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Abstract: The organic cation transporter 1 (OCT1, SLC22A1) transports a large number of structurally
diverse endogenous and exogenous substrates. There are numerous known competitive and non-
competitive inhibitors of OCT1, but there are no studies systematically analyzing the relationship
between transport, stimulation, and inhibition. Here, we tested in vitro OCT1 inhibition by OCT1
substrates and transport of OCT1 inhibitors under uniform analytical conditions. Beyond inhibition
testing with two model substrates, we tested nine additional OCT1 substrates for their mutual inhibi-
tion. Inhibition of ASP* uptake by most OCT1 substrates was weak. The model substrate sumatriptan,
with its moderately stronger inhibitability, was used to confirm this. Interestingly, OCT1 substrates
exhibiting stronger OCT1 inhibition were mainly biaromatic 3-agonistic drugs, such as dobutamine,
fenoterol, ractopamine and ritodrine. Biaromatic organic cations were both, strong inhibitors and
good substrates, but many OCT1 substrates showed little pairwise inhibition. Surprisingly, suma-
triptan did significantly enhance dobutamine uptake. This effect was concentration dependent and
additional experiments indicated that efflux inhibition may be one of the underlying mechanisms.
Our data suggests, that OCT1 substrates are mainly weak OCT1 inhibitors and among those inhibit-
ing well, noncompetitive inhibition could be responsible. Weak competitive inhibition confirms
that OCT1 inhibition screenings poorly predict OCT1 substrates. Additionally, we showed that the
OCT1 substrate sumatriptan can enhance uptake of some other OCT1 substrates. OCT1 transport
stimulation was already observed earlier but is still poorly understood. Low OCT1 uptake inhibition
and strong OCT1 efflux inhibition could be mechanisms exploitable for enhancing transport.
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1. Introduction

OCT1 is the most strongly expressed organic cation transporter in the sinusoidal
membrane of the human liver [1,2]. Many endogenous and exogenous substances, among
them many drugs, are either inhibitors or substrates of OCT1, or both [3-11]. OCT1 is
genetically highly polymorphic and frequent variants have reduced transport activity or
complete loss of function. With some drug-substrates of OCT1, deficient or very low
activity of this transporter may have contributed to the access mortality of the respective
drug [12]. Modulation of pharmacokinetics, drug effects or adverse drug reactions by OCT1
polymorphisms have been shown for a number of drugs [5,7-9]. In addition, substances
that inhibit OCT1 could mimic genetic deficiency (so-called phenocopies). While the role
of OCTs in drug—drug interactions is understood quite well, there is limited knowledge
about the association of OCTs with diseases, with only OCTN2 deficiency being linked to a
syndrome [3,13]. The physiological role of most OCTs remains uncertain, at least, complete
loss of OCT1 activity is not associated with major pathologies. In part, loss of OCT activity
may be compensated by other polyspecific transporters.

Known OCT1 substrates are highly variable in their molecular structures [3]. The
physicochemical and structural features of OCT1 substrates have been studied exten-
sively [3,10,14-16]. Typical substrates of OCT1 are on average smaller than 500 A% in
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volume [10], have a positively charged nitrogen, an aromatic ring, and moieties which
increase hydrophilicity [3]. In contrast, inhibitors of OCT1 are less often positively charged
and more lipophilic [11]. Thus, there is both an overlap and a symmetric difference between
OCT1 substrates and inhibitors, which is currently not entirely understood. There are well-
known OCT1 inhibitors that are also substrates of OCT1. However, other well-known
OCT1 inhibitors may either not be substrates or cannot be proven to be substrates because
regular uptake assays are insensitive towards highly lipophilic compounds, where net
uptake is masked by high passive diffusion. Irrespective of these unanswered questions,
numerous potent inhibitors have been excluded as substrates, proving that substrates and
inhibitors are intertwined, but not necessarily the same [3].

There is ample data on OCT1 inhibition, but it is mainly based on inhibition of a
few OCT1 model substrates. On the other hand, multiple substrate binding sites and
non-competitive OCT1 inhibition have been identified [3,17-19]. For instance, data on rat
Octl for 1-methyl-4-phenylpyridinium (MPP*) suggests the existence of two low-affinity
binding sites and one high-affinity binding site with allosteric inhibitory effects on the
low-affinity binding sites [20]. Such specific inhibitory binding sites would discourage
from screening for OCT1 transport by using inhibition assays with a few model substrates
but, to our knowledge, the relationship between substrate and inhibitory properties of
OCT1 substrates has not yet been investigated based on large datasets integrating inhibi-
tion as well as transport data. Thus, while there is good knowledge on OCT1 inhibitors
and substrates, much less is known about the OCT1 inhibition by OCT1 substrates and
about differences between substrate and non-substrate inhibitors of OCT1. Comprehensive
knowledge of this will be indispensable when it comes to predicting drug-drug interactions.
Bioinformatic prediction is impeded by the lack of an OCT1 crystal structure, reducing
structure-based approaches to homology modelling [21,22]. Currently, a better understand-
ing of OCT1 function may be achieved with less uncertainty by ligand-based experimental
and bioinformatics approaches.

In this study, we tested in vitro OCT1 substrates for inhibition and, in particular,
we tested in vitro a large number of OCT1 inhibitors for their transport via OCT1. We
compared inhibition results for two substrates of OCT1, the standard model substrate
ASP* and the clinically relevant substrate sumatriptan. For a subset of OCT1 substrates,
we compared their inhibition and inhibitability, with the latter meaning how strongly the
distribution and/or elimination can be inhibited, as studied based on pairs of substances.
Based on those results, we picked candidate pairs to discover a possible cotransport and
improvement of one compound’s transport by presence of a second compound (enhanced
transport, also known as potentiation, augmentation or stimulation) and indeed, we found
significant enhancement of OCT1-mediated transport with some specific pairs of substrates.
Finally, we performed experiments, the results of which suggest that inhibition of OCT1-
mediated efflux by one compound could be the mechanism leading to increased OCT-1
mediated uptake of the second compound.

2. Results

We present a large database on inhibition and transport by OCT1, and subsequent
experiments explaining their relationship (Figure 1). First, we extended the OCT1 sub-
strate database using a unified parameter for measuring transport, the ratio of uptake in
overexpressing cells over uptake in mock-transfected cells. Second, we extended the list of
OCT1 inhibitors using the standard model substrate ASP* and, in addition, sumatriptan,
one of the most specific and clinically relevant OCT1 substrates. We added new in vitro
data where no in vitro data with comparable methodology was available. Third, based on
the inhibition and transport data, we analyzed the relationship between both. In addition,
we analyzed mutual inhibition between 10 characteristic substrates of OCT1. Excitingly,
these analyses revealed compound pairs with enhanced transport as well as pairs showing
no inhibition, so that, fourth, we analyzed those pairs in more detail using a wide range
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of concentrations. As underlined by our final experiments, uptake enhancement may be
explained by inhibition of substrate efflux after successful uptake.
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Figure 1. Chart summarizing the general workflow of this publication. Literature data was used for

inter-laboratory cross-validation.

2.1. OCT1 Substrates

For known OCT1 substrates, for which no uptake ratios were available to us, we
performed in vitro transport assays at a concentration of 2.5 uM, as established and applied
previously [10,23]. This concentration was considered a trade-off between linearity in
sub-Kp, concentrations and detectability in mass spectrometric analysis, and it had been
used in larger comparable screenings before [10]. In total, we analyzed OCT1 transport
of 165 compounds, which were selected first based on typical characteristics of OCT1
substrates, and, second, to cover a wide range of structural diversity (Figure 2) [3]. This
included previously known OCT1 substrates now tested with our methodology. This
resulted in a total of 326 compounds (including published data), for which uptake ratios
were determined in a uniform manner (Figure S2). When taking a conservative ratio of 3 as
a cutoff for the differentiation between substrate and non-substrate as applied in previous
publications [16,23], the overall database now included 84 substrates (most already known
as substrates of OCT1). When using the less conservative criterion of a twofold increase
by transporter-mediated uptake, which is suggested by the FDA, that number was 107.
Within these, interesting novel OCT1 substrates were found, such as CAS 762240-09-5 and
CAS 1380575-45-0, which are fragments of the tyrosine kinase inhibitors crizotinib and
ceritinib (cf. Table S1), revealing uptake ratios of 2.3 and 2.7, respectively. In addition,
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the antiarrhythmic agent mexiletine showed an uptake ratio of 4.3. Interestingly and in
line with a prior publication, the anionic HIV reverse-transcriptase inhibitor lamivudine
revealed an uptake ratio of 3.0 [24]. The top OCT1 substrates tested in this study (newly
found as well as previously known) are listed in Table S2.
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Figure 2. Substrate uptake ratios in OCT1 overexpressing cells over empty vector cells at 2.5 tM. Error
bars indicate standard error of the mean between replicates. The large plot shows the top 50 substrates,
the miniature plot shows the overview of all 165 tested compounds. The upper dashed line indicates
the uptake ratio of 3, considered by the authors as a reasonable cutoff for relevant transport.

2.2. OCT1 Inhibition

All available known OCT1 substrates and additional structurally diverse compounds
were screened as inhibitors of the model substrate ASP*. The screening library included
both already published and newly identified OCT1 substrates, and published as well as
newly identified OCT1 inhibitors. Maximum inhibition was found with irinotecan, which
inhibited OCT1 activity by 99%, whereas the broad inhibitor of numerous transporters
and cytochrome P450 enzymes, verapamil, inhibited OCT1 only by about 50% (Figure 3,
Table S3).

Among the “negatively inhibiting” (in other words transport enhancing) compounds,
bisoprolol (—38.8%), flunarizine (—35.0%) and famotidine (—20.4%) had relatively low
standard errors and seemed indeed to be enhancers of transport. This finding was, however,
not highly reproducible among laboratories (Table S2). Bisoprolol, for example, had only a
slightly negative inhibition in another screening (—3.36) [17].
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Figure 3. Percentage inhibition of OCT1-mediated ASP* transport by various compounds. Authors’
own, unpublished data. Error bars indicate standard error of the mean between replicates. The large
plot shows the top 50 inhibitors, the miniature plot shows the overview of all 378 tested compounds.

In general, our results match the picture from earlier inhibition screenings, where
inhibition ranged from —26% to around 100%, despite slight disparities in methodologies
(Figure S2). Irrespective of the unanswered questions concerning enhancement (“negative
inhibition”), data from several laboratories indicated that such an enhancement may be a
real mechanism with potential impact on transport kinetics of drugs and of endogenous
substances.

We correlated our inhibition data with the available literature data to analyze the
reproducibility [11,17] (Figure 4A). As seen, and as known in the field, inter-laboratory re-
producibility is not perfect but no systematic deviation from the line of unity was observed.
The slope of the regression line was 0.93, sufficiently close to 1, and had a correlation
coefficient of 0.79.

Since inhibition may be substrate-dependent, we also studied inhibition using suma-
triptan as a second OCT1 model substrate. While sumatriptan was, in general, inhibited
more strongly compared to ASP* (slope of the regression line only 0.58), the correlation was
nonetheless linear and numerically even higher than the inter-laboratory reproducibility
with the same substrate (r = 0.81, Figure 4B).

In general, OCT1 inhibition by OCT1 substrates was weak, but with some notable
exceptions consistent across both model substrates. Interestingly, the structurally similar
biaromatic 3-agonists ritodrine, dobutamine, fenoterol and ractopamine showed the highest
inhibition among all inhibitors tested here with both substrates, ASP* and sumatriptan.
Among non-substrates, rather lipophilic substances such as spironolactone and doxazosin
were confirmed as strong inhibitors. Among the hydrophilic non-substrates, the antiseptic
chlorhexidine was confirmed as the strongest OCT1 inhibitor.
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Figure 4. (A) Comparison of OCT1 inhibition as measured by reduction in ASP* uptake in the present
study with measurements published earlier [11,17]. (B) Comparison of OCT1 inhibition as measured
by reduction in sumatriptan uptake with the respective inhibition measured with ASP+. Dots indicate
the means, vertical lines the range between laboratories. Dot color is indicating logD of the respective
compounds at pH 7.4. Only selected substances are labelled, a complete listing of all our data is given
in Table S1.

2.3. Relation between Transport and Inhibition

Our study aimed to elucidate the relationship between structures transported by
OCT1 and structures inhibiting OCT1. As illustrated in Figure 5A (ASP*) and Figure 5B
(sumatriptan), we found all combinations of OCT1 transport, non-transport, inhibition and
non-inhibition.

The majority of tested compounds showed neither OCT1-mediated uptake, ratio < 3,
nor OCT1-inhibition, >40%. We decided on a cutoff of 40% inhibition instead of 50%, as
often applied, because of the reduced inhibitor concentration used, compared with other
OCT1 inhibition screenings [11,17]. These compounds can therefore be categorized as non-
substrate-non-inhibitors (yellow quadrant in Figure 5A). Surprisingly, among the tested
OCT1 substrates, the majority did not inhibit either model substrate with the concentrations
used here (2 uM for substrates and 20 uM for potential inhibitors; red quadrants in Figure 5),
making them substrate-non-inhibitors. For example, drugs such as pirbuterol, terbutaline
and sematilide showed no relevant OCT1 inhibition for either of the model substrates, at
least not at the concentrations used in our assays. Fenoterol, dobutamine, ritodrine and
ractopamine showed the strongest inhibition (>40%) of OCT1-mediated ASP* as well as
sumatriptan transport (upper-right quadrants of Figure 5A,B), making them substrate-
inhibitors of OCT1 (green quadrants in Figure 5). As tested with ASP* as model substrate
only, there were many non-OCT1-substrates (uptake ratios < 3), that strongly inhibited
OCT1-mediated uptake (blue quadrant in Figure 5A).
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Figure 5. OCT1 uptake ratio (means of new and previously published data) versus inhibition
data. (A) Inhibition data using model substrate ASP*. (B) Inhibition data using model substrate
sumatriptan. Dot color indicates logD of the respective compounds at pH 7.4. Colored quadrants
indicate non-inhibiting substrates (red), inhibiting substrates (green), inhibiting non-substrates (blue)
and non-inhibiting non-substrates (yellow). Most substrates with an uptake ratio < 3 have not been
tested with sumatriptan as indicated by the hatched areas in (B).

Comparing ASP* and sumatriptan inhibition, as can be seen from the greater abun-
dance of compounds in the upper right quadrant of Figure 5B than in the right upper
quadrant of Figure 5A, sumatriptan uptake could in general be better inhibited by the
OCT1 substrates tested.

Chemical characterization of non-substrate-non-inhibitors, substrate-non-inhibitors,
substrate-inhibitors and non-substrate-inhibitors of OCT1-mediated ASP* uptake is given
in Table 1.

In short, the molecular weight was significantly different between groups (p < 0.01,
Kruskal-Wallis test), and inhibitors were found to be heavier than non-inhibitors regardless
of transport rate. The logD value at pH 7.4 differed significantly (p < 0.01) and inhibitors
were more lipophilic than non-inhibitors among all substrates of OCT1. Non-substrate-
non-inhibitors were less positively charged compared to other groups of substrates and
inhibitors. Ring count differed significantly between groups (p < 0.01) and was higher
in inhibitors than in non-inhibitors. In contrast, the number H bond donors, which was
significantly different between groups as well (p < 0.01), was higher in good substrates than
in poor or non-substrates. A similar analysis was performed for sumatriptan inhibition
and can be found in Table S4.

With the concentration of the model substrate far below its Ky, assuming competitive
inhibition, the Cheng-Prusoff equation predicts the ICs, to be approximately identical to the
Kj. Many of the inhibitor candidates tested had previously been reported with apparent Ky,
values smaller than the concentration used in our assay (20 uM). For substrate-inhibitors Ky
and Kj are supposed to be equal in case the mode of inhibition relies solely on competitive
inhibition at the same binding site [25]. For the inhibitor candidates with Ky, values smaller
than the concentration used, this suggests an inhibition of at least 50%. However, for a
selection of inhibitor candidates, experimentally found inhibition was strikingly lower in
nearly 50% of the substances tested (Table 2). To further elucidate the complex interaction
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of OCT1 substrates and inhibitors, we tested a selection of ten substrate-inhibitors and
substrate-non-inhibitors for mutual inhibition of the other nine compounds.

Table 1. Chemical descriptors for compounds (non-)inhibiting OCT1-mediated ASP* uptake grouped

by transport.
Non-Inhibitors/Weak Inhibitors
Inhibitors (<40% Inhibition) (>40% Inhibition)
N 65 5
MW 245 (109-369) 296 (285-303)
LogD74 —1.2(—4.3-1.1) 0.5 (—0.6-1.2)
GOZ‘; ts.ubitf;)‘tes TPSA 63.5 (0-175.8) 72.8 (52.9-93.0)
0= Charge; 4 0.98 (0-2) 1.00 (1-1)
Ring count 1.7 (0-5) 2.6 (2-5)
H bond donors 2.2 (0-4) 3.8 (2-5)
N 42 8
MW 213 (61-404) 315 (179-587)
LogDy4 —0.7 (—4.7-3.1) 0.6 (—0.6-1.6)
g’:r S‘tl.bsgalte; TPSA 50.8 (12.0-105.5) 53.9 (21.3-114.2)
rato = & Chargey 4 0.90 (0-1) 1.00 (1-1)
Ring count 1.6 (0-5) 2.3 (1-7)
H bond donors 1.9 (04) 1.3 (1-2)
N 133 20
MW 233 (75-645) 351 (207-506)
LogDy 4 —0.8 (—7.4-6.0) 1.5 (—2.5-3.6)
N‘(’r“'tsiu‘ftlr?)es TPSA 61.7 (6.5-169.0) 50.8 (3.2-177.6)
auo < & Charge; 4 0.55 (—1-3) 1.1 (1-2)
Ring count 1.7 (0-6) 3.1 (2-5)
H bond donors 1.7 (0-7) 1.4 (0-6)

Table 2. Expected and observed inhibition kinetics for selected OCT1 substrates.

ASP* Inhibition in Inhibition > 50% Inhibition > 50%

Substrate Inhibitor Candidates Apparent Ky, [uM]

Our Assay (in %) Expected Observed
Benzyltriethylammonium 38.6 [16] -5 No No
Denatonium 12.6 [16] 12 Yes No
Edrophonium 26.4 [16] -3 No No
Famotidine 35.7 [16] —20 No No
Fenoterol 1.2[12] 68 Yes Yes
Fenpiverinium 5.9 [16] 9 Yes No
Guanfacine 8.6 [16] 24 Yes No
Ipratropium 123 14 Yes No
mIBG 15.9 [16] 7 Yes No
Milnacipran 2.26 [16] 39 Yes No
Prenalterol 13.3 [16] -3 Yes No
Ractopamine 2.1[16] 56 Yes Yes
Ritodrine 1.7 [16] 67 Yes Yes
Sumatriptan 42.6 [9] -7 No No

The model substrate ASP* (K, = 9.2 uM) [11] was used in a concentration significantly below its Kp, and inhibitors
with concentrations of 20 uM. Index values indicating reference number.

2.4. Mutual Substrate Inhibition

Considering ample evidence for multiple binding sites of OCT1 substrates and in-
hibitors, we performed pairwise inhibition testing, also with the intention to find mutually
non-inhibitory substrates. We selected ten substrate-inhibitors and substrate-non-inhibitors
(Figure 5) with high structural and functional diversity in mind for pairwise inhibition
testing. Each compound was used as substrate (horizontal lines in Figure 6) and inhibitor
against all other substrates (vertical columns in Figure 6).
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Figure 6. Mutual inhibition of ten selected OCT1-substrates. Data provided as percentage inhibition
compared to uptake into non-inhibited OCT1 overexpressing and EV-transfected cells. Cell colors
corresponding to degree of inhibition. It may be noted that negative inhibition corresponds to
stimulation of transport (sumatriptan effect on dobutamine) while inhibition of more than 100%
(ASP* effect on dobutamine) might correspond to ASP*-mediated stimulation of dobutamine efflux.

We found that some OCT1 substrates, such as naratriptan, sulpiride and sumatriptan,
showed little to no inhibition of the transport of 9 of the 10 tested substrates. Interestingly, ASP*
led to more than 100% uptake inhibition of dobutamine compared with control, hinting to-
wards OCT1-dependent efflux (181% =+ 16 SEM). This finding was stable across six indepen-
dent replications. Most strikingly among them, sumatriptan showed ‘negative inhibition’
(i.e., enhanced transport) of the transport of three well established OCT1 substrates, and
while only minor transport enhancement was noted with ASP* and berberine, strong trans-
port enhancement was reproducibly found for dobutamine across all replications. Notably,
those substrates with high inhibition of ASP* and sumatriptan in the previous large-scale
screening, represented by denatonium and dobutamine, were also among the substrates
that were inhibited by many other substrates. On the opposite site of the spectrum were
ASP* and berberine, which showed relatively little inhibitability. Interestingly, some
substrate-inhibitor combinations showed reciprocally similar results (e.g., dobutamine and
berberine did inhibit each other comparably strongly), while other combinations showed
an inhibitory effect in one direction, but not in the other (e.g., ASP* inhibited sumatripan
uptake but not vice versa). To further elucidate the interaction of dobutamine with suma-
triptan, and of sulpiride with naratriptan, we tested the concentration-dependence of the
interaction between these combinations.

2.5. Pairwise Concentration-Dependent Inhibition for Dobutamine and Sumatriptan

When testing pairwise uptake inhibition with dobutamine and sumatriptan in a
concentration-dependent manner (0.3-50 uM; uninhibited kinetics have already been pub-
lished [9,16]), dobutamine showed strong inhibition of sumatriptan uptake. In contrast,
sumatriptan showed no inhibition of dobutamine uptake (Figure 7). More than that, across
the entire range of dobutamine concentrations, higher sumatriptan concentrations sur-
prisingly increased dobutamine uptake, with the largest effects at 30 uM dobutamine and
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sumatriptan concentrations of 30-50 uM. Interestingly, the effect was higher at dobutamine
concentrations below saturation, which suggests transporter involvement instead of off-target
effects. Dobutamine uptake increased with increasing sumatriptan concentrations, so a plau-
sible dose—effect relationship could be shown, also bolstering the hypothesis of more than
a spurious phenomenon. In search of additional insights on potential interactions of dobu-
tamine and sumatriptan in the OCT1 binding pocket, we performed virtual docking (using
AutoDock Vina [26] and AlphaFold-generated OCT1 [27]). Virtual docking suggested merely
identical binding sites (Figure S3), in line with noncompetitive non-allosteric inhibition.
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Figure 7. Concentration-dependent mutual inhibition of dobutamine and sumatriptan uptake.
(A) Three-dimensional plot showing means of intracellular dobutamine concentration of three inde-
pendent experiments and interpolations. (B) Three-dimensional plot showing means of intracellular
sumatriptan concentration of three independent experiments. (C,D) Two-dimensional projections of
(A,B) including means and SEM of three independent experiments.

The increased V max of dobutamine uptake became apparent for the higher sumatriptan
concentrations, while Ky, remained unchanged (Table 3). In contrast to this, increasing
dobutamine concentration inhibited sumatriptan uptake by reducing its Vmax.

Due to the interesting results for sumatriptan and dobutamine we also decided to test
the combination of sumatriptan and the structurally dobutamine-resembling and biaro-
matic ractopamine. Ractopamine is also among the OCT1-inhibiting OCT1 substrates
(Figure 5, Table 4). Results showed that sumatriptan did also enhance the uptake of rac-
topamine, whereas ractopamine also inhibited the uptake of sumatriptan by reducing
its Vmax (Figure S4). As dobutamine has structural properties of the neurotransmitter
dopamine, and sumatriptan has structural properties of serotonin, we additionally investi-
gated the hypothesis of serotonin-enhanced dopamine uptake in OCT1 (and structurally
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related OCT2 and OCT3). However, there was neither enhancement nor inhibition of
dopamine uptake by addition of serotonin and vice versa (data not shown).

Table 3. Analysis of OCT1 dobutamine and sumatriptan uptake following Michaelis-Menten kinetics.

Substrate Inhibitor Inhibitor [uM] K [uM] Vmax [pmol X min—1 X mg Protein—1]
0.3 11.1 (£8.5) 51.9 (£12.9)
1 139  (£10.4) 482 (£12.7)
, . 3 95  (£7.6) 545 (£13.5)
Dobutamine  Sumatriptan 10 96 (+£6.9) 48.8 (£10.9)
30 6.8 (£4.3) 73.1 (£12.9)
50 72 (£4.0) 72.8 (£11.6)
03 796 (+17.6) 2885 (+428)
1 755  (£20.0) 1974 (£346)
. , 3 574 (+147) 863 (+133)
Sumatriptan  Dobutamine 10 1816 (£111.2) 909 (£453)
30 1189  (490.0) 213 (+120)
50 119  (£75.6) 98 (£49)

Table 4. Analysis of OCT1 sulpiride and naratriptan uptake following Michaelis-Menten kinetics.

Substrate Inhibitor  Inhibitor [uM] K [uM] Vmax [pmol X min—1 X mg Protein—1]
0.3 40.3 (£29.4) 323 (£129)
1 35.8 (£23.0) 277 (£90)
L. . 3 40.0 (£29.8) 327 (£129)
Sulpiride = Naratriptan 10 547 (£48.4) 318 (+167)
30 413 (£34.5) 220 (£99)
50 47.9 (£35.9) 159 (£67)
0.3 16.1 (£6.5) 565 (£85)
1 15.7 (£6.1) 548 (£78)
. - 3 13.0 (£3.8) 478 (+49)
Naratriptan  Sulpiride 10 163 (+6.3) 554 (+80)
30 16.1 (£6.5) 558 (+84)
50 13.1 (+4.8) 465 (£59)

Data provided as means of at least three independent experiments + SEM.

To follow up on the potential mechanisms behind the observed enhanced transport of
dobutamine uptake by sumatriptan, we investigated sumatriptan-mediated inhibition of
dobutamine efflux from preloaded cells. Results showed that 2, 5 and 10 min after addition
of sumatriptan, efflux of preloaded dobutamine was reduced (Figure 8). Remaining intra-
cellular dobutamine was increased by 2.0-, 2.1 and 2.5-fold compared to the non-inhibited
control when sumatriptan was added to the extracellular buffer during the efflux period.
This hints at OCT1-mediated efflux of dobutamine, inhibitable by sumatriptan, as one
possible mechanism for enhanced intracellular accumulation.

2.6. Pairwise Concentration-Dependent Inhibition for Sulpiride and Naratriptan

With the second pair that showed interesting results in the mutual inhibition testing,
sulpiride and naratriptan, a picture different from that for dobutamine and sumatriptan
emerged (Figure 9). Sulpiride uptake was increasingly inhibited with increasing concen-
trations of naratriptan (Figure 9A,C). On the other side and more surprising, naratriptan
uptake was constant, irrespective of the presence of sulpiride at varying concentrations
(Figure 9B,D).

Analysis of sulpiride uptake follows Michaelis-Menten kinetics [28]. Upon addition
of naratriptan in concentrations of 0.3, 1, 3, 10, 30 and 50 uM the noncompetitive inhibition
of sulpiride uptake through naratriptan was indicated by a reduction in the Vimax (Table 4).
Strikingly, no net change in the naratriptan uptake was observed when coincubating
together with sulpiride. In summary, these findings once more point towards the complexity
of possible interactions at solute carriers. Same as for dobutamine and sumatriptan, virtual
docking suggested merely identical binding sites for sulpiride and naratriptan (Figure S5),
in line with noncompetitive nonallosteric inhibition of sulpiride by naratriptan. For those
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interested in the structures of the main model substrates used in this work, including
sulpiride, naratriptan, dobutamine, sumatriptan and ASP*, we refer to Figure Sé.
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Figure 8. Dobutamine efflux with and without the addition of sumatriptan. Dobutamine efflux was
reduced by the addition of sumatriptan, leading to increased intracellular dobutamine concentrations
by about twofold. Results show means £ SEM of intracellular concentrations for three independent
experiments, in which the efflux of 1 uM dobutamine from cells after 60 min preloading was inhibited for
2,5 and 10 min by addition of 10 uM sumatriptan to the extracellular medium during the efflux period.
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Figure 9. Concentration-dependent mutual inhibition of sulpiride and naratriptan uptake. (A) Three-
dimensional plot showing means of intracellular sulpiride concentration of three independent experi-
ments. (B) Three-dimensional plot showing means of intracellular naratriptan concentration of three
independent experiments. (C,D) Two-dimensional projections of (A,B) including means and SEM of
three independent experiments.
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3. Discussion

Overall, this study showed that most OCT1 substrates were only weak inhibitors.
However, there were some remarkable exceptions. Explicitly, biaromatic 3-agonistic com-
pounds, such as fenoterol, dobutamine, ractopamine and ritodrine inhibited either of the
model substrates quite strongly. Extending the list of well-established OCT1 model sub-
strates to ten structurally diverse compounds for pairwise inhibition testing, interestingly
asymmetric patterns of inhibition, non-inhibition and uptake enhancement could be found.
Concentration-dependent analyses of selected compound pairs showed strongly enhanced
uptake of dobutamine by sumatriptan. In addition, naratriptan inhibited sulpiride uptake
noncompetitively but sulpiride did not inhibit naratriptan uptake at all. With regard to
enhanced uptake of dobutamine by addition of sumatriptan, we could finally show that
inhibition of dobutamine efflux could be one mechanism increasing net dobutamine uptake.
In summary our study highlights that interactions with OCT1 should not be reduced to
uptake and uptake inhibition, but might also include efflux-specific inhibition and po-
tentially other mechanisms increasing net uptake. As they will, for sure interact with
OCT1, known OCT1 substrates are interesting screening candidates to find more complex
drug-transporter interactions. As OCT1 is an efficient serotonin transporter and OCT2 is an
efficient serotonin and dopamine transporter [23,29], potential complex interactions of other
OCT substrates with serotonin and dopamine could prove valuable for pharmacological
interventions modulating peripheral blood serotonin concentrations.

3.1. OCT1 Substrates and Inhibitors

While OCT1 inhibition has been studied intensively, there is much less data on OCT1
transport [10,14,16]. In particular, only little data was available on the transport of the
many compounds tested for OCT1 inhibition. To fill this void, we measured uptake of
165 compounds tested for inhibition as well (Table S1).

There have been several large-scale screenings for OCT1 inhibitors [11,17]. Here we
aimed for enriching the test compounds with known OCT1 substrates, but also included
previously tested compounds to check for interlaboratory consistency. The high consistency
found was surprising, given the previously reported high inter-laboratory variability in
transport data [30].

Regarding inhibitors, our results were in line with prior publications on general
OCT1 inhibition (not focusing on substrates), where often highly lipophilic compounds
that did not match the typical OCT1 substrate structure, were among the most efficient
inhibitors e.g., spironolactone, verapamil and chlorprothixen [11,17,31,32]. Focusing on
OCT1-substrates tested for OCT1 inhibition, a huge variation in inhibition could be ob-
served, although one might have expected generally higher inhibition potential (due to
competitive binding, Table 4). Those vast differences in inhibitory potential for different
OCT1 substrates may suggest different binding sites, since slight differences in the affinity
only provide insufficient justification for the results found. While screening data does not
provide sufficient proof, the above-presented, published kinetic data of substrates tested as
inhibitors (Table 4) showed that inhibition cannot solely be explained by competition.

As OCTs inhibition has been found to be in part dependent on the substrate used [3,33,34],
in addition to ASP*, we tested a clinically relevant substrate, sumatriptan. While some
compounds showed differences between inhibition of ASP* and inhibition of sumatriptan,
there was mainly consistency in inhibition of both, with slightly higher inhibitability of
sumatriptan. This is in line with published data [33,34].

In contrast to some previous publications, we and others (Figure 4) have shown overall
correlation of inhibition using different substrates, albeit with outliers. These indicate
that the concept of a model substrate has its limitations. Many previous publications
indicate existence of multiple binding sites for substrates and multiple mechanisms for
inhibition [35-38]. Thus, it is unlikely that one model substrate really predicts all relevant
interactions. For instance, a scaffold consistently associated with high inhibition was that
of biaromatic 3-agonists such as fenoterol and dobutamine. While this common scaffold
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already supported a structural explanation over an experimental artifact, equivalent results
for a second model substrate and the concentration-dependent experiments on dobutamine
and ractopamine inhibition of sumatriptan confirmed it. Interestingly, although high
inhibition by -agonistic substrate-inhibitors could be explained competitively (Table 2),
inhibition was indeed noncompetitive (Figures 7 and S4). Therefore, competitive substrate-
inhibitors were rarely identified by our screening and the best substrate-inhibitors were not
competitive. In other words, inhibitor screening is not well suited to finding OCT substrates.

3.2. Mutual Substrate Inhibition

Integrating the findings on OCT1 inhibition by OCT1 substrates, it was remarkable
that only a few substrates showed relevant inhibition (Figure 5), given that each of them
was expected to interfere competitively. Notably, these findings were based on a single con-
centration for uptake measurement and inhibition of two model substrates only. Although
this point has already been addressed by further kinetic data on the inhibitor candidates
tested (Table 2), we decided for the extension of the model substrates and pairwise inhi-
bition screening. Within this pairwise inhibition set, inhibition as well as inhibitability
varied largely. The observed inhibition above 100% for ASP* and dobutamine could be ex-
plained by ASP*-mediated dobutamine efflux via OCT1. Surprisingly, the good inhibitors
dobutamine and denatonium were among those that could be inhibited quite well, which
speaks against a pure affinity-based explanation with a single binding site. Interestingly,
naratriptan, sulpiride and sumatriptan were relatively weak inhibitors and most strikingly,
sumatriptan even strongly enhanced dobutamine uptake. This effect was shown to be
concentration dependent. Given that dobutamine also was an inhibitor of sumatriptan
uptake, there are several explanations for how sumatriptan could improve dobutamine
uptake. Possible scenarios include inhibition of efflux, inhibition of self-inhibition, allosteric
and noncompetitive modulation as well as enhanced release [39] (Figure 10).

With inhibition of dobutamine efflux, sumatriptan would block the intracellular bind-
ing site for efflux transport of dobutamine. Inhibition of self-inhibition includes a scenario,
in which sumatriptan blocks an unfavorable dobutamine binding site. Allosteric enhance-
ment of dobutamine uptake, means sumatriptan binding enhances dobutamine uptake.
The effect of increased uptake might have been discovered in earlier inhibition screen-
ings, where some compounds increased uptake of model substrates instead of inhibiting
it [11,17,34]. In contrast to those enhancers that were secondary findings in prior inhi-
bition screenings, the effects of the combination of dobutamine and sumatriptan were
relatively large and demonstrably concentration dependent (Figure 7). Our concentration-
dependent experiments on dobutamine and sumatriptan were motivated by our screening
results, which predicted the later concentration-dependent results quite well. Interactions
at OCT1 apparently exceed the classical competitive and noncompetitive inhibition from
extracellular sources and might include efflux inhibition, as shown by the example of
sumatriptan-mediated enhancement of dobutamine (Figure 8). Net uptake results might
better be viewed as influenced by the sum of several processes taking place simultaneously,
all of them possibly inhibitable and probably enhanceable. On a side note, reduced efflux of
preloaded dobutamine, when subsequently adding the OCT1 substrate sumatriptan might
hint at some difficulties for trans-stimulation and counterflow approaches. In transstimula-
tion and counterflow assays, addition of a substrate is supposed to facilitate OCT-mediated
efflux of a preloaded model substrate. Substrates that also inhibit efflux of the model
substrate could remain unnoticed when using these approaches for screening.



Int. ]. Mol. Sci. 2022, 23, 2007

15 of 20

A Under the absence _.leading to
of sumatriptan, intracellularly
‘ dobutamine is increased \ ’
‘ taken up by OCT1 ‘ ‘ dobutamine.
>
=
=
5]
u—
o
c
S
£ —
S
=
=
Intracellular suma- ’
triptan inhibits the ’
Also sumatriptan eftlux of dobu-
- is transported tamine from the
by OCT: inside...
B sumatriptan binds
there, the beneficial
= site remains open to
S| favorable detrimental dobutamine binding...
= || binding site binding site
s
=
k=
-
(b}
w
u—
o
| oy
S
=
2
|| Dobutamine binding sites could comprise
— || a favorable binding site mediating effi- - — - _
cient translocation, and a detrimental If sumatriptan binding to the detri- —.and dobutamine
one hindering the translocation process. mental binding site is preferential.. transport is increased.
C Under the absence| |Allosteric ...that enhance
of sumatriptan, binding of the uptake of
dobutamine is sumatriptan... ' ’ debutamine.
= taken up by OCT1 ‘ ‘ ‘
[0}
=
@
Qo
c
[+
=
c
[}
.2
—_
[}
P
w
o
e could induce '
conformational '
changes in OCTL..,
D ...as well as ..leading to
’ dobutamine ’ ’ intr&i‘nse? ’
uptake o
9 Vo o & &5k § e
(b}
w
©
o
L
=l
[
o
c
18]
=
c
L
Sumatriptan '
enhances the '
Sumatriptan is release of bound
transported. dobutamine..

Figure 10. Potential mechanisms leading to increased intracellular dobutamine concentrations.
Among them are (A) inhibition of dobutamine efflux by intracellular sumatriptan, (B) inhibition of
dobutamine-self-inhibition by sumatriptan from the extracellular side, (C) allosteric enhancement,
and (D) enhanced dobutamine release by sumatriptan.

3.3. Enhancing Transporter Function in Therapeutics

Enhancing facilitated transport has been of interest for several diseases, most promi-
nently with cystic fibrosis transmembrane conductance regulator (CFTR) and cystic fibrosis
but also with the glutamate transporters and amyotrophic lateral sclerosis [40—42]. While
from a clinically applied vantage point, OCT1 currently does not rank among the trans-
porters that are the most viable drug targets, OCT1 specifically and OCTs in general have
the advantage of polyspecificity. With the hypothesis that there is a higher probability
of reaching transport-enhancing target interaction with substances that interact with the
target at all, a transporter with a high number of known and structurally diverse substrates,
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is of course a good candidate for testing. When interested in clinical applicability of OCT
enhancement, the focus for further testing should be guided towards enhanced transport
of endogenous OCT substrates.

Compared with agonists and inhibitors, enhancers play no significant role in current
pharmacotherapy, although they would be an interesting option. Interestingly, enhance-
ment has been discussed in connection with transporters, for example with the serotonin
reuptake transporter (SERT), where for an allosteric binding site, a possible modulation
of the substrate binding site was discussed [39]. Based on crystallographic results, the au-
thors speculate, that allosteric binding by small molecules could lead to structural changes
resulting in modified transport capacity, from inhibition up to enhancement [39].

Given that transporters remain among the most underrepresented target structures
relative to their abundance, transporters might be the sleeping giant in drug discovery.
With the G-protein-coupled receptor always being investigated with regard to inhibition
as well as agonism, and transporters being essential for homeostasis, it is astonishing that
transport has primarily been investigated with the intent to suppress it.

Indications of enhancement of OCT1 transport by chemical modulators can be found in
the literature for more than 10 years but have, thus far, not received much attention [43,44].
This study showed that solute carrier-mediated uptake can be enhanced by inhibiting their
efflux. For substrates, in addition to interactions due to different influx binding sites, there
might also be interactions caused by efflux binding sites. This makes substrates not the
boring competitive inhibitors one might expect, but the flamboyant multifaceted stars of
solute carrier kinetics, that might also work as enhancers of membrane transport.

4. Materials and Methods
4.1. In Vitro Inhibition Experiments

Inhibition experiments with model substrates ASP* and sumatriptan (both Sigma-
Aldrich, Taufkirchen, Germany) were conducted with HEK293 cells, plated as 300,000 cells
per well in poly-D-lysine (Sigma-Aldrich, Taufkirchen, Germany) pre-coated 24-well plates
(Greiner Bio-One, Kremsmiinster, Austria) 48 h prior to the transport experiment. For each
measurement, empty vector (EV)-transfected cells were used to quantify unspecific uptake
of the model substrate, and OCT1-transfected cells were used to quantify the uptake of
model substrate under non-inhibitory conditions. For the inhibition experiment, cells were
washed with 37 °C HBSS (Thermo Fisher Scientific, Darmstadt, Germany) supplemented
with 10 mM HEPES pH 7.4 (Sigma-Aldrich, Taufkirchen, Germany)—hereafter termed
HBSS+—once. Next, cells were incubated with 2 uM of the model substrate with and
without 20 uM of the compound-in-question in HBSS+ for 5 min. After that, the reaction
was stopped, and cells were washed twice with 4 °C HBSS+. Cells were lysed in 80%
acetonitrile (LGC Standards, Wesel, Germany) and incubated for 10 min on a 3D platform
shaker (Heidolph, Schwabach, Germany) before being transferred into a 96-well plate
for fluorescence measurement (ASP*) or quantification by HPLC-MS/MS (see below).
Fluorescence of intracellularly accumulated ASP* was performed using a Tecan Ultra
(Tecan, Crailsheim, Germany) multiplate reader with an excitation wavelength of 482 nm
and an emission wavelength of 612 nm. All inhibition experiments were performed at least
three times independently, and each fluorescence quantification of model substrate uptake
inhibition was performed with technical duplicates. Percentage of OCT1 inhibition was
calculated according to the following equation:

%OCT1 inhibition = 100% — ([uptakeinhibited} — [uptakeEV control]) x 100
( [up takeuninhibi’ted] - [uptakeEV control] )

As an indicator of screening quality, Z' was calculated for measurements and reached an
average value of 0.75. Pre-incubation with the inhibitor had been evaluated for 20 selected
compounds in advance but did not show any significant effect on inhibition. Linearity of
uptake within the incubation period was not tested for each compound individually, in
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agreement with the general methodology of screening approaches, but linearity within the
first 5 min of incubation is very much in line with previously tested substrates [5,9,12,45].
All used compounds were purchased from renowned manufacturers with purities of at
least 95%.

4.2. In Vitro Uptake Experiments

Transport experiments were in principle performed as described earlier [15,46]. Iden-
tical to inhibition experiments, 300,000 HEK293 cells stably transfected with the empty
vector pcDNAS or to overexpress human OCT1 were plated per well in poly-D-lysine
pre-coated 24-well plates 48 h prior to the transport experiment. For uptake experiments,
cells were washed once with 37 °C HBSS (Thermo Fisher Scientific, Darmstadt, Germany)
supplemented with 10 mM HEPES pH 7.4 (Sigma-Aldrich, Taufkirchen, Germany). Empty
vector and OCT1-transfected cells were incubated with 2.5 uM of the respective drug in
HBSS+ at 37 °C. After two minutes, cells were washed with ice-cold HBSS+ twice and lysed
with 500 uL 80% (v/v) acetonitrile (LGC Standards, Wesel, Germany) including an internal
standard. Intracellular accumulation of tested substances was measured by LC-MS/MS
and calculated as fold-change of the uptake by dividing uptake into OCT1 overexpressing
cells through uptake into EV cell.

To test the sumatriptan-mediated inhibition of dobutamine efflux, cells were preloaded
with 1 uM dobutamine in HBSS+ after the initial washing step with 37 °C HBSS+. After
60 min, cells were washed twice with 37 °C HBSS+ and incubated with HBSS+ with or
without 10 uM sumatriptan in HBSS+ for 2, 5 or 10 min. Cells were then washed and
lysed with 500 pL 80% (v/v) acetonitrile and the remaining intracellular dobutamine was
measured by LC-MS/MS.

Normalization of cell numbers was performed by measuring RIPA-lysed total pro-
tein via a standard bicinchoninic acid assay. All used compounds were purchased from
renowned manufacturers with purities of at least 95%.

4.3. HPLC-MS/MS Concentration Analyses

The cellular accumulation of compounds for OCT1 uptake analyses were quantified by
HPLC-MS/MS using a Shimadzu Nexera HPLC system (autosampler SIL-30AC, column oven
CTO-20AC, pump LC-30AD pump, controller CBM-204, all from Shimadzu, Kyoto, Japan).
Separation was achieved on a Brownlee SPP RP-Amide column (4.6 x 100 mm inner dimen-
sion with 2.7 um particle size) with a C18 pre-column. Reversed-phase chromatography
was achieved with an aqueous mobile phase containing 0.1% (v/v) formic acid and organic
additive (acetonitrile:methanol (6:1)) ranging von 3 to 50% (v/v) with a flow rate of 0.3 or
0.4 mL/min and a column temperature of 40 °C. Investigated compounds were detection
with an API 4000 tandem mass spectrometer (AB SCIEX, Darmstadt, Germany) operating
in MRM mode. Analyte peaks were integrated and quantified using the Analyst software
(Version 1.6.2, AB SCIEX, Darmstadt, Germany).

4.4. Calculations and Software

Cellular net uptake was calculated as difference between uptake in HEK293 cells stably
transfected to overexpress OCT1 and empty vector-transfected control. Kinetic parameters
were calculated using GraphPad Prism 5 (v 5.01; GraphPad Software, San Diego, CA, USA).
Virtual docking was performed using AutoDock Vina [26] and AlphaFold-generated
OCT1 [27]. The database was curated in DataWarrior (v 5.5.0; Idorsia Pharmaceuticals
Ltd., Allschwil, Switzerland) and contained data made available through several pub-
lications [11,14,16,17]. LogD values for investigated compounds were calculated using
the cxcalc tool from the InstantJChem package (ChemAxon, Budapest, Hungary). Three-
dimensional wave plots were generated using mpl_toolkits, SciPy, and Matplotlib.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23042007 /s1.
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