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Abstract
In the wake of the COVID-19 pandemic, drug repurposing has been highlighted for rapid introduction of
therapeutics. Proposed drugs with activity against SARS-CoV-2 include compounds with positive charges
at physiological pH, making them potential targets for the organic cation (OC) secretory transporters of
kidney and liver, i.e., the basolateral Organic Cation Transporters, OCT1 and OCT2; and the apical
Multidrug And Toxin Extruders, MATE1 and MATE2-K. We selected several compounds proposed to have
in vitro activity against SARS-CoV-2 (chloroquine, hydroxychloroquine, quinacrine, tilorone,

We used Bayesian Machine learning models to generate predictions for each molecule with each
transporter and also experimentally determined IC50 values for each compound against labelled substrate
transport into CHO cells that stably expressed OCT2, MATE1 or MATE2-K using three structurally
distinct substrates (atenolol, metformin and 1-methyl-4-phenylpyridinium (MPP)) to assess the impact of
substrate structure on inhibitory efficacy. For the OCTs substrate identity influenced IC50 values, though the
effect was larger and more systematic for OCT2. In contrast, inhibition of MATE1-mediated transport was
largely insensitive to substrate identity. Unlike MATE1, inhibition of MATE2-K was influenced, albeit
modestly, by substrate identity. Cu,max/IC50 ratios were used to identify potential clinical DDI
recommendations; all the compounds interacted with the OCT/MATE secretory pathway, most with
sufficient avidity to represent potential DDI issues for secretion of cationic drugs. This should be
considered when proposing cationic agents as repurposed antivirals.
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Significance Statement
Drugs proposed as potential COVID-19 therapeutics based on in vitro activity data against SARS-CoV-2
include compounds with positive charges at physiological pH, making them potential interactors with the
OCT/MATE renal secretory pathway. We tested seven such molecules as inhibitors of OCT1/2 and
MATE1/2-K. All the compounds blocked transport activity regardless of substrate used to monitor activity.
Suggesting that plasma concentrations achieved by normal clinical application of the test agents could be
expected to influence the pharmacokinetics of selected cationic drugs.
Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023
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Introduction
In the wake of the COVID-19 pandemic, drug repurposing has been highlighted as a possible way
to accelerate production of effective therapeutics (Yang et al., 2020). Candidates for repurposing include a
number of compounds that possess positive charge at physiological pH (e.g., hydroxychloroquine and
tilorone; (Puhl et al., 2020; Yang et al., 2020)), raising the prospect of adverse drug-drug interactions
(DDIs) or toxicity through the interaction of such compounds with pathways associated with the clearance
of cationic drugs (about 40% of all prescribed drugs; (Neuhoff et al., 2003)) from the body.

2010). In the kidney, the first step in the pathway for organic cation (OC) secretion (i.e., entry of substrate
from the blood into renal proximal tubule, ‘RPT,’ cells) is dominated by activity of the Organic Cation
Transporter 2 (OCT2) (Motohashi et al., 2002), followed by the extrusion from inside the cell into the
filtrate by the apically expressed Multidrug And Toxin Extrusion proteins, MATE1 and MATE2-K
(Tanihara et al., 2007). Inhibition of either the basolateral or apical transporters can lead to higher
concentrations of pharmaceuticals in the blood, thereby altering their pharmacokinetics (Koepsell, 2013),
while inhibition of the apical MATEs can result in drug accumulation and a resulting nephrotoxicity
(Yokoo et al., 2007). Because of the presence within the kidney of this common pathway for the secretion
of OCs, and the comparatively broad selectivity of both sets of processes (Bednarczyk et al., 2003;
Martinez-Guerrero et al., 2016; Sandoval et al., 2018), the stage is set for DDIs (Lepist and Ray,
2012). Although the kidney is likely to play the predominant role in clearance of most cationic substrates,
in the liver activity of OCT1 (sinusoidal membrane) and MATE1 (canalicular membrane) likely mediates
the biliary secretion of at least some organic cations (Koepsell, 2020). Understanding the influence of OCT
and MATE transporters is critical to ensure safe use of any cationic drug that is planned on being
administered to patients. The inhibitory potential of a potential ‘perpetrator’ compound can be anticipated

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

The kidney is the preferential site of excretion of small, hydrophilic organic cations (Hagenbuch,

JPET Fast Forward. Published on July 12, 2021 as DOI: 10.1124/jpet.121.000619
This article has not been copyedited and formatted. The final version may differ from this version.

Running head: OCT & MATE inhibition by repurposed SARS-CoV-2 therapeutics

page 6

from comparison of its maximum (unbound) concentration of the in the blood (Cu,max) to its in vitro IC50
value against transport of a ‘victim’ drug (Cu,max/IC50; (Giacomini et al., 2010; FDA, 2012; FDA, 2020)).
There is also increasing awareness that the profile of inhibition a potential perpetrator can exert on
its target can be influenced by the identity of the substrate used as a gauge as transport activity (Belzer et
al., 2013; Yin et al., 2016; Sandoval et al., 2018; Koepsell, 2019). Inhibition of OCT2 activity is, in fact,
significantly influenced by the choice of substrate used to assess transport (Belzer et al., 2013; Sandoval et
al., 2018). Although the interaction of inhibitory ligands with MATE1 does not seem to be systematically

whether the same is true for hMATE2-K has not yet been elucidated. Consequently, the use of several
substrates must be considered when planning IC50 studies for the profile of inhibition of OC (Koepsell,
2019; FDA, 2020).
In the current study, we examined two sets of cationic compounds that have been recently proposed
as potential COVID-19 therapeutics based on either in vitro activity against SARS-CoV-2 or published
activity against other related viruses (Baker et al., 2020; Gawriljuk et al., 2020; Puhl et al., 2020; Yang et
al., 2020), as potential inhibitors of the primary transporters involved in the renal and hepatic secretion of
organic cations, i.e., OCT1, OCT2, MATE1 and MATE2-K.

The first set consisted of five anti-

parasitic/antimalarial compounds proposed to exhibit antiviral activity: chloroquine, hydroxychloroquine,
and quinacrine (proposed to inhibit SARS-CoV-2 activity; (Uzunova et al., 2020; Pineda et al., 2021); and
tilorone and pyronaridine (proposed to inhibit SARS-CoV-2 activity and investigated against activity of
other viral infections, including Ebola, Chikungunya virus and other Coronavirus-caused diseases such as
Middle Eastern Respiratory Syndrome Coronavirus (MERS-CoV) MARV; (Bae et al., 2020; Ekins and
Madrid, 2020; Lane and Ekins, 2020; Puhl et al., 2020). The second set of molecules consisted of the
widely accessible, over the counter antiseptic molecules cetylpyridinium (frequently used in mouthwash)
and miramistin (which is available in Russia), both of which display broad-spectrum antiviral activities that
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have garnered attention for their potential use in COVID-19 treatment (Mukherjee et al., 2017; Baker et al.,
2020; Osmanov et al., 2020; Vergara-Buenaventura and Castro-Ruiz, 2020). We found that all these
compounds are effective in vitro inhibitors of both OCT1/2 and MATE1/2-K.
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Materials and Methods
Chemicals
[3H]1-Methyl-4-phenylpyridinium (MPP) [specific activity (S.A.) 81.3 Ci/mmol] and [3H]atenolol
[S.A.

15

Ci/mmol],

were

purchased

from

ARC

(American

Radiolabeled

Chemicals

Inc,

MO). [14C]Metformin [S.A. 107 mCi/mmol] was purchased from Moravek Biochemicals (Brea, CA).
MPP, chloroquine, hydroxychloroquine, Ham’s F12 Kaighn’s modified medium, and Dulbecco’s Modified
Eagle Medium were obtained from Sigma-Aldrich Co. Other reagents were of analytical grade and

Cell culture
Chinese hamster ovary (CHO) cells containing a single integrated Flp Recombination Target (FRT)
site were obtained from Invitrogen and were used for stable expression of OCT1, OCT2, MATE1, and
MATE2-K, as previously described (Pelis et al., 2007; Astorga et al., 2012). Expression of transporters was
maintained through hygromycin (100 µg/mL; Invitrogen, Carlsbad, CA) selective pressure; Wild-Type
(WT; non-OCT2-expressing) CHO cells were maintained through Zeocin (100 µg/ml; Invitrogen) selective
pressure. These cells were cultured under 5% CO2-95% air with subculture every 3 to 4 days. When
seeded into 96-well plates (Greiner; VWR Intl., Arlington Heights, IL) for transport assays, cells were
grown to confluence in antibiotic-free medium.
Uptake experiments with cultured cells that stably expressed OCT2, MATE1 and MATE2-K
For uptake experiments CHO cells expressing a target transporter were seeded in 96-well cell
culture plates (Greiner; VWR Intl., Arlington Heights, IL) at densities sufficient for the cells to reach
confluence within 24 (150,000 cells per well) or 48 hours (75,000 cells per well). Plates containing culture
media were placed in an automatic fluid aspirator/dispenser (Model 406, BioTek, Winooski, VT) and
rinsed/aspirated two times with room temperature Waymouth buffer (WB (pH 7.4)), after which
substrate/inhibitor-containing transport buffer (50 μl) was automatically introduced into each well.

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

obtained through standard commercial sources.

JPET Fast Forward. Published on July 12, 2021 as DOI: 10.1124/jpet.121.000619
This article has not been copyedited and formatted. The final version may differ from this version.

Running head: OCT & MATE inhibition by repurposed SARS-CoV-2 therapeutics

page 9

Following the experimental incubation the transport reaction was stopped by the rapid addition (and
simultaneous aspiration) of cold (4oC) WB.

Following final aspiration of the cold stop, 200 μl of

scintillation cocktail (Microscint 20, Perkin-Elmer, Waltham, MA) was added to each well and the plates
were sealed (Topseal-A; Perkin-Elmer) and allowed to sit for at least 2 hrs before radioactivity was
assessed in a 6 channel, multiwell scintillation counter (Wallac Trilux 1450 Microbeta, Perkin-Elmer). In
studies measuring MATE1 and MATE2-K mediated transport, the cells were first preincubated for 20 min
in a buffer containing 20 mM NH4Cl. Transport was initiated by aspirating this medium and replacing it

cytoplasm vs 7.4 in the medium) that persisted for several minutes (data not shown).
OCT2 and MATE1 Bayesian model predictions
We previously described the development of individual substrate specific Bayesian Machine
learning models for OCT2 and MATE1 with commercial software available to us (Martinez-Guerrero et al.,
2016; Sandoval et al., 2018). We used these previously published datasets to generate Bayesian
classification models with our proprietary Assay Central software (Sandoval et al., 2018) and used the
resulting models for prediction of the compounds used in this study (where a score greater than 0.5 is
classed as active) as potential inhibitors alongside the in vitro data generated. Molecular similarity analysis
of substrate probes was performed using Discovery Studio (Biovia, San Diego, CA) to calculate using
MDL fingerprints in order to generate Tanimoto similarities.
Data analysis
Results are presented as means ±SD. Statistical analyses were performed using ANOVA (Tukey
post-test), with p < 0.05 considered statistically significant. (Prism, 8 GraphPad Software Inc, San Diego,
CA, USA).
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Results
Characterization of OCT1/2 and MATE1/2-K Transport Activity
Selection of substrates and inhibitors - Three known substrates of OCTs and MATEs, [3H]MPP,
[3H]atenolol, and [14C]metformin (Fig. 1), were selected for study because their structures differed
substantially from one another, (see supp. Table S3) as are the kinetic characteristics of their transport
(Martinez-Guerrero et al., 2016; Yin et al., 2016; Sandoval et al., 2019). MPP is a prototypic substrate for
OC transport research (Lazaruk and Wright, 1990), and atenolol and metformin, both of which are secreted

in the United States and other countries. The test inhibitors (Fig. 1) included five amines with known
antiparasitic and /or antiviral activity (chloroquine, hydroxychloroquine, pyronaridine, tilorone and
quinacrine), all of which are dibasic at physiological pH; and two monovalent quaternary ammonium
compounds (cetylpyridinium and miramistin) with strong antiseptic properties.

All seven of these

compounds have been proposed for use or tested in vitro against SARS-CoV-2 (Baker et al., 2020;
Gawriljuk et al., 2020; Puhl et al., 2020; Uzunova et al., 2020).
Time dependence of transport activity - The functional expression of OCT2, MATE1 or MATE2-K was
assessed by measuring the uptake of [3H]atenolol (~200 nM), [14C]metformin (~5 µM) and [3H]MPP (~10
nM) into CHO cells that stably expressed each transporter. Figure 2 shows representative time courses of
net uptake (reported in terms of substrate clearance to facilitate comparisons of transport efficiency) of the
three radiolabeled substrates by OCT2 (Fig 2A,B,C), MATE1 (Fig. 2D,E,F) and MATE2-K (Fig. 2G,H,I).
Of the three test substrates, rates of mediated atenolol transport (Fig. 2A,D,G) were generally substantially
lower; 60 sec rates ranged from ~2% to 20% of those for MPP and metformin. The comparatively low rate
of MATE2-K-mediated metformin transport was an exception; mediated metformin transport was only
about 10% of atenolol transport (Fig. 2G,H). For OCT2- and MATE1-mediated transport, the time courses
of net uptake of the three test substrates were nearly linear for 60 sec, so 1 min uptakes were used in
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subsequent experiments to estimate the initial rate of substrate transport; 2 min uptakes were used for
MATE1 and MATE2-K.
Inhibition of Transport Activity
All of the test inhibitors blocked net uptake of the three test substrates (atenolol, metformin and MPP)
by OCT2, MATE1 and MATE2-K (Table 1), and the kinetics of inhibition were adequately described by
the following relationship (Groves et al., 1994):
J app [S* ]
IC50  [I]

 Dns [S* ]

eq. 1

where J* is the total rate of carrier-mediated transport of labeled substrate from a concentration of substrate
equal to [S*] (which for all three substrates was generally at least 50-times less than the apparent Michaelis
constant, Ktapp, for transport of that substrate); IC50 is the concentration of inhibitor that reduced mediated
(i.e., blockable) substrate transport by 50%; Japp is a constant comprised of the maximal rate of substrate
transport times the ratio of the inhibitor IC50 and the Ktapp for transport of the labeled substrate; and Dns is a
first order rate constant describing the non-blockable component of total substrate accumulation (consisting
of diffusion, non-specific binding, and residual substrate not eliminated by the rinse procedure).
Figures 3, 4 and 5 show the profiles of inhibition of OCT2-, MATE1- and MATE2-K-mediated
transport, respectively, for the three test substrates, as produced by the battery of inhibitors (note: the nonblockable component of substrate transport (Dns[S*]) was subtracted from each profile). Of particular note,
inhibition of OCT2-mediated transport displayed a marked sensitivity to the substrate used to assess
transport activity. Figure 3H compares IC50 values for inhibition produced by each test compound against
OCT2-mediated transport of the three substrates. MPP transport (black bars) was consistently the least
sensitive to inhibition, whereas atenolol (white bars) was most sensitive; inhibition of metformin transport
(grey bars) was, for all the test compounds, intermediate in sensitivity. This pattern of substrate-dependent
inhibition of OCT2 transport is evident in the pairwise comparisons of IC50 values shown in Figure 7
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(panels A, B and C). For the seven test compounds, IC50s for inhibition of OCT2-mediated MPP transport
were, on average, 36-fold larger than those for atenolol, and 9-fold larger than those metformin. IC50
values for inhibition of metformin transport were also consistently larger (4.5-fold) than those for atenolol.
In contrast to the substrate-dependence of OCT2 inhibition, inhibition of MATE1-mediated
transport (Figure 4) was largely insensitive to the substrate used to assess transport activity. Figure 4H
compares IC50 values for inhibition produced by each test compound against MATE1-mediated transport of
the three substrates. Chloroquine and hydroxychloroquine proved to be very effective inhibitors, with IC50

substrates. Similarly, the comparatively modest inhibition of transport produced by tilorone and
pyronaridine (IC50s of between 50 and 85 µM; Table 1), was not influenced by substrate identity (nor was
the moderately effective inhibition produce by the quaternary antiseptics, cetylpyridinium and miramistin;
Table 1). The routine absence of substrate-dependent inhibition of MATE1-mediated transport is evident
in the pairwise comparisons of IC50 values shown in Figure 7 (panels D, E and F). For the seven test
compounds, there were no significant differences between the IC50s for inhibition of MATE1-mediated
transport of either atenolol, metformin or MPP.
Assessing the influence of substrate structure on inhibition of MATE2-K-mediated transport was
complicated by the comparatively low rates of metformin transport we observed (Fig. 2) that likely
contributed to the larger variance evident in the inhibition profiles obtained for MATE2-K (Fig. 5 vs. Figs.
3 and 4). Figure 5H visually compares IC50 values for inhibition produced by each test compound against
MATE2-K-mediated transport of the three substrates. Chloroquine, hydroxychloroquine and quinacrine
were all comparatively effective inhibitors of transport activity (IC50s of 0.6 to 11 µM). But whereas
substrate had no evident influence on inhibition produced by chloroquine (IC50s of 3 to 11 µM), substrate
identity was correlated with differences (albeit modest; Table 1) in IC50 values obtained for
hydroxychloroquine (P < 0.05), as well as for cetylpyridinium (Fig. 5B,D and H). But the consistent
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‘pattern’ of substrate influence observed for inhibition of OCT2 (i.e., inhibitory efficacy for all inhibitors
tested running from atenolol > metformin > MPP; Figure 3) was not evident for inhibition of MATE2-K
transport; whereas metformin was most sensitive to inhibition by hydroxychloroquine, it was least sensitive
to inhibition by quinacrine. Similarly, the sensitivity to cetylpyridinium and miramistin was reversed for
metformin vs MPP.
Although OCT1 plays a comparatively minor role in clearance of cationic drugs (Hagenbuch,
2010), we determined the profiles of inhibition of OCT1-mediated transport of MPP and atenolol (Fig. 6).

modest, to the substrate used to assess transport activity for some of the inhibitors tested. Figure 6H
compares IC50 values for inhibition produced by each test compound against OCT1-mediated transport of
MPP and atenolol (low rates of metformin transport precluded accurate estimation of IC50 values).
Atenolol transport (white bars) was most sensitive to inhibition by pyronaridine, cetylpyridinium and
miramistin, whereas MPP transport (black bars) was most sensitive to quinacrine. Substrate identity did not
influence inhibition by chloroquine, hydroxychloroquine or tilorone.
Influence of Clinical Concentrations of Chloroquine and Hydroxychloroquine on activity of OCT1,
OCT2, MATE1 and MATE2-K
The combination of comparatively low IC50 values for inhibition of OCTs and MATEs, with the
relatively high plasma concentrations associated with therapeutic use of both chloroquine and
hydroxychloroquine (Table 2), suggested that use of these agents could result in potentially adverse DDIs.
The latest FDA Guidance for Industry (FDA, 2020) suggests that an investigational drug should be
considered to have the potential to inhibit these transporters in vivo if the Cu,max/IC50 value is ≥ 0.1. With
this in mind, Figure 8 shows for chloroquine and hydroxychloroquine the ratios for Cu,max and IC50
(Cu,max/IC50) for inhibition of transport of each test substrate by OCT2, MATE1 and MATE2-K (Table 2).
This ‘interaction ratio’ exceeded 0.1 for atenolol and/or metformin for all three transporters.
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OCT2 and MATE1 Bayesian model predictions
We previously demonstrated how substrate-specific OCT2 and MATE1 data can be used for
generating predictive computational models that can inform structure activity relationships (MartinezGuerrero et al., 2016; Sandoval et al., 2018). Here we used the corresponding array of Bayesian models
(Supp. Table S1) to generate predictions for each of the compounds (Supp. Table S2). Although we had not
previously described atenolol as a substrate for either MATE1 or OCT2, we did have models for metformin

was borderline. For OCT2, the model for interaction with metformin performed well, correctly predicting
quinacrine as the most potent inhibitor (with the highest score in the model). The MPP model did not
perform as well, scoring 4 of the 7 compounds as inhibitors. Interestingly, the OCT2 Bayesian models for
cimetidine and the fluorescent substrate, NBD-NTMA, appear to correspond very well with the inhibition
data from this study and this could be due to their closer structural resemblance to atenolol (Supp. Table
S3).
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Discussion
Here we determined the interaction of OCT1, OCT2, MATE1 and MATE2-K with a set of cationic
compounds that have received attention for their potential treatment of COVID-19 (Baker et al., 2020;
Gawriljuk et al., 2020; Puhl et al., 2020; Yang et al., 2020). It is worth emphasizing that, while there is
some in vitro data for several of these molecules, to date, there is no clinical evidence that confirms the in
vivo efficacy against COVID-19 (e.g., for hydroxychloroquine (Giri et al., 2020; Self et al., 2020; Ong et
al., 2021).

degree of inhibition of OCT2 by the test compounds proved to be markedly influenced by the substrate
used to assess transport activity. We previously reported a marked difference in IC50 values for inhibition
of OCT2-mediated transport of MPP and metformin (Belzer et al., 2013), with MPP transport proving to be
much less sensitive (about 10-fold) to inhibition than was metformin transport. This observation was
confirmed and expanded upon in subsequent studies (Hacker et al., 2015; Yin et al., 2016). We recently
determined the profiles of inhibition produced by 400+ test compounds against OCT2-mediated transport
of six structurally distinct substrates (Sandoval et al., 2018). Again, MPP transport proved markedly less
sensitive to transport of any of the other test substrates; although some systematic differences were noted
between these other test substrates, IC50 values for inhibition generally differed by <3-fold). However,
(Yin et al., 2016) found that OCT2-mediated transport of atenolol was substantially more sensitive to
inhibition than was transport of metformin. Consequently, in the current study we determined inhibition
profiles for the test agents against transport of MPP, metformin and atenolol. As before, MPP transport
was least sensitive to inhibition, and as noted by Yin et al., atenolol transport proved to be most sensitive to
inhibition. Inhibition of OCT1 also influenced by substrate identity (Fig. 6, Table 1). Although the size of
the effect was more modest than that observed for OCT2 (as much as 50-fold), OCT1-mediated MPP
transport was generally least sensitive to inhibition. Overall, the differences in IC50 values observed
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between OCT-mediated transport of MPP, metformin and atenolol by us (Fig. 3) and others (Yin et al.,
2016) underscore the importance, recently emphasized by Koepsell and formalized by the FDA, of using
multiple substrates to test the inhibitory potential of novel molecular entities (NMEs) on activity of OCTs
(Koepsell, 2019; FDA, 2020)
The systematic low sensitivity to inhibition of OCT-mediated MPP transport is likely influenced by
its mechanistically complex interaction with OCTs. The surface of OCT1, for example, has multiple
binding sites for MPP, including an allosteric inhibitory site (Keller et al., 2019). That this complexity may

OCT2 that includes a unique inhibitory site for MPP (but not metformin; (Sandoval et al., 2019)).
Although MPP was originally proposed as a test substrate for assessing OCT transport activity (Giacomini
et al., 2010; Huang et al., 2010; FDA, 2012), its consistent low sensitivity to inhibition suggests that it
should not be used for that purpose in order to avoid underestimating the inhibitory potential of the NME
under study.
It is worth pointing out that there is some discrepancy in the literature with the values for
chloroquine inhibition of OCT2. Whereas Zolk et al (Zolk et al., 2009b) reported an IC50 of >1 mM for
chloroquine’s inhibition of MPP transport, Belzer et al (Belzer et al., 2013) reported a value of 129 μM, in
close agreement with the results presented here (Table 1). Recently, (Yee et al., 2021) reported an IC50 of
~100 µM against OCT2-mediated metformin transport, compared to the 15 µM value we measured; they
also reported an IC50 of 0.8 µM against MATE1-mediated metformin transport, similar to our value of 2.4
µM. Modest differences in affinity for substrate and inhibitors have been reported between two common
sequence variants of OCT2, the preponderant ‘wild type’ sequence in which amino acid residue 270 is an
alanine, and the p.270Ala>Ser (c.808G>T) variant that is expressed at a frequency of ~10% in different
ethnic groups (Leabman et al., 2002) (Chen et al., 2009). These differences including a decrease in
sensitivity to inhibition by propranolol, cimetidine and metformin (Zolk et al., 2009a). However, the IC50’s
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for chloroquine’s inhibition of OCT2-mediated MPP transport were quite similar: IC50 of 1087 µM for
wild type versus 926 µM for p.270Ala>Ser (Zolk et al., 2009a). Nevertheless we confirmed that the
sequence of the transporter used in our studies was that of the preponderant p.Ala270Ser variant. We
suggest the differences in IC50 values noted here versus those reported by Zolk et al. reflect an undefined,
technical issue.
Substrate identity had little impact on the inhibition profiles for MATE1, an observation that was
expected. We previously have showed that inhibition of MATE1-mediated transport produced by ~400 test

(Martinez-Guerrero et al., 2016). Yin et al (Yin et al., 2016) did find modest differences (5-fold) in IC50
values for MATE1-mediated transport of metformin and atenolol, but in the present study we found no
significant differences in IC50 values produced by the test agents against the MATE1-mediated transport of
either MPP, metformin or atenolol. These observations suggest that, whereas ligand interaction (substrates
and inhibitors) with OCT2 is not restricted to a common site, the kinetic profiles of ligand interaction with
MATE1 are consistent with a single binding site (or set of mutually exclusive binding sites) where
inhibitors and substrates interact.
The influence of substrate identity on inhibitor interaction with MATE2-K was rather ambiguous.
Although there were modest differences in IC50 values observed for inhibition produced by
hydroxychloroquine and cetylpyridinium, the differences were modest (2-5 fold), and lacked the consistent
profile observed for inhibition of OCT2-mediated transport of different substrates. We suggest that the
current data set is too small and variable to draw any conclusions about whether, unlike MATE1, inhibition
of MATE2-K is systematically influenced by substrate identity.
Although the compounds tested blocked all three transporters to differing extents, chloroquine,
hydroxychloroquine, and quinacrine were particularly effective inhibitors of OCT2, MATE1 and MATE2K, with IC50 values generally on the order of 1 to 10 µM (Table 1). The most recent FDA Guidance for
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Industry (FDA, 2020) recommends that, when the maximum unbound plasma concentration of an NME (or
repurposed drug) is ≥10% of its IC50 [Cu,max/IC50 ≥ 0.1], an in vivo (clinical) DDI study be conducted; the
European Medicine Agency (EMA) and Japan’s Pharmaceuticals and Medical Devices Agency (PMDA)
have similar (albeit modestly different) recommendations (EMA, 2012) (PMDA, 2016). Table 2 shows the
Cu,max/IC50 ratios for several combinations of transporters, substrates and inhibitors included in the present
study. Of note, chloroquine and hydroxychloroquine inhibition of metformin transport by both MATE1
and MATE-2K displayed ratios >0.1.

Pyronaridine and tilorone, although both displaying high to

in part to their comparatively low Cu.max levels (Table 2). For OCT1 the relevant parameter for a drug
concentration is the maximum hepatic inlet concentration (Iin,max,u) (Parkinson, 2019) for chloroquine
Iin,max,u concentration can reach ~20 uM (Alam et al., 2016) the resulting in a (IC50/Iin,max,u) ratio of 0.77
against Atenolol and 1.6 against MPP. If the maximum hepatic inlet concentration of a drug is consistently
higher than those found in plasma, the IC50 values against OCT1 in this study (10-50 µM) could lead to
DDI with OCT1.
Cetylpyridinium and miramistin have both generated recent interest due to their known antiseptic
effectiveness against coronaviruses (Mukherjee et al., 2017; Baker et al., 2020; Osmanov et al., 2020).
Cetylpyridinium, has been proposed to have a potential role in reducing the number of viral particles in the
oral cavity (Vergara-Buenaventura and Castro-Ruiz, 2020) and has been assessed in a recent controlled
clinical trial (Seneviratne et al., 2020). The increasing attention these compounds have received increases
the likelihood of oral ingestion of solutions that can contain high concentrations of these compounds (e.g.,
20 mM; (Rösing et al., 2017)). Although human pharmacokinetic data are unavailable, a recent study on
the pharmacokinetics of oral ingestion of drug inactive ingredients in rats (Pottel et al., 2020) reported a
Cmax for cetylpyridinium of 0.26 µM, so the IC50 values observed for these quaternary ammonium
compounds against both OCT1/2 (1 to 150 µM) and MATEs 1 and 2-K (6 to 35 µM) suggest a modest
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chance for generation of DDIs. For drugs that are rapidly metabolized (e.g., hydroxychloroquine; (Giri et
al., 2020)) the interaction of their metabolites with these transport proteins should be assessed to more
precisely predict the overall risk of DDI.
To summarize, these data support the conclusion that the tested antivirals are effective inhibitors of
the OCT- and MATE-mediated elements of the renal hepatic OC secretory pathways, supporting the view
that dedicated DDI trials be conducted to assess risk of DDIs associated with their repurposed use against
SARS-CoV-2.
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Table 1

chloroquine hydroxychloroquine quinacrine
Transporter

Substrates
5.4 ± 0.7

0.6 ± 0.16

1.11 ± 0.77

1.7 ± 0.5

22.5 ± 3.1

1.2 ± 0.05

15.7 ± 1.6

15.3 ± 5.03

2.08 ± 0.14

4.4 ± 0.34

5.2 ± 0.7

69.3 ± 18.3

11.5 ± 0.6

3

106.4 ± 19.3

103.7 ± 40.2

30.3 ± 3.9

60.4 ± 11.8

65.1 ± 17.7

161.8 ± 62.1

54.4 ± 4.8

3

1.7 ± 0.19

2.3 ± 0.6

16.9 ± 6.4

52.9 ± 21.5

56.1 ± 22.1

20.2 ± 2.8

5.7 ± 0.9

14

2.4 ± 1.5

2.3 ± 0.3

17.13 ± 3.3

67.9 ± 19.4

84.7 ± 22.6

17.1 ± 6.1

11.98 ± 2.2

3

2.9 ± 1.6

3.6 ± 0.19

22.9 ± 8.2

84.0 ± 35

81.7 ± 32.3

19.0 ± 11.2

12.4 ± 2.3

3

3.1 ± 2.5

5.5 ± 3.7

1.8 ± 0.8

N/A

N/A

23.4 ± 7.2

21.1 ± 6.8

14

11.1 ± 18.2

3.4 ± 4.2

7.3 ± 8.3

N/A

N/A

7.6 ± 5.4

29.6 ± 27.9

4.2 ± 2.4

6.9 ± 0.7

0.6 ± 0.3

N/A

N/A

36.3 ± 12.3

12.4 ± 2.8

[ C]Metformin
[ H]MPP
[ H]Atenolol
[ C]Metformin
[3H]MPP

hOCT1

3

18.1 ± 3.7

39.3 ± 13.9

52.6 ± 7.5

8.4 ± 0.4

10.8 ± 1.6

7.5 ± 2.2

16.5 ± 4.2

3

37.1 ± 21.4

46.92 ± 12.3

10.5 ± 1.8

18.3 ± 4.4

35.1 ± 11.2

30.1 ± 8.2

45.9 ± 4.5

[ H]Atenolol
[ H]MPP
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2.9 ± 0.02

[ H]Atenolol

hMATE2K

IC50 (µM)

14

[ C]Metformin
[ H]MPP

hMATE1

pyronaridine cetylpyridinium miramistin

3

[ H]Atenolol
hOCT2

Inhibitors
tilorone
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Table 2

chloroquine
Maximum unbound plasma
concentration (Cu,max (μM)
Transporter

0.11 3

0.10 4

0.39*

0.22*

2.27*

0.10*

0.06

14

0.07

0.08

0.65*

0.024

0.018

[ C]metformin
3
[ H]MPP

0.01

0.04

0.002

0.001

0.66*

0.51*

0.007

0.002

0.002

14

0.47*

0.51*

0.008

0.002

0.001

[ C]metformin
3
[ H]MPP

0.39*

0.33*

0.007

0.001

0.001

3

0.36*

0.21*

0.08

N/D

N/D

14

0.10*

0.35*

0.019

N/D

N/D

0.27*

0.17*

0.23*

N/D

N/D

[ C]metformin
3
[ H]MPP
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0.01

3

[ H]atenolol
hMATE2K

0.18 2

pyronaridine

Cu,max/IC50

Substrate

[ H]atenolol
hMATE1

1.2 1

tilorone

3

[ H]atenolol
hOCT2

1.1 1

Inhibitors
hydroxychloroquine
quinacrine
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Legends for Table and Figures:
Table 1: IC50 values for inhibition of atenolol, metformin and MPP transport into CHO cells stably
transfected with hOCT1, hOCT2, hMATE1 or hMATE2-K. Each value is a mean IC50 (in μM; ± SD) of
three or more separate experiments.
Table 2: Cu,max/IC50 ratio for chloroquine, hydroxychloroquine, quinacrine, tilorone and pyronaridine. IC50
values were taken from Table 1. * indicates values above the 0.1 cut off for recommending a clinical DDI

(Zhang et al., 2010) 4 (Croft et al., 2012).
Figure 1: Structures of the three test substrates (atenolol, metformin and MPP) and seven test inhibitors
(chloroquine, hydroxychloroquine, quinacrine, tilorone, pyronaridine, cetylpyridinium and miramistin).
Figure 2: Time course uptake experiments of ~ 200 nM [3H]atenolol, ~10µM [14C]metformin &~15nM
3

H]MPP by CHO-OCT2 (A, B & C) CHO-MATE1 (D, E & F) or CHO-MATE2-K (G, H & I ). Uptake is

expressed as clearance (µl cm-2). Each point is the mean of triplicate measures of uptake determined in a
single representative experiment. Experiments with MATE1- and MATE2-K-expressing CHO cells were
measured in the presence (triangles) or absence (circles) of 1 mM unlabeled MPP. Experiments with
OCT2-expressing cells also included parallel measurements with wild type CHO cells (triangles).
Figure 3: Inhibition of labeled substrate (atenolol, metformin or MPP) uptake into OCT2-expressing CHO
cells produced by chloroquine (A), hydroxychloroquine (B), quinacrine (C), tilorone (D), pyronaridine (E),
cetylpyridinium (F) and miramistin (G). One min uptakes (pH 7.4) of ~15 nM [3H]MPP, 150 nM
[3H]atenolol or 15 µM [14C]metformin were measured in the presence of increasing concentrations of each
inhibitor. Each point is the mean (±SD) of results determined in two or three separate experiments (see
Table 1 for a summary of results). The bar graph (H) compares inhibitor constants (IC50) generated against
the three substrates (atenolol, metformin or MPP) for each of the inhibitors. *Indicates cases where
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inhibition of the substrate was significantly different from the other substrates, # indicates MPP different
from atenolol but not different from metformin at the level of P < 0.05
Figure 4: Inhibition of labeled substrate (atenolol, metformin or MPP) uptake in MATE1-expressing CHO
cells by chloroquine (A), hydroxychloroquine (B), quinacrine (C), tilorone (D), pyronaridine (E),
cetylpyridinium (F) and miramistin (G). Two min uptakes (pH 7.4) of ~15 nM [3H]MPP, 150 nM
[3H]atenolol or 10 µM [14C]metformin were measured in the presence of increasing concentrations of each
inhibitor . Each point is the mean (±SD) of results determined in three or more separate experiments (see

the three substrates (atenolol, metformin or MPP) for each of the inhibitors. *Indicates the different value
that was significant at the level of P < 0.05
Figure 5: Inhibition of labeled substrate (atenolol, metformin or MPP) uptake in hMATE2-K-expressing
CHO cells by chloroquine (A), hydroxychloroquine (B), quinacrine (C), cetylpyridinium (D) and
miramistin (E). Two min uptakes (pH 7.4) of ~15 nM [3H]MPP, 150 nM [3H]atenolol or 10 µM
[14C]metformin were measured in the presence of increasing concentrations of each inhibitor . Each point is
the mean (±SD) of results determined in three or more separate experiments (see Table 1 for a summary of
results). The bar graph (H) compares inhibitor constants (IC50) generated against the three substrates
(atenolol, metformin or MPP) for each of the inhibitors. *Indicates a difference between MPP & atenolol
significant at the level of P < 0.05
Figure 6: Inhibition of labeled substrate (atenolol or MPP) uptake in hOCT1-expressing CHO cells by
chloroquine (A), hydroxychloroquine (B), quinacrine (C), tilorone (D), pyronaridine (E), cetylpyridinium
(F) and miramistin (G). Two min uptakes (pH 7.4) of ~15 nM [3H]MPP or 200 nM [3H]atenolol were
measured in the presence of increasing concentrations of each inhibitor. Each point is the mean (±SD) of
results determined in two or more separate experiments. The bar graph (H) compares inhibitor constants
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(IC50) generated against the two substrates (atenolol or MPP) for each of the inhibitors. *Indicates the
different value that was significant at the level of P < 0.05
Figure 7: Pairwise comparison of log IC50 values for inhibition of OCT2- (A, B & C) MATE1- (D, E & F)
MATE2-K- (G, H & I) mediated transport of each substrate by the tested inhibitors. Dashed lines represent
equivalent inhibition of the compared substrates; the solid line represents a simple linear regression of the
data.

recommending a clinical DDI study) for chloroquine (A) hydroxychloroquine (B) and quinacrine (C),
generated against OCT2, MATE1 and MATE2-K. Data were taken from Table 2.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Supplemental Data
Cationic Compounds with SARS-CoV-2 Antiviral Activity and their Interaction with OCT/MATE
Secretory Transporters
Martinez-Guerrero LJ1, Zhang X1, Zorn, KM2, Ekins S2, Wright SH1
1-Department of Physiology, College of Medicine, University of Arizona, Tucson, Arizona
2-Collaborations Pharmaceuticals, Inc., Raleigh, North Carolina
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Table S1. Bayesian machine learning model details and statistics
title

targetName

MATE1 inhibition: ASP transport
(Wittwer2013)
MATE1 inhibition: Cimetidine
transport (Martínez-Guerrero)
MATE1 inhibition: MPP transport
(Martínez-Guerrero)
MATE1 inhibition: Metformin
transport (Martínez-Guerrero)
MATE1 inhibition: NBD-MTMA
transport (Martínez-Guerrero)
OCT2 inhibition: ASP transport

Multidrug And Toxin Extrusion
Protein 1 (SLC47A1)
Multidrug And Toxin Extrusion
Protein 1 (SLC47A1)
Multidrug And Toxin Extrusion
Protein 1 (SLC47A1)
Multidrug And Toxin Extrusion
Protein 1 (SLC47A1)
Multidrug And Toxin Extrusion
Protein 1 (SLC47A1)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)
Organic Cation Transporter 2
(SLC22A2)

OCT2 inhibition: ASP transport
(Kido2011)
OCT2 inhibition: ASP transport Sandoval + Kido
OCT2 inhibition: ASP/Consensus
transport - Sandoval + Kido
OCT2 inhibition: Cimetidine
transport
OCT2 inhibition: Consensus
transport
OCT2 inhibition: MPP transport
OCT2 inhibition: Metformin
transport
OCT2 inhibition: NBD-MTMA
transport
OCT2 inhibition: TEA transport

numActives

numCompounds

model.ROC

model.F1

model.kappa

model.MCC

domainCompat

80

827

0.689

0.2783

0.1523

0.1961

0.3253

101

395

0.5502

0.4047

0.0699

0.0907

0.3195

132

395

0.5692

0.4516

0.1535

0.1541

0.3195

114

395

0.5676

0.4138

0.1314

0.1338

0.3195

127

395

0.5457

0.4309

0.0814

0.0852

0.3195

92

400

0.7493

0.5161

0.3417

0.3492

0.3144

243

907

0.7911

0.6266

0.4914

0.4915

0.3313

262

1056

0.7904

0.5881

0.4097

0.4312

0.3411

236

1075

0.7947

0.5673

0.4225

0.4303

0.3406

80

400

0.7823

0.5114

0.3452

0.3701

0.3144

83

480

0.7926

0.4577

0.282

0.3377

0.3127

43

480

0.7728

0.3179

0.2072

0.2726

0.3127

86

480

0.8213

0.5088

0.3456

0.4054

0.3127

91

480

0.8244

0.5153

0.343

0.4013

0.3127

72

480

0.7866

0.4392

0.2854

0.343

0.3127
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Table S2. Bayesian machine learning model predictions and model domain values (the larger this value the more overlap in molecule
features with the model training set).
Model
MegaTrans/mate1/wittwer
MegaTrans/mate1/wittwer_Domain
MegaTrans/mate1/wright/cimet
MegaTrans/mate1/wright/cimet_Domain
MegaTrans/mate1/wright/met
MegaTrans/mate1/wright/met_Domain
MegaTrans/mate1/wright/mpp
MegaTrans/mate1/wright/mpp_Domain
MegaTrans/mate1/wright/nbd
MegaTrans/mate1/wright/nbd_Domain
MegaTrans/oct2/asp/training_testing
MegaTrans/oct2/asp/training_testing_Domain
MegaTrans/oct2/asp/sandoval_v_kido
MegaTrans/oct2/asp/sandoval_v_kido_Domain
MegaTrans/oct2/asp/kido
MegaTrans/oct2/asp/kido_Domain
MegaTrans/oct2/consensus/sandoval_v_kido
MegaTrans/oct2/consensus/sandoval_v_kido_Domain
MegaTrans/oct2/cimet/training_testing
MegaTrans/oct2/cimet/training_testing_Domain
MegaTrans/oct2/consensus/training_testing

Chloroquine

Hydroxychloroquine

Quinacrine

Tilorone

Pyronaridine

Cetylpyridinium

Miramistin

0.412

0.452

0.411

0.395

0.555

0.745

0.651

0.700

0.697

0.708

0.786

0.584

1.000

0.875

0.523

0.604

0.477

0.571

0.491

0.626

0.465

0.600

0.606

0.597

0.714

0.558

0.500

0.679

0.458

0.500

0.452

0.420

0.482

0.461

0.356

0.600

0.606

0.597

0.714

0.558

0.500

0.679

0.474

0.518

0.478

0.416

0.498

0.449

0.361

0.600

0.606

0.597

0.714

0.558

0.500

0.679

0.475

0.513

0.461

0.451

0.503

0.465

0.377

0.600

0.606

0.597

0.714

0.558

0.500

0.679

0.583

0.622

0.651

0.448

0.580

0.477

0.425

0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.649

0.653

0.701

0.555

0.597

0.481

0.595

0.700

0.697

0.708

0.810

0.584

1.000

0.875

0.602

0.613

0.621

0.519

0.560

0.453

0.550

0.700

0.697

0.708

0.786

0.584

1.000

0.875

0.614

0.606

0.639

0.515

0.564

0.468

0.599

0.700

0.697

0.708

0.810

0.584

1.000

0.875

0.745

0.740

0.833

0.546

0.594

0.479

0.491

0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.639

0.660

0.657

0.502

0.616

0.545

0.583
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MegaTrans/oct2/consensus/training_testing_Domain
MegaTrans/oct2/met/training_testing
MegaTrans/oct2/met/training_testing_Domain
MegaTrans/oct2/mpp/training_testing
MegaTrans/oct2/mpp/training_testing_Domain
MegaTrans/oct2/nbd/training_testing
MegaTrans/oct2/nbd/training_testing_Domain
MegaTrans/oct2/tea/training_testing
MegaTrans/oct2/tea/training_testing_Domain
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0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.665

0.660

0.715

0.507

0.604

0.547

0.553

0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.509

0.467

0.427

0.426

0.581

0.517

0.600

0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.740

0.699

0.751

0.589

0.647

0.552

0.580

0.600

0.606

0.639

0.762

0.558

0.567

0.679

0.555

0.479

0.616

0.487

0.617

0.526

0.580

0.600

0.606

0.639

0.762

0.558

0.567

0.679
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Table S3. Tanimoto similarity coefficients for MATE1 substrates using MDL keys in Discovery Studio (Biovia).
atenolol
atenolol
metformin
cimetidine
MPP
NBD-MTMA

1

metformin
0.228
1

cimetidine
0.313
0.385
1

MPP
0.125
0.205
0.182
1

NBD-MTMA
0.278
0.288
0.392
0.258
1

