies, for amphetamine and methamphetamine, the
threshold of the non-small amount in the sense of the German narcotics
act (Betdubungsmittelgesetz, BtMG) differs depending on the enantio-
meric composition of the seized drugs. Consequently, the non-small
amount for (R)-amphetamine is twice and for (R)-methamphetamine
10 times as high as for the more potent (S)-enantiomers.** According to
§ 31a BtMG, in the case of production, possession, acquisition, etc. of
drugs for personal use in amounts below this threshold (small amount),
the public prosecutor may refrain from prosecution.®

The methods used for the synthesis of the stimulants differ both
in their precursors and in the chiral composition of the products and
are subject to dynamic change due to limitations of the precursor
compounds. 1417

In order to enable assessment of legal and forensic cases, it is
therefore necessary to investigate and monitor the enantiomeric com-
position of seized ATS and to consider possible variations in routine
casework. In the present study, two methods of liquid chromatogra-
phy coupled with tandem mass spectrometry (LC-MS/MS) and one
method of liquid chromatography coupled with diode array detector
(HPLC-DAD) were used to enantioselectively analyze seized ATS sam-
ples from southern Germany. Specimens of confiscated amphetamine,
methamphetamine, and MDMA from the years 2019 and 2020 were
collected and analyzed. The aim of this study is the assessment of the
enantiomeric composition of the seized samples, and the evaluation

regarding legal and forensic implications.

2 | MATERIAL AND METHODS
21 | Amphetamine and MDMA
211 | Material

(RS)-Amphetamine and (RS)-MDMA-ds were obtained from LGC

(Wesel, Germany). (RS)-MDMA was purchased from Merck
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(Darmstadt, Germany). (RS)-Amphetamine-d,,, (S)-amphetamine, and
(R)-amphetamine were obtained from Lipomed (Weil am Rhein,
Germany). All analytical standards were provided as methanolic solu-
tions with concentrations of 0.1 mg/mL (internal standards) and
1 mg/mL (all other solutions). The standards labeled with “RS” were
racemic according to the manufacturer's certificates. Methanol (HPLC
grade) was acquired from Thermo Fisher Scientific (Dreieich,
Germany). Water (LC-MS grade) and acetonitrile were obtained from
Carl Roth (Karlsruhe, Germany). LC-MS-grade ammonia solution (25%)
and ammonium bicarbonate were purchased from Merck (Darmstadt,

Germany).

2.1.2 | Seized drugsamples

143 amphetamine samples from a total of 79 seizures and 94 MDMA
samples from a total of 60 seizures were available for investigation.
All samples were seized by the state police on the territory of
Rhineland-Palatinate in the years 2019-2020. Amphetamine was
almost exclusively present as powder, with four samples being present
in liquid form. MDMA specimens were seized either as tablets of vari-
ous colors (n = 63), in crystalline form (n = 30), or as powder (n = 1).
Some seizures contained both tablets and crystalline samples. Quanti-
tative determination of the sample purity was conducted by achiral
HPLC-DAD. Ecstasy pills contained a median of 37.0% (19.3%-
50.0%, mean [SD] 36.3 + 6.0%) MDMA base, whereas the crystalline
form exhibited significantly higher purity (median 79.8%, 76.5%-
82.7%, mean [SD] 79.6 + 1.6%), which corresponds to a purity of at
least 90.9%, assuming the hydrochloride form. One specimen that
was seized as purple powder, was of significantly lower purity (7.1%),
and contained traces of amphetamine. Amphetamine powder con-
tained a median of 16.2% (0.4%-73.1%, mean [SD] 21.6 + 14.9%)
amphetamine base, with two samples representing almost pure
(>99%) amphetamine, assuming the sulfate form. One powder sample
(24.6%) also contained traces of MDMA. Liquid amphetamine samples
contained 62.7%, 60.6%, 47.1%, and 2.6% amphetamine base, respec-
tively. The latter one was of blue color and also contained MDMA,
ethanol, and gamma-butyrolactone (GBL). Boxplots in Figure 1 illus-

trate the distribution of purity for the various types of samples seized.

2.1.3 | Sample preparation

Sample preparation was carried out according to a forensic guide-
line.*® In brief, the preparation for the different sample types was con-
ducted as follows: At first, all samples were dried to a constant
weight. For seizures of tablets in a single packaging unit, at least 30%
of the samples were homogenized and diluted in water. For seizures
of tablets in multiple packaging units, at least 30% of each unit were
homogenized. Subsequently, at least one mixture of equal proportions
of the homogenisates was prepared and diluted in water. For powder
and crystalline samples in a single packaging unit, a composite sample

containing at least 30% of the material was taken from at least three
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FIGURE 1 Boxplots for purity of the different
sample types of amphetamine, MDMA, and
methamphetamine. Horizontal lines represent the
median, and boxes represent the range between
lower and upper quartile of the subgroups (inter
quartile range). Whiskers represent all samples
within £1.5 times the interquartile range.

Qutliers > median 1.5 times the interquartile
range are shown as circles. Extreme values with
>median 3 times the interquartile range are
shown as asterisk. For each MDMA powder and
methamphetamine liquid, only one sample was
available, which is presented as single line [Colour
figure can be viewed at wileyonlinelibrary.com]
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spots of the specimen and subsequently diluted in water. For powder
and crystalline samples in multiple packaging units, at least one mix-
ture of equal proportions of all units was prepared and diluted in
water. All liquid samples were stored sealed until the day of analysis.
For analysis, all aqueous solutions were diluted with methanol to
reach a final racemic concentration of 100-500 ng/mL. The solutions
were transferred into sampling vials, and racemic internal standard
solution was added (racemic amphetamine-d;; and MDMA-ds,

respectively; final concentration 500 ng/mL).

2.14 | Chiral LC-MS/MS instrumentation and
analytical parameters

Enantiomers of amphetamine and MDMA were analyzed using a
LC-MS/MS system from Agilent (Waldbronn, Germany). Chromatog-
raphy was conducted using a 1290 Infinity Il LC system, coupled
via Jet Stream interface (ESI) to a 6495C triple quadrupole mass
spectrometer. Chromatographic separation of both enantiomeric pairs
was achieved using a polysaccharide-based chiral Lux® 3-pm
AMP 150 x 3.0 mm analytical
AMP® 4 x 2.0 mm security guard cartridge (both Phenomenex;

column, guarded with a Lux
Aschaffenburg, Germany). Injection volume was 1 uL. Mobile Phase A
consisted of 5mM ammonium bicarbonate solution adjusted to
pH 11 by addition of ammonia solution. Composition of mobile Phase
B and gradient elution differed between the determination of
amphetamine and MDMA. For enantiomeric separation of amphet-
amine, methanol was used as organic mobile phase (B), and for enan-
tiomeric separation of MDMA, a mixture of methanol/acetonitrile
(1/1, v/v) was used. Holding a temperature of 30°C and a flow rate of

0.35 mL/min, the following gradients were used for separation of

T
Amphetamine

35

T |
MDMA Methamphetamine

amphetamine (if applicable different percentages for MDMA in paren-
theses): holding B at 60% (50%) for 13 min, increasing it to 95% within
0.5 min, holding for 3 min, and decreasing to 60% (50%) within
0.5 min. With an additional post-time of 2 min, total run time for both
gradients was 19 min. Baseline separation was achieved for all
analytes and ISTD. Electrospray parameters were as follows: gas flow
11 L/min at 200°C; nebulizer 15 psi, sheath gas flow 12 L/min at
400°C; capillary voltage +3500 V. Analytes were detected using mul-
tiple reaction monitoring (MRM) mode using the following transitions
(m/z, collision energy in parentheses, target ion underlined): amphet-
1361 — 910 (17eV), 1190 (5 eV), 650 (45eV);
amphetamine-d,, 147.2 — 98.0 (21 eV), 130.1 (5 eV), 70.1 (45 eV);
MDMA 194.1 — 163.0 (9 eV), 105.0 (25 eV), 51.1 (80 eV); MDMA-d5
199.2 — 165.0 (13 eV), 107.0 (29 eV), 135.0 (21 eV). The two LC-

MS/MS methods used for this study also allowed simultaneous

amine

enantioselective detection of 3,4-methylenedioxyamphetamine
(MDA) and methamphetamine. Data evaluation was done using
Agilent MassHunter Workstation Software (Version B.09.00). Identifi-
cation of the elution order for amphetamine enantiomers was con-
ducted by injection of enantiopure standard solutions. For all other
experiments, a racemic amphetamine solution was used as analytical
standard, because the monoenantiomeric solutions (especially for (R)-
amphetamine, which eluted first) were not completely pure. Due to
the lack of enantiopure standards for MDMA, elution order could not
be determined but was deduced. The present chromatographic
method was also validated for quantitative detection of MDMA
enantiomers in serum samples. Studies show that (S)-MDMA is
metabolized more rapidly than (R)-MDMA in humans, and therefore,
(R)/(S)-concentration ratios greater than 1 can be found in serum sam-
ples.’®*?1% Because the first eluting enantiomer consistently showed

a larger area under the curve (AUC) when serum samples were
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measured, it was identified as (R)-MDMA. For each sample, (R)/(S)-
concentration ratio was calculated as the quotient of the AUC of the
analyte relative to the AUC of the respective ISTD according to
Equation 1. To assess the precision of the method, two methanolic
solutions of certified racemic amphetamine and MDMA were pre-
pared to reach a final racemic concentration of 250 and 500 ng/mL,
respectively. Analogous to the procedure for the seized samples, the
solutions were transferred into sampling vials, and racemic internal
standard solution was added (final concentration 500 ng/mL). Both
low and high quality control (QC) samples were injected 10 times

each, and the (R)/(S) ratio was calculated.

AUC(R)fenant'\omer

AUC(R)—enantiomerof ISTD AUC\S]—enantiomer of ISTD

AU C[S) —enantiomer

(R)/(S) — ratio = (1)

22 | Methamphetamine

221 | Material

Water was obtained from Merck (Darmstadt, Germany). Methanol,
phosphoric acid (85%),
hydrochloric acid (37%) were purchased from VWR (Darmstadt,
(RS)-Methamphetamine,

(R)-methamphetamine were obtained from Lipomed (Weil am Rhein,

potassium dihydrogen phosphate, and

Germany). (S)-methamphetamine, and
Germany). All analytical standards were provided as methanolic
solutions with concentrations of 1 mg/mL. (RS)-Methamphetamine
was racemic according to the manufacturer's certificate. All chemicals

and solvents were of analytical grade.

222 | Seized drug samples

528 methamphetamine (MA) samples from a total of 237 seizures
from the years 2019 and 2020 were collected. All samples were sei-
zed by the state police in the Free State of Bavaria. The samples origi-
nated from the following governmental districts: Upper Franconia
(n = 125), Middle Franconia (n = 298), Lower Franconia (nh=1),
Upper Palatinate (n = 94), Upper Bavaria (n = 1), and Lower Bavaria
(n = 9). Methamphetamine was mostly present in crystalline form
(n = 498, 94.3%), less frequently as powder (n = 29, 5.5%), and in one
case, a liquid was seized. Some seizures contained both crystalline and
powder samples. Quantitative determination of the sample purity was
conducted by achiral HPLC-DAD. Crystals contained a median of
80.3% (4.3%-85.1%, mean [SD] 74.5 + 12.5%) MA base, whereas
MA powder contained a median of 70.1%, (5.2%-83.4%, mean
[SD] 56.3 + 28.1%), and the liquid had a purity of 25% and a total
volume of only 250 plL. Boxplots in Figure 1 illustrate the distribution
of purity for the various types of methamphetamine samples seized.
Traces of amphetamine (nine samples) and MDMA (one sample)

were found in both crystalline and powder samples. The relative

36

amphetamine content in these samples was between 3.9% and
1474% (median 37.1%). The sample with MDMA contained more
MDMA than methamphetamine (258%).

223 | Sample preparation

Sample preparation was based on a forensic guideline.*® All samples
were dried at a temperature of 70°C to a constant weight and subse-
quently homogenized. Up to a sample weight of 500 g, 2 x 25 mg of
the homogenized material were taken. Above a weight of 500 g,
3 x 25 g were prepared, and above 1000 g, 4 x 25 mg were used.
in 25mL diluted

hydrochloric acid (1/99, v/v) to reach a final racemic below 1 mg/mL.

For analysis, homogenisates were diluted

224 | Chiral LC-DAD instrumentation and
analytical parameters

Chromatography was conducted using a 1100 series HPLC-DAD sys-
tem from Agilent (Waldbronn, Germany). Methamphetamine enantio-
mers were separated on a cyclodextrin-based ChiraDex® 5 pm
(250 x 4.0 mm Merck, Darmstadt, Germany) chiral column. Injection
volume was 2 pL and column temperature was 40°C. The mobile
phase was prepared by adding 49.75 g phosphate buffer solution
(pH 6.8) and 2.5 g methanol to 447.75 g water. Separation was
achieved by isocratic elution at a flow rate of 0.8 mL/min. The total
run time was 10 min. Spectra were detected at 210, 220, 230, 240,
and 280 nm, whereas quantification was done at a wavelength of
210 nm. Data evaluation was done using Agilent ChemStation
software. Elution order of methamphetamine enantiomers was
conducted by injection of enantiopure standard solutions. When
enantiomerically pure methamphetamine or racemate was detected
by the chiral method, quantitative results of the achiral HPLC-DAD
were applied. When non-racemic mixtures were detected, the enan-
tiomers were quantified separately using the chiral method. For
both enantiomers, linearity of calibration was tested within a range
of 0.001-1 mg/mL. The method's specificity was examined with
respect to the also detected analytes amphetamine, MDMA, MDA,
MDE, creatine, paracetamol, caffeine, piracetam, and ephedrine.
Traces of other phenethylamines were detected up to an absolute
content of 0.5%.

3 | RESULTS
3.1 | Enantiomeric composition of amphetamine
and MDMA

Baseline separation was achieved for both analytes and internal
standards (cf. Figure 2). Validation experiments showed satisfactory
precision for the determination of (R)/(S)-ratios. Low and high

amphetamine QC samples showed ratios between 0.96 and 1.06



LOSACKER €T AL.

2.5 1

Abundance x108
=Y = N
o [ =)

o
)
L

o
o

0 11 12 13 14

Aquisition time [min]

- =i N N
o (4] o (4]
L L 1 —

Abundance x10°

o
3
.

0.0

1

0 11 12 13 14

Aquisition time [min]

FIGURE 2

WILEY_L *

9 10 11

Aaquisition time [min]

0.0 A k
10 11

8 9
Aquisition time [min]

- - [\ N
o o o (4]
L L " '

Abundance x10°

bt
3
L

g
o

- - N N
o [4)] o (4)]
1 I 1 1

Abundance x10%

o
(4]
'

Multiple reaction monitoring (MRM) chromatograms for two authentic seized drug samples of MDMA (left plots, (R)/(S)-ratio 1.02)

and amphetamine (right plots, (R)/(S)-ratio 0.99). Chiral chromatographic separation is shown for each the analytes (top) and their internal
standards (bottom). Elution times were as follows (with the (R)-enantiomer always eluting first): MDMA 11.3 and 13.3 min, amphetamine 8.9 and
10.6 min, MDMA-d5 11.1 and 13.1 min, amphetamine-d,, 8.6 and 10.2 min. The following ion transitions are displayed in decreasing order of
intensity (target ion underlined): MDMA 194.1 = 163.0, 105.0, 51.1; amphetamine 136.1 = ﬁ, 119.0, 65.0; MDMA-ds5 199.2 > w, 107.0,

135.0; amphetamine-d;; 147.2 2 98.0, 130.1, 70.1

(mean 1.00), and ratios for low and high MDMA QC samples were
between 0.94 and 1.06 (mean 1.01). (R)/(S)-ratios for seized amphet-
amine were between 0.97 and 1.04 (mean 1.00). Also, both enantio-
mers of amphetamine (very minor concentration) were found in the
one MDMA sample, which was seized as purple powder.

(R)/(S)-ratios for seized MDMA were between 0.96 and 1.03
(mean 1.00) for all three different sample types (crystals, liquid, pow-
der). MDMA (R)/(S)-ratio was 1.01 for the adulterated amphetamine
powder and 1.00 for the blue amphetamine liquid. Boxplots of the
determined ratios for seized amphetamine and MDMA samples are
shown in Figure 3. Contaminations of methamphetamine in amphet-
amine samples (n = 67, 47%) and MDA in MDMA samples (n = 4.4%)
were always below a relative content of 1%. In all cases of MDA and
methamphetamine trace detection, both enantiomers were found in
roughly equal proportions; however, in one case, there was an approx-
imately 10-fold excess of (S)-methamphetamine. Due to the low
concentration of MDA and methamphetamine traces, a more precise

determination was not possible.
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3.2 | Enantiomeric composition of
methamphetamine

Sufficient separation of methamphetamine enantiomers was achieved
(cf. Figure 4). The method also showed specificity and linearity for
both methamphetamine enantiomers. Traces of enantiomers below
the lower limit of quantification (LLOQ, 0.1% of the total mass) were
considered as incidental impurities and therefore neglected. The one
liquid sample as well as 28 out of 29 powder samples contained
enantiopure (S)-methamphetamine. In contrast, the remaining one
powder sample contained enantiopure (R)-methamphetamine. The
enantiomeric composition of the crystalline samples was more
diverse. The vast majority (n = 473, 95.0%) of crystalline samples
contained enantiopure (S)-methamphetamine, whereas only seven
samples (1.4%) contained pure (R)-methamphetamine. Another
10 samples (2.0%) contained racemic methamphetamine. Further-
more, there was a total of 10 samples containing a non-racemic mix-

ture of both enantiomers. Seven out of these 10 samples originated
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FIGURE 3 Boxplots of calculated (R)/(S)-ratios for all
amphetamine (n = 143) and MDMA (n = 94) samples. Horizontal lines
represent the median, and boxes represent the range between lower
and upper quartile of the subgroups (interquartile range). Whiskers
represent all samples within 1.5 times the interquartile range. No
outliers or extreme values with >median +1.5 times the interquartile
range were present

from a single seizure, which also included one racemic sample. The
other three non-racemic mixtures originated from three unrelated sei-
zures. Two samples contained an excess of (R)-methamphetamine,
whereas the other eight samples contained an excess of
(S)-methamphetamine. The calculated enantiomeric excess (ee) for
(S)-methamphetamine ranged from —19% to 91%. Detailed informa-
tion on composition and ee of the non-racemic mixtures is shown in
Table 1. The quantities of the (R)-methamphetamine seizures ranged
from 0.45 to 95.6 g (mean 31.3 g, median 14.9 g). For the non-racemic
mixtures, the absolute amounts seized ranged from 0.29 to 38.8 g
median 0.36 g). Although

(S)-methamphetamine were seized

(mean 7.65g, larger quantities of

in some cases, the seized
quantities of (R)-methamphetamine and non-racemic mixtures were
within the usual range. An overview of the enantiomeric compositions

of all sample types of seized methamphetamine is given in Figure 5.

4 | DISCUSSION

In the present study, multiple chiral methods were successfully
applied to examine a large number of samples of seized amphetamine,
methamphetamine, and MDMA. To the best of our knowledge, this is
the first study to describe the chiral composition of ATS seized in
Germany.

Independent of the sample types, all seized amphetamine and
MDMA samples contained both enantiomers. Calculated (R)/(S)-ratios
for both substances were within the limits of accuracy determined by
the measurement of QC samples containing certified racemic stan-

dards. Therefore, all samples can be considered as racemic. MDMA
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FIGURE 4 HPLC-DAD chromatogram of the separation of
methamphetamine enantiomers. Retention time was 5.66 min for
(R)-methamphetamine and 5.99 min for (S)-methamphetamine.
Quantification was done at 210 nm (absorption maximum), whereas
absorption at 220 nm was significantly lower

TABLE 1 Seizures of non-racemic mixtures of methamphetamine
(n=10)
(S)rel (R)rer ee (S)
Year Seizure [%] [%] [%]
2019 1 96 4.3 91
91 9.3 81
85 15 71
78 22 55
65 35 30
54 46 8
41 59 -17
2019 2 92 8.0 84
2020 3 41 59 -19
2020 4 77 23 54

Notes: All samples were present as crystals. The table shows the relative
contents of the methamphetamine enantiomers ((S),; and (R),;) for each
sample. Enantiomeric excess (ee) of (S)-methamphetamine is calculated as
difference between (S).e and (R)e.. A negative value therefore represents
an excess of (R)-methamphetamine (two cases).

impurities in the one amphetamine powder sample and in the blue
amphetamine liquid can also be considered as racemic. Furthermore,
the traces of amphetamine in the purple MDMA powder sample also
suggest contamination with racemic amphetamine, although a precise
determination was not possible in this case.

The detection of racemic amphetamine is consistent with other
studies found in literature, although data on enantiomeric composition
I.lg

of seized amphetamine samples are very limited. Van Bocxlaer et a

found both amphetamine enantiomers in almost equal proportions in
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FIGURE 5 Pie chart of the enantiomeric
composition of the different methamphetamine
sample types. Inner circle represents the liquid
sample (n = 1), middle annulus represents powder
samples (h = 29), and outer annulus represents
crystalline samples (n = 498)

two powder samples that also contained racemic a-phenethylamine.
In 2000, George and Braithwaite?® analyzed 17 crystalline and pow-
der samples and consistently detected an excess of (S)-amphetamine
(R/S-ratio 0.72-0.98, mean 0.89), although validation data are not
available. More recently, Dhabbah®* analyzed 12 batches of amphet-
amine tablets seized in Saudi Arabia and consistently found both
enantiomers in similar quantities. Although also in this study a slight
excess of (S)-amphetamine up to 9.7% was detected, an adequate
interpretation remains impossible due to a lack of precision data.

Data on chiral composition of illegal MDMA are also scarce.
However, all available studies consistently found racemic mixtures of
MDMA in seized ‘ecstasy’ tablets,?2"2* whereas corresponding stud-
ies on the recently appearing crystalline MDMA are lacking. Recent
wastewater analyses in major European cities also indicate the use of
racemic amphetamine and MDMA?® and are therefore also in line
with the results of the presented study.

A few of the examined MDMA samples contained very low quan-
tities of MDA. Whereas a few decades ago MDA was sometimes
found as the main ingredient in tablets sold as “ecstasy,” today
ecstasy tablets usually contain MDMA,2¢ while the active ingredient
content is steadily increasing.® The occurrence of mixtures of
MDMA/MDA?*%728 and MDMA/amphetamine?®~3? in tablets sold as
“ecstasy” is also documented in literature. MDA can also be found as
synthesis-related impurity of MDMA synthesized via reductive ami-

nation.®! Therefore, the detection of both MDA enantiomers was to

crystals [powders| liquid
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pure (R)
n=7
1%

non-racemic mixture
n =10 (c.f. Table )
2%

racemic
n=8
2%

pure (S)
n=1
100%

be expected. Evidence of amphetamine powder samples adulterated
with MDMA can, however, not be found in literature.

The vast majority of methamphetamine samples only contained
the more potent (S)-enantiomer. Contrarily, one powder sample as
well as seven crystalline samples exclusively contained the less potent
distomer. Moreover, there were some crystalline samples containing
the racemate and non-racemic mixtures of the enantiomers.

Data on the enantiomeric composition of methamphetamine crys-
tals are available mainly from Asia. The majority of the seized crystals
there also contained pure (S)-methamphetamine, although different
fractions of pure (R)-methamphetamine and racemic and non-racemic
mixtures were also found?7%® Two of these studies observed a
decreasing trend in seizures of the more potent (S)-enantiomer.32%3
The latter was also observed in an American study from 2005 to
2012, where, in addition to pure (S)-methamphetamine, mainly non-
racemic mixtures were found.®* An investigation of methamphet-
amine tablets, so-called Thai pills, seized in Switzerland found pure
and almost pure (S)-methamphetamine as well as occasional racemic
mixtures and one pill mainly containing (R)-methamphetamine.*°

Studies from Germany are not available for either of the sub-
stances investigated here; however, conclusions can be drawn from
the production methods used. The presence of solely racemic
amphetamine and MDMA samples is consistent with a fully synthetic
production. Amphetamine and MDMA on the German market origi-

nate mainly from the Netherlands, where it is synthesized from
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various non-pharmaceutical precursors.>*”***? All common routes of
synthesis lead to a racemic product.!®1216434% Eor many years, the
majority of European methamphetamine originated from the
Czech Republic, where it is synthesized from the pharmaceutical
(15,2S)-pseudoephedrine (1R,25)-

ephedrine.*71*1742 Reduction of these chiral compounds yields

precursor and, more rarely,
enantiopure crystalline (S)fmethamphetamin(-‘:.7'1"‘17“'5 However, due
to international restrictions on precursor chemicals, clandestine labo-
ratories are forced to switch to alternative pre-precursors and differ-
ent (non-stereoselective) pathways of synthesis.***'” Recently, most
methamphetamine seized in Germany originates from the Nether-
lands.*® There, it is produced mainly from phenylacetone (P2P, BMK),
which, analogous to amphetamine, leads to a racemic product.”*”**
Lately, it has been reported that the enantiomers of methamphet-
amine are separated by chiral resolution using tartaric acid, for
example, via the so-called “Pope-Peachey” method.'®*7474® This
results in products with different contents of the desired (S)-
enantiomer and the (R)-enantiomer, which is considered as less potent
by-product.*”*® However, it is possible to racemize the fraction with
the undesired distomer and to subject it to chiral resolution again and
again, to virtually yield (S)-methamphetamine only. A mild method for
this purpose is the thiyl radical-mediated racemization, for example,
with methyl thioglycolate.*® Although chiral resolution with tartaric
acid is less common in Europe,>” Mexico reports the seizure of several
tons of tartaric acid per year, which is linked to methamphetamine
production.*®*’ Large quantities of tartaric acid have already been
seized in the Netherlands,'® where Mexican nationals have
been involved in the supply and manufacture of methamphet-
amine.}”*! The predominance of (S)-methamphetamine observed in
this study suggests either stereoselective production from pharma-
ceutical precursors or extensive use of chiral resolution subsequent to
racemic synthesis. Nevertheless, some samples were found that indi-
cate racemic synthesis or incomplete chiral resolution. The pure (R)-
methamphetamine found most likely represents the low-quality waste
product of chiral resolution. Although chiral resolution would also be
possible for amphetamine and MDMA in order to obtain the more
potent (S)-enantiomer, this could not be proven in this study either
and is also not documented in the literature. One reason could be that
although (S)-methamphetamine is suggested to be up to 10 times
more potent than the (R)-enantiomer,® the efficacy of the eutomers of
amphetamine and MDMA is usually estimated to be not more than
three times higher than that of the distomers.>® Considering a study
by Mendelson et al,” which suggests similar abuse potentials for
racemic methamphetamine and for the pure (S)-enantiomer, even in
this case, the benefit of a chiral resolution remains questionable.
However, quantification of the enantiomers' stimulant activities
seems rather unreliable given the complex pharmacodynamic effects
of these drugs.

Almost half of the tested amphetamine samples contained traces
of methamphetamine. In contrast to the majority of methamphet-
amine samples, the impurities were almost exclusively racemic, so
contamination at the consumer level appears unlikely. An intentional

mixing of the two stimulants also does not seem plausible due to the

40

low degree of adulteration. Methamphetamine is also not a by-
product of amphetamine synthesis. Contamination in laboratories that
manufacture both amphetamine and methamphetamine fully syntheti-
cally, on the other hand, would be conceivable.

Because the thresholds for the non-small amount of (S)- and (R)-
methamphetamine in the German BtMG differ significantly (5 vs.
50 g) and all kinds of enantiomeric compositions can be found in sei-
zed samples, from a legal perspective, each seized sample should be
analyzed stereoselectively. For the analysis of powder samples, X-ray
powder diffraction (XRPD) offers a time- and cost-saving alternative
to chiral chromatography, as it allows racemates to be distinguished
from enantiopure samples.*® A legal distinction by enantiomeric com-
position, as found in German law, is rather uncommon. For example,
Swiss law generally does not distinguish between enantiomers.*®
The corresponding Austrian law (Suchtgift-Grenzmengenverordnung,
Narcotic Drugs Limit Ordinance) does differentiate between the
enantiomers of amphetamine, however, with an identical threshold of
10 mg each.®? In contrast to methamphetamine, on the basis of this
study, it does not appear necessary to examine each seized sample of
amphetamine and MDMA enantioselectively. Subject to random
control, illicit amphetamine and MDMA can thus be considered
racemic. lllegally synthesized amphetamine therefore differs essen-
tially from amphetamine in finished medicinal products approved in
Germany, which either contain (S)-amphetamine (Attentin®) or its
prodrug lisdexamfetamine (Elvanse®). This allows a forensic distinc-
tion of therapeutic use and drug abuse by analyzing blood samples.*?
However, in rare cases, preparations of racemic amphetamine sulfate
(syrup or capsules) are made directly in the drug store according to
the German Neues Rezeptur-Formularium (NRF). In those cases,

a distinction from illicit use cannot be made.

5 | CONCLUSION

In the present study, the enantiomeric composition of seized samples
of amphetamine, methamphetamine, and MDMA was determined.
Whereas all amphetamine and MDMA samples were racemic,
methamphetamine samples exhibited diverse compositions, with the
pure (S)-enantiomer found most frequently. The production and sup-
ply chain of methamphetamine in Europe is currently undergoing
changes, so less potent enantiomeric mixtures or even the pure (R)-
form are also becoming available. Therefore, seized methamphet-
amine samples should be routinely analyzed for their enantiomeric
composition. The composition of amphetamine and MDMA may also

change in this respect, so regular monitoring should be carried out.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Moritz Losacker "2} https://orcid.org/0000-0001-8880-1512

Cornelius Hess '} https://orcid.org/0000-0001-8405-4417



LOSACKER €T AL.

REFERENCES

1.

10.

11

12

13.

14,

15.

16.

17.

18.

. World Health Organization.

. European Monitoring Centre for

. Nishimura T, Takahata

United Nations Office on Drugs and Crime. World drug report 2020.
UN; 2020.

Management of substance abuse:
amphetamine-type  stimulants.  https://www.who.int/substance_
abuse/facts/ATS/en/. Accessed October 8, 2020.

. European Monitoring Centre for Drugs and Drug Addiction. Germany

country drug report 2019. Luxembourg: Publications Office of the
European Union; 2019.

Drugs and Drug Addiction.
European drug report 2019: trends and developments. Luxembourg:
Publications Office of the European Union; 2019.

. Smith RC, Davis JM. Comparative effects of d-amphetamine,

l-amphetamine, and methylphenidate on mood in man. Psychopharma-
cology (Berl). 1977;53(1):1-12. https://doi.org/10.1007/BF00426687
K, Kosugi Y, Tanabe T, Muraoka S.
Psychomotor effect differences between |-methamphetamine and
d-methamphetamine are independent of murine plasma and brain
pharmacokinetics profiles. J Neural Transm (Vienna). 2017;124(5):
519-523. https://doi.org/10.1007/s00702-017-1694-y

. Mendelson J, Uemura N, Harris D, et al. Human pharmacology of the

methamphetamine sterecisomers. Clin Pharmacol Ther. 2006;80(4):
403-420. https://doi.org/10.1016/].clpt.2006.06.013

. Anderson GM, Braun G, Braun U, Nichols DE, Shulgin AT. Absolute

configuration and psychotomimetic activity. NIDA Research Mono-
graph, National Institute on Drug Abuse. 1978;22:8-15.

. Oberlender R, Nichols DE. Drug discrimination studies with MDMA

and amphetamine. Psychopharmacology (Berl). 1988;95(1):71-76.
https://doi.org/10.1007/BF00212770

Fallon JK, Kicman AT, Henry JA, Milligan PJ, Cowan DA, Hutt AJ.
Stereospecific disposition  of
3,4-methylenedioxymethamphetamine (ecstasy) in humans. Clin
Chem. 1999;45(7):1058-1069. https://doi.org/10.1093/clinchem/45.
7.1058

Wan SH, Matin SB, Azarnoff DL. Kinetics, salivary excretion of
amphetamine isomers, and effect of urinary pH. Clinical Pharmacol-
ogy & Therapeutics. 1978;23(5):585-590.

Pizarro N, Farre M, Pujadas M, et al. Stereochemical analysis of
3,4-methylenedioxymethamphetamine and its
in  human samples including the catechol-type metabolite
(3,4-dihydroxymethamphetamine). Drug Metab Dispos. 2004;32(9):
1001-1007.

Steuer AE, Schmidhauser C, Schmid Y, Rickli ME,
Chiral  plasma 3,4-
methylenedioxymethamphetamine and its phase | and || metabolites
following controlled administration to humans. Drug Metab Dispos.
2015;43(12):1864-1871.

Bork WR, Dahlenburg R, Gimbel M, Jacobsen-Bauer A, Mahler H,
Zorntlein S. Herleitung von Grenzwerten der “nicht geringen

analysis and  enantiomeric

main metabolites

A, Liechti

Kraemer T. pharmacokinetics of

Mengen” im Sinne des BtMG [Derivation of threshold values of ‘not
insignificant quantities’ in the sense of the BtMG]: Teil Il
Phenethylamine und Cathinone [Part Ill phenethylamines and
cathinones). Toxichem Krimtech. 2019;86:1-87.

Gesetz Uber den Verkehr mit Betaubungsmitteln, Betdubung-
smittelgesetz (Act on the trade in narcotic drugs, narcotic drugs act):
BtMG; 1981.

United Nations: International Narcotics Control Board. Precursors
and chemicals frequently used in the illicit manufacture of narcotic
drugs and ... psychotropic substances 2019. United Nations; 2019.
European Monitoring Centre for Drugs and Drug Addiction. Metham-
phetamine in Europe: EMCDDA-Europol threat assessment 2019.
Luxembourg: Publications Office of the European Union; 2019.
Gesellschaft fiir Toxikologische und Forensische Chemie GTFCh.
Anhang A zur Richtlinie zur Qualitdtssicherung bei forensisch-
Untersuchungen Betdubungsmitteln  und

chemischen von

41

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

WILEY_L *

Arzneimitteln [Annex A to the guideline for quality assurance in
forensic-chemical investigations of narcotics and pharmaceuticals]:
bei Untersuchungen von
Betdubungsmitteln [Sampling for forensic-chemical investigations of
narcotics]; 2012.

van Bocxlaer JF, Lambert WE, Thienpont L, de Leenheer AP. Quanti-
tative determination of amphetamine and alpha-phenylethylamine
enantiomers in judicial samples using capillary gas chromatography.
J Anal Toxicol. 1997;21(1):5-11. https://doi.org/10.1093/jat/21.1.5
George S, Braithwaite RA. Using amphetamine isomer ratios to deter-
mine the compliance of amphetamine abusers prescribed dexedrine.
J Anal Toxicol. 2000;24(3):223-227.

Dhabbah AM. Determination of chiral amphetamine in seized tablets
by indirect enantioseparation using GC-MS. Journal of King Saud
University - Science. 2020;32(5):2622-2628. https://doi.org/10.1016/
jjksus.2020.05.003

Mifsud M. The physical of
3,4-methylenedioxymethamphetamine/ecstasy tablets: implications
for users. [Dissertation]. University of London, King's College London,
Institute of Psychiatry; 2013.

Sadeghipour F, Veuthey J-L. Enantiomeric separation of four meth-
ylenedioxylated amphetamines on p-cyclodextrin chiral stationary
phases. Chromatographia. 1998;47(5-6):285-290. https://doi.org/10.
1007/BF02466533

Huang Y-S, Liu J-T, Lin L-C, Lin C-H. Chiral separation of
3,4-methylenedioxymeth- amphetamine and related compounds in
samples by capillary electro-
phoresis/fluorescence spectroscopy. Electrophoresis. 2003;24(6):
1097-1104. https://doi.org/10.1002/elps.200390128

Castrignano E, Yang Z, Bade R, et al. Enantiomeric profiling of chiral
illicit drugs in a pan-European study. Water Res. 2018;130:151-160.
https://doi.org/10.1016/j.watres.2017.11.051

Parrott AC. Is ecstasy MDMA? A review of the proportion of ecstasy
tablets containing MDMA, their dosage levels, and the changing
perceptions of purity. Psychopharmacology (Berl). 2004;173(3-4):
234-241. https://doi.org/10.1007/s00213-003-1712-7

Milroy CM, Clark JC, Forrest AR. Pathology of deaths associated with
1996;49(2):149-153.

Probennahme forensisch-chemischen

and chemical characterisation

clandestine tablets and urine

“ecstasy” and “eve” misuse. J Clin Pathol.
https://doi.org/10.1136/jcp.49.2.149

Spruit IP. Monitoring synthetic drug markets, trends, and public
health. Subst Use Misuse. 2001;36(1-2):23-47. https://doi.org/10.
1081/ja-100000227

Sadeghipour F, Varesio E, Giroud C, Rivier L, Veuthey J. Analysis
of amphetamines by capillary electrophoresis and liquid chroma-
tography: application to drug seizures and cross-validation. Forensic
Sci Int. 1997;86(1):1-13. https://doi.org/10.1016/50379-0738(96)
02101-9

Sherlock K, Wolff K, Hay AW, Conner M. Analysis of illicit ecstasy
tablets: implications for clinical management in the accident and
emergency department. Emerg Med J. 1999;16(3):194-197. https://
doi.org/10.1136/emj.16.3.194

Verweij AM. illicit 3,4-
(methylenedioxy) amphetamine and 3,4-(methylenedioxy)metham-
phetamine. Forensic Sci Rev. 1992;4:137-146.

Lee JS, Yang WK, Han EY, et al. Monitoring precursor chemicals of
methamphetamine through enantiomer profiling. Forensic Sci Int.
2007;173(1):68-72. https://doi.org/10.1016/j.forsciint.2006.10.013
Wang T, Yu Z, Shi Y, Xiang P. Enantiomer profiling of methamphet-
amine in white crystal and tablet forms (Ma Old) using LC-MS-MS.
J Anal Toxicol. 2015;39(7):551-556. https://doi.org/10.1093/jat/
bkv060

Xu Z, Du P, Li K, et al. Tracing methamphetamine and amphetamine

Impurities  in drug preparation:

sources in wastewater and receiving waters via concentration and
enantiomeric profiling. Sci Total Environ. 2017;601-602:15%9-166.
https://doi.org/10.1016/j.scitotenv.2017.05.045



© | WILEY

35.

36.
37.
38.

39.

40.

41.
42.

43.

a4,

LOSACKER T AL.

Zhang J, Zhang D, Zhang W, Qiao J. Monitoring precursor chemicals
through enantiomer profiling of methamphetamine. Wei Sheng Yan
Jiu. 2009;38(4):426-428.

Tsujikawa K, Kuwayama K, Miyaguchi H, Kanamori T, lwata YT,
Inoue H. Chemical profiling of seized methamphetamine putatively
synthesized from phenylacetic acid derivatives. Forensic Sci Int. 2013;
227(1-3):42-44. https://doi.org/10.1016/j.forsciint.2012.08.036
Tsujikawa K, Mikuma T, Kuwayama K, et al. Profiling of seized meth-
amphetamine putatively synthesized by reductive amination of
1-phenyl-2-propanone. Forensic Toxicol. 2012;30(1):70-75. https://
doi.org/10.1007/511419-011-011%9-0

Hamdan R, Hassan NFN, Desa W, Kunalan V, Sulaiman M,
Abdullah AFL. Characterisation of seized clandestine methamphet-
amine in Malaysia. Malaysian Journal of Forensic Sciences. 2015;6(1):
20-29.

Cunningham JK, Maxwell JC, Campollo O, Liu L-M, Lattyak WJ,
Callaghan RC. Mexico's precursor chemical controls: emergence of
less potent types of methamphetamine in the United States. Drug
Alcohol Depend. 2013;129(1-2):125-136. https://doi.org/10.1016/j.
drugalcdep.2012.10.001

Gelmi TJ, Verrijken M, Weinmann W. Determination of the stereoiso-
meric distribution of R-(—)- and S-(+)-methamphetamine in Thai pills
in the legal context of “not inconsiderable quantities”. Regul Toxicol
Pharmacol. 2020;116:104747. https://doi.org/10.1016/j.yrtph.2020.
104747
European Monitoring Centre for Drugs and Drug Addiction.
European drug report 2020: trends and developments. Luxembourg:
Publications Office of the European Union; 2020.

Bundesministerium fir Gesundheit, Die Drogenbeauftragte. Drogen-
und Suchtbericht der Bundesregierung 2017 [Drug and addiction
report of the German federal government 2017]. 2017.

Hess C, Losacker M, Maas A. Chromatographic separation of R-(—)/
S-(+)-enantiomers of amphetamine and methamphetamine: differen-
tiation between single methamphetamine consumption and co-
consumption with amphetamine using enantioselective quantitative
LC-MS/MS analysis. Int J Leg Med. 2019;133(2):467-473. https://doi.
org/10.1007/500414-018-1979-1

European Monitoring Centre for Drugs and Drug Addiction. Amphet-
amine drug profile. https://www.emcdda.europa.eu/publications/
drug-profiles/amphetamine_en. Accessed October 13, 2020.

42

45.

46.

47.

48.

49.

50.

51.

Maas A, Losacker M, Hess C. Chromatographic separation of R/S-
enantiomers of amphetamine and methamphetamine: pathways of
methamphetamine synthesis and detection in blood samples by quali-
tative enantioselective LC-MS/MS analysis. Forensic Sci Int. 2018;
291:138-143. https://doi.org/10.1016/j.forsciint.2018.08.013
Bundesministerium fir Gesundheit, Die Drogenbeauftragte. Drogen-
und Suchtbericht der Bundesregierung 2020 [Drug and addiction
report of the German federal government 2017]. 2020.

Reuters. Mexico seizes over 800 tonnes of meth chemicals. https://
www.reuters.com/article/us-mexico-drugs-meth/mexico-seizes-
over-800-tonnes-of-meth-chemicals-idUSTRE76K45120110721.
Accessed October 7, 2020.

Kozma D, Madarasz Z, Acs M, Foggasy E. Study of the mechanism
of the optical resolution of N-methylamphetamine via diastereoiso-
meric salt formation by the Pope-Peachey method. Tetrahedron:
Asymmetry. 1994;5(2):193-194.  https://doi.org/10.1016/50957-
4166(00)86170-4

Escoubet S, Gastaldi S, Vanthuyne N, Gil G, Siri D, Bertrand MP. Thiyl
radical mediated racemization of nonactivated aliphatic amines. J Org
Chem. 2006;71(19):7288-7292. https://doi.org/10.1021/jo061033I
Rendle DF. Forensic applications of X-ray powder diffraction. In:
Fuess H, ed. International Tables for Crystallography: Online MRW.
Chichester: Wiley-Blackwell [Imprint]; John Wiley & Sons, Limited;
2010:737-751.
Bundesministerium  fiir Gesundheit und Frauen. Suchtgift-
Grenzmengenverordnung [Narcotic drugs limit ordinance]: SGV;
1998.

How to cite this article: Losacker M, Zérntlein S, Schwarze B,
Staudt S, Réhrich J, Hess C. Determination of the
enantiomeric composition of amphetamine,
methamphetamine and 3,4-methylendioxy-N-
methylamphetamine in seized street drug samples from
southern Germany. Drug Test Anal. 2021;1-10. https://doi.
org/10.1002/dta.3118



Chirale Serum Pharmakokinetik von 4-Fluoramphetamin nach kontrollierter oraler Aufnahme

3 Chirale Serum Pharmakokinetik von 4-Fluoramphetamin nach

kontrollierter oraler Aufnahme

3.1 Zusammenfassung

Die auch zur Trennung der Enantiomere von Amphetamin verwendete LC-MS/MS-Methode
konnte erfolgreich fir die Detektion der Enantiomere von 4-FA in Serumproben validiert werden.
Zur Analyse lagen Proben von zwolf Personen nach oraler Einnahme von 100 mg 4-FA vor. Funf
dieser Personen konnten nach einer Latenzzeit von mindestens einer Woche dartber hinaus eine
Dosis von 150 mg einnehmen, bevor die Studie aus Sicherheitsgriinden abgebrochen werden
musste. Blutproben wurden jeweils vor Einnahme und zu insgesamt 10 Zeitpunkten Uber einen

Zeitraum von 12 Stunden nach Einnahme abgenommen.

Aus den ermittelten Serumkonzentrationen fiir (R)- und (S)-4-FA wurden fur jeden Probanden die
maximale Serumkonzentration (cmax) und die Zeit zum Erreichen der maximalen
Serumkonzentration (tmax) ermittelt. Die apparente Serumhalbwertszeit (t12) wurde durch
Regression von tnax bis zum letzten gemessenen Zeitpunkt ermittelt. Die Flache unter der Kurve

(engl. Area Under the Curve, AUC) von t, bis t1> wurde mithilfe der Trapezregel berechnet.

Weder cmax (t-Test, p = 0,63) noch tmax (Mann-Whitney-U-Test) der beiden Enantiomere
unterschieden sich signifikant voneinander. Die tmax lag hierbei zwischen 0,5 h und 4 h. Die ti
von (R)-4-FA (12,9 h) war im Mittel mehr als doppelt so lang wie die von (S)-4-FA (6,0 h). Hierbei
wurden sowohl fir das (R)-Enantiomer (8,3 h — 16,0 h) als auch fir das (S)-Enantiomer (4,4 h —
10,2 h) erhebliche interindividuelle Unterschiede festgestellt. Der daraus folgende Anstieg der
(R)/(S)-Konzentrationsverhaltnisse mit der Zeit war fir alle Probanden linear
(Korrelationskoeffizient nach Pearson jeweils > 0,99). Die Steigung war hierbei unabhangig von
der Dosis (zweifaktorielle Varianzanalyse, p = 0,36). In der ersten Serumprobe, welche 30 min
nach Konsum entnommen wurde, lag bei allen aul3er zwei Probanden eine hdhere Konzentration
des (S)-Enantiomers vor. Die (R)/(S)-Konzentrationsverhaltnisse lagen hierbei zwischen 0,84 und
1,02. In der nach 12 h entnommenen letzten Probe lagen die Verhaltnisse dagegen zwischen
1,08 und 2,77. Zwei Probanden, welche auRerordentlich hohe (0,157 h') bzw. niedrige (0,023 h")

Steigungen der (R)/(S)-Konzentrationsverhaltnisse aufwiesen, wurden als Ausreil3er identifiziert.

Die Bestimmung von (R)/(S)-Konzentrationsverhaltnissen eroffnet wichtige forensische
Interpretationsmadglichkeiten. Unter der Annahme, dass die Akutphase nicht langer als 6 h

andauert, kann auf Basis dieser Ergebnisse vorgeschlagen werden, dass bei
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(R)/(S)-Konzentrationsverhaltnissen von uber 1,60 lediglich subakute Effekte zu erwarten sind.
Dabei ist zu berlcksichtigen, dass einer der Probanden auch 12 h nach Konsum ein
(R)/(S)-Verhaltnis von lediglich 1,08 aufwies. Bei Vorfinden von
(R)/(S)-Konzentrationsverhaltnissen von unter 1,60 kdnnen somit keine verlasslichen Aussagen

Uber das Vorliegen von akuten oder subakuten Effekten getatigt werden.

Eigenleistung an dieser Publikation: Konzept, Methodenentwicklung, Validierung,
Probenmessung, Datenanalyse, Datenaufbereitung, graphische Aufbereitung,
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Abstract

Over the last two decades, misuse of 4-fluoroamphetamine (4-FA) became an emerging issue in
many European countries. Stimulating effects last for 4-6 hours and can impact psychomotor per-
formance. The metabolism of amphetamine-type stimulants is stereoselective and quantification
of (R)- and (S)-enantiomers has been suggested for assessing time of use. To date, no data on
enantioselective pharmacokinetics is available for 4-FA in serum samples. An enantioselective
liquid chromatography—tandem mass spectrometry (LC-MS-MS) method was developed using
a chiral Phenomenex® Lux 3 um AMP column. Validation of the method showed satisfactory
selectivity, sensitivity, linearity (0.5-250 ng/mL), precision and accuracy. Recreational stimulant
users orally ingested two doses (100 mg, n=12; 150 mg, n=5) of 4-FA. Blood samples were
drawn prior to application and over a period of 12 hours after ingestion and analyzed for 4-FA
enantiomers. Peak concentrations and corresponding times did not differ significantly between
the enantiomers (mean (R)/(S)-ratio at ftmax 1.05, 0.85-1.16). With mean 12.9 (8.3-16.1) hours,
apparent elimination half-lives (t;;) were significantly (P<0.01) longer for (R)-4-FA than for
(S)-4-FA (6.0 hours; range 4.4-10.2 hours) and independent of the dose given. Over time, (R)/(S)-
concentration-ratios were linearly increasing in all subjects to maximum ratios of 2.00 (1.08-2.77)
in the last samples (after 12 hours). The slopes of the (R)/(S)-ratio exhibited marked interindividual
differences (0.023-0.157 h~!, mean 0.095 h~'). Ratios higher than 1.60 only appeared earliest
after a minimum of 6 hours and therefore suggest the absence of acute drug effects. Different
elimination half-lives of enantiomers lead to constantly increasing (R)/(S)-concentration-ratios.
Consequently, ratios of 4-FA enantiomers in serum are a promising indicator for assessment of
the time of drug consumption.

Introduction well-known drugs, such as phenethylamines. The para-fluorinated
analog of amphetamine, 4-fluoroamphetamine (4-FA) is a commonly

The rise of new psychoactive substances (NPS) on the European drug P .
used NPS in Germany (1) and the Netherlands (2-5). 4-FA first

market is accompanied by the advent of substituted derivatives of

© The Author(s) 2020. Published by Oxford University Press on behalf of Society of Forensic Toxicologists, Inc. All rights reserved.
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appeared in 2003 in Germany (6) and has been an issue of forensic
investigations, i.e., driving under the influence of drugs (7-10) and
cases of severe toxicity, including fatalities (11-17).

Like amphetamine, 4-FA enhances the release of dopamine, sero-
inhibits of

Acute subjective effects can be

tonin and noradrenaline and also reuptake
these monoamines (18-20).
ranked between those of amphetamine and 3,4-methylenedioxyme
thylamphetamine (MDMA) and typically include stimulation,
euphoria and entactogenic effects. Acute effects are reported to be
highest 1 hour after consumption and mostly last for about 6 hours
(8,21). This is much shorter than detectability in serum; therefore,
the forensic question of an impairment of, e.g., driving ability or
criminal responsibility is better answered by estimating the time of
consumption rather than by evaluation of serum concentrations.

4-FA possesses one chiral center and therefore exists in two enan-
tiomeric forms. Pharmacokinetic studies of chiral phenethylamine
derivatives have consistently shown metabolic preference for the (S)-
enantiomer (22-26). Accordingly, 4-FA is presumed to exhibit simi-
lar stereoselective kinetics. The time course of (R)/(S)-concentration
ratios has been suggested for estimating the time of drug consump-
tion (22,27). This could therefore facilitate the assessment of drug
impairment in forensic casework.

In the present study, a sensitive and selective liquid
chromatography—tandem mass spectrometry (LC-MS-MS) method
for analysis of (R)- and (S)-4-FA in serum was developed and val-
idated. The method was used to quantitate the 2 enantiomers in
serum samples obtained after controlled oral application of 4-FA to
12 volunteers and elucidate its chiral pharmacokinetics. The aim of
this study was to examine the enantioselective pharmacokinetics of
4-FA and to evaluate the time course of (R)/(S)-concentration ratios

with respect to forensic questions.

Materials and Methods

Materials

(RS)-4-FA and the internal standard (RS)-amphetamine-d;; were
obtained from Lipomed (Weil am Rhein, Germany). LC-MS-grade
ammonia solution (25%) and ammonium bicarbonate was pur-
chased from Merck (Darmstadt, Germany). Acetonitrile (HPLC-
grade) was obrtained from Applichem (Darmstadt, Germany), and
methanol (LC-MS-grade) was obtained from Honeywell (Seelze,
Germany). Regenerated cellulose membrane syringe filters (0.2 um,
4 mm) were obtained from Phenomenex (Aschaffenburg, Germany).
Mixed-mode cation-exchange solid phase extraction columns (HF
BE-CERTIFY, 300 mg, 3 mL) were purchased from Agilent (Wald-
bronn, Germany). Water (LC-MS-grade) as well as all other
chemicals and solvents were obtained from Carl Roth (Karlsruhe,
Germany). Blank (drug-free) serum was obtained from the blood
bank of the University Medical Center of the Johannes Gutenberg
University Mainz.

Biological samples

Blood samples were collected as part of a phase 1, single-blind
placebo-controlled, 3-way cross-over study on 12 healthy recre-
ational stimulant users (8). Participants (7 male, 5 female) were aged
between 19 and 31 years, body weight ranged from 52 to 88 kg (28)
and mean (SD) body mass index was 22.9 (£1.3) for male and 21.5
(+2.8) for female (8). A permit from the Dutch drug enforcement
administration was acquired for obtaining, storing and adminis-
tering 4-FA. The study was performed according to the code of
ethics on human experimentation established by the Declaration of
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Helsinki (1964) and was approved by the Medical Ethics Committee
of Maastricht University. The study was registered in the Dutch
Trial Register (trial number: NTR6164). Participants received mon-
etary compensation for their participation in the study and declared
written informed consent.

Single doses of 100 and 150 mg racemic 4-FA hydrochloride
(Lipomed, Arlesheim, Switzerland; purity > 98.5%) were dissolved
in approximately 150 mL bitter lemon soft drink (Royal Club) and
ingested in less than 1 minute. The 150 mg dose was administered
after a washout period of at least 7 days to avoid carry-over effects.
Due to safety issues, the high dose was only ingested by five partici-
pants (8). Blood samples were drawn prior to application (baseline)
and 30 minutes, 1, 1.5, 2, 3,4, 6, 8, 10 and 12 hours after ingestion.
Samples were centrifuged immediately and stored at —18°C.

Analysis of 4-FA enantiomers in serum

Sample preparation

Two-hundred microliters of serum were spiked with 10 pL internal
standard solution (containing 2 pg/mL racemic amphetamine-d;,
in methanol). For protein precipitation, 600 pL acetonitrile were
added. Afrer mixing, samples were centrifuged for 10 minutes at
1,200 x g. Subsequently, 6 mL of phosphate buffer solution (0.1 M,
pH 6) were added to the supernatants. For solid phase extrac-
tion, cartridges were pretreated with 2 x 3 mL methanol followed
by 2 x 2 mL water. Samples were applied and washed with 2 x 2
mL water and 2 x 2 mL water/methanol (80/20, v/v). After addi-
tion of 1 mL acetic acid (0.1 M), cartridges were centrifuged for
10 minutes at 1,000 x g. Cartridges were then flushed with 3 mL
dichloromethanefacetone (50/50, v/v) and finally eluted with 3 mL
dichloromethanefisopropanol/ammonia solution (80/20/4, v/v/v).
The extracts were filtered through 0.2 pm syringe membrane fil-
ters and were evaporated to dryness under a stream of nitrogen. For
analysis, residues were redissolved in 50 pL of methanol.

LC-MS-MS instrumentation analytical parameters

Samples were analyzed using an LC-MS-MS system from Agilent
(Waldbronn, Germany). The system consisted of a 1290 Infinity
II LC coupled via Jet Stream interface (ESI) to a 6495C triple
quadrupole mass spectrometer.

Chromatographic separation of enantiomers in 1 pl injected
extracts was achieved using a polysaccharide based chiral Lux® 3 pm
AMP 150 x 3.0 mm analytical column, guarded with a Lux® AMP
4 x 2.0 mm security guard cartridge (both Phenomenex; Aschaf-
fenburg, Germany) at 30°C. The mobile phase consisted of 5 mM
ammonium bicarbonate solution adjusted to pH 11 by addition of
ammonia solution (A) and methanol (B). Chromatography was per-
formed isocratically at a flow rate of 0.35 mL/min at 60% B for
13 min. For column washing, B was increased to 95% within 0.5
min, held for 3 minutes and decreased to 60% within 0.5 minutes
followed by re-equilibration during a post-time of 2 minutes (total
run time 19 min).

The electrospray parameters were: gas flow 11 L/min at 200°C;
nebulizer 15 psi, sheath gas flow 12 L/min at 400°C; capillary
voltage +3,500 V. Analytes were detected using multiple reaction
monitoring mode using the following transitions (m/z, collision
energy in parentheses, target ion underlined): 4-FA 154.1 — 109.0
[21eV], 137.0 [5eV], 83.0 [45eV]; amphetamine-d;; 147.2 — 98.0
[21eV], 130.1 [5eV]. Data were evaluated using Agilent Mass Hunter
Workstation Software (Version B.09.00).
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Figure 1. Chromatographic separation of (R)-4-FA (left) and (S)-4-FA (right).
The figure shows extracted ion chromatograms (transitions in decreasing
order of intensity: 154.1 — 109.0 (target), 137.0, 83.0) of a sample at Cpax
(79.3 and 80.2 ng/mL, upper panel) and at 12 hours after ingestion (49.7 and
22.8 ng/mL, lower panel) of a representative subject (#6, 100 mg dose). The
calculated (R)/(S)-concentration ratios were 0.99 and 2.18, respectively.

Corresponding enantiomers of the internal standard were used
for quantification of each 4-FA enantiomer. Due to the lack of
pure standards of 4-FA enantiomers, the elution order could not
be experimentally determined but was deduced. (R)-Enantiomers
of all the phenethylamine derivatives that were analyzed with this
method (amphetamine, methamphetamine, hydroxyamphetamine;
unpublished data) consistently eluted prior to the respective (S)-
enantiomers. With increasing time after ingestion, the second signal
(Figure 1) decreased consistently faster than the first analytical sig-
nal. In all chiral pharmacokinetic studies of phenethylamine-type
drugs, it was found that the (S)-enantiomer is metabolized more
rapidly than the corresponding (R)-enantiomer (22-26). Therefore,
it is assumed, that the second signal represents the (S)-enantiomer.

Method validation

The method was validated according to an international forensic
guideline (29). Validation parameters were selectivity, linearity of
calibration, analytical limits, accuracy (bias), inter-day precision,
recovery, matrix effects and processed sample stability. Statistical
evaluation was performed using Valistat 2.00.1 software (Arvecon;
Walldorf, Germany).

For evaluation of selectivity, drug-free serum samples of 10 dif-
ferent donors (blank samples) as well as 2 drug-free samples after
addition of internal standard (zero samples) were analyzed. Linearity
of calibration was tested with three calibration series (0.5, 2.5, 5, 10,
25,50, 75,100, 150 and 250 ng/mL). The limit of detection (LOD)
was determined by means of signal-to-noise ratio (S/N), measur-
ing an additional calibration series from 0.1-0.5 ng/mL. The lowest
calibrator, which met the requirements (S/N > 3), was accepted as
LOD. The lower limit of quantification was established for the lowest
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calibrator by means of a 5-fold analysis requiring less than 20% rel-
ative standard deviation (RSD) for precision and less than +20% for
bias. Accuracy (bias), inter-day precision, recovery and matrix effects
were determined at low (20 ng/mL) and high (125 ng/mL) concentra-
tions relative to the calibration range. For determination of accuracy
and inter-day precision, spiked samples of each concentration were
prepared and analyzed on six different days. Accuracy of calculared
concentrations was accepted within a maximum bias of 15%. Inter-
day precision was calculated as RSD (%) from 6-fold determinations.
Experiments for determination of recovery were performed together
with matrix effects according to Matuszewski et al. (30). Processed
sample stability was evaluated at low and high concentrations by
pooling and subsequently splitting 6 samples of each concentration,
followed by repeated analysis over 31 hours. For determination of
long-term and freeze-thaw stability, no experiments were conducted,
since stability of 4-FA has been shown for a minimum of 1 year in

whole blood (12).

Evaluation of the data

Quantitative data of 4-FA enantiomers were evaluated in terms of
peak serum concentrations (Cpax) and their corresponding time
after ingestion (fmax) and the concentration in the last samples 12
hours after ingestion (C;;}). Area under the curve (AUC) from
baseline to the last sample was calculated using the trapezoidal
rule. The apparent elimination half-life (¢,,,) was estimated from
exponential regression of the concentrations from #p.x to the last
sampling time (12 h; 5-10 time points). For further evaluation, the
(R)/(S)-concentration ratio was calculated for every sample. A linear
regression of the ratios using the least squares method was performed
for every subject. Statistical tests were performed using SPSS (Version
23.0.0.3, IBM, Ehningen, Germany).

Results

Method validation

Baseline separation could be achieved for all enantiomers (Figure 1).
Blank and zero samples showed no interfering signals (data not
shown). For quantification, a linear calibration model without
weighting could be used. For both enantiomers, 0.1 ng/mL was
accepted as LOD with $/N > 3 for target and qualifier ion-transition.
Precision (RSD) and bias data at the lowest calibration level
(0.5 ng/mL) were in accordance with the guideline (less than 3.5%
and —2.88%, respectively) and this was therefore established as
lower limit of quantification. Results of further validation experi-
ments were also within acceptable limits (Table I). Slight ion sup-
pression (88.2 £8.3%) at the low concentration level and slight
ion enhancement (113.0 =8.1%) at the high concentration level
were observed. Similar results were obtained for amphetamine-d;
(95.2 4+ 3.3% at low and 108.7 + 6.7% at high concentration level,
respectively). Recovery for amphetamine-dq; (27.9 £ 3.3%) was in
the same range as that of 4-FA (32.2 £ 3.5%). Processed samples
were stable for at least 31 hours, and decrease of absolute peak areas
was less than 20% of the initial value.

Chiral pharmacokinetics

Pharmacokinetic properties for both enantiomers and differentiared
for dose are given in detail in Table Il and concentration-time curves
are shown in Figure 2. Baseline samples were negative for all subjects.
For peak serum concentrations, no significant differences berween
the enantiomers could be observed (paired t-test, P=0.63). The
times of maximum concentrations were observed between 0.5 and
4 hours after ingestion, with no significant differences between the
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Table I. Validation Results for the Enantiomers of 4-FA

Concentration Analyte Accuracy (bias) n=6 Precision n =6 Recovery n =6 Matrix effects n =6
[ng/mL] (%] (%] (%] %]

20 (R)-4-FA -0.4 i) 30.1+31 87.6 8.4
20 (5)-4-FA 6.7 4.5 30.5+3.8 88.7 8.1
125 (R)-4-FA 6.4 3.7 333135 115+8.5
125 (S)-4-FA 0.2 0.8 349136 113:£7.7
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Figure 2. Mean serum concentration-time curves of (R)- and (S)-4-

fluoroamphetamine (4-FA) for 100 mg (top, n=12) and 150 mg dose
(bottom, n=75). For optical reasons, whiskers for standard deviation are
shown to one side only.

enantiomers (Mann-Whitney U-test). Apparent elimination half-
lives for (R)-4-FA were more than twice as long as for (S)-4-FA
(mean difference 6.9 hours). This results in greater AUC for the
(R)-enantiomer.

(R)/(S)-concentration ratio

For further evaluation of the chiral pharmacokinetics, ratios of
the concentrations of (R)- and (S)-4-FA were calculated. Test of
between-subject-effects for individuals, who received both doses
(n=135), showed that the time course of (R)/(S)-ratios was indepen-
dent of the given dose (two-way ANOVA, P=10.36). In the first
sample drawn after ingestion (after 0.5 hours), ratios were below
1.0 in all but 2 subjects (mean 0.91, 0.84-1.02), indicating a slightly
higher concentration of the (S)-enantiomer. At the time, when the
first enantiomer exhibited #max (estimated end of absorption phase),
concentrations of both enantiomers were close to equal, resulting in
mean (SD) (R)/(S)-ratios of 1.05 (£0.09). Due to faster elimination
of (§)-4-FA, ratios were linearly increasing with time for all subjects
(Pearson’s correlation coefficient for each subject >0.99). The slopes
of the (R)/(S)-ratio were normally distributed (Kolmogorov—Smirnov
test) and exhibited marked interindividual differences. Slopes of sub-
ject #7 (0.157 h—1) and subject #11 (0.023 h—!) were identified as

outliers (outside the range of median 4 1.5 times the interquartile
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T E———

Figure 3. Time courses of (R)/(S)-concentration ratios. Data of the outliers
(subjects #7 and #11; both 100 mg) are shown in broken lines (no data points
shown for optical reasons), all other participants (n= 10 for low dose; n=5
for high dose) are represented by box-plots. Horizontal lines show the median
ratios and the solid line connects the mean ratios. Whiskers represent all
samples within median &+ 1.5 times the interquartile range (box). Outliers
with ratios outside of median + 1.5 times the interquartile range are shown
as circles (o). Extreme values with deviations greater than + 3.0 times the
interguartile range did not occur.

range). The marked interindividual differences are also reflected in
the wide spread of ratios observed in the last samples (range 1.08—
2.77; 1.50-2.36 without outliers). Figure 3 illustrates the time course
of (R)/(S)-concentration ratios for all subjects and doses highlight-
ing the data sets of the 2 outlier subjects who only received the
100 mg dose.

Discussion

The present study investigated the pharmacokinetic properties of
4-FA enantiomers after controlled oral administration of 4-FA race-
mate. The administration route and doses are representative for the
habits of the vast majority of recreational users (21). The developed
sensitive and selective chiral LC-MS-MS method for quantification
of the 4-FA enantiomers fulfilled all validation criteria and was suc-
cessfully applied to the study samples. To the best of our knowledge,
this study is the first to quantify 4-FA enantiomers in serum samples
from a controlled administration study.

Pharmacokinetic properties

The comparison of concentrations and pharmacokinetic parameters
of the enantiomers did not yield significant differences during the
absorption phase (fmax, Cmax) (Table II). Mean peak serum con-
centrations were equal for both 4-FA enantiomers which was also
reported for amphetamine (23) in a study with four subjects receiv-
ing a rather low dose (10 mg). In contrast to the results for 4-FA,
differences for absorption phase parameters were reported for enan-
tiomers of MDMA. The Cpax of the (R)-enantiomer of MDMA was
found to be 22-58% higher than the Cy,a of the (S)-enantiomer
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Table Il. Pharmacokinetic Properties of 4-Fluoroamphetamine Enantiomers in Serum after Ingestion of a 100 or 150 mg Dose®

AUC
[ng/mL * h|

tin
[h]

(‘llh

[ng/mL]

Dose Chnax Fmax
[ng/mL] [h]
100 mg (n=12) (R) 86418 (71-131) 2.1+0.9 (0.5-4.0)
(S) 86 +23 (67-143) 1.7+ 0.6 (0.5-3.0)
150 mg (n=135) (R) 125 + 34 (96-182) 1.3£0.3 (1.0-1.5)
(S) 127 £ 38 (95-193) 1.2£0.5(0.5-1.5)

52414 (36-92)
29419 (15-85)
65412 (53-81)
3246 (23-39)

791 £172 (655-1284)
633 £237 (456-1347)
1019 =166 (854-1229)
777 £133 (616-917)

134£2.3 (8.7-16)
6.1+ 1.6 (4.4-10)
134£2.6 (8.3-15)

5.8£0.8 (4.6-6.6)

*Maximum serum concentrations observed (C,.), corresponding times (y,,,) and serum concentrations 12 hours after consumption (end of experiment) are given. Area under the curve
(AUC) was calculated for the study time (0 to 12 hours) without further extrapolation. Apparent elimination half-life (¢, ) was calculated using exponential regression. All data are

presented as mean £ SD (range).

(22,24,25). Furthermore, while 4-FA enantiomers exhibited no
significant differences in fmax, the difference in fmax for MDMA
enantiomers was reported to be in the range of 0.8 to 2 hours
(22,24,25). These results suggest that MDMA enantiomers are
much more affected by stereoselective processes during absorption
and distribution than 4-FA enantiomers. Absorption of drugs is con-
sidered to be a passive process, which does not discriminate between
enantiomers (31,32). However, stereospecific absorption and distri-
bution could be caused by selective transport proteins (33, 34), and
the distribution of the enantiomers could be influenced by differ-
ences in plasma or tissue protein binding (33, 35, 36). The differences
for MDMA enantiomers might also be explained as consequence of
the longer absorption phase (fmax 2.9-4 hours for (R)-MDMA and
1.9-2.1 hours for (5)-MDMA) and generally faster elimination (¢,
5.8-14.8 hours for (R)-MDMA and 3.6-4.8 hours for (S)-MDMA)
of MDMA (22,26,28), compared to 4-FA (Table 1I). A more pro-
nounced first pass effect of (S)-MDMA, as proposed for the rat (37),
could also be a possible explanation.

As expected, elimination of 4-FA-enantiomers showed signif-
icant differences (P<0.01, paired f-test). (R)-4-FA exhibited a
substantially longer apparent elimination half-life (z;/2) than (S)-4-
FA, resulting in significantly higher AUC for the (R)-enantiomer,
within the observed time interval (paired #-test). This is in accor-
dance with results from studies with oral administration of racemic
amphetamine (23) or of MDMA (22,24, 25) and intravenous injec-
tion of methamphetamine (26). Marked interindividual differences
in t1p for both enantiomers were observed and are likely caused by
varying urine pH which is a well-known factor (23, 38). Elimination
half-lives of the 4-FA-enantiomers were similar to those reported for
amphetamine under acidic urine conditions (6.8 hours for (S)- and
7.7 hours for (R)-amphetamine, respectively), whereas amphetamine
enantiomers were reported to show substantially longer elimination
half-lives under basic urine conditions (17.0 for (S)- and 23.7 for
(R)-amphetamine, respectively) (23). In this study, no attempt was
made to control urine pH.

(R)/(S)-concentration ratio

4-FA is of forensic interest due to its stimulant properties, its mild
psychedelic effects and adverse effects like sleep deprivation (8,21).
Subjective effects typically last between 4 and 6 hours (21) with max-
imum effects about 1 hour after administration (8,28). From serum
concentrations alone it is impossible to assess the time of drug con-
sumption and conclude on impairments at a given time (39). From
previous studies it was suggested that the enantiomer concentration
ratio may be an indicator for the rime since ingestion because both
enantiomers exhibit different elimination and (R)/(S)-ratios increase
with time. Therefore, the 4-FA data were analyzed for the time
course and variation of (R)/(S)-ratios.
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In the first samples drawn after ingestion of 4-FA (30 min-
utes), concentrations of (S)-enantiomers were slightly higher in the
large majority of cases ((R)/(S)-concentration ratio < 1.0 in 88% of
cases). This was different for MDMA 20-30 minutes after inges-
tion (22,24,25), where mean concentrations of the (R)-enantiomer
were higher (ratio> 1.0) which continued to the maximum sam-
pling time of 48 hours. At #max, (R)/(S)-ratios of 4-FA were close
to 1.0 (mean 1.05, range 0.85-1.17) and showed only small varia-
tions (SD 0.09). Constantly increasing (R)/(S)-concentration ratios
were observed already soon after ingestion (Figure 3), which can be
attributed to the faster elimination of (S)-4-FA. This is in general
in-line with previous observations for MDMA (22,25).

In contrast to the present study, the time course of MDMA
ratios was obviously not linear in the first 1.5 hours (22,25). This
might be a consequence of the slower absorption of MDMA and
marked enantioselective effects already during the absorption phase.
However, during the elimination phase starting from #max the ratios
were constantly increasing, also with marked interindividual vari-
ation (22,25). Among the subjects in the present study, however,
there were two that exhibited markedly different (R)/(S)-time courses
(subjects #7 and #11, Figure 3). Starting at an (R)/(S)-ratio of 1.02
0.5 hours after administration, subject #7 exhibited markedly short
apparent elimination half-lives for both enantiomers (10.5 and 4.4
hours for (R)- and (S)-4-FA, respectively; 138% difference). This
results in a rapid increase of the (R)/(S)-ratios over time (slope
0.157 h~'), peaking at 2.77 after 12 hours, which is the highest ratio
observed. For subject #11, apparent elimination half-lives, especially
for the (S)-enantiomer, were rather high (15.3 and 10.2 hours for (R)-
and (S)-4-FA, respectively; 50% difference). The comparatively small
relative difference in the elimination of the enantiomers may explain
the extraordinary slow increase of the (R)/(S)-ratio with time from
0.84 (0.5 hours after ingestion) to only 1.08 after 12 hours (slope
0.023 h—1).

In general, the increasing (R)/(S)-concentration ratios of 4-FA
enantiomers can help estimate the time of consumption and con-
clude on expected effects. Considering a peak psychedelic state at
fmax (8), and the rather low variations of the (R)/(S)-concentration
ratios at this time (1.05 £ 0.09 SD), a ratio exceeding 1.32 (mean + 3
SD) would suggest within a confidence level of 99.7% that peak
effects had passed. Acute drug effects last for 6 hours. Only from
this time on ratios greater than 1.60 were observed (Figure 3) which
would suggest that a considerable time passed since ingestion. At
such rimes, only subacute effects such as symptoms of exhaustion
would be expected which may also cause marked impairments in psy-
chomotor performance (28,40). The approach to conclude on time
of ingestion on the basis of enantiomer ratios has limitations and
caution must be exercised in forensic interpretation. Ratios lower
than 1.6 could result from an acute ingestion of a single dose, but
this conclusion could fail under certain circumstances. For example,
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repeated intake of 4-FA during a rather short time interval (binge use)
could result in higher (R)/(S)-concentration ratios due to accumula-
tion of the (R)-enantiomer, which would lead to an overestimation
of the elapsed time with regard to the last ingested dose. With the
low number of subjects tested so far there may be individuum spe-
cific variations in pharmacokinetics. This could already be observed
in the present study, where in 2 cases (including subject #11 exhibit-
ing ratios lower than 1.08 throughout the whole 12 hours, Figure 3)
a ratio of 1.60 was never reached even after 12 hours. Therefore, in
cases of (R)/(S)-ratios below 1.6, it cannot be differentiated between
acute and subacute ingestion with sufficient reliability.

Because enzymes involved in xenobiotic metabolism exhibit
genetic polymorphism it may be of interest for future studies to assess
differences in phenotypes that may possibly explain the observed
differences in (R)/(S)-time courses. A well-known candidate is the
human cytochrome P450 2Dé6 (CYP2D6) for which stereoselective
metabolism has been shown (41). This enzyme is involved in the
main metabolic pathways of phenethylamines (41-44), including
ring halogenated derivatives of methamphetamine (45). For 4-FA,
only minor metabolic pathways described to date are hydroxylation
of the fluorophenyl ring and the side chain (46); therefore, at present,
it is not clear which pharmacokinetic properties may be responsible
for the observed interindividual differences.

Variations in excretion of the enantiomers can also be expected
after ingestion of higher doses than used in the present study
(overdoses). Enzymes of the CYP2 family are defined as high-
affinity/low-capacity enzymes, and high concentrations can lead to
saturation which may mask stereoselective effects. Consumption of
non-racemic quantities would inevitably lead to different (R)/(S)-
ratios. However, this can only be assumed for substances where
enantiopure precursors are available for stereoselective synthesis
(e.g., methamphetamine), whereas phenethylamines like 4-FA are
typically synthesized as racemates (47,48).

In the present placebo-controlled study, 4-FA was dissolved in
approximately 150 mL of a quinine-containing bitter lemon drink
to mask the bitter taste of the drug. Although quinine has been sug-
gested to inhibit human CYP2D6 (49), dietary amounts of quinine
were shown to not inhibit CYP2D6 in vivo (50, 51). Therefore, the
rather low amount of quinine ingested in this study should not affect
the pharmacokinetics of 4-FA.

Conclusion

The present study describes chiral serum pharmacokinetic param-
eters of 4-FA in humans. (R)-4-FA showed a substantially longer
apparent serum half-life than the corresponding (S)-enantiomer.
(R)/(S)-concentration ratios followed a linear time course for all par-
ticipants, but two subjects exhibited significantly differing rates.
Quantification of 4-FA enantiomers can be helpful to assess the
time since ingestion, but in forensic evaluations, the potential of
interindividual differences must be considered.

Funding

This work was supported by the European Commission under Grant
HOME/2014/[DRU/AG/DRUG/7082 (Predicting Risk of Emerging
Drugs with In silico and Clinical Toxicology, PREDICT).

Conflict of Interest

The authors declare that they have no conflict of interest.

50

References

1

10.

11.

12.

13.

14,

15.

. Réhrich, ]J.,

Grumann, C. Entwicklung Massenspektrometrischer Methoden Fiir Die
Quantifizierung Von Designerstimulanzien Und Halluzinogenen in Der
Forensischen Toxikologie Und Erhebung Pharmakokinetischer Parame-
ter [Development of mass spectrometric methods for the quantification
of designer stimulants and hallucinogens in forensic toxicology and
assessment of pharmacokinetic parameters]. Dissertation: Freiburg im
Breisgau, 2019.

. Kan, A.A., Nugteren-van Lonkhuyzen, J.J., Mulder-Spijkerboer, H.N._,

van Velzen, A.G., de Lange, D.W., van Riel, A.J.H.P.,, et al. (2018) NVIC
Jaaroverzicht 2018: acute vergiftigingen bij mens en dier [NVIC annual

report: acute poisoning in humans and animals]. NVIC Rapport.

. European Monitoring Centre for Drugs and Drug Addiction. Exropean

Drug Report 2019: Trends and Developments. Publications Office of
the European Union: Luxembourg, 2019.

. Hondebrink, L., Nugteren-van Lonkhuyzen, ].]., van der Gouwe, D.,

Brunt, T.M. (2015) Monitoring new psychoactive substances (NPS)
in The Netherlands: data from the drug market and the Poisons
Information Centre. Drug and Alcohol Dependence, 147, 109-115.
10.1016/j.drugalcdep.2014.11.033

. Hondebrink, L., Nugteren-van Lonkhuyzen, J.J., Hunault, C.C., van

den Berg, J., van der Gouwe, D., van Riel, A.J.H.P. (2019) New
psychoactive substances (NPS) in the Netherlands: Occurrence in foren-
sic drug samples, consumer drug samples and poisons center expo-
sures between 2013 and 2017. Addiction (Abingdon, England), 115,
716-725.10.1111/add.14868

. Résner, P., Quednow, B., Girreser, U., Junge, T. (2005) Isomeric fluoro-

methoxy-phenylalkylamines: a new series of controlled-substance ana-
logues (designer drugs). Forensic Science International, 148, 143-156.
10.1016/j.forsciint.2004.05.003

. Maas, A., Wippich, C., Madea, B., Hess, C. (2015) Driving under the

influence of synthetic phenethylamines: a case series. International Jour-
nal of Legal Medicine, 129, 997-1003. 10.1007/s00414-015-1150-1

. Kuypers, K.P.C., Sousa Fernandes Perna, E.B.D., Theunissen, E.L.,

Toennes, S.W., Mason, N.L., Hutten, N.R.D.W., e al. (2019) A first-
in-man study with 4-fluoroamphetamine demonstrates it produces a
mild psychedelic state. Journal of Psychoactive Drugs, 51, 225-235.
10.1080/02791072.2019.1569286

Becker, J., T., Zorntlein, S., Urban,
R. (2012) Detection of the synthetic drug 4-fluoroamphetamine (4-

Kaufmann,

FA) in serum and urine. Forensic Science International, 215, 3-7.
10.1016/j.forsciint.2011.04.004

Wille, $.M.R., Richeval, C., Nachon-Phanithavong, M., Gaulier, ].M.,
Di Fazio, V., Humbert, L., et al. (2018) Prevalence of new psychoac-
tive substances and prescription drugs in the Belgian driving under the
influence of drugs population. Drug Testing and Analysis, 10, $39-547.
10.1002/dta.2232

Hondebrink, L., Nugteren-van Lonkhuyzen, ].J., Rietjens, S.]., Brunt,
T.M., Venhuis, B., Soerdjbalie-Maikoe, V., et al. (2018) Fatalities,
cerebral hemorrhage, and severe cardiovascular toxicity after exposure
to the new psychoactive substance 4-fluoroamphetamine: a prospec-
tive cohort study. Annals of Emergency Medicine, 71, 294-305.
10.1016/j.annemergmed.2017.07.482

Johansen, S.S., Hansen, T.M. (2012) Isomers of fluoroamphetamines
detected in forensic cases in Denmark. International Journal of Legal
Medicine, 126, 541-547. 10.1007/s00414-012-0671-0

Al-Abri, S., Meier, K.H., Colby, ].M., Smollin, C.G., Benowitz, N.L.
(2014) Cardiogenic shock after use of fluoroamphetamine confirmed
with serum and urine levels. Clinical Toxicology, 52, 1292-1295.
10.3109/15563650.2014.974262

Wolf, C., Poklis, J.L., Cumpston, K., Moss, M., Poklis, A. (2017)
Acute dilated cardiomyopathy and myocardial injury after combined 4-
fluoroamphetamine and modafinil ingestion. Drug Testing and Analysis,
9, 657-659. 10.1002/dta.1988

Wijers, C.H.W., Visser, M.C., van Litsenburg, R.T.H., Niesink, R.J.M.,
Willemse, R.B., Croes, E.A. (2018) Haemorrhagic stroke related to the



Chiral Serum Pharmacokinetics of 4-Fluoroamphetamine after Controlled Oral Administration 7

19.

20.

21.

22.

23

24,

25.

26.

27

28.

29.

use of 4-fluoroamphetamine. Journal of Neurology, 265, 1607-1611.
10.1007/s00415-018-8888-6

. Poklis, J.L., Wolf, C.E., Poklis, A. {2016) 4-Fluoroamphetamine in

serum and urine from an intoxicated patient with life-threatening
hyperpyrexia. Journal of Analytical Toxicology, 40, 171-172.

10.1093/jat/bkv139

5

. Wijers, C.H.W., van Litsenburg, R.T.H., Hondebrink, L.,
Niesink, R.J.M., Croes, E.A. (2017) Acute toxic effects
related to 4-fluoroamphetamine. The Lancet, 389,  600.

10.1016/50140-6736(17)30281-7

. Marona-Lewicka, D., Rhee, G.-S., Sprague, J.E., Nichols, D.E.

(1995) Psychostimulant-like effects of p-fluoroamphetamine in the rat.
European Journal of Pharmacology, 287, 105-113. 10.1016/0014-
2999(95)00478-5

Nagai, FE, Nonaka, R., Satoh Hisashi, K.K. (2007) The effects of
non-medically used psychoactive drugs on monoamine neurotransmis-
sion in rat brain. European Journal of Pharmacology, 559, 132-137.
10.1016/j.ejphar.2006.11.075

Rickli, A., Hoener, M.C., Liechti, M.E. (2015) Monoamine trans-
porter and receptor interaction profiles of novel psychoactive sub-
stances: para-halogenated amphetamines and pyrovalerone cathi-
The Journal of the
25, 365-376.

nones. European Neuropsychopharmacology:
European College of Neuropsychopharmacology,
10.1016/j.euroneuro.2014.12.012

Linsen, F, Koning, R.P.J., van Laar, M., Niesink, R.J.M., Koeter,
M.W., Brunt, TM. (2015) 4-Fluoroamphetamine in the Netherlands:
more than a one-night stand. Addiction (Abingdon, England), 110,
1138-1143.10.1111/add.12932

Fallon, J.K., Kicman, A.T., Henry, J.A., Milligan, P.J., Cowan, D.A.,
Hutt, A.]J. (1999) Stereospecific analysis and enantiomeric disposition
of 3,4-methylenedioxymethamphetamine (Ecstasy) in humans. Clinical
Chemistry, 45, 1058-1069. 10.1093/clinchem/45.7.1058

Wan, S.H., Matin, S.B., Azarnoff, D.L. (1978) Kinetics, salivary excre-
tion of amphetamine isomers, and effect of urinary pH. Clinical Phar-
macology and Therapeutics, 23, 585-590. 10.1002/cpt1978235585
M., Pujadas, M., AM,
et al. (2004) Stereochemical analysis of 3,4-

Pizarro, N., Farre,
PN, Js
methylenedioxymethamphetamine main metabolites in
samples including the (3,4
dihydroxymethamphetamine). Drug Metabolism and Disposition:
The Biological Fate of Chemicals, 32, 1001-1007.

Steuer, A.E., Schmidhauser, C., Schmid, Y., Rickli, A., Liecht,
M.E., Kraemer, T. (2015) Chiral plasma pharmacokinetics of 3, 4-
methylenedioxymethamphetamine and its phase I and Il metabolites

Peiro, Roset,
Joglar,
and its

human catechol-type metabolite

following controlled administration to humans. Drug Metabolism and
Disposition, 43, 1864-1871. 10.1124/dmd.115.066340

Mendelson, ]., Uemura, N., Harris, D., Nath, R.P., Fernandez, E.,
Jacob, P, et al. (2006) Human pharmacology of the methamphetamine
stereoisomers. Clinical Pharmacology and Therapeutics, 80, 403-420.
10.1016/j.clpt.2006.06.013

Hess, C., Losacker, M., Maas, A. (2019) Chromatographic separation
of R-(—)/S-(+)-enantiomers of amphetamine and methamphetamine:
differentiation between single methamphetamine consumption and co-
consumption with amphetamine using enantioselective quantitative
LC-MS/MS analysis. International Journal of Legal Medicine, 133,
467-473. 10.1007/s00414-018-1979-1

Sousa Fernandes Perna, E.B.D., Theunissen, E.L., Dolder, P.C., Mason,
N.L., Hutten, N.R.P.W., Toennes, S.W., et al. (2018) Safety profile
and neurocognitive function following acute 4-fluoroamphetamine (4-
FA) administration in humans. Frontiers in Pharmacology, 9, 713.
10.3389/fphar.2018.00713
ET., Drummer, Validation
216-224.,

O.H., Musshoff, E
of new methods, Forensic Science International,
10.1016/j.forsciint.2006.05.021

Peters, (2007)

165,

51

30.

3,

32.

33.

34.

R

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Matuszewski, B.K., Constanzer, M.L., Chavez-Eng, C.M. (2003)
Strategies for the assessment of matrix effect in quantitative bioan-
alytical methods based on HPLC-MS/MS. Analytical Chemistry, 75,
3019-3030. 10.1021/ac020361s

Caldwell, J. (1995) Stereochemical determinants of the nature and con-
sequences of drug metabolism. Journal of Chromatography. A, 694,
39-48. 10.1016/0021-9673(94)00812-N

Lu, H. (2007)
Opinion on Drug Metabolism &
10.1517/17425255.3.2.149

Brocks, D.R. {2006) Drug disposition in three dimensions: an update

Stereoselectivity in drug metabolism. Expert

Toxicology, 3, 149-158.

on stereoselectivity in pharmacokinetics. Biopharmaceutics & Drug
Dispaosition, 27, 387-406. 10.1002/bdd.517

Zhou, Q., Yu, L.-S., Zeng, S. (2014) Stereoselectivity of chiral
drug transport: a focus on enantiomer-transporter interaction. Drug
Metabolism Reviews, 46, 283-290. 10.3109/03602532.2014.887094
Chen, X., Zhong, D., Blume, H. (2000) Stereoselective pharmacoki-
netics of propafenone and its major metabolites in healthy Chinese
volunteers. European Journal of Pharmaceutical Sciences, 10, 11-16.
10.1016/50928-0987(99)00083-4

Mehvar, R. (1991) Apparent stereoselectivity in propafenone uptake by
human and rat erythrocytes. Biopharmaceutics & Drug Disposition, 12,
299-310. 10.1002/bdd.2510120407

Fitzgerald, R.L., Blanke, R.V., Poklis, A. (1990) Stereoselective phar-
macokinetics of 3,4-methylenedioxymethamphetamine in the rat. Chi-
rality, 2, 241-248. 10.1002/chir.530020409

Anggérd, E., Jénsson, L.-E., Hogmark, A.-L., Gunne, L.-M. (1973)
Amphetamine metabolism in amphetamine psychosis. Clinical Pharma-
cology and Therapeutics, 14, 870-880. 10.1002/cpt1973145870
Schnabel, A., Neiss, C., Kauert, G. {2000) Die Erschopfungsreak-
tion nach Amphetaminkonsum und ihre Auswirkungen auf die
Fahrtiichtigkeit [Fatigue symptoms after consumption of amphetamine
and effects on driving suitability]. Rechtsmedizin, 10, 86-89.
10.1007/s001940000045
Musshoff, F, Madea, B.
amphetamine-like drugs. Journal of Forensic Sciences, 57, 413-419.
10.1111/5.1556-4029.2012.02055.x

Meyer, M.R., ET., Maurer, H.H. (2008) The role of
human hepatic cytochrome P450 isozymes in the metabolism of

(2012) Driving under the influence of

Peters,

and its enan-
36, 2345-2354.

racemic 3, 4-methylenedioxy-methamphetamine

tiomers. Drug Metabolism and Disposition,
10.1124/dmd.108.021543

Wu, D., Otton, 5.V,, Inaba, T., Kalow, W., Sellers, E.M. (1997) Interac-
tions of amphetamine analogs with human liver CYP2D6. Biochemical
Pharmacology, 53, 1605-1612. 10.1016/50006-2952(97)00014-2

Kraemer, T., Maurer, H.H. (2002) Toxicokinetics of amphetamines:

metabolism and toxicokinetic data of designer drugs, amphetamine,
methamphetamine, and their N-alkyl derivatives. Therapeutic Drug
Monitoring, 24, 277-289. 10.1097/00007691-200204000-00009
Bach, M.V., Coutts, R.T., Baker, G.B. (1999) Involvement of
CYP2D6 in the in vitro metabolism of amphetamine, two N-
alkylamphetamines and their 4-methoxylated derivatives. Xenobiotica;
The Fate of Foreign Compounds in Biological Systems, 29, 719-732.
10.1080/004982599238344

Taniguchi, M., Yamamoto, Y., Nishi, K. (2013) Comparative in vitro
studies of the metabolism of six 4-substituted methamphetamines and
their inhibition of cytochrome P450 2D6 by GC-MS with trifluoroacetyl
derivatization. American Journal of Analytical Chemistry, 04, 166-175.
10.4236/ajac.2013.44022

Toennes, S.W., Schneider, D., Pogoda, W., Paulke, A., Wunder,
C., Theunissen, E.L., et al. (2020) Excretion of 4-fluoroamphetamine
and three metabolites in urine after controlled oral ingestion. Jour-
nal of Pharmaceutical and Biomedical Analysis, 179, 113008.
10.1016/4.jpba.2019.113008



Losacker et al.

47.

48.

49.

Wei, J.A., Kadkhodaei, K., Schmid, M.G. {2017) Indirect chiral sepa-
ration of 8 novel amphetamine derivatives as potential new psychoactive
compounds by GC-MS and HPLC. Science & Justice Journal of the
Forensic Science Society, 57, 6-12. 10.1016/j.scijus.2016.08.007
Maas, A., Losacker, M., Hess, C. (2018) Chromatographic separa-
tion of R/S-enantiomers of amphetamine and methamphetamine: path-
ways of methamphetamine synthesis and detection in blood samples
by qualitative enantioselective LC-MS/MS analysis. Forensic Science
International, 291, 138-143. 10.1016/j.forsciint.2018.08.013
Bloomer, J.C., Woods, ER., Haddock, R.E., Lennard, M.S., Tucker,
G.T. (1992) The role of cytochrome P4502D6 in the metabolism of

52

50.

1.

paroxetine by human liver microsomes. British Journal of Clinical
Pharmacology, 33, 521-523. 10.1111/.1365-2125.1992.tb04082.x
Donovan, J.L., DeVane, C.L., Boulton, D., Dodd, S., Markowitz, ].S.
(2003) Dietary levels of quinine in tonic water do not inhibit CYP2D6 in
vivo. Food and Chemical Toxicology, 41, 1199-1201. 10.1016/S0278-
6915(03)00112-1

Ayesh, R., Dawling, S., Hayler, A., Oates, N.S., Cholerton, S.,
Widdop, B., et al. (1991) Comparative effects of the diastereoiso-
mers, quinine and quinidine in producing phenocopy debrisoquine
poor metabolisers (PMs) in healthy volunteers. Chirality, 3, 14-18.
10.1002/chir.530030104



Enantioselektive Bestimmung von Amphetamin und Metaboliten in Serumproben: Forensische

Evaluation und Einschatzung des Konsumzeitpunktes

4 Enantioselektive Bestimmung von Amphetamin und
Metaboliten in Serumproben: Forensische Evaluation und

Einschatzung des Konsumzeitpunktes

4.1 Zusammenfassung

Die auch fur 4-FA angewendete LC-MS/MS-Methode wurde erfolgreich fur die Detektion der
Enantiomere von Amphetamin, Norephedrin und 4-Hydroxyamphetamin in Serumproben
validiert. Eine leichte Konzentrationsabnahme von Amphetamin bei Lagerung uber zehn Monate
sowie nach drei Einfrier-/Auftauzyklen wurde beobachtet, die (R)/(S)-Konzentrationsverhaltnisse

waren allerdings stabil.

Insgesamt 425 Serumproben aus polizeilichen Ermittlungsverfahren aus dem Jahr 2020 wurden
untersucht. Die (R)/(S)-Konzentrationsverhaltnisse lagen zwischen 0,88 und 4,04. Der Mittelwert
lag bei 1,23 und der Median bei 1,11. In 75 Fallen wurden Verhaltnisse unter 1,00 festgestellt.
Bei niedrigen Gesamtkonzentrationen von Amphetamin (unter 100 ng/mL) lagen signifikant
hdhere (R)/(S)-Konzentrationsverhaltnisse vor (zweifaktorielle Varianzanalyse, p < 0,001).
4-Hydroxyamphetamin konnte in 179 Fallen (42 %) detektiert werden, wobei meist entweder
beide Enantiomere oder das (R)-Enantiomer alleine gefunden wurden. Die
(R)/(S)-Konzentrationsverhaltnisse von Hydroxyamphetamin lagen zwischen 0,93 und 4,21
(Median 2,19). (1R,2S)-Norephedrin wurde in 176 Fallen detektiert (41 %). (1S,2R)-Norephedrin,
welches kein Metabolit von Amphetamin ist, wurde dagegen nur in 11 Fallen detektiert. Die
Metabolite 4-Hydroxyamphetamin und Norephedrin konnten jeweils haufiger bei Vorliegen hoher
Amphetaminkonzentrationen detektiert werden. (1R,2S)-Norephedrin war nur in Verbindung mit

Amphetamin (R)/(S)-Konzentrationsverhaltnissen unter 1,75 detektierbar.

Die angegebenen Zeitintervalle zum letzten Konsum fir die insgesamt 30 untersuchten Proben
von psychiatrischen Patienten aus Bonn und Mainz lagen zwischen 0,8 h und 77,5 h. Es wurden
(R)/(S)-Konzentrationsverhaltnisse zwischen 0,88 und 2,86 festgestellt. (1R,2S)-Norephedrin
wurde in 12 Fallen detektiert, 4-Hydroxyamphetamin dagegen in keinem Fall. Das angegebene
Zeitintervall zum letzten Konsum und die (R)/(S)-Konzentrationsverhaltnisse von Amphetamin
zeigten eine hohe lineare Korrelation (R2=0,728). Die Steigung der
(R)/(S)-Konzentrationsverhaltnisse mit der Zeit betrug 0,021 h™.
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Die Verteilung der (R)/(S)-Konzentrationsverhaltnisse in den Polizeiproben war im Einklang mit
den Ergebnissen anderer Studien zum Amphetamin. Die bei niedrigen Gesamtkonzentrationen
festgestellten allgemein héheren (R)/(S)-Konzentrationsverhaltnisse kénnen durch eine weiter
fortgeschrittene Ausscheidung erklart werden. Dieser Trend setzt sich jedoch bei hdheren
Konzentrationen kaum fort, was in erster Linie auf Unterschiede in der Konsummenge
und -frequenz  zurlickzuflihren ist. Unter der  Annahme, dass niedrige
(R)/(S)-Konzentrationsverhaltnisse von Amphetamin auf einen zeitnahen Konsum deuten, ist die
Detektion von (1R,2S)-Norephedrin aufgrund der besseren Korrelation geeigneter als die

Detektion von Hydroxyamphetamin diese Vermutung zu untermauern.

Die auf Basis der Psychiatrieproben ermittelte Steigung der (R)/(S)-Konzentrationsverhaltnisse
liegt niedriger als die zuvor fur 4-FA ermittelte und fir MDMA berichteten Steigungen. Der
Vergleich mit der auf Basis von Serumhalbwertszeiten von (R)- und (S)-Amphetamin aus der
Literatur theoretisch errechneten Steigung unter Annahme einer Kinetik erster Ordnung zeigte
gute Ubereinstimmung mit der hier ermittelten Steigung. Innerhalb des Patientenkollektives
fanden sich einige Ausreifler auBerhalb der 95%-Konfidenzintervalle. Ausreil’er zu hoéheren
(R)/(S)-Konzentrationsverhaltnissen kénnen allgemein durch die mit Bingekonsum

einhergehende Anreicherung von (R)-Amphetamin im Blut erklart werden.

Unter der Annahme, dass die Akutphase 6 h nach Konsum abgeschlossen ist, kann die obere
Grenze des 95%-Konfidenzintervalls bei einem (R)/(S)-Konzentrationsverhaltnis von 1,09 als
Cut-off fur die Annahme der Abwesenheit von Akuteffekten vorgeschlagen werden. Hierbei

mussen auch die in dieser Studie beobachteten Ausreiler bertcksichtigt werden.

Eigenleistung an dieser Publikation: Konzept, Methodenentwicklung, Validierung,
Probenkoordination, = Probenmessung, Datenanalyse, Datenaufbereitung,  graphische

Aufbereitung, Literaturrecherche, Niederschrift und Einreichung

Anteil der Co-Autoren: M. Kramer: Probenkoordination, Korrektur; A. Philipsen: Studienleitung;
K. Ducker: Probennahme, Probenkoordination; N. Dreimiller: Studienleitung; J. Engelmann:
Probennahme, Probenkoordination, Korrektur; J. Roéhrich: Konzept, Korrektur; C. Hel:
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Abstract: In forensic toxicology, amphetamine intoxications represent one of the most common case
groups and present difficult questions for toxicologists. Estimating the time of consumption and the cur-
rent influence of the stimulant is particularly difficult when only total amphetamine concentrations are
considered. Stereoselective analysis and the consideration of metabolites can provide valuable informa-
tion to facilitate interpretation. An enantioselective liquid chromatography—tandem mass spectrometry
(LC-MS/MS) method for detection of amphetamine, norephedrine and 4-hydroxyamphetamine was
developed. Validation showed satisfactory selectivity, sensitivity, linearity (0.5-250 ng/mL), precision
and accuracy for all enantiomers. The method was applied to a collective of 425 forensic serum
samples and 30 serum samples from psychiatric inpatients stating their last time of amphetamine
consumption. Norephedrine and 4-hydroxyamphetamine were detected more frequently at higher
amphetamine concentrations and at lower amphetamine (R)/(S) concentration ratios, possibly in-
dicating recent consumption. Mean (R)/(S) ratio of amphetamine was 1.14, whereas higher ratios
(mean 1.36) were found for amphetamine concentrations below 100 ng/mL. The (R)/(S) ratios of
psychiatric inpatients significantly correlated with the reported time intervals to last consumption.
The use of amphetamine (R)/(S) ratios and the simultaneous detection of metabolites are promising

factors that can facilitate estimation of consumption time and current impairment.

Keywords: amphetamine; enantiomers; stereoselective; blood serum; chiral chromatography; liquid
chromatography; mass spectrometry; forensic science; consumption time; driving under the influence
of drugs (DUID)

1. Introduction

Amphetamine remains one of the most frequently abused drugs worldwide [1]. Intox-
ications with this stimulant represent one of the most common case groups and present
difficult questions for toxicologists [2—4].

Amphetamine is a sympathomimetic amine that increases brain levels of norepinephrine,
serotonin and dopamine by promoting release and inhibiting reuptake of these neuro-
transmitters [5,6]. Typical acute effects after amphetamine use are euphoria, enhanced
attention and alertness, increased psychomotor performance and loss of appetite. At higher
doses, adverse effects such as agitation or lack of concentration can occur [3,7]. Excessive
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amphetamine use can result in serious intoxication and death, predominantly by acute
cardiac or cardiopulmonary failure, cerebrovascular hemorrhage or hyperthermia [8-10].
The acute phase lasts about 6 h [11] and is followed by the subacute phase, which is charac-
terized, e.g., by fatigue, loss of attention and depressive mood [3,12,13]. Due to the broad
spectrum of effects, a forensic assessment of current impairment is particularly relevant
in cases of driving under the influence of drugs (DUID) [3,10,14]. The determination of
the absolute serum amphetamine concentration hardly allows a statement on the time
of consumption and thus on the current influence of the stimulant [15]. This is due to
differences in quantity and frequency of dosing due to habituation effects [16], as well as
interindividual differences in metabolism [17,18].

Amphetamine is a chiral molecule and exists in the enantiomeric forms (S)-amphetamine
(d-(+)-amphetamine, dexamphetamine) and (R)-amphetamine (l-(-)-amphetamine, levoam-
phetamine). Analytical chiral separation is most commonly conducted via capillary elec-
trophoresis (CE) [19,20], direct [4,21] and indirect high-performance liquid chromatography
(HPLC) [22,23] and indirect gas chromatography (GC) [24,25].

Studies suggest an approximately 3-4-fold higher efficacy of the (S)-enantiomer [26,27].
Studies further demonstrate stereoselective metabolism of amphetamine, with preferential
elimination of the (S)-enantiomer [28-30]. In the human body, amphetamine is metabolized
to norephedrine and 4-hydroxyamphetamine. Pharmacokinetics dependent on the abso-
lute configuration are also reported for these metabolites, although hardly any data are
available for the human blood [30-33]. It has already been suggested that the time course
of (R)/(S) concentration ratios of stimulants can be used to draw conclusions on the time
of consumption [34-36]. More sophisticated studies, especially on larger sample sizes, are
scarcely available in the literature, and the potential of stereoselective analytics for forensic
toxicology has not yet been exploited.

In this study, a stereoselective LC-MS/MS method for the detection of the enantiomers
of amphetamine, norephedrine and 4-hydroxyamphetamine was developed and validated.
The method was applied to the analysis of 425 forensic serum samples and 30 serum sam-
ples from psychiatric inpatients who were hospitalized voluntarily and reported their last
time of consumption. The aim of this study was the forensic evaluation of the determined
plasma concentrations with particular focus on the estimation of the time of consumption.

2. Results
2.1. Method Validation

Baseline separation was achieved for all analyte and internal standard enantiomers
(Figure 1). Blank and zero samples showed no interfering signals. Cathine, on the other
hand, coeluted with (15,2R)-norephedrine. A linear calibration model without weighting
could be used for quantification of all analytes (calibration range 0.5-250 ng/mL). For all an-
alytes, precision (relative standard deviation (RSD)) and bias data at the lowest calibration
level (0.5 ng/mL) were within the acceptable limits of the guideline, so this was accepted
as the lower limit of quantification (LLOQ). Results for the external serum round-robin test
indicated racemic amphetamine and were in good accordance with the manufacturers’ re-
quirements. For enantiomers of 4-hydroxyamphetamine and norephedrine, the 0.5 ng/mL
level was also the limit of detection (LOD); for amphetamine enantiomers, 0.1 ng/mL was
accepted as LOD, although only quantifiable results (>0.5 ng/mL) were considered for this
study. For all analytes, results of further validation experiments were within acceptable
limits (Table 1). For enantiomers of amphetamine and norephedrine, slight ion suppression
at the low concentration level and slight ion enhancement at the high concentration level
were observed. For 4-hydroxyamphetamine enantiomers, on the other hand, results for ion
suppression (up to 78.7 & 10.3%) and ion enhancement (up to 114.8 & 6.7%) were more
diverse. Recovery was rather low for enantiomers of amphetamine (mean 29.8%) and
even lower for norephedrine (mean 12.0%) and 4-hydroxyamphetamine (mean 12.4%). For
amphetamine-d11 and norephedrine-d3, results for recovery (maximum deviation 3.7%)
and matrix effects (maximum deviation 8.6%) were in the same range as for the respective
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analytes. Since the decrease in absolute peak areas was less than 20% of the initial value
for all enantiomers, processed samples were stable for at least 63 h. Concentrations of
amphetamine enantiomers were stable for the observed period of 10 months. The mean loss
was 1.9 ng/mL for (R)-amphetamine and 1.0 ng/mL for (S)-amphetamine (median +0.1 and
—0.5 ng/mL, respectively). Stability of amphetamine (R)/(S) concentration ratios is shown
as a Bland-Altman plot in Figure 2. Mean deviation was 0.01, and deviations > +1.96 SD
were only found for one sample with rather low concentrations (total amphetamine con-
centration 45.2 ng/mL, mean ratio 2.01) and in two samples with concentrations at the
upper end of the calibration range.
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Figure 1. Multiple reaction monitoring (MRM) chromatograms for (R)-4-hydroxyamphetamine (1), (S)-4-

hydroxyamphetamine (2), (15,2R)-norephedrine (3), (1R,2S)-norephedrine (4), (R)-amphetamine (5) and (S)-amphetamine

(6) at concentration levels of 20 ng/mL per enantiomer. MRM was split into two segments (A, B) at 8.0 min to reach a

higher abundance. The total run time was 19 min. The following ion transitions are displayed in decreasing order of
intensity (target ion underlined): 4-hydroxyamphetamine 152.1 — 107.0, 135.0, 77.0; norephedrine 152.1 — 134.0, 117.0,
115.0; amphetamine 136.1 — 91.0, 119.0, 65.0.

Table 1. Validation results for the enantiomers of amphetamine (AM), norephedrine (NE) and 4-hydroxyamphetamine

(40H-AM) in serum.

Concentration Analyte Accuracy (Bias) Interday Precision Recovery Matrix Effects
n==6 n==6 n==6 n==6
(ng/mL) (%) (%) (%) (%)
20 (R)-AM -1.7 0.4 28.1+£32 86.5 + 6.5
20 (5)-AM 45 43 284 +£39 873 £ 6.7
125 (R)-AM 3.3 2.7 303 +33 106 £ 7.3
125 (S)-AM 7.3 2.5 323 £ 3.6 105+ 7.7
20 (15,2R)-NE 34 4.6 103+ 1.2 99.4 + 8.4
20 (1R,2S)-NE -1.2 1.1 10.7 £ 1.3 97.8 + 8.9
125 (15,2R)-NE 52 6.0 134+ 1.6 1122 +£93
125 (1R,25)-NE -0.5 8.4 135+£17 1125+ 8.4
20 (R)-4OH-AM 1.8 12.8 10.0 £ 0.9 78.7 £ 10.3
20 (S)-40H-AM -0.3 17.6 104 +1.2 98.4+ 7.7
125 (R)-4OH-AM 0.2 9.7 145 £ 3.4 855+ 49
125 (5)-40H-AM 1.4 13.7 14.6 + 1.8 1148 £ 6.7

A slight freeze-thaw instability was found for both enantiomers of amphetamine
(median loss each 7%), ranging from a (theoretical) 5% gain to a 16% loss. Maximum
deviation of amphetamine (R)/(S) concentration ratios was 0.11 (median 0.01).
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Figure 2. Bland-Altman plot of the stability of amphetamine (R)/(S) ratios after reanalysis after 10
months (n = 50). The x-axis shows the mean value of the two determinations and the y-axis shows
the absolute deviation after 10 months.

2.2. Forensic Serum Samples

Within the 425 cases examined, concentrations up to 784 ng/mL were found for (R)-
and 887 ng/mL for (S)-amphetamine (same case, total concentration 1670 ng/mL). The
calculated (R)/(S) concentration ratios were between 0.88 and 4.04 (mean 1.23, median
1.11). Ratios < 1.00 were observed in 75 cases (18%). The subject who exhibited an (R)/(S)
ratio of 4.04 had serum concentrations of 8.6 and 2.1 ng/mL for (R)- and (S)-amphetamine,
respectively. The boxplots in Figure 3 show the distribution of (R)/(S) concentration ratios
within the entire collective and staggered by groups of total amphetamine concentrations
(100 ng/mL intervals). While for total concentrations of <100 ng/mL the mean (R)/(S)
ratio is significantly (one-way ANOVA, p < 0.001) higher than for the other groups (1.36 vs.
1.14), no clear trend can be observed for higher concentrations.

4-Hydroxyamphetamine was detected in 179 out of 425 cases (42%). In 100 cases, only
the (R)-enantiomer could be detected; in another 71 cases, both enantiomers were found,
while the (S)-enantiomer was detected alone in only 8 cases. The maximum concentrations
found were 7.7 ng/mL for (R)- and 2.8 ng/mL for (S)-4-hydroxyamphetamine. Median
concentrations were 1.2 and 0.8 ng/mL for the (R)- and the (S)-enantiomer, respectively.
Median concentrations of (R)- and (S)-4-hydroxyamphetamine relative to their precursors
(R)- and (S)-amphetamine were 0.8% and 0.5%, respectively. (R)/(S) concentration ratios of
4-hydroxyamphetamine ranged from 0.93 to 4.21 (median 2.19).

In 176 cases (41%), (1R,25)-norephedrine was found alone (maximum concentration
7.2ng/mL, median 1.0 ng/mL). Within the positive cases, the relative (1R,2S)-norephedrine
concentration in relation to (S)-amphetamine was up to 5.4% (mean 0.9%, median 0.7%).

(15,2R)-Norephedrine could only be detected in 11 cases (maximum concentration
1.6 ng/mL), 9 times together with (1R,25)-norephedrine. Since (R)-amphetamine is not
subjected to -hydroxylation [31], (15,2R)-norephedrine is not a metabolite of amphetamine.
Therefore, detection of this enantiomer can only be explained by the use of other drugs
(e.g., drugs containing racemic norephedrine or the interfering diastereomer cathine), for
which reason the corresponding cases were excluded from further interpretation. While
none of the herein detectable metabolites were detected in 42% of cases (n = 179), both
4-hydroxyamphetamine (any enantiomer) and (1R,2S)-norephedrine were detected in 26%
of the cases (n = 109). In each 16% of cases, either 4-hydroxyamphetamine (n = 70) or
(1R,2S)-norephedrine (n = 67) was detected next to amphetamine.
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Figure 3. Boxplots of the determined amphetamine (R)/(S) ratios within subgroups of total am-
phetamine concentration. The striped left box represents the whole sample collective (n = 425).
Horizontal lines represent the median, boxes represent the range between the lower and upper
quartiles of the subgroups (interquartile range). Whiskers represent all samples within 1.5 times
the interquartile range. Outliers with (R)/(S) ratios greater than median + 1.5 times the interquar-
tile range are presented as circles (0). Extreme values with deviations greater than +3 times the

interquartile range are presented as asterisks (*).

Qualitative detection of 4-hydroxyamphetamine and (1R,2S)-norephedrine signifi-
cantly correlated with staggered groups of total amphetamine concentration (100 ng/mL
intervals, one-tailed Spearman’s Rho and Kendall’s Tau each p = 0.000, Figure 4). While
(IR,2S)-norephedrine was very rarely detected at total amphetamine concentrations be-
low 100 ng/mL (5.1%), it was found in the vast majority of samples with total am-
phetamine concentrations above 300 ng/mL. In contrast, at least one enantiomer of 4-
hydroxyamphetamine was found in almost 20% of cases even at total amphetamine
concentrations below 100 ng/mL. The increase in detection frequency with increasing
amphetamine concentrations is not as rapid as in the case of (1IR,2S)-norephedrine. In
over 70% of cases with total amphetamine concentrations above 400 ng/mL, at least one
enantiomer of norephedrine was detected. This was not the case for amphetamine con-
centrations between 800 and 900 ng/mL, where norephedrine was detected in only 50%
of the cases, although the total number of cases in this group was very limited (n = 6).
Moreover, qualitative detection of 4-hydroxyamphetamine and (1R,2S)-norephedrine sig-
nificantly correlated (negatively) with staggered groups of (R)/(S) concentration ratios
(0.25 intervals, one-tailed Spearman’s Rho and Kendall’s Tau each p < 0.001, Figure 5).
While the metabolites could be detected in at least 40% of cases at (R)/(S) ratios below
1.25, detectability decreased at higher ratios. (1R,2S)-Norephedrine was not detectable at
amphetamine (R)/(S) ratios above 1.75. In general, a similar trend was observed for the
enantiomers of 4-hydroxyamphetamine, although even at ratios above 1.75 (n = 31) at least
one of the two enantiomers was detectable in a total of 7 cases.

Quantitatively, (1R,2S)-norephedrine concentrations showed correlations (one-tailed
Pearson) with both total amphetamine concentration (r = 0.507, p = 0.000) and the concen-
tration of the parent compound (S)-amphetamine (r = 0.514, p = 0.000). In contrast, how-
ever, there was no quantitative correlation with the (R)/(S) concentration ratio (r = 0.053,
p =0.242).
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Figure 4. Histograms for relative frequency of 4-hydroxyamphetamine and (1R,2S)-norephedrine positive cases (at least 0.5
ng/mL of any enantiomer) within different total amphetamine concentration ranges. For both 4-hydroxyamphetamine and
(1R,25)-norephedrine, there was a positive correlation between positive cases and the total amphetamine concentration
(one-tailed Spearman’s Rho and Kendall’s Tau each p = 0.000).
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Figure 5. Histograms for relative frequency of 4-hydroxyamphetamine (any enantiomer) and (1R,25)-
norephedrine positive cases (each at least 0.5 ng/mL) within amphetamine®/(5) concentration ratio
groups. For both 4-hydroxyamphetamine and (1R,25)-norephedrine, there was a negative correlation
between 4-hydroxyamphetamine positives and amphetamine (R)/(S) concentration ratios (one-tailed
Spearman’s Rho and Kendall’s Tau each p < 0.001). There were no cases with (R)/(S) concentration
ratios between 2.50 and 3.00.

2.3. Cases with Self-Reported Consumption Time

Within the psychiatric patient collective, concentrations up to 261 and 226 ng/mL
(same case, total concentration 487 ng/mL) were found for (R)- and (S)-amphetamine,
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respectively. The reported times after last consumption were between 0.75 and 77.5 h.
Calculated (R)/(5) concentration ratios were between 0.88 and 2.86 (median 1.22). Twelve
patients (40%) reported at least one other use within 24 h prior to the last use, which
was further considered as ‘binge’ consumption. These patients are discussed separately.
The route of consumption was reported by 15 patients (50%). While one patient reported
oral consumption, the majority (n = 12) consumed exclusively nasally. One patient each
reported nasal/oral and nasal/intravenous use.

(1R,2S)-Norephedrine was detected in 12 cases, reaching concentrations up to 7.0 ng/mL
(reported time 4.0 h, (R)/(S) ratio 1.09), while in the other cases concentrations were below
1.8 ng/mL. (15,2R)-Norephedrine was absent in all samples. The maximum reported
time with detection of (1R,25)-norephedrine was 38.5 h ((R)/(S) ratio 1.39). None of the
4-hydroxyamphetamine enantiomers could be detected in a single case. Table 2 shows
the determined concentrations and (R)/(S) ratios for all (n = 30) cases with self-reported
consumption time. For further interpretation, the (R)/(S) concentration ratios were plotted
against the reported last consumption time (Figure 6). Linear regression (method of least
squares) was carried out and showed high correlation (R? = 0.728) between time intervals
and (R)/(S) ratios. Furthermore, 95% confidence intervals were calculated. The slope of
the linear fit was 0.021 h™!, and the y-intercept was at an (R)/(S) ratio of 0.861. There were
both patients with rather high serum concentrations and longer time to last consumption
(e.g., case 29) and patients who reported having consumed a few hours earlier but showed
rather low concentrations (e.g., case 12).

Table 2. Summary of cases with self-reported consumption time.

Case Binge At (R)-AM (S)-AM I AM R)/(S) (1R,2S)-NE
(ng/mL) (h) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
1 12.0 12.3 139 26.3 0.88
2 5.5 324 352 67.6 0.92
3 * 0.8 114 124 238 0.93 0.6
4 * 20.5 98.3 102 200 0.97
5 * 7.0 128 125 253 1.02 12
6 7.0 255 247 50.2 1.03
7 22.0 419 40.1 81.9 1.04
8 * 4.0 112 107 219 1.05 0.6
9 11.5 421 393 81.4 1.07
10 * 6.3 111 103 214 1.08 14
11 * 3.0 239 219 457 1.09 7.0
12 3.0 40.9 374 78.3 1.09 14
13 34.2 18.0 16.0 24.0 1.13
14 13.5 261 226 487 1.15 1.8
15 18.0 100 82.4 182 1.21 14
16 * 33.0 8.9 7.2 16.1 1.23
17 28.8 8.7 71 15.8 1.23
18 * 25.0 285 231 51.5 1.23 0.9
19 18.5 34.3 272 61.6 1.23 1.0
20 20.0 105 82.4 188 1.28
21 * 3.0 201 157 358 1.28
22 * 31.0 18.6 145 33.1 1.29
23 * 7.3 239 181 420 1.32
24 17.5 114 85.1 199 1.34 0.7
25 38.5 43.8 315 75.3 1.39 0.9
26 40.0 6.2 3.6 9.8 1.72
27 * 47.5 14.2 7.3 21.5 1.93
28 42.0 1.2 0.6 1.8 1.96
29 40.5 115 53.8 169 214
30 77.5 10.3 3.6 13.9 2.86

The table shows the patient-reported time interval between last consumption and blood collection (At), as well as the determined
concentrations of (R)-amphetamine ((R)-AM), (S)-amphetamine ((S)-AM), total amphetamine (£ AM) and (1R,2S)-norephedrine ((1R,2S)-
NE). Case numbers are assigned by ascending amphetamine (R)/(S) ratio. Asterisks (*) indicate patient-reported binge consumption
(further consumption of amphetamine within the last 24 h prior to the reported last use).
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Figure 6. Plot of the determined amphetamine (R)/(S) ratios versus the reported time since last ingestion according to the
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3. Discussion
3.1. Method Validation

In the present study, a total of 425 forensic serum samples and 30 serum samples from
psychiatric patients, stating their last time of consumption, were enantioselectively ana-
lyzed for amphetamine and specific metabolites. A chiral LC-MS/MS method for detection
of amphetamine, norephedrine and hydroxyamphetamine was developed, validated and
applied for analysis of the specimens. To the best of our knowledge, this study is the first
to enantioselectively detect amphetamine and metabolites in a comprehensive collective of
serum samples and evaluate them from a forensic perspective.

The method was sensitive and selective, and all analytes met all acceptance criteria
of the validation. At the high concentration level, recovery was slightly higher than at
the low level, although it was rather low for all analytes, especially for norephedrine and
hydroxyamphetamine. Amphetamines are known to be volatile compounds that may be
lost during evaporation, especially at high temperatures [37,38]. Therefore, the extracts
were evaporated (nearly) to dryness in as short a time as possible at only 40 °C so that
reproducible results were ensured. Since all validation parameters were met despite the
comparatively low recovery, the sample preparation method used was considered suitable.

For this study, the detected interference of (15,2R)-norephedrine with cathine is not rel-
evant, since this enantiomer is not a metabolite of amphetamine. The results for long-term
and freeze—thaw stability for amphetamine were in line with other (chiral) studies [39-41].
The experiments of Beyer et al. do not confirm the slight freeze-thaw instability found
here [42]. Deviations in (R)/(S) concentration ratios after reanalysis were within the mea-
surement inaccuracies. Complete stability of the ratios is therefore assumed, which enables
forensic interpretation even after longer storage time.
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3.2. Forensic Serum Samples

(R)/(S) concentration ratios of phenethylamines consumed as a racemic mixture have
been discussed to give a hint for the last time of consumption due to an enantioselective
metabolism [34-36]. For amphetamine, we showed that in Rhineland-Palatinate it is used
exclusively as the racemate [43], and it can be assumed that this is true worldwide due to
non-stereoselective pathways of synthesis [35,44,45].

The amphetamine (R)/(S) ratios calculated in the sample collective are consistent
with the use of racemic amphetamine, taking into account the shorter elimination half-
life of (S)-amphetamine [28,29]. The median (R)/(S) ratio in this study was 1.11, which
was significantly lower than the median of 1.69 found by Hess et al. in a similar study
(n=28) [35]. The maximum (R)/(S) ratio of 4.50 found there is similar to that of the
present study (4.04). In the study of Hess et al., (R)/(S) ratios below 1.00 were only
detected in combination with methamphetamine intake (which is mostly consumed as
pure (S)-methamphetamine, and thus only (S)-amphetamine is formed as a metabolite),
while in our study, ratios between 0.88 and 1.00 were found in a total of 75 samples (18%).
Peters et al. found (R)/(S) ratios ranging from 0.97 to 1.66 (mean 1.15, median 1.10) in a total
of 23 quantifiable samples with exclusive amphetamine use [39]. Moreover, in a controlled
oral intake study by Wan et al. (10 mg racemic amphetamine, n = 4), (R)/(S) ratios ranging
from 0.84 to 1.18 were observed during the absorption phase [29]. The occurrence of
(R)/(S) ratios below 1.00 is also supported by the studies of Caras and Sharpe, which
found higher mean peak serum concentrations of (S)-amphetamine while the times of peak
serum concentrations of both enantiomers were similar [28]. Furthermore, in a study with
controlled oral intake of racemic 4-fluoroamphetamine (4-FA), (R)/(S) ratios below 1.00
were observed during the absorption phase (partially even beyond) [36]. Havnen et al.
also found (R)/(S) ratios around 1.00, although all samples were from patients under
treatment with prescribed nonracemic amphetamine (n = 61), and the results are therefore
hardly comparable [46]. Even in the present study, an additional intake of medicinal drugs,
as also described by Musshoff et al. [47], cannot be basically ruled out. In Germany, (S)-
amphetamine (Attentin) and its precursor lisdexamfetamine (Elvanse) can be prescribed for
treatment of attention deficit hyperactivity disorder (ADHD). More seldom, formulations of
racemic amphetamine sulfate can be prescribed [35,47]. Adderall, which is approved in the
United States, contains approximately a 3:1 mixture of (S)- and (R)-amphetamine [48]. In the
case of exclusive use of illicit (racemic) amphetamine, serum (R)/(S) ratios below 1.00 could
be explained, e.g., by a faster uptake of (S)-amphetamine or a more pronounced first-pass
effect for (R)-amphetamine. In general, especially at lower concentrations, measurement
inaccuracies must also be taken into account.

The significantly higher mean amphetamine (R)/(S) ratio at total concentrations below
100 ng/mL indicates an advanced elimination of (S)-amphetamine, which is consequently
associated with lower absolute amphetamine concentrations. However, at concentrations
above 100 ng/mL, this trend continued only partially. Qutliers with higher (R)/(S) ratios
also occurred at higher total amphetamine concentrations. This can probably be explained
mainly by repeated intake (binge use), which is common among chronic amphetamine
users [49]. However, high (R)/(S) ratios are generally less frequently found at higher
amphetamine concentrations. Moreover, even at total amphetamine concentrations below
100 ng/mL, there are many samples exhibiting rather low (R)/(S) ratios. Since dosages
can differ considerably between occasional (recreational) users and chronically dependent
users due to habituation effects [16], recent consumption should generally be considered
even at low concentrations when (R)/(S) ratios are rather small.

Amphetamine is metabolized to hydroxyamphetamine by liver monooxygenases
and about 3-7% is excreted as such [30-33]. The fact that in almost all cases either
(R)-4-hydroxyamphetamine alone or both enantiomers were found is consistent with
the observation by Dring et al. in humans, that (R)-amphetamine is metabolized to 4-
hydroxyamphetamine to a greater extent than (S)-amphetamine or the racemate is [33]. Two
to three percent of amphetamine is excreted renally as norephedrine, and the metabolism
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is probably catalyzed by dopamine B-hydroxylase, which is located in the central and
peripheral nervous system [30-32]. The relatively low serum concentrations of (1R,25)-
norephedrine found in the present study (median 1.0 ng/mL) were expected for this minor
metabolite. The detection of (15,2R)-norephedrine in only 11 cases is consistent with the
observation that 3-hydroxylation occurs selectively only for (S)-enantiomers [30,31]. Since
the results in the corresponding cases are distorted by the use of medication or other drugs,
the corresponding cases were not considered for further evaluation.

(1R,2S)-Norephedrine and 4-hydroxyamphetamine were detected in an almost equal
number of cases (n = 176 vs. 179), with a relatively large intersection of samples in
which both metabolites were found (n = 109). Both 4-hydroxyamphetamine and (1R,2S)-
norephedrine showed a statistically significant trend of increasing detectability with
higher amphetamine concentrations. The increase in detectability with increasing am-
phetamine concentration was significantly steeper for (1R,2S)-norephedrine. In contrast
to (1R,2S)-norephedrine, enantiomers of 4-hydroxyamphetamine were detected consid-
erably more frequently at amphetamine concentrations below 100 ng/mL. Overall, 4-
hydroxyamphetamine-positive cases are thus more widely distributed with regard to
absolute amphetamine concentrations. Regarding the determined amphetamine (R)/(S) ra-
tios, a statistically significant trend of more frequent detection at lower ratios was observed
for both 4-hydroxyamphetamine and (1R,2S)-norephedrine. Assuming that the shorter
elimination half-life of (S)-amphetamine leads to increasing (R)/(S) ratios over time and
that low ratios therefore indicate a more recent ingestion, (1R,2S)-norephedrine seems to
be more suitable as a qualifying criterion since, unlike hydroxyamphetamine, it was not
detectable at (R)/(S) ratios over 1.75. In addition, (1R,25)-norephedrine was less frequently
detectable at lower amphetamine concentrations. Taken together, these results indicate that
(IR,2S)-norephedrine offers higher potential than 4-hydroxyamphetamine to foster forensic
interpretations, although in this case the ingestion of other substances must be taken into
account when performing achiral analysis. Thus, according to the results of this study and
under assurance of appropriate analytical sensitivity, the detection of (1R,2S)-norephedrine
could strengthen a suspicion of recent amphetamine consumption.

3.3. Cases with Self-Reported Consumption Time

The observed time period, which for most patients was no longer than 48 h, is equiva-
lent to the typical detection time for amphetamine in serum samples [50]. The maximum
serum concentration determined was significantly lower than in the forensic sample col-
lective, while the median was slightly higher. The maximum determined (R)/(S) ratio
was slightly lower for the psychiatric patients. Since this collective comprises dependent
users who voluntarily undergo psychiatric treatment, the incidence of binge use was very
high at 40%. Both the maximum concentration of (1R,2S)-norephedrine and the detection
frequency were approximately identical with those of the forensic serum samples. On the
other hand, it remains unclear why 4-hydroxyamphetamine was not detected in any case,
which is in contrast to the forensic samples.

Amphetamine intoxications are one of the most common drug-induced impairments,
which is particularly relevant in driving under the influence of drugs (DUID) [3,47,51].
Especially in this context, information about the time of use and the current influence of
stimulants is critical [3,51]. On the basis of the total amphetamine concentration, as it is
typically determined, such conclusions cannot be made [15].

The determination of (R)/(S) concentration ratios and the evaluation of the respective
time course have already been proposed in some studies. In studies of stereoselective
metabolism of 3,4-methylenedioxy-N-methylamphetamine (MDMA) by Fallon et al. and
Steuer et al. (oral intake of 40 and 125 mg racemate, respectively), mean (R)/(S) concentra-
tion ratios increased to approximately 8 within 24 h (slope 0.33 h1) [34,52].

The increase in MDMA (R)/(S) ratios is thus significantly more rapid than that found
for amphetamine in the present study. In our previous study on 4-fluoroamphetamine
(4-FA) metabolism, slopes for individual subjects ranged from 0.023 to 0.157 h~! [36].
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This faster increase in the MDMA and 4-FA (R)/(S) ratios with time is due to the shorter
elimination half-lives and the larger relative difference (approx. factor 2).

The human serum half-lives of the amphetamine enantiomers were determined in
two studies. Wan et al. determined (with oral intake of 10 mg racemate) serum half-lives of
23.7 and 7 h under alkaline and 7.7 and 6.8 h under acidic urine conditions for (R)- and
(S5)-amphetamine, respectively [29]. Assuming first-order elimination kinetics [53] and
a mean (R)/(S) concentration ratio of 1.00 at the start of elimination [29], the theoretical
slopes of the (R)/(S) ratios with time can be calculated from the serum half-lives using a
linear fit. For alkaline urine conditions, slopes of 0.013 and 0.018 h~! are calculated for
24 and 72 h, respectively. For acidic urine conditions, the theoretical slopes are 0.014 and
0.019h 1.

Using the serum half-lives determined by Caras et al. (oral intake of 30 mg racemate)
of 13.4 and 10.8 h for (R)- and (S)-amphetamine, respectively [28], slopes of 0.015 and
0.020 h~! are obtained over 24 and 72 h, respectively. In this context, it should be noted
that the theoretical slope of the (R)/(S) ratios increases with time, and the linear fit is thus
an approximation. However, in the calculated examples, the absolute error of the linear fit
for the (R)/(S) ratios after 72 h is only 0.11 at maximum. The slopes calculated theoretically
are consistently slightly lower than the slope of 0.021 h~! determined in this study.

Within the observed collective, some outliers far outside the 95% confidence intervals
appeared. Subject 1 was found to have the lowest (R)/(S) ratio of the entire collective (0.88),
although the last consumption was self-reported to be as long as 12 h earlier. Subject 4,
who reported the last consumption 20.5 h earlier, exhibited a very low ratio of 0.97. Subject
13 reported last use 34 h earlier and exhibited a ratio of only 1.13, although the absolute
amphetamine concentration of 34 ng/mL was rather low. There were also outliers located
above the 95% confidence interval. In general, higher (R)/(S) ratios can be explained by a
binge-associated enrichment of the (R)-enantiomer. This could explain, for example, the
comparatively higher (R)/(S) ratio (1.28) of Subject 21. Subject 29 showed a high (R)/(S)
ratio (2.14), although a rather high total amphetamine concentration of 169 ng/mL was
present in serum. Thus, the indicated longer past use (40.5 h) seems plausible despite the
considerable amphetamine concentration. This indicates that the respective dose consumed
must have been above the average amount.

In the studies by Fallon and Losacker, high interindividual variances of the (R)/(S)
ratios were found for MDMA and 4-FA, respectively, which gradually increased over time.
Particularly in the 4-FA study, the (R)/(S) ratio for one subject was still below 1.00 even
after 12 h. Considering this, the scatter of outliers found in the present study appears
moderate. After oral ingestion of (S)-amphetamine, peak effects are reached after about
3 h [54], and the acute phase lasts for about 6 h [11].

The upper limit of the 95% confidence interval after 6 h is at an (R)/(S) ratio of 1.09.
Ratios above this cut-off would therefore suggest the absence of acute effects.

Subject 21, however, exhibited an (R)/(S) ratio above this cut-off, although the last
consumption was indicated 3 h earlier. One explanation for this could be the reported
binge consumption. In contrast, (R)/(S) ratios below the cut-off of 1.09 were observed up
to 22.0 h after the claimed last consumption.

Despite the variation of the determined ratios with the reported time, chiral am-
phetamine analysis can allow important conclusions in certain cases. Thus, for Subject
29, it can be assumed that acute effects had passed, although this would not necessarily
have been indicated by looking at the total amphetamine concentration. It must of course
always be taken into account that exhaustion reactions such as fatigue, which occur in the
subacute phase, can also restrict the driving ability [3,15].

For the forensic toxicological expert, the evaluation of (R)/(S) ratios must take into
account whether, for example, a more recent consumption can incriminate or exonerate
the defendant. For this purpose, it should be asked when exactly the last consumption
had taken place. Furthermore, it is of great relevance whether it was a single or repeated
use. In the case of binge use, the enrichment of (R)-amphetamine in the blood leads to
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higher (R)/(S) ratios, which would result in an overestimation of the time difference to
consumption. However, extreme shifts in the (R)/(S) ratio should generally not be expected
with binge use. With a longer time interval between two doses, the serum concentrations
remaining from the first consumption are expected to be minor compared to the total
concentration, and with a short time interval, the ratio should be close to 1.00 anyway.

The observed collective consisted of dependent psychiatric inpatients, some of which
were also abusing other substance groups such as opiates, benzodiazepines or cannabis.
Higher dosages due to habituation effects, liver damage and metabolic effects due to
enzyme induction or inhibition therefore cannot be ruled out. The enzyme CYP2D6, which
is involved in the metabolism of amphetamine and is known for its stereoselectivity, exhibits
a genetic polymorphism [17,18,55,56]. Consequently, high interindividual differences have
to be taken into account. Poor metabolizers lacking CYP2D6 could thus exhibit low (R)/(S)
ratios over a longer period of time. Furthermore, consumption of very high doses or
concomitant use of other drugs may lead to saturation of CYP2D6 so that metabolism
is taken over by other (less stereoselective) enzymes. Illegal amphetamine is present
exclusively in racemic form [4,43,57]. For forensic interpretation, therefore, the (additional)
use of (S)-amphetamine-containing drugs must be excluded, as this medication would lead
to an underestimation of the time difference to consumption.

4. Materials and Methods
4.1. Material

(RS)-Amphetamine and racemic norephedrine-d3 were purchased from LGC (We-
sel, Germany). (RS)-Amphetamine d11, (S)-amphetamine, (R)-amphetamine, racemic
norephedrine and (RS)-4-hydroxyamphetamine were obtained from Lipomed (Weil am
Rhein, Germany). Methanol (HPLC-grade) was purchased from Thermo Fisher Scientific
(Dreieich, Germany). Water (LC-MS-grade), acetonitrile, dichloromethane, acetone, iso-
propanol, glacial acetic acid, potassium dihydrogenphosphate and potassium hydroxide
were obtained from Carl Roth (Karlsruhe, Germany). LC-MS-grade ammonia solution
(25%) and ammonium bicarbonate were purchased from Merck (Darmstadt, Germany).
All chemicals were at least of analytical grade. Mixed-mode cation-exchange solid-phase
extraction columns (HF BE-CERTIFY, 300 mg, 3 mL) were purchased from Agilent (Wald-
bronn, Germany). Round-robin tests ‘BTMF—Drugs in serum’ containing certified racemic
amphetamine were acquired from Arvecon (Walldorf, Germany). Blank (drug-free) serum
was provided by the blood bank of the University Medical Center of the Johannes Guten-
berg University Mainz.

4.2. Sample Preparation

Two hundred microliters of serum was spiked with 10 pL internal standard solution
(containing 2 ug/mL racemic amphetamine-d11 and 2 pg/mL racemic norephedrine-
d3 in methanol). Samples with concentrations outside of the calibration range were
diluted with water to reach appropriate concentrations and reanalyzed. Six hundred
microliters of acetonitrile was added for protein precipitation. After mixing, samples were
centrifuged for 10 min at 1200 g. Subsequently, 6 mL of phosphate buffer solution (0.1 M,
pH 6) was added to the supernatants. For solid-phase extraction (SPE), cartridges were
equilibrated with 2 x 3 mL methanol followed by 2 x 2 mL water. Samples were applied
and washed with 2 x 2 mL water and 2 x 2 mL water/methanol (80/20, v/v). After
addition of 1 mL acetic acid (0.1 M), cartridges were centrifuged for 10 min at 1000x g.
After flushing with 3 mL dichloromethane /acetone (50/50, v/v), elution was done using
3 mL dichloromethane/isopropanol/ammonia solution (80/20/4, v/v/v). The extracts
were evaporated to dryness under a gentle stream of nitrogen at 40 °C. For analysis,
residues were redissolved in 50 uL of methanol.
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4.3. Chiral LC-MS/MS Instrumentation and Analytical Parameters

Enantioselective quantification was done using a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) system from Agilent (Waldbronn, Germany). Chromatog-
raphy was conducted using a 1290 Infinity II LC system, coupled via Jet Stream interface
(ESI) to a 6495C triple-quadrupole mass spectrometer. Chiral chromatographic separa-
tion was achieved using a polysaccharide-based chiral Lux 3 pm AMP 150 x 3.0 mm
analytical column, guarded with a Lux AMP 4 x 2.0 mm security guard cartridge (both
Phenomenex; Aschaffenburg, Germany). Injection volume was 1 pL. The mobile phase
consisted of 5 mM ammonium bicarbonate solution adjusted to pH 11 by addition of
ammonia solution (A) and methanol (B). Holding a temperature of 30 °C and a flow rate
of 0.35 mL/min, chromatography was performed isocratically at 60% B for 13 min. For
column washing, B was increased to 95% within 0.5 min, held for 3 min and decreased to
60% within 0.5 min followed by re-equilibration during a post-time of 2 min (total run time
19 min). Electrospray parameters were as follows: gas flow 11 L/min at 200 °C; nebulizer
15 psi, sheath gas flow 12 L/min at 400 °C; capillary voltage +3500 V. Analytes were
detected by multiple reaction monitoring (MRM) mode using the following transitions
(m/z, collision energy in parentheses, target ion underlined): amphetamine 136.1 — 91.0
(17 eV), 119.0 (5 eV), 65.0 (45 eV); amphetamine-d11 147.2 — 98.0 (21 eV), 130.1 (5 eV), 70.1
(45 eV); norephedrine 152.1 — 134.0 (9 eV), 117.0 (17 eV), 115.0 (25 eV); norephedrine-d3
155.1 — 137.1 (9 eV), 119.1.0 (21 V), 117.1 (29 eV); 4-hydroxyamphetamine 152.1 — 107.0
(21 V), 135.0 (5 eV), 77.0 (45 eV). For quantification of each enantiomer, corresponding
enantiomers of the internal standards were used. Norephedrine-d3 was used as internal
standard for quantification of 4-hydroxyamphetamine. Data evaluation was done using
Agilent Mass Hunter Workstation Software (Version B.09.00). Identification of the elution
order of amphetamine enantiomers was conducted by injection of enantiopure standard
solutions. For all other experiments, racemic solutions were used as analytical standards.
Due to the lack of enantiopure standards for norephedrine and 4-hydroxyamphetamine,
elution order of these metabolites could not be determined but was deduced. Since no
racemization of these substances takes place in the human body [58], the absolute configu-
ration (at the 2-position) is retained. Accordingly, when enantiopure formulations such as
dexamphetamine or lisdexamfetamine (Elvanse) are ingested, only (1R,2S)-norephedrine
and (5)-4-hydroxyamphetamine are formed as metabolites. By analyzing respective serum
samples, it could be shown that the mentioned metabolites of (S)-amphetamine elute
second, as does their parent substance.

4.4. Method Validation

The method was validated according to an international forensic guideline [59]. Val-
idation parameters were selectivity, linearity of calibration, analytical limits, accuracy
(bias), interday precision, recovery, matrix effects and processed sample stability. Statistical
evaluation was performed using Valistat 2.00.1 (Arvecon; Walldorf, Germany).

Evaluation of selectivity was done by analyzing drug-free serum samples of 10 differ-
ent donors (blank samples) and two drug-free samples after addition of internal standard
(zero samples). A 100 ng/mL solution of cathine ((15,25)-norpseudoephedrine), which is
a diastereomer of norephedrine, was injected to check for interferences. Linearity of cali-
bration was tested with three calibration series, which included the following calibration
points: 0.5, 2.5, 5, 10, 25, 50, 75, 100, 150 and 250 ng/mL. LOD was determined by means of
signal-to-noise ratio (5/N, >3). LLOQ was established for the lowest calibrator by means
of a 5-fold analysis requiring less than 20% RSD for precision and less than + 20% for bias.
Accuracy (bias), interday precision, recovery and matrix effects were determined at low
(20 ng/mL) and high (125 ng/mL) concentrations relative to the calibration range. Quality
control working solutions and calibration working solutions were prepared separately from
different stock solutions. For determination of accuracy and interday precision, samples
of each concentration were prepared and analyzed on six different days. Accuracy of
calculated concentrations was accepted within a maximum bias of 15%. Interday preci-
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sion was calculated as RSD (%) from 6-fold determinations. Furthermore, external serum
round-robin tests containing certified racemic amphetamine were examined for quality
control. Recovery and matrix effects were determined according to the recommendations
of Matuszewski et al. [60]. Processed sample stability was evaluated at low and high
concentrations by pooling and subsequently splitting six samples of each concentration,
followed by repeated analysis over 63 h. For determination of the long-term stability of
amphetamine enantiomer concentrations and stability of amphetamine (R)/(S) concentra-
tion ratios, 50 amphetamine-positive forensic samples were reanalyzed 10 months after
the first analysis. For amphetamine, freeze—thaw stability was determined by reanalysis
of spiked samples at low and high concentration levels (20 and 250 ng/mL, respectively)
after three freeze-thaw cycles. Additionally, three real forensic samples were reanalyzed
after three cycles.

4.5. Investigated Collectives
4.5.1. Forensic Serum Samples

A total of 425 amphetamine-positive forensic serum samples were analyzed. All
samples originate from the year 2020 and were sent to the Department of Forensic Toxicol-
ogy at the Institute of Forensic Medicine in Mainz, Germany, from police stations in the
federal state of Rhineland-Palatinate for toxicological analysis. After centrifugation, the
serum samples were stored at —20 °C. Samples from individuals reporting consumption of
pharmaceutical drugs containing (S)-amphetamine or (S)-amphetamine precursors (e.g., At-
tentin or Elvanse) or other enantiomeric compositions of amphetamine (e.g., Adderall) were
excluded to prevent the data from being distorted. Cases positive for methamphetamine
were also excluded, since amphetamine represents the main metabolite and this would
therefore bias the results [4].

4.5.2. Cases with Self-Reported Consumption Time

A total of 30 serum samples with self-reported consumption of amphetamine within
the last 48 h were analyzed. The samples were collected from inpatients at the Department
of Psychiatry and Psychotherapy, University Medical Center Mainz, and at the Clinic
and Polyclinic for Psychiatry and Psychotherapy, University Hospital Bonn. Ward 6 (not
protected) of the University Hospital Mainz is specialized in the treatment of patients with
various types of addiction. The “Freud” ward (protected) of the University Hospital Bonn
focuses on addiction medicine for qualified detoxification treatments, especially for opiate-
dependent patients. However, in both clinics, admission and treatment are voluntary. Upon
admission to both wards, patients are asked about their substance abuse (in particular,
substances abused, last use, route of consumption and frequency of use). The collected
blood samples were stored in serum tubes at 4 °C and kept at —20 °C after centrifugation.

5. Conclusions

In the present study, serum samples from two different collectives were stereose-
lectively analyzed for the enantiomers of amphetamine and metabolites. Increasing am-
phetamine (R)/(S) ratios were observed over time. The metabolites were found significantly
more frequently at lower amphetamine (R)/(S) ratios indicating recent consumption. The
advantages of a stereoselective analysis were discussed regarding forensic questions. For
the future, an expansion of the patient collective should be targeted in order to achieve a
more robust data basis. Generally, a controlled ingestion study would be superior, although
this is hardly feasible due to ethical factors.
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5 Enantioselektive Bestimmung der Plasmaproteinbindung von
gebrauchlichen ATS

5.1 Zusammenfassung

Die auch fur 4-FA, Amphetamin, Norephedrin und 4-Hydroxyamphetamin angewendete
LC-MS/MS-Methode war ebenfalls zur Trennung der Enantiomere von Methamphetamin
geeignet und konnte erfolgreich validiert werden. Die fir die Trennung der Enantiomere von
MDMA verwendete Methode konnte ebenfalls fiir Serumproben validiert werden. Darliber hinaus

konnte die Linearitat der Kalibration im Ultrafiltrat flr alle vier Stimulantien gezeigt werden.

Auf Basis der Konzentrationen in den Kontrollproben und in den Ultrafiliraten wurde die PPB der
jeweiligen Enantiomere berechnet. Allgemein lag die PPB der Stimulantien im niedrigen bis
mittleren Bereich. (R)-4-FA (33,5 %) und (S)-4-FA (36,4%) zeigten die hdochste PPB. Die PPB
von Amphetamin lag mit 31,7 % fir das (R)- und 29,0 % fir das (S)-Enantiomer etwas niedriger.
Die niedrigste PPB zeigten die Enantiomere von Methamphetamin mit 18,8 % fur das (R)- und
19,4 % fir das (S)-Enantiomer. Die PPB von (R)-MDMA (21,6 %) und (S)-MDMA (21,3 %) lag
etwas hoher. Es zeigte sich keine signifikante Abhangigkeit der PPB vom Plasmaspender
(einfaktorielle Varianzanalyse, p = 0,85). Fur die PPB der jeweiligen Enantiomere von 4-FA
(t-Test, p = 0,11) und Methamphetamin (p = 0,18) ergaben sich keine signifikanten Unterschiede.
Die Unterschiede in der PPB der Enantiomere von Amphetamin (mittlere Differenz 3,8 %,
p =0,01) und MDMA (mittlere Differenz 0,6 %, p = 0,04) waren jedoch trotz ihres geringen

Ausmalies statistisch signifikant.

Obgleich die Unterschiede in der PPB der Enantiomere von Amphetamin und MDMA statistisch
signifikant waren, sind diese aufgrund ihrer geringen relativen Differenzen nicht geeignet, fir die
erheblichen enantiospezifischen Unterschiede in der Pharmakokinetik und Pharmakodynamik der
Stimulantien verantwortlich zu sein. Fur Amphetamin kommt allenfalls ein geringer Einfluss in
Frage, den die hdhere PPB des (R)-Enantiomers etwa zu einer langsameren Metabolisierung

oder einer niedrigeren pharmakologischen Potenz beitragen konnte.

Eigenleistung an dieser Publikation: Konzept, Methodenentwicklung, Validierung,
Probenmessung, Datenanalyse, Datenaufbereitung, graphische Aufbereitung,

Literaturrecherche, Niederschrift und Einreichung
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ABSTRACT

Amphetamine-type stimulants (ATS) like amphetamine (‘speed’), methamphetamine (‘crystal meth’) and
3,4-methylenedioxy-N-methylamphetamine (MDMA, ‘ecstasy’) represent some of the most frequently
abused drugs worldwide. Another less frequently abused ATS is 4-fluoroamphetamine (4-FA). The enan-
tiomers of these four compounds exhibit different pharmacokinetic and pharmacodynamic properties.
According to the free drug theory, the pharmacological properties of a substance are dependent on its
plasma protein binding (PPB). However, data on PPB of stimulant enantiomers in humans are rare or
non-existent.

Human plasma samples were spiked with racemic mixtures of the stimulants and subjected to ultra-
filtration to extract the unbound fraction. Enantioselective liquid chromatography — tandem mass
spectrometry (LC-MS/MS) methods were applied using a chiral Phenomenex® Lux3 pm AMP column.
Method validation showed satisfactory selectivity, linearity (0.5 250 ng/mL), accuracy and precision.
Enantiomers were quantified before and after ultracentrifugation to determine PPB.

For all analytes, low to medium plasma protein binding was found. For (R)-amphetamine a slightly
but significantly higher PPB was found compared to the (S)-enantiomer (31.7 % vs 29.0 %). (R)-MDMA
also showed only slightly but significantly significantly higher PPB than (S)-MDMA, although the mean
difference was negligible (21.6 % vs 21.3 %). For the enantiomers of methamphetamine and 4-FA, no
significant differences in PPB were found.

In summary, there were no or only minor differences in PBB for the enantiomers of all investigated
compounds. The different pharmacological properties of the stimulant enantiomers can therefore not be
explained by differences in PPB.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

ATS produce stimulant effects by binding to CNS targets, how-
ever, drugs also bind nonspecifically to blood components such as

Amphetamine-type stimulants (ATS) are some of the most com-
monly abused drugs in the world [1]. Consumption and seized
quantities of these synthetic stimulants are increasing worldwide.
While amphetamine is the most commonly used drug in most
European countries, the use of methamphetamine predominates
in North America, Asia and Oceania [1]. Also, abuse of ‘ecstasy’
(3,4-methylendioxy-N-methylamphetamine, MDMA) is on the rise
again in many countries worldwide [1]. Amphetamine derivatives
are also represented in the group of new psychoactive substances
(NPS), of which the para-fluorinated analog of amphetamine, 4-
fluoroamphetamine (4-FA) is occasionally used in Germany and the
Netherlands [2].

* Corresponding author.
E-mail address: losacker@uni-mainz.de (M. Losacker).

https://doi.org/10.1016/j.jpba.2021.114317
0731-7085/© 2021 Elsevier B.V. All rights reserved.
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plasma proteins [3]. Basic substances such as ATS are preferentially
bound on alpha-1-acid glycoprotein (AGP, orosomucoid), which
typically has concentrations of about 20-30 uM [3]. The extent of
plasma protein binding (PPB) thus defines the free drug concentra-
tion in plasma and therefore affects pharmacokinetic parameters
such as clearance (Cl) and volume of distribution (Vy4), and therefore
also affects the plasma half-life (t;;; ) as well as pharmacodynamics
[3].

Enantioselective plasma protein binding has been shown, e.g.
for the basic drugs verapamil and propranolol, which stereoselec-
tively bind to AGP [4]. Studies regarding human plasma protein
binding of ATS are scarce [5-7] and only one chiral PPB study
is available for amphetamine [8]. Various studies have already
shown that, depending on the absolute configuration, the phar-
macodynamic properties of ATS vary significantly. For example,
the (S)-enantiomers of MDMA and amphetamine are reported to



M. Losacker, |. Roehrich and C. Hess

have a higher efficacy [9,10]. Furthermore, various studies sug-
gest a shorter plasma half-life of the (S)-enantiomers [2,8,11,12].
However, the possible influence of a different PPB of the enan-
tiomers has not yet been discussed. Furthermore, it is necessary
to evaluate possible differences in PPB with regard to intoxica-
tion potential. This is particularly relevant because the co-uptake
of other substances competing for binding sites could lead to
severe intoxications [3]. The PPB is also relevant from an ana-
Iytical point of view, since protein-bound analytes would not
be detected without release of the drug from its protein bind-
ing. With the increasing therapeutic use of single enantiomer
drugs (e.g. (S)-amphetamine or (R)-methamphetamine), or other
non-racemic mixtures (e.g. Adderal®), enantioselective analysis is
becoming increasingly important in the field of forensic toxicology,
but also in drug development or clinical areas [13]. Furthermore,
for instance in Germany, the legal consequences of a drug seizure
may vary depending on the chiral composition of the substances
[14]. Therefore, it is important to carry out suitable cost-saving
and time-effective methods for enantiomer separation. Methods of
direct enantioseparation that do not require chiral derivatization
are therefore particularly suitable for practical applications [13].

For the determination of plasma protein binding, ultrafiltration
is a simple and cost-effective method. The free drug concentration
in the ultrafiltrate can be determined consistently, regardless of the
extent of ideal ultrafiltration [15].

In the present study, two chiral liquid chromatography — tan-
dem mass spectrometry (LC-MS/MS) methods were developed to
separate the enantiomers of amphetamine, methamphetamine,
MDMA and 4-FA. The methods were validated according to an
international guideline and then combined with ultrafiltration
to determine the enantioselective protein binding of the most
important ATS. The results were evaluated with regard to phar-
macological and toxicological implications.

2. Material and methods
2.1. Material

(RS)-amphetamine, (RS)-methamphetamine, (S)-
methamphetamine, (RS)-methamphetamine-d, and
(RS)-MDMA-ds were purchased from LGC (Wesel, Germany).
(RS)-amphetamine-d;;, (RS)-4-FA, (S)-amphetamine and (R)-
amphetamine were obtained from Lipomed (Weil am Rhein,
Germany). (RS)-MDMA was purchased from Merck (Darmstadt,
Germany). Methanol (HPLC-grade) was obtained from Thermo
Fisher Scientific (Dreieich, Germany). Water (LC-MS-grade), ace-
tonitrile, dichloromethane, acetone, isopropanol, glacial acetic
acid, potassium dihydrogenphosphate and potassium hydroxide
were purchased from Carl Roth (Karlsruhe, Germany). LC-MS-
grade ammonia solution (25 %), ammonium bicarbonate as well
as Millipore Centrifree® ultrafiltration devices were obtained
from Merck (Darmstadt, Germany). All chemicals were at least
of analytical grade. Mixed-mode cation-exchange solid phase
extraction columns (HF BE-CERTIFY, 300 mg, 3 mL) were obtained
from Agilent (Waldbronn, Germany). Blank (drug-free) plasma
was provided by the blood bank of the University Medical Center
of the Johannes Gutenberg University Mainz.

2.2. Ultrafiltration conditions and sample preparation

Ultrafiltration was conducted analogously to Fung et al. [16]
and in accordance with the manufacturer’s instructions. For each
substance, protein binding was determined separately in tripli-
cate in six different blank plasma samples. For this purpose, each
of 4 mL blank plasma were spiked to reach a final concentra-
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tion of 250 ng/mL per enantiomer (racemic concentration < 3.7
rM). After vortexing, the samples were incubated for one hour
at 37 °C. Subsequently, each 1 mL of plasma was transferred to
the Centrifree® sample reservoirs. An aliquot of 200 pL plasma
was also further processed as a control sample for each determi-
nation. Ultrafiltration devices were then placed in a pre-warmed
centrifuge and centrifuged at 2,000 x g for one hour. 100 pL of the
obtained ultrafiltrate were then spiked with 5 pL of internal stan-
dard solution (containing each 2 pg/mLracemic amphetamine-d;,
methamphetamine-d;; and MDMA-ds in methanol). Control sam-
ples were spiked analogously with 10 pL each to reach the same
concentrations. Further processing was the same for the ultrafil-
trates and control samples. After addition of 600 pL acetonitrile,
samples were centrifuged at 1,200 x g for ten minutes. Then, 6 mL
of phosphate buffer solution (0,1 M, pH 6) were added to the super-
natants. For solid phase extraction, cartridges were equilibrated
with 2 x 3 mL methanol followed by 2 x 2 mL water. Samples
were applied and washed with 2 x 2 mL water and 2 x 2 mL
water/methanol (80/20, v/v). Subsequent to addition of 1 mL acetic
acid (0.1 M), cartridges were centrifuged for 10 min at 1,000 x g.
After flushing with 3 mLdichloromethane/acetone (50/50,v/v),elu-
tion was done using 3 mL dichloromethane/isopropanol/ammonia
solution (80/20/4, v/v/v). The extracts were evaporated to dryness
under a stream of nitrogen and residues were redissolved in 50 pL
of methanol for analysis.

2.3. Chiral LC-MS/MS instrumentation and analytical parameters

Enantioselective quantification was done using a liquid chro-
matography tandem mass spectrometry (LC-MS/MS) system from
Agilent (Waldbronn, Germany). Chromatography was conducted
using a 1290 Infinity II LC system, coupled via Jet Stream inter-
face (ESI) to a 6495C triple quadrupole mass spectrometer. Chiral
chromatographic separation was achieved using a polysaccharide
based chiral Lux® 3 pm AMP 150 x 3.0 mm analytical column,
guarded with a Lux® AMP 4 x 2.0 mm security guard cartridge (both
Phenomenex; Aschaffenburg, Germany). Injection volume was 1
pL. Mobile phase A consisted of 5 mM ammonium bicarbonate
solution adjusted to pH 11 with ammonia solution, as suggested
by the manufacturer. For optimization of the chiral separation,
different compositions of methanol, acetonitrile and isopropanol
were tested as organic mobile phase (B). Amphetamine, metham-
phetamine and 4-FA were best separated using pure methanol.
Under this conditions, the enantiomers of MDMA could not be sepa-
rated satisfactorily. Using a mixture of methanol/acetonitrile (1/1,
v/v), (R)- and (S)-MDMA could be separated properly. A solvent
mixture separating the enantiomer of all four compounds could
not be found. For runtime optimization, different flow rates (0.2
- 0.5 mL/min) and column temperatures (20—50 °C) were tested.
The limiting factor was the maximum pressure of 310 bar, that was
allowed for the polysaccharide column. Best results were obtained
with a flow rate of 0.35 mL/min and a column temperature of 30 °C.
Isocratic elution was proved to be a more suitable than gradient elu-
tion. A column flush step (95 % B) was included to avoid carry-over.
The final gradients were as follows (if applicable different percent-
ages for MDMA in parentheses): Holding B at 60 % (50 %) for 13 min,
increasing it to 95 % within 0.5 min, holding for 3 min and decreas-
ing to 60 % (50 %) within 0.5 min. With an additional post-time of
2 min, total run time for both gradients was 19 min. The follow-
ing electrospray parameters were used: Gas flow 11 L/min at 200
°C; nebulizer 15 psi, sheath gas flow 12 L/min at 400 °C; capillary
voltage +3500 V. Analytes were detected by multiple reaction mon-
itoring (MRM) mode using the following transitions (m/z, collision
energy in parentheses, target ion underlined): amphetamine 136.1
—91.0(17eV), 119.0 (5 eV), 65.0 (45 eV); amphetamine-d;; 147.2
— 98.0 (21 eV), 130.1 (5 eV), 70.1 (45 eV); 4-FA 154.1 — 109.0 (21
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Fig. 1. Extracted ion chromatograms for Amphetamine (top left), methamphetamine (top right), 4-FA (bottom left) und MDMA (bottom right) at a concentration level of 100
ng/mL per enantiomer. For all substances, the (R)-enantiomer eluted first. The following ion transitions are displayed in decreasing order of intensity (target ion underlined):
amphetamine 136.1 — 91.0, 119.0, 65.0; methamphetamine 150.1 — 91.0, 119.0, 65.0; 4-FA 154.1 — 109.0, 137.0, 83.0; MDMA 194.1 — 163.0, 105.0,51.1.

eV), 137.0 (5 eV), 83.0 (45 eV), methamphetamine 150.1 — 91.0
(21eV),119.0(9eV),65.0(49 eV), methamphetamine-d;; 161.2 —
96.9(21eV),127.0(5eV),69.1(53eV), MDMA 194.1 — 163.0(9 eV),
105.0(25eV),51.1(80eV); MDMA-d5 199.2 — 165.0 (13 eV), 107.0
(29 eV), 135.0 (21 eV). Corresponding enantiomers of the internal
standards were used for quantification of each analyte enantiomer.
Amphetamine-d;; was used as internal standard for quantification
of 4-FA. Data evaluation was conducted using Agilent Mass Hunter
Workstation Software (Version B.09.00). Identification of the elu-
tion order for amphetamine and methamphetamine enantiomers
was conducted by injection of enantiopure standard solutions. For
all other experiments, racemic solutions were used as analytical
standard. Due to the lack of enantiopure standards for 4-FA and
MDMA, elution order could not be determined but was deduced.
Elution order of 4-FA enantiomers was deduced in a former study
[2]. For MDMA, a faster metabolism of the (S)-enantiomer was
shown [12]. When forensic plasma samples were measured using
the method presented here, the enantiomer eluting second consis-
tently showed lower concentrations. It was therefore identified as
(S)IMDMA. Taken together, the (R)-enantiomer eluted first for all
the analytes observed in this study.

2.4. Method validation

The methods were validated according to an international
guideline [17]. Relevant validation parameters investigated for
this study were selectivity, linearity of calibration, accuracy (bias),
inter-day precision, recovery, matrix effects and processed sam-
ple stability. All parameters were determined for plasma samples
(sample volume 200 pL, 10 pLISTD). For quantification of the ultra-
filtrates, an additional calibration series was prepared by spiking
blank ultrafiltrates (sample volume 100 pL, 5 pL ISTD). Statistical

75

evaluation was performed using Valistat 2.00.1 software (Arvecon;
Walldorf, Germany).

Selectivity was evaluated by analyzing drug-free serum samples
of ten different donors (blank samples) as well as two drug-free
samples after addition of internal standard (zero samples). Linear-
ity of calibration was assessed by measuring three calibration series
(0.5,2.5,5,10, 25,50, 75,100, 150 and 250 ng/mL) in spiked plasma.
For ultrafiltrate calibration, the same stock solutions were used, but
only half of the volume was spiked in 100 pL blank ultrafiltrate
matrix. Accuracy (bias), interday precision, recovery and matrix
effects were determined at low (20 ng/mL) and high (125 ng/mL)
concentrations relative to the calibration range. To determine accu-
racy and inter-day precision, samples of each concentration were
prepared and analyzed on six different days. Accuracy of calcu-
lated concentrations was accepted within a maximum bias of 15 %.
Interday precision was calculated as RSD (%) from six-fold determi-
nations. Recovery and matrix effect were determined according to
the recommendations of Matuszewski et al. (30). Processed sample
stability was evaluated at low and high concentrations by pool-
ing and subsequently splitting six samples of each concentration,
followed by repeated analysis over 63 h.

2.5. Data analysis

Plasma Protein Binding (PPB) was calculated for each enan-
tiomer in each sample according to Equation 1. To compensate for
measurement inaccuracies, the mean value of the concentrations
of the (R)- and the (S)-enantiomer (C(r)-coner, a0 C(s)-contr.» I€SPeC-
tively) was calculated as the initial concentration in the control
sample. The unbound (free) fraction was thus calculated as the quo-
tient of the concentration of an enantiomer in the ultrafiltrate and
the initial plasma concentration [ 15]. Finally, PPB was calculated as
the difference of the unbound fraction from 1. For each of the six
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Table 1
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Validation results for the enantiomers of amphetamine (AM), methamphetamine (MA), 4-fluorcamphetamine (4-FA) and 3,4-methylendioxy-N-methylamphetamine

(MDMA) in Plasma.

Concentration Analyte Accuracy (Bias)n =6 Precision n =6 Recovery n=6 Matrix effectsn =6
[ng/mL] [%] [%] [%] [%]
20 (R)-AM -1.7 0.4 28.1+£3.2 86.5+ 6.5
20 (S)-AM 4.5 4.3 284 £3.9 87.3£6.7
125 (R)-AM 3.3 2.7 303 £33 106 +£7.3
125 (S)-AM 73 25 323+36 105+7.7
20 (R)-MA -33 4.7 432+ 3.8 88.9+95
20 (S)-MA -6.7 5.8 44.1 £ 4.8 876+£6.6
125 (R)-MA 74 3.1 445+ 48 101 +54
125 (S)-MA 5.4 4.4 443 + 4.8 98.4 + 4.0
20 (R)-4-FA -04 75 30.1+3.1 876+84
20 (S)-4-FA 6.7 4.5 305+£38 88.7 £ 8.1
125 (R)-4-FA 6.4 3.7 3334£35 115+£85
125 (S)-4-FA 0.2 0.8 349 +36 113+77
20 (R)-MDMA -7.8 3.8 522455 106 + 10.6
20 (S)-MDMA -8.7 4.6 524+ 48 105+ 102
125 (R)-MDMA 0.8 1.8 538 +£5.7 110+ 6.6
125 (S)-MDMA -2.2 29 558£5.8 105+4.8
50%=
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Fig.2. Boxplots of the determined Plasma protein binding for the enantiomers of amphetamine, 4-FA, methamphetamine and MDMA. Each box represents the mean values of
triplicate determinations in 6 different plasma samples. Horizontal lines represent the median, boxes represent the range between lower and upper quartile of the subgroups
(inter quartile range). Whiskers represent all samples within + 1.5 times the interquartile range. No outliers or extreme values greater than median + 1.5 times the inter

quartile range were present.

plasma samples, the mean value from the triplicate determination
was then calculated.
CuF

PPB=1 —
0.5 x (C(S) contr. T C(R) mnrr.)

Equation 1 Calculation of the individual plasma protein binding
(PPB). C(Ry-contr. @Nd ¢(s)-contr. are the initial plasma concentrations
of the enantiomers (control sample) and cyg is the concentration of
the respective enantiomer in the ultrafiltrate.

3. Results
3.1. Method validation

Baseline separation was achieved for all enantiomers (cf. Fig. 1).
No interfering signals were found in blank and zero samples (data
not shown). For all enantiomers, a linear calibration model without
weighting could be used for quantification in plasma and ultrafil-
trate. Results of further validation experiments were also within
acceptable limits (cf. Table 1). Recovery for the internal standards
was always in the same range as for the analytes (maximum devi-
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ation 5.3 %). In addition, similar matrix effects were determined
for the internal standards (maximum deviation 9%), which thus
compensate for the already minor matrix effects of the analytes.
Processed samples were stable for at least 63 h since decrease of
absolute peak areas was less than 20 % of the initial value for all
enantiomers.

3.2. Plasma protein binding

For all analytes, low to medium plasma protein binding was
found (cf. Fig. 2). Median PPB was highest for 4-FA (33.5 % and
36.4 % for the (R)- and the (S)-enantiomer, respectively). For
amphetamine, median PPB was slightly lower (31.7 % and 29.0 %
for the (R)- and the (S)-enantiomer, respectively). Lowest median
PPB was observed for methamphetamine (18.8 % and 19.4 % for
the (R)- and the (S)-enantiomer, respectively). MDMA showed a
slightly higher median PPB (21.6 % and 21.3 % for the (R)- and
the (S)-enantiomer, respectively). Mean PPB of all analytes was
independent of the plasma donor (one-way ANOVA, P =0.85). Stan-
dard deviation of the triplicate determinations had a median of
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0.03 (mean 0.03; 0.01 - 0.08) and was independent of the ana-
lyte (one-way ANOVA, P = 0.73). For amphetamine, a higher PPB
of the (R)-enantiomer was found (mean difference 3.8 %, 1.6-8.5%).
(R)-MDMA showed a marginally higher PPB than (S)-MDMA (mean
difference 0.6 %, 0.0-1.4%). For 4-FA, a lower PPB of the (R)-
enantiomer was found (mean difference -4.0%,-9.9-4.9 %). A lower
PPB of the (R)-enantiomer was also found for methamphetamine
(mean difference -0.8 %, -2.4 - 0.8 %).

The observed differences were statistically significant for
amphetamine (paired t-test, P = 0.01) and MDMA (P = 0.04), but
not for 4-FA (P =0.11) and methamphetamine (P = 0.18).

4. Discussion

In the present study, the PPB of common stimulant drugs was
determined stereoselectively. A simple method of ultrafiltration
[16] was used to extract the unbound fraction from human plasma.
To the best of our knowledge, this is the first study to take the
advantages of a rapid ultrafiltration method to investigate enan-
tioselective protein binding by chiral LC-MS/MS. Furthermore, the
developed methods offer the possibility to reliably separate the
enantiomers of the most important amphetamine-type stimulants
without extensive sample preparation (e.g. derivatization). The
developed chiral LC-MS/MS methods fulfilled all validation crite-
ria and a low standard deviation of the determined PPB could be
achieved.

There was no plasma showing a generally higher PPB, suggest-
ing only minor interindividual differences among the six plasma
donors.

Only a few studies on the PPB of these stimulants are available in
the literature and the results, which are partly derived from animal
experiments, are often misleadingly or incorrectly cited in the lit-
erature. While no studies are available for 4-FA, protein binding of
MDMA has only been determined in dog and rabbit plasma. Both the
reported PPB in dog plasma (33-41 %)[18] and in rabbits (63 %) [19]
are significantly higher than our findings in human plasma. Also,
the PPB of methamphetamine in rat plasma (54 %) [20] is consider-
ably higher than our results. However, our results are in agreement
with the PPB determined by Lal in human plasma (20 %) [7]. There,
no change in the PPB of (S)-methamphetamine was found in the
presence of (R)-methamphetamine, which was attributed to an
excess of available protein binding sites. Furthermore, no signif-
icant pH-dependence of the PPB was observed between pH 6.8
and 7.8. Our results for amphetamine are above those obtained in
human plasma for (S)-amphetamine by Baggott et al. (16 %) [5]
as well as for (presumably) racemic amphetamine by Peltenburg
et al. (approx. 22 %) [6]. However, these divergent results do not
automatically contradict our findings, as PPB can be dependent, for
example, on gender, age, obesity, ethnicity, and diseases [3]. Only
one study with separate determination of the protein binding of
(S)- and (R)-amphetamine in human plasma could be found. In this
study by Wan et al., a PPB of 16 % was found for both enantiomers
[8]. This is inconsistent with the significantly higher protein bind-
ing of (R)-amphetamine found in our study. No validation data are
available for the method used there. The absence of baseline separa-
tion and contamination of enantiopure standards, as suggested by
the chromatograms, could have contributed to the non-detection
of marginal differences in protein binding. Our study also found
barely significant differences in the PPB of (R)- and (S)-MDMA.
However, as the mean difference was only 0.6 %, this should not
have a significant impact on the pharmacokinetic and pharmaco-
dynamic properties of MDMA. Although (S)-4-FA had a 4.0% higher
mean protein binding, this difference was not significant. The latter
wasalso true for methamphetamine with a mean difference of 0.8 %.

Amphetamine, MDMA, 4-FA (and in sometimes metham-
phetamine) are not stereoselectively synthesized and are thus
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consumed as racemates [ 14]. Toxicokinetic studies in humans con-
sistently showed preferential metabolism of the (S)-enantiomers

[2,8,11,12]. The lower PPB of (S)-amphetamine found in the
present study may contribute to stereoselective kinetics. In con-
trast, such influence can be virtually excluded for MDMA, 4-FA
and methamphetamine. Also, pharmacodynamic differences of the
enantiomers of MDMA [9] and methamphetamine [ 11] are thus not
attributable to PPB. The lower protein binding of (S)-amphetamine
found here is not sufficient to explain its up to 3-fold higher efficacy
[10] relative to the (R)-enantiomer. For all stimulants studied here,
PPB may lead to some depot deposition in blood. Since the drug-
binding properties of AGP are saturable and displaceable [3], it can
be assumed that the consumption of high doses or co-consumption
of substances competing for AGP will lead to a disproportionate
increase in free drug concentration, which can contribute to severe
intoxications and fatalities [3].

5. Conclusion

In the present study, the protein binding of the enantiomers of
common phenethylamine-type stimulant drugs was determined
in human plasma. All substances showed low to medium PPB. Only
for the enantiomers of amphetamine minor significant differences
in PPB could be detected, whereas differences for the other sub-
stances were only marginal and/or not significant. Differences in
the pharmacokinetics or pharmacodynamics of the enantiomers
are therefore not attributable to the PPB.
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Fazit und Ausblick

6 Fazit und Ausblick

Bei der forensisch-toxikologischen Begutachtung von Delikten, die unter Einfluss von
Stimulantien begangen werden, ist die Kenntnis der Beeinflussung zum Tatzeitpunkt von

elementarer Wichtigkeit.

Da hierbei eine grof3e Bandbreite an akuten sowie an subakuten Effekten in Frage kommt, ist die
Uberprifung des vom Beschuldigten angegebenen Konsumzeitpunktes von entscheidender
Bedeutung. Insbesondere bei Verkehrsdelikten ist fir eine Verurteilung der Nachweis einer durch
den Konsum von Stimulantien bedingten Beeinflussung zu erbringen. Bei Fragen der
Schuldfahigkeit kann ein zugrundeliegender Stimulantieneinfluss den Beschuldigten dagegen
entlasten. Die separate analytische Erfassung von Enantiomerenkonzentrationen Uber
enantioselektive Analytik bietet ein noch weitgehend unausgeschdpftes Potential, eine exaktere
Einschatzung des Konsumzeitpunktes zu erlauben, als dies mit konventionellen analytischen
Methoden mdoglich ist. Im Rahmen dieser Arbeit wurden daher forensische Serum- aber auch
Stoffproben untersucht, um die forensischen Anwendungsmdglichkeiten enantioselektiver

Analytik zu erweitern.

Bei der stereoselektiven Analyse von beschlagnahmten Stoffproben zeigten sich flir Amphetamin
und MDMA ausnahmslos racemische Zusammensetzungen. Stereoselektive Synthesewege oder
Racematspaltung werden fur diese Stimulantien offenbar nicht angewendet. Aufgrund der
racemischen Beschaffenheit von illegalem Amphetamin kann mittels stereoselektiver Analyse
von Serumproben der illegale Konsum von einer therapeutischen Einnahme
(S)-amphetaminhaltiger ADHS-Medikamente differenziert werden. Die chirale Analyse von
Methamphetamin-Asservaten lies vielfaltige Zusammensetzungen erkennen und spiegelt den
aktuellen Wandel auf dem europaischen Drogenmarkt wider. So konnten in einigen Fallen auch
nicht-racemische Mischungen oder reines (R)-Methamphetamin detektiert werden. Da abhangig
von der Enantiomerenzusammensetzung die pharmakologische Potenz sowie die nicht geringe
Menge im Sinne des BtMG variieren kann und auf3erdem Rulckschlisse auf den synthetischen
Ursprung des Asservats gezogen werden kdnnen, sollte es unter Berlicksichtigung dieser
Ergebnisse geboten sein, routinemafllig samtliche asservierten Methamphetaminproben
stereoselektiv zu charakterisieren. Es sollte zudem immer bericksichtigt werden, dass
Synthesewege sich jederzeit aufgrund von regulativen Malnahmen wie Restriktionen
entsprechender Synthesechemikalien andern koénnen. Da in Anbetracht dessen auch

Anderungen in der chiralen Zusammensetzung von Amphetamin und MDMA nicht
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auszuschlieBen sind, sollte auch fir diese Stimulantien ein stichprobenartiges Monitoring

erfolgen.

Far Amphetamin und 4-FA konnten Uber unterschiedliche Ansatze der Probengewinnung
wichtige Erkenntnisse zum zeitlichen Verlauf der (R)/(S)-Konzentrationsverhaltnisse im
Blutserum gewonnen werden, worliber eine Uberpriifung des Konsumzeitpunktes unter
bestimmten Bedingungen ermdglicht wird. Eine gute Korrelation des Verlaufs der
(R)/(S)-Konzentrationsverhaltnisse mit der Zeit zeigte sich sowohl fur 4-FA als auch fir
Amphetamin, obwonhl letztere lediglich auf Basis von Eigenaussagen der Patienten analysiert
werden konnten. Fir Amphetamin konnte dartber hinaus die statistische Verteilung der tblichen
(R)/(S)-Verhaltnisse auf Basis eines umfangreichen Probenkollektives beschrieben werden.
Weiterhin  wurden grundlegende Erkenntnisse Uber das Vorhandensein und die
Enantiomerenverteilung der Metabolite 4-Hydroxyamphetamin und Norephedrin in Serumproben
gewonnen. Durch Erfassung dieser Metabolite kénnen potentiell zusatzliche Hinweise zur

Zeiteinschatzung erlangt werden.

Sowohl fiur Amphetamin als auch fur 4-FA konnten auf Basis der Untersuchungsergebnisse
Cut-offs zum Ausschluss einer akuten Symptomatik vorgeschlagen werden. Entsprechende
Entscheidungsgrenzen konnten jedoch lediglich in Richtung des Ausschlusses einer akuten
Beeinflussung bei Uberschreitung eines Schwellenwertes entwickelt werden, nicht jedoch in
Richtung des sicheren Nachweises einer akuten Beeinflussung. Dies war bedingt durch einzelne
Serumproben, in denen sehr geringe (R)/(S)-Konzentrationsverhaltnisse vorlagen, obwohl der
Konsum bereits einige Zeit zurucklag. Besonders deutlich wurden diese interindividuellen
Unterschiede bei zwei Probanden innerhalb der 4-FA-Studie, deren zeitliche Steigung der
(R)/(S)-Verhaltnisse erheblich auf3erhalb des restlichen Kollektives lag. Bei der forensischen
Interpretation der Ergebnisse sollte bericksichtigt werden, dass an dieser Studie lediglich
12 Probanden teilnahmen und bei einer Ausweitung des Probandenkollektivs gegebenenfalls
noch extremere Ausreil3er auftreten kdnnten. Insbesondere fir die zwei beobachteten Ausreil3er
ware eine Bestimmung des CYP2D6-Phanotyps von grof3em Interesse gewesen. Der pH-Wert
des Urins, der in diesen Fallen ebenfalls einen erheblichen Einfluss auf die Pharmakokinetik
haben kénnte, wurde in diesen Fallen ebenfalls nicht kontrolliert. Zu klaren ware zukinftig auch,
in wieweit ein moglicher Bingekonsum sowie der Beikonsum anderer Drogen oder Medikamente
die Ergebnisse beeinflussen kann. Fir die beobachtete dosisunabhangige lineare Steigung der

(R)/(S)-Verhaltnisse ware zu prufen, ab welcher Dosis die Kapazitat der beteiligten CYP-Enzyme
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Uberschritten wird und somit Veranderungen in der Stereoselektivitat des Metabolismus und der

Ausscheidung zu erwarten sind.

Eine klinische Studie mit kontrollierter Aufnahme ware auch fir Amphetamin anzustreben, da nur
auf diese Weise verlassliche Ergebnisse garantiert werden kénnen. Alternativ ware eine
Ausweitung des Probandenkollektivs in Ansatzen &hnlich der hier vorgestellten
Psychiatrie-Studie anzustreben. Mit einem deutlich groReren Kollektiv konnte eine bessere
Abdeckung aller Zeitpunkte nach Konsum sowie eine bessere Erfassung interindividueller
Unterschiede gewahrleistet werden. Neben der Quantifizierung von Enantiomeren in
Blutserumproben waren insbesondere fir Amphetamin, dessen Konsum nicht selten zu tédlich
verlaufenden Uberdosierungen flihrt, Untersuchungen zu den im postmortalen Blut und Gewebe

vorgefundenen Enantiomerenverhaltnissen von forensisch-toxikologischem Interesse.

Ursprunglich wurde eine zum Amphetamin analoge Studie auch fir MDMA angestrebt, jedoch
konnten aufgrund der niedrigeren Pravalenz und der bedeutend geringeren Anzahl an chronisch
abhangigen Konsumenten, die sich in Therapie begeben, nur einige wenige Proben gesammelt
werden. Im Vergleich zum Amphetamin ist der stereoselektive Metabolismus von MDMA auch

bereits umfanglicher erforscht.

Bei der Untersuchung der PPB von Amphetamin, Methamphetamin, MDMA und 4-FA konnten
keine oder nur unbetrachtliche Unterschiede in der Bindung der Enantiomere festgestellt werden.
Die mitunter erheblichen Unterschiede in der Pharmakokinetik und Pharmakodynamik der
Enantiomere sind somit nicht durch Unterschiede in der PPB bedingt. Dennoch bleibt zu klaren,
ob auch die Gewebebindung unabhangig von der absoluten Konfiguration der Stimulantien ist
und welcher Effekt daflir verantwortlich ist, dass bei Konsum von 4-FA und Amphetamin
insbesondere in der Absorptionsphase (R)/(S)-Konzentrationsverhaltnisse unterhalb von 1,00 zu

beobachten sind.

81



Literaturverzeichnis

10.

11.

12.

13.

Literaturverzeichnis

World Health Organization. Amphetamine-type stimulants: A report from the WHO Meeting on
Amphetamines, MDMA and other Psychostimulants, Geneva, 12-15 November 1996.

Gouzoulis-Mayfrank, E.; Maji¢, T.; Schaub, M.P. Stimulanzien vom Amphetamin-Typ. In
Suchtmedizin, 1. Auflage; Soyka, M., Batra, A., Heinz, A., Moggi, F., Walter, M., Eds.; Elsevier:
Minchen, Deutschland, 2019; 203-218, ISBN 978-3-437-23021-9.

Sulzer, D.; Sonders, M.S.; Poulsen, N.W.; Galli, A. Mechanisms of neurotransmitter release by
amphetamines: a review. Prog. Neurobiol. 2005, 75, 406—433, doi:10.1016/j.pneurobio.2005.04.003.

European Monitoring Centre for Drugs and Drug Addiction. The state of the drugs problem in Europe:
Annual report 2011; European Monitoring Centre for Drugs and Drug Addiction; Publications Office of
the European Union: Lisbon, Portugal, Luxembourg, 2011, ISBN 978-92-9168-470-0.

Bonhoff, G.; Lewrenz, H. Uber Weckamine: Pervitin und Benzedrin; Springer Berlin Heidelberg: Berlin,
Heidelberg, 1954, ISBN 9783642885471.

Morimoto, K. The problem of the abuse of amphetamines in Japan. Bulletin on Narcotics 1957, 9, 8—
12.

Heesun, C.; Sanggil, C. Amphetamine-type Stimulants in Drug Testing. Mass Spectrometry Letters
2019, 10, 1-10, doi:10.5478/MSL.2019.10.1.1.

Fleckenstein, A.E.; Gibb, J.W.; Hanson, G.R. Differential effects of stimulants on monoaminergic
transporters: Pharmacological consequences and implications for neurotoxicity. European Journal of
Pharmacology 2000, 406, 1-13, doi:10.1016/S0014-2999(00)00639-7.

United Nations Office on Drugs and Crime. Terminology and information on drugs, Third edition;
UNITED NATIONS: New York, 2016, ISBN 978-92-1-148287-4.

Kramer, J.C. Introduction to Amphetamine Abuse. Journal of Psychedelic Drugs 1969, 2, 8-13,
doi:10.1080/02791072.1969.10524408.

United Nations Office on Drugs and Crime. World Drug Report 2020, UN, 2020, ISBN
9789210050470.

European Monitoring Centre for Drugs and Drug Addiction. European drug report 2020: Trends and
developments; Publications Office of the European Union: Luxembourg, 2020, ISBN 978-92-9497-
544-7.

Daumann, J.; Gouzoulis-Mayfrank, E. Amphetamine, Ecstasy und Designerdrogen, 1. Aufl;
Kohlhammer Verlag: Stuttgart, 2015, ISBN 9783170288058.

82



Literaturverzeichnis

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wadsworth, E.; Drummond, C.; Deluca, P. The Dynamic Environment of Crypto Markets: The Lifespan
of New Psychoactive Substances (NPS) and Vendors Selling NPS. Brain Sci. 2018, 8§,
doi:10.3390/brainsci8030046.

van Amsterdam, J.; Nutt, D.J.; van den Brink, W. Generic legislation of new psychoactive drugs. J.
Psychopharmacol. 2013, 27, 317-324, doi:10.1177/0269881112474525.

Sikiru, L. Flower of paradise (Khat: Catha edulis): Psychosocial, health and sports perspectives.
African Journal of Health Sciences 2013, 24, 69-83.

Stojanovska, N.; Fu, S.; Tahtouh, M.; Kelly, T.; Beavis, A.; Kirkbride, K.P. A review of impurity profiling
and synthetic route of manufacture of methylamphetamine, 3,4-methylenedioxymethylamphetamine,
amphetamine, dimethylamphetamine and p-methoxyamphetamine. Forensic Science International
2013, 224, 8-26, doi:10.1016/j.forsciint.2012.10.040.

United Nations: International Narcotics Control Board. Precursors and chemicals frequently used in
the illicit manufacture of narcotic drugs and ... psychotropic substances 2019; UNITED NATIONS,
2019, ISBN 9211482909.

Rasmussen, N. Amphetamine-Type Stimulants: The Early History of Their Medical and Non-Medical
Uses. Int. Rev. Neurobiol. 2015, 120, 9-25, doi:10.1016/bs.irn.2015.02.001.

International Narcotics Control Board. List of psychotropic substances under international control
(Green List), 29th ed., 2018.

Bundesministerium fir Gesundheit, Die Drogenbeauftragte. Drogen- und Suchtbericht der
Bundesregierung 2020 2020.

European Monitoring Centre for Drugs and Drug Addiction. Germany country drug report 2019;

Publications Office of the European Union: Luxembourg, 2019.

MuBhoff, F.; Skopp, G.; Madea, B.; Maas, A. Amphetamine und das Medikamentenprivileg im
StralRenverkehr. Blutalkohol 2020, 58, 260-269.

Connolly, J.J.; Glessner, J.T.; Elia, J.; Hakonarson, H. ADHD & Pharmacotherapy: Past, Present and
Future: A Review of the Changing Landscape of Drug Therapy for Attention Deficit Hyperactivity
Disorder. Ther. Innov. Regul. Sci. 2015, 49, 632-642, doi:10.1177/2168479015599811.

Cruickshank, C.C.; Dyer, K.R. A review of the clinical pharmacology of methamphetamine. Addiction
2009, 104, 1085-1099, doi:10.1111/j.1360-0443.2009.02564 .x.

Edeleano, L. Ueber einige Derivate der Phenylmethacrylsaure und der Phenylisobuttersaure. Ber.
Dtsch. Chem. Ges. 1887, 20, 616622, doi:10.1002/cber.188702001142.

Heal, D.J.; Smith, S.L.; Gosden, J.; Nutt, D.J. Amphetamine, past and present - a pharmacological
and clinical perspective. J. Psychopharmacol. 2013, 27, 479-496, doi:10.1177/0269881113482532.

83



Literaturverzeichnis

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Alles, G.A. The comparative physiological actions of dI-B-phenylisopropylamines I. Pressor effect and
toxicity. J Pharmacol Exp Ther 1933, 47, 339-354.

Bett, W.R. Benzedrine sulphate in clinical medicine; a survey of the literature. Postgrad. Med. J. 1946,
22, 205-218, doi:10.1136/pgm;.22.250.205.

Vearrier, D.; Greenberg, M.1.; Miller, S.N.; Okaneku, J.T.; Haggerty, D.A. Methamphetamine: history,
pathophysiology, adverse health effects, current trends, and hazards associated with the clandestine
manufacture of methamphetamine. Disease-a-Month 2012, 58, 38—89.

Rasmussen, N. America's first amphetamine epidemic 1929-1971: a quantitative and qualitative
retrospective with implications for the present. Am. J. Public Health 2008, 98, 974-985,
doi:10.2105/AJPH.2007.110593.

Bundeskriminalamt. Rauschgiftkriminalitat: Bundeslagebild 2019 2020.
Bundeskriminalamt. Rauschgiftkriminalitat: Bundeslagebild 2020 2021.

Kénig, F.; Kaschka, W.P. Interaktionen und Wirkmechanismen ausgewéhlter Psychopharmaka: 2.
liberarbeitete und erweiterte Auflage; Thieme, 2003, ISBN 3131054522.

Schneider, F.; Neumeier, E.; Karachaliou, K.; Ténsmeise, C.; Friedrich, M.; Pfeiffer-Gerschel, T.
Drogenmarkte und Kriminalitat - Workbook Drug Market and Crime: DEUTSCHLAND Bericht 2020
des nationalen REITOX-Knotenpunkts an die EMCDDA (Datenjahr 2019 / 2020) 2020.

Panenka, W.J.; Procyshyn, R.M.; Lecomte, T.; MacEwan, G.W.; Flynn, S.W.; Honer, W.G.; Barr, A.M.
Methamphetamine use: a comprehensive review of molecular, preclinical and clinical findings. Drug
Alcohol Depend. 2013, 129, 167-179, doi:10.1016/j.drugalcdep.2012.11.016.

Nagai, T.; Kamiyama, S. Forensic toxicologic analysis of methamphetamine and amphetamine optical
isomers by high performance liquid chromatography. Z Rechtsmed 1988, 101, 151-159,
doi:10.1007/BF00201110.

Yatsuhashi, H. Past, Present, and Future of Viral Hepatitis C in Japan. Euroasian J.
Hepatogastroenterol. 2016, 6, 49-51, doi:10.5005/jp-journals-10018-1166.

Caras, S.; Sharpe, T. Pharmacokinetics of AR19, an Immediate-Release Amphetamine Sulfate
Formulation Designed to Deter Manipulation for Administration Via Nonoral Routes: Bioequivalence
to Reference Racemic Amphetamine Sulfate, Dose Proportionality, and Food Effect. Journal of Child
and Adolescent Psychopharmacology 2020, 30, 69—-80, doi:10.1089/cap.2019.0133.

Arnaud, N.; Thomasius, R. Methamphetamin: Epidemiologie, klinische Bedeutung und Folgen des
Gebrauchs. Der Nervenarzt 2017, 88, 1079-1090.

Heyden, M. von. Stimulanzien. In Handbuch Psychoaktive Substanzen; Heyden, M. von, Jungaberle,
H., Maji¢, T., Eds.; Springer, 2018; pp 517-535.

84



Literaturverzeichnis

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rusyniak, D.E. Neurologic manifestations of chronic methamphetamine abuse. Neurol. Clin. 2011, 29,
641-655, doi:10.1016/j.ncl.2011.05.004.

European Monitoring Centre for Drugs and Drug Addiction. Methamphetamine in Europe: EMCDDA-
Europol threat assessment 2019; Publications Office of the European Union: Luxembourg, 2019, ISBN
9789294974365.

Bundeskriminalamt. Rauschgiftkriminalitat: Bundeslagebild 2017 2018.

Matos, E.G. de; Hannemann, T.-V.; Atzendorf, J.; Kraus, L.; Piontek, D. The Consumption of New
Psychoactive Substances and Methamphetamine. Ditsch. Arztebl. Int. 2018, 115, 49-55,
doi:10.3238/arztebl.2018.0049.

Melega, W.P.; Wiliams, A.E.; Schmitz, D.A.; Distefano, E.W.; Cho, A.K. Pharmacokinetic and
pharmacodynamic analysis of the actions of D-amphetamine and D-methamphetamine on the
dopamine terminal. J Pharmacol Exp Ther 1995, 274, 90-96.

Kirkpatrick, M.G.; Gunderson, E.W.; Johanson, C.-E.; Levin, F.R.; Foltin, R.W.; Hart, C.L. Comparison
of intranasal methamphetamine and d-amphetamine self-administration by humans. Addiction 2012,
107, 783-791, doi:10.1111/j.1360-0443.2011.03706.x.

Shoblock, J.R.; Maisonneuve, |.M.; Glick, S.D. Differences between d-methamphetamine and d-
amphetamine in rats: working memory, tolerance, and extinction. Psychopharmacology 2003, 170,
150-156, doi:10.1007/s00213-003-1522-y.

De-Carolis, C.; Boyd, G.-A.; Mancinelli, L.; Pagano, S.; Eramo, S. Methamphetamine abuse and "meth
mouth" in Europe. Med. Oral Patol. Oral Cir. Bucal 2015, 20, €205-10, doi:10.4317/medoral.20204.

Islam, R.N.; Tabassum, N.E.; Shafiuzzaman, A.K.M.; Umar, B.U.; Khanam, M. Methamphetamine
(YABA) Abuse: A Case Study in Young Male. Faridpur Medical College Journal 2013, 7, 102-104,
doi:10.3329/fmcj.v7i2.13527.

Junkuy, A.; Aramrattana, A.; Sribanditmongkol, P. A comparative study of self-report, urinalysis and
hair analysis in the detection of methamphetamine in Yaba users. Journal of the Medical Association
of Thailand = Chotmaihet thangphaet 2014, 97, 776—784.

Gowing, L.R.; Henry-Edwards, S.M.; Irvine, R.J.; Ali, R.L.; World Health Organization. Ecstasy, MDMA

and other ring-substituted amphetamines, 2001.

Firma E. Merck. Verfahren zur Darstellung von Alkyloxyaryl-, Dialkyloxyarly, und

Alkylendioxyarylaminopropanen bzw. deren am Stickstoff monoalkylierten Derivaten.

Freudenmann, R.W.; Oxler, F.; Bernschneider-Reif, S. The origin of MDMA (ecstasy) revisited: the
true story reconstructed from the original documents. Addiction 2006, 7101, 1241-1245,
doi:10.1111/j.1360-0443.2006.01511.x.

85



Literaturverzeichnis

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Anderson, G.M.; Braun G; Braun U; Nichols, D.E.; Shulgin, A.T. Absolute configuration and
psychotomimetic activity. NIDA Research Monograph 1978, 22, 8-15.

Shulgin, A.T.; Nichols, D.E. Characterization of three new psychotomimetics. The

psychopharmacology of hallucinogens; Elsevier, 1978; pp 74-83.
Siegel, R.K. MDMA: Nonmedical use and intoxication. J. Psychoactive Drugs 1986, 18, 349-354.

Passie, T.; Benzenhofer, U. The History of MDMA as an Underground Drug in the United States, 1960-
1979. J. Psychoactive Drugs 2016, 48, 67—75, doi:10.1080/02791072.2015.1128580.

Karch, S.B. A historical review of MDMA. The Open Forensic Science Journal 2011, 4.
Schwartz, R.H.; Miller, N.S. MDMA (ecstasy) and the rave: a review. Pediatrics 1997, 100, 705-708.

Schulte, L.; Dammer, E.; Pfeiffer-Gerschel, T. Drogenmarkte und Kriminalitat - Workbook Drug Market
and Crime: DEUTSCHLAND Bericht 2017 des nationalen REITOX-Knotenpunkts an die EBBD
(Datenjahr 2016 / 2017) 2017.

Oberlender, R.; Nichols, D.E. Drug discrimination studies with  MDMA and amphetamine.
Psychopharmacology 1988, 95, 71-76, doi:10.1007/BF00212770.

Nichols, D.E. Differences between the mechanism of action of MDMA, MBDB, and the classic
hallucinogens. Identification of a new therapeutic class: entactogens. J. Psychoactive Drugs 1986, 18,
305-313.

Rothman, R.B.; Baumann, M.H.; Dersch, C.M.; Romero, D.V.; Rice, K.C.; Carroll, F.l.; Partilla, J.S.
Amphetamine-type central nervous system stimulants release norepinephrine more potently than they
release dopamine and serotonin. Synapse 2001, 39, 32—41, doi:10.1002/1098-2396(20010101)39:1.

Green, A.R.; Mechan, A.O.; Elliott, J.M.; O'Shea, E.; Colado, M.I. The pharmacology and clinical
pharmacology of 3,4-methylenedioxymethamphetamine (MDMA, "ecstasy"). Pharmacological reviews
2003, 55, 463-508, doi:10.1124/pr.55.3.3.

Milliet, Q.; Weyermann, C.; Esseiva, P. The profiling of MDMA tablets: a study of the combination of
physical characteristics and organic impurities as sources of information. Forensic Science
International 2009, 187, 58-65, doi:10.1016/j.forsciint.2009.02.017.

Teng, S.-F.; Wu, S.-C.; Liu, C.; Li, J.-H.; Chien, C.-S. Characteristics and trends of 34-
methylenedioxymethamphetamine (MDMA) tablets found in Taiwan from 2002 to February 2005.
Forensic Science International 2006, 161, 202—208, doi:10.1016/j.forsciint.2006.03.035.

European Monitoring Centre for Drugs and Drug Addiction. European drug report 2019: Trends and
developments; Publications Office of the European Union: Luxembourg, 2019, ISBN 9294973980.

86



Literaturverzeichnis

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Parrott, A.C. Is ecstasy MDMA? A review of the proportion of ecstasy tablets containing MDMA, their
dosage levels, and the changing perceptions of purity. Psychopharmacology 2004, 173, 234-241,
doi:10.1007/s00213-003-1712-7.

Vogels, N.; Brunt, T.M.; Rigter, S.; van Dijk, P.; Vervaeke, H.; Niesink, R.J.M. Content of ecstasy in
the Netherlands: 1993-2008. Addiction 2009, 104, 2057-2066, doi:10.1111/j.1360-
0443.2009.02707 .x.

Gouzoulis-Mayfrank, E.; Daumann, J. Neuropsychologie des Ecstasy-Abusus. In Neuropsychologie
psychischer Stérungen; Lautenbacher, S., Gauggel, S., Eds.; Springer Berlin Heidelberg: Berlin,
Heidelberg, 2010; pp 309-320, ISBN 978-3-540-72340-0.

Topp, L.; Hando, J.; Dillon, P.; Roche, A.; Solowij, N. Ecstasy use in Australia: patterns of use and
associated harm. Drug Alcohol Depend. 1999, 55, 105-115, doi:10.1016/S0376-8716(99)00002-2.

Rohrich, J.; Becker, J.; Kaufmann, T.; Zérntlein, S.; Urban, R. Detection of the synthetic drug 4-
fluoroamphetamine (4-FA) in serum and urine. Forensic Science International 2012, 215, 3-7,
doi:10.1016/j.forsciint.2011.04.004.

Rickli, A.; Hoener, M.C.; Liechti, M.E. Monoamine transporter and receptor interaction profiles of novel
psychoactive substances: para-halogenated amphetamines and pyrovalerone cathinones. Eur.
Neuropsychopharmacol. 2015, 25, 365-376, doi:10.1016/j.euroneuro.2014.12.012.

Davidsen, A.B.; Mardal, M.; Linnet, K. In Vitro Metabolism and Hepatic Intrinsic Clearance of the
Synthetic Cannabinoid Receptor Agonist JWH-122 and Its Four w-Halogenated Analogues. AAPS J
2019, 21, 63, doi:10.1208/s12248-019-0338-6.

Roésner, P.; Quednow, B.; Girreser, U.; Junge, T. Isomeric Fluoro-methoxy-phenylalkylamines: a new
series of controlled-substance analogues (designer drugs). Forensic Science International 2005, 148,
143-156, doi:10.1016/j.forsciint.2004.05.003.

Johansen, S.S.; Hansen, T.M. Isomers of fluoroamphetamines detected in forensic cases in Denmark.
Int J Legal Med 2012, 126, 541-547, doi:10.1007/s00414-012-0671-0.

Pedersen, A.J.; Dalsgaard, P.W.; Rode, A.J.; Rasmussen, B.S.; Mlller, I.B.; Johansen, S.S.; Linnet,
K. Screening for illicit and medicinal drugs in whole blood using fully automated SPE and ultra-high-
performance liquid chromatography with TOF-MS with data-independent acquisition. J. Sep. Sci.
2013, 36, 2081-2089, doi:10.1002/jssc.201200921.

Maas, A.; Wippich, C.; Madea, B.; Hess, C. Driving under the influence of synthetic phenethylamines:
a case series. Int J Legal Med 2015, 129, 997-1003, doi:10.1007/s00414-015-1150-1.

Wille, S.M.R.; Richeval, C.; Nachon-Phanithavong, M.; Gaulier, J.M.; Di Fazio, V.; Humbert, L;

Samyn, N.; Allorge, D. Prevalence of new psychoactive substances and prescription drugs in the

87



Literaturverzeichnis

81.

82.

83.

84.

85.

86.

87.

88.

89.

Belgian driving under the influence of drugs population. Drug Testing and Analysis 2018, 10, 539—
547, doi:10.1002/dta.2232.

Al-Saffar, Y.; Stephanson, N.N.; Beck, O. Multicomponent LC-MS/MS screening method for detection
of new psychoactive drugs, legal highs, in urine-experience from the Swedish population. J.
Chromatogr. B Analyt. Technol. Biomed. Life  Sci. 2013, 930, 112-120,
doi:10.1016/j.jchromb.2013.04.043.

Helander, A.; Beck, O.; Hagerkvist, R.; Hultén, P. Identification of novel psychoactive drug use in
Sweden based on laboratory analysis — initial experiences from the STRIDA project. Scand. J. Clin.
Lab. Invest. 2013, 73, 400-406, doi:10.3109/00365513.2013.793817.

Heikman, P.; Sundstrém, M.; Pelander, A.; Ojanpera, |. New psychoactive substances as part of
polydrug abuse within opioid maintenance treatment revealed by comprehensive high-resolution mass
spectrometric urine drug screening. Human Psychopharmacology: Clinical and Experimental 2016,
31, 44-52.

Rust, K.Y.; Baumgartner, M.R.; Dally, A.M.; Kramer, T. Prevalence of new psychoactive substances:
A retrospective study in hair. Drug Testing and Analysis 2012, 4, 402—-408, doi:10.1002/dta.1338.

Al-Abri, S.; Meier, K.H.; Colby, J.M.; Smollin, C.G.; Benowitz, N.L. Cardiogenic shock after use of
fluoroamphetamine confirmed with serum and urine levels. Clinical Toxicology 2014, 52, 1292—1295,
doi:10.3109/15563650.2014.974262.

Laskowski, L.K.; Landry, A.; Vassallo, S.U.; Hoffman, R.S. Ice water submersion for rapid cooling in
severe  drug-induced  hyperthermia.  Clin. Toxicol. (Phila) 2015, 53, 181-184,
doi:10.3109/15563650.2015.1009994.

Wolf, C.E.; Poklis, J.L.; Cumpston, K.; Moss, M.; Poklis, A. Acute dilated cardiomyopathy and
myocardial injury after combined 4-fluoroamphetamine and modafinil ingestion. Drug Testing and
Analysis 2017, 9, 657—659, doi:10.1002/dta.1988.

Hondebrink, L.; Nugteren-van Lonkhuyzen, J.J.; van der Gouwe, D.; Brunt, T.M. Monitoring new
psychoactive substances (NPS) in The Netherlands: data from the drug market and the Poisons
Information Centre. Drug Alcohol Depend. 2015, 147, 109-115,
doi:10.1016/j.drugalcdep.2014.11.033.

Hondebrink, L.; Nugteren-van Lonkhuyzen, J.J.; Rietjens, S.J.; Brunt, T.M.; Venhuis, B.; Soerdjbalie-
Maikoe, V.; Smink, B.E.; van Riel, A.J.H.P.; Vries, I. de. Fatalities, cerebral hemorrhage, and severe
cardiovascular toxicity after exposure to the new psychoactive substance 4-fluoroamphetamine: a
prospective cohort study. Ann. Emerg. Med. 2018, 71, 294-305,
doi:10.1016/j.annemergmed.2017.07.482.

88



Literaturverzeichnis

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Expert Committee on Drug Dependence. 4-Fluoroamphetamine (4-FA). Critical Review Report:
Agenda Item 4.3 2017.

Linsen, F.; Koning, R.P.J.; van Laar, M.; Niesink, R.J.M.; Koeter, M\W.; Brunt, T.M. 4-
Fluoroamphetamine in the Netherlands: more than a one-night stand. Addiction 2015, 110, 1138—
1143, doi:10.1111/add.12932.

Nugteren-van Lonkhuyzen, J.J.; van Riel, A.J.H.P.; Brunt, T.M.; Hondebrink, L. Pharmacokinetics,
pharmacodynamics and toxicology of new psychoactive substances (NPS). 2C-B, 4-
fluoroamphetamine and benzofurans. Drug Alcohol Depend. 2015, 157, 18-27,
doi:10.1016/j.drugalcdep.2015.10.011.

Hondebrink, L.; Zwartsen, A.; Westerink, R.H.S. Effect fingerprinting of new psychoactive substances
(NPS): What can we learn from in vitro data? Pharmacol. Ther. 2018, 182, 193-224,
doi:10.1016/j.pharmthera.2017.10.022.

Kan, A.A.; Nugteren-van Lonkhuyzen, J.J.; Mulder-Spijkerboer, H.N.; van Velzen, A.G.; Lange, D.W.
de; van Riel, A.J.H.P.; Vries, L. de. NVIC Jaaroverzicht 2018: Acute vergiftigingen bij mens en dier
[NVIC Jahresbericht: akute Vergiftungen bei Mensch und Tier]. NVIC Rapport 2018.

Sechsundzwanzigste Verordnung zur Anderung betdubungsmittelrechtlicher Vorschriften: 26.
BtMAnadV.

Kuypers, K.P.C.; Sousa Fernandes Perna, E.B. de; Theunissen, E.L.; Ténnes, S.W.; Mason, N.L;
Hutten, N.R.P.W.; Ramaekers, J.G. A first-in-man study with 4-fluoroamphetamine demonstrates it
produces a mild psychedelic state. J. Psychoactive Drugs 2019, 561, 225-235,
doi:10.1080/02791072.2019.1569286.

Hyman, S.E. Addiction to cocaine and amphetamine. Neuron 1996, 16, 901-904.

Topp, L.; Darke, S. The applicability of the dependence syndrome to amphetamine. Drug Alcohol
Depend. 1997, 48, 113—-118, doi:10.1016/S0376-8716(97)00111-7.

Segal, D.S.; Kuczenski, R. An Escalating Dose “Binge” Model of Amphetamine Psychosis: Behavioral
and Neurochemical Characteristics. J. Neurosci. 1997, 17, 2551-2566, doi:10.1523/JNEUROSCI.17-
07-02551.1997.

Parrott, A.C. Chronic tolerance to recreational MDMA (3,4-methylenedioxymethamphetamine) or
Ecstasy. Journal of Psychopharmacology 2005, 19, 71-83, doi:10.1177/0269881105048900.

Seitz, N.-N.; John, L.; Atzendorf, J.; Rauschert, C.; Kraus, L. Kurzbericht Epidemiologischer
Suchtsurvey 2018: Tabellenband: Konsum illegaler Drogen, multiple Drogenerfahrung und Hinweise
auf Konsum- abhangigkeit und -missbrauch nach Geschlecht und Alter im Jahr 2018.

Epidemiologischer Suchtsurvey 2018 2019, 1-11.

89



Literaturverzeichnis

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Sanchez, V.; O'Shea, E.; Saadat, K.S.; Elliott, J.M.; Colado, M.l.; Green, A.R. Effect of repeated
('binge') dosing of MDMA to rats housed at normal and high temperature on neurotoxic damage to
cerebral 5-HT and dopamine neurones. Journal of Psychopharmacology 2004, 18, 412-416,
doi:10.1177/026988110401800312.

Lemere, F. The danger of amphetamine dependency. AJP 1966, 123, 569-572,
doi:10.1176/ajp.123.5.569.

Nguyen, L.A.; He, H.; Pham-Huy, C. Chiral drugs: an overview. Int. J. Biomed. Sci. 2006, 2, 85-100.

Breitmaier, E.; Jung, G. Organische Chemie: Grundlagen, Stoffklassen, Reaktionen, Konzepte,
Molekdilstruktur ; [Priifungswissen in einem Band] ; 128 Tabellen, 4., Gberarb. Aufl.; Thieme: Stuttgart,
2001, ISBN 313541504X.

Organische Chemie; Vollhardt, K.P.C.; Schore, N.E.; Butenschon, H.; Elvers, B., Eds., 4. Aufl., 2.
Nachdr; Wiley-VCH: Weinheim, 2009, ISBN 352731380X.

Challener, C.A. Chiral Drugs; Routledge, 2001, ISBN 9781315209906.

Stereochemie — Grundbegriffe; Hellwich, K.-H., Ed.; Springer Berlin Heidelberg: Berlin, Heidelberg,
2002, ISBN 978-3-540-42347-8.

Mason, S. The origin of chirality in nature. Trends in Pharmacological Sciences 1986, 7, 20-23,
doi:10.1016/0165-6147(86)90235-X.

Bruice, P.Y. Organic Chemistry, Eighth edition, global edition; Pearson Education Limited: Harlow,
2017, ISBN 1292160357.

Yajima, A. How to Calculate the Number of Stereoisomers of Inositol Homologs. BCSJ 2014, 87,
1260-1264, doi:10.1246/bcsj.20140204.

Smith, S.W. Chiral toxicology: it's the same thing...only different. Toxicol. Sci. 2009, 110, 4-30,
doi:10.1093/toxsci/kfp097.

Beyer, H.; Walter, W. Lehrbuch der organischen Chemie, 19., vollig neu bearb. Aufl.; Hirzel: Stuttgart,
1981, ISBN 3-7776-0356-2.

Noggle Jr, F.T.; DeRuiter, J.; Clark, C.R. Methods for the analysis and characterization of forensic
samples containing amphetamines and related amines. Journal of chromatographic science 1990, 28,
529-536.

Winsch, B. Reine Enantiomere: Die bessere Halfte bewahrter Arzneistoffe. Deutsche Apotherker
Zeitung 2005.

Eichelbaum, M. Enantiomers: Implications and Complications in Developmental Pharmacology. Dev
Pharmacol Ther 1992, 18, 131-134, doi:10.1159/000480610.

90



Literaturverzeichnis

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Lu, H. Stereoselectivity in drug metabolism. Expert Opinion on Drug Metabolism & Toxicology 2007,
3, 149-158, doi:10.1517/17425255.3.2.149.

Blaschke, G.; Hempel, G.; Mduller, W.E. Preparative and analytical separation of the zopiclone
enantiomers and determination of their affinity to the benzodiazepine receptor binding site. Chirality
1993, 5, 419-421, doi:10.1002/chir.530050605.

Eveleigh, P.; Hulme, E.C.; Schudt, C.; Birdsall, N.J. The existence of stable enantiomers of
telenzepine and their stereoselective interaction with muscarinic receptor subtypes. Mol Pharmacol
1989, 35, 477-483.

Shibukawa, A.; Kuroda, Y.; Nakagawa, T. High-performance frontal analysis for drug—protein binding
study. J. Pharm. Biomed. Anal. 1999, 18, 1047—1055, doi:10.1016/S0731-7085(98)00201-5.

Zhou, S.; Lin, K,; Li, L.; Jin, M.; Ye, J.; Liu, W. Separation and toxicity of salithion enantiomers. Chirality
2009, 21, 922-928, doi:10.1002/chir.20690.

Glennon, R.A.; Martin, B.R.; Dal Cason, T.A.; Young, R. Methcathinone (“cat”): An enantiomeric
potency comparison. Pharmacology Biochemistry and Behavior 1995, 50, 601-606,
doi:10.1016/0091-3057(94)00348-3.

Hjorth, S.; Carlsson, A.; Clark, D.; Svensson, K.; Wikstrom, H.; Sanchez, D.; Lindberg, P.; Hacksell,
U.; Arvidsson, L.E.; Johansson, A. Central dopamine receptor agonist and antagonist actions of the
enantiomers of 3-PPP. Psychopharmacology 1983, 81, 89—99, doi:10.1007/BF00428999.

Neumeyer, J.L.; Froimowitz, M.; Baldessarini, R.J.; Campbell, A.; Gao, Y.G. Neuropharmacology and
stereochemistry of dopamine receptor agonist and antagonist enantiomeric pairs. Journal of receptor
research 1988, 8, 83-96, doi:10.3109/10799898809048979.

Zheng, C.; Hao, H.; Wang, G.; Sang, G.; Sun, J.; Li, P.; Li, J. Chiral separation of ibuprofen and chiral
pharmacokinetics in healthy Chinese volunteers. Eur. J. Drug Metab. Pharmacokinet. 2008, 33, 45—
51, doi:10.1007/BF03191018.

Caldwell, J. The metabolism of amphetamines in mammals. Drug metabolism reviews 1976, 5, 219—
280.

Teo, S.K.; Colburn, W.A.; Tracewell, W.G.; Kook, K.A.; Stirling, D.l.; Jaworsky, M.S.; Scheffler, M.A;
Thomas, S.D.; Laskin, O.L. Clinical pharmacokinetics of thalidomide. Clin. Pharmacokinet. 2004, 43,
311-327, doi:10.2165/00003088-200443050-00004.

Roth, H.J. Chirale versus achirale Arzneistoffe: Eine Bilanz der Jahre 2014 bis 2018. Deutsche
Apotherker Zeitung 2019, 70.

Roth, H.J. Dex-, Lev-, Ar-, Es-, Rac-, neue "reine" Arzneistoffe: Bilanz der letzten finf Jahre. Deutsche
Apotherker Zeitung 2009.

91



Literaturverzeichnis

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Smith, H.; Williams, H. Smith and Williams' introduction to the principles of drug design and action, 4th
ed.; CRC Press, 2006, ISBN 0429219733.

Mikuma, T.; lwata, Y.T.; Miyaguchi, H.; Kuwayama, K.; Tsujikawa, K.; Kanamori, T.; Inoue, H. The use
of a sulfonated capillary on chiral capillary electrophoresis/mass spectrometry of amphetamine-type

stimulants for methamphetamine impurity profiling. Forensic Science International 2015, 249, 59-65.

Effenberger, F.; Jager, J. Stereoselective synthesis of (S)-3,4-methylenedioxyamphetamines from
(R)-cyanohydrins. Chemistry-A European Journal 1997, 3, 1370-1374.

Wagner, J.M.; McElhinny Jr, C.J.; Lewin, A.H.; Carroll, F.l. Stereospecific synthesis of amphetamines.
Tetrahedron: Asymmetry 2003, 14, 2119-2125.

Pizarro, N.; Farré, M.; Pujadas, M.; Peiro, A.M.; Roset, P.N.; Joglar, J.; La Torre, R. de.
Stereochemical analysis of 3,4-methylenedioxymethamphetamine and its main metabolites in human
samples including the catechol-type metabolite (3,4-dihydroxymethamphetamine). Drug Metab.
Dispos. 2004, 32, 1001-1007.

United Nations Convention Against lllicit Traffic in Narcotic Drugs and Psychotropic Substances, 1988.

Vijlbrief, M.F.J. Looking for displacement effects: exploring the case of ecstasy and amphetamine in
the Netherlands. Trends in organized crime 2012, 15, 198-214.

Vasarhelyi, G.; Foldi, L. Regulation on drug precursors in the European Union. AARMS 2007, 6, 147—
158.

European Monitoring Centre for Drugs and Drug Addiction. Drug precursor developments in the
European Union: Trends and developments; Publications Office of the European Union: Luxembourg,
2019, ISBN 978-92-9497-443-3.

Mendelson, J.; Uemura, N.; Harris, D.; Nath, R.P.; Fernandez, E.; Jacob, P.; Everhart, E.T.; Jones,
R.T. Human pharmacology of the methamphetamine stereoisomers. Clin. Pharmacol. Ther. 2006, 80,
403-420, doi:10.1016/j.clpt.2006.06.013.

McKetin, R.; Sutherland, R.; Bright, D.A.; Norberg, M.M. A systematic review of methamphetamine
precursor regulations. Addiction 2011, 106, 1911-1924, doi:10.1111/j.1360-0443.2011.03582.x.

Gesetz zur Uberwachung des Verkehrs mit Grundstoffen, die fiir die unerlaubte Herstellung von

Betdubungsmitteln missbraucht werden kénnen (Grundstoffiiberwachungsgesetz): GUG, 2008.

Inoue, H.; lwata, Y.T.; Kuwayama, K. Characterization and Profiling of Methamphetamine Seizures.
Journal of Health Science 2008, 54, 615—-622, doi:10.1248/jhs.54.615.

Allen, A.; Cantrell, T.S. Synthetic reductions in clandestine amphetamine and methamphetamine

laboratories: a review. Forensic Science International 1989, 42, 183—199.

92



Literaturverzeichnis

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Verweij, A.M.A. Impurities in illicit drug preparations: amphetamine and methamphetamine. Forensic
Sci. Rev 1989, 1, 1-11.

Aalberg, L.; Andersson, K.; Bertler, C.; Borén, H.; Cole, M.D.; Dahlén, J.; Finnon, Y.; Huizer, H.;
Jalava, K.; Kaa, E.; et al. Development of a harmonized method for the profiling of amphetamines. I.
Synthesis of standards and compilation of analytical data. Forensic Science International 2005, 149,
219-229, doi:10.1016/j.forsciint.2004.06.020.

Tetlow, V.A.; Merrill, J. Rapid determination of amphetamine stereoisomer ratios in urine by gas

chromatography—mass spectroscopy. Annals of clinical biochemistry 1996, 33, 50-54.

George, S.; Braithwaite, R.A. Using amphetamine isomer ratios to determine the compliance of

amphetamine abusers prescribed dexedrine. J. Anal. Toxicol. 2000, 24, 223-227.

Kunalan, V.; Nic Daéid, N.; Kerr, W.J.; Buchanan, H.A.S.; McPherson, A.R. Characterization of route
specific impurities found in methamphetamine synthesized by the Leuckart and reductive amination
methods. Anal. Chem. 2009, 81, 7342—7348.

Lee, J.S.; Han, E.Y.; Lee, S.Y.; Kim, E.M.; Park, Y.H.; Lim, M.A,; Chung, H.S.; Park, J.H. Analysis of
the impurities in the methamphetamine synthesized by three different methods from ephedrine and
pseudoephedrine. Forensic Science International 2006, 161, 209-215,
doi:10.1016/j.forsciint.2006.02.054.

Nishimura, T.; Takahata, K.; Kosugi, Y.; Tanabe, T.; Muraoka, S. Psychomotor effect differences
between |I-methamphetamine and d-methamphetamine are independent of murine plasma and brain
pharmacokinetics profiles. J. Neural Transm. (Vienna) 2017, 124, 519-523, doi:10.1007/s00702-017-
1694-y.

LeBelle, M.J.; Savard, C.; Dawson, B.A.; Black, D.B.; Katyal, L.K.; Zrcek, F.; By, AW. Chiral
identification and determination of ephedrine, pseudoephedrine, methamphetamine and
metecathinone by gas chromatography and nuclear magnetic resonance. Forensic Science
International 1995, 71, 215-223.

Phinney, K.W.; Ihara, T.; Sander, L.C. Determination of ephedrine alkaloid sterecisomers in dietary
supplements by capillary electrophoresis. Journal of Chromatography A 2005, 1077, 90-97.

Logan, B.K. Methamphetamine-effects on human performance and behavior. Forensic Science
Review 2002, 14, 133-151.

Apothekerkammer  Westfalen-Lippe. Grundstoffuberwachung  von Chlorephedrin und
Chlorpseudoephedrin: Cave: Ausgangsstoffe u. a. fur die Synthese von Crystal Meth. Mitteilungsblatt
der Apothekerkammer Westfalen-Lippe 2016, 16.

93



Literaturverzeichnis

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Kozma, D.; Madarasz, Z.; Acs, M.; Foggasy, E. Study of the mechanism of the optical resolution of N-
methylamphetamine via diastereoisomeric salt formation by the Pope-Peachey method. Tetrahedron:
Asymmetry 1994, 5, 193-194, doi:10.1016/S0957-4166(00)86170-4.

Escoubet, S.; Gastaldi, S.; Vanthuyne, N.; Gil, G.; Siri, D.; Bertrand, M.P. Thiyl Radical Mediated
Racemization of Benzylic Amines. Eur. J. Org. Chem. 2006, 2006, 3242-3250,
doi:10.1002/ejoc.200600120.

Blacker, A.J.; Brown, S.; Clique, B.; Gourlay, B.; Headley, C.E.; Ingham, S.; Ritson, D.; Screen, T.;
Stirling, M.J.; Taylor, D.; et al. A Low-Waste Process To Sertraline By Diastereomeric Crystal
Resolution and Waste Isomer Racemisation. Org. Process Res. Dev. 2009, 13, 1370-1378,
doi:10.1021/0p900112f.

Swist, M.; Wilamowski, J.; Parczewski, A. Determination of synthesis method of ecstasy based on the

basic impurities. Forensic Science International 2005, 152, 175-184.

Palhol, F.; Boyer, S.; Naulet, N.; Chabrillat, M. Impurity profiling of seized MDMA tablets by capillary
gas chromatography. Anal. Bioanal. Chem. 2002, 374, 274-281, doi:10.1007/s00216-002-1477-6.

Bohn, M.; Bohn, G.; Blaschke, G. Synthesis markers in illegally manufactured 3,4-
methylenedioxyamphetamine and 3,4-methylenedioxymethamphetamine. Int J Leg Med 1993, 106,
19-23.

Gimeno, P.; Besacier, F.; Chaudron-Thozet, H.; Girard, J.; Lamotte, A. A contribution to the chemical
profiling of 3,4-methylenedioxymethamphetamine (MDMA) tablets. Forensic Science International
2002, 127, 1-44.

Heather, E.; Shimmon, R.; McDonagh, A.M. Organic impurity profiing of 3,4-
methylenedioxymethamphetamine (MDMA) synthesised from catechol. Forensic Science
International 2015, 248, 140-147.

Fallon, J.K.; Kicman, A.T.; Henry, J.A.; Milligan, P.J.; Cowan, D.A.; Hutt, A.J. Stereospecific analysis
and enantiomeric disposition of 3,4-methylenedioxymethamphetamine (ecstasy) in humans. Clinical
Chemistry 1999, 45, 1058-1069, doi:10.1093/clinchem/45.7.1058.

Abrahamson, M.J.; Wong, J.W.; Bommarius, A.S. The evolution of an amine dehydrogenase
biocatalyst for the asymmetric production of chiral amines. Advanced Synthesis & Catalysis 2013,
355, 1780-1786.

Mufoz, L.; Rodriguez, A.M.; Rosell, G.; Bosch, M.P.; Guerrero, A. Enzymatic enantiomeric resolution
of phenylethylamines structurally related to amphetamine. Org. Biomol. Chem. 2011, 9, 8171-8177,
doi:10.1039/c10b06251d.

Mutti, F.G.; Knaus, T.; Scrutton, N.S.; Breuer, M.; Turner, N.J. Conversion of alcohols to enantiopure

amines through dual-enzyme hydrogen-borrowing cascades. Science 2015, 349, 1525-1529.

94



Literaturverzeichnis

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Gesetz (iber den Verkehr mit Betdubungsmitteln, Betdubungsmittelgesetz: BtMG, 1981.

Pocket Guide Psychopharmaka von A bis Z; Benkert, O., Ed.; Springer Berlin Heidelberg: Berlin,
Heidelberg, 2021, ISBN 978-3-662-61744-1.

Pennick, M. Absorption of lisdexamfetamine dimesylate and its enzymatic conversion to d-
amphetamine. Neuropsychiatr. Dis. Treat. 2010, 6, 317-327, doi:10.2147/ndt.s9749.

Bruhn, C. Lisdexamfetamin flir Erwachsene: Elvanse® bekommt ein adultes Geschwisterchen.
Deutsche Apotherker Zeitung 2019.

Pharmazeutisches Laboratorium des DAC/NRF. Standardisierte Rezepturen: Formelsammlung fiir
Arzte, 10th ed.; Govi-Verlag: Eschborn, 2018, ISBN 9783774114074.

Bork, W.R.; Dahlenburg, R.; Gimbel, M.; Jacobsen-Bauer, A.; Mahler, H.; Zérntlein, S. Herleitung von
Grenzwerten der “nicht geringen Mengen” im Sinne des BtMG: Teil lll Phenethylamine und Cathinone.
Toxichem Krimtech 2019, 86, 1-87.

Frolich, J.; Banaschewski, T.; Spanagel, R.; Dopfner, M.; Lehmkuhl, G. Die medikamenttse
Behandlung der Aufmerksamkeitsdefizit-Hyperaktivitatsstorung im Kindes-und Jugendalter mit
Amphetaminpraparaten. Zeitschrift fiir Kinder-und Jugendpsychiatrie und Psychotherapie 2012.

Sanders, O.; Besand, A.; Arenhdvel, M. Ambivalenzwucherungen: Breaking Bad aus bildungs-, kultur-
und sozialwissenschaftlichen Blickwinkeln; Herbert von Halem Verlag, 2016, ISBN 3869621893.

Maurer, H.H.; Kramer, T. Toxicological detection of selegiline and its metabolites in urine using
fluorescence polarization immunoassay (FPIA) and gas chromatography-mass spectrometry (GC-MS)
and differentiation by enantioselective GC-MS of the intake of selegiline from abuse of
methamphetamine or amphetamine. Archives of Toxicology 1992, 66, 675678,
doi:10.1007/BF01981508.

MuBhoff, F. lllegal or legitimate use? Precursor compounds to amphetamine and methamphetamine.
Drug metabolism reviews 2000, 32, 15—44, doi:10.1081/dmr-100100562.

West, R.; Pesce, A.; West, C.; Mikel, C.; Velasco, J.; Gonzales, E.; Dizon, Z.; Alimazan, P.; Latyshev,
S. Differentiating medicinal from illicit use in positive methamphetamine results in a pain population. J
Anal Toxicol 2013, 37, 83—89, doi:10.1093/jat/bks096.

Cody, J.T.; Schwarzhoff, R. Interpretation of methamphetamine and amphetamine enantiomer data.
J. Anal. Toxicol. 1993, 17, 321-326.

Shin, H.-S. Metabolism of selegiline in humans: identification, excretion, and stereochemistry of urine

metabolites. Drug metabolism and disposition 1997, 25, 657-662.

Sessa, B.; Higbed, L.; Nutt, D.J. A Review of 3,4-methylenedioxymethamphetamine (MDMA)-Assisted
Psychotherapy. Front. Psychiatry 2019, 10, 138, doi:10.3389/fpsyt.2019.00138.

95



Literaturverzeichnis

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Mitchell, J.M.; Bogenschutz, M.; Lilienstein, A.; Harrison, C.; Kleiman, S.; Parker-Guilbert, K.; Ot'alora
G, M.; Garas, W.; Paleos, C.; Gorman, |.; et al. MDMA-assisted therapy for severe PTSD: a
randomized, double-blind, placebo-controlled phase 3 study. Nat. Med. 2021, 27, 1025-1033,
doi:10.1038/s41591-021-01336-3.

Holsboer, F.; Grinder, G.; Benkert, O. Handbuch der Psychopharmakotherapie; Springer: Berlin,
2008, ISBN 3540687483.

Kuczenski, R.; Segal, D.S.; Cho, A.K.; Melega, W.P. Hippocampus norepinephrine, caudate dopamine
and serotonin, and behavioral responses to the stereocisomers of amphetamine and
methamphetamine. J. Neurosci. 1995, 15, 1308-1317, doi:10.1523/JNEUROSCI.15-02-01308.1995.

Lamb, R.J.; Henningfield, J.E. Human d-amphetamine drug discrimination: methamphetamine and

hydromorphone. Journal of the experimental analysis of behavior 1994, 61, 169—-180.

Martin, W.R.; Sloan, J.W.; Sapira, J.D.; Jasinski, D.R. Physiologic, subjective, and behavioral effects
of amphetamine, methamphetamine, ephedrine, phenmetrazine, and methylphenidate in man. Clin.
Pharmacol. Ther. 1971, 12, 245-258.

Harro, J. Chapter Nine - Neuropsychiatric Adverse Effects of Amphetamine and Methamphetamine.
In International Review of Neurobiology : The Neuropsychiatric Complications of Stimulant Abuse;
Taba, P., Lees, A., Sikk, K., Eds.; Academic Press, 2015; pp 179-204, ISBN 0074-7742.

MufBhoff, F.; Madea, B. Driving under the influence of amphetamine-like drugs. J. Forensic Sci. 2012,
57,413-419, doi:10.1111/j.1556-4029.2012.02055.x.

Kamilar-Britt, P.; Bedi, G. The prosocial effects of 3,4-methylenedioxymethamphetamine (MDMA):
Controlled studies in humans and laboratory animals. Neurosci. Biobehav. Rev. 2015, 57, 433—-446,
doi:10.1016/j.neubiorev.2015.08.016.

Huether, G.; Zhou, D.; Rither, E. Causes and consequences of the loss of serotonergic presynapses
elicited by the consumption of 3, 4-methylenedioxymethamphetamine (MDMA “ecstasy”’) and its

congeners. Journal of Neural Transmission 1997, 104, 771-794.

Derlet, R.W.; Rice, P.; Zane Horowitz, B.; Lord, R.V. Amphetamine toxicity: Experience with 127
cases. The Journal of Emergency Medicine 1989, 7, 157-161, doi:10.1016/0736-4679(89)90263-1.

White, S.R. Amphetamine toxicity. Semin Respir Crit Care Med 2002, 23, 27-36, doi:10.1055/s-2002-
20586.

Schifano, F.; Corkery, J.; Naidoo, V.; Oyefeso, A.; Ghodse, H. Overview of amphetamine-type
stimulant mortality data—UK, 1997-2007. Neuropsychobiology 2010, 61, 122—130.

Goodman, S.J. Intracranial Hemorrhage Associated with Amphetamine Abuse. JAMA 1970, 212, 480,
doi:10.1001/jama.1970.03170160068021.

96



Literaturverzeichnis

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Olsen, E.R. Intracranial hemorrhage and amphetamine usage: review of the effects of amphetamines

on the central nervous system. Angiology 1977, 28, 464—471.

Kaye, S.; Darke, S.; Duflou, J.; McKetin, R. Methamphetamine-related fatalities in Australia:
demographics, circumstances, toxicology and major organ pathology. Addiction 2008, 103, 1353—
1360, doi:10.1111/j.1360-0443.2008.02231 .x.

Patel, M.M.; Belson, M.G,; Longwater, AB.; Olson, K.R.; Miller, M.A.
Methylenedioxymethamphetamine (ecstasy)-related hyperthermia. The Journal of Emergency
Medicine 2005, 29, 451-454, doi:10.1016/j.jemermed.2005.05.007.

Dar, K.J.; McBrien, M.E. MDMA induced hyperthermia: report of a fatality and review of current
therapy. Intensive Care Med 1996, 22, 995-996, doi:10.1007/BF02044131.

Schifano, F. A bitter pill. Overview of ecstasy (MDMA, MDA) related fatalities. Psychopharmacology
2004, 173, 242—-248, doi:10.1007/s00213-003-1730-5.

Silins, E.; Copeland, J.; Dillon, P. Qualitative review of serotonin syndrome, ecstasy (MDMA) and the
use of other serotonergic substances: hierarchy of risk. Aust N Z J Psychiatry 2007, 41, 649655,
doi:10.1080/00048670701449237.

Mueller, P.D.; Korey, W.S. Death by “Ecstasy”: The Serotonin Syndrome? Ann. Emerg. Med. 1998,
32, 377-380, doi:10.1016/S0196-0644(98)70018-6.

Parrott, A.C. Recreational Ecstasy/MDMA, the serotonin syndrome, and serotonergic neurotoxicity.
Pharmacology Biochemistry and Behavior 2002, 71, 837-844, doi:10.1016/S0091-3057(01)00711-0.

van der Pas, R.S.D.; Gresnigt, F.M.J.; Wansink, L.; Franssen, E.J.F.; Riezebos, R.K. Acute onset
heart failure due to reverse type Takotsubo cardiomyopathy caused by a single dose of 4-
Fluoroamphetamine in a healthy young individual. Toxicology Reports 2020, 7, 1629-1633,
doi:10.1016/j.toxrep.2020.12.003.

Wijers, C.H.W.; Visser, M.C.; van Litsenburg, R.T.H.; Niesink, R.J.M.; Willemse, R.B.; Croes, E.A.
Haemorrhagic stroke related to the use of 4-fluoroamphetamine. J. Neurol. 2018, 265, 1607-1611,
doi:10.1007/s00415-018-8888-6.

Holze, F.; Vizeli, P.; Muller, F.; Ley, L.; Duerig, R.; Varghese, N.; Eckert, A.; Borgwardt, S.; Liechti,
M.E. Distinct acute effects of LSD, MDMA, and D-amphetamine in healthy subjects.
Neuropsychopharmacol. 2020, 45, 462—471, doi:10.1038/s41386-019-0569-3.

Schnabel, A.; Neiss, C.; Kauert, G. Die Erschdpfungsreaktion nach Amphetaminkonsum und ihre
Auswirkungen auf die Fahrtiichtigkeit. Rechtsmedizin 2000, 10, 86—89.

Sousa Fernandes Perna, E.B. de; Theunissen, E.L.; Dolder, P.C.; Mason, N.L.; Hutten, N.R.P.W_;

Tdénnes, S.W.; Kuypers, K.P.C.; Ramaekers, J.G. Safety profile and neurocognitive function following

97



Literaturverzeichnis

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

acute 4-fluoroamphetamine (4-FA) administration in humans. Front. Pharmacol. 2018, 9, 713,
doi:10.3389/fphar.2018.00713.

Vollenweider, F.X.; Gamma, A.; Liechti, M.E.; Huber, T. Psychological and Cardiovascular Effects and
Short-Term  Sequelae of MDMA (“Ecstasy”) in MDMA-Naive Healthy Volunteers.
Neuropsychopharmacology 1998, 19, 241-251.

Verheyden, S.L.; Hadfield, J.; Calin, T.; Curran, V.H. Sub-acute effects of MDMA (+3,4-
methylenedioxymethamphetamine, "ecstasy") on mood: evidence of gender differences.
Psychopharmacology 2002, 161, 23-31.

Parrott, A.C.; Lasky, J. Ecstasy (MDMA) effects upon mood and cognition: before, during and after a
Saturday night dance. Psychopharmacology 1998, 139, 261-268, doi:10.1007/s002130050714.

Curran, V.H.; Travill, R.A. Mood and cognitive effects of + 3,4-methylenedioxymethamphetamine
(MDMA, ‘ecstasy’): week-end ‘high’ followed by mid-week low. Addiction 1997, 92, 821-831,
doi:10.1111/j.1360-0443.1997.tb02951 .x.

Smith, D.E.; Fischer, C.M. An analysis of 310 cases of acute high-dose methamphetamine toxicity in
Haight-Ashbury. Clinical Toxicology 1970, 3, 117-124, doi:10.3109/15563657008990106.

Smith, R.C.; Davis, J.M. Comparative effects of d-amphetamine, -amphetamine, and methylphenidate
on mood in man. Psychopharmacology 1977, 53, 1-12, doi:10.1007/BF00426687.

Prinzmetal, M.; Alles, G.A. Central Nervous System Stimulant Effects of Dextro-Amphetamine
Sulphate. The Journal of Nervous and Mental Disease 1942, 95, 226.

Caldwell, J.; Dring, L.G.; Williams, R.T. Metabolism of (14 C)methamphetamine in man, the guinea
pig and the rat. Biochem. J. 1972, 129, 11-22, doi:10.1042/bj1290011.

Li, L.; Everhart, E.T.; Jacob, P.; Jones, R.T.; Mendelson, J. Stereoselectivity in the human metabolism

of methamphetamine. British journal of clinical pharmacology 2010, 69, 187-192.

Lin, L.Y.; Di Stefano, E.W.; Da Schmitz; Hsu, L.; Ellis, S.W.; Lennard, M.S.; Tucker, G.T.; Cho, A.K.
Oxidation of methamphetamine and methylenedioxymethamphetamine by CYP2D6. Drug metabolism
and disposition 1997, 25, 1059-1064.

La Torre, R. de; Yubero-Lahoz, S.; Pardo-Lozano, R.; Farré, M. MDMA, methamphetamine, and
CYP2D6 pharmacogenetics: what is clinically relevant? Front. Gene. 2012, 3, 235,
doi:10.3389/fgene.2012.00235.

Otani, K.; Ujike, H.; Sakai, A.; Okahisa, Y.; Kotaka, T.; Inada, T.; Harano, M.; Komiyama, T.; Hori, T ;
Yamada, M. Reduced CYP2D6 activity is a negative risk factor for methamphetamine dependence.
Neuroscience letters 2008, 434, 88-92.

98



Literaturverzeichnis

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Bradford, L.D. CYP2D6 allele frequency in European Caucasians, Asians, Africans and their
descendants. Pharmacogenomics 2002, 3, 229-243, doi:10.1517/14622416.3.2.229.

Zanger, U.M.; Raimundo, S.; Eichelbaum, M. Cytochrome P450 2D6: overview and update on
pharmacology, genetics, biochemistry. Naunyn-Schmiedeberg's archives of pharmacology 2004, 369,
23-37.

Meyer, M.R.; Peters, F.T.; Maurer, H.H. The role of human hepatic cytochrome P450 isozymes in the
metabolism of racemic 3, 4-methylenedioxy-methamphetamine and its enantiomers. Drug metabolism
and disposition 2008, 36, 2345—-2354.

Eap, C.B.; Lessard, E.; Baumann, P.; Brawand-Amey, M.; Yessine, M.-A.; O'Hara, G.; Turgeon, J.
Role of CYP2D6 in the stereoselective disposition of venlafaxine in humans. Pharmacogenetics and
Genomics 2003, 13, 39-47.

Yasuda, S.U.; Zannikos, P.; Young, A.E.; Fried, K.M.; Wainer, |.W.; Woosley, R.L. The roles of
CYP2D6 and stereoselectivity in the clinical pharmacokinetics of chlorpheniramine. British journal of
clinical pharmacology 2002, 563, 519-525.

Gunne, L.-M.; Galland, L. Stereoselective metabolism of amphetamine. Biochemical pharmacology
1967, 16, 1374-1377, doi:10.1016/0006-2952(67)90170-0.

Wan, S.H.; Matin, S.B.; Azarnoff, D.L. Kinetics, salivary excretion of amphetamine isomers, and effect

of urinary pH. Clinical Pharmacology & Therapeutics 1978, 23, 585-590.

Caldwell, J.; Dring, L.G.; Williams, R.T. Norephedrines as metabolites of (14 C) amphetamine in urine
in man. Biochem. J. 1972, 129, 23-24, doi:10.1042/bj1290023.

Tonnes, S.W.; Schneider, D.; Pogoda, W.; Paulke, A.; Wunder, C.; Theunissen, E.L.; Sousa
Fernandes Perna, E.B. de; Ramaekers, J.G. Excretion of 4-fluoroamphetamine and three metabolites
in urine after controlled oral ingestion. J. Pharm. Biomed. Anal. 2020, 179, 113008,
doi:10.1016/j.jpba.2019.113008.

Tdnnes, S.W.; Schneider, D.; Pogoda, W.; Paulke, A.; Wunder, C.; Theunissen, E.L.; Kuypers, K.P.C.;
Eliza de Sousa Fernandes Perna; Ramaekers, J.G. Pharmacokinetic properties of 4-
fluoroamphetamine in serum and oral fluid after oral ingestion. Drug Testing and Analysis 2019, 11,
1028-1034, doi:10.1002/dta.2595.

La Torre, R. de; Farré, M.; Ortuno, J.; Mas, M.; Brenneisen, R.; Roset, P.N.; Segura, J.; Cami, J. Non-
linear pharmacokinetics of MDMA (‘ecstasy’) in humans. British journal of clinical pharmacology 2000,
49, 104-109.

Steuer, A.E.; Schmidhauser, C.; Schmid, Y.; Rickli, A.; Liechti, M.E.; Kramer, T. Chiral plasma
pharmacokinetics of 3, 4-methylenedioxymethamphetamine and its phase | and Il metabolites

following controlled administration to humans. Drug metabolism and disposition 2015, 43, 1864—1871.

99



Literaturverzeichnis

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Tucker, G.T.; Lennard, M.S.; Ellis, S.W.; Woods, H.F.; Cho, A.K; Lin, L.Y.; Hiratsuka, A.; Schmitz,
D.A.; Chu, T. The demethylenation of methylenedioxymethamphetamine (“ecstasy”) by debrisoquine
hydroxylase (CYP2D6). Biochemical pharmacology 1994, 47, 1151-1156, doi:10.1016/0006-
2952(94)90386-7.

Kreth, K.-P.; Kovar, K.-A.; Schwab, M.; Zanger, U.M. Identification of the human cytochromes P450
involved in the oxidative metabolism of “Ecstasy’-related designer drugs. Biochemical pharmacology
2000, 59, 1563-1571.

Steuer, A.E.; Schmidhauser, C.; Tingelhoff, E.H.; Schmid, Y.; Rickli, A.; Kramer, T.; Liechti, M.E.
Impact of cytochrome P450 2D6 function on the chiral blood plasma pharmacokinetics of 3, 4-
methylenedioxymethamphetamine (MDMA) and its phase | and Il metabolites in humans. PloS one
2016, 11, e0150955.

Bohnert, T.; Gan, L.-S. Plasma protein binding: from discovery to development. Journal of
Pharmaceutical Sciences 2013, 102, 2953—-2994, doi:10.1002/jps.23614.

Olson, R.E.; Christ, D.D. Chapter 33. Plasma Protein Binding of Drugs. In Annual reports in medicinal
chemistry; Bristol, J.A., Robertson, D.W., Eds.; Academic Press: San Diego, 1996; pp 327-336, ISBN
9780120405312.

Colombo, S.; Buclin, T.; Décosterd, L.A.; Telenti, A.; Furrer, H.; Lee, B.L.; Biollaz, J.; Eap, C.B.
Orosomucoid (alpha1-acid glycoprotein) plasma concentration and genetic variants: effects on human
immunodeficiency virus protease inhibitor clearance and cellular accumulation. Clin. Pharmacol. Ther.
2006, 80, 307-318, doi:10.1016/j.clpt.2006.06.006.

Mutschler, E.; Schéafer-Korting, M. Arzneimittelwirkungen: Lehrbuch der Pharmakologie und
Toxikologie; Wissenschaftliche Verlagsgesellschaft: Stuttgart, 1996, ISBN 3-8047-1377-7.

Kremer, J.M.; Wilting, J.; Janssen, L.H. Drug binding to human alpha-1-acid glycoprotein in health and
disease. Pharmacological reviews 1988, 40, 1-47.

Schmidt, S.; Gonzalez, D.; Derendorf, H. Significance of protein binding in pharmacokinetics and
pharmacodynamics.  Journal of Pharmaceutical  Sciences 2010, 99, 1107-1122,
doi:10.1002/jps.21916.

Huang, Z.; Ung, T. Effect of Alpha-1-Acid Glycoprotein Binding on Pharmacokinetics and
Pharmacodynamics. Current Drug Metabolism 2013, 14, 226-238,
doi:10.2174/138920013804870709.

Baggot, J.D.; Davis, L.E.; Neff, C.A. Extent of plasma protein binding of amphetamine in different
species. Biochemical pharmacology 1972, 21, 1813—-1816, doi:10.1016/0006-2952(72)90177-3.

100



Literaturverzeichnis

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Peltenburg, H.; Bosman, 1.J.; Hermens, J.L.M. Sensitive determination of plasma protein binding of
cationic drugs using mixed-mode solid-phase microextraction. J. Pharm. Biomed. Anal. 2015, 115,
534-542, doi:10.1016/j.jpba.2015.08.002.

Lal, R.A. Plasma protein binding and blood to plasma partitioning studies of methamphetamine 1991.

Brunner, F.; Maller, W.E. The stereoselectivity of the 'single drug binding site' of human alpha 1-acid
glycoprotein (orosomucoid). Journal of Pharmacy and Pharmacology 1987, 39, 986-990,
doi:10.1111/j.2042-7158.1987.tb03145.x.

Bowers, W.F.; Fulton, S.; Thompson, J. Ultrafiltration vs equilibrium dialysis for determination of free
fraction. Clin. Pharmacokinet. 1984, 9 Supp! 1, 49-60, doi:10.2165/00003088-198400091-00007.

Fung, E.N.; Chen, Y.-H.; Lau, Y.Y. Semi-automatic high-throughput determination of plasma protein
binding using a 96-well plate filtrate assembly and fast liquid chromatography—tandem mass
spectrometry. Journal of Chromatography B 2003, 795, 187-194, doi:10.1016/S1570-0232(03)00564-
6.

Toma, C.-M.; Imre, S.; Vari, C.-E.; Muntean, D.-L.; Tero-Vescan, A. Ultrafiltration Method for Plasma
Protein Binding Studies and Its Limitations. Processes 2021, 9, 382, doi:10.3390/pr9020382.

Madea, B.; Brinkmann, B. Handbuch gerichtliche Medizin; Springer: Berlin, Heidelberg, New York,
2003, ISBN 3-540-66447-5.

Madea, B.; Dettmeyer, R.; MuBhoff, F. Basiswissen Rechtsmedizin; Springer-Verlag, 2007, ISBN
3540714294.

Madea, B.; MuB3hoff, F.; Tag, B. Kurzlehrbuch Rechtsmedizin, Huber Bern, 2012, ISBN 3456849761.

Verkehrsmedizin: Fahreignung, Fahrsicherheit, Unfallrekonstruktion; Madea, B.; MuBhoff, F.;
Berghaus, G., Eds.; Dt. Arzte-Verl.: Kéln, 2007, ISBN 3 7691 0490 0.

Verstraete, A.G. Detection times of drugs of abuse in blood, urine, and oral fluid. Therapeutic drug
monitoring 2004, 26, 200—-205, doi:10.1097/00007691-200404000-00020.

Schepers, R.J.F.; Oyler, J.M.; Joseph, R.E.; Cone, E.J.; Moolchan, E.T.; Huestis, M.A.
Methamphetamine and amphetamine pharmacokinetics in oral fluid and plasma after controlled oral

methamphetamine administration to human volunteers. Clinical Chemistry 2003, 49, 121-132.

Peters, F.T.; Wissenbach, D.K.; Busardo, F.P.; Marchei, E.; Pichini, S. Method Development in
Forensic Toxicology. CPD 2017, 23, 5455-5467, doi:10.2174/1381612823666170622113331.

MuBhoff, F.; Madea, B. Review of biologic matrices (urine, blood, hair) as indicators of recent or
ongoing cannabis use. Therapeutic drug monitoring 2006, 28, 155-163,
doi:10.1097/01.ftd.0000197091.07807.22.

101



Literaturverzeichnis

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Huestis, M.A.; Henningfield, J.E.; Cone, E.J. Blood cannabinoids. I. Absorption of THC and formation
of 11-OH-THC and THCCOOH during and after smoking marijuana. J Anal Toxicol 1992, 16, 276—
282, doi:10.1093/jat/16.5.276.

Wissenschaftliche Dienste des Deutschen Bundestages. Mengenbegriffe fur Betdubungsmittel im
Betaubungsmittelstrafrecht: Aktenzeichen: WD 7 - 3000 - 084/19 2019.

Gemeinsame Arbeitsgruppe fir Grenzwertfragen und Qualitatskontrolle. Beschluss zu §24a (2) StVG
vom 20.11.2002 2002.

Bundesverfassungsgericht. BVerfG 1 BvR 2652/03 (2. Kammer des Ersten Senats) - Beschluss vom
21. Dezember 2004 (OLG Zweibriicken/AG Kandel), 2004. Available online: https://www.hrr-
strafrecht.de/hrr/bverfg/03/1-bvr-2652-03.php (Zuletzt geprift am 27 September 2021).

Burhoff, D. Praktische Fragen der Drogenfahrt nach § 24a Abs. 2 StVG - Burhoff online: aus ZAP F.
9, S. 781. Available online: https://www.burhoff.de/veroeff/aufsatz/zap_f9_s781.htm (Zuletzt gepruift
am 27 September 2021).

Bundesverwaltungsgericht. Urteil vom 23.10.2014 - BVerwG 3 C 3.13, 2014. Available online:
https://www.bverwg.de/231014U3C3.13.0 (Zuletzt geprift am 27 September 2021).

Toénnes, S.W.; Auwarter, V.; Knoche, A.; Skopp, G. Stand der wissenschaftlichen Erkenntnisse zur
Feststellung einer mangelhaften Trennung von Cannabiskonsum und Fahren anhand der
Konzentration von Tetrahydrocannabinol (THC) im Blutserum. Blutalkohol 2016, 53, 409—-414.

Maatz, K.R. Drogenbedingte Verminderung der Schuldfahigkeit — zum gegenwartigen Stand der
Rechtsprechung des Bundesgerichtshofs. Blutalkohol 2003, 40, Supp 7.

Skoog, D.A,; Leary, J.J. Instrumentelle Analytik: Grundlagen - Geréte - Anwendungen, Springer Berlin
Heidelberg: Berlin, Heidelberg, 1996, ISBN 9783662079164.

Meyer, V.R. Praxis der Hochleistungs-Fliissigchromatographie, 10., vollstandig Uberarbeitete und
erweiterte Auflage; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2009, ISBN 9783527320462.

Kromidas, S. HPLC richtig optimiert; Wiley, 2006, ISBN 9783527314706.

Wainer, L.W. Proposal for the classification of high-performance liquid chromatographic chiral
stationary phases: How to choose the right column. TrAC Trends in Analytical Chemistry 1987, 6,
125-134, doi:10.1016/0165-9936(87)87055-3.

Gross, J.H. Massenspektrometrie: Ein Lehrbuch; Springer Berlin Heidelberg: Berlin, Heidelberg, 2013,
ISBN 9783827429810.

Bienz, S.; Bigler, L.; Fox, T.; Meier, H. Spektroskopische Methoden in der organischen Chemie, 9.,
Uberarbeitete und erweiterte Auflage; Georg Thieme Verlag: Stuttgart, 2016, ISBN 3131793694.

102



Literaturverzeichnis

270. Boja, E.S.; Rodriguez, H. The path to clinical proteomics research: integration of proteomics,
genomics, clinical laboratory and regulatory science. Korean J. Lab. Med. 2011, 31, 61-71,
doi:10.3343/kjlm.2011.31.2.61.

271. Bioanalytik; Lottspeich, F.; Engels, J.W., Eds., 2nd ed.; Spektrum Akad. Verl.: Heidelberg, 2006, ISBN
38274152009.

272. Peters, F.T.; Hartung, M.; Herbold, M.; Schmitt, G.; Daldrup, T.; MuBhoff, F. Anhang B zur Richtlinie
der GTFCh zur Qualitatssicherung bei forensisch-toxikologischen Untersuchungen: Anforderungen an
die Validierung von Analysenmethoden. Toxichem Krimtech 2009, 33, 185-208.

103



Danksagung

Danksagung

104



Akademischer Lebenslauf

9 Akademischer Lebenslauf

105



Versicherung an Eides statt

10 Versicherung an Eides statt

Die vorliegende Dissertation wurde am Institut fir Rechtsmedizin der Johannes Gutenberg-
Universitat in Mainz zur Erlangung des Grades ,Doktor der Naturwissenschaften® unter Betreuung

Vo)) [ — angefertigt.

Erstgutachter:

Zweitgutachter:

Hiermit versichere ich gemal § 10 Abs. 3d der Promotionsordnung vom 24.07.2007:

Ich habe die jetzt als Dissertation vorgelegte Arbeit selbst angefertigt und alle benutzten

Hilfsmittel (Literatur, Apparaturen, Material) in der Arbeit angegeben.

Ich habe oder hatte die jetzt als Dissertation vorgelegte Arbeit nicht als Prifungsarbeit fir eine

staatliche oder andere wissenschaftliche Prifung eingereicht.

Ich hatte weder die jetzt als Dissertation vorgelegte Arbeit noch Teile davon bei einer anderen

Fakultat bzw. einem anderen Fachbereich als Dissertation eingereicht.

106



