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Abstract

To date, many central nervous system active compounds have been shown to potently interact
with the SLC6 neurotransmitter-sodium symporters for norepinephrine (SLC6A2; NET),
dopamine (SLC6A3; DAT) and SHT/serotonin (SLC6A4; SERT). They are known for high-
affinity/low-capacity uptake of monoamines and depict essential targets for a plethora of
medical and illicit substances. However, pronounced focus is being put on investigating
interactions between psychoactive compounds and low-affinity/high-capacity organic cation
transporters 1-3 (OCT1-3; SLC22A1-3) and plasma membrane monoamine transporter
(PMAT; SLC29A4), since they show distinct overlaps in pharmacodynamic properties with
SLC6 members and are proposedly co-involved in maintaining monoaminergic equilibrium in
CNS. Comparing the abundance of available interaction profiles of various compounds at SLC6
proteins, a research gap concerning the amount of described substances interacting with OCTs
and PMAT exists. By utilizing radiotracer-based in vitro uptake inhibition assays at stably over-
expressing HEK293 cells, we herein reported data from 17 psychoactive compounds regarding
their potential to inhibit substrate uptake by human isoforms of OCT1-3 and PMAT. Many
compounds impeded uptake by hOCT1 and 2 in a low micromolar range, fewer interacted with
hPMAT, whereas almost none showed pharmacologically relevant interactions at hOCTS3.
Methylphenidate and ketamine selectively interacted with hOCT1 and 2, respectively. MDMA
potently inhibited all transporters but hOCT3. Enantiospecific differences as well as effects of
aromatic ring substituents were analyzed. Our results accentuate the importance of investigating
the rich pharmacology of hOCTs and hPMAT, but also give impetus for further research
particularly on the interaction of drugs with the OCTs.



Zusammenfassung

Bis heute wurde gezeigt, dass viele Wirkstoffe, die im zentralen Nervensystem aktiv sind,
potent mit den SLC6-Neurotransmitter-Natrium-Symportern fiir Noradrenalin (SLC6A2;
NET), Dopamin (SLC6A3; DAT) und SHT / Serotonin (SLC6A4; SERT) interagieren. Sie sind
bekannt fiir ihre hochaffine / kapazititsarme Aufnahme von Monoaminen und stellen
wesentliche Ziele fiir eine Vielzahl von medizinischen und illegalen Substanzen dar. Ein
vermehrter Fokus wird jedoch auf die Untersuchung von Wechselwirkungen zwischen
psychoaktiven chemischen Verbindungen und niedrigaffinen / kapazitétsstarken organischen
Kationentransportern ~ 1-3  (OCT1-3; SLC22A1-3) wund dem Plasmamembran-
Monoamintransporter (hPMAT; SLC29A4) gelegt, da diese deutliche Uberschneidungen in
pharmakodynamischen Eigenschaften mit den SLC6-Mitgliedern aufweisen und ihnen eine
Rolle an der Aufrechterhaltung des monoaminergen Gleichgewichts im ZNS zuteilwird. Im
Vergleich zu den zahlreich vorhandenen Interaktionsprofilen verschiedener chemischer
Verbindungen bei SLC6 Proteinen, besteht dennoch eine groe Forschungsliicke hinsichtlich
der Menge beschriebener Substanzen, die mit den OCTs und PMAT interagieren. Durch die
Verwendung von Radiotracer-basierten In-vitro-Aufnahmehemmungs-Assays bei stabil iiber-
exprimierenden HEK293-Zellen berichteten wir Daten von 17 psychoaktiven Substanzen
hinsichtlich ihres Potenzials, die Substrataufnahme durch die menschlichen Isoformen von
OCT1-3 und PMAT zu hemmen. Viele Substanzen schriankten die Substrataufnahme durch
hOCT1 und 2 im mikromolaren Bereich ein, weniger interagierten mit hPMAT, wéhrend fast
keine pharmakologisch relevante Wechselwirkungen mit hOCT3 zeigte. Methylphenidat und
Ketamin interagierten selektiv mit hOCT1 bzw. 2. MDMA hemmte alle Transporter, bis auf
hOCT3, potent. Enantiospezifische Unterschiede sowie Effekte von aromatischen
Ringsubstituenten wurden analysiert. Unsere Resultate betonen die Wichtigkeit des
Untersuchens der reichen Pharmakologie von hOCTs und hPMAT, geben aber auch Impulse
weitere Erforschungen von Interaktionen zwischen Medikamenten und organischen

Kationentransportern.
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Introduction

Organic cation transporter 1-3 (OCT1-3; encoded by the SLC22A1-3 genes, respectively) and
the human plasma membrane monoamine transporter (PMAT; SLC29A4) are facilitative
transporters that belong to the solute carrier (SLC) family of eukaryotic membrane-bound
transport proteins (Koepsell, Schmitt and Gorboulev, 2003; Hediger et al., 2004; Schlessinger
et al., 2010). While the precise number is still enigmatic and debated on, current knowledge
suggests that over 400 different transporters constitute the SLC family, making it the second
largest group of phylogenetically related membrane proteins, following G protein-coupled
receptors with over 800 identified members (Fredriksson et al., 2003; Kroeze, Sheffler and
Roth, 2003; Hoglund ef al., 2011). Assignment of SLC transporters to the same specific family
is principally, with just a few exceptions, performed in cases where the encoded proteins share
at least 20-25% amino acid sequence identity to each other (Hediger et al., 2004, 2013).
Naturally, this confers the SLC families a relatively high heterogeneity when compared to other
membrane protein families regarding genetic sequence similarities, e.g. the human ATP-
binding cassette (ABC) transporter family or G-Protein coupled receptors (Vasiliou, Vasiliou
and Nebert, 2009; Colas, Ung and Schlessinger, 2016). Currently, all SLCs are grouped in over
50 families, which again belong to 24 so-called superfamilies, as proposed by classifications
based on SLC protein sequence searches against the Pfam (Protein families) database (Hoglund
et al., 2011; Perland and Fredriksson, 2017). Through either facilitative, i.e. passive, or active
transport, proteins of the SLC family move a vast number of solutes like e.g. medical
compounds, important nutrients and different types of xenobiotics across the lipid membrane,
implicating them in the onset of various diseases and thus rendering them prominent drug
targets which carry high pharmacological importance (Jonker and Schinkel, 2004; Koepsell and
Endou, 2004; Schlessinger et al., 2010; César-Razquin et al., 2015; Nigam, 2018). This
physiological and medical relevance is underlined by the fact that approximately 10% of the
human genome contains genes that directly encode for or in some way relate to transporters, of

which the SLCs body a large part (Hediger ef al., 2013; César-Razquin et al., 2015).

The SLC22 family of transporters falls into three major clades of OCTs, OCTNs (organic cation
transporters novel) and OATs (organic anion transporters) and the SLC29 family comprises
facilitative nucleoside/nucleotide transporters (NTs) (Young et al., 2013; Nigam, 2018). Since
OCT1-3 and PMAT belong to the SLC22 and SLC29 family, respectively, they are grouped
under the prominent major facilitator superfamily (MFS) Pfam clan, one of a total of four SLC

superfamilies that each enclose more than one SLC family, and depicts, with holding almost a



third of all SLCs, the largest member thereof (Hoglund et al., 2011). Recent studies classify
both the SLC22 and SLC29 transporter family into the phylogenetic a-group (Hoglund et al.,
2011). Together with the B-, y- and 8-groups it represents one of four, and with its 13 members
at the same time also the largest, major phylogenetic clusters which contain a total of 26 SLC
family members (Fredriksson et al., 2008; Hoglund ef al., 2011). One important commonality
of the MFS clan members is their structural fold (Quistgaard et al., 2016). Current analyses
propose twelve transmembrane helices to form the structural core of these transporters,
subdividing them into the N- and C- domains, two structurally similar regions important for
transport (Yan, 2013; Quistgaard et al., 2016). However, the exact mechanism of substrate
translocation has not yet been fully confirmed, and various models were established in order to
explain the different transporter protein states and their involvement in moving substrates across
the lipid bilayer (Law, Maloney and Wang, 2009; Yan, 2013; Colas, Ung and Schlessinger,
2016; Quistgaard et al., 2016). First reported in 1966, the alternating access model has been
broadly accepted for depicting SLC transport, and three types of mechanisms have since been
described, intending to explain its switch between inward and outward facing conformations
via an intermediate, or so-called occluded, state (Jardetzky, 1966; Colas, Ung and Schlessinger,
2016). Thus, one of three known alternating access mechanisms is accepted as the transport
mechanism of proteins with an MFS fold, the so-called “Rocker-switch” model (Colas, Ung
and Schlessinger, 2016). This model describes the substrate translocation by a rocker-switch
type of movement of the two transporter protein domains, which work in concert and lead to
global conformational changes of the protein structure (Law, Maloney and Wang, 2009). This
mechanism is based on and well-studied for the lactose permease LacY from Escherichia coli,
a transporter protein which belongs to the same MFS as OCTs and whose already explored
crystal structure substantiated further modelling and deeper understanding of substrate
translocation by a plethora of eukaryotic homologues (Popp et al., 2005; Gorbunov et al., 2008).
Active transport performed by SLC family members is always coupled, divided into sym- and
antiporters, i.e. exchangers, and depends on cellular energy (Hediger et al., 2004). The three
aforementioned organic cation transporter subtypes OCT1, OCT2, and OCT3, as well as the
human plasma membrane monoamine transporter, however, hold a driving force which is solely
powered by the membrane potential difference and chemical gradient, i.e. the electrochemical
gradient, providing the transport energy needed to translocate organic, cationic compounds,
hence classifying them as facilitative passive transporter types (Koepsell, Schmitt and
Gorboulev, 2003; Koepsell, 2013; Wang, 2016). However, non-charged compounds are also
transported (Koepsell, Lips and Volk, 2007). Pharmacological and biological relevance of



OCTs is highlighted by the large number of present compounds that are positively charged at
physiological pH and thus depend on an organic cation transport system to be taken up into or
effluxed out of cells, including exogenous substrates like medical drugs or endogenous
xenobiotics (Kekuda et al., 1998; Jensen et al., 2021). The latter function is, in the periphery,
especially taken over by the liver and the kidney, two organs that show high expressions of
various eliminatory systems of xenobiotics and are well-known for their abundant expression
of OCT1 and 2, respectively (Ahlin et al., 2008). Strikingly, all OCTs and PMAT are, albeit
with differing frequencies, located in the human blood-brain barrier, while all but OCT]1 are
expressed in neurons and OCT3 and PMAT are further also found in astrocytes (Koepsell,
2021).

Amongst all present described human SLC proteins, experimentally determined, high-
resolution crystal structures of only six members (SLC2A1, SLC2A3, SLC4Al, SLC6A4,
SLC29A1 and SLC42A3) are currently available, confining our knowledge of other SLC
transporters in regards of their transport mechanisms and substrate specificities, and with them
also pharmacodynamics of relevant compounds (Colas, Ung and Schlessinger, 2016; Coleman,
Green and Gouaux, 2016; Bai, Moraes and Reithmeier, 2017; Wright and Lee, 2019).
Concerning drug-transporter interactions, the clearly most well-described and intensely
researched SLCs are members of the high-affinity and low-capacity SLC6 family, the
neurotransmitter-sodium symporters that transport the prominent monoamines norepinephrine
(NET; SLC6A2), dopamine (DAT; SLC6A3), and 5-hydroxytryptamine (5-HT), i.e. serotonin,
(SERT; SLC6A4) and with them the plethora of drugs that interact with them (Torres,
Gainetdinov and Caron, 2003; Engel, Zhou and Wang, 2004; César-Razquin et al., 2015). In
this respect, SLC22 and SLC29 targets have, by far, less compounds mentioned that act as e.g.
inhibitors of substrate uptake against them, even though substrate similarities and, to some
extent, functional overlaps with NET, DAT and SERT have been reported so far (Gebauer et
al., 2021; Maier, Niello, et al., 2021; Maier, Rauter, et al., 2021). The single most important
commonality between NET, DAT and SERT, often commonly referred to as MATSs
(monoamine transporters), and the organic cation transporters 1-3 as well as PMAT, is their
ability to interact with a high diversity of compounds by mediating their cellular uptake, but
most notably monoamines, and thus maintaining an equilibrium thereof (Engel, Zhou and
Wang, 2004; Grouleff et al., 2015; Koepsell, 2021). In this regard, it was shown early on and
confirmed several times by different groups that both the mentioned SLC22 members as well
as human PMAT can uptake norepinephrine, dopamine and serotonin as a substrate, albeit with

strongly varying affinities (Busch et al., 1998; D. Griindemann et al., 1998; Zolk et al., 2009;



Zhu et al., 2010; Chen et al., 2014; Shirasaka et al., 2017; Gebauer et al., 2021). Along with
enzymatic degradation, monoamine reuptake by neurotransmitter transporters of pre-synaptic
neurons and adjacent glia cells plays an essential role in terminating the chemical signal evoked
by presynaptic neurotransmitter release and represents a mechanism of major pharmacological
relevance (Gainetdinov, Sotnikova and Caron, 2002). A plethora of nervous system active
substances can act as competitive or allosteric inhibitors of such transporters, thus resulting in
an increase in synaptic availability of the aforementioned neurotransmitters and consequently
increase norepinephrinergic, dopaminergic and/or serotonergic function within the peripheral
and central nervous system (Owens, Knight and Nemeroff, 2001; Howell and Negus, 2014).
This monoaminergic pathway controls physiological functions that are associated with
fundamental behaviours like mood, appetite, sleep, attention, motor function and motivation

(Couroussé and Gautron, 2015).

A broad number of substances, ranging from prescribed medicals to known drugs of abuse and
other illicit compounds, are well-known for their interaction with NET, DAT and SERT, the
hitherto best-described players related to monoamine balance in the CNS. Given their
abundance and interaction with MATSs, interest in describing these substances' interaction with
the human OCTs and PMAT is on a constant rise, since these transporters pose, yet less well-
researched, essential protagonists in the physiologically crucial monoaminergic system (Zhou,
Engel and Wang, 2007; Tzvetkov ef al., 2011; Haenisch ef al., 2012; Massmann ef al., 2014;
Mayer et al., 2018; Jensen et al., 2021). Because of the vast number and broad spectrum of
chemical structures of organic cations and transported uncharged ions, the organic cation
transporters, as well as PMAT, are defined as polyspecific or “multispecific” transporters
(Ciarimboli, 2008; Wang, 2016). Furthermore, OCT1-3 are believed to be the main carriers of
polyamines in humans, since, in contrast to prokaryotic and a few eukaryotic cells, no
confirmed polyamine transporters have yet been found in mammalian cells (Sala-Rabanal et
al., 2013). Historically, the system that mediates the re-uptake of biogenic monoamines, but
especially 5-HT due to its pharmacological relevance in depression treatment, as well as
dopamine and norepinephrine due to their role in various psychiatric disorders was termed
“uptake-1”. Over the years, it comprised the high-affinity/low-capacity Na* and CI—-dependent
transporters NET, DAT and SERT, as the most efficient and best known transporters for named
neurotransmitters (Jonker and Schinkel, 2004; Daws, C., 2013). However, a second,
heterologous catecholamine transporting system, referred to as “uptake-2”, was gradually
defined. It described a popularized alternative of uptake-1 as a potential-sensitive system,

independent from Na"and Cl—,which was known for its “low affinity, high capacity” uptake of



monoamine neurotransmitters. This physiological occurrence could not be merely accounted
for by classical high-affinity transport (Wu et al., 1998). The “uptake-2” system was first
mentioned in 1965 and found in rat heart muscles, where it was shown to mediate low-affinity
uptake of epinephrine and norepinephrine (Iversen, 1965). Further being detected in CNS and
identified as the extraneuronal monoamine transporter (EMT; today known as OCT3) uptake-
2 transport gained attention through a growing body of literature, soon suggesting it to partake
in the efficacy of CNS active drugs like e.g. antidepressants. Initially, based on their
predominantly peripheral tissue distribution, other organic cation transporters were excluded
from the uptake-2 system, including OCT1-2 and PMAT. Today, however, these transporters
are seen as part of that system, since their occurrence in CNS and physiological function qualify
them for it (Wu et al., 1998; Eisenhofer, 2001; Jonker and Schinkel, 2004; Daws, C., 2013;
Daws, Koek and Mitchell, 2013). Since members of the OCT family are involved in the
excretion of endogenous compounds, such as metabolites, or substances of exogenous origin,
such as various drugs, they have overlapping substrate and inhibitor profiles (Jonker and
Schinkel, 2004; Sala-Rabanal et al., 2013). Substrates underlie a classical transport mechanism,
where plasma membrane transporters take them up and facilitate their passage across the lipid
bilayer (Perland and Fredriksson, 2017). In contrast, inhibiting substances can competitively or
non-competitively bind to transporters in their outward facing confirmation and thus prevent
further substrate uptake (Sitte and Freissmuth, 2015). The majority of in vitro studies
characterizing the interaction between CNS active substances and the three OCT isoforms and
PMAT focused on psychoactive compounds that were already well-described in regard to their
interplay with MATs (Amphoux et al., 2006; Zhou, Engel and Wang, 2007; Haenisch et al.,
2012; Wagner et al., 2017; Maier, Niello, et al., 2021). This link in substrate similarity and
thereof related functionality between MATs, OCTs and PMAT bases the growing literature
focus on identifying various compounds as, mainly, inhibitors of OCT1-3 and PMAT and again
highlights the low-affinity/high-capacity transporters' obvious role in the maintaining of
monoaminergic equilibrium in the CNS (Giacomini, Huang and Tweedie, 2010; Zamek-

Gliszcezynski, Giacomini and Zhang, 2018a; Gasser, 2019; Daws, 2021).

Organic cation transporter 1 (SLC22A1), one of the best studied member of the SLC22 family,
is located on chromosome 6q26 and consists of eleven exons and ten introns (Hayer, Bonisch
and Briiss, 1999; Koepsell, Lips and Volk, 2007; Ciarimboli, 2008). Human OCT1 has a broad
peripheral tissue distribution, most notably expressed in the liver, but also in various other
tissues such as large and small intestine and in the kidney, where it partakes in the excretion of

a wide range of exogenous drugs, xenobiotics and metabolites, and was also found, albeit with



weaker expression, in brain tissue (Gorboulev et al., 1997; Koepsell, Lips and Volk, 2007; Liu
et al., 2016; Koepsell, 2020). The rat organic cation transporter 1 (rOCT1) was isolated from
kidney tissue in 1994 and was the first identified member of the SLC22A transporter family
(Griindemann et al., 1994). A few years later, in 1997, the first human isoform of OCTI,
hOCT]1, together with hOCT2, was cloned and functionally described (Gorboulev et al., 1997,
Zhang, 1997). hOCT1 plays an important role in gastrointestinal absorption and hepatic
elimination of a vast number of endogenous compounds and xenobiotics, but also depicts a
target site for many well-described drugs (Choi and Song, 2008; Mato et al., 2018; Zamek-
Gliszczynski, Giacomini and Zhang, 2018b). So far, many in vivo and in vitro studies have
reported OCT1 to be important for the pharmacokinetics of various organic cationic drugs and
their response in patients, OCT1 is often described as a (possible) mediator of many drug-drug
interactions (DDIs), an issue of increasing importance for pharmacotherapy (Boxberger,
Hagenbuch and Lampe, 2014; Zhou, Zeng and Shu, 2021). In this sense, OCT1 is site of action
for inhibiting (perpetrating) drugs which decrease hepatic clearance of substrate drugs (Zamek-
Gliszczynski, Giacomini and Zhang, 2018a). Due to known effects of single nucleotide
polymorphisms of OCT1 on interindividual variations in drug response, attention has been paid
to OCT]1 genetics, intending to further investigate its impact on reduced therapeutical, or even
adverse, effects of a plethora of medical drugs (Amphoux et al., 2006; Ahlin et al., 2008, 2011;
Al-Abdulla et al., 2019; Zhou, Zeng and Shu, 2021). One popular and very well-described
example of drug action being affected by either genetically altered or functionally hindered
hOCT1 is the changed distribution of metformin, a prominent and widely prescribed
antidiabetic and cationic drug that is normally transported across the hepatocyte membrane into
the liver (Zamek-Gliszczynski, Giacomini and Zhang, 2018b). Studies revealed that both
adjuvant use of OCT1 inhibiting drugs as well as presence of reduced-function alleles highly
increased metformin intolerance in patients, underlining the transporters' key role in hepatic
metformin uptake (Dujic et al., 2015; Stage et al., 2016; Zhou, Zeng and Shu, 2021). This
stresses the fact that OCT1 regulation of drug metabolism partakes in mediation of
gastrointestinal (GI) side effects, since genetic variants and inhibiting drugs can cause
accumulation of OCT1 substrates in the intestines and thus, in the worst cases, result in
treatment discontinuation due to adverse events (Tarasova et al., 2012; Dujic et al., 2015; Stage
et al., 2016). Earlier studies have demonstrated elimination of biogenic amines like
norepinephrine, dopamine and 5-HT by rOCT1 expressed in HEK293 cells (Busch et al., 1996).
The putative role of OCT1 mediated hepatic inactivation of circulating monoamines was further

confirmed, albeit showing differing transport activities of OCT1 towards different



catecholamines (Breidert et al., 1998). In liver, hOCT1 was later found to be a major 5-HT
uptake transporter with significantly higher affinities in comparison to the weaker expressed
“uptake-2” members OCT3 and PMAT. Commonly prescribed CNS active drugs like e.g.
antidepressants inhibit OCT1-mediated 5-HT uptake (Boxberger, Hagenbuch and Lampe,
2014). In brain, OCT1 was found weakly expressed in rat choroid plexus (CP) (Choudhuri et
al., 2003), murine hippocampus (Schmitt e al., 2003; Baganz et al., 2008), murine and human
choroid plexus (Duan and Wang, 2013), and rat, murine and human brain microvascular
endothelial (BMEC) (Friedrich ef al., 2001; Lin et al., 2010) as well as cerebral microvessel
endothelial (CMEC) cells (Sekhar et al., 2017, 2019) of the blood-brain barrier. So far, no
hOCTT1 expression in neurons or glia cells was reported (Koepsell, 2021). This rather restricted
expression in CNS explains why in vivo studies with OCT1 Knock-out mice so far focused
mainly on examining the transporters' renal and hepatic function (Sweet, 2021). However, since
interactions between various psychostimulant substances and hOCT1 have been broadly
acknowledged by many in-vitro studies, its confirmed expression in the blood-brain barrier
corroborates the common belief that OCT]1 is as well important for maintaining monoaminergic
equilibrium in CNS (Maier, Niello, et al., 2021). Involvement of hOCT1 in various diseases
and its broad effect on drug treatment is compactly summarized elsewhere (Koepsell, 2020;

Daws, 2021).

Organic cation transporter 2 (SLC22A2), located on chromosome 6q26, consists of eleven
exons and ten introns, shares about 70% amino acid sequence identity as well as a high proposed
binding pocket similarity with hOCT1 and hence was shown to have similar affinities and
ligand preferences therewith (Koehler ef al., 1997; Griindemann and Schomig, 2000; Sala-
Rabanal et al., 2013; Maier, Rauter, ef al., 2021). OCT2 was found to be primarily expressed
in the basolateral membrane (BLM) of kidney proximal tubes, but in humans is also present in
lungs, spleen, small intestine and brain (Nishimura and Naito, 2005; Koepsell, Lips and Volk,
2007; Choi and Song, 2008). In 1996, the first OCT2 mRNA expression was found in rat
kidney, and reported tetracthylammonium (TEA) transport activity suggested OCT2 mediated
renal organic cation transport (Okuda ef al., 1996). In 1997, the human OCT2 isoform was
cloned and characterized (Gorboulev ef al., 1997; Zhang, 1997). As a renal cation transporter
that arbitrates the first step in renal secretion, proposedly by facilitated transport across the
basolateral membrane, OCT?2 carries an important pharmacological and physiological role in
the absorption and excretion of endogenous and exogenous compounds and toxins (Fujita et
al.,2006; Saito, 2010). OCT?2 association with pharmacokinetics of important drugs was shown

e.g. by studies with genetic variants, which confirmed OCT2 to be involved in renal elimination
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of the above-mentioned antidiabetic drug metformin or found it to be of critical importance for
cisplatin toxicity (Chen et al., 2009; Filipski ef al., 2009). Renal accumulation of the latter can
be inhibited by the medical compounds cimetidine and verapamil, by which its nephrotoxic
effect gets reduced and thus serves as an example for the importance of OCT2 mediated DDIs
(Hacker et al., 2015). Along with OCT1, OCT2 is considered as a clinically relevant transporter
for drug interactions in vivo and is recommended for in vitro inhibition studies by the European
Medicine Agency (EMA) (EMA, 2012). rOCT2 expression in central nervous system was first
shown in 1997, suggesting OCT2 as a promising medical target in the brain (Griindemann et
al., 1997). Early studies have put emphasis on analysing rat OCT2 expressing cells for their
monoamine substrate specificity, and found that rOCT2 was capable of transporting
neurotransmitters like dopamine (Dirk Griindemann et al., 1998; Koepsell, Gorboulev and
Arndt, 1999). So far, recognized neurotransmitters as endogenous compounds have been,
amongst others, norepinephrine, dopamine, and 5-HT, implying OCT2 to partake in the
monoaminergic clearance system not only at peripheral organs, but also in CNS (Dirk
Griindemann et al., 1998; Koepsell, Gorboulev and Arndt, 1999; Amphoux et al., 2006). Busch
et. al (1998) were the first to demonstrate the expression of a human OCT2 (hOCT?2) in various
brain areas and acknowledged its ability to transport NE, DA and 5-HT, proposing it as a
“background transporter” for monoamine neurotransmitters and found it to have a similar
localization in the well-studied rodent brain (Busch et al., 1998). In their study with hOCT2
expressing Xenopus laevis oocytes, they reported hOCT2 inhibition by clinically relevant
concentrations of amantadine and memantine, antiparkinsonian drugs that were shown, for the
first time, to increase extracellular dopamine concentrations. Based on its transporting activity,
substrates and presence in CNS, OCT2 was found to complement MATSs as a player in
monoaminergic neurotransmission (Amphoux et al., 2006). OCT2 is believed to cause
monoamine uptake at sites distant from locations of aminergic release, i.e. in cases of so-called
volume transmission, but also compensates spill-over of monoamine neurotransmitters after
e.g. blockade of high-affinity transporters by MAT inhibiting compounds (Couroussé and
Gautron, 2015). This physiological relevance was underlined by an earlier in-vivo study in
mice, which showed that OCT2 was important in antidepressant action and for antidepressant
drugs to exert their full effects, suggesting alike mechanisms to be present in humans and further
weighing investigation focus of organic cation transporters towards their role in CNS (Bacq et
al., 2012). Further, animal model studies have shown OCT?2 to be important for the regulation
of psychostimulant addiction, anxiety and depression (Bacq et al., 2012; Couroussé and

Gautron, 2015; Couroussé et al., 2015). Based on these data, OCT2 holds potential in clarifying
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some yet unaccounted aspects of interindividual variations in patients responding differently to
drugs for the treatment of depression, anxiety, or PTSD (Sweet, 2021). However, a true research
gap regarding in-vivo studies of CNS located OCT2, but also OCT1 and PMAT, still exists,
rendering it difficult to assign their role in e.g. psychostimulant action (Maier, Niello, ef al.,
2021). Involvement of hOCT2 in various diseases and its broad effect on drug treatment is

compactly summarized elsewhere (Koepsell, 2020; Daws, 2021).

Organic cation transporter 3 (SLC22A3) is genetically located in close physical linkage to
OCT1 and 2 on chromosome 6q27 and also consists of 11 exons and 10 introns (Griindemann
and Schomig, 2000; Wieland et al., 2000). OCT3 has, by far, the broadest brain tissue
distribution of all organic cation transporters from the SLC22 family, ranging from
(monoaminergic) neurons to the blood-brain barrier, the blood-cerebrospinal fluid barrier
(BCSFB) as well as glia cells, including astrocytes (Hosoya and Tachikawa, 2011; Gasser,
2019). rOCT3 was first cloned and characterized in 1998, showing high mRNA expression in
placenta and considerably higher abundance in brain than rOCT1 and 2 (Kekuda et al., 1998).
Shortly after, the first human isoform was detected and named extraneuronal transporter for
monoamine transmitters (EMT), since it mediated their uptake at distance from their
presynaptic release (D. Griindemann et al., 1998). Hence, the well-known, classical neuronal
uptake, i.e. high-affinity monoamine uptake by “uptake-1" transport systems by NET, DAT and
SERT, located on presynaptic terminals, and the extraneuronal uptake were matched and
compared in regard to their catecholaminergic substrates and sensitivity towards diverse drugs.
As a member of the SLC22A family, OCT3 mediates facilitated low-affinity/high-capacity
uptake of organic cations, and is best known for its role in the monoaminergic system of the
human brain (Koepsell, 2021). However, due to monoamine substrate preferences and high
peripheral tissue distribution in sympathetically innervated tissues, hOCT3 was, particularly in
relation to the functionally strongly related and centrally expressed PMAT, assigned the role of
a major uptake-2 transporter for epinephrine and NE in periphery (Duan and Wang, 2010). This
nomenclature, however, differs between literature, as OCT3 is still often seen as the most
important low-affinity monoamine transporter in brain. Since OCT3 shares only about 50%
sequence identity with OCT1 or OCT?2, this might explain differences in compound interactions
and affinities (Sala-Rabanal et al., 2013). OCT3, just like OCT2, mediates monoamine uptake
at distance from the releasing pre-synapse and can eliminate NE, DA and 5-HT after their
release (Couroussé and Gautron, 2015). To date, many in vitro and in vivo studies confirmed
the interaction between hOCT3 and a vast number of compounds, but put focus mainly on

psychoactive substances and CNS active drugs (Maier, Niello, ef al., 2021). Association studies
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between OCT3 polymorphisms and substance abuse have drawn possible connections between
(partial) loss of function of OCT3 and use disorders (Lazar et al., 2003; Kitaichi et al., 2005;
Aoyama et al., 2006). In an amphetamine study, amphetamine-induced locomotor activity as
well as DA release was inhibited after wildtype mice were pre-treated with the non-selective
OCT- & PMAT-blocker D22 (decynium-22), while it was the opposite in OCT3-deficient mice
(Mayer et al., 2018). Even though amphetamine is not an OCT3 substrate, the study showed
further that amphetamine-triggered substrate release from the intracellular vesicular
monoamine transporter 2 (VMAT?2) is likely to lead to OCT3-mediated efflux. By comparing
OCT3"" and OCT3”" mice, another study demonstrated that methamphetamine mediated
release of dopamine by DAT was increased in the latter, deficient mutants, which further led to
extracellular dopamine accumulation and thus toxicity (Cui et al, 2009). Hence, a
neurodegeneration modulating role was assigned to OCT3 for the first time, putting it in context
of the Parkinson’s disease as a contributor to neurotoxicity in the nigrostriatal dopamine
pathway. Another link between OCT3 and amphetamine was shown in a recent in vivo study
in mice, where OCT3 was demonstrated to partake in the rewarding and locomotor stimulant
effects of the substance in female animals, further lending the transporter, together with PMAT
and its similar effects in males, a role in sex-dependent effects of psychostimulants (Clauss,
Koek and Daws, 2021). A concise summary of in vivo studies performed in mice, investigating
the role of OCT3 in stress and addiction and sensitivity to psychoactive substances, was made
elsewhere (Maier, Niello, et al., 2021). However, alike OCT1 and 2, the human OCT3 and
genetic variants thereof have been studied in regard of their pharmacological action of medical
drugs (such as metformin and oxaliplatin, as mentioned above), but have yet to be investigated
more intensely concerning their influence on drug abuse and addiction (Zhang et al., 2006;

Chen et al., 2011).

The human plasma membrane monoamine transporter (SLC29A4) is located on chromosome
7p22.1 and was identified and first characterized in 2004 (Engel, Zhou and Wang, 2004). Before
being named PMAT, the gene was previously titled human ENT4, categorized as a member of
the human SLC29 equilibrative nucleoside transporter family, albeit exhibiting <20% sequence
identity to any other ENT (ibid.). Even though it is not related to any of the OCTs or other
known monoamine transporters (i.e. SLC6A members NET, DAT and SERT), it was shown
early on that PMAT, unlike other SLC29 transporters, also transports organic cations and, most
importantly, monoaminergic neurotransmitters, but no nucleosides or analogues thereof except
for adenosine (Engel, Zhou and Wang, 2004; Wang, 2016). In relation to hOCT3, the most

abundant SLC22A transporter in brain tissue, expressions of PMAT transcripts were found to
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be distinctly higher in many of the investigated brain areas (Wang, 2016). In line with their
preference and shown transport efficiency towards individual monoamines, hPMAT, which has
a high preference for DA and 5-HT, the major centrally acting monoamines, and hOCT3, which
transports epinephrine and NE most effectively, were suggested to be the major uptake-2
transporters in CNS and periphery, respectively (Duan and Wang, 2010). PMAT acts, just like
OCT1-3, as a polyspecific organic cation transporter with low-affinity and high-capacity for
monoaminergic neurotransmitters and was shown to have affinities towards them at an
intermediate level between high-affinity MATs and the SLC22 family members (Vialou et al.,
2007). In general, some substrates and inhibitors of PMAT overlap with OCT1-3 and include
e.g. the mentioned biogenic amines, the neurotoxin 1-methyl-4-phenylpyridinium (MPP") and
also medical drugs (Engel and Wang, 2005). Concerning brain tissue distribution of PMAT, the
main focus is put on the CP (choroid plexus) (Duan and Wang, 2013; Wang, 2016). The CP, or
BCSFB (blood-cerebrospinal fluid barrier), is known to be essential for the transport of organic
cations, monoamines and cationic drugs and toxins from the cerebrospinal fluid (CSF) to blood
(Duan and Wang, 2013). However, since uptake of OCs at the apical membrane is mostly
carrier-mediated, previous studies initially suggested hOCT2 and 3, amongst other transporters,
to be involved in transport across the CP, but could not directly prove their expression (Sweet,
Miller and Pritchard, 2001; Kusuhara and Sugiyama, 2004). Besides mRNA expression and
protein localization studies, Duan and Wang (2013) further confirmed PMAT contribution to
apical CP substrate uptake by using Slc29a4 gene knock-out mice (Duan and Wang, 2013). A
clear decrease in OC and monoamine uptake in Pmat-/- mice was shown, and only low
contributions of OCT1-3 and SLC6 transporters to apical substrate uptake were confirmed. RT-
PCR and immunohistochemical analysis revealed PMAT and OCT3 as the only low-affinity
transporters expressed in human astrocytes (Yoshikawa et al., 2013). Still, despite the rich
evidence that links PMAT with monoamine clearance, missing in vivo studies continue to
represent an obvious gap in research in this field, as is also the case with hOCT1 and 2 (Maier,
Niello, et al., 2021). However, the growing (in vivo) research interest in PMAT is exemplified
by a recently published study of mice, which looked into the role of OCTs and PMAT in sex-
dependent variations in the rewarding and locomotor stimulant effects of amphetamine, and
found that OCT3 and PMAT are necessary for conditioned place preference (CPP) in females
and males, respectively (Clauss, Koek and Daws, 2021). Notably, clinical relevance of PMAT
was proposed in neurodegenerative and psychiatric disorders that are connected to dysregulated

monoaminergic neurotransmission in brain, as e.g. in the case of Alzheimer’s disease (AD)

14



(Sekhar et al., 2019) or autism (Adamsen et al., 2014). A concise review on PMAT tissue

distribution and subcellular localization is present elsewhere (Wang, 2016).

To date, a vast number of CNS active compounds have been shown to interact with the human
isoforms of OCT1-3 and PMAT (Giacomini, Huang and Tweedie, 2010; Koepsell, 2021; Maier,
Rauter, et al., 2021). Considering the commonality between SLC6 neurotransmitter-sodium
symporters and OCTs and PMAT for their role in maintaining monoaminergic balance in CNS,
it is thus not surprising that research is increasingly putting focus on exploring interactions
between psychoactive compounds, including medications and illicit drugs, and the low-
affinity/high-capacity OC transporters. Striking features of so far described hOCT and hPMAT
substrates are cationic and/or neutral charge, greater sp3 character and hydrophobicity (Sala-
Rabanal ef al., 2013; Wang, 2016). Since many known psychoactive substances comply with
these characteristics, and are further structurally related to norepinephrine, dopamine, and 5-
HT, OCT1-3 and PMAT (and their genetic variants) are important determinants for their
pharmacokinetic fate (Jensen ef al., 2021). As mentioned, the majority of studies assessing the
interaction between various compounds and OCTs and PMAT focused on in vitro analyses,
primarily trying to recognize substances as inhibitors or substrates thereof. So far, regarding
their interaction with human OCT1-3 and PMAT, studies have put emphasis on evaluating
prominent psychoactive compounds like e.g. d-amphetamine, methamphetamine, MDMA and
cocaine (Wu et al., 1998; Amphoux et al., 2006; Zhu et al., 2010; Wagner et al., 2017), five
different a-pyrrolidinopropiophenone (a-PPP) derivatives (Maier, Rauter, ef al., 2021), five a-
aminovalerophenone (a-PVP) derivatives (Duart-Castells et al., 2021; Maier, Rauter, et al.,
2021) and ketamine (Amphoux et al., 2006, Massmann et al., 2014; Keiser, Hasan and Oswald,
2018) (for a concise comparison and summary of pharmacodynamic properties of psychoactive
substances characterized by their interactions with aforementioned transporters see Maier et al.
(2021)). In this regard, pharmaceutical drugs like e.g. bupropion (Haenisch and Bénisch, 2010;
Haenisch et al., 2012; Sandoval et al., 2018), phenobarbital (Ahlin et al., 2008) and tramadol
and its metabolite O-Desmethyltramadol (Ahlin et al., 2008; Tzvetkov et al., 2011) have also
been investigated. In particular, the importance of OCTs and PMAT is emphasized in the acute
action of antidepressant and antipsychotic drugs, as these transporters are required for the drugs
to exert their full clinical effect (Haenisch and Bonisch, 2010; Bacq et al., 2012; Mayer et al.,
2018). Since monoamine clearance from extracellular fluids by low-affinity transporters can
buffer the desired results of prominent drug classes like SSRIs (selective serotonin reuptake
inhibitors), OCTs and PMAT depict promising targets in the design of improved or novel
therapeutics against e.g. depression (Daws, C., 2013).
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Notably, the high degree of amino acid sequence homology between OCT1 and 2 accounts for
the similarity of ligands, whereas the less homologous OCT3 has a smaller pharmacodynamic
overlap (Sala-Rabanal et al., 2013). Nevertheless, OCT3 is a significant player in mediating
psychostimulant abuse, as seen for the action of amphetamine in mice (Mayer et al., 2018), and
was also shown to play a role in the stress-addiction axis and anxiety in animal models and,
albeit offering yet just another small step for understanding mentioned occurrences, suggesting
similar mechanisms in humans (Wultsch et al., 2009; Baganz et al., 2010; Graf et al., 2013).
However, just as a high degree of amino acid sequence homology between related transporter
proteins can explain their overlap in substrate and inhibitor specificities, so it has to be taken
with a grain of salt when it comes to its translatability between different species, as seen for the
murine, rat and human isoforms of OCT1-3 and PMAT (Maier, Niello, ef al., 2021). Here, the
degrees of homology, albeit seeming fairly high, should perhaps not be viewed without
scepticism, since they might depict the main reason for the often-observed differences in
compound affinities between species. Figure 1 depicts the degrees of amino acid sequence

homologies of OCT1-3 and PMAT between the three species.
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>equence hOCT1 hOCT2 hOCT3 mOCT1 mOCT2 mOCT3 roCT1 roCT2 rOCT3
homology (%)
hOCT1 69.55 47.88 77.34 69.55 46.33 77.52 67.39 46.24
hOCT2 48.32 68.4
hOCT3 46.99
mOCT1
rOCT1 67.99 45.7
rOCT2 47.13
rOCT3
Sequence
hPMAT mMPMAT rPMAT
homology (%)
hPMAT
B
0 50 100

Figure 1: Heat maps portraying the degrees of amino acid sequence homology (given as %, adapted from Maier et al. (2021)) between the human, mouse, and rat isoforms of

OCTI1-3 and PMAT.
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The significance of investigating drug interactions with OCTs and PMAT led to the onset of
this study, aiming to establish interaction profiles between them and a total of 17 substances,
most of which are known for their interplay with high-affinity transporters. The compounds
stem from six different chemical and medical classes (antidepressants, antiepileptics,
analgesics, new therapeutics, psychostimulants, and drugs for treatment of narcolepsy and
ADHD) and were investigated regarding their potential for inhibiting substrate uptake into cells
stably overexpressing human OCT1-3 and PMAT. For the herein conducted radiotracer-based
uptake inhibition assays, 1,1'-diethyl-2,2'-cyanine (decynium-22; D22) was used as a control
substance to assess non-specific uptake at all OCTs and PMAT. In 1992, D22 was introduced
as a potent, competitive inhibitor of the human corticosterone-sensitive extraneuronal
monoamine “uptake-2” transport system, which is today known as OCT3 (Russ, Sonna, ef al.,
1992). D22 was introduced in 1993 as the first known inhibitor of renal cation uptake in LLC-
PK1 cells (Schomig, Babin-Ebell and Russ, 1993) and rOCT1 inhibition in nanomolar
concentrations was reported in 1994 (Griindemann et al., 1994). Concurrent with their first
description in 1997, D22 was confirmed as a potent uptake inhibitor at hOCT1 and 2
(Gorboulev et al., 1997; Zhang, 1997), and was shown to have the highest inhibitory potency
of all inhibitors tested at hPMAT, with a K; value of 0.10 uM (Engel, Zhou and Wang, 2004).
Tritiated 1-methyl-4-phenylpyridinium ([PH]JMPP*) served as the radioactively labelled
substrate for all aforementioned transporters, whose cellular uptake was measured and
quantified via beta-scintillation counting. MPP" is a metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a neurotoxic compound that is oxidized to its reactive form and
known for its link to Parkinson’s Disease (Salach et al., 1984). MPP' neurotoxicity was
described in 1984, and the compound was since confirmed as a substrate of human MATS,
OCTs and PMAT (Salach et al., 1984; Russ, Gliese, et al., 1992; Wall, Gu and Rudnick, 1995;
Gorboulev et al., 1997; Johnson ef al., 1998; Engel, Zhou and Wang, 2004). In order to set up
interaction profiles of the respective compounds on hOCTs and hPMAT, 1Cs (half maximal
inhibitory concentration) values were calculated, providing key information about the
inhibitory capacities of the tested substances. Since interaction profiles between psychoactive
compounds and SLC6 transporters are abundantly available, we herein set sight on analogously
establishing the same for low-affinity/high-capacity transporters, which are, in this regard,
largely understudied. In this work, we reveal substrate uptake inhibition potencies of bupropion,
S-citalopram, R-citalopram, diazepam, phenobarbital, cocaine, d-amphetamine, R-o-

pyrrolidinovalerophenone  (R-0-PVP), S-a-pyrrolidinovalerophenone (S-a-PVP), 3.4-
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methylenedioxymethamphetamine (MDMA), psilocin, ketamine, and its metabolically active
derivative 2-fluoro-deschloroketamine, methylphenidate, modafinil, tramadol and its
metabolite O-desmethyl-tramadol. Table 1 underlines these substances' clinical relevance and
classifies these compounds by their chemical/medical class and shows their most prevalent,
known pharmacodynamic mechanism in human CNS. Since only a few of those substances
have been investigated in regard of their interaction at human OCTs and PMAT, the herein
presented data fills a veritable research gap and offers relevant information on these
transporters’ abounding pharmacology. Furthermore, some well-known, clinically relevant
drugs are suggested as potential scaffolds for the development of new or adapted drugs,
bringing prospects especially for patients with OCT or PMAT polymorphisms, differently

impacting substrate translocation and thus pharmacodynamic fate of relevant compounds.

Main pharmacodynamic Approved or proposed

Category Compound ) Source
mechanism uses
D ion, |
. Inhibitor of hDAT and epres.5|on .seasona
Bupropion . affective disorder, Foley et al. (2006)
hNET; antagonist of nAChR . ] !
smoking cssation aid
i i Antagonistic effect on S- L
Antidepressants R-citalopram Schilstrom et al. (2011)

citalopram at hSERT

MDD, social and
generalized anxiety
disorder

Larsen et al. (2016),
Kasper et al. (2005),
Davidson et al. (2004)

S-citalopram (escitalopram) SSRI

. Anxiety, convulsive
Allosteric GABA, receptor

Diazepam disorders, epilepsy, Calcaterra et al. (2014)
Lo modulator .
Antiepileptics sedation
Allosteric GABA, receptor
Phenobarbital " P Epilepsy Yasiry et al. (2012)
modulator
Cocaine Inhibitor of hDAT, hNET Kristensen et al. (2011)
and hSERT )
) Releasing agent at hDAT Sulzer et al. (2005),
Psychostimulants d-amphetamine and hNET ADHD, narcolepsy Luthy et al. (2015)

New therapeutics

R-o-PVP Racemic compound a-PVP: NGbrega et al. (2018)
S-a-PVP inhibitor of hDAT and hNET g ’
Ketamine NMDA receptor antagonist [ Analgesic, anaesthetic Morgan et al. (2012)

2-fluoro-deschlorketamine

NMDA receptor antagonist

Anaesthetic

Moghimi et al. (2014)

Analgesics

MDMA Releasing agent at hDAT, PTSD Oeri (2020)
hNET and hSERT
psilocin (Partial) 5-HT,, agonist Kargbo (20214, b)
Kano et al. (2006), Smyj
Tramadol p-opioid receptor agonist | Acute and chronic pain ( ), Smy]

etal. (2013)

O-desmethyltramadol

u-opioid receptor agonist

Acute and chronic pain

Kano et al. (2006)

Medicals against
Narcolepsy and ADHD

Methylphenidate

Inhibitor of hDAT and hNET

ADHD, narcolepsy

Challman et al. (2000)

Modafinil

Inhibitor of hDAT

Narcolepsy

Minzenberg et al. (2008)

Table 1: Comparison table of the pharmacodynamic properties and uses of 17 herein investigated psychoactive

substances.
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1. Introduction

Oirganic cation transporter subtypes 1-3 (0CT1=3; SLC22A1=3, respectivedy; OCTz) and
the plasma membrane moncamine transporter (PMAT: SLCXAL) are poly-specific facilita-
tive fransporters which are involved in the uptake and elimination of various endogenous
compounds, most nofably monoamines, as well as of drugs, xencbiotics, and toxinz [1], In
addition to the high-affinity, low-capacity solute carrier & (SLCE) neurotransmitter-sodium
symporters of norepinephrine (norepinephrine transporter; MNET; SLC6AZ), doparmine
[dopamine transporter; DAT; SLCAAS) and serotonin (serotonin transporter; SERT; SLCAA4),
the low-affinity, high-capacity OCTs as well as PMAT are of paramount importance for the
maintenance of moncaminergic equilibrium in the brain |2.2]. In addition, OCTs contribute
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to protection against noxious compounds by intestinal absorption as well as hepatic and
renal excretion [4-6]. Indeed, hOCTT and ROCT2 transport numerous compounds in
thie small intestine, liver and Kidmeys, with OCT1 being primarily expressed in the liver
and T2 predominantly acting in the kidney, while both are, together with hOCT32 and
hIPMAT, also found in the brain, albeit at a lower level [7]. By contrast, hOCT3 and hPMAT
were found to be highly expressed in the brain, alongzide their less ubiguitous occurrence
in peripheral organs, such as the heart for ROCTS [5]. Here, along with hOCTL and 2,
they participate in the regulation of the moncaminergic equilibrium, and their dysfunction
has been associated with disturbance of moncaminergic pathways, leading to various
psychiatric disorders and neurodegenerative diseases [9-13].

Diue to thetr involvement in the excretion of drugs and metabolites, members of the
OCT family have overlapping substrate and inhibitar profiles [5,14]. Substeates are classi-
cally transported into the cells by the transporter, while inhibitors bind to the transporter
in the cutwarnd-facing comfirmation amd prevent uptake [15]. Identification of compounds
inberacting with OCTs and PMAT furthers knowledge of targets and effectz in the central
nervous system (CNS) and, additionally, allows for the explanation of substances’ observed
pharmacokinetic properties, Given the plethora of CNS active substances that are well-
known for their interplay with SLOS newrotransmitter-sodiuom sympoerfers (summarized
a5 manaamine transporters; MATs), there is also a growing amount of inferest in their
interaction with the human OCTs as well az PMAT, since they are less well-researched
potential targets in the monoamingergic system [16=21], We have recently reported that
several psvchoactive substances, classitied primarily as inhibitors or substrates of the MATs,
equipotently interact with certain OCTs [2,22].

To further extend these observations, we screened 17 substances with CNS activity
that were categorized as follows: antidepressants (bupropion, S-citalopram, E-citalopram),
antiepileptics (diazepam, phenobarbital), psvchostimulants (cocaine, d-amphetamine,
E- and S-n-pyrrolidinovalerophenone (R- and 5-a-FVP)), emerging therapeutics (3.4-
methylenedicooymethamphetarmine (MDOMA], psilocin, ketamine], the ketamine derivative
Z-flucro-deschlorcketamine, drugs for atlention deficit hyperactivity disorder (ADHD)
and narcalepsy (methylphenidate, modafinil and analgesics (tramadaol and its metabolite
O-desmethyl-tramadol). 2-Auoro-deschloroketamine and O-desmethyliramadol can be
classified as new psychoactive substances that are not yet controlled by legislation [23].
Constdening the myrad of already established interaction profiles cn SLCE transporters,
we bried to start an analogous process for the low-affinity, high-capacity monoamineg
transporters, as doing so will help to further elucidate the pharmacological interaction of
compounds with OCTs and PRMAT. This approach will offer maore information on these
transporters” rich pharmacology and potentially kead to clinical implications for patients
with OCT polymorphisms impacting substrate translocation [24]. Inaddition, the discovery
of previcusly unreported interactions of well-known psychoactive substances with OCTs
and PRAT might inspire the usage of compounds as potential scaffolds to develop mew
clinically useful drugs,

2, Resulis

Uptake inhibition assays were performed on human embryonic kidney 203 (HEK293)
cells stably expressing hOCT, hOCT2, WOCTS or hPMAT b0 assess the compounds” polency
to inhibit the uptake of 1-methyl-4-phenylpyridinium ([*H]-MFPF*). We found several
substances to be inhibitors of substrate uptake by hOCTT, and fewer interacted with MOCT2
and RPMAT, whereas interactions with hOCT2 were exceedingly rare (see Figure 1). In
summary, only 1 compound {~&%) inhibibed hOCT3, 5 compounds {~299%) inhibited
hFMAT, 7 compounds {~41%]) inhibited ROCT2, and 11 compounds [~65%) inhibited
T with an half-masximal mbibitory concentration (1Csp) value lower than 100 pbd (see
Figure 1B},
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Figure 1. Graphical representation of the percentage of screened compounds inhibiting the substrate
uptake of the transporters of interest with an half-rasximal inhikitory conceniration (10500 below
00 b A 45.5% of compounds inhibit hOCT1 (dark blee), 20.25% inhibit ROCT2 {light blue),
20.8% hI'MAT [orange} and 4.2% inhibit hOCT3 (red). (B): 11 out of 17 compounds inhibit hOCT1,
7 oo pmmd_r. inhibit WOCTE, 1 n:nmpv;u.lm;l inkabit WOCT and Sfmpnunu:ls imhibit RP&AT.

The screened antidepressants had close to identical interaction profiles on all trans-
porters {see Figure 2 with only hOCT] uptake being inhibited at pharmacologically
relevant concentrations, with ICs; values between 5.11 pbd (95%-confidence interval {CI):
4.11-6.37) to 715 pb (95%-C1: 5.55-9 15} (Table 1). Interestingly, B-citalopram, Scitalopram
and bupropione did not interact as potently with MOCT2 and BOCT3S (see Figure 20 0.
The examined antidepressants inhibited hPMAT with low potency at high miceomaolar
concentrations (Figure ZE).

Table 1. Heat map portraying the inhibitory pobency (in pb] of sereened compounds at hOCT1-3
and h'MAT. Lower values are highlighted in red and higher in shades of blue (see legend).

Subslance Transporters

WOICT T2 hiH"T3 BFSMAT

E‘upmplnn
S-Citalopram
E-Citakopram

Dlizzepam
Phemoharhital

i=Amphetamine
Cacalng
Rea-"'¥I?
LI
Kekarmirs:
F-Flisaro-dlimschlorsketamin
MADHLA
Peilocin
Tramadol
O-Desmethyltramadial
Metylphenidale
Mlcsdafinil

Tilme22
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Figure 2, (A) Chembeal structures of the herein investigated antidepressant compounds, From
lett to right: bupropion (viclet), R-ctalopram (yellow) and S-aGtalopram red); Effects of the
above=mientioned mmpnunds I:im'lud.ing d{'{!.-'niumal‘z; dazhed line] on (B) ROCTL, (C) ROCT2,
(¥ hOCTS and (E) hPMAT of wptake of trittated MPPT In HER2%93 cells stably expressing the
respective transporber.

Diazepam fully inhibibed substrate upfake of all transposters (see Figure 3B-E), reach-
ing; halt-maximal imhibition at 4446 ph (95%-C1: 36.04-54,85) and 2981 pM (95%-Cl;
15.41-48.27) at hiOCTS and hIPMAT, respectively, while weakly interacting with ROCT1 and
ROHCT2 (150 = 100 uh), Phenobarbital treatment induced increased uptake of substrate
at increasing concentrations at ROCTT and hOCT2, while not interacting with the other
transporters at pharmacologically relevant concentrations,
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Figure 3, (A} Chemical struchures of the hereln Investigated antieplleptics diazepam {red) and
phenabarbital (violet): (B-E): Effects of the above-mentioned compounds (including decyniam-22;
dashed line} on (B) hOCTL, () hOCTZ, (0 hOCTS and (E) hRPMAT of uptake of tritiated MPF in
HEK253 cells stably expressing the respective transporter,

The payvchostimulants d-amphetamine, cocaine, R- and 5-x-PYF showed similar inkhi-
bition profiles al MOCT] and hOCT2 (Figure 4B.C) with [05ps ranging from 107 (95%-CL
0.81-1.40) to 1502 whd (95%-CL 11.28-20.00), with the exception of an [Csy of 27.80 uM
(95%-C1: 19.17-40.32) of cocaine at hOCT2 (zee Figure 4C). Furthermore, no pharmacolog-
bcally relevant interactions with hOCT? and hPMAT could be detected (Figure 4DE). R-
and S-a-PVF treatment lead to increased uptake of substrate at hWPMAT (Figure 1E).



ful, [ Mol 508 2021, 12, 12965

frod 16

A
ﬂx‘-. FHa "E-:EH
HyE—N. _-?_D T J
‘-:\ 'l:'\- LR "'[-\. e [l:-ﬂ::.
A il w
Q
¥  cocaine ¥ dr-amphetamine
i I,_—-.L.hl =] ™,
— v Pl ~ .-'J""\-\._.-'H"\-.-"
o9 >y
Cly =
¥ Sen-pyrrolidinovalerophenone T R pyrrolidinovalerophenone
B hQCT1 c hQCTZ
2 00
2
=
g s
i
<
F
L] hOCTE E hPMAT

% PHIMPP" uplake

log) conc [UM] bag cane k]

Figure 4. {A) Chemical structures of the herein invﬂ.'tig.:hed F-xg,rcl'l.n-:v.'limu.'l.anb:. Fromm left to
right  cocaine {blue), d-amphetamine (yellow), S-a-pymolidinovaberophenone (violet) and Rea-
pryrralsdinesalerophenome (red); (B-El Effects of the above-mentioned compounds (including decynium-
23; dhashisd lines] o (B BROCTT, (C) ROCTZ, (I ROCTS and (E) hPMAT of uptake of tritiabed MEPT in
HEEKXS oells |;r.1hl}' r:d.]:-ming thi- rq-.spﬁr.iw trarEporter

While ketamnine selectively and potently inhibited substrate uptake of ROCTZ, its
derivative Z-fluoro-des-chlorcketamine is less potent, bul similarly selective [ ICs; of 1246
(95%-CL 9.71-15.93) and 19.18 pM (953%-C1: 14.89-24 700, respectively). Both compounds
did ot fully inhibit the other transporters at pharmacologically relevant concentrations.
Psilocin, the active metabolite of psilocybin, did not inhibit any of the investigated trans-
porters, but rather caused an increase In substrate uptake in the low micromolar pange
at the OCTs (see Figure SB-D. 3 4-Methylenedioxymethamphetamine (MDBMA) kas high
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substeate upkake mhibiting potencies at hROCTT, 2 (1Csp of 1,04 (95%-C1: 0.00-1.44) and
271 M (95%-C1: 222330 ) respesctiviely) and hPMAT (1Csg of 777 phd; 95%-C1: 5.42-10.21),

while not inhibiting uptake by hOCTS.
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Figure 5, {A) Chemnical structures of the heseln investigated new therapeutics, From lefl to fghi: ke-
tamine (yelkoayv], Z-flusre-deschloro ketamine (bhoe; nore-therapeutic derivative of ketarmine], MO/
[red) and pus.ilnl_'in [vinlet): (B=E): Effects of the abovesmentioned r-:l-mpuum:ls [inv;lu::l'inp; do._-_!,'nium-?!:
clashed Hinel o (B WOCTI, (C) hOCTE, (01 ROCT3 and () hPMAT of uptake of tritated MPPY in
HER243 cells stably expressing the respective transporter.
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Tramadaol and itz active metabolite O-desmethyliramadel both inhibit hOCTT substrate
uptake at low micromaolar concentrations {[Csg of 3060 (95%-CL: 4.65-6.73) and 24.16 M
(95%%-Cl: 19.12-30,54) respectively) (see Figure 6B). Tramadol also inferacts with h2CT2
and hIPMAT, but tails to fully inhibit the transporters (Figure 5C,E), Mo interaction of both
tramadal and Cedesmethylotramadol with hOCT3 was observed (Figure 603,

i
g
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hPMAT
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s

Iog conc [phkd]

Figure & (A) Chemical structures of the herein investigabed analgesices ramadol (violet) and O-
dﬁmﬂh:,-'ll:rnrmdnl {red); (B=E): Effects of the abave-mentioned {mprmnds [in;lud'inp; dﬂr_l.m'ium-i];
cdashed line) on (B) hOCT, (0 hOCT2, (0] hOCT3 and (E) hPMAT of uptake of tritated MPPT in
HEK243 cells stably expressing the respective transporter,
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Az seen in Figure PB-E, modafinil did not interact with hOCTs and hPMAT at pharma-
cologically relevant concentrations. In contrast, methylphenidate potently interacts with
hiOCT (Figure FBY (1Csp of 0036 phd; 959%-C1: 0,27-0,46), while mot fully Blecking any other
investigated transporter (see Figure 7C-E).
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Figure 7. (A} Chemical structures of the herein imvestigated drugs to freat narcolepsy modafinil
{[vacleth and ADHD methylphenidabe (eed); (Bl Effects of the above-mentioned comgounds fincluding
decynium-22; dashed line) on (B) ROCTI, (C) hOCTZ, (D RCCT and (E] hDPMAT of uptake of
tritiated MPFT in HEE2ES cells sl.'lhl:.r :-:-:p-re—._q;ing_ thi T-:-.f.pﬂ:ril.'{' transporter,

3, Diiscussion

To date, many substances have been investigated concerning their interaction with
the high-affinity, low-capacity SLC6 MATs due to their long history of use as clinically
relevant drug targets, in addition to their well-established role in regulating the clearance
of monoantines from the synaptic cleft and maintaining moncaminergic equilibrium in the
S, However, a growing number of studies shows that the low-affinity, high-capacity
organic cation transporters (CCT1-3), as well as the plasma membrane monoarmine trans-
porter (FMAT), are also distinctly involved in monoamine reuptake from the synaptic
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cleft [11,25]. Purthermare, they transport and eliminate xencbiotics in the periphery, bemd-
ing thrn ph.arm.am|-:_:|gi|:n| and chinieal relevance | 11, 26=341 |

Herein, we intended o systematically determine the interaction profiles of 17 psy-
choactive substances, including miedical drogs, which have mostly been shown to interact
with MATs, on hOCT1-3 and hI'MAT [32-36], The presented data thus fill a veritable
research gap, since only a few of the compounds have previously been investigated con-
cerning their interaction at the OCTs and PMAT (see Supplementary Table 513,

The first striking finding is that the varicus chemical classes of psychoactive com-
pounds investigated herein predominantly interact with hOCT1, and less pronouncedly
with hiCT2 and hPMAT. Previcus studies have shown many medically relevant com-
pounds, such as metformin, to interact with hOCT], in tum influencing their pharmacoki-
netic fate [37]. Furthermore, polymorphisms of hOCT] have been shown to influence sulkb-
strate translocation and drug—drug interactions [38]. Overall, OCT]1 polymorphisms seem
e have potential clinkcal consequences, bul further research needs o be undertaken [21].
In addition, FDA {Food and Drug Administeation) and EMA (European Medicines Agency]
recommend investigations of potential interactions with ROCT2 for drugs which are pri-
marily renally excreted [ 39 40]. Thus, for compounds potently interacting with hOCTs and
hPMAT, the occurrence of polvmorphisms In patients, differently affecting pharmacody-
namic amd -kinetic fates and potentially the cccurrence and severity of side-effects, must be
considered in future investigations and substantiated clinically.

Currently, only few selective hOCT or hPMAT inhibitors are known, which can
be explained by the high degree of sequence homology between transporters [25]. In
particular, ROCT] and 2 share approsimately 700 aming scid sequence identity [2,14].
It is therefore not surprising to see an overlap of compounds interacting with hOCT1
and 2. Still, we located distinet differences beteeen these two transporbers regarding soma:
of the compounds tested, Bupropion selectively interacts with hOCT1, This contradicts
results reported in previous publications [16], Diverging data between our results and
those gathered from earlier studies might be explained by differences in experimental
and laboratory conditions, as well as the established cell lines across studies [41]. In
addition, tramadel, its metabolite O-desmethyliramadaol, and both citalopram enantiomers
were selective hOCT inhibitors, Strikingly, we found methylphenidate to potently and
selectively interact with hOCTLL even more potent than the unspecific OCT and PMAT
inhibitor decymium-22 | 1], Furthermone, ketarmine potently interacts with hOCT2, while
showing little activity at other hOCTs and hPMAT. Amphoux et al. {2006) reported similar
results for the OCTs bul did not investigate hPMAT [26]. This highlights the interesting
finding that some compounds explicitly differ in their interactions with ROCT and hOCT2,
despite the high degree of sequence homalogy between the two ransporters. One possible
explanation for this discrepancy could be differences between substrate binding sites.
Arming ackd resldues that are ceitical for substrate speciiicity, which are localized in reglons
formed by transmembrane helices crucial for substrate binding, were found to differ
betiwveen CCT1 and COT2, and might explain variations i compound interactions with
thaose transporters [42,43]. Shll, the exact mobecular basis for preference of compounds for
hORCTT or 2 has not been clearly established yet [2,14,44], While we could not salve this
gap in knowledge, our investigation led to the discovery of scaffolds that can be used for
the development of selective inhibitors of OCTs, expanding pharmacological and structural
understanding of this transporter family,

hOCT3 shares less sequence identity (50700 with the other OCTs and it has been
previously shown that many unselective inhibitors and substrates of the organic cation
transporters are least efficacious at ROCT3 [14]. In our study, diazepam not only proved to
be a clearly more potent inhibitor of substrate uptake at hOCT3 when compared to hiOCT1
and 2, but additicnally, was the only herein tested substance bo exhibit any pharmacolog-
ically relevant effect on substrate uptake by hOCT3. A previous study reported an [
of 2 uM for diazepam at hOCTS, which is much lower than the one we have measured
(1Csp of 4246 ubd} [15]. The discrepancy mayv be explained by the different tracer used,
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with Massmann and 1_'|_1||q'ugm ha\'ing rmph:_:-_l,r-l_ﬁ:i funrescent ﬂ-—l:ﬂ-—l:diTl‘lt‘H‘l}'lﬂ mi.nu:hd_l,rr_l,rﬂl-
M-msthylpyridinium iodide (ASFT), while we performesd uptake inhibition assays with
radioactively labelled MPPT [41]. In addition, diazepam relatively potently interacted with
hIWAT, which was previously unreported.

In an investigation of a-pyrrolidinepropiophenone derivatives, we have previously
observed that differences in aromatic ring substituents affected the hOCTs and hPMAT
differently [22]. Differences in interaction with ROCT] and 2 were marginal compared
to their impact on TS and hPMAT, Here, we examined ketamine and its derivative
Z-fluoro-deschlorcketamine, again noticing only small differences caused by different
aromatic ring substituents, although the potency to inhibit hOCT2 substrate uptake de-
creased for the derivative. This lack of sensitivity towards substituents of the aromatic
ring differentiates WOCT] and 2 from SLO& MATs where, for example in the case of
methcathinone analogs, fluorination of the aromatic ring improved SERT selectivity over
AT [35,45,46]. On the other hand, structural differences between tramadol amd its main
metabolite O-desmethyltramadol led to relevant changes in hOCT1 affinity, as tramadol
inthibited substrate uptake of the transporter with a more tham four-fold higher potency
(1Cay of 5.6 ubd) than O-desmethylizamadel (1T of 24.16 pbd). Future studies need Lo
focus on identified, potent chemical scaffolds and systematically investigate effects of
substituents in larger-scale structure—activity relationship investigations.

To our knowledge, no previous studies have analyzed the effects of these com-
pounds at buman OCTs or hPFMAT. Thus, we examined pharmacodynamic properties
o S-citalopram and R-citalopram, as well as 5- and R-a-PVT Generally, we saw no dis-
tinct enantioselective differences in uptake inhibition betwesn the two compounds on any
transporter, emphasizing the robustness of OCTs and PMAT concerning drug-transporter
interactions, which discerns them from MATs [23,47 45].

Wiz observed the surprising phenomenaon that treatment with higher concentrations of
some compounds, most markedly phenobarbital, psilocin and a-FYE led to elevated MPE
uptake at hOCT], 2 and hPMAT, Consistent with this finding is a previous study of Ahlin
and colleagues, who reported increased uptake atter cell treatment with high concentrations
of phenobarbital [49], One possible explanation for this striking phenomenon might include
allosteric effects on the orthosteric site of the transporter. Consequently, an allosteric ligand
would change the conformational dymamics of the transporter protein and thereby regulate
interaction between substrates and ligand binding site |50]. In line with this phenomenon,
an earlier study detailed the existence of a high-affinity binding site at OCTs, proposing
it to partake in the effectivity of MPP' uptake through positively affecting the transport
execuled by two low-affinity transporting sites [51]. However, further studies are needed
b umvell the exact molecular mechanisms,

Traditionally, decvinum-22 was oftentimes used as a positive control due to its high
inhibitory potency at all hOCTs and hPMAT. In the present investigation, we show miul-
tple compounds o have similar or even lower [1Cs; values, d-Amphetamine proved to
be a haghly potent hOCT] and 2 substrate uptake inbibitor with [Csy values in the low
micromelar range, while not interacting with BOCT3 at concentrations lower than 100 ubd,
which is consistent with a previous study by Amphoux et al. (2006) [26]). Furthermaore, in
pur experiments, MOMA was potently interacting with ROCT) and 2, an aspect which
is b0 somes extent consistent with @ previous study showing fairly low Ki valees [26]. In
addition, the compound potently interacted with hRPFMAT, an interaction which had not
been previously described, The maost striking finding is that methylphenidate potently
and selectively inhibits substrate uptake at KMOCT in the nanomaolar range, Due to the
facts that (i) similar values have been reported as [Csy values at the primary targets of
methylphenidate, hDAT and hINET [52], and (i} the interindividual variability concerning
appropriate dosing and avoidance of toxicity is high [53], it is possible that hROCT] poly-
morphisms, which have been reported to frequently ocour in the general population [20],
miight affect the pharmacokinetic and pharmacedynamic fate of methylphenidate in vive
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I a {Iinim”:.r relevant MTANTET, wurranl:ing further i111'¢'sligu|;i4_1n i this ]:url:i-:_'u lar case but
also for otfer compounds potently interacting with ROCTT and ROCTZ [31],

4. Malterials and Methods
£.1. Chemicals mnd reqgents

The compounds of interest were obtained from either Sigma-Aldrich (5t Lowis, MO,
USA) or LGC Standards (Teddington, UK). 5 and R-a-T'VT was graciously provided by
the MIDA Drug Supply Program. 2-fleoro-deschloroketamine was kindly provided by 5.
Brandt. All other chemicals and cell culture supplies were obtained from Sigma-Aldrich
(5t Louis, MOy, USA) and Sarstedt (Nuembrecht, Germany).

£.2, Cell Culhere

HER293 cells were transfectsd with a plazmid, encoding the transporter of inberest
andd an N-terminal YFP-tag, carried out wsing jetFRIM F= (Podyplus Transfection; (VIWER
International GmbH, Vienna, Austria)) reagent (for a 10 cm dish with 1-2 % 10° cells
in 10 mL serum containing medium at 60-80% confluency: 500 pL jetPRIME® buffer,
10 pg DMNA and 20 pL jetPRIME® reagent) and selection pressure maintained for two
wieeks [2,54,55]. Subsequently, 300,000 cells were FACS-sorted (flucrescence-activated cell
sorting} according to expression level to establish cell lines stably expressing the protein of
interest. Fluorescence microscopy images of cells expressing respective YFP-tagmed trans-
porters are seen in supplementary Figure 51, Concentration dependent uptake of tritiated
substrate by transiently transfected cell lines expressing hO2CTI-3 and hPMAT is shown in
Supplementary Figure 5. For uptake inhibition assays, cells were cultured at & subconflu-
ent [BI-90% density) state in high-glucose Dulbecco's Modified Eagle Medium (DMEM |,
enriched with 10% heat-inactivated Fetal Bovine Serurn (FES) and penicillin/ streplomycin
(PS; 100U = 100 mL~', each). Selection pressure was maintained by the addition of ge-
neticin (50 mg = mL™ 1y at 37 *C and 5% CO% in a humidified incubator. At a density of
&0,000 cells per well, HERK293 cells expressing the respective transporier were seeded onto
pely-D-lysine-coated wells 24 h prior o uptake inhibition experiments in a final volume of
200 uL per well.

4.3, Liptake Inkibition Assiys

Prior to the addition of the respective compounds, DMEM was removed from all
wells and replaced with 200 sl of Krebs-HEPES-buffer (KHEB; 10 mM HEPES, 120 mM
MaCl, 3 mM KCL 2 mbd Cally, 2 mbd MgSOy and 20 mbd Deglucose, pH adjusted to
7.3) at room termperature. Cells were exposed to a pre-incubation selution containing the
compound of interest in the respective concentration [disselved in Krebs-HEPES-buffer} for
10 mim with a total volume of 50 uL, which was then replaced with a 50 uL uptake solution
containing 0.05 uM of tritiated 1-methyl-4-phenylpyridinium ([ "H|MPP* | as substrate, and
the compound of interest in respective concentrations, for 10 minutes each. Finally, uptake
was terminated by washing with 200 uL of ice-cold (4 °C) KHE, after which cells were
Ivsed with 200 gL of 1% sodium dodecv] sulphate (SDS). After transferring the solution
of each well into & mL counting vials containing 2 mL of scintillation cocktail, the vials
were measired with a beta-scintillation counter for quantification of the uptake of tritiated
substrate. Decynium-22 (D22) shows robust inhibitions at low micromolar concentrations
ab all hWOCTs and at hPMAT ranging bebween (16 pb at hOCT3 and 4.56 pbd at hOCT2.
D22 iz depicted as a reference inhibation curve (dotbed line) in all Figuees 2-7. The structural
formula can be seen in Figure 5. To obtain specific data, non-specific uptake was agssessed
in the presence of 100 ph D22 and subtracted from the total data. The 100% values were
defined as uptake in the absence of a tested substance, defining maximal uptake capacity.
Inhibitions of the compound of interest were described as a percentage of the maximal
uptake capacity. While uptake inhibition assavs are an effective tool for investigating the
interaction of compounds with transporters of interest, they are not able to distinguish
substrates from inhibitors, per se, Thus, we cannot mule out that some of the investigated
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compaunds are substrates rather than inhibitors, Future studies are needed o investigate
this uncertainty.
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Figure B, Chemical strecture of decynium-22 (0225, 022 was used in all subsequent graphs as a
highly potent transporter inhibibor for the assesament of unspecific uptake of the tritiated substrate
[FH]|-MPP+.

4.4, Datw and Statistical Anmlysis

Half-maximal inhibitory concentration {1 Csq) values of each substance were caloulated
and plotted wsing GraphPad Prism 8.4.3 (GraphPad Software Inc., San Diego, CA, USA).
iCzp  was  determined by non-linear  regression,  solving  the  equation
Y = Bottom + {Top — Bottom) /{1 + 1051850500 Data which displaved an increased
uptake at higher concentrations was fit as a third-order polynomial, solving the equation:
Y = B+ Bl + X + B2+ X* + B3+ X% All data stem from a minimum of three separate
experiments (n = 3] executed in triplicates and are shown as mean + S0k All colors were
chosen to be color-blind-friendly using a color brewer |56

5, Conclusions

The investigation of the inhibifory potential of substances acting on the central nervous
system has revealied some of them fo inhibit the substrate uptake of human low-affinity
organic cation transporters (OCT1-3) and PMAT in sub-micromaolar or a low micromalar
comcentration, Bupropion and methylphenidate were found o be potent selective inhibitors
of substrate uptake at ROCT1, with the latter interacting with hOCT] more potently than
the well-established OUT blocker decynium=22, MDA was found to interact with hOCTT
and 2 more potently than decyniumi-22, as was d-amphetamine at hOCTZ, Ketamine
showed interaction selectivity and high uptake inhibitory potential at ROCT2. Further,
tramadol, its main metabolite O-desmethyltramadol, and both citalopram enantiomers
are selective inhibitors of the substrate uptake at hiOCTL. Dhiazepam was the only tested
compound bo interact with MOCT3. We have found only small differences in the inter-
action caused by different aromatic ring substituents, as exemplified by ketarmine and
its derivative, 2-fluoro-deschloroketamine. Notably, we saw no enanticselective effect of
S-citalopram and R-citalopram, of 5 and R-a-PVE, accentuating the robustness of hurman
(3°Ts and RFMAT. Considering the growing interest in pharmacclogical interaction of com-
pounds with human OCTs and PMAT, our study provides important information regarding
the complex interaction between a range of CNS5-active substances and low-affinity trans-
porbers, suggesting some clinically relevant deugs as lead structures for the development
of more selective inhibitors of these relatively understudied ransposters [2,57].

Supplementary Materials: The following are available online at kttps: Serswmdpioom farticle /1D
S e 231295 0 8]

Author Contrilrutions: Conceptualization, | M., HH.S; Methodology, 1M, SDLB, HH.S.; Software,
TIEA, 55, M.N., M. Validation, T).FA_ 55, MH., M.N, L&, Formal Analysis, T].EA, 55,
J.M; Invntigatinn. T.LEA., 55, MH., M.M., [.M.; Besources, H.HS., ST0E; Wril:ins—ﬂrip;in.:l
Diraft Preparation, T]LEA, 55, LA Writing—Review & Editing, TI.EA., 55, MH., MM, 5006,
.M, HHS: Viswalization, TLEA, 55, M. Supervision, | M., HHS; Project Administeation,
J.8; Funding Acquisitien, HHS ALl authors have read and agreed to the published version of
the manuscript.



tal, [, Mol 5ol 2021, 23, 12995 14 of 16

Fundlnﬁ: This research was funded I}}I Wierina Scienae and Tn:chnnll}g}' Fund, granrnun'llx-rﬁ 15
023, FWF Austrian Schence Fund, grant mumber W1232 and gramt number DOC33-B2T arad Theodor
Kiormer Feneds 2030,

Institutional Review Board Statement Mot applicable
Informed Consent Statement: Mot applicable,
Data Awailability Statement: The data presented in this study are available from the cormesponding

author upm reasonable requiest.

Conflicts of Interesk The authors declare no conblict of inberest

References

1.

L

3

12,
13

14.

15,

16,

17.

18,

15.

Hayer-Lillgen, b.; Briiss, M.; Banisch, H. Expression and pharmacological profile of the human organic catien ransporters
hOCTL, ROWCT2 and W2XCT3, Hr [ Pioremcol, 2002, 536, 525836, [CrossRef]

bader, [ Miello, b, Budin, Tr; Daws, L.C; Sine, HH, The Interaction of Organde Cation Transporters 1-3 and FMAT with
Psychoactive Substances. Hanah, Exp Pleromacol, 2031, 3, 1-20, [CrossHef]

Gasser, '] Ovganle Calien Transporters in Braln Catecholamine Homeostasls, In Homdbook of Experiniental Plyrmacodogy Springern:
Charn, Switzerland, 2021; Volume 266, pp. 187-157, [CrossBef]

Jenker, |.W.; Wagenaar, E.; van Eijl, 5.; Schinkel, A H, Defickency in the Organic Cation Transgorbers 1 and 2 (Oct] /Oci2
[She22al /She22a2]) in Mice Abolishes Renal Secretion of Organie Cations. Mol Cell. Biol. 2003, 23, M02-708. [CrosRed]
[Pubbded]

Jonkar, | W Sehinkel, & H. Pharmacological and Physsological Funebions of the Polyspecific Organie Cation Transporters: OCT1,
2, and 3 (SLCIZAL-3). [ Miesoce!. Evp. Ther, 2004, 308, 2-%. [CroseRed]

Fasepsall, H.; Lips, Ko Valk, O Polyspedific anganic cabion transporters: Structure, function, physiological roles, amd biopharmas-
ceutical implications, Pluirm, S 2007, 24, 1227-1251. [CrossRef)

Gorboubey, 'V Ulzheimer, | /O Akhoundosa, A Ulzheimer-Teuber, [; Karbach, U Cuester, 5; Baumann, C.; Lang, F; Ii'.uu-pﬂ-ull,]'[.
Cloning and characterization of bwa human polyspecific arganic cation transporters. DA Cell Biol. 1997, 16, B71-881. [CrossPef]
[Pubhied)

Vialow, V.; Balasse, L.; Callebert, | Ln.una}', J.L; Giros, B Gaotron, 5. Altered arnin:rEi.-: newrotransmission in the brain of
arganic cation transporter S-deficient mice. L Newrochenr, 2008, 106, 1471-1482. [Cros=Ref]

Courpusse, T.; Gautrom, 5 Rnlr-.'rl'nrgnni.-.‘ clnn transporters (O Ts) im the braim. Pharmoca), Ther 2008, 146, 94=-100, |CressRef]
Davws, LO0 Kook, VW Mitchell, M Rﬂrisiiing sercnnin n:~1.||:|l::|]-:|:= inhibitors and the Ih['r.rpr.-ufil: pﬂlrﬂlinl if ""|.1|:|I:|]r.c~-2" in
p@l;hial‘ri:dim. ACS Chem, Mewrosc, 2003, 4, 16=21. [CrossEef]

Wang, |. The plasma membrane monoamine transporter (FMAT): Struchure, function, and role in organic cation disposition. Clin,
Pharmaacnd. Ther, 2006, 100, 489499 [CrossRef]

Ciarimbaoli, G Organic cation transporters, Xeoabiotice 2008, 38, 9536971, [Cros=Ref]

Fraser-Spears, B Krause-Hewser, AM.; Basiouny, M Mayver, EF; Manishimwe, B Wyatt, NoA Dobrowolski, 1O, Boberts, ME;
Greguric, L; Kumar, M. et al, Comparative analysis of novel decynlum-22 analogs te inhibit transport by the low-affinity,
high-capacity moncamine transporbers, organde catlon transporters 2 and 3, and plasma membrane moncamine ranspoerber, B
I Piaemace!, 2009, £42, 351-364. [CroscRed]

Sala-Rabanal, M.; Li, DUC.; Drake, GUR; Kurata, HL T Inyushing b.; Skatchkos, S8 Michols, CG, Polyamine transport by the
polyspecilic organic cation transporers OCT1, OCTE, and OCT3, Mal, Fiagen. 3013, 170, 1450-1458. [Cros=Rel)

Sitte, H.H.; Freisamuth, M. Amphetamines, new paychoactive drugs and the moncamine transporter cycke, Thenads Plarmacal, Sl
2015, 35, 41-50. |CroasBRef]

Haenisch, B.; Drescher, E.; Thiemes, L; Xin, H.; Giros, B Gautron, 5. Banisch, H. Interaction of antidepressant and antipsyebotic
drugs with the human organic cation transporbers hOCT1, BOCTZ and hOCT3. Meioiye-Scivmiatelerg’s Arch, Pharsacol, 2002,
a5, 107-1023, [ Croasief]

Jersen, O Rabehi, M.; Gebawer, L ; Brockmdiller, | Cellular Uptake of Psychostimulants—Are High- and Low-Affinity Organic
Cation Tm.l'l:l-Pﬂl.‘h:ﬂ Elrl.lg Traffickers? Frurt. Phermncol. 2021, 17, 1-14. lL:n:'ﬁhIl-.-H

Massmann, V., Edemir, B.; Schlatter, E.; Al-Monaged, E.: Harrach, 5.; Klassen, F; Holle, 3K, Sindic, A.; Dobrvojevic, M.,
Paverstadt, Ho; et al. The :-r[a;anil: cation transparier 3 (OCT3) as molecular target o F-x:.rthnmrpi: dI'LIEI T'ram.'pnrt characteristbcs
and acube regulation of cloned murine CCTS, PRlugers Arch, Ene [ Physiol. 2004, 466, 5I7-527. |CrossBet]

Mﬂ}'l’:‘:l’, FI'; Schmad, I Owvens, WAL Gould, GG ..ﬁ.pu.w-:hk:in, L Kudlacek, O0; Sal=er, [L; Bochm, S.; Chiba, F; Williams,
PH.; et al. An unsuspected role for organic cation transporter 3 in the actions of amphetamine. Newropsychopirnmacology 3018,
43, 2408=-2417. |[CrossBef]

Trvetkow, M Saadatmand, AR Latsch, [ T{'B{-dq-r_. L. Etingl.j.f.; Brockmdiller, J. Gcnﬂil_'all].' p-:ll'_l.-'rm:l:];hhii:[l?l'l: Another
Pi(‘ﬂ" in the pu:'::elc- of thie variable ph.arm;n:nkir-cti-:s and phanr.rlcfu:]:,'n;lmin:s of thi np'inidﬁgi{ dmg tramadol. Cline Pharmscnl,
Ther. 20m1, W, 143-150. [CrossHef]



fal, [ Mol S0k 2021, 32, 12555 15.0f 16

.

12

i

4,

& 1A

41.

43,

Fheoan, M. F.ngrl. K. W.ang,]'. Evidence for s.i!;niﬁ-e:anl; corkribution of a nrw'l:,.' identified miomoarmine fransportes (PM AT b
serotonin uptake in the human bradn, Biechen, Paarmmcal, 2007, 735, 147-154. [Cros=Ref] [Pubbled]

Maier, | Rauter, L. Rudin, 1,; Miello, b.; Holy, bM.; Schmid, T Wilson, 1; Blough, BE; Gannon, B.M.; Murnane, .5 et al. a-FFF
and its derivatives are selective partial releasers at the human narepinephrine transporber: A pharmacological characterization of
interactions between pyrrolidinoprepiophenones and uptakel and uptake? monoamine ransporers. Seurphonmecnlogy 2021,
80, 108570, [Cros=Ref]

Mader, [ Mayer, EPy Brande, 500 Site, HH, DARK Classics in Chemical Meuroschenoe: Aminonex Analeguwes, ACS Chem,
Mirscd, 2008, 9, 2484-F502 [CroszRed]

Tevetkow, M.V, Dos Santos Peretra, |4 Meineke, L; Saadatmand, AR Stingl, 1O Brockmaller, |, Morphine is a subsieate
of the organic cation teansporter OCT1 and polvemorphisms in OCT1 gene affect meorphine pharmacokinetics after codeine
administration. Bioches. Mareincol. 2003, 86, 666678, [CrossRef] [Pubbed]

Koepsall, H. Organic cation transporbers in health and disease, Pharsacd. Rew, 2020, 72, 253-31%, [CrossRef]

P.n\phﬂu:l._. A Viabou, Vo Drescher. E.; Briaga, M La Cour, O Bochat, C.; BMillan, M.).; Giros, B Banisch, H.; Gautron, 5. Differ-
ential pharmacelegical movitro properties of onganic cation frarsporters and regional distribution in rat braine Newerogharmarcalogy
2008, 30, M1-952, [CrosKet]

Chen, Y.; Li, 5.; Brown, U2 Cheatham, 5.; Castro, BAC Leabman, MUK Urban, T.): Chen, Lo Yee, SOW; Choa, LHL et al. EHect
ufj_qenuli.c variabion in the urgan.'i-: cation fransporier T o the renal elimination of metformin. Plaermaacogeraetics Gewonr. 2009,
19, 497-504. [CrossRef] [FubMed]

NiEam. S K. The SLCIZ Trarup-nrr:-r F.!r.n.il}-: A F.ar.rdiﬁm for the |'.1'n|:ru.|:l of D:ruf; Tr.:mp-m'r:m an Metabolic Fal:hw.a:,.u._. Signn.li:l.g,
and Disease. Annr. Rere Pharmascol, Towicod. 2018, 58, H65=-687. |CressBef] |[Pubbded)

Eamrk—ll'.l'iurr.}'n:ki, M. Gizoomind, K.M.; IhanE, L Em-aning Climical Impnrtanrr -.'H'Hﬂpali.-.- nJ'Eani.r Cation Tm'rupnrhnr 1
(LT in D‘I‘LIE Fharmacokineies, D}lnn.mil:s-.. F'harm.rmgmoﬁ; 'l.-'.iriabi]if'_!.',and ]:"I'I.IE Interactions. Clin. Phermaacnd. Ther, 208,
103, FEE=TR0. [CrossRef]

Fhow, 5 feng, 5. Sho, Yo Drug-Thrug Interactions at Organic Cation Transporier 1. Erond, Plaromacal, 2021, 12, 1=17. [CrossRef]
Geswami, 5.; Gong, L Glacomini, K.; Altman, BB Klein, TE, PharmGEE summary: Very important pharmacogens information
for SLC22A1. Pharmacogenetics Genone. 3014, 24, 324328, [CroesRef]

Crarnaj, M.L; Carecll, EL; Eaton, B Mavarro, H AL Blowgh, BE; Mirza, 5 Lukas, B Martin, B R, Enantioselective effects
of hydrexy metabolites of bupropion on behavior and om function of monoamine transporters and ndcotinic recepiors. Mal,
Pharmacol, 2004, 8, 675682, [CrossRef] [Pubhed]

Gomez-A, A Florenza, AN, Boschen, 5.1 Sugl, AH Beckman, v Ferrelra, 5.T.; Lee, ko Blaha, C0; Da Cunha, ©, Diazepam
[nhilibis Electrically Evolked and Tonke Dopamine Belease in the Muckeus Accumbens and Reverses the Effect of Amphetamine,
ACS Chem, Newroscl, 2007, 8, 30031, [Cros=Ref]

Mladras, BE Nie, £ Lin, £ Jassen, A Panas, Ho Lynch, Lo Johnsen, B Livid, E; Spercen T Bonals, A o al. Modafingl
ocecupies doparmine and nore pineplrine transporters inovivo and modulabes the transporbers and irace amine activity in vitro, |,
Pharrsecol. Exp, Tier. 2006, 319, 561-564%. [CrossHef]

Rickli, A.; Hoener, MLC; Liechti, M.E. Monoamine transporter and recepbor interaction profibes of novel paychoactve substanoes:
Para-halogenated amphetamines and pyrovalercne cathinones, B MNenropspobopharsmaced. D015, 25, 365-376, [Cressief]
Tatsumi, M.; Groshan, K.; Blakely, B2 Richelson, E. Pharmacological profile of antidepressants and related compounds at
human monoamine transporters, Exr [ Pharmsosd. 1997, 340, 249-258, [CrosEef]

Mato, EPM.; Liuewn-ﬁ:-]:m'lﬁ_. Ml Faadiel Eu-:l-p_. Bl Chvara, PMLCY. Cemetic 'Flul}'n'lurplﬁsn'u of H\TE-!II'Ii.C cation bransparbers 1
(T and responses. to metformin thezapy in individueals with ftype 2 diabebes mellitus: A systematic review protocol. Spst. Ren
208, 7. [CrossRed]

.*;rinnan:.r-h]ardi._. o Minuesa, GGL; Keller, T.; Erkiza, L Empull_. H.; Martines-Picado, |.; Mﬂrhnslﬁda. M. Role of Human
Organic Cation Transporter 1 (HOCTT) Polymorphisms in Lamivisdine (37C) Uptake and Drug-Diug Interactions. Fromd,
Pharmacol. 2016, 7, 175, [CrossRef] [Pubhed]

FA, LI5S Guidance for 'Inn:lusl:r}': Climical 'I:Iru_E Interaction SHJdirs—{:}-tc{hmnw P450 En?:_l.rmcu and TanLﬁ-Emrh('r\-Mcdiahr_'\d
I'.Irng Inferactions. 2021, 1=27. Available onlines htrp:. e fdagrow Smedia S 134581 Sdownload (accessed on 18 October 2020
EMA, Guideling on the Investigation of Dimg Interactions Guideline on the Investigation of Drug Interactions, J10. Available
enline: www,ema europa e oontact (accessed om 2% Movember 2021

[isc, b.; Hasly, B Jaentsch, K Liechii, MLE,; Lubses, G Bavmann, M.H,; Sitte, HH.; Luethi, [ Cell-Based Radiotracer Binding
and Uptake Inhibition Assays: A Comparison of In Vitro Methods to Assess the Petency of Dvugs That Target Monoamine
Tramesporbers. Fromf. Phormacel. 2020, 17, 1-11, [CrossRef]

Gorbouley, Vo Shatskaya, M Volk, C; Koepsell, H, Subbype-Speciflc Affinity for Corticosteronse of Rat Organte Cation Transposiers
AHCTY amad POHCT2 Depenads om Three Amino Aclds within the Subsirate Binding Beglon. Mo Plarmacel, 2005, 67, 1612-161%,
[CrosaBel]

Popp, O Gorbouley, Vo Miller, T.0; Gorbunoy, D; Shatskaya, N Keepsell, H. Amine Acids Critical for Substeate Affinaty of
Bt Cirganie Cation Transgorber 1 Line th Substrate Binding Region in a Model Demved from the Tertiary Structure of Lactose
Permease. Mol. Pleomicol, 2005, 67, 1600-1611. [CrossBef]



tal, I Mind. 3ol 2021, 32, 12995 16k 16

45,

49,

5l

57

Liw, HLC.; Gnldq'nbfrg. A Chen, W Lun, O Wha, W Bush, KT Balac, M. Rﬂdﬁgu['r, I .-';hag:,'an, R.; Nig.arn, S K. Molecular
Propertics of Drugs Interacting with SLC22 Transporters QAT CATS, OCT1, and OCT2: A Machine-Leaming Approachs. [
Pharresacol. E_\'.u. Tirer. 2016, 359, M5-229, [CrossEef] [Pubbded)

Eshleman, A.J.; Wolfrim, B8 Beed, [LF; Kim, 5.0.; Swanson, T.; Johnson, BA; Janewesky, A, Structure-activity relationships=
of substitebed cathinones, with transporter binding, uptake, and release. | Paemaenl, Exp Ther 2007, 360, 3347, [Cros=Ref]
[Pubkied]

Miello, b Cintuleva, D Hellsberg, E.; Jantsch, B Holy, M. Avatollahl, LH.; Cogzzl, MV Frelssmuth, b Sandiner, W,
Ecker, G.F; et al. Para-Trifluoramethyl-rethcathinone is an allosteric modulator of the serotonin transporber, Newropharmmaoolagy
2019, 181, [CrossHef]

Mielho, ML Cingulova, Do Raithesave, Py Holy, M Fintsch, Ko Colas, C; Ecker, G.F; Sitbe, HH,; Mihovilovic, MO Effects of
Hydrosylabed Mephedrone Metabolites on Monoamine Transporier Adtivity in viteo, Froml, Plaarimicol, 2021, 12, 545, [CrossBel]
Miello, b Sideromences, 5 Gradisch, B.; OFalwea, B Schwazer, [ Sandines, W Maier, |; lintsch, K.; Lugica, C.; Hoffman, A et al.
Paychomobor stimulant effecks of o-pymrelidinovalerophenone (4FVF) enantiomers correlabe with drog binding kinetics at the
doparmine fransporter. Hes S5, 2021, 1-25, [CrossRe]

Ahlin, G Karlssem, | Pedersen, W Gustavasen, L Larsson, B Matsson, F; Norinder, U Bergstrim, oA Artursson, 12
Structural :I'EI:‘IJiI'EIﬂEI'I.I‘! tor dmug inhibition wof thee liver IPEti.Fill: human m'lqanil: cation I:rarm-l:m-rl: Prntein 1. ). M. Chevn. 2008,
51, SUIZ-5MT. [CrossRed)

Miello, M.; Gradisch, R.; Loland, C.].; Stockner, T.; Sitte, HH. Allosteric Modulation of Neurdransmitter Tr.:n.'lpnrlm asa
Th:ra.]:leul:i: 5|:I1|EE}'. Tremds Piarromacad, 5o D020, 47, 464635, |CrossEet|

Eeller, T.; Gorboulew, Vo, Mueller, T Didtsch, ¥ Bermbhard, I Kn-npmll, H. Rat nrg,:u'iin: cation transporter 1 contains three
]:-:indinE sibes for substrate ]-mrlh].'l-d--]:-hnng.rll:r}':'.idinium T MeMmier. Mol Plarrmacal, 209, 95, 169=-18L [Cros=Eed]

Lugthi, T I:'.n:rlar:'.}rns-lca_. E.E.;: Dacei, Lo; Krihenbiihl, 5.; Hoerser, 3MC.; Licchti, MLE. ]‘}ummlngira] pml".ilc_' of mcphn:ln.'lnr
.anal-u-s:s and related new F_l:_:,n:hnm;ti'l.'r substances .‘-.'furnpkanm'rr.:lln,gy 2018, 134, 4=12. [CrossEef]

Kimkn, F.C.; Cross, LT, J'Lhcm.qrh}l:. LR Pharmacokinetics and clinical effectiveness of rrmth_l.-'l[ﬁmidahr_'. Chim, Piarrmacokinet,
1999, 37, 457470, |CrossRef] [Pubbied]

Maier, | Mayer, EP; Luethi, Tx; Holy, M Jantsch, K.; Reither, H.; Hirtler, L.; Hoener, M.C,; Liechti, MLE.; Fifl, C.; et al. The
pevchostimulant {4 cis-4 4" -dimethylaminores (44 -DMAR) interacts with human plasmaberamal and vesicular moncamine
transporters, Newrmplmrmaceogy 2018, 138, 252-391, [CrossRef] [Fubhded]

jetPRIME. Polyplus-Transfection®™ SA, 2021, Available online: hitps: / /www polyplus-transfection.com / products /jetprime
{acvessed on 29 Movember 2021,

ColorBrewer, ColorBrewer: Color Advice for Maps, 2015, Available online: hiip:/ Seolorbrewer2 org/ tacoessed on 2% Movember
20213,

Draws, L.C. Orgamic Cation Transporters in Paychiatric Disorders, Hordlr, Exp. Pharmaos. 2021, [CrossBef]



Intemational koumal of rﬁ“"u.
Molecular Sciences M DF JJ

Supplementary Material

Interaction Profiles of Central Nervous System Active Drugs at
Human Organic Cation Transporters 1-3 and Human Plasma
Membrane Monoamine Transporter

Thomas J. E. Angenoorth 10, Stevan Stankowic ¥, Marco Niello ', Marion Holy !, Simeon [ Brandt 200,
Harald H. Sitte ** and Julian Maier

Center for Physiclogy and Pharmacaology Instibate of Phammasology, Medical Untversiby of Viennas,
Wahringerstrafie 134, 1000 Vienna, Austria; thomas angenocrth@gme ne s (TLEA )
sevan-stankovicihotal] com (3.5 |; marco ke o@sedordwien ac.at (WL
mnarian holy@msedontwien acat (M H | ulan meersedundwien ac at (T AL}
¢ Schoal of Pharmscy and Biomsobemslsr Sciences, Lverpoal John Moomes Unfversihy Byrom Street,
Lwverpaal L3 3AE UK; s brandt@mn ac uk
Ei::DTpﬂlilE"'.'ll.c harald site@ned wrw en ac.at
t  These authors contrifbwied equally o thiswark

:_ﬁ:;.*.:'_..; Supplementary Materials
Citabioes  Angenconsh, TLE;
Staandiowie, 5; Ml 5 Foly b
Brieradi, 512 ; Sithe, FLH. ; Maner ||
I rie o Froufilkes of Geagral
P e mers St A o Do il
Flumien Do Cation Transporiees
F 3 and Fluimien Plesimg M nide
Mloerertiie: Tradeeiorh: s brd || Ad

L 1E0S il Fdoiork

BT h =

i Balstorr: Coralaiig

Crinimbeli

Fiterind: 21 O tolier 2001
Ao grieds 28 Moveinher 2001

Pubdhed: 30 Mol 2001

Publihers Nok: MOP] stiye fuetnal

wth neggand o porsdactional |
bt e o et ey ey Figure 51. Microscomy imapes depicting cells evpressing Y FP-tagred transporters of inknmst
pulflished maps and instibational afRl b

it (Ay HOCTY, (B HOCTZ, (Ck hOCT3 and (D hPMAT.

Copyright & HIY1 by Hw aothoms
Livisromar MIIPL Hawel Seikerkiml
This erfcle o oah ofes et ek
disknbubed wider the o el
el ibteoits of fhe Tnaitree Coihn ot
Abgrbeod (OO BY) Loena: [hepeS S
Cr i iwetaiino T o T sy By

Imt. | Ml 55 MI21, F? 1RG8 hitee/ f diol oogy 10C55000 BeasdFrE] 2008 it/ fwrww tadpdcomn ol s



Int. J. Mol. 5ci. 2021, 22, 12995

20f3

pmol/mio/min

3501
3004
2504
2001
1501
100
504
0o brw ey
-50-
0 100 200 300 400 500 600
[FHIMPP* [uM]
YhOCT 1wt ¥ YhOCT 2wt ¥ YhOCT3wt
YPMATwE ¥ empty HEK293

Figure 52. Representative experiments depicting concentration dependant uptake of tritiated MPP"
by the transporters (hOCT1 light blue, hOCT2 red, hOCT3 violet and hPMAT orange, all transiently
transfected ) of interest and empty HEK293 cells (dashed line) as control.

Table 51. IC5y comparison table. Red boxes indicate that no respective data for comparison was found. n.s. = non-significant.

Red text color: experiments were performed with ASP " as substrate. Orange text color: values show the percentage of

inhibition at 100 uM of the respective compound. Blue text color: Ki (uM) values were measured.
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| Experiments with MPP™ || Experiments with ASP™ ||

[ Ki(uM) Values ]| no data available |
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Discussion

The first noteworthy finding is that the majority of herein tested psychoactive compounds
interact with hOCT1, with some inhibiting substrate uptake at the transporter even more
potently than the well-described, non-selective and potent OCT and PMAT blocker decynium-
22 (D22) (Hayer-Zillgen, Briiss and Bonisch, 2002). Given its broad substrate and inhibitor
profile, this observed interaction seems rather typical for OCT1 (Ahlin et al., 2008; Arimany-
Nardi et al., 2016). In comparison, only around half of the compounds showed relevant 1Cso
values (we saw ICso values > 100 uM as pharmacologically irrelevant) at hOCT2 and even less
at hPMAT, while only one compound, besides D22, interacted with hOCT3. To date, many
clinically relevant compounds were shown to interact with hOCT1 and 2, such as, for example,
metformin, an antidiabetic drug whose pharmacokinetic fate is affected by hOCT1, 2 and 3
especially polymorphisms thereof (Chen et al., 2009; Kwon et al., 2018; Mato et al., 2018). In
general, previous studies have put emphasis on evaluating population specific presence of
polymorphisms of these transporters, how their genetic variations influence drug absorption
and distribution and, with growing focus, to what extent drug-drug interactions (DDIs) are
determined by, genetically and inhibitor caused, altered transporter function (Arimany-Nardi e?
al., 2016; Mato et al., 2018; Zamek-Gliszczynski, Giacomini and Zhang, 2018a). These
investigations have highlighted the importance of examining OCT polymorphisms, since they
are shown to carry pharmacological and clinical consequences, albeit scientific consensus on
their role of drug uptake, response and toxicity is not available yet (Goswami, 2014). Reasons
for this still uncertain role of OCTs in various DDIs is that available data stems either from in
vitro studies or preclinical animal studies and that, yet unresearched, contributions from other
transporters most probably play an additional in the pharmacokinetic fate of compounds (Zhou,
Zeng and Shu, 2021). Thus, further research needs to be undertaken to address the potential
clinical consequences of OCTs and their putative substrates and inhibitors, as is e.g.
recommended by FDA (Food and Drug Administration) and EMA (European Medicines
Agency) in the case of hOCT2 and primarily renally excreted drugs (EMA, 2012; FDA, 2020).
Hence, future investigations of compounds potently interacting with hOCTs and hPMAT must
consider interindividual differences in patients carrying polymorphisms and therefor revealing
different pharmacodynamic and -kinetic fates of various drugs, which can further lead to
adverse effects if not clinically substantiated enough (Gorbunov et al., 2008; Zolk, 2012). Also,
more focus will need to be put on in vivo drug-drug interaction studies especially at the human
homologues of OCT1-2 and PMAT, since these transporters have yet been almost exclusively

studied in vitro (Maier, Niello, ef al., 2021).
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Currently, from all known inhibitors of low-affinity, high-capacity monoamine transporters,
only few were found to be selective at hOCT1, 2 or 3 or hPMAT (Koepsell, 2020). A possible
explanation for this phenomenon can be the relatively high degree of sequence homology
between transporters, as is especially the case for hOCT1 and 2, which share roughly 70%
amino acid sequence identity (Sala-Rabanal et al., 2013; Maier, Niello, et al., 2021). The
frequently shown overlap in compounds interacting with those two transporters is, to some
extent, also shown in this study. However, we still found explicit differences between hOCT1
and 2 regarding ICso values of some of the compounds tested. This occurrence, on the other
hand, is probably best explained with state-of-the-art knowledge about the transporters'
biochemistry itself. Most SLC transporters that fall into the MFS Pfam clan share the same
mode of substrate translocation by outward- and inward facing conformations via an occluded
state (Colas, Ung and Schlessinger, 2016; Quistgaard ef al., 2016). This process, however, holds
yet unexplained mechanisms, as transporters like the OCTs have cation binding regions with
complex tertiary structures that may interact differently with the plethora of identified substrates
and inhibitors (Nies et al., 2011; Koepsell, 2018). According to that, a substrate binding region
within a large binding cleft can contain an unknown number of cation binding sites, of which
only a part overlaps between the OCTs (Koepsell, 2021). In line with this, it was found that
amino acid residues that are essential for substrate specificity, which are localized in protein
regions formed by transmembrane helices crucial for substrate binding, differ between rOCT1
and rOCT2, and thus might define variations in substance interactions with those transporters
(Gorboulev et al., 2005; Popp et al., 2005). Further, a recent study suggested the existence of
three MPP" binding sites at rOCT1, with two of them acting as the familiar low-affinity binding
sites that directly partake in substrate transport and the third indirectly affecting transport by
allosterically acting on the other two sites (Keller et al., 2019; Maier, Niello, et al., 2021).
However, given the inter-species contrast between rat and human isoforms of OCT1 and 2, with
degrees of sequence homologies of 77.52% and 81.84%, respectively (Maier, Niello, et al.,
2021), they might, albeit seeming relatively low, account for essential differences in substrate
specificity. By this, it becomes apparent that connections between studies with rat isoforms, as
the ones mentioned before, and humans should not be drawn prematurely, which is in the same
way applicable to comparisons between human and murine isoforms who share similar amino
acid sequence homologies as those between humans and rats (Maier, Niello, ef al., 2021). In
short, the exact molecular basis for affinities of compounds at hOCT1 or 2, but also at the other
low-affinity transporters, has not been clearly established yet, and converging fronts of evidence

underline the presence of allosteric sites targeted by inhibitors or showing atypical mechanisms
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(Sala-Rabanal et al., 2013; Reith et al., 2015; Liu et al., 2016; Niello et al., 2020). Jointly, these
factors provide a possible rationale why some substances selectively interact with hOCT1 but
almost not at all with hOCT?2, although both transporters are usually known for their broad
substrate spectra, and while this study could not fill this gap in knowledge, we discovered
scaffolds that can be used for the development of selective OCT inhibitors. These findings
expand the pharmacological and structural understanding of the SLC22 transporter family and

PMAT.

Regarding shown ICso values, differences between our results and those reported in previous
studies are best explained by changed conditions concerning experiments. Ilic et al. (2020)
compared in vitro methods for assessing drug potency at monoamine transporters, and found
that changes in ICso values were due to different cell lines used as well as different methods for
performing uptake inhibition assays (Ilic et al., 2020). Also, results from some of the studies
used for comparison of inhibition data stem from experiments where ((4-(4-
(dimethylamino)styryl)-N-methylpyridinium iodide (ASP") was used as substrate, which could
add to the explaining of discrepancies seen between our results and those from earlier studies.
To this effect, previous reports have shown differences in inhibition potencies of compounds at
hOCTs that were substrate-dependent, including ASP" and MPP" (Thévenod et al., 2013;
Hacker et al., 2015; Koepsell, 2018). As one particular example, we found bupropion to
selectively interact with hOCT1 (ICso = 5.36 uM, and an almost non-significant value for
hPMAT), which disagrees with data from a previous publication (ICso = 160 uM at hOCT1),
where the authors used, in comparison to our experiments, a different concentration of D22 for
assessing non-specific uptake (30 uM instead of 100 uM), a longer pre-incubation time of 15
minutes (instead of 10) and, most importantly, a lower substrate (*"H]MPP") concentration of
25 instead of 50 nM (Haenisch et al., 2012). In addition to bupropion, two other antidepressants,
the citalopram enantiomers (R- and S- citalopram) and the two analgesics tramadol and its
metabolite O-desmethyltramadol were selectively inhibiting substrate uptake at hOCT1 (ICso
values of 7.15 uM, 5.11 uM, 5.60 uM and 24.16 uM, respectively), while not showing any
significant interaction with the other transporters. No previous studies have investigated
interaction of the citalopram enantiomers with any of the hOCTs or hPMAT, but only with the
racemic compound (Zhou, Engel and Wang, 2007; Haenisch et al., 2012). Tramadol and O-
desmethyltramadol, in turn, were investigated on hOCT1 with exclusively higher ICso values,
but studies here either used a different substrate (ASP"), (Tzvetkov et al., 2011) or assessed
single point uptake inhibition at 100 uM (Ahlin et a/., 2008). Furthermore, ketamine potently
interacts with hOCT2 and shows very little activity at hOCT1 or 3 or hPMAT. Amphoux et al.
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(2006) reported similar results (as Ki values) for the OCTs, but did not investigate hPMAT
(Amphoux et al., 2006). Low potency of ketamine at high micromolar ranges at hOCT3 is also
shown somewhere else (Massmann et al., 2014). hOCT3 showed the least interaction with
almost all tested compounds and interacted only with diazepam at significant ICso values. This
observance is concomitant with the fact that hOCT3 is more heterologous towards the other
SLC22 members (Sala-Rabanal et al., 2013). Also, it has been previously shown that non-
selective inhibitors and substrates of OCTs are least efficacious at hOCT3, whereas many potent
hOCT3 inhibitors, on the other hand, have weaker interactions with hOCT1-2 (Bonisch, 2021).
Here, diazepam serves as an example for these hOCT3 specificities, since this compound not
only proved to be a clearly more potent substrate uptake inhibitor at hOCT3 when compared to
hOCT1 and 2, but, in addition, was the only herein tested compound to show any
pharmacologically relevant interaction with the transporter. Diverging results from a previous
study, where diazepam showed an ICso value of 2 uM compared to the ICso of 44.46 uM we
measured, may be, again, explained by the different radioactive tracer used, with Massmann
and colleagues having employed fluorescent ASP" instead of MPP" (Massmann et al., 2014).
Diazepam relatively potently interacted with hPMAT, which was previously unreported.

We explored enantiospecific differences of R- and S-a-pyrrolidinovalerophenone (R- and S-a-
PVP) and R- and S-citalopram, and also investigated possible effects of different aromatic
substituents between ketamine and 2-fluoro-deschlorketamine as well as tramadol and O-
desmethyltramadol. Differences in aromatic ring substitutions between ketamine and 2-fluoro-
deschlorketamine exhibited almost no effect on any transporter except a small decrease in
uptake inhibition potency for the derivative at hOCT2, whereas tramadol and O-
desmethyltramadol both remained non-potent at hOCT3 and hPMAT. Affinities towards both
hOCT]1 and 2 decreased for the derivative, with tramadol inhibiting substrate uptake at hOCT1
with an four-fold higher potency than O-desmethyltramadol (ICses of 5.60 and 24.16 puM,
respectively). This observed ratio is in line with an earlier investigation of the same compounds
on hOCT1, where tramadol and O-desmethyltramadol inhibited ASP" uptake with ICso values
of 30.3 and 172 uM, respectively (Tzvetkov et al., 2011). A previous study about the
characterization of interactions between five alpha-pyrrolidinopropiophenone (a-PPP)
derivatives and human MATs, OCTs and PMAT observed that different substitutions on these
substances' aromatic rings indeed affected both high- and low affinity transporter classes
(Maier, Rauter, et al., 2021). There, differences in interaction with hOCT1 and 2 were shown
to be less pronounced compared to their effect on hOCT3 and hPMAT, which might just again

be accounted for by these transporters' higher homology between each other. However, the here
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shown, low sensitivity of OCTs and PMAT towards differing aromatic ring substituents sets
them apart from SLC6 transporters, where, for example, substituted cathinones exhibited
pronounced effects and led to differences in selectivity for one MAT over another (Rickli,
Hoener and Liechti, 2015; Eshleman et al., 2017; Niello et al., 2019). Concerning R- and S-a-
PVP and R- and S-citalopram, we found no enantioselective differences in uptake inhibition
within each pair of enantiomeric compounds on any transporter. To our knowledge, no previous
studies have analyzed these compounds at hOCTs or hPMAT, but our results emphasize their
robustness regarding drug-transporter interactions. This again distinguishes them from MATs
in many cases, as latter are, for example, well-known targets of subtly chemically modified
versions of pharmacologically heterogenous psychoactive compounds (Baumann et al., 2018;
Maier et al., 2018; Niello et al., 2021). No high-resolution crystal structures of any low-affinity
transporter are available, and large-scale structure-activity relationship (SAR) analyses have
yet to be undertaken to further identify and confirm potent chemical scaffolds for hOCTs and
hPMAT (Maier, Niello, et al., 2021). Effects of both differing substituents as well as
enantiomeric compounds, amongst other chemical characteristics, need to be farther
investigated, since criteria for OCT and PMAT substrates and inhibitors still seem highly
understudied. For what is known today, at least one positive charge at physiological pH and a
high degree of hydrophobicity are major physicochemical requirements for OCT and PMAT
substrates/inhibitors (Bednarczyk et al., 2003; Engel and Wang, 2005; Sala-Rabanal et al.,
2013), but only little research has detailed further chemical criteria, as was e.g. done with
increasing alkyl chain lengths in n-tetraalkylammonium compounds which increased
compound hydrophobicity and thus inhibition potency at hOCT1 (Bednarczyk et al., 2003;
Sala-Rabanal et al., 2013), or phenylalkylamine derivatives, which showed increased inhibitory
potency at hPMAT with increasing distance between the aromatic ring and the N-atom (Ho et
al., 2011). Latter was corroborated by a study with a-PPP and a-PVP, which demonstrated an
increased carbon side chain length to result in a higher inhibitory potency (Maier, Rauter, et al.,
2021). Parallel to ligand properties themselves, an increasing body of literature emphasizes the
heterogeneity in binding sites available in neurotransmitter transporters (Niello ef al., 2020). In
general, proteins may possess one or more ligand binding sites that differ from the inherent
orthosteric site, which are basically known as secondary or allosteric sites (Leach, Sexton and
Christopoulos, 2007; Changeux and Christopoulos, 2016). These protein sites, that are distant
from the central binding site of the large binding cleft, are proposedly able to modulate the
function and activity of the orthosteric site after ligand binding, either by directly transmitting

a positive or negative effect on different parts of the transporter, or by, and this has yet to be
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further confirmed, inducing a change in the physicochemical kinetics by increasing or
decreasing the energetic barrier, which has to be overcome for the enzymatic reaction to happen

(Motlagh et al., 2014; Niello et al., 2020).

This “allosterism” might also be of relevance for the interaction between psychoactive
substances and low-affinity transporters, as it provides a possible explanation for a surprising
phenomenon that we observed, namely that treatment with higher concentrations of some
compounds led to elevated MPP" uptake, as seen most markedly for phenobarbital at hOCT1
and 2, both a-PVP enantiomers at hPMAT and psilocin at all three hOCTs. Consistent with our
finding are results from a previous investigation of Ahlin and colleagues, who reported
increased substrate uptake at hOCT1 after cell treatment with a 100 uM concentration of
phenobarbital, but also generally showed negative percentage values for inhibitory potencies of
many other compounds (Ahlin et al., 2008). In their study, they examined the chemical space
of a high number of registered oral drugs and found that some molecular properties, like e.g.
higher dipole moments and a higher amount of hydrogen bonds, negatively correlated to OCT1
inhibition. Be that as it may, until this phenomenon is fully cleared up, what remains is to look
at it in the context of the aforementioned allosteric mechanisms these compounds may have on
transporter action. Consequently, some compounds might not bind to the orthosteric site but
rather to topographically distinct positions and act as allosteric ligands, by which they would
change the conformational dynamics of the protein and ultimately increase the intrinsic
transport rate (Niello et al., 2020). Moreover, the above-mentioned existence of a third, high-
affinity binding site at OCTs could be a target for such allosteric ligands, since it was proposed
to partake in the effectivity of substrate uptake through positively affecting transport dynamics
of the low-affinity sites (Keller ef al., 2019). What is more, high-affinity cation binding sites
carrying mutations of amino acids in key positions essential for transport could go through a
functional shift and, contrary to their possible positive effect in wild-types, become high-
affinity inhibition sites, partially or totally competing with ligands bound to the low-affinity
sites and thus easing the way for adverse drug reactions in patients (Gorbunov et al., 2008; Sala-
Rabanal et al., 2013). This mechanism would show once more how much of an importance
OCT polymorphisms and investigations on ligand-transporter interactions depict for adapted

drug therapy.

Conventionally, D22 was many times used as a standard positive control in uptake inhibition
assays, as in this case for the assessment of non-specific uptake into cells, due to its high
substrate uptake inhibitory potency at all hOCTs and hPMAT (Hayer-Zillgen, Briiss and

Bonisch, 2002; Engel, Zhou and Wang, 2004). In our present investigation, however, we have
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found numerous compounds to have similar or even lower ICso values. d-Amphetamine and
MDMA both interacted with hOCT1 and 2 in a low micromolar range, while the latter also
highly potently interacted with hPMAT. d-Amphetamine inhibited uptake at hOCT1 with an
ICso of 8.39 uM, which was amongst the lowest 25% of measured ICso values, whereas its ICso
at hOCT2 (2.21 uM) was even lower than that of D22 (4.56 uM). Similarly, MDMA inhibited
substrate uptake at both OCT1 and 2 more potently than D22. These findings, concerning
interaction profiles of d-amphetamine and MDMA at hOCT1 and 2 are, to some extent,

consistent with an earlier investigation (Amphoux et al., 2006).

One noteworthy finding from that study, which is also distinctly shown here, is that d-
amphetamine and other psychostimulants only weakly or not at all interact with hOCT3. This
often observed low affinity of psychostimulants towards OCT3 is insofar interesting, as (i)
OCT3 in rats was localised in brain regions that are proven to constitute anatomical substrates
for the response to various psychostimulants, (ii) in humans, OCT3 was often recognized as a
putative important protagonist in the monoaminergic clearance system, a mechanism very well-
known to be strongly affected by numerous psychostimulants and (iii) related to that, OCT3
expression was found in NE, DA and serotonergic projection regions, all of which are target
sites for the action of psychostimulants (Berke and Hyman, 2000; Gasser et al., 2009; Sitte and
Freissmuth, 2010; Barr et al., 2013; Mayer et al., 2018). Accordingly, one would expect hOCT3
to be a, more or less, relevant target of those psychoactive compounds that potently interact
with NET, DAT and SERT, which apparently is not the case, as was also shown by other groups
(Jensen et al., 2021). Additionally, a lot of data is present on the fact that dopamine and
serotonin have only poor substrate affinities towards hOCT3, an aspect which further blurs the
otherwise undeclared functionality of OCT3 in the central nervous system and was recently
confirmed by a study about substrate overlaps between human MATs and OCTs (Gebauer ef
al., 2021). This discrepancy in substrate spectra might provide one necessary part of the
explanation for why some SLC6 affine drugs do not interact with hOCT3. However, previous
in vivo studies with knockout mice have, in turn, shown that OCT3 does play a role in the
behavioural effects of some psychoactive drugs, assigning the transporter a role in the increase
of sensitivity towards psychostimulants (Kitaichi ef al., 2005; Vialou et al., 2008; Mayer et al.,
2018). In this regard, it was indicated that psychostimulant-evoked substrate release, including
MPP", is (partially) mediated by OCT3, suggesting a bidirectional nature of the transporter
(Gasser, Lowry and Orchinik, 2006; Mayer et al., 2018). This efflux mechanism has been
theoretically backed for OCTs in general, since the concerted action of a sufficiently high

outwardly-directed cation gradient in depolarized cells and the absence of extracellular cations
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could provide the driving force for it, as was e.g. theorized for hOCT2-mediated efflux of
acetylcholine (Lips et al., 2005; Koepsell, 2018). This proposed mechanism, however, remains

hypothetical, as it has not yet been examined more closely, let alone fully understood.

Taking into account that the biggest share of studies investigating interactions between various
compounds and OCTs and PMAT in vitro have put focus on psychoactive substances, which,
as mentioned, show the clearly weakest inhibitory potential at hOCT3, it is evident that a
different chemical scaffold might be more eligible for exploring compounds that potently
interact with this transporter. The probably most striking finding here is that methylphenidate,
known under the brand name Ritalin, selectively and highly potently inhibits substrate uptake
at hOCT1 in a nanomolar range, with an ICso value of 0.36 puM, the second lowest of all ICso
values we measured, just after D22 at hOCT3. Now when we consider that this value is similar
to the nanomolar ICs values that have been reported at this drugs' primary targets, hNET and
hDAT (Luethi et al., 2018), and that the observed interindividual variabilities in patients
concerning dose-response relationships and avoidance of toxicity are relatively high (Kimko,
Cross and Abernethy, 1999), it is probable that altered hOCT1 function, caused by its
polymorphisms, affects the pharmacokinetic and pharmacodynamic fate of methylphenidate in
vivo, impeding a favourable response to this medical drug. As mentioned, hOCT1
polymorphisms are reportedly frequent in the general population (Tzvetkov et al., 2011), which
once again accentuates their relevance for public health and academia. Thus, this particular case
of methylphenidate and hOCT]1 is yet just another example for the importance of investigating
this transporters' polymorphisms, and is in the same way applicable to the large number of other
compounds potently interacting with the other hOCTs and hPMAT, warranting further

investigations in this field of research (Goswami, 2014).

We herein presented substrate uptake inhibition data that provide important information for and
could help elucidate the interaction between a range of prominent CNS-active compounds and
hOCTs and hPMAT. However, it seems appropriate to mention that one needs to be cautious
about relying entirely on such data, as are in this case the measured ICso values, since those
cannot tell whether a substance is just a competing substrate or an actual inhibitor (Bdnisch,
2021). Further, in this field there is the well-known need for distinguishing competitive from
non-competitive inhibition when dealing with inhibition data (Liu ef al., 2016), which, as well,
forms a true desideratum in pharmacological research. One possible way for addressing these
issues would be the establishment of advanced computational models for understanding the
molecular mechanisms of hOCT- and hPMAT inhibition and transport, as was seen for many

other transporter types (Matsson and Bergstrom, 2015). Developments that would facilitate
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future efforts for such modelling would be the expansion of datasets of confirmed transporter
substrates, ligand-transporter inhibition (yet again characterized by the underlying mechanisms
of inhibition, i.e. competitive vs. allosteric, indirect inhibition) and, most importantly, high-
resolution structures of the respective transporters in relevant states of the transport cycle and
with co-crystallized inhibitors to back up data generated by, as in this case, in vitro uptake
inhibition assays (ibid.). Latter constitutes a general gap in research for many transporter
proteins, let alone this understudied group of low-affinity cation transporters (Keller et al.,
2019; Koepsell, 2020). Also, modelling of transporters as multispecific as the SLC22 family
and hPMAT is principally more difficult, as they handle structurally much more diverse
compounds than other transporter families (Liu ef al., 2016) and would thus need more and
detailed pharmacokinetic data for such models to function. The fact that the herein investigated
transporters, but most notably hOCT1 and 2, are highly polymorphic and known to carry
mutations relatively often just adds to this issue, but at the same time ascribes our presented
data an all the greater importance. This study succeeded at elucidating the pharmacological
interaction between several central nervous system active drugs at the human organic cation
transporters 1-3 and the human plasma membrane monoamine transporter. Our results
contribute to the advance in this relatively young but promising field of research and introduce
some prominent, clinically relevant compounds as potential scaffolds for the development of
new or adapted medical drugs. This might give impetus for further research to investigate these
transporters’ abounding pharmacology and builds groundwork for exploring substrate
translocation and thus pharmacodynamic fate of relevant compounds especially in patients with
OCT and/or PMAT polymorphisms, to whom an individualized drug therapy will represent a

major clinical progress.
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