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Preface to  ”Physiology, Biochemistry, and

Pharmacology of Transporters for Organic Cations”

The Special Issue ”Physiology, Biochemistry, and Pharmacology of Transporters for Organic 
Cations” of the International Journal of Molecular Sciences is dedicated to a special class of 
membrane transporters: transporters for organic cations. Most of these transporters belong to the 
solute carrier (SLC) group. Organic cations are endogenous and exogenous substances, which bear a 
positive charge at physiological pH. Important neurotransmitters, such as acetylcholine, dopamine, 
histamine, and serotonin, and metabolic products, such as creatinine, are substrates of these 
transporters, indicating a possible important physiological role for these transporters. On the other 
hand, since many drugs and xenobiotics are of a cationic nature, transporters for organic cations can 
have an important pharmacological and toxicological impact. Besides reviews on physiology, 
pharmacology, and toxicology of transporters for organic cations, which offer a concise overview of 
the field, the readers will find original research work focusing on specific transporter aspects.

The importance of this Special Issue derives mainly from the integration of physiological, 
pharmacological, and toxicological aspects of transporters for organic cations. Therefore, the Special 
Issue is of interest both for researchers, who are just beginning to work in this field, and also expert 
researchers, who would like to reach a broader understanding of the properties of transporters for 
organic cations.

I would like to thank all the authors and reviewers, who contributed to the Special Issue, 
the reviewers, and the IJMS Editorial Team for their expert assistance, especially Neil Ding.

Giuliano Ciarimboli

Editor
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This editorial summarizes the 13 scientific papers published in the Special Issue “Physiology,
Biochemistry, and Pharmacology of Transporters for Organic Cations” of the International Journal of
Molecular Sciences. In this Special Issue, the readers will find integrative information on transporters for
organic cations. Besides reviews on physiology, pharmacology, and toxicology of these transporters [1–3],
which offer a concise overview of the field, the readers will find original research work focusing on specific
transporter aspects.

Specifically, the review “Organic Cation Transporters in Human Physiology, Pharmacology, and
Toxicology” by Samodelov et al. [1] summarizes well the general aspects of physiology, pharmacology,
and toxicology of transporter for organic cations. The other review “Organic Cation Transporters
in the Lung—Current and Emerging (Patho)Physiological and Pharmacological Concepts” by Ali
Selo et al. [2] focuses on these aspects of transporters for organic cations in the lung, an important
but often neglected field.

In the paper “Systems Biology Analysis Reveals Eight SLC22 Transporter Subgroups, Including OATs,
OCTs, and OCTNs”, by performing a system biology analysis of SLC22 transporters, Engelhart et al. [4]
suggest the existence of a transporter–metabolite network. They propose that, in this network, mono-,
oligo-, and multi-specific SLC22 transporters interact to regulate concentrations and fluxes of many
metabolites and signaling molecules. In particular, the organic cation transporters (OCT) subgroup seems
to be associated with neurotransmitters and the organic cation transporters novel (OCTN) subgroup
seems to be associated with ergothioneine and carnitine derivatives. Transporters of the solute carrier
(SLC) 22 family may work together with transporters from other families to optimize levels of numerous
metabolites and signaling molecules involved in organ crosstalk and inter-organismal communication,
according to the remote sensing and signaling theory.

In the other paper by Engelhart et al. “Drosophila SLC22 Orthologs Related to OATs, OCTs, and
OCTNs Regulate Development and Responsiveness to Oxidative Stress”, an evolutionary analysis of
putative SLC22A transporter orthologs in Drosophila melanogaster was performed [5]. At least 4 fruit fly
transporters, probably involved in the handling of reactive oxygen species, seem to be SLC22 orthologues.

Neurotransmitters such as serotonin are important endogenous organic cations. Interestingly, the
anesthetic drug ketamine has an antidepressant action. In the paper “Serotonin Transporter and Plasma
Membrane Monoamine Transporter Are Necessary for the Antidepressant-Like Effects of Ketamine in
Mice”, Bowman et al. investigated whether this effect of ketamine is due to an influence on extracellular
serotonin concentration [6]. They demonstrated that ketamine decreases serotonin clearance from the
Cornu Ammonis (CA) 3 region of the murine hippocampus in vivo, probably by acting on the serotonin
transporters (SERT) and the plasma membrane monoamine transporter (PMATs).

Int. J. Mol. Sci. 2021, 22, 732; doi:10.3390/ijms22020732 www.mdpi.com/journal/ijms
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Since organic cation transporters are normally expressed in well-differentiated cells and they can
be involved in the cellular uptake and/or efflux of chemotherapeutic drugs, their expression level
may be related to the prognosis of cancer clinical outcome. In the communication “Identification of
Prognostic Organic Cation and Anion Transporters in Different Cancer Entities by In Silico Analysis”,
Bayram Edemir [7] analyzed the relationship between expression of transporter mRNA and survival
probability. To do this, he used data provided by The Cancer Genome Atlas (TCGA), where next-generation
RNA-sequencing data for the most common tumor entities in a cohort which comprises more than 12,800
samples derived from 17 different tumor types are enclosed. In most cases, the expression level of organic
cation transporters had a favorable prognostic value, suggesting that, in these cancers, tumor cells still
show a certain grade of differentiation and/or better uptake of chemotherapeutic drugs.

Acute regulation of transporter activity can change the exposure of the body to drugs. While the
regulation of organic cation transporters is well known, there is only scarce information on Multidrug
and Toxin Extrusion Transporters (MATE) regulation. This aspect of MATE function was analyzed in
detail in the paper “Rapid Regulation of Human Multidrug and Extrusion Transporters hMATE1 and
hMATE2K” by Kantauskaité et al [8]. MATE activity was regulated both in uptake and in the efflux
transporter configuration by several protein kinases. Some regulation pathways are common to those
previously observed for OCTs, suggesting that there is the possibility to regulate hepatic and/or renal
secretion of organic cations.

The activity of renal OCT2 and MATE transporters was also regulated by the transcription factor
Farnesoid X receptor (FXR), for which activation increased the expression and activity of the transporters,
as demonstrated in the paper “Farnesoid X Receptor Activation Stimulates Organic Cations Transport
in Human Renal Proximal Tubular Cells” by Wongwan et al. [9]. On the other side, peroxisome
proliferator-activated receptor alpha (PPAR-α), which is also a transcription factor, increases OCT2 and
decreases MATE1 renal expression, as demonstrated in the paper “PPAR-Deletion Attenuates Cisplatin
Nephrotoxicity by Modulating Renal Organic Transporters MATE-1 and OCT-2” by Freitas-Limaet
al. [10]. The authors demonstrated also that genetic deletion of PPAR-α was able to protect against
cisplatin-induced nephrotoxicity by decreasing OCT2 expression (OCT2 is an uptake transporter for
cisplatin) and by increasing MATE1 expression (MATE1 is considered to be the secretion transporter of
cisplatin).

Another mechanism by which transporter expression and function can be altered is by mutations
due to the presence of single nucleotide polymorphisms (SNPs). The review “The Impact of Genetic
Polymorphisms in Organic Cation Transporters on Renal Drug Disposition” by Zazuli et al. [3] illustrates
the impact of OCT genetic polymorphisms on renal drug disposition and kidney injury, their clinical
significances, and how to personalize therapies to minimize the risk of drug toxicity.

Focusing on the potential pharmacological role of OCT, in the paper “Tofacitinib and Baricitinib
Are Taken up by Different Uptake Mechanisms Determining the Efficacy of Both Drugs in RA”,
Amrhein et al. [11] demonstrates that the tyrosine kinase inhibitor tofacitinib, which is approved and
recommended by the European League Against Rheumatism for the treatment of rheumatoid arthritis
(RA), is transported by MATE1. The expression of MATE1 is reduced under inflammatory conditions
and in synovial fibroblasts from RA patients, suggesting that tofacitinib cannot exit the cells and, for this
reason, has a favorable impact as RA therapeutic drug.

Rodents are used as a preclinical model to study the biological effects of drugs and xenobiotics.
The paper “Functional and Pharmacological Comparison of Human, Mouse, and Rat Organic Cation
Transporter 1 toward Drug and Pesticide Interaction” by Floerl et al. [12] investigates the interaction of
several drugs and pesticides with mouse, rat, and human OCT1. They show that, in general, rodent
and human OCT1 have the same type of interaction with these substances. However, species-specific
differences can exist and should be investigated for new molecular entities. Similarly, focusing on the
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muscarinic receptor antagonist trospium chloride, in the investigation on “Trospium Chloride Transport
by Mouse Drug Carriers of the Slc22 and Slc47 Families”, Gorecki et al. [13] demonstrated that trospium is
transported with similar characteristics by mouse and human OCT1, OCT2, and MATE1.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Background: The muscarinic receptor antagonist trospium chloride (TCl) is used for
pharmacotherapy of the overactive bladder syndrome. TCl is a hydrophilic positively charged drug.
Therefore, it has low permeability through biomembranes and requires drug transporters for distribution
and excretion. In humans, the organic cation transporters OCT1 and OCT2 and the multidrug and
toxin extrusion MATE1 and MATE2-K carriers showed TCl transport. However, their individual role
for distribution and excretion of TCl is unclear. Knockout mouse models lacking mOct1/mOct2 or
mMate1 might help to clarify their role for the overall pharmacokinetics of TCl. Method: In preparation
of such experiments, TCl transport was analyzed in HEK293 cells stably transfected with the mouse
carriers mOct1, mOct2, mMate1, and mMate2, respectively. Results: Mouse mOct1, mOct2, and mMate1
showed significant TCl transport with Km values of 58.7, 78.5, and 29.3 μM, respectively. In contrast,
mMate2 did not transport TCl but showed MPP+ transport with Km of 60.0 μM that was inhibited by the
drugs topotecan, acyclovir, and levofloxacin. Conclusion: TCl transport behavior as well as expression
pattern were quite similar for the mouse carriers mOct1, mOct2, and mMate1 compared to their human
counterparts.

Keywords: trospium; transport; OCT; MATE; drug excretion; drug transport

1. Introduction

Muscarinic receptor antagonists, also referred to as antimuscarinic drugs, are typically
used for pharmacotherapy of the overactive bladder (OAB) syndrome, which is characterized by urinary
urgency, with or without urgency urinary incontinence [1]. Licensed drugs for this indication include
oxybutynin, solifenacin, fesoterodine fumarate, and trospium chloride (further referred to as trospium).
Based on their physicochemical properties these compounds can be differentiated in the group of more
lipophilic tertiary amines (e.g., oxybutynin and solifenacin) and the hydrophilic positively charged
quaternary amine drug trospium [2]. Based on its physicochemical properties, trospium has a generally low
permeability through biomembranes. As trospium is poorly metabolized in the liver, the pharmacokinetic
behavior of this compound is determined mainly by the parent compound, largely involving drug
transport across the plasma membrane. Its oral bioavailability is below 10% [3], and its penetration across
the blood–brain barrier is highly restricted [4]. Accordingly, central nervous system (CNS) side effects,
which are typical for tertiary amine antimuscarinic drugs, are less pronounced for trospium [5,6]. The
active efflux of trospium at the blood–brain barrier via the ATP-binding cassette transporter P-glycoprotein
(syn. MDR1, ABCB1) seems to contribute additionally to this effect [7]. In humans, trospium is largely

Int. J. Mol. Sci. 2021, 22, 22; doi:10.3390/ijms22010022 www.mdpi.com/journal/ijms
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excreted via tubular secretion into the urine and via feces, suggesting a role of drug transporters for
its excretion through the liver and kidneys. In vitro studies have shown that trospium is a transport
substrate of the organic cation transporters OCT1 and OCT2 [8,9], as well as of the multidrug and toxin
extrusion MATE1 and MATE2-K carriers [10,11]. OCT1 (gene symbol SLC22A1) is primarily expressed in
the basolateral membrane of enterocytes and hepatocytes, and OCT2 (gene symbol SLC22A2) is typically
expressed in the basolateral membrane of renal proximal tubular cells [12]. In contrast, MATE2-K (gene
symbol SLC47A2) is predominantly expressed in the apical membrane of proximal tubular cells and
MATE1 (gene symbol SLC47A1) is additionally located in the canalicular membrane of hepatocytes [13]. In
concert, these carriers enable the transcellular transport of cationic drugs via OCT-mediated uptake at the
basolateral and MATE-mediated efflux at the canalicular/apical membrane in the liver (OCT1/MATE1)
and kidneys (OCT2/MATE2-K and OCT2/MATE1) [14]. This cooperative transcellular drug transport was
demonstrated in OCT/MATE double-transfected cell culture models [15,16]. As an example, König et al.
(2011) showed significant transcellular transport of the oral antidiabetic drug metformin in OCT1/MATE1
and OCT2/MATE1 double-transfected MDCK cells, but not in respective mono-transfected cells [16].
More recently, in the same cell culture model Deutsch et al. (2019) showed significant transcellular
transport of trospium in OCT1/MATE1 and OCT2/MATE1 cells that clearly exceeded that in respective
single-transfected cells [11]. Based on these data, it can be suggested that OCT1/MATE1 in the liver
and OCT2/MATE1 in the kidney are involved in the active excretion of trospium in OAB patients [11].
However, in vitro transport data are sometimes difficult to extrapolate to the clinical situation in patients.
In order to elucidate the role of an individual drug transporter for the overall pharmacokinetics of a drug,
specific transporter inhibitors can be co-applied to healthy subjects or patients and potential changes of
the pharmacokinetic parameters can be analyzed. In such a setup, the OCT/MATE inhibitor ranitidine
was co-applied with trospium to healthy subjects. In this study, the renal clearance of trospium was lower
by ~15% in the ranitidine co-application group, most likely pointing to a drug-drug interaction at the renal
tubular efflux transporters MATE1 and/or MATE2-K [3]. However, such studies have the limitation that
the co-applied inhibitor may not reach all sites of carrier expression at sufficiently high concentrations
for proper transport inhibition. As an alternative strategy, carrier-deficient knockout mice are often used
to estimate the role of an individual drug transporter for the overall pharmacokinetics of a drug. For
example, in Oct1/2−/− double knockout mice, deficient for mouse Oct1 and Oct2, renal secretion of
tetraethylammonium (TEA) was completely abolished [17]; in Mate1−/− knockout mice, the urinary
excretion of cephalexin and metformin was significantly reduced [18,19]; and in Abcb1a,b−/− double
knockout mice, deficient for P-glycoprotein, brain penetration of trospium was significantly increased
while its hepatobiliary excretion was reduced [7]. With a similar experimental setup, trospium distribution
and excretion studies would also be of interest in respective Oct and/or Mate knockout mouse models
in order to clarify the role of the deleted drug transporters for the overall pharmacokinetics of trospium.
In preparation of such experiments, the present study aimed to elucidate if the mouse counterparts
of human OCT1, OCT2, MATE1, and MATE2-K are also transport active for trospium. Indeed, the
mouse carriers mOct1, mOct2, and mMate1 transported trospium, whereas the phylogenetically more
distant mMate2 did not support trospium transport but was transport active for the cationic probe drug
1-methyl-4-phenylpyridinium (MPP+).

2. Results

The mouse carriers mOct1, mOct2, and mMate1 are orthologues to their human counterparts with
high protein sequence homology (Figures 1A and 2A). In contrast, mMate2 is more distant to the human
MATE1 and MATE2-K carriers (Figure 2A). Of note, there seems to be no clear orthologue to human
MATE2-K [20]. In order to test for trospium transport, the mouse carriers mOct1, mOct2, mMate1, and
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mMate2 were stably transfected into HEK293 cells and stable integration was verified by PCR expression
analysis.

Figure 1. Trospium uptake by mOct1 and mOct2. (A) Phylogenetic tree of the human and mouse OCT/mOct
carriers. The following GenBank accession numbers were used: NP_003048.1 for human OCT1, NP_003049.2
for human OCT2, NP_068812.1 for human OCT3, NP_033228.2 for mOct1, and NP_038695.1 for mOct2.
Transport data represent means ± SD of representative experiments each with triplicate determinations.
(B) Uptake of 1 μM trospium was analyzed in HEK293 cells stably transfected with mOct1 or mOct2 as
indicated and in non-transfected control cells (neg. ctr.) over 15 min. * Significantly different from negative
control with p < 0.01 (one-way ANOVA). Time-dependent uptake of 1 μM trospium over 1–30 min of
substrate incubation via (C) mOct1 and (E) mOct2. * Significantly different from the respective time-point
control with p < 0.01 (two-way ANOVA). Uptake at increasing trospium concentrations via (D) mOct1 and
(F) mOct2. Non-transfected HEK293 cells served as control (neg. ctrl.). Carrier-specific uptake is indicated
by dotted lines. Michaelis–Menten kinetic parameters were calculated from carrier-specific uptakes by
nonlinear regression analysis. (G) Net uptake of trospium by mOct1 (Figure 1D), mOct2 (Figure 1F) and
mMate1 (Figure 2D) were plotted as Eadie–Hofstee analysis. Intersection of regression lines with the y-axis
indicates Vmax values; the slope indicates negative Km, and intersection with the x-axis indicates Vmax
over Km.

Then, all carriers were tested for trospium transport at 1 μM compound concentration over 15 min.
Whereas mOct1, mOct2 (Figure 1B), and mMate1 (Figure 2B) showed significant (p < 0.01) trospium
transport compared with control, mMate2 was transport negative for trospium (p > 0.01) (Figure 2B). Next,
time-dependent trospium uptake was analyzed for mOct1 (Figure 1C), mOct2 (Figure 1E), and mMate1
(Figure 2C), and showed linear uptake for all carriers over 5 min. After 30 min of transport, the trospium
accumulation rates were quite similar for mOct1, mOct2, and Mate1, all being in the range of 150–200
pmol/mg protein. Michaelis–Menten parameters were determined by measuring the trospium transport
over 1 min at increasing compound concentrations, ranging from 1 μM up to 150 μM for mOct1 (Figure 1D),
mOct2 (Figure 1F), and mMate1 (Figure 2D). Carrier-specific uptake was calculated by subtracting uptake
into untransfected HEK293 cells (indicated by dotted lines). The following transport kinetic parameters
were determined: Km of 58.7 ± 15.5 μM and Vmax of 352.9 ± 39.4 pmol/mg protein/min for mOct1, Km
of 78.5 ± 25.9 μM and Vmax of 899.3 ± 139.7 pmol/mg protein/min for mOct2, and Km of 29.3 ± 6.7
μM and Vmax of 184.7 ± 14.0 pmol/mg protein/min for mMate1 (Figure 1G, Table ??). Whereas the Km
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values were all at comparable levels for all three carriers, mOct2 revealed by far the highest Vmax value
(Figure 1F).

Figure 2. Trospium and MPP+ uptake by mMate1 and mMate2, respectively. (A) Phylogenetic tree of
the human and mouse MATE/Mate carriers. The following GenBank accession numbers were used:
NP_060712.2 for MATE1, NP_001093116.1 for MATE2-K, NP_080459.2 for mMate1, and NP_001028714.1
for mMate2. Transport data represent means ± SD of representative experiments each with triplicate
determinations. (B) Uptake of 1 μM trospium was analyzed in HEK293 cells stably transfected with
mMate1 or mMate2 as indicated and in non-transfected control cells (neg. ctr.) over 15 min. * Significantly
different from negative control with p < 0.01 (one-way ANOVA). Time-dependent uptake of (C) trospium via
mMate1 and (E) MPP+ via mMate2 over 1–30 min. * Significantly different from the respective time-point
control with p < 0.01 (two-way ANOVA). Uptake at increasing concentrations of (D) trospium via mMate1
and of (F) MPP+ via mMate2 over 1 min. Non-transfected HEK293 cells served as control (neg. ctrl.).
Carrier-specific uptake is indicated by dotted lines. Michaelis–Menten kinetic parameters were calculated
from carrier-specific uptakes by nonlinear regression analysis. (G) MPP+ uptake inhibition via mMate2
at 10 μM and 100 μM inhibitor concentrations of TEA, topotecan, acyclovir, and levofloxacin, measured
over 30 min. Cells not incubated with any inhibitor served as positive control (set to 100%). * Significantly
different from positive control with p < 0.01 (one-way ANOVA).

Human
Carrier

Km (μM)
Vmax

(pmol/mg
protein/min)

Mouse
Carrier

Km (μM)
Vmax

(pmol/mg
protein/min)

OCT1
17 ± 5 [8] 93 ± 26 [8]

mOct1 58.7 ± 15.5 352.9 ± 39.4106 ± 16 [9] 269 ± 18 [9]
15 ± 3 [10] 1142 ± 157 [10]

OCT2
8 ± 1 [8] 92 ± 11 [8]

mOct2 78.5 ± 25.9 899.3 ± 139.70.6 ± 0.1 [10] 98 ± 22 [10]

MATE1 15 ± 2 [10] 1083 ± 143 [10] mMate1 29.3 ± 6.7 184.7 ± 14.0

MATE2-K 8 ± 2 [10] 297 ± 6 [10] mMate2 No transport No transport

As mMate2 did not show any transport of trospium in repeated experiments, MPP+ was used as
potential substrate. MPP+ represents a prototypic substrate for organic cation transporters. As indicated in
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Figure 2E, mMate2 showed significant time-dependent transport of MPP+ with a linear phase between
1–5 min. Transport kinetics were then measured at increasing MPP+ concentrations ranging from 1 μM
up to 150 μM over 1 min and revealed the following Michaelis–Menten parameters: Km of 60.0 ± 5.6
μM and Vmax of 5136.0 ± 202.5 pmol/mg protein/min (Figure 2F). In order to analyze if mMate2 still
represents a potential drug carrier, MPP+ uptake via mMate2 was inhibited by several drugs at 10 μM
and 100 μM inhibitor concentrations. As shown in Figure 2G, mMate2 was significantly inhibited by
tetraethylammonium (TEA), topotecan, acyclovir, and levofloxacin.

Finally, the expression patterns of mOct1, mOct2, mMate1, and mMate2 were analyzed in liver,
kidney, testis, brain, duodenum, and colon of a male C57BL/6N mouse. As indicated in Figure 3, mOct1
and mMate1 showed the highest mRNA expression levels in liver and kidney, whereas mOct2 was
predominantly expressed only in the kidney. In contrast, mMate2 was highest expressed in the testis and
showed only marginal expression in liver and kidney.

Figure 3. mRNA expression pattern of mOct1, mOct2, mMate1, and mMate2 in liver, kidney, testis, brain,
duodenum, and colon of the mouse. The mRNA expression was analyzed by quantitative real-time PCR
analysis using cDNAs from the indicated tissues of a male C57BL/6N mouse. Relative carrier expression
was calculated by the 2−ΔΔCT method and represents carrier expression that is x times higher compared
with the overall lowest expression (i.e., mOct1 testis, set as calibrator). Values represent means of duplicate
determinations.

3. Discussion

The pharmacokinetics of the OAB drug trospium chloride is characterized by poor intestinal
absorption, predominant elimination via the urine, and additional excretion via feces depending on
the route of application [21]. Recent pharmacokinetic studies in human subjects receiving 2 mg trospium
via intravenous infusion showed that 65% of the dose were eliminated into the urine and only about 3%
via feces within 5 days [3]. In contrast, after oral administration of 30 mg immediate release tablets, the
elimination via feces (25% of the oral dose) exceeded that of the urine excretion (6% of the oral dose). From
the gut, trospium is absorbed from two distinct absorption “windows” located in the jejunum and the
cecum/ascending colon [22]. However, the role of drug transporters for this process is not yet finally
clear [3]. From the absorbed fraction, most of the trospium drug (~80%) appears unchanged in the urine.
Thereby, elimination via the kidneys largely involves tubular secretion, as indicated by the 4-fold higher
renal trospium clearance compared to the average glomerular filtration rate [21]. As a cationic drug,
trospium has a generally low permeability through biomembranes, and therefore, its tubular secretion
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depends on membrane drug transporters. As a transcellular transport of trospium was already shown in a
cell culture model expressing OCT2 and MATE1, these carriers, which are expressed at the basolateral and
apical membrane of proximal tubular cells [12], respectively, are likely involved in the tubular secretion of
trospium [11]. In addition, MATE2-K can be supposed to be involved in this process. MATE2-K is, like
MATE1, expressed at the apical membrane of proximal tubular cells [13] and is also active in transporting
trospium [10]. This assumption is supported by pharmacokinetic studies in healthy subject, which showed
reduced renal clearance of trospium at co-administration with the OCT/MATE inhibitor ranitidine [3]. In
the liver, OCT1 and MATE1 are co-expressed at the basolateral and canalicular membranes of hepatocytes,
respectively [12,13]. Both carriers can also transport trospium when expressed in cell culture models [10]
and, therefore, are supposed to be involved in the hepatobiliary excretion of this drug. In addition, based
on excretion data from Abcb1a,b−/− knockout mice, P-glycoprotein seems to be involved in the canalicular
excretion of trospium in hepatocytes [7].

In general, expression sites of mOct1, mOct2, and mMate1 reflect quite well the expression pattern of
their human counterparts. Similar to human OCT2, mOct2 is predominantly expressed in the kidney [17].
However, mOct1 has a broader expression pattern and is expressed in liver (as human OCT1) and in
addition in kidney and small intestine [23]. Therefore, Oct1/2−/− double knockout mice are used to
estimate the role of Oct-mediated drug transport for the tubular secretion of drugs [17]. More complicated
is the situation for the Slc47 carriers mMate1 and mMate2. Whereas mMate1 is an orthologue to human
MATE1 with a similar expression pattern in the luminal membranes of renal tubular cells and bile
canaliculi [24], there seems to be no mouse orthologue for human MATE2-K [20]. In contrast, mMate2
is more distant from both, MATE1 and MATE2-K, and showed predominant expression in Leydig cells
of the testis [25]. However, as mMate1 is highly expressed in liver and kidney, Mate1−/− knockout mice
are considered as an appropriate model to study the pharmacokinetic role of MATE1 and MATE2-K
in vivo [18,26].

Based on the data from the present study, trospium transport data for the mouse carriers mOct1,
mOct2, and mMate1 are comparable to the trospium transport data of their human counterparts. The
first hints for transport of trospium via OCTs came from inhibition studies, where trospium inhibited
the MPP+ transport via human OCT1, OCT2, and OCT3 with IC50 values of 6.2, 0.67, and 871 μM,
respectively [27]. This was basically confirmed by a later study showing IC50 values of 18.1, 1.36, and 710
μM for OCT1, OCT2, and OCT3, respectively, in a similar experimental setup [8]. In this study, transport of
radiolabeled [3H]trospium was additionally investigated and revealed Km values of 17 and 8 μM for OCT1
and OCT2, respectively, with nearly identical Vmax values of about 90 pmol/mg protein/min. In contrast,
trospium transport via OCT3 was much lower, and so transport kinetics could not be determined [8].
Therefore, in the present study, trospium transport was analyzed only for mOct1 and mOct2, but not
for mOct3. Even later, Bexten analyzed transport of trospium via different drug transporters but only
could show trospium transport via OCT1 with Km of 106 μM and Vmax of 269 pmol/mg protein/min,
but not for OCT2 [9]. In a study also including the MATE transporters, Chen et al. (2017) found IC50

values of 15.4, 7.3, 11.5, 11.6, and 5.1 μM for trospium at the carriers OCT1, OCT2, OCT3, MATE1, and
MATE2-K, respectively [10]. In addition, direct transport kinetics were determined for all these carriers
and revealed Km values of 15.1, 0.6, 4.4, 15.4, and 8.2 μM for OCT1, OCT2, OCT3, MATE1, and MATE2-K,
respectively [10]. Finally, transcellular transport measurements with trospium in OCT1/MATE1 and
OCT2/MATE1 double-transfected cells confirmed trospium transport via OCT1, OCT2, and MATE1 [11].
Of note, transport kinetic data for the human carriers partly varied by a factor of 10, most likely due to
different experimental conditions, regarding carrier transfection (transient or stable), time-point of analysis
(ranging from 1–5 min), and analytical method ([3H]trospium or LC-MS/MS). Against this background, it
is difficult to compare directly the transport kinetics between the human and the mouse carriers. However,
in direct comparison to the study by Wenge et al. [8] with comparable experimental conditions as in the
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present study, the Km and Vmax values were generally higher for the mouse carriers compared to their
human counterparts (Table ??).

As the absolute and relative importance of a particular drug transporter can only roughly be estimated
from in vitro transport data, respective mOct1/2−/−, mMate1−/−, or combined mOct1/2−/−/mMate−/−

knockout mouse models might help to elucidate the role of these drug carriers for the overall
pharmacokinetics of trospium. Based on the transport data obtained in the present study and regarding
the expression of mOct1, mOct2, and mMate1, these carriers are most likely involved in enteral drug
absorption, hepatobiliary excretion and tubular secretion of trospium as it was also suggested for the
respective human OCT and MATE carriers. Therefore, in mOct/mMate knockout mouse models, it would
be particularly interesting to analyze enteral drug absorption, hepatobiliary, and tubular secretion in
comparison to wild-type mice.

In contrast to mMate1, mMate2 did not transport trospium in mMate2 stably transfected HEK293
cells. Therefore, mMate2 with its highest expression in the testis does not contribute to the distribution
and excretion of trospium in the mouse. However, in the present study, MPP+ transport via mMate2
was demonstrated, indicating that it still represents a drug transporter. This transport was significantly
inhibited by TEA, topotecan, acyclovir, and levofloxacin. This is in full agreement with a previous
study that showed TEA transport via mMate2 that was significantly inhibited by cimetidine, quinidine,
verapamil, and some other drugs [25].

In conclusion, the present study demonstrates for the first time transport of trospium via the mouse
drug transporters mOct1, mOct2, and mMate1. Based on this data, pharmacokinetic studies with this
drug can be suggested in respective mOct/mMate knockout mice in order to elucidate the role of these
carriers for absorption, distribution and elimination of trospium in the mouse. Due to the similarities in
the expression pattern and trospium transport behavior between the human and mouse carriers, these
data then can be used for extrapolation to the situation in human patients.

4. Materials and Methods

4.1. Materials and Chemicals

All chemicals, unless otherwise stated, were obtained from Sigma-Aldrich (Taufkirchen, Germany).
[3H]MPP+ (80 Ci/mmol) was obtained from PerkinElmer (Waltham, MA, USA) and [3H]trospium
trifluoroacetate (24.6 Ci/mmol) was obtained from RC Tritec AG (Teufen, Switzerland). Unlabeled
trospium chloride was kindly provided by Dr. Pfleger Arzneimittel GmbH (Bamberg, Germany). For the
transport experiments, [3H]trospium trifluoroacetate was mixed with an excess of unlabeled trospium
chloride. Due to the high excess of chloride in relation to trifluoroacetate in this preparation [3H]trospium
chloride is regarded as the active compound. The mixture of [3H]trospium and unlabeled trospium
chloride used for all transport measurements is referred to as trospium in the manuscript.

4.2. Cloning of mOct1, mOct2, mMate1, and mMate2

The full open reading frames of the mouse carriers mOct1 and mOct2 were cloned from mouse liver
cDNA by RT-PCR as reported before [28]. Gene-specific forward and reverse primers were deduced from
the following GenBank reference sequences: NM_009202.5 for mOct1 (Slc22a1) and NM_013667.3 for mOct2
(Slc22a2). The following gene-specific primers were used: 5′-ATT TCA AGC CAC CGC AGT TC-3′ forward
and 5′-CTC CCT CTT CTC TCC ACT CT-3′ reverse for mOct1, as well as 5′-CAG CAT TTG CAA CCC
TGT AG-3′ forward and 5′-GTT GGG TTG TGT GGC TTT CG-3′ reverse for mOct2. The full open reading
frames of mMate1 (Slc47a1) and mMate2 (Slc47a2) were synthesized based on the reference sequences
NM_026183.5 (mMate1) and NM_001033542.2 (mMate2) by BioCat GmbH (Heidelberg, Germany). All
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open reading frames were subcloned into the pcDNA5/FRT/TO-TOPO expression vector (Thermo Fisher
Scientific, Darmstadt, Germany) under control of a CMV promoter and were sequence verified by DNA
sequencing.

4.3. Generation of Stably Transfected HEK293 Cell Lines

For the generation of stably transfected cell lines, the Flp-In T-REx 293 host cell line (Thermo Fisher
Scientific) was used as reported before [28]. Flp-In T-REx 293 cells contain a single, stably integrated Flp
recombinase target (FRT) site at a transcriptionally active genomic locus that ensures high level gene
expression from a target-integrated Flp-In expression vector. The expression vector pcDNA5/FRT/TO
carries an FRT site and the hygromycin resistance gene. In the generated vectors, the cloned carrier cDNAs
are under control of the cytomegalovirus (CMV) promoter and the tetracycline operator sequences (tetO2).
In order to establish stably transfected cell lines, the carrier pcDNA5 constructs were cotransfected with the
Flp recombinase expression vector pOG44 into the Flp-In T-REx 293 host cells by Lipofectamine transfection
reagent according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). Stable clones containing
the carrier open reading frame sequences under control of the CMV/tetO2 hybrid promoter were selected
by culturing in selective media containing 150 μg/mL hygromycin and 50 μg/mL blasticidin. All clones
were verified by quantitative mRNA expression analysis for the respective transfected carrier (see below).
The stably transfected mOct1-, mOct2-, mMate1-, and mMate2-HEK293 cells were maintained in Gibco
D-MEM/F12 medium (Thermo Fisher Scientific) supplemented with 10% fetal calf serum, L-glutamine (4
mM), penicillin (100 U/mL), and streptomycin (100 μg/mL) (further referred to as standard medium) at
37 ◦C, 5% CO2, and 95% humidity.

4.4. Transport Measurements with MPP+ and Trospium

For transport studies, 12- or 24-well plates were coated with poly-D-lysine for better attachment of
the cells, and 4.5 or 2.25 × 105 cells were plated per well, respectively. Cells were grown under standard
medium, and carrier expression was induced by preincubation with tetracycline (1 μg/mL) for 72 h prior
to transport experiments starting. Then, cells were washed three times with phosphate buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 7.3 mM Na2HPO4, pH 7.4, 37 ◦C) and preincubated
with sodium transport buffer containing 142.9 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4,
1.8 mM CaCl2, and 20 mM HEPES, adjusted to pH 7.4 for mOct and pH 8 for mMate measurements.
Uptake experiments were initiated by replacing the preincubation buffer by transport buffer containing
the radiolabeled test compound ([3H]MPP+ or [3H]trospium) and were performed at 37 ◦C at different
time-points and substrate concentrations. For mMate2 inhibition studies, the mMate2-HEK293 cells
were preincubated with transport buffer containing the inhibitor compound at 37 ◦C for 3 min. Then,
transport measurements were started by adding the radiolabeled substrate at 37 ◦C over 30 min. Transport
and inhibition assays were terminated by removing the transport buffer and washing five-times with
ice-cold PBS. Cell monolayers were lysed in 1 N NaOH with 0.1% SDS and the cell-associated radioactivity
was determined on liquid scintillation analyzer Tri-Carb 2910 TR (PerkinElmer). The protein content of the
lysed cells was determined as reported before with bovine serum albumin as standard [28].

4.5. RNA Preparation and Quantitative Real-Time PCR Expression Analysis

Tissue samples were obtained from a male C57BL/6N mouse without any treatment. Housing was
performed in a specific pathogen-free animal facility with a temperature-controlled environment and 12-h
light/dark cycle, and standard laboratory food and water were provided ad libitum. The mouse was
sacrificed with the sole purpose of using organs for scientific purposes (according to §4 para. 3 of the
TierSchG) after consulting the Animal Welfare Officer (TSchB) of the Justus Liebig University Giessen
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(reference number: 639_M). Organs were conserved in RNAlater solution (Sigma) at −20 ◦C before total
RNA was extracted using RNA tissue kit and Maxwell RSC (Promega, Walldorf, Germany). The RNA
amount was determined using NanoDrop One (Thermo Fisher Scientific). The cDNA was synthesized
using SuperScript III (Invitrogen) according to the manufacturer’s instructions. For quantitative real-time
PCR amplification, the following TaqMan Gene Expression Assays were used: Mm00456303_m1 for
mOct1, Mm00457295_m1 for mOct2, Mm00840361_m1 for mMate1, and Mm02601013_m1 for mMate2
(Thermo Fisher Scientific). Amplification of mouse beta-actin (assay number Mm00607939_s1) was used as
endogenous control. For each specimen, duplicate determinations were performed in a 96-well optical
plate using 5 μl cDNA, 1.25 μl TaqMan Gene Expression Assay, 12.5 μl TaqMan Gene Expression Master
Mix (Thermo Fisher Scientific), and ddH2O to a final volume of 25 μl. Quantitative real-time PCR was
performed on an Applied Biosystems 7300 thermal cycler. The plates were heated for 10 min at 95 ◦C, and
subsequently, 40 cycles of 15 s at 95 ◦C and 60 s at 60 ◦C were applied. Relative carrier expression (ΔCT)
was calculated by subtracting the mean signal threshold cycle (CT) of mouse beta-actin from the mean CT

value of the respective carrier. Subsequently, for each tissue, ΔΔCT values were calculated by subtracting
testis mOct1 ΔCT (set as calibrator) from the ΔCT of each individual tissue. After 2−ΔΔCT transformation,
data show x-fold higher carrier expression in the respective tissue.

4.6. Graphical and Statistical Analysis of Data

All graphs were created, and the respective statistical analysis was done by GraphPad Prism 6 software
(GraphPad Software, La Jolla, CA, USA). Error bars within graphs represent means ± standard deviations
(SD) of triplicate determinations. For single time-point uptake and uptake-inhibition experiments, one-way
ANOVA with Dunnett’s multiple comparison post-hoc test (one-way ANOVA) compared to respective
controls was calculated and significant uptake or inhibition was indicated by * representing p < 0.01.
For time-dependent uptake experiments, every time-point was compared to its individual time-point
control by two-way ANOVA and significant uptake indicated by * represents p < 0.01. For calculation of
Km and Vmax values, Michaelis–Menten equation of GraphPad Prism 6 was applied with the following
parameters: least squares (ordinary) fit, no constraints, confidence interval of parameters 95%. For
Eadie–Hofstee analysis, data of the concentration-dependent net uptake of trospium by mOct1 (Figure 1D),
mOct2 (Figure 1F), and mMate1 (Figure 2D) were plotted together in GraphPad Prism 6. Individual
[V]data (y-axis) were plotted against the mean of [V] data over respective substrate concentration [S] (V/S),
and a linear regression line was fitted for each data set.
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Abstract: Major depressive disorder is typically treated with selective serotonin reuptake inhibitors
(SSRIs), however, SSRIs take approximately six weeks to produce therapeutic effects, if any.
Not surprisingly, there has been great interest in findings that low doses of ketamine, a non-competitive
N-methyl-D-aspartate (NMDA) receptor antagonist, produce rapid and long-lasting antidepressant
effects. Preclinical studies show that the antidepressant-like effects of ketamine are dependent upon
availability of serotonin, and that ketamine increases extracellular serotonin, yet the mechanism by
which this occurs is unknown. Here we examined the role of the high-affinity, low-capacity serotonin
transporter (SERT), and the plasma membrane monoamine transporter (PMAT), a low-affinity,
high-capacity transporter for serotonin, as mechanisms contributing to ketamine’s ability to increase
extracellular serotonin and produce antidepressant-like effects. Using high-speed chronoamperometry
to measure real-time clearance of serotonin from CA3 region of hippocampus in vivo, we found
ketamine robustly inhibited serotonin clearance in wild-type mice, an effect that was lost in
mice constitutively lacking SERT or PMAT. As expected, in wild-type mice, ketamine produced
antidepressant-like effects in the forced swim test. Mapping onto our neurochemical findings,
the antidepressant-like effects of ketamine were lost in mice lacking SERT or PMAT. Future research
is needed to understand how constitutive loss of either SERT or PMAT, and compensation that occurs
in other systems, is sufficient to void ketamine of its ability to inhibit serotonin clearance and produce
antidepressant-like effects. Taken together with existing literature, a critical role for serotonin, and its
inhibition of uptake via SERT and PMAT, cannot be ruled out as important contributing factors
to ketamine’s antidepressant mechanism of action. Combined with what is already known about
ketamine’s action at NMDA receptors, these studies help lead the way to the development of drugs
that lack ketamine’s abuse potential but have superior efficacy in treating depression.

Keywords: serotonin transporter; plasma membrane monoamine transporter; ketamine;
isoflurane; serotonin clearance; antidepressant-like activity; chronoamperometry; tail suspension test;
forced swim test

1. Introduction

Suicide rates have increased dramatically in recent years [1], and treatment resistant depression
is a leading cause of suicide [2]. Treatment resistant depression affects up to 30% of people with
depression, and, as its name implies, cannot be treated with traditional antidepressant medications such
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as selective serotonin reuptake inhibitors (SSRIs) [3], underscoring a dire need for novel medications
that are effective in treating all individuals suffering from depression. Great interest has been generated
from clinical studies showing that a single dose of ketamine produces rapid, dramatic, and sustained
depression symptom relief, even in individuals suffering from treatment resistant depression [4–6].
Recently, the Federal Drug Administration approved (S)-Ketamine use exclusively in patients with
treatment resistant depression [7]. However, the mechanism(s) by which ketamine exerts its pronounced
and consistent antidepressant effects are not yet fully understood. Ketamine is a noncompetitive
N-methyl-D-aspartate (NMDA) receptor antagonist. Not surprisingly, most preclinical studies have
therefore focused on how blockade of NMDA receptors can exert antidepressant-like effects [8].
Ketamine triggers intracellular signaling pathways, including eukaryotic elongation factor 2 (eEF2)
kinase, resulting in rapid increases in brain derived neurotrophic factor (BDNF) protein translation [8,9].
This increase in BDNF activates the mammalian target of rapamycin (mTOR) pathway, which in
turn induces rapid synaptogenesis. Currently this is viewed as the primary mechanism underlying
ketamine’s antidepressant-like effects in preclinical studies [8,10]. However, growing attention is
turning to ketamine’s ability to increase extracellular serotonin.

The antidepressant effect of SSRIs is initiated by blockade of the serotonin transporter (SERT) and
ensuing increase in extracellular serotonin [11,12]. Like SSRIs, ketamine also causes robust increases in
extracellular serotonin in brain regions important in the pathophysiology of mood disorders [13–15].
Underscoring the importance of serotonin in ketamine’s antidepressant action, recent studies showed
that ketamine was without antidepressant-like activity in rodents treated with parachlorophenylalanine
(PCPA) to deplete serotonin [16–19]. However it is unclear whether ketamine’s ability to increase
extracellular serotonin is mediated through glutamatergic control of serotonin release and/or via direct
actions at SERT [20], the high-affinity, low-capacity (i.e., “uptake-1”) transporter for serotonin.

In addition to SERT, our lab, and others, found that low-affinity, high-capacity (i.e., “uptake-2”)
transporters play a prominent role in regulating serotonin transmission [21–25]. Examples of “uptake-2”
transporters include the plasma membrane monoamine transporter (PMAT) and organic cation
transporters (OCTs). PMAT and OCTs are inhibited by decynium-22 (D22) and are collectively known
as D22-sensitive transporters. Since PMAT is the most efficient transporter of serotonin among
D22-sensitive “uptake-2” transporters, and is widely expressed in human brain, including limbic
regions important in controlling mood [25], the possibility is raised that inhibition of PMAT-mediated
serotonin uptake may also contribute to ketamine’s antidepressant actions. Therefore, we hypothesized
that SERT and/or PMAT may contribute to the antidepressant-like effects of ketamine.

To explore this possibility, we used in vivo high-speed chronoamperometry to measure ketamine’s
local effects on clearance of exogenously applied serotonin in CA3 region of hippocampus, a brain region
important in regulating mood and for the actions of SSRIs [26], in wild-type and constitutive SERT
knockout (−/−) and PMAT−/−mice. In parallel, we determined how ketamine’s effects on serotonin
clearance mapped onto behavior in the tail suspension test (TST) and forced swim test (FST), commonly
used behavioral assays that detect drugs with antidepressant potential [27,28]. To our knowledge,
this is the first study to directly explore SERT and PMAT involvement in ketamine’s mechanism
of action in vivo, and the first study to examine serotonin clearance in constitutive PMAT−/− mice.
We also examined the effects of isoflurane anesthesia on serotonin release and clearance, prior to using
this anesthetic for these in vivo high-speed chronoamperometry studies.

2. Results

2.1. Isoflurane Does Not Evoke Serotonin Release or Inhibit Serotonin Clearance at Concentrations Needed to
Maintain Anesthesia

In the past, we have routinely used a mixture of alpha-chloralose and urethane to anesthetize
rodents for chronoamperometric recordings. This was the anesthetic of choice because it reportedly
does not interfere with monoamine transporters [29,30]. However, isoflurane has advantages over
alpha-chloralose urethane, primary among them the ability to control the surgical plane of anesthesia
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more precisely and consistently. Isoflurane does not impact the dopamine transporter (DAT) [31]
but has been reported to impact serotonin release in vitro and in vivo [32–35], although results are
inconsistent. Therefore, before using isoflurane in our experiments, we confirmed that at concentrations
needed to maintain anesthesia, isoflurane does not cause serotonin release or impact serotonin clearance
in CA3 region of hippocampus. To this end, we carried out a concentration-response study using
in vivo high-speed chronoamperometry in C57BL/6 male mice.

We found no evidence of measurable endogenous serotonin release following administration of any
of the isoflurane concentrations, as evidenced by the baseline signal remaining stable (data not shown).
Clearance of exogenously applied serotonin from extracellular fluid of the CA3 region of hippocampus
was analyzed after each concentration of isoflurane ranging from 1.0–3.0% and given in 0.5% increments
in a randomized order among mice. Peak signal amplitude (μM), time to clear between 20% and 60%
(T20-T60, in s) of peak signal amplitude, and time to clear 80% (T80, in s) of peak signal amplitude
were analyzed (Figure 1A). Serotonin was pressure-ejected into CA3 region of hippocampus to
achieve signals of approximately 0.5 μM (Figure 1B). The amount (in pmol) of serotonin required
to achieve signals of this amplitude did not vary as a function of isoflurane concentration and
averaged 1.8 ± 0.3 pmol (one-way ANOVA: F(3,17) = 0.24, p = 0.89). We found that clearance times for
serotonin were not different from those we have previously recorded using alpha-chloralose urethane
anesthesia, with T20-T60 (Figure 1C) and T80 (Figure 1D) clearance values for signals of ~0.5 μM
serotonin most commonly ranging from 100–200 s and 200–300 s, respectively. One-way ANOVA
of T20-T60 and T80 serotonin clearance times revealed no significant difference among isoflurane
concentrations (T20-T60: F(3,17) = 1.08, p = 0.38; T80: F(3,17) = 1.34, p = 0.29) (Figure 1C,D), with the
highest concentration (2.5%) trending to increase serotonin clearance time, i.e., to inhibit serotonin
clearance. Concentrations of isoflurane higher than 2.5% were not examined due to mice not surviving
at 3.0% isoflurane. During our experiments, we maintained mice at an anesthetic plane using 1.0–1.5%
isoflurane, as higher concentrations tend to interfere with respiration. Thus, these studies confirm that
isoflurane, at doses required for maintenance of a surgical plane of anesthesia, do not evoke detectable
serotonin release or interfere with serotonin clearance in vivo.

μ

Figure 1. Isoflurane does not impact serotonin clearance at low concentrations. (A) Representative trace
with signal parameters defined; (B) Serotonin signal amplitude did not change as a function of isoflurane
percentage; (C) Serotonin clearance time (T20-T60) and (D) (T80) in seconds at varying concentrations of
isoflurane (1.0–2.5%). There was no statistically significant difference in serotonin clearance time among
the isoflurane concentrations. Circles represent individual mice. Data are mean ± S.E.M.

19



Int. J. Mol. Sci. 2020, 21, 7581

2.2. Comparison of Serotonin Clearance among SERT and PMAT Genotypes

We found no difference among genotypes in the pmol amount of serotonin required to achieve
signal amplitudes of ~0.5 μM (2.0 ± 0.3, 1.8 ± 0.2, 1.8 ± 0.2 and 1.6 ± 0.1 pmol for SERT+/+, SERT−/−,
PMAT+/+ and PMAT−/− mice, respectively). Representative serotonin signals for each genotype
are shown in Figure 2A. Since a significant difference in variance for each of the serotonin signal
parameters was detected among genotypes, we applied a Welch’s one-way ANOVA to the analyses of
these data, which does not assume that all groups were sampled from populations with equal variances.
Welch’s one-way ANOVA revealed that signal amplitudes did not differ among genotypes (F(3,11.8)
= 0.56, p = 0.65) (Figure 2B), however there was a significant effect of genotype for T20-T60 serotonin
clearance time (F(3,10.1) = 3.81, p = 0.05) but not for T80 clearance time (F(3,11.0) = 2.4, p = 0.12)
(Figure 2D). Tukey’s post-hoc comparisons showed this difference in T20-T60 to be driven by PMAT+/+
mice clearing serotonin more slowly than SERT+/+mice (p = 0.03) (Figure 2C). Given both lines are
bred on a C57BL/6 background this finding was unexpected. That PMAT−/− mice clear serotonin
as efficiently as SERT+/+ mice (Figure 2C,D) suggests that there is no consequence of constitutive
PMAT knockout for serotonin clearance, at least at the concentration of serotonin used in these studies,
and that this apparent difference between SERT+/+ and PMAT+/+mice is peculiar to this cohort of
PMAT+/+mice. It is important to emphasize that the genotypes of all mice were double-checked to
rule out the possibility that PMAT genotypes had been recorded inaccurately. We found this not to be
the case, with all genotypes being confirmed as correct.

Figure 2. Comparison of serotonin clearance among serotonin transporter (SERT) and plasma membrane
monoamine transporter (PMAT) genotypes. (A) Representative traces of basal serotonin clearance in
SERT+/+, SERT−/−, PMAT+/+, and PMAT−/−mice. (B) Basal serotonin signal amplitude, and (D) T80

clearance time did not differ significantly among genotypes. There was an effect of genotype in basal
T20-T60 serotonin clearance time (C) where PMAT+/+ cleared serotonin more slowly than SERT+/+
mice (but see Figure 3). Welch’s one-way ANOVA with Tukey’s post-hoc comparisons. * p < 0.05.
Circles represent individual mice. Data are mean ± S.E.M.

20



Int. J. Mol. Sci. 2020, 21, 7581

Figure 3. Serotonin clearance time (T20-T60 and T80) does not differ between PMAT+/+ and PMAT−/−
mice, regardless of serotonin concentration. (A) There was no statistically significant difference between
PMAT+/+ and PMAT−/−mice in serotonin clearance time (T20-T60 and T80) in CA3 of hippocampus at
“low” concentration of serotonin (0.25 μM to 0.75 μM) or (B) “high” concentrations of serotonin (0.85 μM
to 2.0 μM). (C) There was no statistically significant difference between PMAT+/+ and PMAT−/−mice
in serotonin clearance time (T20-T60 and T80) in nucleus accumbens at “low” concentration of serotonin
(0.25 μM to 0.75 μM) and (D) “high” concentrations of serotonin (0.85 μM to 2.0 μM). Note that the
ordinates differ between CA3 region of hippocampus (panels A and B), and NAcc (panels C and D).
Circles represent individual mice. Data are as mean ± S.E.M.

To investigate this apparent paradox further, we conducted additional experiments in two separate
cohorts of PMAT+/+ and PMAT−/−mice and varied the concentration of serotonin delivered. In the
first cohort, we measured serotonin clearance in the same brain region, CA3 region of hippocampus.
In this cohort of PMAT+/+ mice, both T20-T60 and T80 clearance times were consistent with those
of SERT+/+mice for signals of similar amplitude and were ~100 s and 200 s, respectively (compare
Figure 3A with Figure 2C,D). Figure 3A shows that for the lower serotonin concentrations tested
(0.25 to 0.75 μM) there was no difference in clearance time from extracellular fluid of CA3 region of
hippocampus for either T20-T60 (t(13) = 1.18, p = 0.26) or T80 (t(13) = 1.82, p = 0.09), between PMAT+/+
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and PMAT−/− mice. As expected, at higher serotonin concentrations (0.85 to 2.0 μM), T20-T60 and
T80 clearance times were longer than those of lower serotonin concentrations, and in PMAT+/+mice
were ~500 s and 650 s, respectively (compare grey bars in Figure 3A,B). Similar to the results obtained
with low serotonin concentrations (0.25 to 0.75 μM), at higher serotonin concentrations (0.85 to 2.0 μM)
there was no difference in serotonin clearance time for either T20-T60 (t(19) = 1.50, p = 0.15) or T80

(t(19) = 1.84, p = 0.08) between PMAT+/+ and PMAT−/−mice, although in PMAT−/−mice clearance
trended to be slower than in PMAT+/+ mice, consistent with loss of the low-affinity, high-capacity
PMAT (Figure 3B).

Using a separate cohort of mice, we examined serotonin clearance in the nucleus accumbens
(NAcc) in order to determine if the lack of difference in serotonin clearance time in CA3 region of
hippocampus between PMAT+/+ and PMAT−/−mice generalized to other brain regions. We found
that serotonin clearance in NAcc was faster than in CA3 region of hippocampus, with T20-T60 and T80

clearance times of ~50 s and 150 s, respectively, for lower serotonin concentrations (0.25 to 0.75 μM),
and ~100 s and 350 s, respectively, for higher serotonin concentrations (0.85 to 2.0 μM) (Figure 3C,D).
As in hippocampus, there was no difference in serotonin clearance time between genotypes at either
low (0.25 to 0.75 μM) serotonin concentrations (T20-T60: (t(11) = 0.02, p = 0.98) or T80: (t(11) = 0.11,
p = 0.91)) or higher (0.85 to 2.0 μM) serotonin concentrations (T20-T60: (t(28) = 0.70, p = 0.49) or T80:
(t(28) = 0.39, p = 0.70)) (Figure 3C,D). Based on findings from these more extensive investigations of
serotonin clearance in PMAT+/+ and PMAT−/−mice, together with confirmation of mouse genotypes,
we conclude that constitutive knockout of PMAT does not significantly impact serotonin clearance
at the concentrations of serotonin tested. Moreover, we therefore conclude that the longer serotonin
clearance in PMAT+/+ mice, relative to SERT+/+ mice reported in Figure 2, is exclusively due to
sampling variation.

Consistent with our previous findings [21,36,37], serotonin clearance trended to be slower in SERT−/−
mice than their wild-type counterparts (T20-T60: (t(13) = 2.15, p = 0.05); T80: (t(13) = 1.85, p = 0.09).

2.3. Ketamine Inhibits Serotonin Clearance in Wild-Type Mice, but Not in SERT−/− or PMAT−/−Mice

To test the hypothesis that ketamine increases extracellular serotonin by inhibiting its clearance
via SERT and/or PMAT, we used in vivo high-speed chronoamperometry to measure clearance of
exogenous serotonin from the extracellular fluid of CA3 region of hippocampus of anesthetized mice
before and after local application of ketamine or phosphate buffered saline (PBS) vehicle in SERT+/+,
PMAT+/+, SERT−/−, and PMAT−/−mice (Figure 4). Representative traces for serotonin clearance after
ketamine in each genotype are shown in Figure 4A. Ketamine did not influence signal amplitude in any
genotype (F(2,35) = 0.79, p = 0.46) (Figure 4A,B, Table 1), but significantly increased serotonin clearance
time in both SERT+/+ and PMAT+/+mice. As there was no statistically significant difference in the
percent increase in serotonin clearance time following ketamine between SERT+/+ (T20-T60: 83 ± 38%;
T80: 92 ± 25%) and PMAT+/+ (T20-T60: 59 ± 24%; T80: 58 ± 24%) mice [T20-60, t(9) = 0.55, p = 0.60;
T80, t(10) = 0.97, p = 0.36], wild-type percent change data were pooled. Two-way ANOVA of the percent
change in T20-T60 serotonin clearance time from pre-treatment (PBS vs. ketamine) values revealed a
main effect of ketamine to prolong serotonin clearance time (main effect of treatment: (F(1,35) = 5.65,
p = 0.02), main effect of genotype: (F(2,35) = 3.27, p = 0.05)), and interaction (F(2,35) = 2.88, p = 0.07)
(Figure 4C). As per recommendations by Hsu et al. [38] and Maxwell et al. [39], post-hoc analyses
were conducted even though the interaction was not statistically significant at the 5% level. PBS had
no effect on serotonin clearance (in any genotype), whereas ketamine prolonged T20-T60 serotonin
clearance in wild-type mice (p = 0.01), but not in SERT−/− (p = 0.98) or PMAT−/− mice (p = 0.99),
as also evidenced by post-hoc comparisons of the effects of ketamine among genotypes (wild-type vs.
SERT−/−, p = 0.05; wild-type vs. PMAT−/−, p = 0.03).
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Figure 4. Ketamine significantly inhibited serotonin clearance in wild-type mice, but not in mice lacking
SERT or PMAT. (A) Representative oxidation currents produced by pressure-ejecting serotonin into
CA3 region of hippocampus before (grey) and after (black) local application of ketamine. Traces are
superimposed for ease of comparison. (B) Percent change in serotonin signal amplitude did not
differ between treatments and across genotypes. Percent change in serotonin clearance time (C)
T20-T60, and (D) T80 increased in wild-type mice, but was unchanged in SERT−/− and PMAT−/−
mice. (E) Representative time course for serotonin clearance in a wild-type mouse following ketamine
ejection. Note that pressure-ejection of ketamine did not perturb baseline oxidation current, indicating
that ketamine did not evoke detectable release of endogenous serotonin. * p < 0.05 ** p < 0.01.
Circles represent individual mice. Data are mean ± S.E.M.
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Similarly, two-way ANOVA of the percent change in T80 serotonin clearance time from
pre-treatment values revealed a main effect of ketamine to increase serotonin clearance time
(F(1,35) = 6.54, p= 0.02), main effect of genotype (F(2,35)= 4.01, p= 0.03), and interaction (F(2,35) = 2.92,
p = 0.07) (Figure 4D). Post-hoc analysis showed PBS had no effect on serotonin clearance (in any
genotype), whereas ketamine prolonged T80 serotonin clearance in wild-type mice (p = 0.01), but not
in SERT−/− (= 0.98) or PMAT−/− (p > 0.99) mice, as also evidenced by post-hoc comparisons of the
effects of ketamine among genotypes (wild-type vs. SERT−/−, p = 0.05; wild-type vs. PMAT−/−,
p = 0.02). The effect of intrahippocampally applied ketamine to inhibit serotonin clearance persisted
for approximately 20 min in both SERT+/+ and PMAT+/+mice, returning to pre-drug clearance times
by 30 min (Figure 4E). Average pre- and 2-min post-treatment signal amplitude, T20-T60, and T80 values
are reported in Table 1, where paired t-test analyses revealed similar statistically-significant outcomes.

Taken together, these results suggest that loss of either SERT or PMAT is sufficient to eliminate
ketamine’s ability to inhibit serotonin clearance. To determine if inhibition of serotonin clearance via
SERT and/or PMAT is necessary for the antidepressant-like effects of ketamine we turned to the TST
and FST.

2.4. Antidepressant-Like Effects of Ketamine Are Lost in Mice Lacking SERT or PMAT

To test the hypothesis that SERT and/or PMAT are necessary for the antidepressant-like effect
of ketamine, we measured immobility time in the TST and FST in SERT+/+, PMAT+/+, SERT−/−
and PMAT−/− mice. However, first we used wild-type (C57BL/6) mice to confirm, in our hands,
that 32 mg/kg ketamine produced robust (near maximal) antidepressant-like effects, as reported by
others [16,40,41]. Since the TST is the most used test for antidepressant-like activity in mice, we used
this test first. We found that none of the ketamine doses tested (3.2, 10, or 32 mg/kg) produced
antidepressant-like effects in wild-type mice (F(3,42) = 0.36, p = 0.78) (Figure 5A). These findings agree
with those of others [42].

We turned to the FST, which has been shown to provide more consistent results when examining
the antidepressant-like effects of ketamine [43]. Consistent with this literature, we found that ketamine
produced dose-dependent and significant antidepressant-like effects in wild-type mice (F(3,29) = 4.15,
p = 0.02). Tukey’s post hoc multiple comparisons test showed that 32.0 mg/kg ketamine was statistically
different from saline (p = 0.03) (Figure 5B) and produced an effect of similar magnitude to that reported
in the literature [16,40,41]. Therefore, for all subsequent experiments, 32.0 mg/kg ketamine was used to
assess the antidepressant-like effect of ketamine using the FST.

We also looked for climbing behavior, which is routinely recorded during the FST when using
rats as it aids in determining if the antidepressant-like actions of a drug are more strongly influenced
by serotonergic or noradrenergic and dopaminergic systems; drugs that act to increase serotonin
increase swimming, whereas drugs that act to increase norepinephrine and/or dopamine increase
climbing [44,45]. We found that climbing behavior was essentially non-existent in mice given
ketamine, suggesting that effects of ketamine were unlikely mediated by increased norepinephrine or
dopamine signaling.

Replicating our findings in wild-type C57BL/6 mice, ketamine produced a robust
antidepressant-like effect in SERT+/+mice, which was absent in SERT−/−mice. Two-way ANOVA of
time spent immobile revealed a statistically significant ketamine by genotype interaction (F(1,44) = 5.72,
p = 0.02) (main effect of ketamine: F(1,44) = 6.27, p = 0.02; main effect of genotype: F(1,44) = 2.42,
p = 0.13). Post-hoc analysis showed that 32.0 mg/kg ketamine significantly decreased immobility
time in SERT+/+mice compared to saline treated SERT+/+mice (p = 0.003) and compared to saline
treated SERT−/−mice (p = 0.03), however there was no effect of ketamine in SERT−/−mice (p > 0.99)
(Figure 5C).
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Figure 5. Ketamine lacks antidepressant-like effects in constitutive SERT or PMAT knockout mice.
(A) Immobility time (s) in the tail suspension test and (B) Immobility time (s) in the forced swim test,
in C57BL/6 mice given ketamine (3.2, 10, or 32 mg/kg) or saline. * p < 0.05 represents 32.0 mg/kg ketamine
significantly different from saline. Tukey’s post-hoc test for multiple comparisons. (C) Immobility time in
the FST after 32.0 mg/kg ketamine or saline administered one hour prior to testing in SERT+/+ or SERT−/−
mice. * p < 0.05 represents 32.0 mg/kg ketamine significantly different from saline; Tukey’s post-hoc test for
multiple comparisons. (D) Immobility time in the FST after 32.0 mg/kg ketamine or saline administered
one hour prior to testing in PMAT+/+ or PMAT−/− mice. * p < 0.05 represents 32.0 mg/kg ketamine
significantly different from saline. Tukey’s post-hoc test for multiple comparisons. Circles represent
individual mice. Data are mean ± S.E.M.

Similarly, ketamine produced an antidepressant-like effect in PMAT+/+mice, which was absent in
PMAT−/−mice. Two-way ANOVA of time spent immobile revealed a statistically significant ketamine
by genotype interaction (F(1,34) = 4.82, p = 0.04) (main effect of ketamine: (F(1,34) = 4.03, p = 0.05);
main effect of genotype: (F(1,34) = 11.14, p = 0.002). Post-hoc analysis showed that 32.0 mg/kg ketamine
significantly decreased immobility time in PMAT+/+mice compared to saline treated PMAT+/+mice
(p = 0.02) and compared to saline treated PMAT−/−mice (p = 0.002), however there was no effect of
ketamine in PMAT−/−mice (p = 0.99) (Figure 5D). Taken together, these results indicate that elimination
of either SERT or PMAT voids ketamine of its antidepressant-like effects.

2.5. Ketamine Does Not Influence Locomotor Activity of SERT+/+, SERT−/−, PMAT+/+, or PMAT−/−Mice

Locomotor activity of mice was not impacted by ketamine (32 mg/kg). In SERT+/+ and SERT−/−
mice, there was no statistically significant interaction between ketamine treatment and genotype in
locomotor activity of the mice (F(1,28) = 0.27, p = 0.61). There was also no main effect of ketamine
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treatment (F(1,28) = 0.003, p = 0.9) nor main effect of genotype (F(1,28) = 0.67, p = 0.42) (Figure 6A).
Similarly, in PMAT+/+ and PMAT−/−mice, there was no statistically significant interaction between
ketamine treatment and genotype (F(1,40) = 1.01, p = 0.32). There was also no main effect of ketamine
treatment (F(1,40) = 0.008, p = 0.93) nor main effect of genotype (F(1,40) = 0.10, p = 0.75) (Figure 6B).
Therefore, it is unlikely that effects of ketamine on locomotor activity affected outcomes in the FST.

 

Figure 6. Ketamine did not significantly impact locomotor activity of SERT+/+, SERT−/−, PMAT+/+,
or PMAT−/− mice. (A) There was no significant difference in locomotor activity of SERT+/+ and
SERT−/−, or (B) PMAT+/+ and PMAT−/−mice, when given ketamine or saline. Bar graphs show total
number of beam breaks in the two-hour recording period. Panels on the right show beam breaks in
5 min bins as a function of time. Circles represent individual mice. Data are mean ± S.E.M.

3. Discussion

The key findings from this study are that ketamine inhibits serotonin clearance in the CA3 region
of the hippocampus (Figure 4) and produces antidepressant-like effects (Figure 5) in a SERT- and
PMAT-dependent manner. These data support an important role of serotonin in the antidepressant
actions of ketamine through interaction with SERT and PMAT. Puzzling, however, is the finding
that elimination of either SERT or PMAT was sufficient to render ketamine devoid of its serotonin
clearance-inhibiting and antidepressant-like effects. Given that SERT−/−mice have a full complement
of PMAT, and PMAT−/−mice have a full complement of SERT, it is surprising that ketamine’s ability to
inhibit serotonin clearance and to produce antidepressant-like effects was lost, rather than diminished,
suggesting a more complex interplay between ketamine and these transporters than previously
thought. That these are constitutive knockouts likely comes into play, given that compensation in other
systems is probable (discussed later). However, because SERT and PMAT overlap in their neuronal
distribution, it is tempting to speculate that they may exist as heteromers, and only when in this
configuration can ketamine exert inhibitory actions on serotonin clearance. Clearly, future research is
needed to understand how constitutive loss of either SERT or PMAT, and compensation that occurs in
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other systems, is sufficient to abolish ketamine’s ability to inhibit serotonin clearance and produce
antidepressant-like effects.

Although much research to date has focused on ketamine’s action as an antagonist at NMDA
receptors, our findings add to increasing evidence showing a critical role for serotonin in the
antidepressant effects of ketamine. The importance of serotonin is perhaps best exemplified by
reports from several groups who found that the antidepressant-like effect of ketamine is lost when
serotonin is depleted via PCPA treatment [16–18]. Consistent with an important role for serotonin in the
antidepressant effects of ketamine, multiple studies have shown that ketamine increases extracellular
serotonin, yet the mechanism(s) by which this occurs remains unclear [15,18,46–50]. Our studies point
to ketamine-induced inhibition of serotonin clearance via SERT and PMAT as potential mechanisms.

The idea that ketamine blocks uptake of serotonin via SERT has been hypothesized since the
1970s. From that time to present day, investigators have used a variety of approaches to test this
hypothesis, including measuring the ability of ketamine to inhibit uptake of tritiated ([3H])-serotonin
into synaptosomes prepared from rodent brain [51], cell lines expressing murine or human SERT [52,53],
and human platelets, which are rich in SERT [53]. Inhibition values (IC50 or Ki) range from ~50 to 230
μM, no doubt varying based on the system used to measure inhibition of [3H]-serotonin uptake. In 1982,
Martin and colleagues [54] leveraged p-chloroamphetamine (PCA), a substrate for SERT that leads to
depletion of serotonin, to gain insight into ketamine’s actions in vivo. They found that rats pre-treated
with anesthetic doses of ketamine (80, 120, or 160 mg/kg), but not lower doses, were protected from the
serotonin depleting effect of PCA, suggesting that ketamine blocks transport of PCA into serotonin
neurons via SERT. While studies such as these have provided support for actions of ketamine at SERT,
they suggest that inhibition of SERT by ketamine only occurs at concentrations much greater than those
needed for antidepressant (or anesthetic) action. For example, in humans, plasma concentrations of
ketamine needed for anesthesia are reported to be ~9 μM [55], while subanesthetic doses of ketamine
used for treatment of depression result in plasma concentrations less than 1 μM [56–58]. Due to this,
controversy has remained regarding the importance of blockade of serotonin uptake in the clinical
efficacy of ketamine.

To gain a better understanding of the relationship between plasma and brain concentrations of
ketamine and antidepressant-like effect in rodents, Can and colleagues [20] measured plasma and
brain tissue concentrations of ketamine and its metabolites after systemic administration of 10 mg/kg
ketamine in mice, a sub-anesthetic dose, which they found to have antidepressant-like effects [41].
Ketamine concentration peaked 10 min post injection at approximately 4 nmol/mL in plasma and
7 nmol/g in brain tissue, corresponding to approximately 4 μM and 7 μM, respectively. Using in vitro
binding assays, they found that ketamine did not inhibit binding to SERT up to concentrations of
10 μM, and concluded that ketamine does not inhibit SERT at “therapeutically” relevant concentrations
in mice [20]. These findings are in contrast to positron emission tomography (PET) studies in
rhesus monkeys, where a subanesthetic dose of ketamine (1.5 mg/kg) was found to reduce binding
of [11C]-3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)benzonitrile ([11C]DASB) to SERT [50].
More recently, Spies and colleagues [59] used PET imaging in humans to examine the effects of 0.5
mg/kg ketamine, a commonly used therapeutic dose in the treatment of depression. Though they did
not find significant inhibition of [11C]DASB binding to SERT, they found a positive correlation between
ketamine plasma levels and SERT occupancy, which trended to statistical significance. Since higher
doses of ketamine are also used clinically, these studies encourage further investigation of ketamine’s
action at SERT.

Our chronoamperometry studies are consistent with inhibition of serotonin uptake being an
important mechanism of action of ketamine. Although we cannot know the precise concentration of
ketamine reaching the recording electrode following pressure-ejection of drug locally into brain, we can
estimate the concentration relatively accurately based on earlier studies (see Methods). We designed
these studies so as to deliver approximately 2 μM in the area surrounding the recording electrode,
a concentration less than the peak ketamine concentration (~7 μM) reported to reach brain in mice
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after a dose of 10 mg/kg [20]. Importantly, pressure-ejection of ketamine directly into brain has the
advantage of allowing study of ketamine’s actions in vivo, in the absence of its metabolites. We found
that in wild-type mice, ketamine robustly inhibited serotonin clearance in CA3 region of hippocampus,
a brain region important for mood and therapeutic effects of antidepressants [26]. Consistent with an
important role for SERT, this effect of ketamine was lost in mice constitutively lacking SERT. Moreover,
this effect of ketamine was also lost in mice constitutively lacking PMAT. These data add support
to findings that ketamine inhibits SERT at therapeutically relevant concentrations and brings a new
player to the table: inhibition of PMAT.

The conclusion that ketamine inhibits serotonin uptake via SERT and PMAT at concentrations
that produce antidepressant-like effects in mice is justified based on the clear-cut absence of this effect
in SERT−/− and PMAT−/−mice. However, these data raise several questions, the most obvious being,
why is elimination of either SERT or PMAT sufficient to render ketamine devoid of its serotonin
clearance-inhibiting action? Given that both are constitutive knockouts, compensation in other systems
(including other transporters or regulatory mechanisms) is likely at play. For example, it is known that
OCT3 expression (mRNA and protein) is upregulated in SERT−/−mice [21]. It is possible that inhibitory
actions of ketamine on serotonin clearance via PMAT in SERT−/− mice are masked by accelerated
serotonin uptake via OCT3. A similar argument could be applied to PMAT−/−mice. To our knowledge,
this is the first study to measure serotonin clearance in hippocampus and NAcc of PMAT−/− mice
in vivo. To date, the only study investigating compensation in other transporters in PMAT−/−mice
found no increase in mRNA expression of SERT, NET, DAT, OCT1, OCT2, and OCT3 in choroid
plexus [60], however, protein levels were not measured and the possibility of functional upregulation
of one or more of these transporters in PMAT−/− mice cannot be ruled out. In terms of functional
studies, [3H]serotonin uptake into in vitro preparations of choroid plexus showed slower uptake in
PMAT−/−mice compared to PMAT+/+mice [60], however, it is difficult to ascertain the physiological
relevance since the concentration(s) of substrate were not reported. Regardless, our in vivo findings
suggest that at the serotonin concentrations studied here, serotonin clearance is not different between
PMAT+/+ and PMAT−/− mice, indicating that compensatory mechanisms for serotonin clearance
might be at play in constitutive PMAT−/− mice. This idea is further supported by PMAT−/− mice
displaying normal behavior in a battery of tests, with only subtle differences in anxiety-like and coping
behaviors compared to PMAT+/+mice reported [61].

Importantly, our findings on the effects of ketamine to inhibit serotonin clearance correlated
with the ability of ketamine to produce antidepressant-like effects. Ketamine produced robust
antidepressant-like effects in wild-type mice, which were lost in SERT−/− and PMAT−/− mice.
Antidepressant-like effects of ketamine in mice are consistently reported, yet the conditions under
which this is detected varies. Unlike Can et al. [20] we did not find antidepressant-like effects of
10 mg/kg in either the TST or FST. However, this is in keeping with findings of others who have also
found this dose to be ineffective in these tests [16,42,62,63]. Although there are some reports of ketamine
producing antidepressant-like effects in mice in the TST [62,64], our data support those of others who
find the TST insensitive to detecting antidepressant-like effects of ketamine [42]. Importantly, we found
that ketamine dose-dependently reduced immobility time in the FST to a magnitude similar to reports
of others [16,42,62,63], and this effect was clearly lost in SERT−/− and PMAT−/−mice.

Of course, because ketamine was delivered systemically in these behavioral studies, a role for
metabolites of ketamine cannot be ruled out [20,41,46,49]. For example, Zanos and colleagues [41]
found that (2R,6R)-hydroxynorketamine (HNK) has antidepressant-like effects similar to those of
ketamine, and others found HNK to increase extracellular serotonin similar to ketamine [46,49].
We therefore cannot rule out the possibility that behavioral results from our study are due, at least in
part, to HNK. However, data generated from chronoamperometry experiments, where ketamine was
locally applied to CA3 region of hippocampus, suggest that the behavioral effects of ketamine were
strongly driven by the parent compound, and not by its metabolites. That said, it will be important
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for future studies to interrogate the role of ketamine’s metabolites in inhibition of serotonin clearance
in vivo.

While the antidepressant actions of ketamine have been the focus of this study, our results raise
the possibility that SERT and/or PMAT might also be mechanisms involved in the addictive properties
of ketamine, as well as its anesthetic actions. For example, it is well known that SERT is an important
target for drugs of abuse, including psychostimulants such as 3, 4 methylenedioxymethamphetamine
(MDMA, Ecstasy), and synthetic cathinones, known as bath salts, which inhibit transport of serotonin
and/or cause reverse transport of serotonin via SERT. Ketamine at anesthetic doses is reported to
increase serotonin, which may be involved in the psychotic-like symptoms occurring during ketamine
emergence [58]. Along these lines, there are numerous other downsides to ketamine, including
the possibility of hallucinations and dissociative effects, hypertension, tachycardia, and respiratory
depression [58]. Whether SERT and/or PMAT are involved in these actions of ketamine remains
unknown. Clearly, the mechanisms contributing to ketamine’s effects are complex, given its
well-known action at NMDA receptors, its myriad effects on monoamine neurotransmission, and the
recently reported dependency of ketamine on the opioid system for its antidepressant properties [65].
The avenues for future research dissecting these mechanisms of action are rich.

In sum, these studies provide evidence for an important role of SERT and PMAT in the serotonin
clearance inhibiting and antidepressant actions of ketamine, and pave the way for future studies to
understand the seemingly paradoxical loss of these effects in mice lacking either SERT or PMAT.

4. Materials and Methods

4.1. Animals

Naïve adult male SERT+/+, SERT−/−, PMAT+/+, and PMAT−/− mice bred on a C57BL/6
background, or C57BL/6 mice, from our in-house colonies were used for all experiments. Genotype
comparisons were made among littermates, bred by +/− intercross to produce all three genotypes
within a litter. Mice are backcrossed (+/+ × −/− to yield +/−) every 6th generation. Sex differences
in the antidepressant-like effect of ketamine have been previously reported, where female animals
were found to be more sensitive [66–68]. For the present studies we selected a dose of ketamine
(32 mg/kg) known to produce (near maximal) antidepressant-like effects in males, and used only male
mice so as to reduce the number of animals needed for this initial study. However future studies
in females will be necessary to determine the generality of present findings. We confirmed that
this dose produced robust antidepressant-like effects in our hands by carrying out dose-response
studies in wild-type (C57BL/6) mice before commencing studies to compare the antidepressant-like
effects of ketamine in SERT+/+, SERT−/−, PMAT +/+, and PMAT −/− mice. Mice were between
3 and 12 months of age for all experiments. Mice were housed in plastic cages (29 cm × 18 cm
× 13 cm) containing 7090 Teklad sani-chip bedding (Envigo, East Millstone, NJ) and maintained
on a 12/12 hr light/dark cycle (lights on at 7:00 am) in a temperature-controlled (24 ◦C) vivarium.
Mice were weaned at postnatal day 21 and housed with same sex littermates with no more than
5 mice per cage. Mice were given free access to food (Teklad LM-485 mouse/rat sterilizable diet
7012 chow (Envigo, East Millstone, NJ)) and water. All procedures were conducted in accordance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals (Institute
of Laboratory Animal, Resources, Commission of Life Sciences, National Research Council, https:
//grants.nih.gov/grants/olaw/Guide-for-the-Care-and-use-of-laboratory-animals.pdf), and with the
approval of the Institutional Animal Care and Use Committee, The University of Texas Health Science
Center at San Antonio (protocol number: 20020014AR; Originally approved in 2002, current expiration
30 Sept. 2021).
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4.2. High-Speed Chronoamperometry

In vivo high-speed chronoamperometry was used to examine transporter efficiency by recording
real-time serotonin clearance. Experiments were conducted using methods adapted from Daws and
Toney [21,24,69,70]. Carbon fiber electrodes were fabricated based on methods from Gerhardt [71,72]
and described in Daws and Toney, and Williams et al. [70,73]. In brief, a single carbon fiber
(30 μm diameter) was sealed in fused silica tubing (Schott North America, Elmsford, NY, USA).
Nafion coating (5% solution; Sigma-Aldrich, St. Louis, MO, USA) was applied to carbon fiber
electrodes to prevent anions in extracellular fluid from coming in contact with the carbon fiber [69,70].
Sensitivity to serotonin and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) were measured by
calibrating electrodes to increasing concentrations of serotonin (0.2 to 1.0 μM in 0.2 μM increments)
in the presence of 5-HIAA (250 μM). Only those electrodes with a selectivity ratio for serotonin over
5-HIAA greater than 100:1 and a linear response (r2 ≥ 0.9) to serotonin were used.

The Nafion-coated carbon fiber electrode was attached to a four-barrel glass micropipette
(FHC, Bowdoin, ME, USA) with their tips separated by 200 μm. Barrels of the micropipette were
filled with either serotonin (200 μm), ketamine (400 μm), or phosphate-buffered saline (PBS). Note that
the concentration of neurotransmitter and drug reaching the recording electrode is estimated to be
~200-fold less than the barrel concentration, based on our routine findings that pressure-ejection of
~20 nL of 200 μM serotonin, 200 μm away from the recording electrode, results in signal amplitudes of
~0.5–1.0 μM [69,70]. Thus, in these experiments, the concentration of ketamine reaching the electrode
is estimated to be ~2 μM.

The electrode assembly was lowered into either the CA3 region of the hippocampus
(anteroposterior −1.93 and mediolateral +2.0 from bregma; −2.0 from dura; [74]) or nucleus accumbens
(anteroposterior +1.36 and mediolateral +1.85 from bregma; −5.0 from dura at 10◦ angle from
midline; [74]) of an anesthetized mouse. Isoflurane (5%) was used to initially anesthetize the mouse and
1.0–1.5% isoflurane was used throughout the experiment to maintain anesthesia. Body temperature
was maintained at 36–37 ◦C by a water circulated heating pad.

FAST-16 system (Quanteon, Nicholasville, KY, USA) was used for the high-speed
chronoamperometric recordings. Oxidation potentials consisted of 100 ms pulses of +0.55 V alternated
with 900 ms intervals during which the resting potential was maintained at 0 V. The active electrode
voltage was applied with respect to a silver chloride reference electrode placed in the contralateral
superficial cortex. Oxidation and reduction currents were digitally integrated during the last 80 ms of
each 100 ms voltage pulse.

Exogenous serotonin was pressure ejected into the CA3 region of the hippocampus. Once reproducible
serotonin signals (~0.5μM, ~2 pmol in 15 nL) were obtained, ketamine (54 pmol in 136 nl) or an equivalent
volume of PBS was pressure ejected locally into the CA3 region of the hippocampus. Following ketamine
or PBS pressure ejection, serotonin was pressure ejected every 5 min until serotonin clearance time
returned to pre-drug values. The T80 time course (time it takes for the signal to decline by 80% of the peak
signal amplitude), T20-T60 time course (time it takes for the signal to decline by 20–60% of the peak signal
amplitude), and peak signal amplitude were analyzed (Figure 1A).

At the completion of the experiment, an electrolytic lesion was made to mark the placement of the
electrode tip. Brains were removed, frozen, and stored at −80 ◦C for histological analysis. Brains were
thawed to −18 ◦C and sliced into 20 μm thick sections and stained with thionin for verification of
electrode placement. Two animals were eliminated from the analyses due to electrode placement
outside of CA3 region of hippocampus.

4.3. Effects of Isoflurane on Serotonin Clearance

Male C57BL/6 mice were placed into a Plexiglas chamber (25 cm × 10 cm × 10 cm) and 5%
isoflurane was applied to the chamber via a precision vaporizer (Protech International Inc., TX, USA).
Once completely anesthetized, mice were moved to the stereotaxic frame with their nose placed inside
the anesthesia mask. During surgery isoflurane was maintained at 2%, but once the electrode was
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lowered into the brain isoflurane was set to 1.5% and subsequently maintained at 1.5% or 1.0% for
approximately 30 min before the start of the experiment.

During the experiment, mice were administered varying concentrations of isoflurane in a
randomized order to examine the effect of isoflurane on serotonin clearance. Each concentration
of isoflurane (ranging from 1.0–3.0%, given in 0.5% increments) was administered for 5 min before
pressure ejecting serotonin. Five minutes was chosen to allow adequate time for the effects of the
new concentration to occur, and to detect any release of endogenous serotonin that may be elicited
by isoflurane.

4.4. Tail Suspension Test

Tail suspension test (TST) experiments were performed as described by Steru et al. [75,76].
Mice received either saline, 3.2, 10.0, or 32.0 mg/kg ketamine intraperitoneally (i.p.) one hour prior to
testing. These doses of ketamine were chosen based on previous studies examining the antidepressant-like
effect of ketamine in mice in the TST [77]. Before testing, an aluminum bar (2 cm x 0.3 cm x 10 cm) was
fastened to the tail of the mouse using adhesive tape and was placed at a 90◦ angle to the longitudinal
axis of the tail with 3–4 cm between the base of the tail and the end of the bar. Opposite the tail taped
end of the bar was a hole that was used to secure the bar to a hook in the top of a visually isolated box
(40 cm × 40 cm × 40 cm). Mice were suspended for six minutes with the ventral surface and front and
hind limbs of the mouse facing a digital video camera outside of the box. After the six-minute recording
session ended, mice were removed from the bar and returned to their home cage. Moments of immobility
were defined by the absence of initiated movement and included passive swaying. Total immobility
was recorded by observers blinded to treatment conditions. A mouse was excluded from the study if
it climbed its tail for 3 or more seconds. Seven mice were excluded on these grounds, with mice from
all genotypes being involved. Mice were randomly assigned to treatment conditions and were tested
only once.

4.5. Forced Swim Test

Forced swim test (FST) experiments were performed as described by Lucki [78]. A separate cohort
of mice were used in the FST. Mice received either saline or 3.2, 10.0, or 32.0 mg/kg ketamine i.p. 60 min
before testing. During testing, mice were confined in transparent cylindrical Plexiglas containers
(19 cm diameter, 25.4 cm height, and 15 cm water level) containing water (23–25 ◦C). The test lasted for
6 min and the entire swim session was recorded. Once the test ended, mice were removed from the
water and dried off with paper towels before being placed into a holding cage on a heating pad to aid
in drying. Once dry, mice were returned to their home cages. Digital recording cameras were placed
above the Plexiglas containers to record the mice from above. This vantage point was used in order to
view all four limbs during the test. Moments of swimming and immobility were scored by an observer
blinded to treatment. Immobility was defined as absence of active behaviors and remaining passively
floating or making minor limb movements to stay afloat. Behaviors during the last four minutes of the
swim session were scored [79].

4.6. Locomotor Activity

As ketamine has been shown to affect locomotor activity [80–82], it was important to assess
whether ketamine impacted locomotor activity to rule out possible decreases in immobility time
being due to ketamine-induced hyperactivity. We examined the effect of 32 mg/kg ketamine on
locomotor activity as we found this to be the only dose to significantly reduce immobility time in
the FST. None of the doses influenced immobility time in the TST. Locomotor boxes (30 cm × 15 cm
× 15 cm), located within sound-attenuating ventilated chambers (MED Associates Inc., St. Albans,
VT, USA), were equipped with infrared emitters and receivers (Multi-Varimex, Columbus Instruments,
Columbus, OH, USA). Naïve mice received an i.p. injection of either saline or 32.0 mg/kg ketamine

32



Int. J. Mol. Sci. 2020, 21, 7581

and immediately placed into a locomotor box. Locomotor activity of mice was examined for 2 h post
injection with locomotion measured as infrared beam breaks per 5 min period.

4.7. Drugs

Ketamine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in physiologic saline
and injected i.p. at doses expressed as salt weight per kilogram of body weight. The injection volume
was 10 mL/kg.

4.8. Data Analysis

Data were analyzed using Prism 6.0 (GraphPad, San Diego, CA, USA). Data are expressed as
mean ± S.E.M. p ≤ 0.05 was considered statistically significant for all analyses.

4.8.1. High-Speed Chronoamperometry

For isoflurane studies, effects on pmol amount serotonin delivered to achieve signal amplitudes
of ~0.5 μM and on serotonin clearance parameters (T20-T60 and T80 in seconds) in C57BL/6 mice
were analyzed using a one-way ANOVA (isoflurane concentration), with Tukey’s post-hoc multiple
comparisons. Amount of serotonin pressure-ejected, signal amplitude, and basal time course parameters
among SERT and PMAT genotypes were analyzed using a Welch’s one-way ANOVA (genotype),
as variances were found to differ significantly among groups. Tukey’s post-hoc comparisons were
made when relevant. Changes in serotonin signal parameters (amplitude, T20-T60, and T80) induced by
ketamine or PBS vehicle were expressed as a percent change from pre-drug/vehicle values, and analyzed
using a two-way ANOVA (treatment x genotype) followed by Tukey’s post-hoc multiple comparisons
test. Raw data for pre- and post-drug/vehicle values shown in Table 1 were analyzed by paired t-tests.

4.8.2. Tail Suspension Test and Forced Swim Test

The dose-dependency of ketamine’s antidepressant-like effects was first examined in C57BL/6
mice using the TST and FST. Dose-response data were analyzed using a one-way ANOVA (dose)
followed by Tukey’s post hoc multiple comparisons test. Since there were no significant effects of
ketamine (at any dose) in the TST, the antidepressant-like effect of ketamine in SERT+/+, SERT−/−,
PMAT+/+, and PMAT−/− mice was examined using the FST. The antidepressant-like effect of the
highest dose of ketamine (32 mg/kg) was compared with saline across the different genotypes using a
two-way ANOVA (treatment x genotype) followed by Tukey’s post hoc multiple comparisons test.

4.8.3. Locomotor Activity

Locomotor activity was assessed following saline or 32 mg/kg ketamine injection across all
genotypes of mice (SERT+/+, SERT−/−, PMAT+/+, and PMAT−/−) using two-way ANOVA (treatment
x genotype) followed by Tukey’s multiple comparisons test.

5. Conclusions

At “therapeutically” relevant concentrations in mice, ketamine inhibited serotonin clearance
and produced antidepressant-like effects in wild-type mice, but not in SERT−/− and PMAT−/−mice.
Taken together with existing literature [15–19,45,47–50], a critical role for serotonin and its inhibition
of uptake via SERT and PMAT cannot be ruled out as important contributing factors to ketamine’s
antidepressant mechanism of action. These findings pave the way for future experiments to interrogate
the role, and mechanism of action, of SERT and PMAT in the antidepressant actions of ketamine,
which will add to literature suggesting that concurrent blockade of SERT and “uptake-2” transporters,
such as PMAT, has greater antidepressant efficacy than SSRIs alone [21,23,24]. Combined with
what is already known about ketamine’s action at NMDA receptors, these studies will help lead
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the way to development of drugs that lack ketamine’s abuse potential but have superior efficacy in
treating depression.
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Abstract: Cisplatin is a chemotherapy drug widely used in the treatment of solid tumors.
However, nephrotoxicity has been reported in about one-third of patients undergoing cisplatin therapy.
Proximal tubules are the main target of cisplatin toxicity and cellular uptake; elimination of this
drug can modulate renal damage. Organic transporters play an important role in the transport
of cisplatin into the kidney and organic cations transporter 2 (OCT-2) has been shown to be one
of the most important transporters to play this role. On the other hand, multidrug and toxin
extrusion 1 (MATE-1) transporter is the main protein that mediates the extrusion of cisplatin into the
urine. Cisplatin nephrotoxicity has been shown to be enhanced by increased OCT-2 and/or reduced
MATE-1 activity. Peroxisome proliferator-activated receptor alpha (PPAR-α) is the transcription
factor which controls lipid metabolism and glucose homeostasis; it is highly expressed in the
kidneys and interacts with both MATE-1 and OCT-2. Considering the above, we treated wild-type
and PPAR-α knockout mice with cisplatin in order to evaluate the severity of nephrotoxicity.
Cisplatin induced renal dysfunction, renal inflammation, apoptosis and tubular injury in wild-type
mice, whereas PPAR-α deletion protected against these alterations. Moreover, we observed that
cisplatin induced down-regulation of organic transporters MATE-1 and OCT-2 and that PPAR-α
deletion restored the expression of these transporters. In addition, PPAR-α knockout mice at basal
state showed increased MATE-1 expression and reduced OCT-2 levels. Here, we show for the first
time that PPAR-α deletion protects against cisplatin nephrotoxicity and that this protection is via
modulation of the organic transporters MATE-1 and OCT-2.

Keywords: cisplatin nephrotoxicity; PPAR-alpha; organic transporters

1. Introduction

Cisplatin is a very effective drug against solid tumors. However, severe side effects have been
reported [1,2]. Cisplatin-induced nephrotoxicity, which is usually dose-dependent, affects about one-third
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of patients undergoing cisplatin treatment [1,2]. Some animal studies have shown that cisplatin accumulates
in the kidney more than in other organs [3–5]. It affects the proximal tubules of the kidneys by different
mechanisms, such as oxidative stress, inflammation, DNA damage and apoptosis [1,2]. The initial step
for cisplatin nephrotoxicity is entering the cells; some authors have suggested that the cellular uptake
of cisplatin is mediated, in part, by transport proteins [6,7]. Thus, organic cation transporters (OCTs)
play a role in cisplatin transport into the kidneys [8]. OCTs are located at basolateral membranes
and are highly expressed in the kidneys [8,9]. Cisplatin interacts preferably with OCT-2 [10], and the
inhibition or deletion of OCT-2 attenuates cisplatin nephrotoxicity [11–13]. Multidrug and toxin
extrusion 1 (MATE-1) transporter is a protein involved in cisplatin secretion into the urine, which is
localized at apical membrane [14,15]. MATE-1 deletion in mice exacerbates cisplatin nephrotoxicity [16],
whereas increased MATE-1 expression decreases platinum accumulation in renal cells after cisplatin
treatment [17]. Peroxisome proliferator-activated receptor alpha (PPAR-α) is a transcription factor
that controls fatty acid oxidation and glucose homeostasis, and it is highly expressed in the liver and
kidneys [18,19]. Our group recently showed that PPAR-α interacts with both MATE-1 and OCT-2 [20].
Considering that the modulation of organic transporters is an important mechanism to either increase
or attenuate cisplatin nephrotoxicity, we investigated the effect of PPAR-α deletion on cisplatin
nephrotoxicity severity and whether these effects are mediated by modulation of organic transporters.

2. Results

2.1. PPAR-α Deletion Attenuates Cisplatin-Induced Renal Injury

We treated C57BL6 and PPAR-α-deficient mice with a single dose of cisplatin (20 mg/kp i.p).
Ninety-six hours after cisplatin (CP) treatment, the wild-type mice showed increased serum creatinine
and urea levels, while PPAR-α knockout mice (CP PPARKO) avoided the increase of these parameters
(Table 1. Moreover, real-time PCR was performed in the kidney to assess renal injury markers.
Cisplatin treatment (CP) upregulated the mRNA levels of NGAL and KIM-1 and PPAR-α ablation
(CP PPARKO) attenuated the upregulation of these molecules (Table 1).

Table 1. Effects of peroxisome proliferator-activated receptor alpha (PPAR-α) deletion on renal injury
and function.

Title VEH CP CP PPARKO

Parameters Mean ± SEM Mean ± SEM Mean ± SEM

Creatinine (mg/dL) 0.591 ± 0.023 3.639 ± 0.611 *** 0.853 ± 0.063 ###
Urea (mg/dL) 62.62 ± 1.512 575.6 ± 48.39 *** 109.4 ± 17.50 ###

NGAL mRNA expression 1.105 ± 0.235 308.1 ± 55.39 *** 71.04 ± 24.56 ##
KIM-1 mRNA expression 1.160 ± 0.311 732.8 ± 88.50 ** 163.2 ± 54.69 #

Data are presented as mean ± SEM. ** p < 0.01, *** p < 0.001. compared to the VEH group. # p < 0.05; ## p < 0.01;
### p <0.001. compared to the CP group.

2.2. PPAR-α Deletion Blunts Renal Expression of Inflammatory and Apoptosis-Related Genes

Several studies have evidenced that inflammation contributes to cisplatin-induced nephrotoxicity [1,2].
Proinflammatory cytokines are produced mainly by activated macrophages and are tightly involved
in augmenting inflammatory reactions [21]. CP exponentially increased renal expression of TNF-α,
IL-1β and IL-6, while CP PPARKO blunted these increases (Figure 1A–C). Cisplatin-induced renal cell
death involves several pathways, including apoptosis. We performed qPCR for TNFR-2, which is
related to apoptosis extrinsic pathway and Bax/Bcl-2, which is related to apoptosis intrinsic pathway.
CP upregulated TNFR-2 and Bax/Bcl-2 in renal tissue and CP PPARKO avoided the upregulation of
these apoptosis-related genes (Figure 1D–E).
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Figure 1. PPAR-α deletion attenuates cisplatin-induced increased pro-inflammatory cytokines and
apoptosis-related genes. Cisplatin treatment (CP) increased mRNA levels of pro-inflammatory cytokines,
(A) TNF-α, (B) IL-1β and (C) IL-6 in renal tissue; PPAR-α knockout mice (CP PPARKO) prevented this
increase. Apoptosis-related genes (D) TNFR-2 and (E) Bax/Bcl-2 ratio were also increased by cisplatin
(CP) and PPAR-α deletion (CP PPARKO) avoided this increase. n = 5–6 per group. One-way ANOVA
followed by post hoc Tukey’s test. * p < 0.05 compared to the VEH group. # p < 0.05; ## p < 0.01
compared to the CP group.

2.3. PPAR-α Ablation Protects against Cisplatin-Induced Apoptosis and Tubular Injury

Cisplatin affects the proximal tubules of the kidneys through several mechanisms, including tubular
necrosis. In the histological analysis, we observed a large increase of tubular injury in cisplatin-treated
mice, while PPAR-α knockout mice showed tubular cells protected against cisplatin-induced
nephrotoxicity (Figure 2A–B). Cisplatin administration leads to increased apoptosis in the kidney.
Caspase-3 is the main executioner caspase and is activated in the apoptotic cell, by both intrinsic
and extrinsic pathways. Immunofluorescence was performed to identify apoptosis in renal tissue.
Cisplatin treatment increased caspase-3 in wild-type mice and PPAR-α ablation prevented the increase
of this protein (Figure 2B).
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Figure 2. PPAR-α deletion attenuates tubular injury and apoptosis induced by cisplatin after 96 h.
Representative photomicrography of H&E staining. (A) CP treatment increases tubular injury while
PPAR-αdeletion attenuates it. (B) Immunofluorescence was performed to assess apoptosis. CP increases
cleaved caspase-3 staining and CP PPARKO reverses this increase. In arrows is indicated tubules with
the tubular lumen obstructed by the tubular casts and cell detachment from the tubular basement
membrane. G to indicate glomeruli and a T for examples of tubules with normal structure, no cell
detachment and free tubular lumen. n = 5 per group. Scale bar = 100 μm. One-way ANOVA followed
by post hoc Tukey’s test. ** p < 0.01, **** p < 0.0001. compared to the VEH group. ## p < 0.01,
#### p < 0.0001; compared to the CP group.
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2.4. PPAR-α Deletion Prevents Downregulation of Organic Transporters Induced by Cisplatin

Organic Transporters, such as OCT-2 and MATE-1, are of great importance in cisplatin
nephrotoxicity: the first one is the main transporter of cisplatin into kidney cells, and the second one
is responsible for cisplatin extrusion from the kidney into the urine. Cisplatin treatment induced
the downregulation of OCT-2 and MATE-1 in the renal tissue, while PPAR-α deletion prevented
cisplatin-induced downregulation of MATE-1 (Figure 3A–B) and OCT-2 (Figure 4A–B).

Figure 3. PPAR-α knockout mice mitigate the decreased mRNA and protein expression by
immunofluorescence of MATE-1. Ninety-six hours after cisplatin treatment (CP) downregulates
(A) mRNA and (B) protein levels of MATE-1. PPAR-α knockout mice (CP PPARKO) prevented this
downregulation. G to indicate glomeruli and a T to indicate tubules. n = 5 per group. One-way ANOVA
followed by post hoc Tukey’s test. Scale bar = 100 μm. * p < 0.05, *** p < 0.001 compared to the
VEH group. # p < 0.05, ### p < 0.001 compared to the CP group.

43



Int. J. Mol. Sci. 2020, 21, 7416

Figure 4. PPAR-α ablation attenuates downregulation of mRNA and protein expression by
immunofluorescence of organic cations transporter 2 (OCT-2). Ninety-six hours after cisplatin treatment
(CP) downregulates (A) mRNA and (B) protein (levels of OCT-2. PPAR-α knockout mice (CP PPARKO)
attenuated this downregulation. G to indicate glomeruli and a T to indicate tubules. n = 5 per group.
One-way ANOVA followed by post hoc Tukey’s test. Scale bar = 100 μm. * p < 0.05, *** p < 0.001
compared to the VEH group. # p < 0.05, ## p < 0.01; compared to the CP group.

2.5. PPAR-α Knockout Modulates Organic Transporters

Immunofluorescence and real-time PCR were performed to check organic transporters protein and
mRNA levels at the basal state. PPAR-α absence did not alter MATE-1 mRNA expression (Figure 5A);
however, PPARKO mice showed increased MATE-1 protein levels observed in immunofluorescence
(Figure 5B). In addition, organic cations transporter 2 (OCT-2) mRNA expression and protein levels
were decreased in PPAR-α knockout mice (Figure 6A,B).
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Figure 5. PPAR-α absence enhances protein expression by immunofluorescence of multidrug and toxin
extrusion 1 (MATE-1). (A) No differences between WT and PPARKO mice were found in MATE-1
mRNA levels. (B) However, PPAR-α knockout mice enhanced MATE-1 protein levels. G to indicate
glomeruli and a T to indicate tubules. n = 5 per group. Scale bar = 100 μm. Two-tailed Student’s t-test.
* p < 0.05, compared to the WT group.
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Figure 6. PPAR-α absence decreases mRNA and protein expression by immunofluorescence of
organic cations transporter 2 (OCT-2). PPAR-α knockout mice presented reduced (A) mRNA and
(B) protein levels of renal OCT-2. G to indicate glomeruli and a T to indicate tubules. n = 5 per group.
Two-tailed Student’s t-test. Scale bar = 100 μm. * p < 0.05, *** p < 0.001 compared to the WT group.

3. Discussion

Cisplatin is one of the most potent chemotherapy drugs used against solid tumors. It has a high
success rate after treatment, although nephrotoxicity affects about one-third of patients treated with
it [22]. Membrane transporters, such as MATE-1 and OCT-2, are of great importance for mediating
cellular transport of cisplatin [6]. Our group has recently shown that PPAR-α, a transcription
factor highly expressed in the kidneys, which controls lipid metabolism and glucose homeostasis,
interacts with both MATE-1 and OCT-2 [20]. The modulation of both membrane transporters should
be better explored for the use of therapies that can reduce nephrotoxicity in cisplatin-treated patients.

Our data shows that PPAR-α deletion attenuates cisplatin-induced nephrotoxicity, mainly by
modulating the expression of the membrane transporter responsible for cisplatin extrusion from the
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kidneys. We have previously shown that restoration of MATE-1 expression after cisplatin nephrotoxicity
is very important to decrease platinum accumulation in renal tissue [17].

Here, we show that PPAR-α deficiency was capable of reversing renal dysfunction by decreasing
serum creatinine and urea levels induced by cisplatin treatment. Kidney injury molecule-1 (KIM-1)
is known to be a biomarker of renal proximal tubular injury and is markedly upregulated after
acute kidney injury [23–25]. The production and release of neutrophil gelatinase-associated lipocalin
(NGAL) from tubular cells after renal damage are increased and it has been a useful biomarker for
assessing the severity of kidney injury [26,27]. In order to confirm that PPAR-α deletion protects
against renal damage, we performed qPCR for KIM-1 and NGAL and found that cisplatin treatment
exponentially increased these markers in renal tissue, while PPAR-α knockout mice attenuated the
increasement of this kidney damage markers after cisplatin exposure. In addition to direct cellular
toxicity, inflammation plays an important role in cisplatin nephrotoxicity. Over the years, a number of
mediators of inflammatory renal injury have been identified, and inflammatory cytokines have shown
to be increased after cisplatin toxicity [28–30]. TNF-α plays an important role in many infectious and
inflammatory diseases. TNF-α inhibition and deletion reduced cisplatin-induced renal injury and
increased survival rates after its administration [28]. In our study, we observed that cisplatin treatment
increased proinflammatory cytokines and that PPAR-α knockout mice can reverse it.

Multiple pathways and molecules are involved in cisplatin-induced nephrotoxicity and apoptosis
is observed after cisplatin administration [31,32]. Apoptosis may occur in cisplatin treatment by
activation of apoptotic pathways, such as intrinsic mitochondrial pathway and extrinsic pathway
activated by death receptors [1,33,34]. TNFR-2 mediates apoptosis in cisplatin-induced injury and is
one of the death receptors of the extrinsic pathway [35]. Moreover, the Bax/Bcl-2 ratio can be used
to determine the intrinsic pathway of apoptosis [33,34]. Cisplatin treatment induced upregulation
of TNFR-2 and Bax/Bcl-2 ratio, while PPAR-α knockout mice are protected against this upregulation.
We confirmed apoptosis by analysis of cleaved caspase-3, which is the executioner caspase. In addition
to apoptosis, necrosis is commonly observed with cisplatin treatment. Indeed, our cisplatin treatment
presented huge histological changes of acute tubular necrosis, while PPAR-α deletion was able to
avoid it.

As PPAR-α ablation attenuates renal dysfunction, renal injury, inflammatory- and apoptosis-related
markers, we further investigated if organic transporters may be involved in PPAR-α deficiency
protection. We found that cisplatin induced downregulation of both MATE-1 and OCT-2 in renal tissue,
while PPAR-α knockout mice restored the expression of both membrane transporters, important to
note that this effect in WT mice may also be related with destruction and loss of tubules. MATE-1 is
an important membrane transporter, responsible for cisplatin extrusion from the kidney into the
urine [7,14], and its deletion exacerbates cisplatin nephrotoxicity [16]. Indeed, our data corroborates
the study by Oda et al. who observed decreased OCT-2 and MATE-1 protein levels in renal tissue after
cisplatin treatment. Decreased OCT-2 expression can delay platinum incorporation and diminished
MATE-1 expression can increase platinum accumulation in renal cells; therefore, reduced expression of
both transporters appears to enhance cisplatin accumulation in renal tissue [36]. We have previously
shown that restored MATE-1 expression in renal tissue is important to decrease the renal toxicity
induced by platinum accumulation [17]. In silico prediction of binding sites provides evidence that
PPAR-α response elements (PPRE) regulate MATE-1 [37]. In addition, PPAR-α has been shown to
regulate the transcription of OCT-2 gene: co-transfection of OCT-2 luciferase reporter construct with
PPRE leads to a 10-fold increase in transcriptional activity [36]. Moreover, we found that PPAR-α
knockout mice present reduced expression of OCT-2 and increased expression of MATE-1, which lead
to less cisplatin available to enter renal cells and increase the capacity to extrude cisplatin from cells
into urine.

Interestingly past works show that PPAR-α activation promotes protection in different models of
kidney injury [33,38–44]. Indeed, its well stablish that increasement of lipid metabolism is beneficial
in several models of diseases [45–47]. However, not much is discussed regarding other metabolic
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pathways compensation due to impaired lipid metabolism in PPAR-α deficiency. Further studies are
required to better elucidated these mechanisms of metabolic compensation that drive PPAR-α deletion
to promote protection against cisplatin nephrotoxicity.

Here, we show for the first time that PPAR-α deletion is capable of attenuating cisplatin-induced
nephrotoxicity and that this is due to the restoration of both MATE-1 and OCT-2 expression,
thus suggesting that increases cisplatin extrusion from the kidneys into the urine and decreases
the direct toxicity caused by cisplatin accumulation in renal cells.

4. Materials and Methods

4.1. Animals

Littermates wild-type (WT, C57/BL6J) and PPAR-α knockout (PPARα KO, B6; 129S4-Pparatm1Gonz/J,
Jackson laboratory) male mice weighing 23–27 g and aged 10–14 weeks were used for these
experiments. The animals were obtained from the Animal Care Facility of the Federal University of
São Paulo (UNIFESP). All animals were housed in individual, standard cages and had free access
to water and food. All procedures were previously reviewed and approved by the internal ethics
committee of the Federal University of São Paulo (CEUA 6823010319 issued on 5 June 2019).

4.2. Experimental Protocol

The mice were divided into 3 groups for each experiment: vehicle group (VEH), cisplatin
(CP)-treated group and PPARα KO + cisplatin (CP PPARKO)-treated group. We used n = 5–6 for each
experiment and condition, experiments were repeated 2 to 3 times.

4.3. Cisplatin Treatment

Single doses of cisplatin (20 mg/kg—Bergamo, Taboão da Serra, Brazil) were injected intraperitoneally.
Tissues and blood were collected 96 h after injection. Vehicle group animals received 0.9% NaCl
intraperitoneally at same volume as cisplatin.

4.4. Blood Sampling and Kidney Collection

The mice were anesthetized with ketamine (91 mg/kg) and xylazine (9.1 mg/kg) intraperitoneally
and blood was collected via heart puncture. Blood was allowed to clot for 2 h at room temperature
and then centrifuged for 20 min at 2000× g. The samples were stored at −20 ◦C. Kidney tissue was
collected, and renal capsule was removed. Transversal cuts were performed, and the kidneys were
stored at −80 ◦C.

4.5. Renal Function

Serum creatinine and urea levels were used to determine renal function. Samples were analyzed
using commercially available colorimetric assay kits (Labtest, Lagoa Santa, Brazil).

4.6. RNA Extraction and RT-qPCR

Whole kidney total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA).
The RNA integrity was assessed by electrophoresis on an agarose gel. cDNA was synthesized using
the “High Capacity cDNA Reverse Transcription Kit” (Applied Biosystems, Foster City, CA, USA).
Standard curves were plotted to determine the amplification efficiency for each primer pair.
Real-time PCR was performed using two systems: TaqMan system (Applied Biosystems, Carlsbad, CA)
using probes for IL-6 (mm00446190-m1), YWHAZ (mm03950126-s1) and GAPDH (mm99999915-g1);
and SYBR Green system (Thermo Scientific, Waltham, MA, USA) using specific primers for β-actin, 18s,
IL-1β, NGAL, KIM-1, BAX, BCL-2, TNFR-2, TNF-α, OCT-2 and MATE-1; the primers were designed
using primer3 web and their specificity was confirmed using NCBI primer-BLAST; their sequences are
shown in Table 2. The cycling conditions for both TaqMan and SYBR Green reactions were as follows:
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10 min. at 95 ◦C, followed by 45 cycles of 30 s at 95 ◦C, 30 s at 60 ◦C and 30 s at 72 ◦C. Target mRNA
expression was normalized to both housekeeping genes, β-actin and 18s for SYBR and to YHWHAZ
and GAPDH for TaqMan and expressed as a relative value using the comparative threshold cycle (Ct)
method (2−ΔΔCt). The expression levels of the genes of interest were normalized to the vehicle group
and presented as fold change.

Table 2. Sequences of the primers used for real-time PCR assays.

Primers for RT–PCR xxx xxx

Gene Forward 5′-3′ Reverse 5′-3′

18S CGC CGC TAG AGG TGA AAT TC TCT TGG CAA ATG CTT TCG C

β-actin CTG GCC TCA CTG TCC ACC TT CGG ACT CAT CGT ACT CCT GCT T

BAX CGG CGA ATT GGA GAT GAA CTG GCA AAG TAG AAG AGG GCA ACC

BCL-2 ACC GTC GTG ACT TCG CAG AG GGT GTG CAG ATG CCG GTT CA

IL-1β AGG AGA ACC AAG CAA CGA CA CGT TTT TCC ATC TTC TTC TTT G

KIM-1 TGT CGA GTG GAG ATT CCT GGA TGG T GGT CTT CCT GTA GCT GTG GGC C

MATE-1 AGG CCA AGA AGT CCT CAG CTA TT ACG CAG AAG GTC ACA GCA AA

NGAL ATG TGC AAG TGG CCA CCA CG CGC ATC CCA GTC AGC CAC AC

OCT-2 AGC CTG CCT AGC TTC GGT TT TGC CCA TTC TAC CCA AGC A

TNF-α GCC TCT TCT CAT TCC TGC TTG CTG ATG AGA GGG AGG CCA TT

TNFR-2 GTC GCG CTG GTC TTC GAA CTG GGT ATA CAT GCT TGC CTC ACA GTC

4.7. Tubular Injury Analyses

The kidneys were fixed in 10% formaldehyde and then dehydrated and embedded in paraffin.
Sections (4 μm) were cut and stained with hematoxylin–eosin. At least six subcortical fields were
visualized and analyzed for each mouse using a (Zeiss, Oberkochen, Germany) microscope at a
200×magnification. Tubular injury score was determined based on the percentage of tubules showing
luminal casts, cell detachment or dilation and assigned according to the following scale: 0 = 0 to 5%,
1 = 6 to 25%, 2 = 26 to 50%, 3 = 51 to 75% and 4 > 75%.

4.8. Kidney Extraction and Sectioning

The kidney was harvested and then cryoprotected for additional 2 days by immersion in 30%
sucrose at −20 ◦C. Acetone-fixed cryosections (7 μm; Cryostat-Leica Biosystem, Wetzlar, Germany))
were mounted for immunofluorescence analysis.

4.9. Immunofluorescence

The immunofluorescence was performed according to Cavalcante et al. 2019 [48]. Briefly, after fixed
with −20 ◦C acetone the kidney sections were incubated with primary mouse anti-cleaved caspase-3
antibody (1:300, Cell Signaling, Danvers, MA, USA #9661S), anti-MATE-1 antibody (1:200, Santa Cruz,
Dallas, TX, USA, sc-138983) or anti-OCT-2 antibody (1:250, Boster Bio, Pleasanton, CA, USA, PB9394)
overnight at 4 ◦C. Nonspecific binding was controlled by replacing a negative control with the
primary antibody. After this, the sections were incubated with Alexa Fluor 488 anti-rabbit (1:300,
Thermo Fisher, #A11034) during 2 h. The nuclei were stained with DAPI (1:2000, Thermo Fisher,
#D1306). Finally, the slices were coverslipped in Mowiol (Sigma-Aldrich, San Luis, MO, USA) mounting
media. Sections were imaged in Zeiss fluorescence microscope (Zeiss, Oberkochen, Germany) using a
488 nm excitation. During the microscopic analysis, an overview was performed to qualify the slides,
then 10 images were acquired employing a 10× objective, and finally, a representative image was
acquired using a 20× objective. The fluorescence intensity was analyzed using ImageProPlus software
(version 4.0) and the results were presented as fluorescence intensity/area. Pictures were taking using
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exactly the same illumination conditions. It is worth to note that all these procedures were performed
in a double-blind manner.

4.10. Statistical Analysis

All data are presented as mean ± SEM. Intergroup differences significance was assessed by one-way
analysis of variance (ANOVA) with the Tukey’s correction for multiple comparisons. The value for
statistical significance was established at p< 0.05. All statistical analyses were performed using GraphPad
Prism 8 (GraphPad, La Jolla, CA, USA).
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Abbreviations

CP Cisplatin
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
KIM-1 Kidney injury molecule-1
MATE-1 Multidrug and toxin extrusion protein 1
NGAL Neutrophil gelatinase-associated lipocalin
OCT-2 Organic cation transporter-2
PPAR-α Peroxisome-proliferator-activated receptor alpha
PPARKO Peroxisome-proliferator-activated receptor alpha knockout
PPRE Peroxisome-proliferator-activated receptor alpha response elements
TNF-α Tumor necrosis factor alpha
TNFR-2 Tumor necrosis factor alpha receptor-2
VEH Vehicle control group
BAX B-cell lymphoma 2 associated x protein
BCL-2 B-cell lymphoma 2
WT Wild-type
YWHAZ 14-3-3 protein zeta/delta
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Abstract: Extrapolation from animal to human data is not always possible, because several
essential factors, such as expression level, localization, as well as the substrate selectivity and
affinity of relevant transport proteins, can differ between species. In this study, we examined the
interactions of drugs and pesticides with the clinically relevant organic cation transporter hOCT1
(SLC22A1) in comparison to the orthologous transporters from mouse and rat. We determined
Km-values (73 ± 7, 36 ± 13, and 57 ± 5 μM) of human, mouse and rat OCT1 for the commonly used
substrate 1-methyl-4-phenylpyridinium (MPP) and IC50-values of decynium22 (12.1 ± 0.8, 5.3 ± 0.4,
and 10.5 ± 0.4 μM). For the first time, we demonstrated the interaction of the cationic fungicides
imazalil, azoxystrobin, prochloraz, and propamocarb with human and rodent OCT1. Drugs such as
ketoconazole, clonidine, and verapamil showed substantial inhibitory potential to human, mouse,
and rat OCT1 activity. A correlation analysis of hOCT1 versus mouse and rat orthologs revealed
a strong functional correlation between the three species. In conclusion, this approach shows that
transporter interaction data are in many cases transferable between rodents and humans, but potential
species differences for other drugs and pesticides could not be excluded, though it is recommendable
to perform functional comparisons of human and rodent transporters for new molecular entities.

Keywords: solute carrier (SLC) family; OCT1; SLC22A1; species differences; drugs; pesticides

1. Introduction

Numerous hydrophilic compounds require membrane transporters to surmount the plasma
membrane of cells. Members of the ATP-binding cassette (ABC) as well as transporters belonging to
the solute carrier (SLC) transporter superfamily facilitate the cellular entry or exit of small organic
molecules. The driving force for ABC transporter-mediated efflux is provided by ATP hydrolysis,
classifying the ABC transporters as primary active. The SLC transporters translocate their substrate
through the plasma membrane by electrochemical gradients. Thus, they are secondary or tertiary
active transporter. The organic cation transporter 1 (OCT1) is the first member of the SLC22 subfamily
(SLC22A1). In 1994, rOct1 was initially identified from rat kidney and encoded 556 amino acids [1,2].
In the following years, several mammalian OCT1 orthologs from human, mouse and rabbit were
identified [3,4]. Human OCT1 consists of 554 amino acids and shares 78% sequence identity with
both mouse and rat Oct1. Human OCT1 is highly expressed in the liver [3,4], where it is located
in the sinusoidal membrane of hepatocytes [5]. In rodents, Oct1 is expressed not only in the liver
but also highly in the kidney, small intestine, and lung [6]. In the small intestine, OCT1 is localized
at the luminal membrane of enterocytes [7,8], in contrast to the basolateral expression of OCT1 in
hepatocytes. In the human liver, the highest expression of membrane transporters was demonstrated
for hOCT1 [9]. OCT1 mediates the uptake of cationic substrates from the sinusoid into hepatocytes
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and contributes to the first step of hepatic excretion of endogenous as well as exogenous cationic
compounds. In humans, OCT1 enables the reabsorption of organic cations from primary urine,
unlike rodent Oct1, which is expressed on the basolateral membrane of proximal tubule cells [10]. As a
multi-specific transporter, OCT1 translocates structurally different endogenous as well as exogenous
substrates such as choline, corticosterone, acetylcholine, guanidine, and drugs such as metformin,
atropine, ranitidine, cisplatin derivates, sumatriptan, morphine, as well as toxins, such as aflatoxin B1,
monocrotaline, and ethidiumbromide [8,9,11,12].

Human OCT1 is one of around ten SLC and ABC transporters selected by the Food and Drug
Administration (FDA) and European Medicines Agency (EMA) [13] to be tested as part of drug approval,
because of their clinical relevance as drug and toxin transporters and the possible involvement in
drug–drug interactions (DDI). The initial toxicity as well as pharmacokinetic studies in early drug
development are accomplished mainly in laboratory animals, particularly in rodents. Generally,
mice and rats are the species of first choice in drug development, since their organisms are very similar
to that of humans in many respects, but side effects, such as nephrotoxicity or hepatotoxicity, which have
not been observed in animal experiments on rodents occur repeatedly in humans. Therefore, the data
generated from animals could not always be extrapolated to humans. For example, troglitazone showed
severe hepatotoxic effects in man that had not been observed in regulatory animals [14], which could
be due to adverse effects in drug-induced liver injury caused by species-specific susceptibilities [15].
The reasons for the species differences also include physiological parameters in which mice and humans
differ, such as body weight and organ-specific excretionn processes in the kidney and the liver. Drugs
excreted via the liver encounter different physiological parameters, such as species differences in biliary
excretion. The bile flow in rats and mice is 90 and 100 mL/day/kg, respectively, whereas the bile flow
in humans is 5 mL/day/kg [16]. Anatomically, humans and mice can store the bile in the gallbladder,
whereas rats do not have a gallbladder and therefore continuously excrete the bile into the intestine.
The biliary excretion of endogenous as well as exogenous compounds, such as drugs, is dependent on
the activity of SLC and ABC transporters. Membrane transporters play a pivotal role in the absorption,
distribution, metabolism, and elimination (ADME) of drugs. Therefore, it is crucial to compare the
data generated from rodents with humans in in vitro assays to evaluate the impact of the transporter
to DDI for humans during the potential use in therapy. Dresser et al. demonstrated species-dependent
differences in the interaction of OCT1 with n-tetraalkylammonium derivatives [6,17].

The aim of this project was to figure out as to what extent species differences play a role in the
transport function of OCT1. For that, we carried out interaction studies of chemical substances with
hOCT1, rOct1, and mOct1 under the same conditions. As the first part of this project, we compared
the affinity of the known substrate 1-methyl-4-phenylpyridinium (MPP) and the inhibition data of
the known inhibitor decynium22 toward hOCT1 with the data of the orthologous mouse and rat
Oct1. While in the second part, we correlated the hOCT1 interaction data of several drugs and also of
pesticides with the data of mouse and rat Oct1. In this context, the involvement of the SLC transporter
OCT1 in the interaction with pesticides ought to be examined to compare a broad spectrum of chemical
entities that humans are exposed to. The interaction of a vast number of drugs with OCTs is intensively
investigated. In contrast, the interaction of pesticides with SLC transporters, and particularly with
OCTs, is barley examined, despite the increasing interest from regulatory authorities and producers of
pesticides. In this project, we elucidated the impact of pesticides in the inhibition of OCT1, since these
compounds could be involved in pesticide–drug interactions.

Hundreds of pesticides are used worldwide in agricultural holdings and large agricultural
industries. To avoid or minimize the exposure of employees and consumers to pesticides, there are
internationally harmonized definitions of the Maximum Residue Level (MRL) of pesticides in foodstuffs
as well as the tolerable daily intake for humans as Acceptable Daily Intake (ADI). These parameters
help to control the potential chronic toxicity by continued intake of foodstuffs contaminated with
pesticides. The ADI is obtained by feeding rats certain amounts of pesticides through their food
for a very long time. If the rats tolerate this chemical without any health consequences, the daily
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allowable dose (ADI) is achieved in mg of active substance per kg of body weight per day. For safety
reasons, the permitted daily dose for humans should be only 1% of the permitted daily dose for
rats. Nevertheless, the pharmacokinetics or ADME processes of several pesticides in humans and the
involvement of membrane transporters in the liver and kidney, which are crucial for the absorption,
elimination, and DDI, are not well understood. Therefore, the additional intention of this work was
to expound the interaction of human OCT1 with pesticides and to correlate with the mouse and
rat Oct1 interaction. Important parameters suh as ADI are generated by the exposure of animals
to these chemical entities to prevent the potential pesticide toxicity to humans. Hence, it is very
important to compare the interaction of the membrane transporter with pesticides across different
species, particularly with rodents.

2. Results

2.1. Functional Characterization of Human, Mouse, and Rat OCT1

To compare the fundamental functional characteristics of human, mouse, and rat OCT1 under
comparable conditions in stable transfected HEK293 cells, initial hOCT1-, mOct1-, and rOct2-mediated
time-dependent uptake experiments were performed. Using MPP as substrate, the uptake into
OCT1-HEK cells was measured over a period of 0.5 to 20 min, as shown in Figure 1. The MPP uptake
facilitated by hOCT1, mOct1, and rOct1 increased linear up to 3 min and was saturated at 10 min
for all species. Initial 1 min uptake of hOCT1-HEK, mOct1-HEK and rOct-HEK cells was 20.3-, 15.6-,
and 14.3-fold higher than the uptake of the control cells; therefore, further MPP uptake experiments
were terminated for all OCT1 transporters at 1 min.

Figure 1. Time dependent uptake of 3H-MPP in (A) hOCT1-, (B) mOct1-, and (C) rOct1-HEK293 cells.
Human, mouse, and rat organic cation transporter 1 (OCT1) transfected HEK293 cells were incubated
for increasing time points at 37 ◦C in the presence of labeled 3H-1-methyl-4-phenylpyridinium (MPP)
(2 nM), in case of hOCT1 and mOct1 the concentration was filled up to 10 μM with unlabeled MPP.
Each data point represents the mean of two or three independent experiments ± average deviation.
Experiments were carried out in triplicates.

To determine and compare the affinity of hOCT1, mOct1, and rOct1 in the same expression system
and under the same experimental conditions, concentration-dependent MPP uptake was conducted.
In transporter-transfected and vector-transfected HEK293 cells, we measured the uptake of MPP in
a transport buffer containing 2 nM [3H]-labeled MPP in the presence of increasing concentrations
of non-labeled MPP. The Km value of hOCT1, mOct1, and rOct1 were determined to be 73 ± 7 μM,
36 ± 13 μM, and 57 ± 5 μM, as shown in Figure 2A–C, respectively. The substrate turnover calculated
as the Vmax value of mOct1 (1423 ± 124 pmol/mg/min) and rOct1 (2740 ± 63 pmol/mg/min) was
inconsiderably (<2.5-fold difference) lower than the Vmax value of hOCT1 (3498 ± 103 pmol/mg/min)
for MPP.
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Figure 2. Kinetics of (A) hOCT1-, (B) mOct1-, and (C) rOct1-mediated 3H-MPP transport. Human,
mouse, and rat OCT1-transfected HEK293 cells were incubated for 1 min at 37 ◦C in the presence
of labeled (2 nM) and increasing concentrations of non-labeled MPP. Net uptake was fitted to the
Michaelis–Menten equation to obtain the affinity constant Km and maximum transport velocity Vmax

by non-linear regression analysis using Sigma Plot 13.0 software. Each data point represents the mean
of two independent experiments ± average deviation. Experiments were carried out in triplicates.

Decynium22 is a well-known, high-affinity inhibitor of OCT1, OCT2, and OCT3 [2,17,18].
To our knowledge, there are no systematical studies under the same conditions to evaluate the
concentration-dependent inhibition of hOCT1, mOct1, and rOct1 by decynium22. For further
functional characterization and comparison of the three species, the inhibitory potential of the
increasing decynium22 concentrations on OCT1-mediated uptake of MPP was measured, and the IC50

value of decynium22 for hOCT1, mOct1, and rOct1 was calculated to be 12.1 ± 0.8 μM, 5.3 ± 0.4 μM,
and 10.5 ± 0.4 μM (Figure 3).

 

Figure 3. Inhibitory effects of decynium22 on (A) hOCT1-, (B) mOct1-, and (C) rOct1-mediated
3H-MPP transport in stable transfected HEK293 cells. Uptake of MPP at Km value was measured in
the presence of increasing concentrations of decynium22 (1–100 μM). Each data point represents the
mean inhibitory effect (%) calculated from the net-uptake of two independent experiments ± average
deviation. Each experiment was carried out in triplicates. IC50 values were calculated by sigmoidal
3Hill analysis using Sigma Plot 13.0 software.

2.2. Comparison of the Interaction of hOCT1, mOct1, and rOct1 with Drugs and Pesticides

After the basic functional validation, a comparison of hOCT1, mOct1, and rOct1 interaction with
fifteen drugs from different classes of compounds used for specific therapeutic targets as well as nine
pesticides frequently applied in agricultural industries were evaluated.

Inhibition assays towards human OCT1, mouse Oct1, and rat Oct1 were conducted to compare
the species-dependent interaction of ketoconazole, clonidine, verapamil, quinine, elacridar, quinidine,
procainamide, ritonavir, ranitidine, zosuquidar, metformin, amiodarone, cimetidine, cyclosporine
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A, and reserpine. The OCT1-facilitated MPP uptake was inhibited in the presence of 10 or 100 μM
of each drug. Ketoconazole, clonidine, verapamil, quinine, elacridar, quinidine, and procainamide
inhibited the transport activity of hOCT1, mOct1, and rOct1 at 100 μM by more than 50%. The seven
above-mentioned drugs showed high, comparable, and species-independent inhibitory effects on
hOCT1, mOct1, and rOct1, as depicted in Table 1. Slight differences at a very low level were observed,
for example, for ritonavir and zosuquidar. Ritonavir demonstrated at 100 μM a reduction in rOct1- and
hOCT1-mediated MPP uptake to 78% and 61%. In contrast, ritonavir stimulated at 100 μM the mOct1
transport activity by up to 16%. Zosuquidar revealed the low inhibition of the hOCT1-facilitated
transport of MPP and no inhibition of rOct1 but a slight (23%) stimulation of the MPP uptake by mOct1.
However, neither of the drugs showed clear interaction differences between human, mouse, and rat
OCT1 transport activity.

Table 1. Inhibitory effects of various cationic drugs to human, mouse and rat OCT1-mediated
3H-MPP uptake.

Drugs (15) Type of Drug
Charge at

pH 7.4

Inhibitory Effects (%)
hOCT1 mOct1 rOct1

10 μM 100 μM 10 μM 100 μM 10 μM 100 μM

Ketoconazol * antifungal 82% uncharged
18% cation 47 83 46 74 43 75

Clonidine hypertension 100% cation 73 83 72 82 62 80
Verapamil * class IV antiarrhythmic agent 100% cation 39 82 29 64 29 64
Quinine * anti malaria 100% cation 20 59 −7 50 −1 44
Elacridar tumor drug resistance 100% cation 31 57 61 76 53 70

Quinidine * class I antiarrhythmic agent 100% cation 13 53 −5 46 19 37
Procainamide * class I antiarrhythmic agent 100% cation 10 43 −5 58 21 58

Ritonavir * antiretroviral HIV 100% cation 17 39 8 −16 17 22

Ranitidine * H2 histamine receptor
antagonist 100% cation 10 38 −12 12 11 45

Zosuquidar antineoplastic drug 37% uncharged
63% cation 2 20 −4 −23 0 4

Metformin * type 2 diabetes 100% cation 11 13 12 9 −19 −4
Amiodarone * class III antiarrhythmic agent 100% cation 9 10 −29 9 −25 1

Cimetidine * H2 histamine receptor
antagonist

75% uncharged
25% cation 8 9 −25 21 19 20

CyclosporinA * immunsuppressant 100% cation 10 7 −27 6 −15 8

Reserpine hypertension 70% uncharged
30% cation 7 6 −12 2 −17 12

* Asterisks show the compounds which are already published to interact with hOCT1 but not with all rodent
Oct1 [8,19,20].

The following pesticides were examined to elucidate their inhibitory potential on the OCT-mediated
MPP uptake: imazalil, propamocarb, azoxystrobin, prochloraz, atrazin, amitraz, glyphosate,
imidacloprid, and paraquat. The highest inhibition of OCTs was observed with imazalil, propamocarb,
and azoxystrobin. They reduced the transporter-mediated uptake of MPP in the presence of 100 μM
by 50% or more. The other pesticides showed no or only slight inhibitory effects. Some pesticides
showed stimulation of OCT1-mediated MPP uptake, as summarized in Table 2. None of the pesticides
demonstrated a clear differential species-dependent interaction within human, mouse, and rat OCT1
transport activity.

59



Int. J. Mol. Sci. 2020, 21, 6871

Table 2. Inhibitory effects of various pesticides to human, mouse and rat OCT1 mediated
3H-MPP uptake.

Pesticides (n = 9)
Type of

Pesticide
Charge at pH 7.4

Inhibitory Effects (%)
hOCT1 mOct1 rOct1

10 μM 100 μM 10 μM 100 μM 10 μM 100 μM

Imazalil fungicide 81% uncharged 19% cation 56 84 84 97 68 92
Propamocarb fungicide 100% uncharged 9 49 29 63 24 57
Azoxystrobin fungicide 100% uncharged 17 44 −2 49 0 42

Prochloraz fungicide 100% cation 14 42 29 28 25 33
Atrazin herbicide 100% uncharged −8 15 −1 1 −65 −33
Amitraz insecticide 100% cation 8 12 −23 21 −30 10

Glyphosat herbicide 73% anion 27% ± charge 1 7 −9 22 −52 −19
Imidacloprid insecticide 100% ± charge 4 1 23 −9 −5 −36

Paraquat * herbicide 100% cation 0 −1 17 −9 1 −35

* The asterisk shows the compound which is already published to interact with hOCT1 but not with all rodent
Oct1 [21].

Correlation analyses were carried out to visualize the interaction studies performed with drugs
and pesticides toward hOCT1-, mOct1-, and rOct1-transfected HEK293 cells. The inhibitory effect of
fifteen drugs and nine pesticides at both concentrations was plotted to evaluate interaction outcome of
two transporters of different species. The Figure 4A–C present the functional correlation of hOCT1
versus mOct1, hOCT1 versus rOct1, and mOct1 versus rOct1. The correlation coefficient R2 of all three
plots was higher than 0.7, representing a good functional correlation of OCT1 within the species.

Figure 4. Scatter plot analysis correlating inhibitory effects of (A) hOCT1 and mOct1, (B) hOCT1 and
rOct1, and (C) mOct1 and rOct1. The correlation coefficient R2 value for all three combinations is higher
than 0.7, indicating a good correlation between species. Data points represent mean and standard
deviation of one individual experiment. Mean values in detail are presented in Tables 1 and 2.

Furthermore, to compare the drug and pesticide interaction of human OCT1 with other members
of organic cation transporters belonging to the SLC22A and SLC47A (hOCT2 and hMATE1) families,
additional inhibition studies with drugs and pesticides were performed. The hOCT2-mediated MPP as
well as hMATE1-mediated metformin uptake was inhibited at 10 and 100 μM of fourteen cationic drugs
and nine mainly cationic pesticides. The inhibition studies were measured in stable transfected HEK293
cells at comparable conditions. As shown in Table 3, decynium22 revealed transporter-dependent
high inhibition down to 3% to 10% of metformin or MPP uptake by hMATE1, hOCT1, and hOCT2.
The highest inhibition of hOCT1, hMATE1, and hOCT2 at 100 μM of pesticides was achieved with
imazalil to 16%, 17%, and 39% remaining transporter activity.
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Table 3. Inhibitory effects of various cationic drugs to hOCT1- and hOCT2-mediated 3H-MPP uptake
and MATE1-mediated 14C-metformin uptake.

Drugs (14)
Inhibitory Effects (%)

hOCT1 hOCT2 hMATE1
10 μM 100 μM 10 μM 100 μM 10 μM 100 μM

Decynium22 * 87 90 42 90 76 97
Clonidine 73 83 69 80 24 60

Ketoconazol * 47 83 33 64 87 98
Verapamil * 39 82 35 43 44 82

Elacridar 31 57 −5 14 42 71
Quinidine * 13 53 0 24 11 24

Procainamide * 10 43 22 38 22 30
Ritonavir * 17 39 15 24 69 91
Ranitidine * 10 38 9 30 19 76
Zosuquidar 2 20 −19 14 23 65
Metformin * 11 13 10 6 5 36

Amiodarone * 9 10 9 19 1 12
CyclosporinA 10 7 −26 −27 18 6

Reserpine 7 6 3 8 72 83

* Asterisks show the compounds which are already published to interact with hOCT1 but not with all rodent
Oct1 [8,19,20].

The correlation analyses of the drug and pesticide interaction with hOCT1 versus hOCT2,
as plotted in Figure 5A, shows with a correlation coefficient R2 of 0.67 a good correlation for the selected
compounds. Yet, for a few compounds (e.g., elacridar), there is no clear correlation between hOCT1
and hOCT2 (see Table 3).

Human OCT1 and MATE1 show for a few compounds inhibitory effects at the same level, e.g.,
imazalil at a very high level (83%), and amitraz at a very low level (12%) (see Table 4). However,
the inhibitory effects of a large number of the compounds do not reveal a functional correlation of
hOCT1 and hMATE1, as presented in Figure 5B. The calculated functional correlation coefficient R2

was 0.45, which is remarkably lower than the coefficient between the OCT1 species or between hOCT1
and hOCT2.

Table 4. Inhibitory effects of various pesticides to hOCT1- and hOCT2-mediated 3H-MPP uptake and
MATE1-mediated 14C-metformin uptake.

Pesticides (9)

Inhibitory Effects (%)
OCT1 OCT2 MATE1

10 μM 100 μM 10 μM 100 μM 10 μM 100 μM

Imazalil 56 84 39 61 33 83
Propamocarb 9 49 24 54 22 25
Azoxystrobin 17 44 33 38 27 68

Prochloraz 14 42 32 33 7 70
Atrazin −8 15 1 10 18 32
Amitraz 8 12 9 27 −11 12

Glyphosat 1 7 12 2 −1 14
Imidacloprid 4 1 −3 19 −8 29

Paraquat * 0 −1 −6 −4 3 4

* The asterisk shows the compound which is already published to interact with hOCT1 but not with all rodent
Oct1 [21].
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Figure 5. Scatter plot analysis correlating inhibitory effects of (A) hOCT1 vs. hOCT2, (B) hOCT1 vs.
hMATE1, (C) and hOCT2 vs. hMATE1. The correlation coefficient R2 value for the combination hOCT1
vs. hOCT2 is near 0.7, indicating a good correlation between cation transporters, while the combination
hOCT1 vs. hMATE1 shows only an R2 value of 0.45 and for hOCT2 vs. hMATE1 R2 = 0.27. Data points
represent mean and standard deviation of one individual experiment. Mean values are presented in
detail in Tables 3 and 4.

3. Discussion

Laboratory animals are indispensable tools in the initial preclinical drug development and
evaluation of the pharmacokinetics of new molecular entities (NMEs). In vivo, they deliver pivotal
data in terms of toxicity and achievement of the therapeutic target as well as ADME. The parameters
received from animal experiments reflect the systemic performance of the compound after treatment.
Additional in vitro experiments are crucial to address specific interactions of NME with metabolizing
enzymes, target proteins, permeability of the plasma membrane as well as transporter proteins,
which mediate the intake or the release of the compounds for the cells. Therefore, the potential species
differences should also be considered in the in vitro experimental setups.

The objective of this study was to compare the drug and pesticide interaction with human and
rodent organic cation transporter 1 (OCT1; SLC22A1). There are several studies demonstrating the
interaction of drugs with human, mouse and rat OCT1. Nevertheless, the direct comparison of the
data is difficult, since most of the results are generated with different expression systems, substrates,
and experimental conditions. Consequently, in our study, functional characterization and validation
of the stable in HEK293 cell transfected human, mouse, and rat OCT1 was carried out, starting with
the time-dependent MPP uptake, where all three transporters were saturated after 10 min and the
linear uptake extended to 3 min. In the first time-dependent functional evaluation of rOct1 and
hOCT1 by injecting cRNA in Xenopus laevis oocytes, a linear uptake of 14C-TEA of 90 min and 120 min
3H-MPP uptake was observed [1]. The substantial difference on the linearity of the uptake in X. laevis
oocytes and HEK293 cells could be the expression of the OCTs in the plasma membrane, which is
not comparable. In several studies, the group of Mladen Tzvetkov demonstrated the linear uptake of
several compounds in OCT1-expressing HEK293 cells within 2 min [9,11,22]. The affinity of the OCT1
transporter different species for specific small molecules could differ within the same expression system,
as demonstrated by Dresser et al. They compared the interaction and affinity of n-tetraalkylammonium
derivates with human, mouse, rat, and rabbit OCT1 expressed in X. laevis oocytes and showed 4-fold
higher affinity of mOct1 to TBA than the hOCT1 [17]. Therefore, it was very important to determine
the affinity of the three transporters to MPP (Km values) under the same conditions. In our study,
the Km values of human and rodent OCT1 were in a comparable range. Nevertheless, the affinities for
mOct1 and rOct1 were slightly higher than the affinity for hOCT1. However, these differences were
not significant according to Student’s t-test (p > 0.05).

This indicates also a study of Gründemann and colleagues [23], where the Km value of
hOCT1-HEK293 cells was determined to be 32 μM, which is 2.2-fold lower than was observed
in our study, even though the experimental conditions were comparable except for the fact that
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the HBSS buffer used in this study contained bicarbonate. Km values of 10 μM and 5.6 μM were
determined for mOct1 and rOct1 expressed X. laevis oocytes [24,25]. For further validation of hOCT1-,
mOct1-, and rOct1-expressing HEK293 cells, the concentration-dependent inhibitory potential of
the well-known OCT inhibitor [6] decynium22 was determined and the Km values were calculated.
Similarly, the IC50 values of decynium22 for hOCT1 and rOct1 were almost the same and mOct1
exhibited 2-fold higher affinity for decynium22 than the human and rat OCT1. In another study,
decynium22 inhibited the MPP uptake in isolated rat hepatocytes as well as in hOCT1-expressing
X. laevis oocytes, with IC50 values of 1.4 and 4.7 μM, respectively [2,26]. The difference on the substrate
and inhibitor selectivity as well as affinity with in the orthologues OCT1 transporter could be the
specific amino acid variation within the amino acid sequence. As very well discussed by Wright and
Dantzler [27] and demonstrated by mutation analysis and the replacement of aspartate 475 to glutamate
(D475E) in rOct1 amino acid sequence, the affinity for methylnicotinamide, tetraethylammonium
(TEA), and choline increased by 4-, 8- and 15-fold, respectively. In contrast, the affinity of the mutant
D475E rOct1 for MPP remained unchanged in comparison to the wild-type rOct1 [28]. Several studies
demonstrated numerous hOCT1 polymorphisms as well as a worldwide genetic variability of hOCT1,
indicating specific polymorphisms M420del could lead to loss-of-function. For example, 9% of the
Caucasian population possesses OCT1 without functional activity [29]. Nevertheless, several SNPs
that prompt a specific amino acid exchange in hOCT1 revealed alternated affinity as well as substrate
or inhibitor selectivity [9,11,22].

To elucidate the interaction of drugs and pesticides with human, mouse, and rat OCT1,
we performed the inhibition of OCT1-mediated uptake of MPP with two concentrations (10 and
100 μM) for each of the 15 drugs and nine pesticides. Seven drugs showed an inhibitory potential with
a reduction of the uptake rate to more than 50%. The highest inhibition for hOCT1 was observed at
100 μM for ketoconazole > clonidine > verapamil > quinine > elacridar > quinidine > procainamide.
Other drugs revealed very low inhibitory effects on hOCT1 activity. Nevertheless, most of the inhibitor
drugs showed comparable inhibition between hOCT1, mOct1, and rOct1, with only slight variation.
The results achieved in this study at 10 μM drug inhibitory potential to hOCT1 in % reflect the published
IC50 values of 2.6–7.4 μM for ketoconazole, 0.6–23 μM for clonidine, 1–13 μM for verapamil, 3.5–96 μM
for quinine, 5–340 μM for quinidine, 15–74μM for procainamide, and 5–34μM for ritonavir [8]. Elacridar
inhibited the OCT1-mediated MPP uptake down to 69% and 39% remaining transport activity at 10 and
100 μM. In this study, we demonstrate, for the first time, the interaction/inhibition of hOCT1, mOct1,
and rOct1 by elacridar (also known as GF 120918), an inhibitor of several ABC-efflux transporters.

Pesticides are, unfortunately, a part of our nutrition. Therefore, the responsible agencies worldwide
try to protect the consumers by setting the Maximum Residue Level (MRL). However, the MRL is
often exceeded accidentally or intentionally [30,31]. Consumers are continually exposed to pesticides,
primarily through residues in foodstuff [32] and by close neighborhood to farms intensively treated
with pesticides, which leads to an intake of pesticides through inhalation as well as through the skin
by contaminated air. Food safety reports 2014 of the German federal office of consumer protection and
food safety as well as the commission of the European community for monitoring of pesticide residues
in plant products confirmed that pesticide residues were found to different extent in several foods
(vegetables). Glyphosate is the most used pesticide worldwide and 4000 exposures were reported by
the US poison center each year. Almost 10% of these cases were intentional (suicide) ingestions [33].
Thousands of accidental and intentional deaths by ingestion of paraquat are also observed. A plasma
concentration of 734 μg/mL was determined in a patient who intentionally ingested glyphosate.
The half-life of glyphosate is 3.1 h [33].

Glyphosate was found in human urine samples possibly as a result of dietary intake or from
occupational use [34]. A urinary excretion study from farm families exposed to glyphosate demonstrated
a maximum concentration of 233 μg/mL [35]. Similarly, paraquat, imazalil, azoxystrobin, atrazine,
amitraz as well as imidacloprid were excreted and identified in urine [36–41]. Prochloraz was not
detected in urine but several of its metabolites were, e.g., 2,4,6-trichlorophenoxyacetic acid, which was
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detected mainly as a glucuronide conjugate [42]. The kidney actively secretes numerous pesticides.
Therefore, several transporter proteins expressed in proximal tubule cells could be involved in the
active secretion of pesticides. The transport of paraquat by hOCT2-expressing HEK cells was reported
recently [21]. The interaction of azoxystrobin, propamocarb, and several other pesticides inhibit the
efflux activity of rabbit Abcg2 at the MRL level [43]. However, the MRL in foodstuff show enormous
concentration differences. For example, propamocarb MRL in cereals is 0.1 mg/kg while in vegetables,
it is 500-fold higher (50 mg/kg). Therefore, we used relatively high concentrations (10 and 100 μM)
of the nine pesticides, which are mainly positively charged at the physiological pH, to elucidate
their inhibitory potential on human, mouse, and rat OCT1. The choice of the high concentrations of
the pesticides for the inhibition of OCT1-mediated MPP uptake enabled us to directly compare the
inhibitory potential of each pesticide to OCT1 activity. The highest species-independent inhibition of
OCT1 was observed for imazalil, followed by propamocarb > azoxystrobin > prochloraz. The hOCT1-,
mOct1-, and rOct1-mediated MPP uptake was decreased between 3% and 75%. The inhibition of OCT1
and OCT2 as well the stimulation of MATE2K by propamocarb was reported by Guéniche et al. (2020),
but the study also confirmed that propamocarb is not a substrate of the cation transporter [44]. To our
knowledge, up to now, there is no data that showed the excretion of propamocarb in urine. Therefore,
OCTs as well as MATE2K are most probably not involved in the renal secretion of propamocarb.
Nevertheless, the detection of imazalil, azoxystrobin, and prochloraz metabolites in urine might be an
active elimination facilitated by the OCTs as well as by MATEs.

Atrazin, amitraz, glyphosat, imidacloprid, and paraquat showed at 100 μM either a marginal
inhibitory effect or a stimulation of OCT1 activity. Several tested compounds, particularly ritonavir,
amiodarone, glyphosate and atrazine, demonstrated a stimulatory effect between 16% and 65%.
Drug-induced cis-stimulation of the reference substrate uptake was observed previously for various
influx as well as for efflux transporters and numerous compounds. Hagos et al. demonstrated 24% to
86% stimulation of OAT3 (SLC22A8) as well as OAT4 (SLC22A11)-mediated estrone sulfate uptake by
melphalan, respectively [45]. Irinotecan caused 93% stimulation of estrone sulfate uptake by OATP1B1
(SLCO1B1), as reported by Marada et al. (2015) [46]. The mechanism behind these phenomena is still
not clear. One possible explanation is the binding of the compound to a specific site of the transporter
which generates a higher turnover for the substrate. The consequence is a higher accumulation of the
reference substrate in the cells even at relatively low concentrations. This modulation of the transporter
is most probably caused by allosteric effects or cooperativity of specific sites within the transporter.

Chen et al. (2007) reported results comparable to our studies concerning the interaction of
paraquat with OCT1 but, in contrast, they demonstrated the transport of paraquat by OCT2, while we
did not observe a significant interaction for paraquat with hOCT2. Since these pesticides did not
interact significantly with OCTs as well as with MATEs, the renal secretion mediated by the cationic
transporter that were examined in this study and are located in the kidney could be excluded. Most of
these pesticides interact with several efflux transporters. Therefore, it would need further studies to
understand the role of SLC transporters in the renal secretion mechanism of the pesticides. In this study,
we evaluated the inhibitory potential of drugs and pesticides to hOCT1-, mOCT1- and rOct1-mediated
uptake of MPP. Based on our data, we cannot deny that some of the drugs and pesticides that showed
an inhibitory potential are also substrates of the OCTs. For a differentiation between inhibitor and
substrate there are several options for further studies: If the substance to be examined is available
radioactively or fluorescently labeled, a direct measurement of the accumulation in the HEK cells is
possible, but the ultimate method to determine the OCT1-mediated uptake of non-labeled drugs and
pesticides is by the HPLC tandem LC–MS/MS method. For a precise understanding of the interaction
of the above-mentioned drugs and pesticides, further OCT1-mediated substrate uptake by LS–MS/MS
analysis are needed.

In conclusion, the present study elucidated, for 26 structurally different and, at pH 7.4,
mainly positively charged compounds, a good functional correlation between human, mouse, and rat
OCT1. Additionally, we found substantial inhibitory potential for three of the selected pesticides with
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OCT1, which was not species dependent. Nevertheless, potential species differences within OCT1
could not be excluded for other drugs and pesticides that were not considered in this study. Hence,
for clinically relevant new molecular entities, it is recommended to perform functional in vivo as well
as in vitro comparisons of the transport in humans and rodents.

4. Materials and Methods

4.1. Material

3H-MPP (1-Methyl-4-phenylpyridinium iodide) and 14C-metformin were purchased from
American Radiolabeled Chemicals Saint louis; Missouri, USA. All non labelled chemicals were
obtained from Sigma-Aldrich, Darmstadt, Germany. For transfection, the following cDNAs were used:
hOCT1 (GeneBank: accession number: NM_003057.2), mOct1 (NM_009202.5), rOct1 (NM_012697.1),
hMATE1 (NM_018242.2), and hOCT2 (NM_003058.3). The hOCT1 cloned has the genotype Ser14,
Arg61, Cys88, Phe160, Gly401,Met408, Met420 and Gly465, which corresponds to the OCT1*1B allele
according to the nomenclature suggested by Seitz et al. [29].

4.2. Transfection and Cell Culture

The respective cDNA of the cation transporters has been cloned into the expression vector
pcDNA5/FRT. Human embryonic kidney (HEK-293-Flp-In) cells (Invitrogen, Darmstadt, Germany)
were transfected using Lipofectamine 2000 (Invitrogen, Darmstadt, Germany) according to the
manufacturer’s protocol. Twenty-four hours after transfection, 175 μg/mL hygromycin B was added to
the medium to select stable clones. After two to three weeks, single colonies were picked and expanded.
The growth medium for stably transfected HEK-293 cells was Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) supplemented with 10% fetal bovine serum (Biochrom, Berlin, Geramny),
1% penicillin (10.000 Units/mL)/streptomycin (10 mg/mL). Cell lines were grown in a humidified
atmosphere containing 5% CO2 at 37 ◦C.

4.3. Transporter Mediated Uptake of Radiolabeled Substrates

For uptake assays, 2 × 105 cells in 0.5 mL growth medium per well were seeded into 24-well plates,
coated with poly-D-lysine and cultured for 3 days. Then, growth medium was aspirated and each
well was rinsed three times with 0.5 mL incubation buffer (HBSS buffer supplemented with 20 mM
HEPES, pH 7.4) and incubated at least 20 min at 37 ◦C as described previously [47]. For hMATE1,
it was necessary to generate an intracellular acidification; therefore, the cells were pre-incubated for at
least 30 min in a 30 mM NH4Cl containing incubation buffer at pH 7.4 and 37 ◦C.

The incubation buffer was removed and 200 μL incubation buffer containing radiolabeled and
non-radiolabeled substances was added to each well and incubated at 37 ◦C for 1 min. After incubation,
the uptake was terminated by aspirating the reaction mixture and washing the cells three times with
0.4 mL ice-cold PBS buffer. Cells were solubilized with 0.6 mL of 1N NaOH overnight. [3H] or
[14C] content was measured after addition of 2.5 mL scintillation solvent (Roti®eco plus, Carl Roth,
Karlsruhe, Germany ) in a Beckmann LS6000 scintillation counter.

To determine the affinity (Km) of MPP as a substrate of organic cation transporter, saturation
experiments at initial rate period were performed as determined in time dependency experiments
(data not shown). Organic cation transporter transfected HEK and empty vector-HEK cells were
incubated for 1 min with 2 nM [3H] MPP and increasing concentrations of non-labeled MPP: 1, 10, 25,
50, 100, 250, 500, and 750 μM. Experiments were conducted on at least two separate days. On each day,
all experiments were performed as triplicates.

4.4. Inhibition Experiments

Inhibition experiments for IC50 determination were performed for 1 min with the known inhibitor
of organic cation transporter, decynium22, at the respective calculated Km-values of MPP (containing

65



Int. J. Mol. Sci. 2020, 21, 6871

2nM 3H MPP). The MPP uptake was cis-inhibited by following concentrations of decynium22: 1, 5,
10, 25, 50, 75, and 100 μM. Experiments were conducted on at least 2 separate days. On each day,
all experiments were performed as triplicates.

For screening experiments, cis-inhibition was carried out in duplicate by measuring the uptake of
the labeled probe substrate in the absence and presence of 10 μM or 100 μM of the respective pesticide
or drug. Transporter- and vector transfected HEK293 cells were incubated for 1 min with 2 nM 3H-MPP
or 1 μM 14C-metformin. Inhibitory effects in percent were calculated from net-uptake.

4.5. Determination of Protein Concentration

The cellular protein amount was determined using a method described by Bradford [48]. On each
experimental day, six wells per cell line of an additional 24-well plate were analyzed in parallel to
the transport experiments. Cell monolayers in 24-well plates were washed three times with 0.5 mL
incubation buffer and afterwards stored at −20 ◦C. For protein determination, the plates were thawed
and each well was incubated for lyses 30–60 min in 100 μL 1× lyses buffer (Promega, Manheim,
Germany ). Cell lysate was filled up with ddH2O to 1 mL per well and mixed thoroughly. The protein
determination was performed in 96-well plates (flat bottom; Sarstedt, Nümbrecht, Germany) in
duplicate. BSA was used as standard for a calibration curve ranging from 50 to 300 μg/mL. A total of
20 μL of BSA standards or 20 μL sample (1:1 diluted in ddH2O) were mixed with 200 μL 1x Bradford
reagent (Carl Roth) per well. After 10–20 min of incubation at room temperature, absorption was
measured at 595 nm (Microplate Reader, Wallac Victor2 Perkin Elmer, Rodgau-Jügesheim, Germany).
A standard curve was plotted from absorbance of 0–300 μg of BSA and the concentration of each test
sample was determined using the standard curve.

4.6. Data Analysis

For the Km calculation of MPP, the transporter-mediated uptake (pmol/mg protein/min) was plotted
against MPP concentrations. The Km and Vmax values were obtained using SigmaPlot 13 by fitting the
Michaelis–Menten equation V = Vmax*[S]/(Km + [S]), where V refers to the rate of substrate transport,
Vmax refers to the maximum rate of substrate transport, [S] refers to the concentration of substrate,
and Km is defined as the concentration of substrate at the half-maximal transport rate. The inhibitory
effect I (%) was calculated according to the formula I(%) = 100 − (Vwith inhibitor*100/Vw/o inhibitor),
and, for the IC50 calculation of the inhibitor, the inhibitory effect I (%) was plotted against inhibitor
concentrations and fitted using a 3-parameter Hill equation with Imax set to 100 using SigmaPlot 13.
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Abstract: Background: Rheumatoid arthritis (RA) is a systemic autoimmune disease in which
synovial fibroblasts (SF) play a key role. Baricitinib and Tofacitinib both act intracellularly, blocking
the ATP-binding side of JAK proteins and thereby the downstream signalling pathway via STAT-3.
Therefore, we investigated the role of organic cation transporters (OCTs) in Baricitinib and Tofacitinib
cellular transport. Methods: OCT expression was analysed in SF isolated from RA and osteoarthritis
(OA) patients, as well as peripheral blood mononuclear cells. The interaction of Baricitinib and
Tofacitinib with OCTs was investigated using quenching experiments. The intracellular accumulation
of both drugs was quantified using LC/MS. Target inhibition for both drugs was tested using Western
blot for phosphorylated JAK1 and STAT3 upon stimulation with IL-6. Results: MATE-1 expression
increased in OASF compared to RASF. The other OCTs were not differentially expressed. The transport
of Baricitinib was not OCT dependent. Tofacitinib; however, was exported from RASF in a MATE-1
dependent way. Tofacitinib and Baricitinib showed comparable inhibition of downstream signalling
pathways. Conclusion: We observed different cellular uptake strategies for Baricitinib and Tofacitinib.
Tofacitinib was exported out of healthy cells due to the increased expression of MATE1. This might
make Tofacitinib the favourable drug.

Keywords: RA; Tofacitinib; Baricitinib; organic cation transporter; MATE1

1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease that predominantly affects synovial
joints, causing progressive polyarthritis, joint destruction and disability [1]. Synovial fibroblasts (SF)
are key players in the development of RA [2]. In healthy synovial joints the synovium is formed of a
few fibroblast layers, which mainly regulate the production of synovial fluid [3]. Fibroblasts also play
a role in the inert immune system, carrying Toll-like receptors and being able to secrete cytokines [4,5].
In RA, fibroblasts evolve a tumour-like phenotype which transforms them to Rheumatoid Arthritis
synovial fibroblasts (RASF) [6]. RASF acquire an aggressive phenotype with increased proliferation,
loss of cell–cell contacts and joint invasiveness, where they secrete proinflammatory cytokines and
interact with other immune and stroma cells to perpetuate the inflammatory reaction [2].

Cytokine signalling is a crucial driver of inflammation processes in RA. Besides tumour necrosis
factor alpha (TNF-α), Interleukin-6 (IL-6) mediates major inflammatory signalling pathways in RA [7].
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Among other cytokines, it predominantly affects the JAK/STAT signalling. Janus kinases (JAKs) are
non-receptor protein tyrosine kinases that consist of JAK1, JAK2, JAK3 and TYK2. IL-6 binds to the
IL-6Rα/gp130 complex that is linked to JAKs [8]. Upon binding of IL-6 to the receptor complex JAKs
get phosphorylated by each other [9]. The cytosolic signal transducer and activator of transcription
proteins (STATs) are able to bind to phosphorylated residues of the JAKs and get phosphorylated as
well. They dimerize, translocate into the cell nucleus and act as transcription factors for the production
of further proinflammatory cytokines, as well as cell differentiation and cell proliferation inducing
factors [8].

Baricitinib and Tofacitinib are both relative new drugs, so called tyrosine kinase inhibitors (TKIs),
approved and recommended by the European League Against Rheumatism (EULAR) for the treatment
of RA [10,11]. These TKIs both act intracellularly, where they block the ATP-binding side of JAK proteins
and thereby the downstream signalling pathway via STAT proteins. The binding of JAK inhibitors
reduces cell differentiation, proliferation and production of proinflammatory cytokines [12,13]. Patients,
that show an inadequate response to the disease-modifying drugs methotrexate (MTX) and/or biologics,
may receive Tofacitinib or Baricitinib. Therefore, it is important to determine the optimal treatment
options for these patients with regard to efficacy and safety of Tofacitinib and Baricitinib. To date, it is
not known why different TKIs exert different effects in patients with the same disease. Differences in
the uptake mechanism could explain these differences.

Around 40% of all orally administered drugs show cationic characteristics, and therefore need
specific transport systems to penetrate nonpolar cell membranes to reach their intracellular target [14].
Previous studies showed that other TKIs like Imatinib and Saracatinib were dependent on polyspecific
(meaning that they can accept structurally different substances as substrate) organic cation transporters
(OCTs) to reach their intracellular target [15–17]. OCTs are part of the solute carrier (SLC) family [18].
This family includes the human organic cation transporters (hOCT1, hOCT2, hOCT3), the novel
organic cation transporters (hOCTN1, hOCTN2), and the multidrug and toxin extrusion proteins
(hMATE1, hMATE2k). Many of these OCTs share the same substrates, but every transporter has an
individual substrate/inhibitor interaction profile. Whereas hMATE1, hMATE2k and hOCTN1 mediate
a H+/organic cation (OC) antiport, hOCT1, hOCT2 and hOCT3 transport along the electrochemical
gradient of their substrates. OCTs are widely expressed in different cells and are essential for the
secretion of organic cations (OCs) in the liver and kidney [19]. Even though they transport mainly
endogenous and exogenous OCs, interactions with zwitterions and anions have been reported [20,21].

As Tofacitinib and Baricitinib are established drugs for the treatment of RA, we investigated the
uptake pathways of these drugs under RA relevant conditions focussing on their interaction with
different OCTs and on their therapeutic efficiency in RASF.

2. Results

2.1. Tofacitinib Could Be a Target for OCT Mediated Cellular Uptake

Predictions on the pKa of Baricitinib and Tofacitinib, using the online tool Chemicalize of
ChemAxon, showed that Baricitinib is not charged in neutral pH solutions (red box Figure 1B), whereas
Tofacitinib is partially positively charged (red box, Figure 1A). Adjusting the pH to more acidic values,
like in RA synovial fluid, supposes an increase of positively charged species of the two drugs. However,
Baricitinib would largely stay uncharged, whereas Tofacitinib gets more positively charged making it a
potential substrate for organic cation transporters. Therefore, we investigated the expression pattern
of OCTs in OASF and RASF (Figure 1C). We observed no difference in the expression of hOCT1 and
hOCT3 between RA and OA synovial fibroblasts. hOCT2 was not detectable. hOCTN2 was also only
weakly expressed and no difference was seen between RASF and OASF. RASF, however, expressed
significantly more hOCTN1 (F (9, 44) = 12.06, 95% CI: 0.4480 to 1.157, p < 0.0001). MATE-1 was lower
expressed in RASFs compared to OASF (F (9, 44) = 12.06, 95% CI: −0.6278 to −0.01494, p = 0.0358). This
effect is even more pronounced in PBMCs from RA and OA patients (supplementary Figure S1). As
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both TKIs influence the IL-6 dependent pathways, we stimulated RASF with IL-6 and investigated the
changes in the OCT expression pattern (Figure 1D). We observed an increase of hMATE-1 expression,
levelling out the differences between RASF and OASF. The other analysed OCTs were not changed in
their expression.

Figure 1. Tofacitinib could be a target for OCT mediated cellular uptake. (A,B) pKA prediction for
Tofacitinib (A) and Baricitinib (B). The yellow curves indicate the presence of cationic form, the blue
curves indicate the neutral form and the green curves of the anionic form of the substances at the
given pH-values. The red boxes indicate the physiological pH-range. (C) Quantitative RT-PCR for the
expression pattern of OCTs, and hMATE-1 from OASF and RASF. GAPDH was used as housekeeping
gene for normalization. (D) Quantitative RT-PCR investigating the expression pattern of OCTs, and
hMATE-1 in RASF after stimulation with 10 ng/mL IL-6 for 24 h. GAPDH was used as housekeeping
gene for normalization. Statistical analyses were performed using an ordinary one-way ANOVA and
Sidak correction for multiple testing. *: p < 0.05; ****: p < 0.0001

2.2. Baricitinib Uptake Is Not Transporter Dependent

First, we investigated a potential interaction of Baricitinib with different OCTs using the ASP+

quenching method as a readout. We observed no significant interaction with any of the expressed OCTs
in a physiological range of Baricitinib concentration (Figure 2A,B). To investigate a potential transporter
dependent accumulation of Baricitinib in SF, we used OASF and RASF for LC/MS determination of
intracellular Baricitinib concentrations. We observed no change in Baricitinib concentration neither
depending on the temperature, nor depending on the disease (RASF vs OASF). We observed a higher
intracellular Baricitinib concentration using 1 μM (Figure 2C), compared to the approximate serum
concentration of 0.15 μM Baricitinib (Figure 2D). However, no temperature-dependent change in
Baricitinib concentration was detected, indicating that the uncharged Baricitinib might be able to
penetrate the cell membrane without active transport.
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Figure 2. Baricitinib uptake is not transporter dependent. (A) ASP+ determined apparent affinity
of Baricitinib to hOCT1, hOCT3 and hOCTN1. No significant interaction was observed (n = 3–5).
(B) ASP+ determined affinity of hMATE1 and hMATE2k after intracellular acidification (n = 3). No
significant interaction was observed. Data in (A,B) are presented as mean ± SEM and fitted using
a non-linear fit. (C) LC/MS measurement of temperature dependent Baricitinib (1 μM) uptake in
RASF and OASF (F (1.332, 10.21) = 1.570; p = 0.2470; n = 3). (D) LC/MS measurement of temperature
dependent Baricitinib uptake (0.15 μM) in RASF and OASF (F (2.071, 16.56) = 0.44, p = 0.6578, n = 3).
Statistical analyses were performed using a RM ANOVA. No post-hoc testing was performed, as the
ANOVA was not significant. Data in (C,D) are presented as box plot with whiskers indicating the min
and max values, as well as the median.

2.3. MATE-1 Mediates Tofacitinib Transport

To test the affinity of Tofacitinib to different OCTs, we again performed the ASP+ quenching
assay. We observed no interaction of Tofacitinib with the OCTs (Figure 3A). Next, we investigated
the interaction with MATE transporters using previous acidification. Interestingly, we found
concentration-dependent inhibition of ASP+ uptake by Tofacitinib in hMATE1 transfected HEK
cells with an IC50 of 19.8 μM (Figure 3B). To validate this finding, we used hMATE1-transfected
HEK cells and observed a significant decrease in Tofacitinib intracellular accumulation at 37 ◦C
(F (1.805, 12.63) = 20.71, 95% CI: −39.45 to −23.47, p < 0.0001). This suggests a transporter mediated
export of Tofacitinib via hMATE1 (Figure 3C). When investigating 1 μM Tofacitinib concentration in
OASF at 37 ◦C and 4 ◦C, we again observed significantly lower Tofacitinib concentrations at 37 ◦C
compared to 4 ◦C (1 μM) (F (2.123, 12.74) = 10.15, 95% CI: −3.405 to −0.9026, p = 0.0045) (Figure 3D).
This effect was not as pronounced in RASF, which might be explained by the lower hMATE1 expression
in RASF compared to OASF (F (2.123, 12.74) = 10.15, 95% CI: −2.549 to 0.6115, p = 0.225). Using the
approximate serum concentration of Tofacitinib for therapeutic use, we found the same pattern again,
indicating that this effect is also present at low Tofacitinib concentrations (OASF: F (1.969, 15.75) =
6.925, 95% CI: −2.118 to −0.3189, p = 0.012) (Figure 3E).
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Figure 3. MATE-1 mediates Tofacitinib transport. (A) ASP+ determined apparent affinity of Tofacitinib
to hOCT1, hOCT3 and hOCTN1. No significant interaction was observed (n = 3–5). (B) ASP+

determined apparent affinity of hMATE1 and hMATE2k after intracellular acidification (n = 3). MATE-1
shows an apparent affinity IC50 = 19.8 μM to MATE-1. Data in (A,B) are presented as mean ± SEM and
fitted using a non-linear fit. (C) LC/MS determined intracellular Tofacitinib concentration of HEK cells
(control) and HEK cells overexpressing MATE-1 at 37 ◦C and 4 ◦C (n = 3). (D) LC/MS measurement of
temperature dependent Baricitinib (1 μM) uptake in RASF and OASF (n = 3). (E) LC/MS measurement
of temperature dependent Baricitinib uptake (0.4 μM) in RASF and OASF (n = 3). Statistical analyses
were performed using a RM ANOVA and Sidak correction for multiple testing. Data in (C,D) are
presented as box plot with whiskers indicating the min and max values, as well as the median. *: p< 0.05;
**: p < 0.01; ***: p < 0.005

2.4. Tofacitinib and Baricitinib Showed Comparable Inhibition of IL-6-Induced STAT3-Phosphorylation

As it was shown that Baricitinib and Tofacitinib are taken up by fibroblasts via different uptake
mechanisms, we analysed the inhibition of JAK1 phosphorylation as well as the downstream target
STAT3. Using 10 ng/mL IL-6 we activated the Jak1-STAT3 signalling pathway. We observed an increased
time-dependent phosphorylation of Jak1 in RASF using IL-6 (untreated vs. 30 Min IL-6; 95% CI:
−0.24 to −0.04; p = 0.02). Baricitinib did not influence phosphorylation JAK1 during the tested time
course (Figure 4A). Tofacitinib, in contrast, time dependently inhibited the phosphorylation of JAk1
(Figure 4A). However, due to the very low amounts of pJAk1 detectable, these results did not reach
statistical significance. OASF were less responsive towards IL-6 stimulation. They showed only a
weak phosphorylation of Jak1 (untreated vs. 30 min IL−6 95% CI: −0.1 to 0.002; p = 0.05), and no
difference was observed using Baricitinib or Tofacitinib to inhibit the IL-6 induced phosphorylation
(Figure 4B). Next, we investigated the phosphorylation of STAT3. As expected, 10 ng/mL IL-6 resulted
in an increased time dependent phosphorylation of STAT3 in RASF (Time effect: F(1.67, 33.37) =
8.62; p = 0.002). Using either Baricitinib or Tofacitinib, this phosphorylation was inhibited, indicating
an efficient inhibition of IL-6 induced signalling using both TKIs (Treatment effect: F(2, 24) = 11.27;
p= 0.0004). No significant difference was observed between both drugs (Figure 4C). We also investigated
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the efficacy of IL-6 blockade in OASF. There was less phosphorylation of STAT3 in unstimulated OASF,
and these fibroblasts were also less responsive compared to RASF (Figure 4D). The treatment with
either Tofacitinib or Baricitinib completely abolished the IL-6 induced phosphorylation of STAT3
(Treatment effect: F (1.179, 9.432) = 16.35; p = 0.002). Again, no difference was observed between
both TKIs.

Figure 4. Tofacitinib and Baricitinib showed comparable inhibition of IL-6 induced STAT3-
phosphorylation. (A) Western blot for pJAK1 compared to total Jak1 in RASF stimulated for 0,
15, 30 or 60 min with 10 ng/mL Il-6. Cells were also treated with 0.15 μM Baricitinib or 0.5 μM Tofacitinib.
Quantification of at least 5 independent experiments are given in the graph underneath the blot.
(B) Western blot for pJAK1 compared to total Jak1 in OASF stimulated with 10 ng/mL Il-6 and treated
with 0.15 μM Baricitinib or 0.5 μM Tofacitinib. Quantification is given in the graph underneath the blot.
(C) Western blot for pSTAT3 compared to total STAT3 in RASF stimulated for 0,15, 30 or 60 min with
10 ng/mL Il-6. Cells were also treated with 0.15 μM Baricitinib or 0.5 μM Tofacitinib. Quantification of
at least five independent experiments is given in the graph underneath the blot. (D) Western blot for
pSTAT3 compared to total STAT3 in OASF stimulated with 10 ng/mL Il-6 and treated with 0.15 μM
Baricitinib or 0.5 μM Tofacitinib. Quantification is given in the graph underneath the blot. A two-way
RM-ANOVA was performed for statistical testing. Data are presented as mean values with SEM.
A p-value p ≤ 0.05 was considered to show statistical significance and is indicated by *.

3. Discussion

Both tested TKIs, Tofacitinib and Baricitinib, are approved as therapeutic drugs for the treatment
of RA. Tofacitinib predominantly inhibits JAK1 and JAK3, and to a lesser degree JAK2 [13]. Baricitinib
mainly inhibits JAK2, and acts only to a minor degree on the phosphorylation of JAK1 and JAK3 [12].

Tofacitinib was the first JAK inhibitor approved by the FDA in 2012 and subsequently by the
EMA in 2017 for use in patients with moderate-to-severe RA at a dose of 5 mg twice daily. Tofacitinib
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in combination with MTX is indicated for the treatment of moderate to severe active RA in adult
patients who have responded inadequately to, or who are intolerant to, one or more disease-modifying
antirheumatic drugs. Tofacitinib can be given as monotherapy in the case of intolerance to MTX,
or when treatment with MTX is inappropriate. Baricitinib 2 mg once daily (as monotherapy or
combination therapy) was approved for RA patients with inadequate response to one or more tumour
necrosis factor antagonist therapies in the US and for csDMARD-IR in Canada, while Baricitinib 2 mg
and 4 mg (as monotherapy or combination therapy) were approved for RA patients with csDMARD-IR
in Europe.

Variances in the clinical performance of both JAK inhibitors have been observed [22]. However,
the reason for these differences are unknown given that they both TKIs target Janus Kinases resulting
in a reduced STAT3 phosphorylation. However, each TKI has a different inhibitory profile against the
different JAK isotypes [23,24]. This study aims to give an explanation for this observation by evaluating
the intracellular uptake of both TKI into their targeted cells. A possible target in RA are synovial
fibroblasts as they play an important role in the pathogenesis by contributing to joint destruction
and producing cytokines [3]. RASF express several organic ion transporters which are capable of
translocating TKIs, among them hOCTN1 and hMATE1, which have been previously reported to
transport Saracatinib and Imatinib, respectively [14–17].

Baricitinib is not charged under physiological conditions, and therefore is no a target for organic
cation transporters (Figure 1A). For this reason, we did not observe a transporter-mediated uptake
in either the ASP+ quenching tests (Figure 1C), nor the LC/MS detection of temperature dependent
Baricitinib accumulation (Figure 2).

Investigating the role of organic cation transporters for the Tofacitinib accumulation in human
RASF, we identified hMATE1 to predominantly mediate this transport (Figure 3C). Compared to OASF,
hMATE1 expression is reduced in RASF (Figure 1C). We have previously shown that pro-inflammatory
cytokines influence the MATE-1 expression [14]. RA is characterized by inflammatory processes that
impact on various cellular activities [25]. Therefore, the influence of IL-6, which is also the main
activator of JAK signalling, on OCT expression was analysed. IL-6 did not further impact on the
expression of MATE-1 (Figure 1D).

Tofacitinib is charged under physiological pH-conditions (Figure 1B). Because transport of organic
cations mediated by MATE-1 is pH dependent, we observed an export of Tofacitinib [21]. The synovial
fluid in RA patients has been reported to exhibit an acidic pH, under these conditions MATE-1 is
expected to mediate efflux of Tofacitinib [25,26]. To investigate the intracellular concentration of both
TKIs we chose the maximum plasma concentration for Tofacitinib and Baricitinib for our experiment.
The concentration for Baricitinib was described as 150 nM, and 400 nM for Tofacitinib [27,28]. As
expected, we did not observe a temperature-dependent increase of Baricitinib in fibroblasts (Figure 2D).
This indicates that, due to its neutral charge, Baricitinib can penetrate the cell membrane without
active transport. However, our data do not exclude that other transporters might contribute to the
transport of Baricitinib into the cells. Tofacitinib in contrast is actively transported into fibroblasts.
We found that MATE1 is the responsible transporter (Figure 3C). Interestingly, we found that OASF
show a temperature-dependent lowering of Tofacitinib concentrations, indicating an active export of
the drug from the cells (Figure 3D,E). This correlates with the increased MATE1 expression in OASF,
which is reduced under inflammatory conditions. For this reason, in RASF, Tofacitinib is not exported.

We investigated the potency of both TKIs in inhibiting IL-6-induced JAK1 phosphorylation. As
expected, Baricitinib did not inhibit JAK1 phosphorylation in RASF (Figure 4A). OASF were less
responsive to IL-6 treatment (Figure 4B,D). Investigating the downstream transcription factor for IL-6
signalling, we observed no difference between Baricitinib and Tofacitinib, indicating that both TKIs are
efficiently inhibiting the inflammatory response (Figure 4C).

The results from this study indicate that Tofacitinib might be exported from healthy cells,
thereby not inhibiting the JAK pathway. Under disease conditions; however, Tofacitinib stays in the
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diseased cells and effectively inhibits the disease pathway. We observed no difference in inhibition of
IL-6-induced inflammatory signalling for Tofacitinib and Baricitinib.

4. Conclusions

Thus, the differences in cellular uptake strategies for Baricitinib and Tofacitinib might explain the
differences in clinical performance. Knowing that Tofacitinib is transported from healthy cells due to
the increased expression of MATE1 might make it the more favourable drug.

5. Materials and Methods

5.1. Cell Lines

HEK293 cells (CRL-1573; American Type Culture Collection, Rochville, MD, USA) stably
transfected with hOCT1 and hOCT3 were a kind gift of Prof. Koepsell (University of Würzburg) and
grown with 600 μg/mL geneticin. HEK293 cells stably transfected with a hMATE1 plasmid (a gift
by Dr. Yonezawa, Kyoto University Hospital, Japan Biochem. Pharmacol. 74: 359–371, 2007) were
selected with 500 μg/mL hygromycin B. HEK293 cells transfected with cDNAs of hOCTN1 subcloned
into a doxycycline-inducible pEBTetD plasmid vector were generously provided by Prof. Gründemann
(University of Cologne, Cologne, Germany) [15,16] and selected with 3 mg/L puromycin. 24 h before
starting experiments, hOCTN1 expression was induced by 1 mg/L doxycycline.

All cells were grown under standard conditions in Dulbecco’s modified eagle medium
(DMEM)—low glucose, containing 3.7 g/L NaHCO3, 1.0 g/L D-glucose, 10% foetal calf serum, 100 U/mL
penicillin/streptomycin, 1 mM L-glutamine, gassed with 5% CO2 at 37 ◦C.

5.2. Synovial Fibroblasts (SF) Culture and Isolation

SF were isolated from synovial tissue of rheumatoid arthritis (RA) (n = 10) and osteoarthritis (OA)
(n = 10) patients undergoing joint replacement surgery. The Ethics Committee of the University of
Magdeburg approved this study (IRR: 73/18), and all patients gave written consent prior to inclusion
in the study. RA patients met the American College of Rheumatology criteria. Isolated fibroblasts
were cultured under standard conditions for maximal eight passages. When indicated, RA synovial
fibroblasts (RASF) were incubated with 10 ng/mL recombinant human IL-6 (R&D).

5.3. Peripheral Blood Mononuclear Cell (PBMC) Isolation and Cultivation

Human PBMCs were isolated from RA and OA patients. The Ethics Committee of the University
of Magdeburg approved this study (IRR: 73/18) and all patients gave written consent prior to inclusion
in the study. In brief, 10 mL blood samples were centrifuged at 400× g in a Megafuge (Thermofisher
Scientific, Berlin, Germany) for 10 min at room temperature. The cell pellet was resuspended in
PBS/0.1% BSA and centrifuged at 300× g at room temperature for 25 min without breaks using a Biocoll
separating solution (Biochrom, Berlin, Germany). The generated lymphocyte ring was carefully taken
off removed and washed two times twice with PBS/0.1% BSA. Cells were cultured in Roswell Park
Memorial Institute medium (RPMI 1640, Sigma-Aldrich, Taufkirchen, Germany) supplemented with
2 mM l-glutamine, 10% foetal bovine serum, 1% penicillin/streptomycin solution at 37 ◦C with 5%
CO2.

5.4. Apparent Affinities of Baricitinib and Tofacitinib for OCTs with 4-(4-(Dimethylamino)styryl)-N-
Methylpyridinium (ASP+)

To investigate whether Baricitinib and Tofacitinib interact with OCTs (hOCT1, hOCT3, hOCTN1,
hMATE1, hMATE2k), we used a dynamic cis-inhibition protocol of ASP+ uptake, a known fluorescent
substrate of all examined OCTs, with Baricitinib (10−8 to 10−4 M) and Tofacitinib (10−8 to 10−4 M), as
described previously [14]. Briefly, HEK293 cells were seeded in 96-well plates and grown to 80–100%
confluence. For experiments with hMATE-expressing cells, cellular pH was made acidic by 20 min
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preincubation with a modified ringer-like solution containing NH4Cl (in mM: 30 NH4Cl, 115 NaCl,
pH 7.4). Baricitinib and Tofacitinib (Hycultech, Beutelsbach, Germany) were dissolved in DMSO
in ringer-like solution (RLS = HCO3

− free Ringer-like solution containing (in mmol/L): NaCl 145,
K2HPO4 1.6, KH2PO4 0.4, d-glucose 5, MgCl2 1, calcium gluconate 1.3 with pH adjusted to 7.4) to
final concentrations in the range 10−4–10−9 M. Fluorescence measurements were carried out with the
TECAN®infinite F200 (Maennedorf, Switzerland). Transporter function was investigated measuring
the slope of fluorescence emission (measured at 590 nm after excitation at 450 nm) increase in the first
60 s after ASP+ addition. ASP+ uptake without potential inhibitor was set to 100%.

5.5. Quantification of Baricitinib and Tofacitinib Uptake by Liquid Chromatography Mass
Spectrometry (LC/MS)

HEK293 cells or RASF/OASF seeded into a six-well plate were grown to 80–100% confluence.
Medium was removed and cells were incubated with Baricitinib and Tofacitinib in RLS at 37 ◦C or 4 ◦C
for 10 min. After this incubation, cells were quickly washed with 1 mL ice-cold RLS, and then lysed
with 300 μL 0.1% formic acid. Cell lysates were incubated for 15 min in an ultrasound bath at 4 ◦C
and centrifuged at 4700× g for 5 min at 4 ◦C. 10 μL internal standard (IS) of Baricitinib (Baricitinib-D5,
Illkirch Graffenstaden, France) and Tofacitinib (Tofacitinib 13C3, Clearsynth, Mumbai, India) were
added to the cell lysates for quantification. Acetonitrile (VWR, Radnor, Pennsylvania„ USA) was
added, mixed and centrifuged for 15 min with 16,200× g at 4 ◦C. 200 μL of the supernatant were diluted
in distilled water to reach a final acetonitrile concentration of 12%. The samples were frozen at −80 ◦C.

Quantification of Baricitinib and Tofacitinib concentration was performed using a high power
liquid chromatography device (HPLC) (AdvanceTM UHPLC, Bruker Daltonik, Bremen, Germany)
linked to a triple quadrupole mass spectrometer (EVOQ® Elite triple quadrupole mass spectrometer,
Bruker Daltonik, Bremen, Germany). A PAL HTC-xt autosampler (CTC Analytics AG, Zwingen,
Switzerland) was used to inject 10 μl of the sample to the HPLC. Analytes were separated on an
AccucoreTM C18 HPLC column (50 mm × 3 mm; 2.6 μm) (Thermo Scientific, Waltham, MA, USA).
Amounts of 0.1% formic acid and acetonitrile were used as mobile phase A and B.

Flow rate was set to 1 mL/min. Baricitinib and Tofacitinib had a specific retention time in HPLC.
Ionization of the substances was realized using electrospray ionization (ESI) in a positive ionization
mode. Spray voltage was set to 3500 V, conus temperature to 350 ◦C, gas flow to 60 AU, sample and
cone temperature to 350 ◦C. Exhaust gases were removed. First, Tofacitinib and Tofacitinib-IS, then
Baricitinib and Baricitinib-IS were measured for 75 ms each. Full scan was applied to determine specific
fission products of Baricitinib and Tofacitinib. Flow rate of the Cole-Parmer 74,900 single-syringe
infusion pump (Vernon Hills, Illinois, USA) was set to 10 μL/min, spray voltage to 4000 V, gas flow
to 10 AU, gas flow of the nebulizer to 10 AU and temperature to 25 ◦C. Quantification took place in
multiple reaction mode (MRM) (Table 1). Each sample was measured three times and the mean was
calculated thereof.

Quantification was attained comparing the content of Baricitinib and Tofacitinib in the sample
to the added IS (Figure 5). The result was normalized to the protein content determined in Bradford
assay. Analyses were performed using MS Workstation (Bruker Daltonik, Bremen, Germany), MS Data
review Version 8.2 (Bruker Daltonik, Bremen, Germany), Origin Pro 2016 (OriginLab, Northampton,
MA, USA), GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) and Excel 2016. Method
optimization and validation resulted in detection limits of Baricitinib and Tofacitinib of 0.9 ng/mL and
1.0 ng/mL, and quantification limits of 3.0 ng/mL and 3.3 ng/mL, respectively.
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Table 1. MRM transitions of Baricitinib, Tofacitinib, IS and collision energy. The grey-marked fragments
had the highest measurement intensity and were used for quantification.

Analyte Transition [m/z >m/z] Collision Energy

Tofacitinib
313 > 149 28

313 > 98 31

313 > 173 37

Tofacitinib-13C3
316 > 149 28

316 > 98 31

316 > 173 37

Baricitinib
372 > 251 26

372 > 186 31

372 > 159 43

Baricitinib-d5
377 > 251 26

377 > 186 31

377 > 159 43

Figure 5. Transitions of Baricitinib and Tofacitinib (above) and IS (below). Tofacitinib is shown to the
left in black, to the right Baricitinib in grey.

5.6. Quantitative Real-Time PCR (qRT-PCR)

RNA was isolated with the Qiagen RNeasy Midikit (Qiagen, Gilden, Germany) and Invitrogen
Super Script III system was used for reverse transcription. qRT-PCR was performed using SYBR
Green PCR Master Mix and the ABI PRISM 7900 Sequence Detection System (Applied Biosystems,
Darmstadt, Germany) (primer pairs see supplementary Table S1). Gene expression is normalized to a
semiquantitative standard curve and given in relation to the housekeeping gene GAPDH.

5.7. Western Blot Analysis

For each RASF/OASF sample, a total of 1 × 106 cells were seeded in a 25 cm2 cell culture flask
and the cells became adherent overnight. The cells were stimulated with 10 ng/mL IL-6 for 0, 15,
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30 and 60 min with either Tofacitinib (1 μM, 0.4 μM) or Baricitinib (1 μM, 0.15 μM). Cells lysis was
performed using NP-40- buffer and proteinase inhibitor cOmplete Ultra. Cell lysates were run on a 10%
SDS-PAGE and transferred to a PVDF membrane. Blocking was performed in 5% BSA solution. Primary
antibody against phospho-Jak1 (#74129), Jak-1 (#3344), phosphor-Stat3 (#9145), Stat-3 (#30835), GAPDH
(#2118) diluted 1:1000 in 5% BSA were incubated over night at 4 ◦C. The secondary antibody was an
HRP-conjugated anti-rabbit (#7074) 1:8000 in 5% BSA. All antibodies were bought from Cell Signaling
(Danvers, MA, USA). Enhanced chemiluminescence (ECL) was used for Western blot detection, and
quantification of bands was performed using ImageJ Software (U.S. National Institutes of Health,
Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997-201).

5.8. Statistical Analysis

Data were analysed using GraphPad Prism, Version 5.0 (GraphPad Software, Inc., San Diego,
CA, USA). To examine a statistical significance a two-way RM-ANOVA was performed. Sidak post-hoc
multiple comparison test was performed to show intra individual significances. A p-value p ≤ 0.05 was
considered to show statistical significance. All experiments were repeated independently for at least
three times.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/18/
6632/s1. Figure S1: Expression of organic cation transporters in PBMCs of OA and RA patients. Table S1: Primer
for qRT-PCR.
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Abbreviations

ANOVA Analysis of variance
ASP 4-(4-(dimethylamino)styryl)-N-methylpyridinium
AU Arbitrary units
BSA Bovine serum albumin
cDNA complementary Deoxyribonucleic Acid
csDMARD-IR conventional synthetic disease-modifying antirheumatic drug inadequate response
DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide
ECL Enhanced chemiluminescence
EMA European Medicines Agency
ESI electrospray ionization
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
gp130 Glycoprotein 130
HEK 293 cells Human embryonic kidney 293 cells
HPLC High Performance Liquid Chromatography
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IL-6 Interleukin-6
IL-6Ra Interleukin 6 Receptor Alpha
IS Internal standrad
JAK Janus Kinase
LC/MS Liquid chromatography/mass spectrometry
MATE multidrug and toxin extrusion
MRM multiple reaction mode
MTX methotrexate
NP-40 Nonidet P-40
OA osteoarthrits
OC Organic cation
OCT Organic cation transporter
OCTN Novel organic cation transporter
PBMCs peripheral blood mononuclear cell
pKa Ionization Constant
RA Rheumatoid arthritis
RLS ringer-like solution
RM-ANOVA Repeated Measures Analysis of variance
RNA Ribonucleic acid
RT-PCR Reverse transcription polymerase chain reaction
SF Synovial fibroblasts
STAT Signal transducer and activator of transcription
TKI Tyrosine kinase inhibitor
TNF-alpha tumour necrosis factor alpha
TYK Tyrosine kinase
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Abstract: Farnesoid X receptor (FXR) is a ligand-activated transcription factor highly expressed in
the liver and kidneys. Activation of FXR decreases organic cation transporter (OCT) 1-mediated
clearance of organic cation compounds in hepatocytes. The present study investigated FXR regulation
of renal clearance of organic cations by OCT2 modulation and multidrug and toxin extrusion proteins
(MATEs). The role of FXR in OCT2 and MATEs functions was investigated by monitoring the
flux of 3H–MPP+, a substrate of OCT2 and MATEs. FXR agonists chenodeoxycholic acid (CDCA)
and GW4064 stimulated OCT2-mediated 3H–MPP+ uptake in human renal proximal tubular cells
(RPTEC/TERT1 cells) and OCT2-CHO-K1 cells. The stimulatory effect of CDCA (20 μM) was abolished
by an FXR antagonist, Z-guggulsterone, indicating an FXR-dependent mechanism. CDCA increased
OCT2 transport activity via an increased maximal transport rate of MPP+. Additionally, 24 h CDCA
treatment increased MATEs-mediated 3H-MPP+ uptake. Moreover, CDCA treatment increased the
expression of OCT2, MATE1, and MATE2-K mRNA compared with that of the control. OCT2 protein
expression was also increased following CDCA treatment. FXR activation stimulates renal OCT2-
and MATE1/2-K-mediated cation transports in proximal tubules, demonstrating that FXR plays a role
in the regulation of OCT2 and MATEs in renal proximal tubular cells.

Keywords: Nuclear receptor; renal excretion; kidney; drug transporters; bile acids

1. Introduction

The kidney is largely responsible for the elimination of metabolic waste products, therapeutic
drugs, and xenobiotics, which contain organic cations (OCs) and anions (OAs) [1]. The secretion of
OCs takes place in renal proximal tubules. This process requires the uptake of OCs from the blood into
renal proximal tubular cells and subsequent elimination of these compounds into the tubular lumen
across the luminal membrane. Three members of the organic cation transporters (OCTs), including
OCT1, OCT2, and OCT3, are characterized [2]. Human OCT1 and OCT2 are highly expressed in liver
and kidney, respectively, whereas OCT3 is ubiquitously expressed at a low level in multiple tissues [3].
OCs are transported into renal proximal tubular cells via the organic cation transporter (OCT) 2, a
predominant OCT expressed in the basolateral membrane of human renal proximal tubular cells [4,5].
OCT2-mediated uptake of OCs is governed by an inside-negative membrane potential [4,6]. After
uptake, OCs are then effluxed to the tubular lumen by several apical membrane transporters such
as multidrug and toxin extrusion proteins (MATEs). Two MATE isoforms, MATE1 and MATE2-K,
are expressed in renal proximal tubular cells [7,8]. Several endogenous compounds and therapeutic
cationic drugs are eliminated via renal excretion that have been identified as substrates of both OCT2
and MATEs such as creatinine and metformin [5,9–13].
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Altered expression or function of these transporters can affect organic cation drug renal secretion
and subsequently alter their pharmacokinetics and efficacies [14,15]. Studies have reported nuclear
receptor-mediated regulation of OCT2 and MATEs function. Specifically, the activation of pregnane X
receptor (PXR) and androgen receptor increased OCT2 expression [16,17], whereas liver X receptor
(LXR) activation decreased OCT2 expression and function [18]. In addition, kidney-specific multidrug
and toxin extrusion proteins (MATE2K) expression was up-regulated upon the activation of Nrf2
pathway signaling [19]. Previous studies have shown that farnesoid X receptor (FXR), a ligand-activated
transcriptional factor, is highly expressed in liver, kidney, intestine, and adrenal gland tissue [20]. FXR
regulates several membrane transporters and channels, including the bile salt export pump (BSEP) [21],
multidrug resistance-associated protein 2 (MRP2) [22], organic solute transporter OSTα/β [23,24],
aquaporin 2(AQP2) [25], and MATE1 [26].

Previous studies showed that cholestasis resulted in a down-regu lation of OCT1 and impairment
of hepatic-mediated OCT1 substrate uptake [27,28]. These processes might be controlled by the
activation of FXR by bile acids, such as cholic acid and chenodeoxycholic acid (CDCA). These bile acids
have been reported to act as endogenous ligands for FXR [29] and are increased in hepatic disease [30].
Down-regulation of OCT1 regarded as adaptive responses to cholestasis and may serve to diminish
the hepatic accumulation of cationic substrate during liver injury [31]. Since OCT1 plays a role in
the hepatic uptake-mediated biotransformation and the excretion of endogenous compounds and
cationic drugs, decreases in OCT1 function may result in increased cationic plasma concentration. We
hypothesize that other cation transporters expressed in the kidney, such as OCT2 and MATEs, may be
critically important for cationic substrate elimination in hepatic disease. Here, we investigated the
effect of FXR activation on renal OCT2 and MATEs function in renal proximal tubular cells.

2. Results

2.1. FXR Agonists Stimulate OCT2-Mediated 3H-MPP+ Uptake

To be certain that RPTEC/TERT1 cells are suitable cell model for investigating the role of FXR,
we first tested whether the RPTEC/TERT1 cells express FXR by examination protein expression via
Western blot analysis. As shown in Figure 1, we confirmed FXR protein expression in RPTEC/TERT1
cells. Relative to untreated cells, mRNA expression of a small heterodimer partner (SHP; a target gene
of FRX activation [32,33]) was significantly increased following treatment with 20 μM CDCA for 24 h
(Figure 1A,B). Next, we tested the effects of CDCA and GW4064, a potent synthetic agonists of FXR,
on OCT2-mediated 3H-MPP+ uptake. As shown in Figure 1C, 24 h incubation with 20 μM CDCA
and 5 μM GW4060 significantly stimulated OCT2-mediated 3H-MPP+ cellular uptake. While 20 μM
CDCA stimulated uptake after 24 h, an extended incubation time did not lead to any further increase
in OCT2-mediated 3H-MPP+ uptake (Figure 1D). In addition, we confirmed the effect of CDCA on
OCT2-mediated 3H-MPP+ uptake in CHO-K1 cells expressing OCT2. Specifically, 24 h incubation with
20 and 30 μM CDCA significantly promoted 3H-MPP+ uptake in CHO-K1 cells (Figure 1E).
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Figure 1. Effect of FXR agonists on OCT2-mediated 3H–MPP+ uptake. (A) protein expression of FXR
and (B) mRNA expression of SHP in RPTEC/TERT1 cells following treating the cells with vehicle or 20
μM CDCA for 24 h; (C) effect of 20μM CDCA and 5μM GW4064 on 3H-MPP+ uptake; (D) Time-response
effect of 20 μM CDCA; (E) FXR expression and 3H-MPP+ uptake in OCT2-CHO-K1 cells following
incubation with 20 μM CDCA for 24 h. Data are expressed as a mean percentage of control (mean ± S.D.)
from 3 independent experiments. *Significantly different from control (p < 0.05).

2.2. Stimulatory Effects of FXR Agonists Require FXR Activation

To determine whether the CDCA stimulation of 3H-MPP+ uptake is directly caused by FXR
activation, we examined how FXR antagonists, Z-guggulsterone and DY268, affect CDCA-induced
stimulation of 3H-MPP+ uptake. As shown in Figure 2, exposure to 10 μM Z-guggulsterone or DY268
had no significant effect on 3H-MPP+ uptake. CDCA-mediated uptake stimulation was attenuated
by coincubation with Z-guggulsterone or DY268. These data indicate that CDCA uptake stimulation
requires FXR activation.
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Figure 2. Effect of FXR activation on OCT2-mediated 3H–MPP+ uptake. RPTEC/TERT1 cells were
treated with vehicle, 20 μM CDCA, FXR antagonists (10 μM Z-guggulsterone (Z-GS) or 10 μM
DY268), and CDCA plus FXR antagonist for 24 h. The results are shown as mean ± S.D. of % control
form 4 experiments. *Significantly different from control (p < 0.05) and # p < 0.05 compared with
CDCA-treated cells.

2.3. Kinetic Study on FXR Activation on OCT2-mediated 3H-MPP+ Uptake

To investigate how FXR activation stimulates 3H-MPP+ uptake, we evaluated the kinetic
parameters Kt and Jmax that reflect an affinity and functional membrane expression of OCT2,
respectively. As shown in Figure 3, 24 h treatment with 20 μM CDCA in RPTEC/TERT1 cells
significantly increased the Jmax from 6.48 ± 1.4 to 12.56 ± 3.1 pmol/min/cm2 with no significant effect
on Kt (22.83 ± 5.7 vs 19.75 ± 5.67 μM).

Figure 3. Kinetic study of OCT2-mediated 3H-MPP+ uptake in RPTEC/TERT1 cells. RPTEC/TERT1
cells were treated with vehicle or 20 μM CDCA for 24 h. 3H-MPP+ uptake was determined in the
presence of unlabeled MPP+ at 0–200 μM. The Jmax, and Kt values are reported as mean ± S.D. (n = 3).
*Significantly different from control (p < 0.05).
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2.4. FXR Activation Increases mRNA and Protein Expression of OCT2

To determine whether FXR activation affects OCT2 expression, RPTEC/TERT1 cells treated with
vehicle or 20 μM CDCA for 24 h were probed for OCT2 mRNA and protein expression. Treatment of
RPTEC/TERT1 cells with 20 μM CDCA significantly increased OCT2 mRNA expression compared with
vehicle treatment. In addition, 20 μM CDCA treatment led to an increase in OCT2 protein expression
as shown in Figure 4.

Figure 4. Effect of CDCA on expression of hOCT2. (A) mRNA expression of hOCT2 after treating
with vehicle or 20 μM CDCA for 24 h. (B) Representative blots and the densitometry quantification of
hOCT2 expression normalized by β-actin. The data are shown as mean ± S.D. from three independent
experiments. * p < 0.05 compared with vehicle-treated group.

2.5. FXR Activation Increases Function and Expression of MATEs

Regulation of MATEs transport function by FXR activation was determined in RPTEC/TERT1
cells. These transporters function as organic cation/H+ exchangers and are driven by a proton-gradient.
Therefore, to test MATEs-mediated 3H–MPP+ uptake, we preincubated RPTEC/TERT1 cells with a K+

based buffer containing ammonium chloride to generate intracellular acidification before transport
measurement. Consequently, 20 μM CDCA treatment for 24 h significantly increased MATEs-mediated
3H-MPP+ compared with the vehicle-treated cells. CDCA stimulation was significantly inhibited by
Z-guggulsterone and DY268 (Figure 5A). Next, we tested whether the observed correlation between
FXR activation and MATEs transport function was a result of MATEs mRNA up-regulation. Using
RPTEC/TERT1 cells, MATE1 and MATE2K mRNA expression were analyzed following treatment with
20 μM CDCA for 24 h. CDCA significantly increased both MATE1 and MATE2K mRNA expression
(Figure 5B).

Figure 5. The effect of FXR activation on MATEs-mediated 3H–MPP+ uptake and MATEs expression in
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RPTEC/TERT1 cells. (A) MATEs-mediated 3H–MPP+ uptake; treated with vehicle, 20 μM CDCA, FXR
antagonists (10 μM Z-guggulsterone (Z-GS) or 10 μM DY268 (DY)), and CDCA plus FXR antagonists.
(B) mRNA expression of MATE1 and MATE2K. The data are shown as mean ± S.D. (n = 3). * p < 0.05
compared with control and # p < 0.05 compared with CDCA-treated cells.

2.6. FXR Activation Stimulates Transepithelial Transport of 3H-MPP+

To determine the relationship between FXR activation and transcellular transport of OCs, we
examined the effect of FXR activation on basolateral-apical transport of 3H-MPP+. As such, cell
monolayers were incubated with vehicle control, 20 μM CDCA, 10 μM DY268, and 20 μM CDCA plus
10 μM DY268, and transepithelial transport of 3H-MPP+ was measured after 24 h. As shown in Figure 6,
transcellular translocation of 3H-MPP+ from the basolateral to the apical chamber was significantly
higher in the CDCA-treated cell monolayer compared with the vehicle-treated cells. Importantly, the
stimulatory effect of CDCA was abolished by co-treatment with DY268.

Figure 6. Effect of CDCA on transcellular transport of 3H-MPP+ in polarized cell monolayer. Polarized
RPTEC/TERT1 cell monolayers were treated with vehicle, 20 μM CDCA, 10 μM DY268 (DY), and CDCA
plus DY for 24 h. The values of basolateral to apical transport of 3H-MPP+ are expressed as mean ±
S.D. of cpm/min/cm2 form 3 experiments. Data from each experiment is obtained from 3 inserts. * p <
0.05 compared with vehicle-treated group and # p < 0.05 compared with CDCA-treated cells.

2.7. Pathological Concentration of Bile Acid Stimulates Renal OCT2 and MATEs

Previous studies have reported an increased concentration of unconjugated bile acids in liver
diseases [30]. Therefore, we investigated the correlation between high unconjugated bile acid
concentration and the stimulation of renal OCs transport. Cell monolayers were incubated with CDCA
at 80 μM for 24 h followed by measurement of OCT2- and MATEs-mediated 3H-MPP+ transport. As
shown in Figure 7, treatment a pathological concentration of CDCA significantly stimulated both
OCT2- and MATEs-mediated 3H-MPP+ compared with vehicle-treated cells. The stimulatory effect
of 80 μM CDCA on 3H-MPP+ uptake was correlated with an increase in mRNA expression of OCT2,
MATE1, and MATE2K.
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Figure 7. Effect of high concentration of CDCA on function and expression of OCT2 and MATEs.
RPTEC/TERT1 cells were treated with vehicle or 80 μM CDCA for 24 h followed by measurements of
(A) OCT2- and MATEs-mediated 3H-MPP+ uptake and (B) mRNA expression of OCT2, MATE1, and
MATE2K. The data are expressed as mean ± S.D. from 3 independent experiments. * p < 0.05 compared
with vehicle-treated group.

3. Discussion

Cationic transporters play a crucial role in the renal clearance of cationic endogenous and
xenobiotic compounds [1,34]. Therefore, the altered expression and/or function of these transporters
could affect the total profile excretion of these compounds. Previous reports showed that FXR activation
regulates several hepatic transporters in different manners including down-regulation of OCT1 protein
expression [27] or up-regulation of MATE1 protein expression [26]. The present study revealed that
FXR activation regulates renal OCT2 and MATEs expression and function in the human proximal
tubular cell line RPTEC/TERT1. Importantly, RPTEC/TERT1 cells express OCT2, MATE1, and MATE2K
and represent an important in vitro model for studying renal transport [35]. Although the expression
of FXR is present in the proximal tubular cells, we verified whether RPTEC/TERT1 cell line was suitable
as a study model of FXR function. For this study, we initially confirmed that this cell line could be
used for studying FXR activation by showing that FXR is expressed and activated by FXR agonist.
Of note, we showed that FXR agonists increased OCT2-mediated 3H-MPP+ uptake in RPTEC/TERT1
cells. Importantly, the effect of CDCA on OCT2-mediated 3H-MPP+ uptake was not observed until
after 24 h of incubation time; indicating that the FXR agonist has a slow mode of action on OCT2.
Moreover, we showed that CDCA modulation of OCT2 is dependent upon FXR activation, as evidenced
by our result showing that inhibition of FXR by pharmacological antagonists, guggulsterone and
DY268 [36,37], attenuated the CDCA-mediated stimulation. Since RPTEC/TERT1 cells express both
OCT2 and OCT3 [35], total 3H-MPP+ uptake into RPTEC/TERT1 cells could be mediated by either.
However, we proved here that CDCA also stimulates OCT2 transport function in CHO-K1 cells
expressing only OCT2. Taken together, these data imply that FXR activation by CDCA stimulates
OCT2-mediated 3H-MPP+ uptake into RPTEC/TERT1 cells. However, we cannot rule out possible
stimulatory effects of FXR activation on OCT3 in RPTEC/TERT1 cells. How FXR activation affects
OCT3 should be further investigated in cells expressing OCT3 alone.

The stimulatory effect of FXR activation on OCT2 transport might via increase in either the
functional number of transporters and/or transporter affinity with its substrate. Using kinetic data, we
revealed that CDCA treatment increase in the Jmax of OCT2-mediated transport function. This result
is indicative of an increase in the number of transporters at the membrane surface. FXR activation
regulates several renal transporters and channel such as the organic solute transporters α and β (OSTα
and OSTβ) and AQP2 by increase in mRNA and protein expressions [24,25], we investigated whether
increased expression of OCT2 mediated the stimulatory effect of CDCA. We found that CDCA increased
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OCT2 mRNA and protein expression in RPTEC/TERT1 cells. These results indicate that FXR activation
increases 3H-MPP+ uptake into renal proximal tubular cells via the up-regulation of OCT2 mRNA and
protein. Although previous studies have demonstrated that FXR modulates transporter and channel
gene expression [24,25], we did not explore FXR direct binding and the up-regulation of OCT2 gene
expression. FXR direct modulation of OCT2 expression needs to be determined in future studies.

Renal secretion of OCs requires both basolateral uptake and apical efflux. Therefore, we also
investigated the correlation of FXR activation with the transporters expressed at apical membrane
mediating secretion of OCs including MATE1 and MATE2K [8]. Our data demonstrated that CDCA
stimulated the transport function of MATEs. Since FXR antagonists abolish this effect, we showed that
the CDCA-mediated stimulation was controlled directly through FXR. The correlative relationship
between FXR activation and OCT2/MATEs transport function was confirmed in basolateral to
apical experiments. We demonstrated that FXR activation drove the flux of 3H-MPP+ from the
basolateral chamber to the apical chamber. These results indicate that FXR activation stimulates
OCT2/MATEs-mediated OC secretion in renal proximal tubular cells. Since RPTEC/TERT1 cells express
both MATE1 and MATE2K, it is unclear what isoform FXR stimulated. Furthermore, we found that
the stimulatory effect of FXR activation on 3H-MPP+ transport correlated well with the up-regulation
of MATE1 and MATE2K mRNA. These results provide evidence that FXR activation stimulates OC
secretion via up-regulation of both MATE1 and MATE2K.

There is increasing evidence that FXR is a critical regulatory factor in renal physiology and
pathophysiology [38]. Previous studies have shown that pathological conditions related to hepatic
injuries, such as ischemia/reperfusion and cholestasis, result in an up-regulation of the efflux transporter
MATE1 and down-regulation of the uptake transporter OCT1 [27]. Dysregulation of these transporters
can lead to the reduction of accumulated cationic compounds in hepatocytes [27]. Altered hepatic
function could result in an increased plasma concentration of cations. Pathological conditions in
the liver, such as acute hepatitis and obstructive jaundice, significantly increase the total serum
concentrations of unconjugated bile acid including cholic acid, deoxycholic acid, and chenodeoxycholic
acid (endogenous FXR agonists) up to 100 μM [29,30]. To model the consequences of pathologically
high bile acid concentrations, we sought to correlate the modulation of bile acid concentration with
renal OCT2, MATE1, and MATE2K expressions and functions. Our results revealed that high CDCA
concentrations increase OCT2 and MATEs mRNA expression and modulate their function. These
findings correlate with a previous study, which found that renal clearance of OCs in acute hepatic
injury was increased due to high protein expression of OCT2 in the renal cortex [39]. Taken together,
these data imply that renal FXR activation may be an adaptive response for the clearance of excess
plasma OCs during hepatic clearance impairment.

4. Materials and Methods

4.1. Chemicals

N-methyl-3H-4-phenylpyridinium acetate (3H-MPP+; 80 Ci/mmol) was purchased from American
Radio Labeled Chemical Inc. (St. Louis, MO, USA). DY268 was purchased from Trocris (Thai
Can Biotech, Bangkok, Thailand). Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F-12
nutrient mix (1:1), and TRIzol reagent, products of Invitrogen, were purchased from Gibthai (Bangkok,
Thailand). iScrip cDNA Synthesis Kit and Luna Universal qPCR mastermix were obtained from Bio-Rad
Thailand (Bangkok, Thailand), GW4064 (synthetic FXR agonist). Chenodeoxycholic acid (CDCA),
Z-guggulsterone (FXR antagonist), tetrapentylammonium (TPeA), methyl-4-phenylpyridinium (MPP+),
and human OCT2 (HPA008567) antibody were purchased from Sigma-Aldrich (Bangkok, Thailand).
Antibodies against FXR and β-actin were purchased from Merck Millipore (Bangkok, Thailand). Other
chemicals used were of analytical grade from commercial sources.
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4.2. Cell Cultures

RPTEC/TERT1 cells, an immortalized renal proximal tubular cell line expressing several drug
transporters [35,40], was obtained from American Type Culture Collection (ATCC) and cultured in a
mixture of DMEM and Ham’s F-12 (1:1) supplemented with 10 ng/mL human epithelial growth factor,
5 μg/mL insulin, 5 μg/mL human transferrin, 5 ng/mL sodium selenite, 36 ng/mL hydrocortisone, 100
U/mL penicillin, and 100 μg/mL streptomycin. CHO-K1 cells expressing rbOCT2 were kindly gifted
from Professor Stephen Wright, University of Arizona. These cells were maintained in Ham’s F12
media supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, and 1% G418.
All cells were cultured in a humidified incubator with 5% CO2/95% air at 37 ◦C.

4.3. Measurement of OCT2 Transport Function

OCT2-mediated in 3H-MPP+ uptake in RPTEC/TERT1 cells was measured as previously
described [18]. Briefly, RPTEC/TERT1 cell monolayers were washed twice with 1 mL of warm
buffer pH 7.40 (NaCl 135 mM, KCl 5 mM, HEPES 13 mM, CaCl2.2H2O 2.5 mM, MgCl2 1.2 mM,
MgSO4.7H2O 0.8 mM and D-glucose 28 mM) and incubated for further 15 min. The cell monolayers
were incubated with buffer containing 3H-MPP+for 5 min. The transport was stopped by three times
washing with ice-cold buffer containing 100 μM unlabeled MPP+. Cells were then lysed by adding 200
μL of 0.4 N NaOH in 10% SDS and left overnight. To neutralize the sample pH, 80 μL of 1 N HCl was
added into each well. Accumulation of labeled MPP+ was determined with a liquid scintillation and
calculated as mole/min/cm2 of the confluent monolayer surface.

4.4. Measurement of MATEs Transport Function

Measurement of MATEs-mediated 3H-MPP+ transport in RPTEC/TERT1 cells was performed
as described by previous study [41]. Briefly, the cell monolayers were washed twice with 1 mL of
warm K+-based buffer (pH 7.4; KCl 130 mM, MgSO4.7H2O 1.2 mM, CaCl2.2H2O 1 mM, K2HPO4 2
mM, HEPES 20 mM, and D-glucose 5 mM) and were incubated for 15 min at 37 ◦C. To manipulate the
intracellular acidification, the cell monolayers were further incubated with K+-based buffer containing
NH4Cl 30 mM for 20 min at 37 ◦C [42,43]. Then, the cell monolayers were incubated with 200 μl of
K+ based-buffer (pH 8.0) containing 3H-MPP+ for 10 min. After incubation, the cell monolayers were
washed three times with ice-cold buffer containing unlabeled MPP+ 100 μM to stop transport activity.
The cells were lysed by 0.4 N NaOH in 10% SDS and cellular accumulation of 3H-MPP+ was measured
and calculated as fmol/min/cm2 of the confluent monolayer surface.

4.5. Basolateral to Apical Transport of 3H-MPP+

RPTEC/TERT1 cells were cultured in in Transwell 12-well cultures (0.4 μm pore size; Corning
Life Science, Corning, NY, USA) for 21 days. Basolateral and apical chambers were filled with 1 and
0.5 mL of media, respectively. Cell monolayer integrity was assessed using transepithelial electrical
resistance (TEER). We selected the cell monolayers that achieved TEER values > 100 Ω·cm2. On the
day of experiment, the culture medium was withdrawn, and replaced with warm transport buffer
and incubated with warm buffer for 30 min at 37 ◦C. Basolateral chamber was added with 3H-MPP+

for 30 min followed by sample collection (0.2 mL) from the apical chamber to determine 3H-MPP+

transepithelial transport. Transporter-mediated 3H-MPP+ transport was calculated by subtraction the
total basolateral to apical transport of 3H-MPP+ with the transport of 3H-MPP+ in the presence of
TPeA 100 μM, an inhibitor of OCTs.

4.6. Kinetic Analysis of OCT2-mediated 3H-MPP+ Uptake

The evaluation of OCT2 transport kinetics was performed as described previously [18].
RPTEC/TERT1 cell monolayers were incubated with transport buffer containing 3H-MPP+ 10 nM
in the presence of various concentrations of unlabeled MPP+. 3H-MPP+ uptake was calculated as
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mole/min/cm2 of the confluent monolayer surface. This was followed by the calculation of kinetic
parameters including a maximum transport rate of MPP+ (Jmax) and the concentration of unlabeled
MPP+ that resulted in half-maximal transport (Kt) using the Michaelis–Menten equation of competitive
interaction between labeled and unlabeled MPP+ [44].

4.7. Real-Time PCR

Total RNA from RPTEC/TERT1 cells was extracted using TRIzol reagent (Invitrogen, Bangkok,
Thailand). Synthesis of cDNA was performed using iScript cDNA Synthesis Kit (Bio-Rad, Bangkok,
Thailand). A Luna Universal qPCR mastermix was then utilized for PCR amplification (Bio-Rad,
Bangkok, Thailand). The primers used in this study are shown in Table 1.

Table 1. Primers (forward/reverse) for real-time PCR.

Target Forward Primer (5′-3′) Reverse Primer (3′-5′)
hOCT2 5-AGTCTGCCTGGTCAATGCT-3 5-AGGAATGGCGTGATGATGC-3

hMATE1 5-TGCTCCTGGGGGTCTTCTTA-3 5-GTGGGCCTGTGAATTGTGTG-3
hMATE2-K 5-TTGCACAGACCGTCTTCCTC-3 5-TGAGGAAGCTCCCGATCTCA-3

hSHP 5-GGCTTCAATGCTGTCTGGAGT-3 5-CTGGCACATCGGGGTTGAAGA-3
hGAPDH 5-CAAGCTCATTTCCTGGTATGAC-3 5-GTGTGGTGGGGGACTGAGTGTGG-3

The cycle threshold (CT) values were obtained from ABI Prism 7500 Sequence Detection System
(Applied Biosystems (Thailand), Bangkok, Thailand), and the relative expression levels of mRNA were
determined by the 2−ΔΔCt method [45].

4.8. Western Blot Analysis

Proteins of RPTEC/TERT1 cells were separated by 10% SDS-polyacrylamide gel electrophoresis
and subsequently transferred to a nitrocellulose membrane. Membranes were blocked with 5% non-fat
dry milk for 2 h at room temperature and then blotted with primary antibodies for overnight at 4
◦C. After that, the membranes were washed four times with Tris-buffered saline (TBST) for 10 min
each. Subsequently, the membranes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (Merck Millipore, Bangkok, Thailand) for 1 h. Proteins were detected and
quantified by using an enhanced chemiluminescence (ECL) detection kit (Merck Millipore, Bangkok,
Thailand) and the Gel and Graph Digitizing System (Uvitec, Cambridge, UK), respectively.

4.9. Statistical Analysis

Data are presented as mean and standard deviation (mean ± S.D.). Data of the kinetic study
were analyzed by using unpaired student t-tests whereas other data were analyzed by using one-way
analysis of variance (one-way ANOVA) tests with a post hoc Newman–Keuls test. The significant
difference between each group of data was considered when p < 0.05.

5. Conclusions

We have demonstrated that FXR activation stimulates OC secretion in human renal proximal
tubular cells. Moreover, the stimulatory effect of FXR on renal OC secretion may be mediated by the
increase in OCT2/MATEs-mediated OC transport. This effect is likely caused by enhanced OCT2 and
MATE1/2K expression. Taken together, this study enhances our understanding of the role FXR may
play in the regulation of renal OCT2- and MATEs-mediated renal OCs excretion.
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Abstract: Vectorial transport of organic cations (OCs) in renal proximal tubules is mediated by
sequential action of human OC transporter 2 (hOCT2) and human multidrug and toxic extrusion
protein 1 and 2K (hMATE1 and hMATE2K), expressed in the basolateral (hOCT2) and luminal
(hMATE1 and hMATE2K) plasma membranes, respectively. It is well known that hOCT2 activity is
subjected to rapid regulation by several signaling pathways, suggesting that renal OC secretion may
be acutely adapted to physiological requirements. Therefore, in this work, the acute regulation of
hMATEs stably expressed in human embryonic kidney cells was characterized using the fluorescent
substrate 4-(4-(dimethylamino)styryl)-N-methylpyridinium (ASP+) as a marker. A specific regulation
of ASP+ transport by hMATE1 and hMATE2K measured in uptake and efflux configurations was
observed. In the example of hMATE1 efflux reduction by inhibition of casein kinase II, it was also
shown that this regulation is able to modify transcellular transport of ASP+ in Madin–Darby canine
kidney II cells expressing hOCT2 and hMATE1 on the basolateral and apical membrane domains,
respectively. The activity of hMATEs can be rapidly regulated by some intracellular pathways,
which sometimes are common to those found for hOCTs. Interference with these pathways may be
important to regulate renal secretion of OCs.

Keywords: organic cations; transport; kidneys; regulation

1. Introduction

Kidneys are key players in the excretion of several substances of endogenous and exogenous
origin. Besides by filtration in glomeruli, renal excretory function is sustained by secretion through
the proximal tubules [1,2]. Tubular secretion is especially important for polar and charged molecules,
which are subjected to a vectorial transport across proximal tubule cells by the orchestrated action of
membrane transporters expressed either in the basolateral (facing blood) or apical (facing primary
urine) membrane of the cells. In vectorial secretion processes, transporters expressed in the basolateral
plasma membrane domain are responsible for the influx, whereas the ones expressed in the apical
membrane domain are responsible for the efflux of substrates [3]. Tubular secretion is responsible for
renal excretion of charged molecules, such as organic cations (OCs). Endogenous OCs are substances
with important physiological function, such as serotonin and histamine, or are metabolism products,
such as creatinine. A vast majority of exogenous OCs is represented by drugs such as metformin,
verapamil, morphine, etc. [4,5].

The human organic cation transporter 2 (hOCT2) expressed in the basolateral membrane of
proximal tubule cells mediates the first step of OC secretion, that is, the Na+- and H+-independent
uptake of OCs [6,7] from the blood. The OC secretion into the urine is then accomplished by extrusion

Int. J. Mol. Sci. 2020, 21, 5157; doi:10.3390/ijms21145157 www.mdpi.com/journal/ijms99



Int. J. Mol. Sci. 2020, 21, 5157

into the tubule lumen, a process that in humans is mediated mainly by human multidrug and toxin
extrusion proteins 1 and 2K (hMATE1-2K) [8], pH-dependent transporters expressed in the apical
membrane domain of proximal tubule cells [9–13]. This process is stimulated by the slightly acidic pH of
primary urine. Substances that interact with hOCT2 can also interact with hMATEs [14–16], confirming
that these transporters constitute a secretory axis for OCs in renal tubules. This transport vectorial
system is involved also in the renal secretion of atypical substrates such as the chemotherapeutic
drugs cisplatin and oxaliplatin. Since oxaliplatin is a better substrate of hMATE1 and hMATE2K
than cisplatin, it is efficiently eliminated into the urine and causes less nephrotoxicity than cisplatin
(Figure 1) [12,17,18].

Figure 1. Renal secretion system for organic cations (OCs). In renal proximal tubule cells, the uptake
of OCs from the blood is mediated by human organic cation transporter 2 (hOCT2) expressed on the
basolateral domain of plasma membrane. The OC secretion from the cells into the urine is mediated
by human multidrug and toxic extrusion protein 1 and 2K (hMATE1 and hMATE2K) expressed on
the apical domain of plasma membrane. The slightly acidic pH of the urine favors secretion driven
by hMATEs. In this example, oxaliplatin and cisplatin as substrates of the renal secretion system are
shown. Lower affinity of cisplatin for hMATEs is indicated by the smaller font size.

It is well known that the activity of OCTs is subjected to specific acute regulation by several
signaling pathways, which can elicit changes in transporter affinity or alter the number of transporters
in the membrane [19]. However, information on regulation of MATEs is limited. The knowledge
of specific regulation of transporters belonging to the same functional axis such as OCTs/MATEs is
important, because such a regulation has the potential to modify the renal OC secretion, in this way
changing body exposition to drugs and extent of nephrotoxicity. Therefore, in this work, the acute
regulation of hMATEs has been comparatively investigated.

2. Results

Both human embryonic kidney (HEK) 293 cell lines transfected with either hMATE1 or
hMATE2K were able to transport 4-(4-dimethylaminostyril)-N-methylpyridinium (ASP+) in a
concentration-dependent manner. Specific uptake was calculated by subtraction of unspecific uptake
calculated in the presence of 1 mM cimetidine, a high affinity inhibitor of MATEs [20], from total ASP+

uptake. Transport reached saturation both in hMATE- and hMATE2K-HEK cells, allowing calculation
of the kinetic parameters Vmax and Km, which were, respectively, 4.5 ± 0.7 arbitrary fluorescence units
(a.u.) and 14.2 ± 5.0 μM for hMATE1, and 15.3 ± 0.6 a.u. and 6.6 ± 1.0 μM for hMATE2K (Figure 2a,
Table 1). The hMATE2K showed a slightly higher affinity for ASP+ than hMATE1 in the uptake
configuration. The Vmax values cannot be directly compared, since they also depend on transfection
efficiency, which can be different for hMATE1 and hMATE2K, on the gain used in the measurements,
and on performance of the fluorimeter lamp. Additionally, in the efflux configuration (Figure 2b),
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hMATE2K seemed to have a slightly higher affinity for ASP+ than hMATE1 (the Km values calculated
for efflux are not shown, since they cannot be exactly calculated because not all the intracellular ASP+ is
exchangeable; however the Km ratio for the efflux mediated by hMATE1/hMATE2K was 1.5, suggesting
a higher affinity of hMATE2K than hMATE1 for ASP+ in the efflux configuration). Since not all the
intracellular ASP+ is exchangeable, these values must be considered as an approximation and cannot
be directly compared to the Km values measured in the uptake configuration.

Figure 2. Saturation of 4-(4-dimethylaminostyril)-N-methylpyridinium (ASP+) transport mediated by
hMATE1 (closed symbols) and hMATE2K (open symbols) in both the uptake (a) and efflux conformation
(b). (a) shows the specific ASP+ uptake calculated subtracting unspecific (determined in the presence
of 1 mM cimetidine) from total ASP+ uptake (not shown). (b) shows the rate of ASP+ efflux calculated
as described in Materials and Methods. The calculated Km values are indicated in the figure. The Km

values for efflux are not shown, since they can not be exactly calculated because not all the intracellular
ASP+ is exchangeable. Data are mean ± standard error of the mean (SEM) of three independent
experiments, where each ASP+ concentration was measured in at least six replicates per experiment.
As explained in the text, the Vmax values are not directly comparable, and for this reason are not shown.
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Table 1. This table summarizes the affinities (Km in μM) of hMATE1 and hMATE2K for ASP+ measured
in the uptake configuration.

Transport Direction Transporter Affinity (Km)

hMATE1 hMATE2K

Uptake 14.2 ± 5.0 μM 6.6 ± 1.0 μM

The rapid regulatory abilities of various cellular signal messengers on ASP+ uptake by human
MATE transporters are presented in Figure 3. Cells were incubated with each substance for 10 min,
before measuring ASP+ uptake. For activation of protein kinase A (PKA) and protein kinase C (PKC),
we used 1 μM forskolin and 1 μM 1,2-dioctanoyl-sn-glycerol (DOG), respectively. For inhibition of
phosphatidylinositol 3-kinase (PI3K), of Ca2+/calmodulin (CaM), of p56lck tyrosine kinase (p56lck), and
of casein kinase II (CKII), we used 0.1 μM wortmannin, 5 μM calmidazolium, 5 μM aminogenistein,
and 10 μM 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz), respectively. The regulatory substances were
used in a concentration range, which has been described to be specific for activation/inhibition of
distinct signaling pathways and which was already used in HEK293 cells to study acute regulation of
OCTs [19,21–27].
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Figure 3. Acute regulation of ASP+ uptake in hMATE1- and hMATE2K-HEK293 cells. HEK293
cells expressing hMATE1 or hMATE2K were incubated with a regulator of interest for 10 min before
addition of 5 (hMATE1) or 2 (hMATE2K) μM ASP+, respectively. Protein kinase A (PKA) was
stimulated by incubation with 1 μM forskolin, whereas protein kinase C (PKC) was stimulated with
1 μM 1,2-dioctanoyl-sn-glycerol (DOG). Phosphatidylinositol 3-kinase (PI3K) was inhibited by 0.1 μM
wortmannin, Ca2+/calmodulin (CaM) by 5 μM calmidazolium, p56lck by 5 μM aminogenistein, and
casein kinase II (CKII) by 10 μM 4,5,6,7-tetrabromo-1H-benzimidazole (TBBz). The uptake of ASP+ in
control wells was set as 100%. All conditions were compared to the control. Each column represents
the mean ± SEM with 20–36 replicates measured in at least three independent experiments. The
dotted line represents the control value = 100%, with a grey shading representing the SEM variation
range. The stars (*) show a statistically significant difference compared to control experiments (p < 0.05,
unpaired t-test).

The uptake mediated by hMATE1 seemed to be only slightly downregulated by CaM and p56lck

inhibition (to −18 ± 2% and −15 ± 2% of controls, respectively). Interestingly, inhibition of CKII
stimulated ASP+ uptake (+14 ± 4%). Uptake mediated by hMATE2K was strongly stimulated by
p56lck and CKII inhibition (to +97 ± 5% and +281 ± 29% of controls, respectively). Other substances
(forskolin, DOG, wortmannin) had no significant influence on hMATE-mediated ASP+ uptake.

Because of the huge regulatory effects of p56lck and CKII inhibition on ASP+ uptake by hMATE2K,
we investigated whether this regulation was due to the activity of Na+/H+ exchanger 1 (NHE1), which
is the main regulator of pH in HEK cells [28]. For this reason, ASP+ uptake regulation was measured
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in hMATE2K-HEK cells under inhibition of NHE1 by 1 μM cariporide, a concentration known to
specifically inhibit NHE1 [29] (Figure 4).

Figure 4. The effect of Na+/H+ exchanger 1 (NHE1) inhibition with 1 μM cariporide on regulation of
ASP+ uptake by hMATE2K. hMATE2K-HEK293 cells were incubated with a regulator of interest (p56lck

inhibition by 5 μM aminogenistein and CKII inhibition by 10 μM TBBz) alone (open bars) or in the
presence of 1 μM cariporide (closed bars) for 10 min. After incubation, 2 μM ASP+ solution was applied,
and uptake through hMATE2K transporter was measured. Control condition indicates the uptake
of ASP+ without addition of regulator, which was set to 100%. Results in the presence or absence
of cariporide were compared. Each column represents mean ± SEM of at least three independent
experiments. The star (*) shows a statistically significant difference compared to experiments without
cariporide (p < 0.05, unpaired t-test).

Ten minutes of incubation with 1 μM cariporide increased ASP+ uptake by hMATE2K, probably
because of efficient NHE1 inhibition and slight acidification of the cells, which stimulated ASP+ uptake.
Inhibition of NHE1 with cariporide did not change the stimulation of ASP+ uptake by hMATE2K
under p56lck or CKII inhibition. To study the effects of pH on regulation of ASP+ uptake by hMATE2K,
we incubated the cells with NH4Cl to make the cellular pH more acidic (Figure S4). This maneuver
strongly increased the ASP+ uptake by hMATE2K to 292 ± 14% (measured in at least three independent
experiments) compared to control experiments, which were set to 100 ± 4% (not shown). Interestingly,
under cell acidification, the stimulation of ASP+ uptake by hMATE2K observed under p56lck inhibition
with aminogenistein disappeared, while the one produced by CKII inhibition with TBBz remained
(Figure 5).
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Figure 5. Acute regulation of ASP+ uptake into hMATE2K-HEK cells after 30 mM NH4Cl pre-treatment
to acidify the cells, before 10 min incubation with the regulator of interest (5 μM aminogenistein for
p56lck inhibition or 10 μM TBBz for CKII inhibition). After this, incubation solution was replaced
with 2 μM ASP+, and uptake through hMATE2K was measured. The uptake of ASP+ without
addition of regulator was set to 100% (dashed line with grey shading representing the SEM variation
range). Each column represents mean ± SEM of at least three independent experiments. The star (*)
shows a statistically significant difference compared to control experiments without TBBz (p < 0.05,
unpaired t-test).
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Rapid Regulation of Efflux

We further investigated whether ASP+ efflux mediated by hMATE1 or hMATE2K is also subjected
to rapid regulation (Figures 6 and 7). Figure 6 shows an example of hMATE2K efflux regulation
experiments performed under PKC activation with DOG compared to control experiments. Figure 7
shows the summary of the results on efflux mediated by hMATE1 and hMATE2K obtained under
modulation of several signaling pathways.

Figure 6. Example of acute regulation of ASP+ efflux from hMATE2K-HEK293 cells under PKC
activation with 1 μM DOG (closed circles). Prior to addition of DOG, hMATE2K cells were incubated
with 25 μM ASP+ for 30 min. After that, DOG was added for further 10 min. After this, incubation
solution was removed, and cell monolayers were washed two times with ice-cold Ringer-like solution
(pH 7.4). Each well was filled with Ringer-like solution and the decrease in fluorescence signal over
time was measured. In control experiments, the efflux of ASP+ without addition of regulator was
measured (open circles). The experimental points of ASP+ fluorescence decrease measured in the first
250 s are shown in the insert.
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Figure 7. Acute regulation of ASP+ efflux from hMATE1- and hMATE2K-HEK293 cells. Prior to the
addition of regulator, hMATEs cells were incubated with 25 μM ASP+ for 30 min. After that, regulator
(PKA was stimulated by incubation with 1 μM forskolin, PKC with 1 μM DOG; PI3K was inhibited
by 0.1 μM wortmannin, CaM by 5 μM calmidazolium, p56lck by 5 μM aminogenistein, and CKII by
10 μM TBBz) was added for a further 10 min. After this, incubation solution was removed, and cell
monolayers were washed two times with ice-cold Ringer-like solution (pH 7.4). Each well was filled
with Ringer-like solution and the decrease in fluorescence signal was measured for 10 min. In control
experiments, the efflux of ASP+ without addition of regulator was set to 100%. All other conditions
were compared with the control. Each column represents mean ± SEM from three different experiments.
The dotted line represents the control value = 100%, with the grey shading representing the SEM
variation range. The stars (*) show a statistically significant difference compared to control experiments
(p < 0.05, unpaired t-test).
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Since inhibition of CKII with TBBz seems to be able to regulate hMATE1 both in the uptake
and in the efflux configuration, we tested whether this regulation can modulate the activity of the
transport axis for OCs in Madin–Darby canine kidney (MDCK) II cells, a polarized cell system,
where we expressed hOCT2 alone or together with hMATE1. The hMATE1 was transfected in
MDCK II cells already stably expressing hOCT2-GFP. The cells were grown on filters (12 well
Thin-cert, 1 μm transparent, Greiner Bio-One, Frickenhausen, Germany), allowing the separation of an
apical and basolateral compartment. Expression of hOCT2 and hMATE1 was controlled by PCR and
immunofluorescence analysis (Figures S7 and S8). The genetic manipulation of MDCK II cells resulted in
the expression of hOCT2 and hMATE1 both at the mRNA and at the protein levels. Immunofluorescence
labeling of hOCT2 and hMATE1 clearly showed that the two proteins were expressed in distinct
cellular compartments, with hOCT2 mainly expressed in the basolateral and hMATE1 in the apical
membrane domain. The cellular accumulation of ASP+ was compared between hOCT2-MDCK and
hOCT2-hMATE1-MDCK cells after addition of the fluorescent substrate to the basolateral compartment
in order to mimic the physiological direction of transport in the kidneys (Figure 8). By addition of ASP+

to the basolateral compartment, a higher intracellular ASP+ accumulation was observed in hOCT2-
compared with hOCT2-hMATE1-MDCK-cells, indicating that the presence of hMATE1 increased the
ASP+ efflux through the apical domain of the plasma membrane. Incubation with TBBz strongly
increased the intracellular ASP+ content in hOCT2-hMATE1- compared with hOCT2-MDCK-cells,
probably due to an inhibition of ASP+ efflux through the hMATE1, as observed in experiments with
hMATE1-HEK293 cells (Figure 7).

Figure 8. ASP+ intracellular accumulation in Madin–Darby canine kidney (MDCK) II cells expressing
hOCT2 or hOCT2 together with hMATE1. MDCK II cells expressing the transporters were grown on
filters. Upon reaching confluence, we added ASP+ (50 μM) to the basolateral compartment, and after 2
h incubation in the presence or absence of 10 μM TBBz, we lysed cells with 4% SDS, with fluorescence
in cell lysates being quantified by comparison with cell lysates, where known ASP+ concentrations
were added. ASP+ concentrations in cell lysates were normalized to protein content. Each column
represents mean ± SEM from 3–6 different experiments. The stars (*) show a statistically significant
difference between the groups and # represents a difference compared to all other groups (p < 0.05,
ANOVA with Tukey’s post-test).

3. Discussion

The kidneys deal with rapidly changing quantity of water and solutes, which derives from
variable fluid and meal intake and metabolic activities. Transport systems are strongly involved in
determining renal function consisting of secretion and reabsorption processes of water and solutes.
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For this reason, a regulation of transporter activity to cope with different situations is conceivable.
Indeed, the renal transport systems are targeted by several hormones, which can initiate a series
of regulation pathways [19]. Focusing on renal secretion systems, this regulation has potential
pharmacological and pathophysiological importance, since their inhibition may augment the bodily
exposure to dangerous synthetic and natural xenobiotics, and their stimulation may be useful for
prevention or treatment of pharmacological and occupational renal toxicity [30]. Posttranslational
modifications such as phosphorylation/dephosphorylation, glycosylation, and ubiquitination processes
are important modulators of protein function, structure, or localization [31]. For transporters, these
modifications can alter their kinetic characteristics, such as Km or Vmax [32].

Considering the renal secretion axis of organic cations (OCs), it is well known that such
posttranslational modifications can regulate the first step of secretion, that is, the uptake of OCs
into the proximal tubule cells. This process is mainly mediated in humans by hOCT2. From
experiments with hOCT2 and also with other orthologs and paralogs, it is well known that glycosylation
and oligomerization are important for regulating the insertion of the transporter into the plasma
membrane [33–36] and that multiple intracellular signaling pathways are involved in its rapid
regulation [24,27]. Specifically, hOCT2 function was significantly reduced by inhibition of the
Ca2+/calmodulin complex and stimulation of PKC and of PKA [24]. However, there are only few
investigations on the regulation of the final step of renal OC secretion, that is, the transport of OCs by
hMATE1 and hMATE2K from proximal tubule cells into the urine. It is conceivable that pathways
exist that can regulate renal secretion of organic cations acting both on hOCTs and hMATEs.

The present knowledge on MATE regulation is well summarized in [37]. Transcriptional regulation
of MATE1 has been described, together with regulation of its function or mRNA expression under
pathological situations such as ischemia/reperfusion injury and diabetes [37]. In inflamed or fibrotic
fibroblasts, hMATE expression is downregulated by tumor necrosis factor (TNF)α, interleukin (IL)-16,
IL-6, and platelet-derived growth factor (PDGF) [38,39], and stimulated by the Notch pathway [39]. In
plasma membranes from human kidney cortex, the protein expression of hMATE was found to not be
gender- or age-dependent, at least in renal samples from adults [40].

To increase the knowledge on hMATE regulation and find out whether there is a regulation of the
OC secretory axis, we investigated in this work the hMATE rapid regulation, focusing on pathways
that are known to modulate hOCT function.

Physiologically, hMATEs work as OC/H+ exchangers, driven by the slight acidity of primary
urine in proximal tubules. Working in vitro with HEK293 cells as an expression system for hMATEs,
we can study the transport characteristics of the transporters, offering to the cells substrates from the
extracellular site and investigating their uptake by hMATEs, which is driven by the negative membrane
potential. This uptake can be stimulated by decreasing the intracellular pH. The HEK system can
be also used to study the function of hMATEs as OC efflux transporters by loading the cells with
substrates and measuring their efflux kinetics.

Using the fluorescent organic cation ASP+ as a substrate, we showed that both ASP+ uptake and
efflux were pH-dependent (Figure S5) and that hMATE2K has a slightly higher affinity than hMATE1
for the substrate both in the efflux and in the uptake configuration. Performing efflux experiments
over 30 min, we measured that up to 40% (41 ± 6%, N = 4, not shown) of ASP+ is not exchangeable.
For this reason, the Km for ASP+ in the efflux configuration cannot be exactly determined.

Rapid regulation of ASP+ uptake was studied first. Here, hMATE1 activity was decreased by
inhibition of the Ca2+/calmodulin complex with calmidazolium and of p56lck tyrosine kinase with
aminogenistein, while inhibition of CKII with TBBz stimulated hMATE1-mediated ASP+ uptake,
indicating that in HEK293 cells these pathways are endogenously active and regulate hMATE1 uptake.
A search of putative calmodulin binding sites in hMATE1 using the calmodulin binding database
of the Ikura Lab, Ontario Cancer Institute (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html),
showed that it has a putative calmodulin binding sequence at position 533 (DGAKLSRK). Using
the group-based prediction system GPS 5.0 [41], in the putative intracellular domains of hMATE1
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amino acid sequence (Table S2), no direct p56lck phosphorylation site could be identified, while a CKII
potential phosphorylation site was detected at position S402 (Figure 9). ASP+ uptake by hMATE2K
was significantly stimulated by inhibition of p56lck tyrosine kinase and of CKII. While CKII-induced
regulation was stronger than that of the same type as was measured for hMATE1, the effect of
p56lck tyrosine kinase was opposite to what was observed for hMATE1. This strong stimulation of
hMATE2K by inhibition of p56lck tyrosine kinase and of CKII was not dependent on a changed activity
of NHE1, since it was still present when the experiments were performed under NHE1 inhibition.
However, the regulation by inhibition of p56lck tyrosine kinase disappeared under cellular acidification,
suggesting that it involves some interaction close to the H+ binding site, probably in proximity of the
N-terminus, where H+-driven conformational changes of MATEs take place [42]. Indeed, a potential
phosphorylation site for p56lck was present in the putative second intracellular loop of hMATE2K at
position Y104 (Figure 9). CKII has putative phosphorylation sites at S3, S508, and S519 (Figure 9).

Figure 9. This figure shows a schematic secondary structure of hMATEs, as determined using the
eukaryotic linear motif resource [43]. Both hMATE1 (NP_060712.2, NM_018242.3) and hMATE2K
(NP_001093116.1, NM_001099646.2) are modelled as having 13 transmembrane domains (TMD),
with intracellular amino- and extracellular carboxy-termini. Potential CaM, CKII, and p56lck

phosphorylation sites identified as explained in the Materials and Methods section are also
shown. Several other potential phosphorylation sites for PKA (S23/S119/S249/S335/S336/T337/S538
in hMATE1; S469/S508/S534 in hMATE2K) and for PKC (T98/S101/T103/S335/S336/S538 in hMATE1;
T325/T398/S469/S492/T496/S498/T505/T506/T530/S531/S534 in hMATE2K) were identified using GPS
5.0 [41], but for the sake of clarity, they are not indicated in the figure.

For what concerns regulation of ASP+ efflux, inhibition of CKII caused a downregulation of efflux
by hMATE1, in clear opposition to what observed for uptake, suggesting that incubation with TBBz
stabilizes hMATE1 in an uptake configuration. In hMATE2K cells, this maneuver did not change the
efflux of ASP+, in strong contrast to what measured for ASP+ uptake, also here suggesting that TBBz
stabilizes the transporter rather than an uptake configuration. The other pathways did not change
ASP+ efflux, except for that concerning activation of PKA with forskolin and of PKC with DOG, which
in hMATE2K cells significantly inhibited its function, suggesting that PKA and PKC inhibit the efflux
by hMATE2K. A search of putative phosphorylation sites in hMATE2K showed that it has several
potential PKA and PKC phosphorylation sites in intracellular domains (Table S2), suggesting that these
sites may be the target of this regulation.

Can a regulation of the transporter axis change the renal secretion of substrates? This point
was investigated in MDCK II cells, a polarized cell model, resembling the physiological polarization
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of renal tubules, where the hOCT2 alone or together with hMATE1 were expressed. Expression of
hMATE1 reduced the cellular ASP+ accumulation, probably by increasing its transport out of cells.
Interestingly, inhibition of CKII resulted in a higher cellular ASP+ content, confirming the results
obtained with HEK293 cells, where incubation with TBBz reduced its efflux. For this reason, regulation
of transporters involved in renal secretion of organic cations may be an approach to stimulate renal
secretion or to decrease exposition of kidney cells to nephrotoxicants.

Comparing these results with the data from the literature, we found hOCT2 to be regulated by
several different signaling pathways [24,27,44], while the activity of hMATEs both in the uptake and in
the efflux configuration was found to be regulated only by few pathways (Table 2).

Table 2. Signaling pathways and their effects on hOCT2-, hMATE1-, and hMATE2K-mediated transport.

Signaling
Pathway

hOCT2
Uptake

hMATE1
Uptake

hMATE1
Efflux

hMATE2K
Uptake

hMATE2K
Efflux

PKA ↓[24] 0 0 0 ↓
PKC ↓[24] 0 0 0 ↓
CKII ↑ ↓ ↑ ↓ 0
CaM ↑[24] ↑ 0 0 0
p56lck ↑[44] ↑ 0 ↓ 0
PI3K ↓[24] 0 0 0 0

0 = no effect; ↑/↓ = the activity of the indicated kinase stimulates/inhibits the transporters. When no reference is
indicated, the results refer to the present work.

4. Materials and Methods

Cell culture: Human embryonic kidney (HEK) 293 cells stably expressing hMATE1 or hMATE2K
or the respective empty vector were used for the experiments. Generation of these cell lines has been
already described elsewhere [45]. HEK293 cells were maintained at 37 ◦C, 5% CO2, in 50 mL cell culture
flasks (Greiner, Frickenhausen, Germany). Cell medium consisted of Dulbecco’s minimal Eagle’s
medium (Biochrom, Berlin, Germany) supplemented with 10% fetal bovine serum, 1 g/L glucose,
2 mM glutamine, 3.7 g/L NaHCO3, and 100 U/mL streptomycin/penicillin (Biochrom). Selection of
cells transfected with hMATE1 or hMATE2K transporter was assured by the addition of hygromycin
(200 or 175 mg/mL, respectively). Cell cultures were grown on 96-, 24-, or 12-well plates until 80–90%
confluence was reached. Experiments were performed with cells from passages 40–65. A brief
characterization of these cell lines is shown in the Figures S1–S3.

For some experiments, the MDCK II cell line was used, since it has a clear apical-basolateral polarity,
well-defined cell junctions, and a rapid growth rate, and because it polarizes in cell culture [46]. MDCK
II cells were transduced with hOCT2-GFP inserted into the vector pQCXIH (Clontech Laboratories,
Takara Bio USA, Mountain View, CA, USA) by a retroviral transduction technique, as described
in [47]. These cells were then transiently transfected with hMATE1 inserted into the pcDNA 3.1
vector [16] (a kind gift by Atushi Yonezawa, Kyoto University, Japan). Transfection was performed
with Lipofectamine 2000 transfection reagent according to the manufacturer’s instructions (Fisher
Scientific, Schwerte, Germany).

Reagents: ASP+ was purchased from Fischer Scientific. Wortmannin, calphostin C, calmidazolium,
and aminogenistein were purchased from Calbiochem (Calbiochem, Merck Chemicals, Darmstadt,
Germany). All other reagents were of the highest purity and were obtained from Sigma-Aldrich
(Sigma-Aldrich, Merck Chemicals, Darmstadt, Germany).

Fluorescence measurements.: The fluorescent organic cation ASP+ was used to monitor hMATE
activity, as already performed in other works [45,48]. Measurements were performed using a microplate
fluorescence reader with excitation at 465 nm and emission at 590 nm (Infinite F200, Tecan, Switzerland),
as already described in detail [23].
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Transport characteristics and acute regulation of hMATE1 and hMATE2K were studied using two
different protocols. The first one aimed to test function and acute regulation of hMATEs in the uptake
configuration, and the second one aimed to measure these parameters in an efflux configuration.

Before measurements, cell monolayers were washed with Ringer-like solution containing (in mM):
NaCl 145, K2HPO4 1.6, KH2PO4 0.4, D-glucose 5, MgCl2 1, and calcium gluconate 1.3, with pH adjusted
to 7.4 at 37 ◦C. For uptake kinetic experiments, OC transport was measured dynamically at 37 ◦C after
addition of ASP+ in a 1–35 μM concentration range as initial rate of fluorescence increase [23]. Slopes
of fluorescence increase were linearly fitted and used as ASP+ uptake measure. For measurements of
transporter activity in the efflux configuration, we incubated cells for 10 min at 37 ◦C with ASP+ in a
10–100 μM concentration range. After this incubation, cells were washed with ice-cold Ringer-like
solution and the decrease of fluorescence was measured at 37 ◦C for 10 min. The slope of the initial
fluorescence decrease was used as a measure of transporter efflux velocity. This part of the efflux
seemed to be mediated mainly by hMATEs (Figure S3). To calibrate for cellular ASP+ content at the
beginning of efflux measurements, in unpaired experiments after incubation with ASP+ and washing
with ice-cold Ringer-like solution, we lysed cells with 4% sodium dodecyl sulfate (SDS) in 10 mM
Tris-HCl (pH 7.4) and their fluorescence was compared with that measured in SDS cell lysates, where
known ASP+ concentrations were added, as explained in Figure S9. An example of the fluorescence
decrease in efflux experiments is given in Figure 10. In both uptake and efflux experiments, we also
evaluated pH dependence of ASP+ transport by hMATEs (Figure S5).
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Figure 10. Example of efflux experiments performed after 10 min incubation of hMATE1-HEK cells
with 10–100 μM ASP+ at 37 ◦C. The decrease of cellular fluorescence upon time in seconds is shown
for different ASP+ concentrations used. The lines show the part of the fluorescence decrease used to
calculate the slope of efflux velocity. Fluorescence is given as arbitrary units (a.u.).

In some experiments, the dependence of ASP+ uptake by hMATEs on pH was investigated using
intracellular acidification. To do this, cells were incubated with 30 mM NH4Cl for 30 min and, before
addition of ASP+, the NH4Cl solution was replaced by fresh Ringer-like solution (37 ◦C, pH 7.4). The
course of pH changes induced by this procedure was investigated in unpaired experiments using
2′,7′-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM). BCECF-AM is
a membrane permeable substance, which functions as pH-sensitive fluorescent dye [49,50]. Briefly,
confluent hMATE-HEK cells were incubated in the dark with Ringer-like solution containing 5 μM
BCECF-AM for 30 min. After incubation, the dye was removed, and the cells were incubated with
Ringer-like solution with or without 30 mM NH4Cl for 30 min. After this time, incubation solution
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was replaced by fresh Ringer-like buffer. All the solutions had a pH 7.4 at 37 ◦C. The pH changes
were monitored with Tecan Infinite M200 (Tecan, Switzerland) by ratiometric measurements of BCECF
fluorescence emission at 540 nm after excitation at the wavelengths of 440 nm (isosbestic point) and
490 nm (pH-dependent) (Figure S4).

Acute regulation of ASP+ transport by hMATEs was studied in the uptake and in the efflux
transporter configuration. Regulation of ASP+ uptake was studied after 10 min incubation with
known regulators of important signaling pathways, which are known to be active in HEK293
cells [19,21,23,24,26,27]. The concentrations of the potential regulators were chosen according to
previous regulation studies of OCT function [19,21,23,24,26,27]. After pre-treatment with the potential
regulator, ASP+ was added to the cells and its uptake over time was monitored. In some experiments,
cells were treated with NH4Cl to induce an acidification and were then incubated 10 min with the
regulator before replacing incubation solution with Ringer-like buffer and measuring ASP+ uptake.

For regulation experiments of hMATE-mediated ASP+ efflux, we loaded confluent
hMATEs-HEK293 cells with 25 μM ASP+ for 30 min. After that, regulator of interest or Ringer-like
solution as a control was applied for 10 more minutes, still in the presence of ASP+. Afterwards,
incubation solution was removed, each well was washed with ice-cold Ringer-like solution, and the
decrease in fluorescence was measured at 37 ◦C, as described above.

The effect of each regulator on ASP+ uptake and efflux were compared with control conditions
without potential regulator, which were set as 100%. In order to test the specificity of regulatory
effects, we measured regulation by some effective substance also in the presence of 10 μM cariporide,
an inhibitor of NHE1 [29].

Immunofluorescence analysis: MDCK-hOCT2-GFP cells transfected with hMATE1 and growing
on filters for 7 days were fixed in 4% paraformaldehyde (PFA). After fixation, the cells were washed three
times with Dulbecco’s phosphate-buffered saline (PBS, Biochrom, Berlin, Germany) and permeabilized
using 0.1% Triton X-100 for 5 min. After extensive washing with PBS, unspecific binding sites were
blocked by overnight incubation at 4 ◦C with 10% bovine serum albumin (BSA, Sigma-Aldrich) in PBS.
Cells were then incubated 60 min at room temperature with a rabbit anti-hMATE1 antibody (hMATE1
E13, sc-133390, Santa Cruz, Dallas, TX, USA) diluted 1:10 in 1% BSA in PBS. After three washing
steps in PBS, the secondary antibody (anti-rabbit IgG Alexa Fluor 594, Cell Signaling, Frankfurt/Main,
Germany) at a 1:1.000 dilution was incubated for 60 min followed by five more washing steps in PBS. The
nuclei were blue-labeled with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI, Sigma-Aldrich).
Finally, cells were covered with Fluoromount (Sigma-Aldrich), and fluorescence photographs were
taken by epifluorescence microscopy (Observer Z1 with apotome, Zeiss, Göttingen, Germany). Negative
control slides were included without addition of primary antibody (data not shown).

PCR analysis: For PCR analysis of MDCK II cells, total RNA from wild type (WT) cells or cells
expressing hOCT2 alone or together with hMATE1 or only the empty vectors (EV) were isolated using
the Qiagen RNeasy Midikit (Qiagen, Gilden, Germany) and reverse transcription was performed
using the Superscript II system (Invitrogen, Carlsbad, CA), both according to the manufacturer’s
recommendations. Standard PCR was performed using specific primer pairs as listed in Table S1. The
PCR products were separated using agarose gel electrophoresis.

Statistical analysis: Experimental data are presented as means ± SEM, with n referring to the
number of totally measured replicates obtained in at least three independent experiments. Significant
differences of regulatory substances were calculated using unpaired Student’s t-test or ANOVA with
Tukey’s post-test for multiple comparisons. A p-value < 0.05 was considered statistically significant.
Analyses were performed using GraphPad Prism, Version 5.3 (GraphPad Software, San Diego, CA,
USA).

5. Conclusions

As found for other SLC transporter families, hMATEs, members of the renal secretion pathway of
organic cations, can be acutely regulated. Although hMATEs are highly similar in their structure and
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substrate affinities, they do have some differences for what concerns responses to cellular messengers.
Preliminary results suggest that such a regulation is effective in systems expressing uptake and
extrusion transporters.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/14/
5157/s1.
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Abbreviations

ASP+ 4-(4-(dimethylamino)styryl)-N-methylpyridinium
a.u. arbitrary units
BCECF-AM 2′,7′-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester
BSA bovine serum albumin
CaM calmodulin
CKII casein-kinase II
DAPI 2-(4-amidinophenyl)-1H-indole-6-carboxamidine
DOG 1,2-dioctanoyl-sn-glycerol
HEK human embryonic kidney
hMATE human multidrug and toxins extrusion protein
hOCT human organic cation transporter
IL interleukin
MDCK Madin–Darby canine kidney
NHE1 Na+/H+ exchanger 1
OCs organic cations
PBS phosphate-buffered saline
PDGF platelet-derived growth factor
PFA paraformaldehyde
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PKC protein kinase C
p56lck p56lck tyrosine kinase
SDS sodium dodecyl sulfate
SEM standard error of the mean
TBBz 4,5,6,7-tetrabromo-1H-benzimidazole
TNF tumor necrosis factor

References

1. Koepsell, H. Polyspecific organic cation transporters: Their functions and interactions with drugs. Trends
Pharmacol. Sci. 2004, 25, 375–381. [CrossRef] [PubMed]

2. Wright, S.H. Role of organic cation transporters in the renal handling of therapeutic agents and xenobiotics.
Toxicol. Appl. Pharmacol. 2005, 204, 309–319. [CrossRef]

3. Wright, S.H.; Dantzler, W.H. Molecular and cellular physiology of renal organic cation and anion transport.
Physiol. Rev. 2004, 84, 987–1049. [CrossRef]

111



Int. J. Mol. Sci. 2020, 21, 5157

4. Wagner, D.J.; Hu, T.; Wang, J. Polyspecific organic cation transporters and their impact on drug intracellular
levels and pharmacodynamics. Pharmacol. Res. 2016, 111, 237–246. [CrossRef]

5. Lai, R.E.; Jay, C.E.; Sweet, D.H. Organic solute carrier 22 (SLC22) family: Potential for interactions with
food, herbal/dietary supplements, endogenous compounds, and drugs. J. Food Drug Anal. 2018, 26, S45–S60.
[CrossRef]

6. Motohashi, H.; Sakurai, Y.; Saito, H.; Masuda, S.; Urakami, Y.; Goto, M.; Fukatsu, A.; Ogawa, O.; Inui, K.K.
Gene expression levels and immunolocalization of organic ion transporters in the human kidney. J. Am. Soc.
Nephrol. 2002, 13, 866–874.

7. Koepsell, H.; Lips, K.; Volk, C. Polyspecific organic cation transporters: Structure, function, physiological
roles, and biopharmaceutical implications. Pharm. Res. 2007, 24, 1227–1251. [CrossRef]

8. Otsuka, M.; Matsumoto, T.; Morimoto, R.; Arioka, S.; Omote, H.; Moriyama, Y. A human transporter protein
that mediates the final excretion step for toxic organic cations. Proc. Natl. Acad. Sci. USA 2005, 102,
17923–17928. [CrossRef] [PubMed]

9. Terada, T.; Inui, K. Physiological and pharmacokinetic roles of H+/organic cation antiporters (MATE/SLC47A).
Biochem. Pharmacol. 2008, 75, 1689–1696. [CrossRef]

10. Masuda, S.; Terada, T.; Yonezawa, A.; Tanihara, Y.; Kishimoto, K.; Katsura, T.; Ogawa, O.; Inui, K. Identification
and functional characterization of a new human kidney-specific H+/organic cation antiporter, kidney-specific
multidrug and toxin extrusion 2. J. Am. Soc. Nephrol. 2006, 17, 2127–2135. [CrossRef] [PubMed]

11. Komatsu, T.; Hiasa, M.; Miyaji, T.; Kanamoto, T.; Matsumoto, T.; Otsuka, M.; Moriyama, Y.; Omote, H.
Characterization of the human MATE2 proton-coupled polyspecific organic cation exporter. Int. J. Biochem.
Cell Biol. 2011, 43, 913–918. [CrossRef]

12. Yonezawa, A.; Inui, K. Importance of the multidrug and toxin extrusion MATE/SLC47A family to
pharmacokinetics, pharmacodynamics/toxicodynamics and pharmacogenomics. Br. J. Pharmacol. 2011, 164,
1817–1825. [CrossRef] [PubMed]

13. Zhang, X.; Wright, S.H. MATE1 has an external COOH terminus, consistent with a 13-helix topology. Am. J.
Physiol Renal Physiol. 2009, 297, F263–F271. [CrossRef]

14. König, J.; Zolk, O.; Singer, K.; Hoffmann, C.; Fromm, M.F. Double-transfected MDCK cells expressing human
OCT1/MATE1 or OCT2/MATE1: Determinants of uptake and transcellular translocation of organic cations.
Br. J. Pharmacol. 2011, 163, 546–555. [CrossRef] [PubMed]

15. Inui, K.I.; Masuda, S.; Saito, H. Cellular and molecular aspects of drug transport in the kidney. Kidney Int.
2000, 58, 944–958. [CrossRef]

16. Sato, T.; Masuda, S.; Yonezawa, A.; Tanihara, Y.; Katsura, T.; Inui, K. Transcellular transport of organic
cations in double-transfected MDCK cells expressing human organic cation transporters hOCT1/hMATE1
and hOCT2/hMATE1. Biochem. Pharmacol. 2008, 76, 894–903. [CrossRef]

17. Yonezawa, A.; Inui, K. Organic cation transporter OCT/SLC22A and H+/organic cation antiporter
MATE/SLC47A are key molecules for nephrotoxicity of platinum agents. Biochem. Pharmacol. 2011,
81, 563–568. [CrossRef] [PubMed]

18. Yokoo, S.; Yonezawa, A.; Masuda, S.; Fukatsu, A.; Katsura, T.; Inui, K. Differential contribution of organic
cation transporters, OCT2 and MATE1, in platinum agent-induced nephrotoxicity. Biochem. Pharmacol. 2007,
74, 477–487. [CrossRef]

19. Ciarimboli, G.; Schlatter, E. Regulation of organic cation transport. Pflügers Arch. 2005, 449, 423–441.
[CrossRef]

20. Matsushima, S.; Maeda, K.; Inoue, K.; Ohta, K.Y.; Yuasa, H.; Kondo, T.; Nakayama, H.; Horita, S.; Kusuhara, H.;
Sugiyama, Y. The inhibition of human multidrug and toxin extrusion 1 is involved in the drug-drug interaction
caused by cimetidine. Drug Metab. Dispos. 2009, 37, 555–559. [CrossRef]

21. Massmann, V.; Edemir, B.; Schlatter, E.; Al-Monajjed, R.; Harrach, S.; Klassen, P.; Holle, S.K.; Sindic, A.;
Dobrivojevic, M.; Pavenstadt, H.; et al. The organic cation transporter 3 (OCT3) as molecular target of
psychotropic drugs: Transport characteristics and acute regulation of cloned murine OCT3. Pflügers Arch.
2014, 466, 517–527. [CrossRef] [PubMed]

22. Schlatter, E.; Klassen, P.; Massmann, V.; Holle, S.K.; Guckel, D.; Edemir, B.; Pavenstädt, H.; Ciarimboli, G.
Mouse organic cation transporter 1 determines properties and regulation of basolateral organic cation
transport in renal proximal tubules. Pflügers Arch. 2014, 466, 1581–1589. [CrossRef] [PubMed]

112



Int. J. Mol. Sci. 2020, 21, 5157

23. Wilde, S.; Schlatter, E.; Koepsell, H.; Edemir, B.; Reuter, S.; Pavenstädt, H.; Neugebauer, U.; Schröter, R.;
Brast, S.; Ciarimboli, G. Calmodulin-associated post-translational regulation of rat organic cation transporter
2 in the kidney is gender dependent. Cell. Mol. Life Sci. 2009, 66, 1729–1740. [CrossRef] [PubMed]

24. Biermann, J.; Lang, D.; Gorboulev, V.; Koepsell, H.; Sindic, A.; Schröter, R.; Zvirbliene, A.; Pavenstädt, H.;
Schlatter, E.; Ciarimboli, G. Characterization of regulatory mechanisms and states of human organic cation
transporter 2. Am. J. Physiol. Cell Physiol. 2006, 290, C1521–C1531. [CrossRef]

25. Ciarimboli, G.; Koepsell, H.; Iordanova, M.; Gorboulev, V.; Dürner, B.; Lang, D.; Edemir, B.; Schröter, R.; van
Le, T.; Schlatter, E. Individual PKC-phosphorylation sites in organic cation transporter 1 determine substrate
selectivity and transport regulation. J. Am. Soc. Nephrol. 2005, 16, 1562–1570. [CrossRef]

26. Ciarimboli, G.; Struwe, K.; Arndt, P.; Gorboulev, V.; Koepsell, H.; Schlatter, E.; Hirsch, J.R. Regulation of the
human organic cation transporter hOCT1. J. Cell Physiol. 2004, 201, 420–428. [CrossRef]

27. Cetinkaya, I.; Ciarimboli, G.; Yalcinkaya, G.; Mehrens, T.; Velic, A.; Hirsch, J.R.; Gorboulev, V.; Koepsell, H.;
Schlatter, E. Regulation of human organic cation transporter hOCT2 by PKA, PI3K, and calmodulin-dependent
kinases. Am. J. Physiol. Renal Physiol. 2003, 284, F293–F302. [CrossRef]

28. Willoughby, D.; Masada, N.; Crossthwaite, A.J.; Ciruela, A.; Cooper, D.M. Localized Na+/H+ exchanger 1
expression protects Ca2+-regulated adenylyl cyclases from changes in intracellular pH. J. Biol. Chem. 2005,
280, 30864–30872. [CrossRef]

29. Dhein, S.; Salameh, A. Na+/H+-exchange inhibition by cariporide (Hoe 642): A new principle in cardiovascular
medicin. Cardiovasc. Drug Rev. 1999, 17, 134–146. [CrossRef]

30. Berkhin, E.B.; Humphreys, M.H. Regulation of renal tubular secretion of organic compounds. Kidney Int
2001, 59, 17–30. [CrossRef]

31. Czuba, L.C.; Hillgren, K.M.; Swaan, P.W. Post-translational modifications of transporters. Pharmacol. Ther.
2018, 192, 88–99. [CrossRef]

32. Xu, D.; You, G. Loops and layers of post-translational modifications of drug transporters. Adv. Drug Deliv.
Rev. 2017, 116, 37–44. [CrossRef]

33. Keller, T.; Egenberger, B.; Gorboulev, V.; Bernhard, F.; Uzelac, Z.; Gorbunov, D.; Wirth, C.; Koppatz, S.;
Dotsch, V.; Hunte, C.; et al. The large extracellular loop of organic cation transporter 1 influences substrate
affinity and is pivotal for oligomerization. J. Biol. Chem. 2011, 286, 37874–37886. [CrossRef]

34. Pelis, R.M.; Suhre, W.M.; Wright, S.H. Functional influence of N-glycosylation in OCT2-mediated
tetraethylammonium transport. Am. J. Physiol. Renal. Physiol. 2006, 290, F1118–F1126. [CrossRef]
[PubMed]

35. Pelis, R.M.; Zhang, X.; Dangprapai, Y.; Wright, S.H. Cysteine accessibility in the hydrophilic cleft of the
human organic cation transporter 2. J. Biol. Chem. 2006, 281, 35272–35280. [CrossRef] [PubMed]

36. Brast, S.; Grabner, A.; Sucic, S.; Sitte, H.H.; Hermann, E.; Pavenstädt, H.; Schlatter, E.; Ciarimboli, G. The
cysteines of the extracellular loop are crucial for trafficking of human organic cation transporter 2 to the
plasma membrane and are involved in oligomerization. FASEB J. 2012, 26, 976–986. [CrossRef] [PubMed]

37. Nies, A.T.; Damme, K.; Kruck, S.; Schaeffeler, E.; Schwab, M. Structure and function of multidrug and toxin
extrusion proteins (MATEs) and their relevance to drug therapy and personalized medicine. Arch. Toxicol.
2016, 90, 1555–1584. [CrossRef] [PubMed]

38. Schmidt-Lauber, C.; Harrach, S.; Pap, T.; Fischer, M.; Victor, M.; Heitzmann, M.; Hansen, U.; Fobker, M.;
Brand, S.M.; Sindic, A.; et al. Transport mechanisms and their pathology-induced regulation govern tyrosine
kinase inhibitor delivery in rheumatoid arthritis. PLoS ONE 2012, 7, e52247. [CrossRef] [PubMed]

39. Harrach, S.; Barz, V.; Pap, T.; Pavenstädt, H.; Schlatter, E.; Edemir, B.; Distler, J.; Ciarimboli, G.; Bertrand, J.
Notch signaling activity determines uptake and biological effect of Imatinib in systemic sclerosis dermal
fibroblasts. J. Investig. Dermatol. 2019, 139, 439–447. [CrossRef] [PubMed]

40. Oswald, S.; Muller, J.; Neugebauer, U.; Schroter, R.; Herrmann, E.; Pavenstadt, H.; Ciarimboli, G. Protein
abundance of clinically relevant drug transporters in the human kidneys. Int. J. Mol. Sci. 2019, 20, 5303.
[CrossRef] [PubMed]

41. Xue, Y.; Ren, J.; Gao, X.; Jin, C.; Wen, L.; Yao, X. GPS 2.0, a tool to predict kinase-specific phosphorylation
sites in hierarchy. Mol. Cell Proteomics 2008, 7, 1598–1608. [CrossRef]

42. Claxton, D.P.; Jagessar, K.L.; Steed, P.R.; Stein, R.A.; Mchaourab, H.S. Sodium and proton coupling in the
conformational cycle of a MATE antiporter from Vibrio cholerae. Proc. Natl. Acad. Sci. USA 2018, 115,
E6182–E6190. [CrossRef] [PubMed]

113



Int. J. Mol. Sci. 2020, 21, 5157

43. Gouw, M.; Michael, S.; Samano-Sanchez, H.; Kumar, M.; Zeke, A.; Lang, B.; Bely, B.; Chemes, L.B.; Davey, N.E.;
Deng, Z.; et al. The eukaryotic linear motif resource—2018 update. Nucleic. Acids Res. 2018, 46, D428–D434.
[CrossRef] [PubMed]

44. Frenzel, D.; Köppen, C.; Bauer, O.B.; Karst, U.; Schröter, R.; Tzvetkov, M.V.; Ciarimboli, G. Effects of single
nucleotide polymorphism Ala270Ser (rs316019) on the function and regulation of hOCT2. Biomolecules 2019,
9, 578. [CrossRef]

45. Hucke, A.; Park, G.Y.; Bauer, O.B.; Beyer, G.; Köppen, C.; Zeeh, D.; Wehe, C.A.; Sperling, M.; Schröter, R.;
Kantauskaite, M.; et al. Interaction of the new monofunctional anticancer agent Phenanthriplatin with
transporters for organic cations. Front. Chem. 2018, 6, 180. [CrossRef] [PubMed]

46. Dukes, J.D.; Whitley, P.; Chalmers, A.D. The MDCK variety pack: Choosing the right strain. BMC Cell Biol.
2011, 12, 43. [CrossRef]

47. Schulze, U.; Vollenbröker, B.; Braun, D.A.; Le, T.V.; Granado, D.; Kremerskothen, J.; Fränzel, B.; Klosowski, R.;
Barth, J.; Fufezan, C.; et al. The Vac14-interaction network is linked to regulators of the endolysosomal and
autophagic pathway. Mol. Cell Proteomics 2014, 13, 1397–1411. [CrossRef] [PubMed]

48. Wittwer, M.B.; Zur, A.A.; Khuri, N.; Kido, Y.; Kosaka, A.; Zhang, X.; Morrissey, K.M.; Sali, A.; Huang, Y.;
Giacomini, K.M. Discovery of potent, selective multidrug and toxin extrusion transporter 1 (MATE1,
SLC47A1) inhibitors through prescription drug profiling and computational modeling. J. Med. Chem. 2013,
56, 781–795. [CrossRef] [PubMed]

49. Bright, G.R.; Fisher, G.W.; Rogowska, J.; Taylor, D.L. Fluorescence ratio imaging microscopy: Temporal and
spatial measurements of cytoplasmic pH. J. Cell Biol. 1987, 104, 1019–1033. [CrossRef]

50. Grant, R.L.; Acosta, D. Ratiometric measurement of intracellular pH of cultured cells with BCECF in a
fluorescence multi-well plate reader. In Vitro Cell Dev. Biol. Anim. 1997, 33, 256–260. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

114



 International Journal of 

Molecular Sciences

Communication

Identification of Prognostic Organic Cation and
Anion Transporters in Different Cancer Entities by
In Silico Analysis

Bayram Edemir

Department of Medicine, Hematology and Oncology, Martin Luther University Halle-Wittenberg,
06108 Halle (Saale), Germany; bayram.edemir@uk-halle.de; Tel.: +49-345-557-4890

Received: 5 June 2020; Accepted: 21 June 2020; Published: 24 June 2020

Abstract: The information derived from next generation sequencing technology allows the identification
of deregulated genes, gene mutations, epigenetic modifications, and other genomic events that are
associated with a given tumor entity. Its combination with clinical data allows the prediction of patients’
survival with a specific gene expression pattern. Organic anion transporters and organic cation
transporters are important proteins that transport a variety of substances across membranes. They are
also able to transport drugs that are used for the treatment of cancer and could be used to improve
treatment. In this study, we have made use of publicly available data to analyze if the expression of
organic anion transporters or organic cation transporters have a prognostic value for a given tumor
entity. The expression of most organic cation transporters is prognostic favorable. Within the organic
anion transporters, the ratio between favorable and unfavorable organic anion transporters is nearly
equal for most tumor entities and only in liver cancer is the number of unfavorable genes two times
higher compared to favorable genes. Within the favorable genes, UNC13B, and SFXN2 cover nine
cancer types and in the same way, SLC2A1, PLS3, SLC16A1, and SLC16A3 within the unfavorable set
of genes and could serve as novel target structures.

Keywords: TCGA; human pathology atlas; gene ontology; organic cation transporter; organic
anion transporter

1. Introduction

The organic cation and organic anion transporters belong to the superfamily of solute carrier (SLC)
transporters and members are expressed in nearly all epithelia throughout the body [1]. The abbreviation
of OAT, for organic anion transporter, is normally used for members of the SLC22 protein family. OAT1
for example is also known as SLC22A6 and OAT2 as SLC22A7. An overview about the nomenclature
is given by Prof. Gerhard Burckhardt [2]. Members of the SLCO protein family are also called organic
anion transporting polypeptides (OATP) [1]. In the same way, the abbreviation OCT, for organic
cation transporter, is classically used for SLC22A1–SLC22A3 (OCT1–OCT3) [3]. Beside the SLC22A
family, several other proteins are capable of the transport of organic anions and/or organic cations
or are related with transport processes. Members of these protein families are expressed in nearly
all epithelial cells. Physiologically, they are involved in the uptake and excretion of a broad range
of substrates. For example, in liver and kidneys members of the organic anion transporter protein
family are involved in the uptake of bile acid and the renal excretion of endogenous and xenobiotic
compounds [2,4]. Further substrates include prostaglandins, steroid hormones, p-aminohippurate,
monocarboxylates or acidic neurotransmitter metabolites, reviewed for example in [1,5,6].

Although involved in the transport of endogenous substrates, it has been shown for many
members that they also transport xenobiotic-like drugs [6] and are thought to be involved in the
intracellular accumulation of xenobiotic drugs [7]. Since they transport a wide range of substrates

Int. J. Mol. Sci. 2020, 21, 4491; doi:10.3390/ijms21124491 www.mdpi.com/journal/ijms115



Int. J. Mol. Sci. 2020, 21, 4491

several studies have shown that members of the organic cation transporters and organic anion
transporters are also capable to transport chemotherapeutics used for treatment of cancer, like platinum
based chemotherapeutics, nucleoside analogs or kinase inhibitors [8]. Several studies focused on the
identification of drugs that can be transported by a transport protein and its correlation to expression,
treatment, and clinical outcome. It is important to know the expression pattern of members of the
organic anion transporters and organic cation transporters in different tumor entities. The Cancer
Genome Atlas (TCGA) provides next generation RNA-sequencing data for the most common tumor
entities [9]. The data can be used to query the expression pattern of a gene of interest in different
tumor samples. For many samples information also available includes clinical outcome, and the
Human Pathology Atlas combined the gene expression level and generated a list of genes that are
either favorable or unfavorable for clinical outcome of the patients [10]. So far, a systematic analysis of
the prognostic value of organic anion transporters and organic cation transporters for the different
tumor entities are missing. Here we made use of publicly available TCGA data to identify transporters
that have either favorable or unfavorable prognostic value for the different tumor entities. We have
also tried to identify common transporters that have a prognostic value in several tumor entities.
The identified genes could serve as targets for the development of novel therapeutic drugs.

2. Results

The Human Pathology Atlas contains mRNA expression data from 17 different forms of human
cancer. The expression data is derived from TCGA and correlation analyses based on mRNA expression
levels in cancer tissue and the clinical outcome for patients have been performed to identify genes
that are either favorable or unfavorable for overall survival of the patients. High expression of an
unfavorable prognostic gene correlated with a poor patient survival outcome, and high expression of a
favorable prognostic gene correlated with a longer patient survival. A prognostic gene for a given cancer
was defined as a gene for which the expression level above or below the experimentally determined
cutoff in an individual patient yields a significant (p < 0.001) difference in overall survival [10].
Figure S1 shows the number of identified genes for different tumor entities derived from the Human
Pathology Atlas.

The range in total number of prognostic genes goes from 57 (testis cancer) up to 5964 in renal
cancer. Interestingly, the number of unfavorable genes in liver cancer is nearly ten times higher as
the number of favorable genes. Unfortunately, the lists derived from the Human Pathology Atlas do
not discriminate between the different cancer subtypes, for example in renal cancer, between clear
cell renal carcinoma, papillary renal cell carcinoma, and chromophobe renal cell carcinoma. We have
used the list to identify genes related with organic anion transport and organic cation transport that
are prognostic for patients’ clinical outcome. To identify organic anion transport and organic cation
transport related genes we used the Gene Ontology (GO) classification [11]. For the identification of
organic cation transport, we used all genes that belong to the GO accession number GO:0015695 and
for organic anion transport, all genes classified with the accession number GO:0015711. The list of
genes were queried using the PANTHER classification system [12]. In total, 29 genes are classified as
organic cation transport in the GO:0015695 and 453 as organic anion transport in the GO:0015711.

To get a more precise analysis we used the gene enrichment analysis to calculate if there is a
positive (more than expected) or negative (less than expected) enrichment of a given GO for a given list
of prognostic genes (Table 1) [12]. For the unfavorable list of genes, there is no significant enrichment
of genes. However, there is a significant enrichment for favorable genes in the kidney (organic anion
transport and organic cation transport), in lung and endometrial cancer (organic cation transport) and
in liver cancer (organic anion transport).
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Table 1. Enriched GO terms within the list of favorable genes. A significant raw p value (< 0.05) are
highlighted in bold.

Tumor Entity GO Biological Process Fold Enrichment Raw p-Value

Kidney organic cation transport 2.57 0.02
organic anion transport 1.58 0.00007

Lung organic cation transport 9.43 0.001
organic anion transport 1.06 0.8

Endometrial organic cation transport 3.39 0.03
organic anion transport 1.36 0.1

Liver organic cation transport 2.65 0.3
organic anion transport 3.57 0.0000009

The prognostic organic cation transport related genes for each tumor entity classified in the GO
terms described above are shown in Table 2.

Figure 1. Hazard ratio of the organic cation transporter expression in different renal and lung cancer
subtypes. The hazard ratio (HR) was calculated for (A) the different renal cancer (renal clear cell
carcinoma (KIRC), renal papillary cell carcinoma (KIRP), and chromophobe renal cell carcinoma (KICH).
(B) The hazard ratio for lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC).
(C) The hazard ratio for cholangiocarcinoma (CHOL) and liver hepatocellular carcinoma (LIHC).
The red and blue color denote higher and lower risk, respectively. The rectangles with frames represent
the statistically significant HR (p < 0.05).
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Table 2. Prognostic organic cation transport related genes identified in different tumor entities. Genes
present in two different tumor entities are highlighted in bold and genes present in three tumor entities
are double underlined. Genes that are favorable for a given tumor entity but unfavorable for another
tumor entity are underlined.

Tumor Entity Unfavorable Favorable

Breast Cancer 0 0
Cervical Cancer SLC22A3 SLC25A42

Colorectal Cancer 0 0
Endometrial Cancer SLC25A19 SAT2, SLC47A1, SLC22A5, MCAT

Glioma 0 0
Head and Neck Cancer 0 SLC44A4

Liver Cancer SLC7A8, PSEN1, SLC25A19 SLC22A1

Lung Cancer SLC44A1
SAT2, SLC7A8, SLC47A1,

SLC25A42
Melanoma 0 0

Pancreatic Cancer SLC44A2
SAT2, SLC22A5, SLC25A45,

SLC25A29
Prostate cancer 0 0

Renal Cancer LAT2

PDZK1, RALBP1, SLC22A2,
SLC44A2, PSEN1,

SLC47A1, SLC44A4, SLC22A5,

MCAT, SLC44A1

Stomach cancer 0 MCAT
Testis cancer LAT2 0

Thyroid cancer 0 0
Urothelial Cancer SLC7A8, SLC22A3 SLC44A4, SLC25A29
Ovarian Cancer 0 RALBP1

The number of organic cation transport related genes with a favorable prognostic value is higher compared to
unfavorable group. The expression of SAT2, SLC47A1, SLC22A5, and SLC44A4 are favorable in three different
tumor entities. On the other hand, PSEN1, SLC7A8, SLC44A1, and SLC44A2 are unfavorable in some tumor entities
(liver, lung, or pancreatic cancer) and in others (renal and lung cancer) they are favorable. The expression of ten
organic cation transporters is favorable in renal cancer and only the expression of LAT2 is unfavorable. The Human
Pathology Atlas does not discriminate between the different cancer subtypes. For example, renal cancer includes
renal clear cell carcinoma (KIRC), renal papillary cell carcinoma (KIRP), and chromophobe renal cell carcinoma
(KICH). We have used the GEPIA2 online tool to analyze the prognostic value of the organic cation transporters for
the different tumor subtypes [13]. Figure 1 shows the results for the renal cancer and lung cancer subtypes.

Interestingly, all the favorable prognostic organic cation transporters in renal cancer are favorable
for overall survival for patients with clear cell renal carcinoma. PDZK1, SLC22A2, and SLC44A4 have
also a prognostic value for patients with renal papillary cell carcinoma. A similar pattern is also evident
for the different lung and liver cancer subtypes. The organic cations only have a prognostic value for
patients with lung adenocarcinoma but not for patients with lung squamous cell carcinoma. In the liver,
the organic transporters only have a prognostic value for patients with liver hepatocellular carcinoma.

Since there are more genes classified as organic anion transporters, we used a column diagram to
present the data. Figure S2 shows the number of organic anion transporters that have a prognostic
value for the different tumor entities. The list with gene names is provided in the Table S1.

The number of genes more or less correlates with the total number of prognostic genes. In liver
cancer the difference between favorable and unfavorable organic anion transporter organic anion
transporter is smaller compared to total number.

Similar to the organic cation transporter, we have analyzed the prognostic value for the different
renal, lung, and liver subtypes. Figure 2 shows the hazard ratio for organic anion transporters in the
different renal cancer subtypes.
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Figure 2. Hazard ratio of the organic anion transporter expression in different renal cancer subtypes.
The hazard ratio (HR) was calculated for (A) the favorable and (B) unfavorable list of genes separately
for renal clear cell carcinoma (KIRC), renal papillary cell carcinoma (KIRP), and chromophobe renal cell
carcinoma (KICH). The red and blue colors denote higher and lower risk, respectively. The rectangle
with frames represents the statistically significant HR (p < 0.05).

Out of the 96 favorable prognostic genes in renal cancer, 80 genes have a prognostic value for
patients with clear cell renal carcinoma. Interestingly, SLC4A2 have an unfavorable value for patients
with clear cell renal carcinoma when analyzed separately. Out of the 96 genes, none has a prognostic
value for patients with chromophobe renal carcinoma. In papillary renal cell carcinoma, 17 of the genes
have a favorable and one gene an unfavorable prognostic value. The pattern for the unfavorable set of
genes (69 in total) looks different. Only 25 have a prognostic value in clear cell renal carcinoma, while 7
of them have favorable prognostic value. In the chromophobe renal cancer cohort 10 genes and in the
papillary renal cell carcinoma cohort 15 genes have a prognostic value.

A similar pattern is also evident for the liver and lung cancer subtypes. Most of the genes have
prognostic value only for one cancer type (Figure 3).

 

Figure 3. Hazard ratio of the organic anion transporter expression in different liver cancer subtypes.
The hazard ratio (HR) was calculated for (A) the favorable and (B) unfavorable list of genes in liver
cancer for cholangiocarcinoma (CHOL) and liver hepatocellular carcinoma (LIHC). The red and blue
color denote higher and lower risk, respectively. The rectangles with frames represent the statistically
significant HR (p < 0.05).

From the 21 favorable genes, 17 have a prognostic value in the liver hepatocellular carcinoma cohort.
Interestingly, the expression of GOT2 has an unfavorable prognostic value in cholangiocarcinoma.
Out of the 47 genes with an unfavorable prognostic value, 39 have a prognostic impact in the liver
hepatocellular carcinoma (LIHC). None has a prognostic value in the cholangiocarcinoma cohort.

For lung cancer, 5 out of 7 genes have a favorable prognostic value in the lung adenocarcinoma
cohort. None are prognostic for lung squamous cell carcinoma. Within the unfavorable set of genes,
6 out of 9 have a prognostic value in the LUAD cohort and none of them in the LUSC cohort (Figure 4).
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Figure 4. Hazard ratio of organic anion transporter expression in different lung cancer subtypes.
The hazard ratio (HR) was calculated for (A) the favorable and (B) unfavorable list of genes in liver
cancer for lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC). The red and blue
colors denote higher and lower risk, respectively. The rectangles with frames represent the statistically
significant HR (p < 0.05).

In the same way as shown in Table 1, the lists of organic anion transporters were analyzed to
identify a common set of genes separately for the unfavorable and favorable list of genes. Figure S3
shows the number of genes that are common between the different tumor entities.

The number of prognostic genes is the highest in renal cancer (96 genes) and at least two (breast
and lung cancer) and a maximum of ten (pancreatic cancer) genes are common in renal cancer. We have
also identified genes that are common in more than two tumor entities. UNC13B is prognostic in
five and SFXN2 in four different tumor entities as shown in Table 3. The whole common gene list is
provided as Table S1.

Table 3. Top ten favorable organic anion transporters common between different tumor entities.

Gene ID Present in

UNC13B Renal, Lung, Head and Neck, Pancreatic, Colon
SFXN2 Renal, Urothelial, Cervical, Liver

SIT1 Head and Neck, Cervical, Endometrial, Melanoma
MMAA Renal, Urothelial, Colon
MPC1 Renal, Lung, Cervical

PITPNA Renal, Endometrial, Pancreatic
PLA2G2D Cervical, Breast, Endometrial

PRAF2 Lung, Cervical, Pancreatic
SAT2 Lung, Endometrial, Pancreatic

SLC16A11 Renal, Liver, Pancreatic

While UNC13B and SFXN2 are present in five and four tumor entities, respectively, only for renal
cancer are both UNC13B and SFXN2 favorable.

In the same way we have analyzed the lists of unfavorable organic anion transporters (Figure S4).
In renal cancer the number of prognostic genes (69) is the highest. Similar to organic cation

transporters, the intersection between renal cancer and other tumor entities starts with 1 (breast) and goes
up to 19 (liver) genes. One gene, SLC2A1, is present in five tumor entities (renal, urothelial, lung, liver
and pancreatic cancer) and PLS3, SLC16a1, and SLC16A3 are present in four tumor entities (Table 4).
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Table 4. Top ten unfavorable organic anion transporters common between different tumor entities.

Gene ID Present in

SLC2A1 Renal, Urothelial, Lung, Liver, Pancreatic
PLS3 Renal, Urothelial, Head and Neck, Pancreatic

SLC16A1 Renal, Lung, Endometrial, Pancreatic
SLC16A3 Renal, Lung, Cervical, Liver

LDLR Kidney, Urothelial, Pancreatic
SCARB1 Kidney, Lung, Liver
SLC15A4 Kidney, Head and Neck, Liver
SLC16A2 Kidney, Urothelial, Breast
SLC25A32 Kidney, Lung, Endometrial
SLC52A2 Kidney, Cervical, Liver

With our approach we have identified organic anion transporters and organic cation transporters
that are prognostic for a given tumor entity. We were also able to identify genes that are prognostic in
several tumor entities. The highest numbers of genes were identified for the organic anion transporter.
UNC13B is favorable in five and SFXN2 in four tumor entities, implicating that these genes might
have a general prognostic value. We have used the UCSC Xena platform to analyze if these genes
have an prognostic value in the TCGA-PANCAN cohort with more than 12,800 samples derived from
17 different tumor entities [14]. We generated Kaplan–Meier plots and calculated overall survival
probability for SFXN2 and UNC13B (Figure 5).

Figure 5. High SFXN2 and UNC13B expression is associated with longer overall survival in the
PANCAN cohort. The TCGA-PANCAN cohort was queried for SFXN2 and UNC13B if they have
an impact on survival probability. We filtered the data for primary tumor samples and generated
Kaplan–Meier plots using the quartiles of gene expression level to separate high (red) and low (blue)
expression level.

The Kaplan–Meier analysis shows that high expression of SFX2 and UNC13B are associated with
a significantly longer overall survival probability. In the same way we have analyzed the unfavorable
genes listed in Table 4 and calculated the overall survival probability in the TCGA-PANCAN cohort
(Figure 6).
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Figure 6. High PLS3, SLC2A1, SLC16A1, and SLC16A3 expression is associated with shorter overall
survival in the TCGA-PANCAN cohort. The TCGA-PANCAN cohort was queried for PLS3, SLC2A1,
SLC16A1, and SLC16A3 if they have an impact on survival probability. We filtered the data for primary
tumor samples and calculated survival probability by Kaplan–Meier plots using the quartiles of gene
expression level to separate high (red) and low (blue) expression.

Similar to the favorable organic anion transporter, high expression of unfavorable organic anion
transporter correlates with a poor overall probability in the TCGA PANCAN cohort. Unfortunately,
the TCGA data does not provide information regarding the treatment strategy (medication used, etc.) for
the individual patients. We have used the available information from the PANCAN cohort and analyzed
if patients in the “treatment_outcome_first_course” indicated with “complete remission/response,”
have a different expression of the above mentioned genes in comparison to patients qualified as
“progressive disease” in the TCGA PANCAN cohort [15]. And indeed, the expression of SFXN2 and
UNC13B was significantly higher in patients with “complete remission/response” compared to patients
with “progressive disease” (Figure S5). This was vice versa for PLS3, SLC2A1 and SLC16A1, lower
expression in patients with “complete remission/response” but higher in patients with “progressive
disease”. There were no significant differences for SLC16A3 (Figure S6). This data also shows that the
expression level has influence on treatment outcome.
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3. Discussion

Due to next generation sequencing (NGS) data from different tumor entities deposited in TCGA
together with clinical data of patients, it is possible to identify genes that correlate with patients’ clinical
outcome. The Human Pathology Atlas provides lists of genes where high expression is either favorable
or unfavorable [10]. Highest number of prognostic genes is detected in renal cancer. One explanation
could be that due to the different cell types involved in the physiological function of the kidney,
a complex expression of genes is associated with each cell type [16]. Within this study we analyzed
the prognostic value of organic anion and organic cation transport related genes. Regarding Gene
Ontology classification, 29 genes are classified as organic cation transporters. While 7 of them have
an unfavorable prognostic value, 17 have a favorable prognostic value, indicating that organic cation
transporter gene expression is beneficial. Further support is given by the significant enrichment of
organic cation transporter within the favorable set of genes in renal and lung cancer. No significant
enrichment was observed within the unfavorable set of genes. For example, OCT1 (SLC22A2) and
Mate-1 (SLC47A1) play important physiological roles in the proximal tubule of the kidneys [17].
Both genes are prognostic favorable in renal cancer and the high expression level might present less
differentiation of the proximal tubule cells toward a tumor cell. This could be also an explanation for
the prognostic value of OCT1 (SLC22A1) expression in liver cancer. It is the main OCT in the liver and
high expression could represent less differentiation toward a tumor cell.

The analysis of the different renal, liver, or lung cancer subtypes showed that the majority of
the genes have a prognostic value only for one cancer subtype. In renal cancer most of the genes are
prognostic in the clear cell renal carcinoma, in lung cancer in lung adenocarcinoma, and in liver cancer
in liver hepatocellular carcinoma cohort.

In contrast to OCT1 and OCT2, OCT3 (SLC22A3) has a broad expression pattern [18] and is able
to transport a variety of substances including drugs and chemotherapeutics and high expression
has an unfavorable prognostic value in cervical and urothelial cancer. In contrast, for colon cancer
patients’ receiving 5-fluorouracil, folinic acid, and oxaliplatin as therapy, the survival probability was
higher when organic cation transporter-3 expression is high [19]. This was also evident for patients
with head and neck tumors receiving cisplatin [20]. In both cases, high organic cation transporter-3
expression increased transport of the chemotherapeutic drugs. In pancreatic cancer, high OCT3 protein
expression correlated with better clinical outcome of the patients [21]. SLC25A19 is the mitochondrial
thiamine pyrophosphate transporter and mice deficient for this protein are embryonic lethal [22].
Studies showing an involvement in tumor diseases are missing.

In lung and renal cancer, we observe an enrichment of organic cation transporter in the favorable
set of genes. For both cancer types, high expression of MATE1 is favorable. MATE1 is involved in
the luminal excretion of organic compounds from cells that have been, for example, imported by
basolateral expressed organic cation transporters. It has been shown that MATE1 can transport a
wide variety of endogenous and exogenous substrates (reviewed in [23]). MATE1 is also able to
transport cisplatin and to a higher content, oxaliplatin [24]. This would prevent accumulation of these
drugs, for example in the cells of proximal tubulus, and thereby reduce the nephrotoxic effect of these
compounds. On the other hand, reduced MATE1 would have the opposite effect [23]. It has also been
shown that MATE1 expression is associated with better uptake of the tyrosine kinase inhibitor imatinib
in chronic myeloid leukemia cells [25]. In this case MATE1 has a beneficial role by providing sufficient
uptake into the cells. There are studies missing that show a specific function of MATE1 in treatment or
progression of renal and lung cancer. We can only speculate if there is only a correlation of MATE1
expression with patients’ survival or if there is a link with MATE1 function.

Based on Gene Ontology classification more genes are classified as organic anion transporter
related genes compared to organic cation transporter. But we have only an enrichment of organic anion
transporter in the favorable set of genes in renal and liver cancer. Out of the classical OATs only OAT2
(SLC22A7) has a favorable prognostic value in renal and liver cancer. These are also the main organs
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for OAT2 expression [26] and similar to OCT1 and OCT2, high expression of OAT2 might represent less
differentiation toward a cancer cell.

In contrast to organic cation transporter in renal cancer, some of the organic anion transport
related genes are also prognostic for papillary and chromophobe renal cell cancer but the majority
is prognostic for clear cell renal carcinoma. Interestingly, some of the unfavorable genes in renal
cancer have a favorable prognostic value for patients with clear cell renal carcinoma. For example,
high SLC35A1 expression is favorable for clear cell renal carcinoma but unfavorable for papillary and
chromophobe renal cell carcinoma. SLC35A1 encodes for the CMP-Sia transporter and so far studies
related to renal function are missing [27]. For the different lung and liver cancer subtypes, the majority
of the genes are prognostic for one subtype, lung adenocarcinoma and liver hepatocellular carcinoma.

We have identified sets of genes that are prognostic in different cancer entities. For example,
high expression of UNC13B is favorable in five and SFXN2 in four different cancer types. Both genes
together are cover nine different tumor entities. UNC13B also known as mammalian homologs of
Caenorhabditis elegans uncoordinated gene 13 (MUNC13) and it has been shown that it is involved in
regulated exocytosis of vesicles [28]. UNC13B is not a classical organic anion transporter since it does
not directly transport any substances. So far, no function has been described for UNC13B in cancer.
SFXN2, or sideroflexin 2, is an evolutionary conserved protein that is expressed in outer mitochondrial
membrane and is involved in iron homeostasis [29]. Similar to UNC13B, studies showing any functional
correlation of SFXN2 with cancer progression, developments, etc. are missing. Since the expression
of both genes is associated with a significant better overall survival in the TCGA PANCAN cohort,
further studies analyzing the cellular function of both proteins could be promising.

Within the unfavorable organic anion transporters, SLC2A1 is present in five tumor entities.
SLC2A1, also known as GLUT1, belongs to the members of glucose transporters which are involved in
the transport of glucose across the cell membrane [30]. Since tumor cells have an increased metabolic
rate, the expression of SLC2A1 is often deregulated in different cancer types [31] and since they are
involved in the support of tumor cells with energy, they present therapeutic targets [31].

PLS3, also known as T-plastin, is an actin binding protein and not a classical organic anion
transporter [32]. High PLS3 expression has been shown to have poor prognosis in pancreatic cancer,
acute myeloid leukemia, gastric cancer, and colorectal cancer [33–36]. A direct function of PLS3 as
transport protein is not known in the analyzed cancer entities.

SLC16A1, also known as MCT1 (monocarboxylate transporter 1) and SLC16A3, also known
as MCT4, are involved in the proton coupled transport of lactate, pyruvate or ketone bodies and
their predominant role is the transport of these substances in and out of the cell [37]. They can
also act as drug transporters. MCT1 is able to transport valproic acid, nicotinic acid, nateglinide,
and gamma-hydroxybutyrate across the plasma membranes [38]. They served also as targets for drugs.
For example the inhibition of MCT1 activity in T cells inhibited effective immune response by reducing
the rapid T cell division during activation process [39].

The unique pH characteristics in tumor cells provides development of treatments that target
pH-related mechanisms to selectively kill cancer cells [40]. Cancer cells have a more alkaline pH
compared to normal cells and this is even more evident in aggressive tumor cells [41,42]. This is
mediated by transporters, like MCTs, that mediate proton transport out of the cells and might explain
why high expression of MCT1 and MCT4 is associated with an unfavorable clinical outcome [42].
Targeting CD147, a MCT chaperone, by siRNA induced a decrease in MCT1 and MCT4 expression
which was associated with reduced glycolysis, pH, and ATP production in melanoma [43]. MCT4
plays also an important role in cell migration [44] and targeting MCT1 and MCT4 expression has been
shown to reduce the malignant potential of pancreatic cancer [45].

Similar to UNC13B and SFXN2, high expression of SLC2A1, PLS3, SLC16A1, and SLC16A3 is
associated with a significant reduced overall survival of the patients in the PANCAN cohort. While for
SLC2A1 this could be explained by the functional support of the tumor cells with glucose, there is no
explanation if PLS3 is functionally associated with tumor progression.
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Within this in silico analysis, we have tried to identify organic anion transporters and organic
cation transporters that have a prognostic value for patients with different tumor types. This study
however also has limitations. The Human Pathology Atlas provides data that show if the expression
of a given gene is prognostic for a patient’s overall survival. The expression data is obtained at
the time of diagnosis/biopsy/surgery and information about the individual treatment strategy is
missing. It is important to analyze why, for example, SLC22A3 expression is unfavorable. It has
been shown that SLC22A3 is involved in the uptake of cisplatin, and in head and neck or colorectal
cancer upregulated SLC22A3 expression improved cisplatin uptake and survival of the patients [20,46].
This one example shows that beside gene expression, also the treatment regime, including the used
drugs, has to be included for a better understanding why a given organic anion transporter or organic
cation transporter expression is prognostic and if there might be a functional interaction of the used
drugs with the transporters.

It is also important to know if the observed expression of a gene derived from TCGA is derived
from the tumor cell, the surrounding stroma cells or from infiltrating tumor cells. The cytotoxic T
cells are the main tumor targeting cells and checkpoint inhibitors are widely used to keep activity of T
cells at a high level [47]. The expression of MCT1 is unfavorable in different tumor entities. Specific
inhibitors could be used to down regulate the function of MCT1. As described above, MCT1 function
is also important for the immune response of T cells. In this case, the functional inhibition of MCT1
could also counteract the T cell against tumor cell response. Therefore, it is important to know if a
given deregulated expression pattern of a gene is mediated by the tumor cell itself or is derived from
infiltrating immune cells.

4. Materials and Methods

For this study we have used free publicly available databases and online analysis tools. The lists
of favorable and unfavorable genes for a given tumor entity were downloaded from the Human
Pathology Atlas [10]. To identify organic anion transporters and organic cation transporters within
the list of genes, the Gene Ontology classification was used [11]. For organic anion transporters,
all genes classified in the GO:0015711 were used and for organic cation transporters, genes classified
in the GO:0015695 were used. For classification, the list of genes were analyzed with the PANTHER
classification system [12]. This helped to identify genes classified as organic anion transporters and
organic cation transporters. In the next step, an enrichment analysis was performed to identify if
organic anion transporters or organic cation transporters are either enriched or reduced in a given
tumor entity [12]. The multiple list comparator was used to identify genes that are present in multiple
tumor entities (http://www.molbiotools.com/listcompare.html). Survival heat maps and hazard ratio
calculation were performed using the GEPIA2 web tool [13]. Single gene survival query using the
TCGA PANCAN cohort and Kaplan–Meier analysis were performed with the Xena-Browser [14].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4491/s1. Figure S1. Number of prognostic genes identified in the different tumor entities. Figure S2. Number of
prognostic organic anion transporter organic anion transporter identified in the different tumor entities. Figure S3.
Intersection of prognostic organic anion transporter organic anion transporter identified in the different tumor
entities. Figure S4. Intersection of prognostic unfavorable organic anion transporter organic anion transporter
identified in the different tumor entities. Figure S5. Expression level of SFXN2 and UNC13b in relation to treatment
outcome in the TCGA PANCAN cohort. Figure S6. Expression level of PLS3, SLC2A1, SLC16A1 and SLC16A3 in
relation to treatment outcome in the TCGA PANCAN cohort. Table S1. OAT Gene Names.
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Abstract: The SLC22 family of transporters is widely expressed, evolutionarily conserved, and plays
a major role in regulating homeostasis by transporting small organic molecules such as metabolites,
signaling molecules, and antioxidants. Analysis of transporters in fruit flies provides a simple yet
orthologous platform to study the endogenous function of drug transporters in vivo. Evolutionary
analysis of Drosophila melanogaster putative SLC22 orthologs reveals that, while many of the 25
SLC22 fruit fly orthologs do not fall within previously established SLC22 subclades, at least four
members appear orthologous to mammalian SLC22 members (SLC22A16:CG6356, SLC22A15:CG7458,
CG7442 and SLC22A18:CG3168). We functionally evaluated the role of SLC22 transporters in
Drosophila melanogaster by knocking down 14 of these genes. Three putative SLC22 ortholog
knockdowns—CG3168, CG6356, and CG7442/SLC22A—did not undergo eclosion and were lethal at
the pupa stage, indicating the developmental importance of these genes. Additionally, knocking
down four SLC22 members increased resistance to oxidative stress via paraquat testing (CG4630: p <
0.05, CG6006: p < 0.05, CG6126: p < 0.01 and CG16727: p < 0.05). Consistent with recent evidence
that SLC22 is central to a Remote Sensing and Signaling Network (RSSN) involved in signaling and
metabolism, these phenotypes support a key role for SLC22 in handling reactive oxygen species.

Keywords: solute carrier 22 (SLC22); Remote Sensing and Signaling Theory; interorgan
communication; organic anion transporter; organic cation transporter; SLC22A15; SLC22A16;
SLC22A18; kidney; Malpighian tubule

1. Introduction

SLC (solute carrier) proteins are the second largest family of membrane proteins in the human
genome after G protein-coupled receptors (GPCRs) and are relatively understudied given how much of
the genome they represent. SLC22 has been identified as a central hub of coexpression with almost every
other SLC family and appears to be one of the major hubs of coexpression amongst SLCs, ATP-binding
cassette proteins (ABCs), and drug-metabolizing enzymes (DMEs) as well as the predominant hub for
coexpression with phase I and phase II DMEs [1,2]. This central position within coexpression analyses
of healthy, non-drug-treated tissues highlights the crucial role that these transporters likely play in
endogenous physiology, as proposed in the Remote Sensing and Signaling Theory [3]. The Remote
Sensing and Signaling Theory proposes that transporters and enzymes expressed in several organs
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function together to maintain homeostasis via inter-organ and intra-organ communication through
movement of small molecules. To better understand the systemic functionality of the SLC22 family
using a highly conserved but simpler model organism than mice, we chose to disrupt this central
metabolic hub in Drosophila. Our observation of both developmental and oxidative stress phenotypes
further underscores the importance of these transporters as developmental regulators and mediators
of exogenous stressors.

We utilized Drosophila melanogaster as a model system to gain insight into the potential physiological
reasons for evolutionary conservation of SLC22 and to investigate their role in mediation of oxidative
stress. Evolutionary studies suggest that, in addition to animals, the SLC22 family is conserved in
members of the fungi kingdom, such as the unicellular eukaryote S. cerevisiae, as well as A. thaliana of
the plant kingdom. However, these species lack physiologically “parallel” systems that could provide
insight into the function of human SLC22 transporters [4]. Due to the similarities between Drosophila
melanogaster physiology and human systems, such as shared functions of the Drosophila hindgut and
Malpighian tubules and the human intestines and kidneys, the fruit fly serves as a valuable model for
human renal and intestinal disease states. Approximately 65% of human disease-associated genes
have putative orthologs in Drosophila and within functional regions, these fly genes can share up to
90% amino acid or DNA sequence identity with their human orthologs [5]. With identification of 25
SLC22 proteins in the Drosophila genome and the availability of reliable RNAi lines for many of these
genes from the Bloomington Drosophila Stock Center (BDSC), the fruit fly provides a feasible platform
for our overall developmental and physiological inquiry [5–7].

Although there are no established SLC22 orthologs between fly and human, there is evidence that
some SLC22 fly genes share substrates and possibly functionality with human SLC22 members. Two of
these genes, CarT/carcinine transporter (CG9317) and BalaT/β-alanine transporter (CG3790), play major
roles in histamine recycling. In Drosophila photoreceptor neurons, CarT mediates the uptake of carcinine,
an inactive metabolite that results from the conjugation of β-alanine and histamine [8]. Carcinine has
been detected in mammalian tissues such as the human intestine and is transported by human OCT2
(SLC22A2) in both in vitro and in vivo studies [8,9]. BalaT mediates the recycling of β-alanine, which is
necessary for histamine homeostasis in Drosophila photoreceptor synapses [10]. In addition to the
imperative role of histamine in Drosophila neurotransmission, histamine and histamine receptors (HRs)
have broad physiological and regulatory functionality in both the cardiovascular and central nervous
systems. OCT2 and OCT3 (SLC22A3) which share high homology with CarT and BalaT, are expressed
in higher order species, such as mice and humans [8,10–13]. This relationship is supported by shared
substrate specificity for monoamines, such as carcinine and other neurotransmitters, as well as similar
neuronal expression patterns of fly and human genes [9,14,15]. Despite CarT knockdowns in flies
resulting in blindness and complete loss of photoreceptor transmission and BalaT knockdowns in flies
severely disrupting vision and inhibiting photoreceptor synaptic transmission, both Oct2 and Oct3
knockout mice show no phenotypic abnormalities [8,10,16,17]. To better utilize Drosophila as a model
of human SLC22 proteins and direct future studies, a homology-based analysis was performed with
all fruit fly putative SLC22 orthologs in the frame of well-established SLC22 members from human,
mouse, and other common model organisms. This analysis found at least 10 of the putative fruit fly
orthologs within the previously defined SLC22 subclades [18]. Four of these fly genes share common
ancestry with single SLC22 members which is characteristic of a direct, functional ortholog.

SLC22 members in mice, such as OAT1 (SLC22A6), OCT1 (SLC22A1), and OAT2 (SLC22A7),
are transiently expressed throughout development in tissues that show minimal or no expression
in adulthood [19]. Oct1-3 (Slc22a1-3), Octn1 (Slc22a4), Oat1, Oat3 and Rst (Slc22a12) knockout (KO)
mice are fertile, viable and show no general phenotypic abnormalities except for the Oat3 KO’s
decreased blood pressure, serum metabolite changes, and the Octn1 KO’s increased susceptibility to
intestinal inflammation [6,16,17,20–25]. The only SLC22 knockout mouse line with a reported clear
developmental phenotype is the Octn2 (Slc22a5) KO [24]. OCTN2 (SLC22A5) is the main transporter
of carnitine in the bodies of both humans and mice and mutations in this gene are associated with
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systemic carnitine deficiency [26,27]. The Octn2 KO line is also referred to as the JVS (juvenile visceral
steatosis) line because of the defects in fatty acid oxidation due to carnitine deficiency that results in the
abnormal accumulation of lipids. Without carnitine supplementation, Octn2 KO mice develop dilated
cardiomyopathy, fatty livers and steatosis of other organs, and expire in 3–4 weeks [24]. Although Oat
KO’s (including Slc22a12) and Oct KO’s have abnormal levels of metabolites and signaling molecules,
with only one clear developmental phenotype observed thus far in mice, determining the functional
importance of these genes in Drosophila could provide insight for orthologous developmental roles in
mice and humans given their interesting developmental expression patterns [19,28–31]. As an initial
developmental screen, we created ubiquitous RNAi knockdowns driven by a ubiquitous da-GAL4
driver of 14 of the putative SLC22 orthologs and observed their development. A ubiquitous driver was
chosen due to the diverse expression patterns of human SLC22 members [32]. Fruit flies have distinct,
easily observable developmental stages of which the egg and pupa stage are the most sensitive to
environmental stressors and RNAi knockdowns [33,34]. We show that, of the 14 RNAi knockdowns,
three are lethal at the pupa stage, for the first time implicating Slc22a15, Slc22a16, and Slc22a18 genes in
development. 14 out of the 24 putative SLC22 orthologs were readily available from BDSC.

Paraquat (PQ) resistance tests were performed on ubiquitously expressing knock-down SLC22
lines that progressed to the adult stage. Paraquat is an herbicide and neurotoxicant that is known
to cause Parkinson’s disease [35]. Low levels of this herbicide can induce redox cycling that yields
high levels of reactive oxygen species (ROS), causing systemic oxidative stress [36]. Because of
this, it is used as a tool for investigation of acquired resistance to oxidative stress in Drosophila
melanogaster [37]. As a major contributor to the pathogenesis of a multitude of human diseases,
such as cardiovascular disease, metabolic syndrome, neurological disorders, and general cell and
tissue degradation associated with aging, oxidative stress, and the mechanisms with which we manage
free radicals, are of extreme interest [38]. Ubiquitous RNAi knockdowns of at least some SLC22
members might be predicted to affect resistance to oxidative stress because many SLC22 members
transport or affect serum levels of antioxidants. Some examples observed in both mice and humans are
OCTN1 (SLC22A4) and ergothioneine (EGT), URAT1 (SLC22A12) and uric acid, and OAT1/OAT3 and
uric acid, dietary flavonoids, as well as TCA (tricarboxylic acid) intermediates such as the oxoacid,
α-ketoglutarate [6,22,39,40]. Additionally, carcinine, the characteristic substrate of the fly SLC22
member, CarT, is transported by hOCT2 and has antioxidant properties [41]. Strikingly, our studies
revealed that ubiquitous RNAi knockdown of four SLC22 genes resulted in significantly increased
oxidative stress resistance at one or more time points.

2. Results

2.1. Drosophila Melanogaster SLC22 Phylogenetic and Genomic Analysis

As in mammalian genomes, fly SLC22 genes exist in clusters. The majority of SLC22 genes in
Drosophila are found on chromosome 3R with many members found in tandem with other putative SLC22
orthologs. One notably large cluster consists of 6 SLC22 genes (CG7333, CG7342, CG17751, CG17752,
CG16727, and CG6231) (Table 1). Inclusion of D. melanogaster orthologous genes in a homology-based
analysis of all SLC22 members across a multitude of species (Table 2; Figure 1) resulted in the observation
of at least four members that appear orthologous to mammalian SLC22 members (CG6356: Slc22a16,
CG7458, SLC22A/CG7442:Slc22a15 and CG3168:Slc22a18) and an additional six members that can be
preliminarily assigned to the individual subclades. The subclades of SLC22 are based on phylogenetic
relatedness and functional characterization. They exist within two major clades—OAT and OCT.
Although recently revised [42] the original definitions still stand here: Oat, Oat-like, Oat-related, Oct,
Octn, and Oct/Octn-related [17]. When a GUIDANCE 2.0 alignment was performed and all sequences
with a GUIDANCE score of <0.6 were removed, the only topology change observed was the omission
of all SLC22A18 sequences and the reassignment of CG3168 to the large fly SLC22 transporter group,
indicating that it may have sequence homology with SLC22A18, but not the other members of the
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Oat-related subclade. Interestingly, CG3168 is the only putative SLC22 ortholog that is localized to the
X chromosome in flies. CG6006 and CG8654 fall within the Oat-related subclade and CG6126, CG8654,
Orct/CG6331, and Orct2/CG13610 appear to be part of the Oct subclade. The remaining 15 orthologs
form their own group outside of the SLC22 subclades and are considered to be mostly organic cation
transporters [5,18]. In summary, in flies, SLC22 appears to have at least some orthologous genes
that, based off of sequence analysis, may prove to be useful models for their relatively understudied
human counterparts.
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Figure 1. Guide tree of the SLC22 Transporter Family Using 167 Sequences. Sequences from human,
mouse, cow, chicken, shark, zebrafish, sea urchin (SPU), C. elegans (Ce), and fruit fly (Dm) were
aligned and tree was generated using Clustal Omega (using default parameters). The tree was viewed
using Interactive Tree of Life (iTOL). Branch length values are calculated via the Kimura method [44].
Large sea urchin expansion within the Oct Major clade is labeled “Sea Urchin Oct”. Sequences that fall
between the Oat Major Clade (green) and Oct Major Clade (orange) are denoted as SLC22 (blue).

2.2. Developmental Phenotypes of D. melanogaster SLC22 Knockdowns

One of the many advantages of using Drosophila melanogaster as a model organism is its distinct,
easily visualized developmental stages. Additionally, RNAi knockdowns of any gene in Drosophila
show pupal lethality at a rate of about 15% [34]. These developmental observations provide valuable
information regarding the developmental function of orthologous genes that may have compensatory
mechanisms in higher-order species. Three SLC22 ubiquitous knockdowns (CG7442/SLC22A, CG3168,
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and CG6356) proved to be lethal at the pupa stage when crossed with the ubiquitous da-GAL4 driver
line. Crosses were repeated three times to confirm phenotypes. CG6356 appears to be a direct ortholog
of SLC22A16, a carnitine transporter related to OCTNs. In addition, CG3168, which also arrests at
the pupa stage is a putative ortholog of the poorly understood SLC22 member, SLC22A18. To our
knowledge, the murine knockouts of these genes have not been reported.

2.3. PQ Resistance Test of D. melanogaster SLC22 Knockdowns

Paraquat testing is commonly used in Drosophila to determine oxidative stress resistance in which
increased survival is correlated to increased resistance to oxidative stress [36,37]. Previous studies have
established reliable dose-response curves for paraquat testing in D. melanogaster [45]. SLC22 transport
proteins in the proximal tubule cells of the kidney take small molecules, such as the antioxidants and
SLC22 characteristic substrates uric acid and ergothioneine, into cells to be later excreted [39,40,46,47].
By blocking this route of excretion, levels of these small molecules, such as antioxidants (including
dietary flavonoids), are expected to increase in the Drosophila hemolymph and increased hemolymph
levels of antioxidants would confer resistance to oxidative stress. Through paraquat testing, we show
that knocking down SLC22 members in Drosophila significantly increases resistance to oxidative stress
at different time points in at least four knock-down lines (CG4630: p < 0.05, CG6006: p < 0.05, CG6126:
p < 0.01 and CG16727: p < 0.05) when compared to parent and da-GAL4 control lines (Figure 2,
Figure S1–S4). The most apparent oxidative stress resistant phenotype is observed for the knock-down
of CG6126, showing statistically significant increased survival at 36-, 48- and 60-h time points with
100% survival of the RNAi knockdown flies for all three time points – and an average of about 40%
at 36 h, 20% at 48 h, and 10% at 60 h for the parent lines which were used as a control (p < 0.01).
In mice, it is known that SLC22 transporters like OAT1, OAT3, RST, and OCTN1 directly regulate key
antioxidants such as uric acid, EGT, flavonoids, and TCA intermediates [6,25,48]. Whether or not these
fly transporters directly or indirectly regulate redox states will be explored in future studies.

Figure 2. Four RNAi knockdown lines show resistance to oxidative stress. All tested lines were
observed for 108 h. For each line, there is at least one time point in which the RNAi knockdown flies
survived at statistically significant higher rates than both parent lines. Further information regarding
statistical significance can be found in Supplementary Figures S1–S4. (A) Schematic of GAL4/UAS
system used to generate RNAi knockdown lines. (B) Survival of CG6126 knockdowns compared to
parent lines (C) Survival of CG4630 knockdowns compared to parent lines. (D) Survival of CG6006
knockdowns compared to parent lines. (E) Survival of CG16727 knockdowns compared to parent lines.

3. Discussion

Out of the seven transporters chosen by the International Transporter Consortium and the
FDA for evaluation during drug development, three (OAT1, OAT3, and OCT2) are members of
the SLC22 family [49]. 17 SLC22 members are also identified as drug transporters by the VARIDT
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database [50]. In addition to their pharmacological importance, many of these transporters transport
metabolites that play a role in the response to endogenous stressors such as oxidative stress induced
by reactive oxygen species. Using Drosophila melanogaster as a model organism, we sought to better
understand the role of SLC22 in response to oxidative stress and development. Due to the lack of
information regarding SLC22 fruit fly orthologs, we attempted to characterize and classify them utilizing
multiple sequence alignments and RNAi knockdowns. Because there are minimal developmental
phenotypes (apart from Octn2) for single SLC22 knockouts in mice despite developmentally interesting
and highly dynamic expression patterns, developmental phenotypes observed in Drosophila could
help further our understanding of how SLC22 contributes to development in other organisms as
well [19,28–31]. Prior to our analysis, only three (BalaT, CarT and SLC22A) out of the 25 fruit fly
SLC22 orthologs were functionally investigated beyond global tissue expression screens and homology
studies [5,10,15,43,51,52].

Alignment of fly orthologs with the SLC22 family shows at least ten members that fall within the
established Oct, Octn, Oct/Octn-related, or Oat-related subclades. There appear to be four putative
orthologs to individual SLC22 members, three of which proved to be lethal in ubiquitous RNAi
knockdowns. The Drosophila protein CG6356 shares distinct homology with SLC22A16 and RNAi
knockdown of this gene resulted in arrest at the pupa stage. Based on what is known about SLC22A16
transport function and its membership in the Oct/Octn-related subclade, it is possible that this arrest is
due to a systemic imbalance of both carnitine and choline. Previous Drosophila developmental studies
have found that proper levels of either carnitine or choline are necessary for flies to reach eclosion [53].
Although SLC22A16 (FLIPT2/OCT6/CT2) has not yet been evaluated for the ability to transport choline,
it is an established carnitine transporter [54]. SLC22A16 is homologous to two carnitine transporters of
the SLC22 family, OCTN1 and OCTN2, which have been shown to transport acetylcholine and choline,
respectively, in addition to acetylcarnitine and carnitine [55–58].

We observed that ubiquitous knockdown of SLC22A/CG7442 caused arrest at the pupa stage,
confirming observations made in previous studies [43]. The fly protein SLC22A/CG7442, which shares
homology with human SLC22A15, has been confirmed as a transporter of characteristic OCT and OCTN
metabolites MPP+, dopamine, serotonin, carnitine, TEA, choline, and acetylcholine [43]. The fly protein
CG7458 also groups with SLC22A15 but lacks any phenotypic data to infer function. With further
analysis, these associations could provide a basis for investigation of the endogenous function of
the orphan transporter SLC22A15. Developmental tissue expression studies show transiently high
expression of SLC22A15 in vital organs such as the heart, liver, and kidneys [59]. This transporter is
also known to be highly expressed in white blood cells in humans, which are present at the highest
concentration at birth and decrease to normal, adult levels by two years of age [55]. In combination
with the observed SLC22A/CG7442 developmental phenotype, it appears likely that putative CG7442
orthologs (such as SLC22A15) in other species may play a developmental role.

CG3168 groups with the Oat-related subclade, appearing to share direct ancestry with the orphan
transporter, SLC22A18. Previous studies have observed high levels of CG3168 expression in glial cells
during embryogenesis [60]. SLC22A18 has been shown to be expressed in low levels in the adult brain
in the Human Protein Atlas, GTEx, and FANTOM5 RNA-seq studies [59]. It also has low expression
levels in the human fetal brain [61]. Between the adult and fetal brain, there is a pattern of consistent
expression of SLC22A18 in the cerebral cortex. The cerebral cortex consists of ~75% glial cells which
could represent partly orthologous expression patterns between CG3168 and Slc22a18 in different
species. Further investigation of CG3168 and its relationship to the orphan SLC22 member, SLC22A18,
could build an understanding of how both of these genes are implicated in development.

In addition to phylogenetic and developmental functional screens, RNAi knockdown fly lines
that progressed to adulthood were examined for resistance to oxidative stress via paraquat resistance
testing. Four knock-down lines (CG4630: p < 0.05, CG6006: p < 0.05, CG6126: p < 0.01 and CG16727:
p < 0.05) showed significantly greater resistance to oxidative stress. CG16727 has no phenotypic or
phylogenetic associations other than increased paraquat survival for crosses with two separate da-GAL4
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driver lines. However, it is specifically expressed in the Malpighian tubules, which are often considered
somewhat analogous to the mammalian kidneys, where excretion of the antioxidant-acting oxoacids
of the TCA cycle, uric acid, and flavonoids normally occurs via OATs [15,62–64]. TCA intermediates
pyruvate, oxaloacetate, and α-ketoglutarate are known to mediate oxidative stress responses, due to
direct interaction of their α-ketoacid structure with reactive oxygen species such as H2O2 [48,65,66].
Due to the conservation of metabolites between Drosophila and humans, we raise the possibility
that RNAi knockdowns of potential OAT orthologs would be more resistant to PQ due to increased
systemic levels of metabolites with antioxidant properties. The removal of the excretory route for
these metabolites would result in increased serum levels, which would protect against oxidative stress.
Further, investigation of a Malpighian tubule-specific knockdown of this gene would be necessary
to assess this phenotype and hypothetical functionality. CG4630, CG6006 and CG6126 knockdowns
showed similar oxidative stress resistant phenotypes when crossed with one da-GAL4 driver line.
All three of these transporters are expressed within the Drosophila excretory system but have a wider
range of tissue expression than CG16727. Resistance to oxidative stress exhibited by these RNAi
knockdown lines must be further examined by hemolymph analysis for classical SLC22 antioxidants
such as urate, EGT, and the oxoacids of the TCA. Oxidative stress resistance is of particular interest in
the search for SLC22 organic anion transporters in fruit flies. Our homology-based analyses show no
unambiguous OAT orthologs in fruit flies. However, it is possible that some SLC22 fly genes transport
organic anions but do not share enough sequence similarity for multiple sequence alignment programs
to determine their functions.

Although some SLC22 RNAi knockdown lines may not show a significant phenotype, it has
been shown that knocking down specific organic anion transporters in D. melanogaster can affect
the expression patterns of other transporters with similar functionality, indicating a mechanism
of sensing and signaling tied to organic anion, cation, and zwitterion transporters (OATs, OCTs,
and OCTNs) [67,68]. Changes of expression levels of functionally similar transporters could provide
further support for the Remote Sensing and Signaling Theory, in which drug-related proteins (e.g.,
drug transporters and drug metabolizing enzymes) and signaling molecules mediate inter-organ
communication to maintain physiological balance [69,70]. For mammalian organs, a transporter and
DME gene remote sensing and signaling network (RSSN) has recently been proposed [47].

Our findings show that the fruit fly is a useful model system to investigate understudied
transporters, specifically SLC22A15, SLC22A16, and SLC22A18, as well as to gain functional insight
into the SLC22 gene family as a whole. Additionally, confirmation of apparently strong phylogenetic
relationships could result in viable models to better understand the functionality and developmental
role of SLC22A16 and SLC22A18 through CG6356 and CG3168, respectively. While further study is
necessary to understand the mechanism of oxidative stress resistance in certain RNAi knockdown
lines, it will also be interesting to determine if there are increased levels of antioxidants in these lines
and what those antioxidants might be. Given the substantial genetic and physiological conservation
between mammals and Drosophila, these findings may support, in certain contexts, the use of fruit flies
as a pre-clinical model organism for select SLC22 transporters, for instance, in elucidating their role in
handling oxidative stress.

4. Materials and Methods

4.1. Data Collection

SLC22 human and mouse sequences were collected manually from the NCBI protein
database. Sea Urchin and C. elegans sequences were collected manually from EchinoBase
(http://www.echinobase.org/Echinobase/) and WormBase (https://www.wormbase.org/#012-34-5),
respectively [71,72]. Sequences were confirmed using the UCSC genome browser by searching
within each available species on the online platform (https://genome.ucsc.edu/cgi-bin/hgGateway) [73].
The NCBI BLASTp web-based program was used to find sequences similar to those that were
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searched for manually [74]. BLASTp was run with default parameters using query SLC22
sequences from human or mouse. The database chosen was non-redundant protein sequence
(nr), and no organisms were excluded. SLC22 fruit fly orthologs were determined from FlyBase
(http://flybase.org/reports/FBgg0000667.html), and sequences were collected manually from the NCBI
protein database [75]. Genomic locations of all transporters in question for fruit fly were determined from
FlyBase. Drosophila tissue expression data was collected from FlyAtlas (http://flyatlas.org/atlas.cgi) [15].

4.2. Phylogenetic Analysis

Sequences for SLC22 were aligned using Clustal-Omega (Clustal-W) and MAFFT (Multiple
alignment using fast Fourier transform) with default parameters via the online platform provided by
the European Bioinformatics Institute (EMBL-EBI) (https://www.ebi.ac.uk/Tools/msa/clustalo/) [76–78].
Clustal-W and MAFFT produced similar topologies. These alignments were then visualized using The
Interactive Tree of Life (http://itol.embl.de/) [79]. Topology confidence was additionally confirmed by
branch length values, which are a result of the neighbor-joining method which calculates the number
of amino acid changes between the organism at the end of the branch and the common ancestor from
which it branched to visually display relatedness [80].

4.3. Drosophila Strains and Genetics

Drosophila stocks were fed on standard cornmeal-molasses-yeast diet and kept at room
temperature [45]. Gal4 and RNAi lines were obtained from the Bloomington Drosophila Stock
Center (Indiana University, Bloomington, IN, USA) [81]. Ubiquitous RNAi via the GAL4/UAS was
used to downregulate the following putative SLC22 transporters: BalaT (CG3790), CG6231, CG4630,
Orct (CG6331), Orct2 (EP1027, CG13610), SLC22A (CG7442), CG16727, CG7333, CG8654, CG6126, CG6006,
CG7084, CG3168, CG6356 [5,51]. Male SLC22 RNAi stocks were crossed to da-GAL4 female virgins to
produce an F1 generation with ubiquitous downregulation of the specific SLC22 transporters [82].

4.4. RNAi Developmental Screens and Paraquat Exposure

F1 offspring were observed from the egg stage through eclosion. Developmental phenotypes were
defined as normal development of the F1 generation up until the failure to reach eclosion and surpass
the pupa stage. Male F1 flies aged two to seven days after eclosion were tested for paraquat sensitivity
as defined by survival. Both parent lines were tested in parallel as controls. Three replicates of 10 flies
each were tested per strain. Flies were fed on a 3 mm Whatmann paper soaked with 10 mM paraquat
(N,N′-dimethyl-4,4′-bipyridinium dichloride, Sigma) in 10% sucrose. Fresh paraquat was added daily.
For the initial 60 h, the number of dead flies were recorded every 12 h. All tests were performed at
room temperature. In order to avoid unnecessary stress, flies were not starved before adding paraquat.
The significance of survival trends was assessed using one-way ANOVA followed by a post hoc Tukey’s
t-test.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/6/2002/
s1.
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Abbreviations

SLC22 Solute Carrier Family 22
OAT Organic Anion Transporter
OCT Organic Cation Transporter
OCTN Organic Zwitterion Transporter
EGT Ergothioneine
MSA Multiple Sequence Alignment
MPP+ 1-methyl-4-phenylpyridinium
PQ Paraquat, N,N′-dimethyl-4,4′-bipyridinium dichloride
TEA Tetraethylammonium
RSST Remote Sensing and Signaling Theory
RSSN Remote Sensing and Signaling Network
DME Drug Metabolizing Enzyme
GPCR G Protein Coupled Receptor
ABC ATP-Binding Cassette
BDSC Bloomington Drosophila Stock Center
HR Histamine Receptor
KO Knockout
URAT1 Uric Acid Transporter
JVS Juvenile Visceral Steatosis
UAS Upstream Activation Sequence
RNAi Interfering RNA
ROS Reactive Oxygen Species
CarT Carcinine Transporter
BalaT Beta Alanine Transporter
SPU Strongylocentrotus Purpuratus
TCA Tricarboxylic Acid Cycle
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Abstract: The SLC22 family of OATs, OCTs, and OCTNs is emerging as a central hub of endogenous
physiology. Despite often being referred to as “drug” transporters, they facilitate the movement
of metabolites and key signaling molecules. An in-depth reanalysis supports a reassignment
of these proteins into eight functional subgroups, with four new subgroups arising from the
previously defined OAT subclade: OATS1 (SLC22A6, SLC22A8, and SLC22A20), OATS2 (SLC22A7),
OATS3 (SLC22A11, SLC22A12, and Slc22a22), and OATS4 (SLC22A9, SLC22A10, SLC22A24,
and SLC22A25). We propose merging the OCTN (SLC22A4, SLC22A5, and Slc22a21) and OCT-related
(SLC22A15 and SLC22A16) subclades into the OCTN/OCTN-related subgroup. Using data from
GWAS, in vivo models, and in vitro assays, we developed an SLC22 transporter-metabolite network
and similar subgroup networks, which suggest how multiple SLC22 transporters with mono-,
oligo-, and multi-specific substrate specificity interact to regulate metabolites. Subgroup associations
include: OATS1 with signaling molecules, uremic toxins, and odorants, OATS2 with cyclic nucleotides,
OATS3 with uric acid, OATS4 with conjugated sex hormones, particularly etiocholanolone glucuronide,
OCT with neurotransmitters, and OCTN/OCTN-related with ergothioneine and carnitine derivatives.
Our data suggest that the SLC22 family can work among itself, as well as with other ADME genes,
to optimize levels of numerous metabolites and signaling molecules, involved in organ crosstalk and
inter-organismal communication, as proposed by the remote sensing and signaling theory.

Keywords: transporters; endogenous metabolism; functional subgroups; SLC22; remote sensing and
signaling; drug transporters; gut microbiome; chronic kidney disease

1. Introduction

The SLC (solute carrier) gene family includes 65 families with over 400 transporter genes.
In humans, 52 of these families are expressed, encompassing more than 395 genes and it has been
estimated that 2000 (10% of the genome) human genes are transporter-related [1]. Various solute
carrier 22 (SLC22) members are expressed on both the apical and basolateral surfaces of epithelial
cells where they direct small molecule transport between body fluids and vital organs, such as the
kidney, liver, heart, and brain [2]. SLC22 transporters are also found in circulating cell types such
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as erythrocytes (e.g., SLC22A7), monocytes, and macrophages (e.g., SLC22A3, SLC22A4, SLC22A15,
and SLC22A16) [3,4]. With recent calls for research on solute carriers, there has been a large influx of
data over the past five years, including novel roles in remote sensing and signaling, leading to the
need for a more comprehensive understanding of the functional importance of transporters [5].

The SLC22 family is comprised of at least 31 transporters and is found in species ranging from
Arabidopsis thaliana of the plant kingdom to modern day humans [6,7]. Knowledge surrounding this
family of proteins has expanded greatly since its proposed formation in 1997, when SLC22A6 (OAT1,
originally known as novel kidney transporter or NKT) was first cloned [8]. Its homology to SLC22A1
(OCT1) and SLC22A7 (OAT2/NLT) led to the establishment of a new family (SLC22, TC# 2.A.1.19)
of transport proteins within the major facilitator superfamily (TC# 2.A.1, MFS) as classified by the
IUBMB-approved transporter classification (TC) system [8,9]. These proteins all share 12 α-helical
transmembrane domains (TMD), a large extracellular domain (ECD) between TMD1 and TMD2, and a
large intracellular domain (ICD) between TMD6 and TMD7 [10]. Research has shown these transporters
to be integral participants in the movement of drugs, toxins, and endogenous metabolites and signaling
molecules, such as prostaglandins, urate, α-ketoglutarate, carnitine, and cyclic nucleotides across the
cell membrane [11].

As key players in small organic molecule transport, SLC22 members are hypothesized to play a role
in the remote sensing and signaling theory [12–15]. The remote sensing and signaling theory posits that
ADME genes—conventionally viewed as central to the absorption (A), distribution (D), metabolism (M),
and elimination (E) of drugs, namely drug transporters and enzymes—aid in maintaining homeostasis
through remote communication between organs via metabolites and signaling molecules in the blood
that may in turn regulate gene expression [16]. This remote communication is supported by the
example of serum uric acid levels. In the setting of the compromised kidney function, the increase in
serum uric acid seems to be partly mitigated through a compensatory increase in the expression and/or
function of ABCG2 in the intestine, which allows the excretion of uric acid in the feces rather than
the urine [17,18]. Current research is focusing on determining the ways in which these transporters
collaborate to regulate metabolite levels throughout the body [19].

Rather than maintaining a simple division of SLC22 into organic anion transporters (OATs),
organic cation transporters (OCTs), and organic zwitterion/cation transporters (OCTNs), previous
evolutionary studies have identified six phylogenetic “subclades”—OAT, OAT-like, OAT-related, OCT,
OCTN-related, and OCTN—within the OAT and OCT “major clades” [10]. These subclades consist,
on average, of three to four members with the exception of the OAT subclade that claims more than
half of the 31 known members of SLC22 [10]. Although these subclades are phylogenetically sound,
the endogenous functions of many SLC22 members within the six subclades remain ill-defined or
unknown. With the emergence of new functional data, we performed a re-analysis of the SLC22 family
to better characterize the functional, endogenous grouping of these transporters. Our re-analysis
shows eight apparent subgroups, with four of these subgroups arising out of the previously defined
(but very large) OAT subclade. Since these groupings are more closely related to well-known OATs
rather than OCTs, OCTNs, or other subclades, we refer to these as OAT subgroups (OATS1, OATS2,
OATS3, and OATS4).

We considered many factors in our re-analysis of SLC22 and subsequent designation of functionally
based subgroups. To better describe the subgroups while still highlighting the nuances of each
individual transporter, we utilized data from genomic loci, tissue expression, sequence similarity
searches, proteomic motif searches, and functional transporter-metabolite data from GWAS, in vitro
assays, and in vivo models. In place of phylogenetic studies, we performed multiple sequence
alignments (MSA) and generated guide-trees that are based on sequence similarity or homology and
thus provide more insight into function than solely phylogenetic studies. While the SLC22 family
is composed of putative transporters, some members, like Slc22a20 and Slc22a17, have proposed
mechanisms that differ from those of classic transporters [20,21]. To that effect, we explored the
sequence similarities between SLC22 transporters and non-transport related proteins. We also used
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systems biology tools to develop an SLC22 transporter-metabolite networks as well as networks
for each subgroup. This analysis elucidates the diversity of the endogenous functions of SLC22
transporters in various tissues and provides an updated functional framework for assigning each
transporter to a subgroup. Considering the importance of SLC22 transporters, forming functional
groups that incorporate endogenous substrates and tissue expression patterns can help better define
their roles in intra-organ, inter-organ, and inter-organismal communication.

2. Results

Emerging data continue to indicate the centrality of the SLC22 family (particularly OATs, OCTs,
and OCTNs) in endogenous physiology [5,16]. Our thorough reanalysis of the previously described
phylogenetic subclades [10] revealed eight functional subgroups: OATS1, OATS2, OATS3, OATS4,
OAT-like, OAT-related, OCT, and OCTN/OCTN-related (Table 1). By thus grouping this large family
of proteins, we highlighted differences in substrate selectivity, showing that each member has a
unique profile of associated metabolites. Based on the number of different metabolites it interacts
with, each SLC22 transporter can be classified as relatively mono-, oligo-, or multi-specific. In what
follows, publicly available data from GWAS, in vitro, and in vivo datasets were used to build functional
networks that support the subgroups (Figure 1). In addition to these functional data and systems
biology analyses, subgroups were also supported by structural, genomic, and other analyses explained
below. Since some SLC22 members remain understudied, we also investigated low level sequence
identity with non-transport proteins to better characterize these “orphaned” transporters.

Table 1. Updated SLC22 family subgroups. The SLC22 family was previously separated into 6
phylogenetic subclades. We propose a reclassification into 8 subgroups based on functional data and
supported by the methods described in the text.

Former Groupings Updated Groupings

Subclade Members Subgroup Members

OAT
A6, A7, A8, A9, A10, A11, A12, A19, A20,
A22, A24, A25, A26, A27, A28, A29, A30

OATS1 A6, A8, A20

OATS2 A7

OATS3 A11, A12, a22

OATS4 1 A9, A10, A24, A25

OAT-like A13, A14 OAT-like A13, A14

OAT-related A17, A18. A23, A31 OAT-related A17, A18. A23, A31

OCTN-related A15, A16
OCTN/OCTN related A4, A5, A15, A16, a21

OCTN A4, A5

OCT A1, A2, A3 OCT A1, A2, A3
1 Six rodent-specific transporters are not included due to their species specificity and lack of functional data.

In Figure 1 (in which metabolites linked to only a single transporter are not shown),
24 SLC22 proteins are linked to 79 unique metabolites, highlighting the physiological relevance
of this family. This representation also brings attention to the number of shared substrates among
SLC22, with 222 total edges present in this highly connected trimmed network. The multi-specific,
oligo-specific, and mono-specific nature of different family members suggests how one transporter
(e.g., a multi-specific member) may be able to compensate for the reduced function of another
transporter (e.g., a mono-specific transporter). Furthermore, several of the metabolites interacting with
the transporters (prostaglandins, carnitine derivatives, and bile acids) belong to different metabolic
pathways, indicating that many processes, at both the systemic and cellular level, are dependent upon
SLC22. In the following sections, the role of each subgroup in regulating metabolites in this larger
SLC22 network was discussed in more detail.
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Figure 1. Pruned SLC22 network. All SLC22 transporters with functional data were initially
included. Metabolites associated with only one transporter were removed for improved visualization.
SLC22 transporters and metabolites are colored nodes. Each edge represents a significant
transporter-metabolite association. Multiple edges connecting one metabolite to a specific transporter
were bundled (e.g., in vitro and GWAS support).

2.1. Analysis of Substrate Specificity and Selectivity Helps Categorize Mono-, Oligo-, and Multi-Specificity of
SLC22 Members

The concept of multi-, oligo-, and mono-specific SLC22 transporters was supported in part based
on the number of unique drugs that are known to interact with each SLC22 member (Table 2) [22].
Several SLC22 members (e.g., OAT1 and OCT2) are best known as “drug” transporters and due to this
association, many have been extensively tested as potential drug targets. While drugs were not the
primary focus of this research, the number of drugs a transporter is linked to is indicative of how many
structurally different substrates it can interact with. This may translate to endogenous compounds
from different metabolic pathways. As interest in solute carriers has increased over the past decade,
there has been a large influx of functional data (Table S1). We used these data to validate our initial
specificity assignments, and found that, for the most part, the metabolite data were in agreement with
the drug data. A transporter linked to many unique drugs was often linked to many unique metabolites.
For example, OATS1 members SLC22A6 and SLC22A8 are linked to 100 or more drugs, respectively.
This is reflected in the metabolite data, as each transporter was associated with at least 50 unique
metabolites, confirming their multi-specific nature. OATS4 members SLC22A9, SLC22A10, SLC22A24,
and SLC22A25 are understudied with respect to drugs. As a group, they are only associated with three
drugs, making it difficult to predict their substrate selectivity. Endogenously, the group appears to
have relatively mono-specific members that are dedicated to conjugated sex steroids, and oligo-specific
members, which are linked to conjugated sex hormones, short chain fatty acids, and bile acids.

2.2. Construction of Functional Networks from Metabolite-Transporter Interaction Data Support the
Eight Subgroups

To visualize these transporter-metabolite interactions, which were acquired from a combination
of GWAS, in vivo, and in vitro studies, we created networks using Cytoscape [23]. These networks
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allowed us to see the extent of unique and overlapping substrate specificity between transporters
in the SLC22 family and within the proposed subgroups (Figures S1 and S2). The networks also
provide, for the first time, a systems biology lens into the subgroup (as opposed to a single transporter)
function. In these networks, all edges are undirected and represent a statistically significant result
linking an SLC22 member to a metabolite. To give an example, the OATS1 network uses the members
(SLC22A6, SLC22A8, and SLC22A20) as central nodes. Each associated metabolite is connected to the
member, and the networks are then combined to represent the entire subgroup and demonstrate how a
metabolite may be linked to multiple transporters (Figure S1A). Functional data were available for 21
of 31 known SLC22 transporters. The trimmed SLC22 network is displayed in Figure 1, the individual
subgroup networks are in Figures S1 and S2, and the total SLC22 network is in Figure S3. The compiled
data with transporter, metabolite, study, quantitative metric, and citation are present in Table S1.

Table 2. Number of SLC22 transporter associations with unique drugs from DrugBank and metabolites.
SLC22 transporter substrate specificity (mono-, oligo-, or multi) was predicted from the number of drugs
each was associated with. Metabolite data were then used to support the predicted assignment. In the
absence of drug data, metabolites were used to determine specificity. #: number, n/a: not applicable.

SLC22 Transporter Common Name # of Unique Drugs # of Metabolites Sum Specificity Metabolic Pathways

A1 OCT1 70 15 85 multi Monoamines, carnitines, PG 1

A2 OCT2 84 24 108 multi Monoamines, carnitines, PG, creatinine

A3 OCT3 40 12 52 oligo Monoamines, carnitines, creatinine

A4 OCTN1 33 25 58 oligo Carnitines, ergothioneine

A5 OCTN2 55 20 75 oligo Carnitines

A6 OAT1 99 52 151 multi Uric acid, PG, gut microbiome derived
products, TCA 2

A7 OAT2 35 16 51 oligo Cyclic nucleotides, PG, carnitine,
creatinine, TCA

A8 OAT3 126 88 214 multi Uric acid, PG, creatinine, gut microbiome
derived products, TCA, bile acids

A9 OAT7 0 9 9 oligo Conjugated sex steroids, SCFA 3

A10 OAT5 3 2 5 mono Conjugated sex steroids

A11 OAT4 42 9 51 oligo Uric acid, PG, conjugated sex steroids

A12 URAT1 4 7 11 mono Uric acid, TCA

A13 OAT10, ORCTL3 n/a 13 13 mono Uric acid, TCA

A14 ORCTL4 n/a n/a n/a n/a Understudied

A15 FLIPT1 n/a 7 7 mono EGT, complex lipids

A16 FLIPT2, CT2 2 16 18 oligo Carnitines, EGT

A17 BOCT1, NGAL,
Lcn2-R n/a 2 2 mono Lipocalin

A18 SLC22A1L,
TSSC5, n/a 2 2 n/a Understudied

A20 OAT6 n/a 13 13 oligo Odorants, SCFA

a21 Octn3, Slc22a9 n/a 1 1 mono Carnitine

a22 OAT-PG n/a 12 12 mono PG, conjugated sex steroids

A23 BOCT2 n/a 12 12 oligo Fatty acids

A24 n/a n/a 10 10 oligo Conjugated sex steroids, bile acids

A25 UST6 n/a 1 1 mono Conjugated sex steroids

A31 n/a n/a n/a n/a n/a Understudied

1 prostaglandins; 2 citric acid cycle intermediates; 3 short chain fatty acids.

While there is no single metabolite that is associated with all SLC22 transporters, some are
linked to multiple family members, and thus may be a hallmark of the subgroup or family as a
whole. These metabolites are prostaglandin E2, prostaglandin F2, estrone sulfate, uric acid, carnitine,
and creatinine, which are each linked to at least five different SLC22 members, respectively (Figure S3).
This result demonstrated that SLC22, as a group, is involved in regulating several metabolic processes,
ranging from blood vessel dilation through prostaglandins to cellular energy production through
carnitine [24,25]. This also implies that the particular structural features of the SLC22 family in general
(12 TMD, large ECD between TMD1 and TMD2, and large ICD between TMD6 and TMD7) lend itself
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well to interacting with these compounds. This is further supported by the subgroup-specific network
analyses and motif analysis we performed (Figure 1).

2.3. OATS1 (SLC22A6, SLC22A8, and SLC22A20) Handles a Wide Variety of Metabolites, Signaling
Molecules, Uremic Toxins, and Odorants

Several metabolites have been identified as substrates of SLC22A6 (OAT1) and SLC22A8 (OAT3).
While many are unique, there is notable overlap. Both OAT1 and OAT3 interact with uremic toxins
(indoxyl sulfate, p-cresol sulfate, and uric acid) and gut microbiome derived products (indolelactate and
4-hydroxyphenylacetate), as well as many of the more general SLC22 metabolites, like prostaglandin
E2, prostaglandin F2, uric acid, and creatinine [26–30]. SLC22A20 (OAT6), while not as well-studied,
has affinity for several odorants and short chain fatty acids that are also associated with OAT1 [31].
OAT1 and OAT3 are clearly multi-specific, and OAT6 appears to be oligo-specific, as it handles both
odorants and some short chain fatty acids. With respect to remote signaling, the shared metabolites
among these transporters (Figure S1A) were noteworthy because of their tissue localization (Table 3).
OAT1 and OAT3 were primarily expressed in the kidney proximal tubule, with some expression in
other tissues, like the choroid plexus and retina (Table 3). OAT6, however, is expressed in the olfactory
mucosa of mice, presumably reflecting its affinity for odorants [21,31,32]. In the kidney, OAT1 and
OAT3, along with many other SLC22 transport proteins, help regulate the urine levels of many
metabolites and signaling molecules, which may potentially facilitate inter-organismal communication.
For example, a volatile compound in one organism may be excreted into the urine through OAT1 and
then somehow sensed by another individual of the same or different species through a mechanism
involving OAT6 in the olfactory mucosa [12].
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2.4. OATS2 (SLC22A7) is a Systemically-Expressed Transporter of Organic Anions and Cyclic Nucleotides

SLC22A7 (OAT2) is the only member of the OATS2 subgroup and is associated with prototypical
SLC22 substrates, such as prostaglandins, carnitine, creatinine, and uric acid [29,35–37]. Evolutionarily,
OAT2 appeared to be single member subgroup with a distinct branching pattern and single common
ancestor within our generated guide trees (Figure 2, Figures S5 and S6). OAT2 was also linked to cyclic
nucleotides and dicarboxylic acids, which when taken with the previous metabolites, created a unique
profile worthy of its own subgroup (Figure S1B) [38]. Another distinguishing feature of OAT2 was its
tissue expression patterns (Table 3). While its expression in the liver and kidney are common to many
SLC22 members, it has been localized to circulating red blood cells, where it may function in cyclic
nucleotide transport [3]. Its expression in a mobile cell type and transport of cyclic nucleotides raises
the possibility that it may act as an avenue for signaling.

Figure 2. Multiple sequence alignment using ICM-Pro v3.8-7c tree of SLC22 members implies function.
All known mouse and human SLC22 sequences, excluding Slc22a18, were aligned using ICM-Pro
v3.8-7c sequence similarity-based alignment. (A) Full sequence. (B) Extracellular loop (not including
Slc22a18, due to its lack of a characteristic large extracellular loop between TMD1 and TMD2).
(C) Intracellular loop.

2.5. OATS3 (SLC22A11, SLC22A12, and Slc22a22) Functions to Balance Uric Acid and Prostaglandins

In humans, SLC22A11 (OAT4) and SLC22A12 (URAT1) share only two substrates, uric acid and
succinate (Figure S1C) [39,40]. Uric acid is a beneficial metabolite in the serum as it is thought to be
responsible for more than half of human antioxidant activity in the blood [41]. However, high levels
of uric acid can be harmful and are associated with gout [42]. URAT1 is associated with very few
metabolites and is best understood for its role in uric acid reabsorption in the kidney proximal tubule,
making it relatively mono-specific [39]. OAT4, on the other hand, has been shown to transport
prostaglandins and conjugated sex hormones in addition to uric acid, making it oligo-specific [43–45].
URAT1 is almost exclusively expressed in the kidney, and OAT4 is expressed in the kidney, placenta,
and epididymis (Table 3). The more diverse tissue expression of SLC22A11 seems consistent with its
wider range of substrates. The subgroup differs in rodents because mice do not express Oat4. Instead,
the rodent subgroup is composed of Slc22a12, known as the renal-specific transporter (Rst) in mice,
and Slc22a22, known as the prostaglandin-specific organic anion transporter (Oat-pg). While Rst and
Oat-pg do not share substrate specificity, together, they combine to play the role of URAT1 and OAT4
by handling uric acid and prostaglandins [46].
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2.6. OATS4 (SLC22A9, SLC22A10, SLC2A24, and SLC22A25) Members are Specifically Associated with
Conjugated Sex Hormones

GWAS analyses support the association of all human members of this subgroup with one common
metabolite, etiocholanolone glucuronide, a conjugated sex hormone, with a p-value of 4.12 × 10−27

or lower for all members (Table 3, Table S1) [47]. While this group shares at least one conjugated
sex hormone, SLC22A24 and SLC22A9 appear to be more oligo-specific transporters, with SLC22A9
linked to short chain fatty acids and SLC22A24 linked to bile acids [48,49]. SLC22A10 and SLC22A25
are only linked to conjugated sex hormones, making them relatively mono-specific transporters
(Figure S1D) [47]. In terms of tissue expression, there is a distinct correlation between patterns and
shared function amongst human OATS4 members (Table 4). We predicted that all four members
are conjugated sex steroid transporters with SLC22A9, A10, and A25 showing high expression in
the liver where conjugation of glucuronides and sulfates to androgens and other gonadal steroids
occurs [48]. SLC22A24 has low expression levels in the liver but is highly expressed in the proximal
tubule, where it is predicted to reabsorb these conjugated steroids [48]. This subgroup also includes a
large rodent-specific expansion, consisting of Slc22a19 and Slc22a26-30. Although the rodent-specific
expansion is greatly understudied, transport data for rat Slc22a9/a24 show shared substrate specificity
for estrone sulfate with SLC22A24, but not for bile acids or glucuronidated steroids, which is consistent
with the lack of glucuronides in rat urine and serum [48]. While sulfatases are extremely highly
conserved amongst humans, rats, and mice, the separation of rodent- and nonrodent-specific OATS4
groups may be due to the species differences in expression and function of glucuronidases [50].
Despite their distinct differences from human OATS4 members in sequence similarity studies and
minimal functional data, the rodent-specific transporters are also highly expressed in both liver and
kidney [51].

2.7. OAT-Like (SLC22A13 and SLC22A14) has Potentially Physiologically Important Roles

Very little functional data are available for the OAT-like subgroup. SLC22A13 (OAT10/ORCTL3)
has been well characterized as a transporter of both urate and nicotinate, but SLC22A14 has no
available transport data [52]. However, N′-methyl nicotinate is increased in the plasma levels of
self-reported smokers, and GWAS studies have implicated SNPs in the SLC22A14 gene to be associated
with success in smoking cessation [53,54]. Although these data do not directly relate SLC22A14 to
nicotinate, it suggests a possible route of investigation into the functional role of this transporter,
one that may, in some ways, overlap with that of OAT10. SLC22A13 is primarily expressed in the
kidney, and although we found no human protein expression data for SLC22A14, transcripts for this
gene are found at low levels in the kidney and notably high levels the testis (Table 4), which is in
concordance with its critical role in sperm motility and fertility in male mice [55]. Future studies are
required to determine the functional classification of this subgroup; however, our genomic localization
and sequence-based analyses provided enough data to support the notion that these two belonged in
their own individual subgroup.

2.8. OAT-Related (SLC22A17, SLC22A18, SLC22A23, and SLC22A31) is Anomalous Amongst SLC22
Members but has Interesting Functional Mechanisms and Disease Associations

The OAT-related subgroup was an outlier within the SLC22 family, consisting of the orphan
transporters SLC22A17, SLC22A18, SLC22A23, and SLC22A31. SLC22A17 and SLC22A23 were
strongly related, with greater than a 30% shared amino acid identity. When these two transporters
were initially identified together as BOCT1 (SLC22A17) and BOCT2 (SLC22A23), it was noted that
they both show high expression levels in the brain, as well as a nonconserved amino terminus that
may negate prototypical SLC22 function [56]. SLC22A17 is known as LCN2-R (Lipocalin receptor 2)
and is reported to mediate iron homeostasis through binding and endocytosis of iron-bound lipocalin,
as well as exhaustive protein clearance from the urine as shown by high affinities for proteins such
as calbindin [20,57]. SLC22A23 has no confirmed substrates, but SNPs and mutations within this
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gene have medically relevant phenotypic associations such as QT elongation, inflammatory bowel
disease, endometriosis-related infertility, and the clearance of antipsychotic drugs [58–60]. SLC22A31
is the most understudied transporter of the SLC22 family but has been associated with right-side colon
cancer [33]. SLC22A18 remains an outlier and lacks the characteristic SLC22 large ECD. Its membership
within the SLC22 family is arguable due to high sequence similarity with the DHA H+-antiporter family
(Figure S4) [10]. Further study is required to confirm if the OAT-related members share substrates as a
group or if their sequence diversity and deviations from classical physical SLC22 member characteristics
are the reason for their phylogenetic association.

Table 4. Combined functional data for OATS4. These data were manually curated and collected from
genome-wide association, in vitro, and in vivo studies. Only statistically significant results from each
study are included. Column A is the SLC22 transporter, column B is the metabolite, column C is
the source of these data (rsid for GWAS, cell line for in vitro, and the physiological measurement for
in vivo), column D is the quantitative metric (p value for GWAS, Km, Ki, IC50, or inhibition percentage
compared to control for in vitro, and p value for in vivo), and column E is the citation.

Gene Metabolite Source Metrics Citation

SLC22A9 butyrate in vitro, Xenopus oocytes trans-stimulates transport p < 0.001 [37]

SLC22A9 dehydroepiandrosterone sulfate in vitro, Xenopus oocytes Km: 2.2 uM [37]

SLC22A9 estrone sulfate in vitro, Xenopus oocytes Km: 8.7 uM [37]

SLC22A9 etiocholanolone glucuronide GWAS, rs113747568 p = 5.27 × 10−28 [47]

SLC22A9 nicotinate in vitro, Xenopus oocytes trans-stimulates transport p < 0.01 [37]

SLC22A9 progesterone GWAS, rs112295236 p = 8.00 × 10−12 [47]

SLC22A9 propionate in vitro, Xenopus oocytes trans-stimulates transport p < 0.01 [37]

SLC22A9 tyramine o-sulfate GWAS, rs397740636 p = 2.06 × 10−6 [47]

SLC22A9 valerate in vitro, Xenopus oocytes trans-stimulates transport p < 0.001 [37]

SLC22A10 epiandrosterone sulfate GWAS, rs1939769 p = 2.06 × 10−7 [37]

SLC22A10 etiocholanolone glucuronide GWAS, rs112753913 p = 1.88 × 10−27 [47]

SLC22A24 androstanediol glucuronide in vitro, HEK293 Flp-In IC50: 21 ± 11 uM [48]

SLC22A24 chenodeoxycholate in vitro, HEK293 Flp-In IC50: 2.6 ± 1.0 uM [48]

SLC22A24 estradiol glucuronide in vitro, HEK293 Flp-In 3-5 fold over vector control [48]

SLC22A24 estrone sulfate in vitro, HEK293 Flp-In 5-10 fold over vector control [48]

SLC22A24 etiocholanolone glucuronide in vitro, HEK293 Flp-In IC50: 29 ± 4.7 uM [48]

SLC22A24 etiocholanolone glucuronide GWAS, rs113532193 p = 5.90 × 10−37 [47]

SLC22A24 pregnanediol-3-glucuronide in vitro, HEK293 Flp-In IC50: >200 uM [48]

SLC22A24 pregnanediol-3-glucuronide GWAS, rs202187460 p = 5.91 × 10−7 [47]

SLC22A24 pregnenolone sulfate in vitro, HEK293 Flp-In IC50: 1.4 ± 0.1 uM [48]

SLC22A24 progesterone in vitro, HEK293 Flp-In IC50: 7.4 ± 3.0 uM [48]

SLC22A24 taurocholic acid in vitro, HEK293 Flp-In 10–20 fold over vector control [48]

SLC22A24 ursodeoxycholate in vitro, HEK293 Flp-In IC50: 7.6 ± 1.2 uM [48]

SLC22A25 etiocholanolone glucuronide GWAS, rs113950742 p = 4.12 × 10−27 [47]

2.9. OCT (SLC22A1, SLC22A2, and SLC22A3) Members Are Characteristic Organic Cation Transporters with
High Affinities for Monoamine Neurotransmitters and Other Biologically Important Metabolites and
Signaling Molecules

The OCT subclade of SLC22A1 (OCT1), SLC22A2 (OCT2), and SLC22A3 (OCT3) has ample
data to support its formation and has been widely accepted and utilized as the prototypical
subgroup of organic cation transporters. All three members of this subgroup transport monoamine
neurotransmitters, carnitine derivatives, creatinine and the characteristic OCT substrates, MPP+,
and TEA (Figure S2A) [34,37,61–64]. All three members of this subgroup were expressed in the liver,
kidney, and brain (Table 4). When considered together with the transport of neurotransmitters,
this subgroup serves as an example of inter-organ communication between the brain and the
kidney–liver axis via transporters. The systemic levels of these neurotransmitters and thus,
their availability to the brain can be regulated by the expression of OCT subgroup members in the
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liver, where the metabolites can be enzymatically modified, and expression in the kidney, which may
serve as an excretory route [7].

2.10. OCTN/OCTN-Related (SLC22A4, SLC22A5, SLC22A15, and SLC22A16) Subgroup Consists of
Prototypical Carnitine and Ergothioneine Transporters

The OCTN/OCTN-Related subgroup is a combination of two previously established subclades,
OCTN and OCTN-related [10]. Previous studies have mistakenly named SLC22A15 as CT1 (carnitine
transporter 1), but this name actually belongs to SLC22A5 (OCTN2) [13]. GWAS data show that
SLC22A4 (OCTN1), SLC22A5 (OCTN2/CT1), and SLC22A16 (FLIPT2/CT2) are heavily linked to
carnitine and its derivatives [37]. This is consistent with in vitro data showing that OCTN2 and FLIPT2
are carnitine transporters [65,66]. Although OCTN1 has lower affinity for carnitine than OCTN2 and
FLIPT2, it has high affinity for the endogenous antioxidant ergothioneine, which GWAS data suggest
may be a shared metabolite with both SLC22A15 (FLIPT1) and FLIPT2 (SLC22A16; Figure 2B) [37,67].
SLC22A15 is associated with many complex lipids that are not characteristic of any other SLC22
transporter [47]. Although data are very limited, this anomalous SLC22 member so far appears to
only share one potential substrate with this subgroup, but its inclusion is supported by multiple
sequence alignments focusing on the intracellular loop and tissue expression patterns. Most other
subgroups in this family are limited to a few tissues, mainly the liver and kidney, but the members
of the OCTN/OCTN-Related subgroup are all expressed in at least five tissues as well as circulating
immune cells (Table 4) [4,7]. This broad tissue expression pattern, in conjunction with our network
analysis, supports the notion that these transporters’ main task is transporting carnitine derivatives,
as carnitine metabolism is an energy producing mechanism in nearly every cell. It may also play a role
in regulating levels of the antioxidant ergothioneine, which appears to be a unique substrate of this
subgroup [24,68].

2.11. Multiple Sequence Alignment Further Supports the Classification of Subgroups

Our new subgroupings are primarily based on the endogenous function of the transporters, but they
are also supported by additional analyses. These analyses are necessary, as structural and evolutionary
similarities can predict functional traits that have yet to be discovered. Though the previously
established phylogenetic subclades remain sound, our re-analysis includes new and updated amino acid
sequences that support the proposed subgroups with more confidence, especially when investigating
similarities within functional regions [10]. MSA programs were favored over phylogenetics because
MSA searches are based upon structural similarities rather than evolutionary relatedness [69].
These structural similarities, especially in the large ECD (extracellular domain) and large ICD
(intracellular domain) of SLC22 proteins, may indicate shared function.

Full length sequence analysis via Clustal-Omega, MAFFT, and ICM-Pro v3.8-7 supported the
division of SLC22 into eight subgroups (Figure 2A, Figures S5 and S6). While the OATS1, OATS2,
OATS4, OAT-like, OAT-related, and OCT subgroups were supported by full-length sequence analyses,
OATS3 and OCTN/OCTN-Related required a more rigorous investigation. To further clarify “borderline”
subgroup assignments from the full-length sequence analysis, sequence similarity between the ECDs
and ICDs of all human and mouse SLC22 members was determined using ICM-Pro v3.8-7, and the
results were visualized via guide trees (Figure 2B,C). ECD alignment preserved all eight subgroups,
with the exception of SLC22A15 in the OCTN/OCTN-Related subgroup. In contrast, ICD alignment
preserved only the OATS4, OATS2, and OCT subgroups.

The branching pattern of OATS3 member Oat-pg (Slc22a22) differs between tree variations.
These analyses consistently indicate a similar relationship between Oat-pg and OATS3, as well as OATS4.
However, in an analysis of the SLC22 ECDs, it is most closely associated with OATS3 over any other
subgroup. This, in conjunction with shared substrate specificity with both SLC22A12 and SLC22A11,
and not OATS4 members, supports its membership within the OATS3 subgroup [29,39,40,46].
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In full-length sequence alignments, the grouping of SLC22A4, SLC22A5, and Slc22a21 is
consistently conserved, while the topology of both SLC22A15 and SLC22A16 is irregular. Despite this,
analysis of the large ECD shows similarity between all OCTN/OCTN-related members other than
SLC22A15. Previous analyses have noted the large difference between the ECD of SLC22A15
and all other SLC22 members, which is supported by our analysis in Figure 2B [10]. Interestingly,
there appears to be some similarity between the large intracellular domains of SLC22A16 and SLC22A15.
Although much of the support for the establishment of the OCTN/OCTN-related subgroup comes from
functional data (Figure S2B), the described MSA analyses highlight shared structural, and possibly
functional, regions.

2.12. Analysis of Genomic Localization Highlights Evolutionary Relatedness of Subgroup Members and
Suggests Basis of Coregulation

Genomic clustering within the SLC22 family has been previously described [10]. Specifically,
genes found in tandem on the chromosome, such as OAT-like members SLC22A13 and SLC22A14,
are predicted to have arisen from duplication events, indicating a strong evolutionary relationship.
Despite the majority of the OAT subclade being found on chromosome 11 in humans and chromosome
19 in mice, clustering within the chromosome supports the division of the OAT subclade into
smaller subgroups. For example, OATS4 members SLC22A9, SLC22A10, SLC22A24, and SLC22A25
appear in tandem on human chromosome 11 within the UST (Unknown Substrate Transporter)
region of the genome. This region is analogous to the UST region within the mouse genome on
chromosome 19, where the mouse-specific OATS4 members Slc22a19, Slc22a26, Slc22a27, Slc22a28,
Slc22a29, and Slc22a30 reside as well as the rat UST region on chromosome 1 that contains Slc22a9/a24,
Slc22a9/a25, Ust4r, and Ust5r (Table 3) [70,71]. It has been proposed that genes within clusters, to some
degree, are coordinately regulated and thus are predicted to have similar overall tissue expression
patterns [70,72,73]. Support for shared regulatory mechanisms of subgroup members within genomic
clusters can be inferred from similar patterns of tissue expression or by expression of subgroup members
along a common axis of metabolite transport such as the gut–kidney–liver axis. Genomic localization
from the UCSC Genome browser and resultant tissue expression patterns for all SLC22 members are
shown in Table 3.

2.13. Analysis of OAT Subgroup Specific Motifs Highlight Patterns Potentially Involved in Specificity

Motif analyses revealed subgroup specific motifs within functionally important regions, such as the
large ICD, large ECD, and the region spanning TMD9 and TMD10, for all novel OAT subgroups [10,74].
However, the number of unique residues appears to be correlated to the range of substrate specificity.

Of the newly proposed OAT subgroups, OATS2 claims the smallest number of subgroup-specific
amino acid motifs and is the only subgroup without a specific motif in TMD9 (Figure 3B). The lack of
multiple subgroup-specific regions is interesting not only because this subgroup consists of a single
transporter but also because this may be indicative of a more promiscuous transporter with a wide
range of substrates, which is substantiated by the functional data, as described earlier in “OATS2
(SLC22A7) is a Systemically-Expressed Transporter of Organic Anions and Cyclic Nucleotides”. This pattern
is also seen in OATS1, which consists of multi- and oligo-specific transporters OAT1, OAT3, and OAT6.
In addition to having few subgroup-specific motifs, the multi/oligo-specific nature of this subgroup is
reflected by the shared evolutionary conservation of the large extracellular domain with other OAT
subclade members (Figure 3A).

To further clarify the membership of Oat-pg in OATS3, evolutionarily conserved motifs were
determined between all three members, as well as just Slc22a11 and Slc22a12. This analysis revealed a
total of ten evolutionarily conserved amino acid motifs between all three members, eight of which were
present in the analysis of only OAT4 and URAT1 (Figure 3, Tables S4 and S5). Specifically, both analyses
exhibited a notably large motif in the large intracellular loop found at D313-Q332 on URAT1 and
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Q312-G331 on OAT-PG (Figure 3C,D). This larger number of conserved regions seems consistent with
a more limited range of substrates (e.g., uric acid and prostaglandins) [43].

Figure 3. Evolutionarily conserved motifs for each subgroup within the OAT major subgroup mapped
onto 2D topology of prototypical members. (A) OATS1 mapped onto SLC22A6 (OAT1). (B) OATS2
mapped onto hSLC22A7 (OAT2). (C) OATS3 mapped onto hSLC22A12 (URAT1). (D) OATS3
mapped onto mSlc22a22 (OAT-PG). (E) OATS4 mapped onto hSLC22A9 (OAT7). (F) OATS4 mapped
onto mSlc22a7. In each panel, red sequences are subgroup specific motifs, blue sequences are
OAT-major subgroup motifs. Conserved OAT-major subgroup motifs are assigned letters and
specific, conserved OAT subgroup motifs are numbered. Data, including motif sequence identities,
exact locations, and p-values can be found in Tables S2–S7.

Motif analysis was performed separately on the OATS4 rodent and non-rodent specific subgroups
and the entirety of the OATS4 subgroup members. In all analyses, OATS4 claims the largest number of
evolutionarily conserved and subgroup-specific amino acid residues amongst the OAT subgroups,
supporting selective substrate specificity, possibly for conjugated sex steroids (Figure 3E,F). In the
case of non-rodent transporters, a unique motif spanned the sixth extracellular domain and TMD12.
This region is predicted to govern substrate specificity of transporters of the MFS, to which the SLC22
family belongs [74]. Recent publications defining the substrate specificity of SLC22A24 point to a
more narrow range of substrates and conservation of this specific region amongst OATS4 members
may explain the association of conjugated steroid hormones with SLC22A9, SLC22A10, SLC22A24,
and SLC22A25 in GWAS studies [47,48]. Although further analysis was required to fully understand
the relationship between the structure and substrate specificity in SLC22 transporters, we provided a
basis for investigation into specific regions that might determine functional patterns. The sequences
and p-values for each motif are in Tables S2–S7.

2.14. Sequence Similarity Study Suggests Novel Potential Functions to Explore and Possible Tertiary Structure
of SLC22

Each SLC22 member is a putative transporter, but there is evidence that suggests some members
may have alternative mechanisms of action [31,57]. To further explore this possibility and to potentially
find sequence similarity to other proteins, the specific amino acid sequences for the extracellular and
intracellular loops of each SLC22 member were compared to all proteins in the ICM-Pro v3.8-7c database.
The large extracellular loop of the OCT subclade (hSLC22A1-A3) showed notable homologies to human,
cow, mouse, and rat SCO-spondin, a glycoprotein secreted by the subcommissural organ in the brain.
In all of these species, SCO-spondin contains two potent binding sites for glycosaminoglycan (BBXB)
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and cytokines (TXWSXWS) as well as LDL receptor type A repeats. Human SCO-spondin shares
28.97% (pP = 5.47) and 27.43% (pP = 5.33) sequence identity with human SLC22A1 ECD and SLC22A3
ECD, respectively. The extracellular loop of mouse Slc22a16 shares 26% sequence identity (pP = 5.4)
with chicken beta-crystallin B3 (CRBB3). Beta-crystallin is a structural protein mainly comprised of
beta sheets [75]. The similarity between the ECD of mouse Slc22a16 and CRBB3 could point to potential
for a beta sheet like configuration. Since none of the SLC22 family members have been crystallized,
any insight into tertiary structure is of interest.

SLC22A31, a member of the divergent OAT-Related subclade, is the most ambiguous member of
the SLC22 family with no functional data available. An investigation of the human SLC22A31 large
ECD shows at least 30% shared sequence identity with RNA-binding protein 42 (RBM42) in mouse, rat,
cow, and human. This analysis also showed a 37% sequence identity (pP = 5.5) shared between the
ECD of hSLC22A31 and human heterochromatinization factor BAHD1. These and other interesting
sequence similarities to proteins, including those involved in signaling, are noted in Table 5.

Table 5. ICM finds significant similarities with SLC22 members. The following table shows significant
amino acid similarities found between full-length and the ECD sequences of SLC22 members and other
known proteins from human (Homo sapiens, h), cow (Bos taurus, b), chicken (Gallus gallus, g), mouse
(Mus musculus, m), and rat (rattus norvegicus, r). No significant similarities were found for SLC22 ICDs.
pP value is the log of the p-value and is described in the methods.

Subclade SLC22 Family Member Common Name Non-SLC22 Protein Identity Shared (%) pP Value

OCT

hSLC22A1 ECD OCT1

hSCO-spondin 28.97 5.47

bSCO-spondin 30.84 5.35

mSCO-spondin 24.3 6.24

rSCO-spondin 24.3 6.16

hSLC22A2 ECD OCT2

bSCO-spondin 30.84 5.29

mSCO-spondin 25.23 5.92

rSCO-spondin 24.3 5.61

hSLC22A3 ECD OCT3

hSCO-spondin 27.43 5.33

bSCO-spondin 22.12 5.49

mSCO-spondin 27.43 5.89

rSCO-spondin 25.66 5.81

OAT-related hSLC22A31 ECD n/a

hRBM42 30.95 5.95

bRBM42 32.14 6.05

mRBM42 30.95 5.95

rRBM42 30.95 5.95

hBAHD1 36.9 5.39

OCTN

mSlc22a16 ECD
FLIPT2, CT2

gCRBB3 26 5.4

hSLC22A16 hTAS2R41 20 5.3

hSLC22A5 OCTN2 GPR160 21 6.1

3. Discussion

In the years following the establishment of the previous SLC22 subclades, there has been a notable
increase in functional data, particularly with respect to endogenous substrates, concerning these
transporters and their substrates [10]. With these data, we are now in a position to better characterize
the biology of these transporters, which play important physiological roles and are implicated in certain
diseases. However, our newly proposed subgroups are not entirely dependent on functional data,
as we have considered multiple approaches including phylogenetics, multiple sequence alignments,
evolutionarily conserved motifs, sequence homology, and both tissue and genomic localization. Each of
these approaches has individual value in that they reveal unique characteristics of each transporter;
yet it is the combination of multiple approaches that ensures the full variety of available data (though
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still incomplete) for these transporters is considered when forming functional subgroups. We support
the subgroups with a thorough literature search of metabolites associated with SLC22 proteins.

Although the functional data were inherently biased due to the high level of interest in some SLC22
members, particularly the “drug” transporters OAT1, OAT3, OCT1, and OCT2, for the majority of the
transporters, there are enough data to create functional subgroups that play distinct and overlapping
roles in metabolism (Figure 1, Table S1). Genomic localization reveals evolutionary information and
provides insight on how genes may arise from duplication events. Phylogenetic analysis determines the
evolutionary relatedness of these proteins, while MSA, motif analysis, and sequence homology focus
on structural similarities, which can be indicative of function. We often see that members of a subgroup
are expressed in the same tissues or along functional axes. For example, substrates transported from the
liver via SLC22 transporters (e.g., SLC22A1/OCT1) can be either excreted into or retrieved from the urine
by other SLC22 members (SLC22A2/OCT2) of the same subgroup. Establishment of these functional
subgroups may also inform future virtual screenings for metabolites of understudied transporters.

Protein families are established based on shared ancestry and structural similarity, which is
commonly considered grounds for shared functionality. This is exemplified amongst SLC22 members
with the generally shared structural characteristics of 12 TMDs, a large extracellular loop between TMD1
and TMD2, and a smaller intracellular loop between TMD6 and TMD7. Despite these shared features,
we show here that there are many functional differences between these transporters. Although our
analyses mostly align with previous evolutionary studies when considering ancestry, here, we show
that phylogenetic grouping is not always reflective of a similar structure and function. For example,
although the previously established OCTN subclade of SLC22A4, SLC22A5, and Slc22a21 does not
share common ancestry with Slc22a16, the newly proposed group shares functional similarity and
ECD homology. Thus, by expanding our investigation beyond phylogenetic relationships, we can
now more appropriately group proteins from the same family and better understand their roles in
endogenous physiology.

An important concept in the remote sensing and signaling network is that of multi-specific,
oligo-specific, and relatively mono-specific transporters working in a coordinated function [16].
Multi-specific transporters are able to interact with a wide variety of structurally different compounds,
oligo-specific with a smaller variety, and relatively mono-specific transporters are thought to interact
with only one or a few substrates. Existing functional data suggest that it is unlikely that any truly
mono-specific transporters exist within the SLC22 family, yet the different subgroups we have formed
imply that multi-specific, oligo-specific, and relatively mono-specific transporters are more likely
to form subgroups with transporters that share substrate specificity. Multi-specific transporters,
like those in the OATS1 and OCT subgroups, handle a diverse set of drugs, toxins, endogenous
metabolites, and signaling molecules [14,61]. Conversely, the OATS4 subgroup appears to be a
collection of relatively mono-specific transporters with an affinity for conjugated sex steroid hormones,
specifically etiocholanolone glucuronide, which is also supported by a recent study focused on
SLC22A24, a member of the OATS4 subgroup [47,48]. Previous evolutionary studies have suggested
that multi-specific transporters arose before the mono-specific transporters [10]. As evolution has
progressed, more specific transporters have developed to handle the burden of changing metabolism.
The multi-specific transporters have been more extensively characterized because of their importance
in pharmaceuticals, but in the case of endogenous metabolic diseases, the oligo and mono-specific
transporters may be more appropriate targets for drugs or therapies.

One of the best examples of multi-specific transporters working in concert with oligo,
and mono-specific transporters is the regulation of uric acid [17,18]. Handling of uric acid mainly
occurs in the kidney, but when renal function is compromised, multi-specific transporters regulate
their expression to compensate. Two proteins, SLC22A12 (URAT1) and SLC2A9, are expressed in the
proximal tubule and are nearly exclusively associated with uric acid. The multi-specific transporters
SLC22A6 (OAT1) and SLC22A8 (OAT3) are also present in the proximal tubule and are able to transport
uric acid. When the kidney is damaged, one would expect serum uric acid levels to increase because
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most of the proteins involved in its elimination are in the kidney. However, this is partly mitigated due
to the increased expression of ABCG2 and/or functional activity in the intestine [17,18]. SLC2A9 is a
relatively mono-specific transporter and ABCG2 (BCRP) is a multi-specific ABC transporter, and other
uric acid transporters can be considered oligo-specific (e.g., SLC22A11). The example of uric acid
serves to illustrate how, when certain mono-, oligo-, and multi-specific transporters are unable to
perform their primary function, multi-specific transporters of the same or different function (even of
the ABC superfamily) can use their shared substrate specificity to mitigate the consequences. It is
generally assumed that all SLC22 family members are transporters. However, Slc22a17, a member
of the outlier OAT-related subclade, functions as an endocytosed iron-bound lipocalin receptor and
some SLC22 members have been suggested to function as “transceptors” due to homology with GPCR
odorant receptors and shared odorant substrates [20,21]. Thus, to better understand the SLC22 family
members’ individually unique functions and their placement into subgroups/subclades, we compared
the full-length amino acid sequences, large ECDs, and large ICDs of all SLC22 family members to a
database of known proteins.

When considering such a large number of proteins, the function on both local and systemic
levels of metabolites is likely to be impacted. The SLC22 family is a central hub of coexpression for
ADME (absorption, distribution, metabolism, excretion)-related genes in non-drug treated conditions,
which underscores their importance in regulating endogenous metabolism through the transport of
small molecules [16]. In the context of the remote sensing and signaling theory (RSST), it is essential to
understand substrate specificity of different SLC22 members and the eight subgroups.

The RSST proposes that a network of ADME genes (drug transporters, drug metabolizing
enzymes, and various regulation proteins) regulates the levels of hundreds if not thousands of
small organic molecules with “high informational content” including key metabolites and signaling
molecules involved in intra-organ, inter-organ, and inter-organismal remote communication. The RSST
would seem to imply that organisms are constantly solving a multi-objective optimization problem,
where balancing each particular compound’s serum concentration represents a single objective.
Each compound present in the blood has a range of healthy concentrations, and when the concentration
is outside of that range, the body must address it, in part through the regulation of transporters and
enzymes. Due to their wide range of tissue expression and diverse functional roles at body fluid
interfaces, the particular combination of transporters and enzymes are critical variables necessary
for solving this multi-objective optimization problem. Transporters regulate the entry and exit of
substrates to and from cells, but enzymes are responsible for the altering of these compounds. To use
a simple hypothetical example, if a metabolite’s serum concentration is too high, a transporter with
high affinity for that metabolite can move it into the cell, where an enzyme with high affinity for the
substrate can change it so that it may re-enter the circulation or be more readily cleared from the body.
The existence of abundant multi-specific and oligo-specific transporters and enzymes, in addition to
relatively mono-specific ones, expressed differentially in tissues and at body fluid interfaces, allows for
a highly flexible and responsive complex adaptive system that not only maintains homeostasis in
blood, tissue, and body fluid compartments (e.g., cerebrospinal fluid), but also helps restore it after
acute or chronic perturbations.

Thus, together, transporters and enzymes have tremendous potential to manage levels of
metabolites, signaling molecules, and antioxidants in the circulation and in specific tissues.
By developing functional groupings for the SLC22 family, we could better understand the metabolic
networks in which they function and how their expression is utilized to regulate concentrations
of metabolites, signaling molecules (e.g., cyclic nucleotides, prostaglandins, short chain fatty acids,
and sex steroids), antioxidants (ergothioneine, uric acid), and other molecules affecting diverse aspects
of homeostasis (e.g., lipocalin). Although this analysis focuses on the SLC22 family, a similar approach
can be applied to develop a deeper understanding of other families of transporters and enzymes.

In the past, the majority of functional data have come from transport assays using cells
overexpressing a specific SLC22 transporter and a single metabolite of interest. These assays lack
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uniformity and, as the OAT knockouts have shown, are not necessarily reflective of endogenous
physiology [26,28,30]. Recently, GWAS studies have linked many metabolites to polymorphisms in
SLC22 genes, and in vivo metabolomic studies using knockout models have also identified several
metabolites that may be substrates of transporters [26,28,30,47]. In upcoming years, the integration of
multiple types of omics data related to SLC22 family members with functional studies of transporters
and evolutionary analyses will likely produce a more fine-grained picture of the roles of these and
other transporters in inter-organ and inter-organismal remote sensing and signaling.

4. Materials and Methods

4.1. Data Collection

SLC22 human and mouse sequences were collected from the National Center for Biotechnology
Information (NCBI) protein database. Sequences were confirmed and genomic loci were recorded
using the University of California Santa Cruz (UCSC) genome browser by searching within each
available species on the online platform (https://genome.ucsc.edu/cgi-bin/hgGateway) [76]. The NCBI
BLASTp web-based program was used to find similar sequences to those from the NCBI protein
database. BLASTp was run with default parameters using query SLC22 sequences from human or
mouse. The database chosen was “non-redundant protein sequence” (nr) and no organisms were
excluded [77]. Tissue expression of all human SLC22 members was collected from the Human Protein
Atlas, GTEx dataset, Illumina Body Map, ENCODE dataset, and RNA-seq datasets available on the
EMBL-EBI Expression Atlas (https://www.ebi.ac.uk/gxa/home) [78]. Tissue expression data were also
collected via extensive literature search.

4.2. Sequence Alignment and Guide-Trees

Sequences for SLC22 were aligned using Clustal-Omega with default parameters via the online
platform provided by the European Bioinformatics Institute (EMBL-EBI) (https://www.ebi.ac.uk/
Tools/msa/clustalo/), as well as MAFFT (multiple alignment using fast Fourier transform) and
ICM-Pro v3.8-7c [79–82]. Clustal-Omega, MAFFT, and ICM-Pro v3.8-7c produced similar topologies.
These alignments were then visualized using The Interactive Tree of Life (http://itol.embl.de/) [83].
Topology was analyzed by branch length values, which are a result of the neighbor-joining method.
This method calculates the number of amino acid changes between each organism and the common
ancestor from which it branched. It then adopts the minimum-evolution criteria (ME) by building a
tree, which minimizes the sum of all branch lengths to visually display relatedness [84]. SSearch36 was
utilized to compare representative sequences of all members of the Drug:H+ Antiporter-1 (12 Spanner)
(DHA1) Family (2.A.1.2) and the SLC22A family (2.A.1.19) from the Transporter Classification Database
(http://www.tcdb.org/) with the Cyanate Porter (CP) Family (2.A.1.17) as an outgroup to further
investigate the belongingness of SLC22A18 in either the SLC22 or DHA1 family [9,85]. SSearch36 is an
exhaustive comparison method that uses the Smith–Waterman (SW) algorithm to compare FASTA files
find sequence similarities [85,86].

ICM-Pro v3.8-7c was used to align sequences in FASTA format as well as perform homology
searches of all human and mouse SLC22 sequences against ICM-Pro’s curated database of all known
proteins [82]. Threshold for homology significance was determined by the probability of structural
insignificance (pP), defined as the negative log of the probability value of a homology comparison.
Alignments were discarded if the pP value was less than 5.0, indicating that the homology shared
between two sequences is likely not due to random sequence similarities.

4.3. Motif Analysis

Motif comparisons were performed on the subgroups of the OAT subclade using the multiple
expectation-maximum for motif elicitation (MEME; http://meme-suite.org/tools/meme) suite [87].
A threshold of 20 motifs containing a range of 6–20 amino acid length was set with the normal
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discovery mode. This detection method yielded a set of evolutionarily conserved motifs within
all OAT subclade sequences (n = 57) as well as a set of evolutionarily conserved motifs for each
of the four proposed OAT subgroups. These motifs were then mapped onto 2D topologies of one
member from each of the newly proposed OAT subgroups (SLC22A6 for OATS1, SLC22A7 for OATS2,
SLC22A12 for OATS3, and SLC22A9 for OATS4). A separate motif analysis was also performed for
the rodent expansion consisting of Slc22a19, and Slc22a26-30 and was mapped onto mouse Slc22a27.
Transmembrane domains (TMDs) of these transporters were predicted by the constrained consensus
topology prediction server (CCTOP; http://cctop.enzim.ttk.mta.hu/) [88]. TMD locations and the
motif locations were entered into TOPO2 (http://www.sacs.ucsf.edu/TOPO2/) to visualize the 2D
representation of the transporters with the OAT subclade’s evolutionarily conserved motifs shown in
blue and each subgroup’s evolutionarily conserved motifs shown in red [89].

4.4. SNP, Mutation, In-Vitro, Knockout, and Drug Transport Data

To determine the diversity of substrate specificity, the number of drugs that list SLC22 members as a
target on DrugBank were recorded [22]. The Metabolomics GWAS server was utilized to determine SNPs
within all SLC22 members. The dataset produced by Shin et al. (2014) with the cohort KORA+TwinsUK
(blood) and the association of single metabolites was chosen. This dataset was searched by gene symbol
(e.g., SLC22A6) [37,90]. The EMBL GWAS Catalog and Metabolomix’s table of all published GWAS
with metabolomics (http://www.metabolomix.com/list-of-all-published-gwas-with-metabolomics/)
were also utilized in searching for SNPs and their effect on metabolite transport by SLC22 members [91].
Current literature available on the NCBI gene database under gene references into functions (Gene
RIFs; https://www.ncbi.nlm.nih.gov/gene/about-generif) was used to search for non-synonymous
mutations that did not affect protein expression yet affected transport of metabolites and/or drugs.
These methods were accompanied by an extensive literature search for in-vitro transport and knockout
data. Most in-vitro data come from tissue culture assays from a variety of cell lines while most
in-vivo data comes from genetic or chemical knockout mice. Metabolite data were abstracted from
the aforementioned databases and confirmed via literature review. The import from table feature
on Cytoscape 3.7.2 was used to generate functional networks for the entire SLC22 family and the
subgroups [23]. A spring embedded layout was applied to the networks and the subgroups were color
coded manually.
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Abbreviations

SLC22 Solute Carrier Family 22
OAT Organic Anion Transporter
OCT Organic Cation Transporter
OCTN Organic Zwitterion Transporter
GWAS Genome Wide Association Study
SNP Single Nucleotide Polymorphism
EGT Ergothioneine
TMD Transmembrane Domain
ECD Extracellular Domain
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ICD Intracellular Domain
MFS Major Facilitator Superfamily
ABCG2 ATP-Binding Cassette Subfamily G, Member 2
MSA Multiple Sequence Alignment
MPP+ 1-methyl-4-phenylpyridinium
TEA tetraethylammonium
RSST Remote Sensing and Signaling Theory
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Abstract: Organic cation transporters (OCT) 1, 2 and 3 and novel organic cation transporters (OCTN)
1 and 2 of the solute carrier 22 (SLC22) family are involved in the cellular transport of endogenous
compounds such as neurotransmitters, l-carnitine and ergothioneine. OCT/Ns have also been
implicated in the transport of xenobiotics across various biological barriers, for example biguanides
and histamine receptor antagonists. In addition, several drugs used in the treatment of respiratory
disorders are cations at physiological pH and potential substrates of OCT/Ns. OCT/Ns may also
be associated with the development of chronic lung diseases such as allergic asthma and chronic
obstructive pulmonary disease (COPD) and, thus, are possible new drug targets. As part of the
Special Issue “Physiology, Biochemistry and Pharmacology of Transporters for Organic Cations”,
this review provides an overview of recent findings on the (patho)physiological and pharmacological
functions of organic cation transporters in the lung.

Keywords: pulmonary drug delivery; SLC22A1–5; lung epithelium; drug uptake; β2-agonists;
chronic lung diseases; anticholinergics

1. Introduction

Organic cation transmembrane transporters belonging to the solute carrier family 22
(i.e., SLC22A1–A5) are increasingly recognised as “impactors” of drug disposition in the respiratory
tract [1–3]. SLC22A1–A5 transporters can be further divided according to the driving force of
cation transport into membrane-potential-sensitive organic cation transporters (OCTs) or Na+ and
pH-dependent novel organic cation transporters (OCTNs) [4,5]. The human OCT subclass consists
of OCT1 (SLC22A1), OCT2 (SLC22A2) and OCT3 (SLC22A3), whereas the OCTN subclass includes
OCTN1 (SLC22A4) and OCTN2 (SLC22A5). According to the human protein atlas, hOCT1 is a 61 kDa
protein exhibiting a broad tissue distribution with high expression levels in the liver [6,7]. hOCT2,
with a less ubiquitous expression pattern than hOCT1 and hOCT3, is most strongly expressed in the
kidneys with an approximate molecular size of 63 kDa [6,8]. The tissue expression pattern of OCT3
(61 kDa) is very broad, with high levels being observed in the liver, skeletal muscle, placenta and
heart [8,9]. OCTN1 and OCTN2 also exhibit broad tissue distribution, and both are approximately
62 kDa proteins [8,9]. OCT/N transporters participate in the cellular transport of a broad spectrum of
endogenous and exogenous organic cations and zwitterions such as neurotransmitters and xenobiotics.
Thus, they are involved in clinical drug–transporter interactions and at the same time, they perform
important physiological functions [9,10]. OCT1, for example mediates thiamine uptake, modulates
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hepatic glucose and lipid metabolism and thereby plays a role in hepatic steatosis [11,12]. In the brain,
OCT2 and OCT3 are involved in the regulation of a variety of normal central nervous system functions
related to mood as well as salt-intake behaviour and osmoregulation [13–15]. Detailed information
on OCTs’ expression and function in organs (except for the lung) was recently reviewed and can be
found in this Special Issue of International Journal of Molecular Sciences [16]. With a focus on the
lung, reviews by Salomon et al. [2] and Nickel et al. [3] have provided comprehensive overviews
of pulmonary OCT/Ns’ expression and function to the reader. Generally, OCTs in airway epithelial
and smooth muscle cells accept physiological substrates such as dopamine, histamine, serotonin
and acetylcholine. OCTN1 and OCTN2 mediate the uptake of ergothioneine (ESH) and l-carnitine,
respectively. The exact roles of OCT/N transporters in lung (patho)physiology and pharmacology,
however, are still not fully understood, and these topics are discussed in this review.

2. Expression and Subcellular Localisation of OCT/Ns in Lung-Derived Cell Lines, Pulmonary
Cell Cultures and Lung Tissues in Health and Disease

The expression of OCT/Ns in the lung has been studied in several cell lines of human respiratory
epithelial origin (e.g., A549, NCl-H441, BEAS-2B, Calu-3 and 16HBE14o-), in primary airway epithelial
cells and in lung tissues on the mRNA and protein level [17–23], and has been reviewed comprehensively
in our pervious publication [3]. There is some consensus that OCT1, OCT3, OCTN1 and OCTN2
are found ubiquitously throughout the lung epithelium. OCT2 expression is more controversial.
The transporter was absent in many of lung-derived cell lines [17,18,23–26], except for NCl-H441 [20,27].
In the case of primary cultures of human tracheal, bronchial and alveolar epithelial cells and in human
whole-lung tissue, a lot of conflicting data have been published [17,19,21,23,25,28,29].

The regional expression and subcellular localisation of OCT/Ns in the airways remains, to some
extent, elusive. Immunohistochemistry (IHC) studies carried out in human bronchi revealed positive
OCT1 and OCT2 staining in the apical membrane of ciliated epithelial cells, intracellular OCT1 staining
in ciliated epithelial cells, and OCT3 staining in the basolateral membrane of intermediate cells and the
entire plasma membrane of basal cells [28]. OCT3 transcript and protein expression were confirmed
in primary human bronchial and vascular smooth muscle cells [30]. Positive OCTN1 and OCTN2
stainings were observed on the apical and the lateral membranes of human primary bronchial epithelial
cells [31]. OCTN1 showed the strongest expression of all OCT/Ns in bronchi but was found to be
expressed at a lower degree in peripheral lung tissue [32]. Data are still scarce on cell-type-specific
expression of OCT/Ns, and hence it is rather difficult to identify the physiological function of each
transporter protein. We highlighted this issue in another review in 2016 [3], however, the field has not
advanced significantly since then.

A limited number of studies have been published connecting OCT/N expression to lung diseases.
Genome-wide association studies (GWAS) have identified SLC22A5 variants being linked to primary
systemic carnitine deficiency and asthma [33,34]. Furthermore, due to its potential role in histamine
release and clearance in the airways, an association between SLC22A3 gene polymorphisms and the
severity of asthma has been proposed [35,36]. No differences in mRNA expression levels of OCT1,
OCT3, OCTN1 and OCTN2 between ex-smokers with a severe stage of COPD and healthy subjects
were reported in a study by Berg and colleagues [32]. Subsequently, the same group’s IHC analysis
confirmed OCTN1 and OCTN2 expression in the epithelial cells of the bronchi, bronchioles and alveolar
type II epithelial cells as well as in alveolar macrophages. However, no differences between COPD and
healthy subjects were visible in IHC [31]. It should be noted that neither was immunoblot analysis
carried out nor were IHC signal intensities measured in order to quantify potential differences in protein
expression between the two groups. In another study, Calu-3 cells were grown for 21 days under
air-interfaced culture (AIC) conditions and exposed to pro-inflammatory lipopolysaccharide (LPS) or
house dust mite extract (HDM) to simulate asthmatic-like conditions at the epithelium in vitro [37].
The LPS challenge significantly upregulated the expression of OCT1, OCT3, OCTN1 and OCTN2 on
mRNA and protein levels. HDM had similar effects on OCT1, OCT3 and OCTN2 mRNA and protein
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expression. However, when Calu-3 cells grown for the same duration and under similar conditions
were exposed to LPS for shorter periods of time, other researchers did not observe any change in mRNA
levels of OCT1, OCT3 [24] or OCTN2 [38]. Stimulation with tumour necrosis factor-α (TNF-α) and the
Th2-cytokine, IL-4 also did not result in any change in OCT1, OCT3 [24] and OCTN2 mRNA levels [38].
Regretfully, in neither study, were mRNA expression data supported by protein expression analysis.
In contrast, when alveolar A549 cells were exposed to similar LPS concentrations, mRNA and protein
levels of OCTN1 and OCTN2 were downregulated, which was accompanied by a significant reduction
in the uptake of the model substrate 4-[4-(dimethylamino)-styryl]-N-methylpyridinium (ASP+) [39].
Likewise, challenging A549 cells with cigarette smoke extract (CSE), LPS or both caused a significant
reduction in OCTN1 and OCTN2 mRNA expression levels [40]. It has been demonstrated that A549
and BEAS-2B cells respond distinctly, in terms of cytokine release, to LPS stimulation [41]. The latter
may suggest different pathways involved in alveolar and bronchial epithelial cells upon LPS challenge
and, together with different LPS exposure times used in the above-mentioned studies, may explain
the discrepancies in OCT/N expression regulation observed in response to LPS stimulation in Calu-3
and A549 cells. Overall, some promising first results suggest that there indeed could be differences in
OCT/N expression (and function) in healthy vs. diseased lungs, which needs to be further investigated
using appropriate in vitro and experimental animal models as well as lung tissue specimens from
patients with respiratory diseases.

OCT/N expression and subcellular localisation in the lungs need to be conclusively studied.
For example, cell surface protein biotinylation should be performed to obtain clear-cut subcellular
localisation data for OCT/Ns. However, it is essential to use high-quality antibodies, which might have
to be generated first. Proteomics profiling will help not only to quantify expression levels of OCT/Ns
but also to look into the association between molecular pathways of OCT/Ns in the lung, in health and
disease [42]. Lastly, single-cell analysis approaches will allow to sort cell populations of the lung and
to determine the expression of OCT/Ns in individual cells (i.e., epithelial vs. immune cells). In this
context, first evidence was given that alveolar macrophages also express OCTN1 and OCTN2 [31].

3. OCT/Ns (SLC22A1–A5) Transporter Function in Lung Physiology and Pathophysiology

Despite being involved in the transport of essential endogenous substrates (Figure 1),
little information is available about the role of OCT/Ns in physiological functions and under
pathological conditions in the lung. Uncovering (patho)physiological functions of OCT/Ns in the
lung is a key step in developing new drug therapies for respiratory disorders [10,43]. Molecular
investigations are necessary to further identify and validate potential endogenous substrates of
OCT/Ns. Transport studies of substrate candidates are traditionally performed utilising radioactive
isotopes or liquid chromatography–mass spectrometry. Potentially, a novel assay that detects shifts
in thermostability of the transporter protein in the presence of specific substrates may be employed
to detect transporter–substrate interactions of lung OCT/Ns [44]. The main advantage of this assay
is that it allows large-scale screening to identify candidate substrates from libraries of unlabelled
compounds. However, the assay cannot discriminate between substrates, inhibitors or competitors
and requires purified proteins. Novel approaches such as transporter tandems might also help to
assess the influence of gene polymorphisms on OCT/Ns functional activity and to determine their
(patho)physiological consequences in the lung [45] (see Section 3.5 for further details).
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Figure 1. Role of novel/organic cation transporters (OCT/Ns) in pulmonary disposition of endogenous
substrates. OCTN1/ergothioneine (ESH) transporter (ETT) mediates the uptake of ESH, which
possesses antioxidant and anti-inflammatory properties. OCTN2 mediates l-carnitine uptake, which
is essential for cellular energy production. OCTs may participate in the uptake/release of a number
of neurotransmitters into/from airway epithelial and smooth muscle cells. Many of these induce
bronchoconstriction, regulate mucus secretion and clearance and are linked to the pathophysiology of
asthma. The localisation of OCT/Ns, whether apical or basolateral in airway epithelium, is still elusive.

3.1. OCT1, 2 and 3

OCTs transport a wide range of physiologically important endogenous substrates, including
hormones such as prostaglandin E2 and neurotransmitters such as acetylcholine (ACh), dopamine,
serotonin, epinephrine, norepinephrine and histamine [3,6,46,47]. In the lung, the current knowledge
of OCTs in these molecular interplays is primarily limited to non-neuronal ACh and serotonin
transport. OCT1/Oct1 and OCT2/Oct2 have been demonstrated to be involved in the luminal
release of non-neuronal ACh in human airway epithelial cells in vitro [28] and in mice in vivo [48].
ACh has various physiological functions in the airway. It regulates mucus secretion and clearance,
bronchoconstriction, histamine release from mast cells [49–53] and promotes airway remodelling,
particularly during inflammatory lung diseases such as asthma and COPD [51,54]. ACh has also been
reported to have a negative impact on the progression of human lung cancer by acting as a growth
factor [55]. In the case of serotonin, suppression of OCT3 by corticosterone has been reported to block
serotonin-induced bronchoconstriction in mice [48].

Recent insights underline the importance of the above-mentioned neurotransmitters in pulmonary
(patho)physiology. A study carried out in mice linked dopamine to a higher susceptibility of children
to asthma compared to that of adults [56]. The study showed that sympathetic nerves innervating
young mice lungs primarily produce dopamine, which triggers inflammatory reactions related to
asthma [56]. Similarly, histamine is a bronchoconstrictor and plays a role in the pathogenesis of
asthma and a number of other allergic disorders [36,57,58]. In addition to its bronchoconstricting
action, higher plasma levels of serotonin have been observed in asthmatic [59] and COPD patients [60].
Despite having their own high-affinity physiological transporters (e.g., SLC6A3), alteration in OCT
activity has been reported to influence the homoeostasis of these neurotransmitters and may result
in pathophysiological consequences in the lungs. For example, knocking out of OCT2 and OCT3 in
mice resulted in mood abnormality by interfering with monoamine neurotransmitters’ clearance in the
brain [13,61].
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OCTs are also involved in interactions between therapeutic drugs with endogenous substrates.
In this context, a number of commonly prescribed drugs have been shown to interfere with the uptake
of histamine and monoamine neurotransmitters (i.e., serotonin, epinephrine, norepinephrine and
dopamine) into OCT1-overexpressing HEK-293 cells and primary human hepatocytes [46,62]. However,
such potential interactions have not yet been investigated in cells of lung origin. Answering further
questions on physiological function, therefore, remains challenging. As mentioned previously, OCT2 is
either absent or expressed at low levels in human airway epithelium. Thus, the focus shall be on OCT1
(>OCT3) to assess whether alterations in the expression and/or activity of these transporters result in
pathophysiological consequences due to changes in the pulmonary disposition of the above-mentioned
endogenous substrates. In particular, increased OCT1 and/or OCT3 activity can enhance dopamine
uptake into respiratory epithelial cells, which is subsequently metabolised intracellularly by histamine
N-methyltransferase [36,63], resulting in reduced neurotransmitter concentration in the extracellular
airways space, which may have a positive impact on childhood asthma and/or vice versa.

3.2. OCTN1

OCTN1 facilitates the cellular uptake of its physiological substrate, ESH [64]. Gründemann
and colleagues have demonstrated that the transporter is highly specific for ESH and hence the
name “ergothioneine transporter” (ETT) has been proposed instead of OCTN1 [65,66]. Expression
of OCTN1 in distinct tissues can, therefore, serve as a specific molecular indicator of intracellular
ESH activity [65,66]. According to a number of in vitro and in vivo studies, ESH acts as a powerful
free-radical scavenger and can modulate inflammation [67–70]. Polymorphisms in the SLC22A4
gene have been linked with susceptibility to many chronic inflammatory diseases such as ulcerative
colitis and Crohn’s disease [71–73] as well as to tooth loss and adiposity in women [74]. In the
lung, a protective role for ESH against inflammatory and oxidative-stress-induced damage has been
demonstrated. For instance, pre-treatment of alveolar epithelial A549 cells with ESH inhibited TNF-α
and H2O2-mediated IL-8 release and activation of nuclear factor kappa B (NF-κB) [75]. ESH was,
therefore, proposed as a potential therapeutic intervention for chronic inflammatory pulmonary
disorders such as COPD [76,77]. In a rat model of acute respiratory distress syndrome, intravenous
ESH treatment before and after cytokine insufflation attenuated acute lung injury and inflammation [78].
The authors, however, did not carry out detailed histopathological studies to support their results.
The physiologic transporter of ESH (i.e., OCTN1) itself was not considered in these studies. For drawing
conclusions on the clinical impact, it is not only essential to investigate the substrate itself but also
potential links between these respiratory disorders and reduced OCTN1 activity, e.g., through genetic
polymorphisms or drug–drug interactions.

3.3. OCTN2

OCTN2 mediates the uptake of l-carnitine [6,79] and hence controls its homoeostasis, which is
achieved by endogenous biosynthesis (mainly in the liver and kidney), intake from the diet and renal
reabsorption [80]. l-carnitine is a highly polar zwitterionic and naturally occurring compound that plays
a key physiological role in the mitochondrial β-oxidation of fatty acids and, consequently, in cellular
energy production [80,81]. The process of fatty acid oxidation involves the consumption of large
amounts of oxygen, which are reduced to H2O, resulting in reduction in intracellular reactive oxygen
species formation. l-carnitine also regulates the activity of several enzymes involved in protection
against oxidative-stress-induced damage [82]. Based on in vitro and in vivo studies, l-carnitine can
scavenge free radicals and counteract oxidants such as peroxyl radicals, hydrogen peroxide and
peroxynitrite [83–87]. Reduced intracellular l-carnitine levels in turn impair cellular energy generation
and result in deterioration of the function of several organs [80].

The clinical relevance of the substrate l-carnitine in lung (patho)physiology is well investigated.
Studies have demonstrated that reduction in oxidative stress levels and increased activities of
many antioxidant enzymes following administration of l-carnitine supplements are seen in healthy
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volunteers [88], suggesting a protective role against oxidative-stress-induced damage [89]. Moreover,
lower serum l-carnitine levels were found in children with moderate persistent asthma compared to
those in healthy volunteers, and six months of l-carnitine supplementation to the asthmatic children
improved childhood-asthma control test and pulmonary function test parameters [90]. A significant
reduction in serum l-carnitine level was observed in asthmatic children during acute exacerbations
and shortly thereafter. The difference in l-carnitine levels between the groups of healthy and asthmatic
children, however, was not significant [91]. These data should be carefully considered due to low
numbers of patients and healthy controls included in the above-mentioned studies. l-carnitine also
plays a role in pulmonary surfactant synthesis. In murine alveolar epithelium, it was proposed
that when fatty acid oxidation is impaired, pulmonary surfactant levels and lung function are
decreased [92]. Acylcarnitines, which are catabolised from carnitine, directly inhibit the activity of
alveolar surfactant [92]. Furthermore, l-carnitine has been proposed to play a role in respiratory
distress syndrome (RDS). Treatment of new-borns with RDS with l-carnitine has been demonstrated
to reduce surfactant requirement, to shorten the duration of mechanical ventilation needed and to
reduce the incidence of bronchopulmonary dysplasia [93]. These clinical findings, however, were
not yet linked to the expression and function of OCTN2. In the future, these data could permit an
identification of a clinically relevant dysregulation or dysfunction of the physiological transporter
in these respiratory disorders. Lately, OCTN2-mediated l-carnitine uptake, via maintaining energy
supply, was discussed to play a role in sustaining respiratory ciliary beating and consequently, airway
mucociliary clearance, by which excess mucus and potentially harmful foreign particles are removed
from the airways [94].

Due to the physiological importance of OCTN2 in regulating l-carnitine homoeostasis, data on
expression and function in different preclinical models is steadily increasing. In vitro studies confirmed
a cellular OCTN2-mediated accumulation of l-carnitine and acetyl-l-carnitine in human respiratory
epithelial cell models [22,95,96]. However, when acetyl-l-carnitine uptake into a number of respiratory
epithelial cell lines (i.e., NCl-H441, A549 and Calu-3 cells) was compared to that in primary alveolar
epithelial cells, the kinetics and inhibitor specificities were significantly different, similar to the functions
of OCTs (see Section 3.4) [22]. In vivo studies revealed an active accumulation of l-carnitine in mice
trachea without a systemic absorption [97]. This was supported by studies in an intact isolated,
perfused rat-lung model, where data revealed no carnitine-sensitive pulmonary absorption [95].

3.4. Functional Studies Using Exogenous OCT/N Substrates

The uptake and transport of xenobiotics has been reviewed before [98]. To measure OCT/Ns’
function, the fluorescent dye ASP+ [19,27,98,99] has often been used. ASP+, however, lacks selectivity
as an OCT substrate as it is also a substrate for a number of plasma membrane neurotransmitter
transporters [100,101]. Tetraethylammonium (TEA), 1-methyl-4-phenylpyridinium (MPP+) and
decynium-22 [6] have been used mainly in in vitro studies and are more specific for OCTs but lack
selectivity for the individual OCT subtypes [18,102]. Distinct TEA uptake kinetics and patterns of OCT
inhibitory effects were observed in NCl-H441, A549 and Calu-3 cell lines when compared to those in
primary alveolar epithelial cells [102]. These results point out the relevance of a physiological epithelial
cell model. When MPP+ uptake was studied, only the above-mentioned respiratory epithelial cell lines
were used [18]. The authors suggested differential contributions of OCTs to the MPP+ uptake [18].
Thus, these results have to be carefully discussed in terms of physiological propagation. To our
knowledge, no other data on pulmonary OCT/N-mediated drug transport was published since our last
review in 2016 [3]. It is still a rather difficult assignment to conclusively determine the regional OCT/N
transporter activity in the lung. The affinities of OCTs for exogenous and endogenous substrates have
been comprehensively summarised in several reviews [6,9,103] with a focus on the liver and the kidneys.
Studies of clinically relevant OCT-involving drug–drug interactions have recently been reviewed by
Koepsell [103,104]. In the lung, very few pharmacokinetic studies have been performed [18,102,105].
Interactions of beta-agonists, corticosteroids and anticholinergics may occur in the lung, and we have
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focussed on recent data in Section 4; however these studies are mainly based on interaction of drugs
and model substrates.

3.5. Relation of OCT/N Expression, Subcellular Localisation and Function

Some of the reported discrepancies in OCT/N expression levels mentioned in Section 2 are
likely due to inconsistencies in passage numbers, time in culture, culture conditions (i.e., AIC vs.
liquid-covered conditions (LCC)) and medium supplements. For example, OCT3 transcripts were
detected in Calu-3 cells grown for 21, but not for 14, days [25]. Higher OCTN1 and OCTN2 mRNA
levels were observed in 16HBE14o- cells cultured for 18 days than in those grown for 11 days [17].
Culturing Caco-2 cells in media supplemented with high glucose concentrations has been shown to
reduce OCT3 activity and mRNA and protein expression levels [106]. Likewise, cell culture conditions
and time in culture have been demonstrated to have a significant impact on the mRNA expression
levels of a number of SLC transporters in Calu-3 [107] and primary human nasal epithelial cells [108].
Method standardisation is, therefore, crucial for future studies in order to validate epithelial cell
models and freshly isolated human lung epithelial cells as surrogates for in vivo studies. Furthermore,
a lack of high-quality antibodies has been a major challenge in OCT/N research. In particular, when
using commercially available antibodies for protein detection via confocal laser scanning microscopy,
the localisation of the observed signals was not always unambiguous (see below). This also constrains
investigations in novel in vitro cell systems, such as 3D epithelial cell models, to evaluate their suitability
as models for OCT/N research. For further reading on pulmonary epithelial cell models, please refer to
the following reviews and publications [109–112].

Investigating the activity of a transporter protein can be more challenging than studying variations
in its mRNA or gene product expression. Much of lung OCT/N research is solely based on expression
analysis [17,23,113,114] and hence presents a strongly unilateral view on OCT/Ns. Expression studies
using immunoblotting or liquid chromatography–tandem mass spectrometry (LC-MS/MS) may not
precisely foretell a transporter’s activity due to the detection of inactive intracellular transporter protein.
LC-MS/MS has been used to study the expression levels of a number of transporters, including OCT/Ns,
in the plasma membranes fractions isolated, via gradient centrifugation, from human whole-lung
tissues, primary cells and a number of lung-derived cell lines [20,21,29]. The purity of plasma membrane
fractions, however, could not be confirmed. Transporter tandems has been recently proposed as a
precise tool to determine a transporter’s activity in the plasma membrane [45]. In short, a link is
created between two transporters by joining their cDNAs in a single open reading frame, resulting in a
1:1 stoichiometry and, thereby, enabling to measure the activity of one transporter by the activity of
the second one. For example, OCTN1–OCT2 tandems were used to assess the activity of OCTN1 [45].
Moreover, linking OCTN1 as a reference transporter with a number of SLC and SLCO transporters
(i.e., OCT1, OCT2, OAT1, OAT3, OATP1B1 and OATP1B3), has demonstrated that transporter tandems
can be a useful tool to assess the activity of transporters belonging to other families [45]. However,
there must be no functional overlap between the reference and the test transporter of the tandem, which
must be verified by uptake experiments with the individual unconnected transporters. In addition,
suitable linker peptides should be used between the two transporters. The sequence and the length of
the linkers as well as the order of transporters in the tandems may have a strong impact on transporters’
expression and activity and, therefore, must be carefully validated [45].

Activity studies using ASP+ suggested OCT/N localisation on the apical side of Calu-3 cell
monolayers grown under AIC conditions for 21 days [25]. IHC analysis, which confirmed the expression
of OCT1, OCT3 and OCTN2, however, was inconclusive regarding the subcellular localisation of the
transporters [25]. In contrast, bidirectional MPP+ transport across Calu-3 monolayers grown under
similar conditions and for similar duration was proposed to be mediated by both OCT1 and OCT3
at the apical and OCT3 at the basolateral side of the polarised monolayers [18]. In the same study,
transport studies carried out in NCI-H441 and A549 cells suggested apical expression of OCT1 and
OCT3 [18]. The authors, however, could not support their data with proper subcellular localisation
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experiments. More recently, MPP+ uptake studies, indicated that OCT1 and OCT3 are active on the
basolateral membrane of the 3D cell model composed of normal human bronchial epithelial cells [24].
l-carnitine transport studies suggested OCTN2 to be active on the basolateral side of Calu-3 cells and
the 3D cell model [38]. IHC analysis was suggestive of a basolateral localisation of the transporter in
Calu-3 monolayers, but the signals were inconclusive in the 3D cell model [38].

Taken together, these data suggest that functional activity studies may fail to accurately predict the
subcellular localisation and/or expression of OCT/Ns and vice versa. Thus, monitoring expression and
function of OCT/Ns simultaneously is necessary to define active transporter proteins and to determine
the source of published discrepancies in either expression or functional analysis.

4. Pharmacological Aspects of OCT/N Transporters in the Lung

4.1. Interaction of OCT/N Transporters with Inhaled Drugs

Inhaled bronchodilator drugs must pass through the airway epithelial barrier to reach their
target receptors in the underlying airway smooth muscle cells. Many of these drugs belonging to the
muscarinic receptor antagonists and β2-agonists are cations and are positively charged at physiological
pH-values of the lung lining fluid. Thus, OCT/Ns may play a potential role in their pulmonary
disposition, pharmacokinetics, safety and efficacy profile. The involvement of OCT/N transporters in
interactions with inhaled drugs has been intensively discussed in previous reviews [2,3].

The role of OCT/Ns in the pulmonary disposition of inhaled drugs is an ongoing research topic;
however, data are mainly limited to in vitro studies. Despite being essential for initial screenings of
inhaled drugs’ interactions with membrane transporters, in vitro studies are insufficient to confirm
the clinical significances of such interactions, and a number of challenges and disadvantages are
associated with them. First, an ideal in vitro lung epithelial model for drug disposition studies still
does not exist. Second, the different cell composition of proximal and distal lung epithelium may
result in different OCT/N expression and activity profiles [17,98]. Third, determination of inhaled drug
concentrations in the epithelial lining fluid following drug inhalation is extremely difficult because of
the complex anatomical nature of the lung [25,115]. Thus, the concentrations of inhaled drugs applied
in in vitro studies to assess their interaction with OCT/N transporters may be clinically irrelevant.
The concentration of drugs used in in vitro studies is of particular importance because it influences
the ratio of passive membrane diffusion and transporter-mediated uptake [9]. Generally, when high
concentrations are used, passive membrane permeation predominates resulting in an underestimation
of the transporter impact [9]. In vitro data may, therefore, not predict the in vivo airway-to-blood
absorption process accurately and should be carefully considered. Validation can be achieved by ex
vivo, in vivo and clinical studies [10]. Recent reviews have covered preclinical models (in vitro, ex vivo
and in vivo) that are currently implemented in pulmonary drug delivery studies [111,112]. Moreover,
new experimental in silico models such as Mimetikos Preludium™ (Emmace Consulting) and SimCyp
Simulator™ (Certara) can be used to estimate the regional absorption of inhaled drugs [116,117].
It is necessary to point out that such in silico models may fail to precisely describe the pulmonary
pharmacokinetics of drugs because the validity of the simulation depends on the quality (and quantity)
of data used to inform the model. These data, however, are scarce and were generated under different
experimental conditions. Moreover, none of these models has been specifically designed for use in
pulmonary drug delivery. Nonetheless, in silico models might prove useful to assess the impact of
OCT/Ns in pulmonary disposition of inhaled drugs, once sufficient and reliable in vitro and in vivo
data have been generated to inform them.

Many questions related to the pharmacological roles of OCT/Ns in the lung have been raised and
remain open. Which member of the family is of particular importance? Are OCT/N–drug interactions
clinically relevant, and do they influence drug efficacy and toxicity?
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4.1.1. Interaction with β2-Agonists

Ehrhardt et al. were the first to propose the involvement OCT/Ns in the active transport of
salbutamol across monolayers of human bronchial epithelial cell lines in vitro [118]. In another
study, salbutamol was suggested to be a specific substrate and inhibitor of OCT1 in human distal
respiratory epithelial cells [105]. Horvath and colleagues observed that OCTN2 function can be
inhibited by salbutamol and formoterol in normal human bronchial epithelial (NHBE) cells in vitro [19].
Whilst they found no role for OCT/Ns in the transepithelial transport of salbutamol across the cell
monolayers, paracellular diffusion was suggested to be the predominant mediator of the inhaled drug
translocation across lung mucosa [119]. Salbutamol, formoterol and ipratropium bromide have also
been demonstrated to inhibit OCT1, OCT3, OCTN1 and OCTN2 in bronchial epithelial Calu-3 cells [25].
A number of nonsteroidal anti-inflammatory drugs interfered with salbutamol uptake into Calu-3
cells via a mechanism involving the inhibition of OCT transporters [120]. In a more recent study,
data showed that epithelial asthmatic-like challenges can enhance the transepithelial permeability
of salbutamol through OCT transporters’ overexpression in vitro [37]. A delay in the pulmonary
absorption of salbutamol and GW597901, a long-acting β2-agonist, was observed in isolated human
lung reperfusion model after nebulisation of l-carnitine via a mechanism involving competition with
the OCTN2 transporter [121]. However, the authors could not determine the duration of delay due to
the limited viability time of the model.

Fenoterol, a short-acting β2-agonist, has been identified as a substrate of OCT1 [122,123]. When a
number of heritable OCT1 variants were overexpressed in HEK-293 cells, the uptake of this drug was
completely abolished or substantially reduced [123]. Clinically, following intravenous administration
of fenoterol to healthy individuals with heritable non-functional hOCT1 alleles, the systemic exposure
was approximately two-folds higher than in individuals with functional hOCT alleles due to reduced
hepatic clearance. Consequently, the drug caused more pronounced undesirable effects such as
increased heart rate and blood glucose levels in OCT1-deficient individuals [123]. Further, OCT3
was proposed to mediate the uptake of cationic β2-agonists into their site of action (i.e., bronchial
smooth muscle cells) [124]. In another study, it was demonstrated that inhibition of OCT3 in vascular
smooth muscle cells, via corticosteroids, could reduce the vascular clearance of cationic β2-agonists
and, therefore, increase their airway retention time. The authors, therefore, suggested that combining
inhaled corticosteroids with β2-agonists may improve the pharmacologic response to the latter [30].
However, they did not discuss whether the inhibition of OCT3 in airway smooth muscle cells may
instead have a negative impact on β2-agonists’ action by reducing their uptake into their target site.

Taken together, OCT1 and OCTN2 seem to be the main members involved in interaction with
β2-agonists in airway epithelial cells; whereas, OCT3 is mainly involved in the uptake and clearance
of β2-agonists into/from airway smooth muscle cells (Figure 2). By now, studies provide evidence
that cationic β2-agonists are substrates as well as inhibitors of OCT/Ns. Based on the available data,
the clinical significance of such interactions remains to be investigated.
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Figure 2. Impacts of novel/organic cation transporters (OCT/Ns) on pulmonary and systemic disposition
of inhaled drugs. Inhaled cationic β2-agonists’ epithelial transport is mediated either by OCT/Ns
(mainly OCT1 and OCTN2) or passive diffusion. Corticosteroids can increase the airway retention
of β2-agonists by inhibiting OCT3 in vascular smooth muscle cells. Hepatic clearance of fenoterol is
reduced in carriers of non-functional OCT1 alleles. Ipratropium bromide uptake via airway epithelium
is more complex and OCT/Ns, unidentified efflux transporters and passive diffusion are participating.
OCTN2 mediates the uptake of l-carnitine-conjugated prodrugs and nanoparticles into pulmonary
epithelial cells improving pulmonary delivery of the parent drugs.

4.1.2. Interaction with Anticholinergic Drugs

Short-acting ipratropium bromide and long-acting tiotropium bromide and glycopyrronium
anticholinergic drugs have been shown to be substrates of OCTs and OCTN2 [97,122,125]. OCTN2
was reported to be the predominant mediator of ipratropium bromide uptake into BEAS-2B bronchial
epithelial cells [126]. In contrast, ipratropium bromide transport studies across Calu-3 monolayers
revealed a net secretion sensitive to inhibition by MPP+ and TEA but not l-carnitine, suggesting the
involvement of OCTs and ruling out any role for OCTN2 in drug flux across cell monolayers [127].
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Moreover, the study revealed the presence of an active efflux mechanism that extrudes the bronchodilator
to the apical chamber, which could be inhibited by MPP+, TEA and probenecid. The latter has been
reported to inhibit multidrug-resistance-associated proteins (MRPs) [128] and organic anion transporters
(OATs) [129]. However, there is no report, to our knowledge, that indicates ipratropium bromide as a
substate of MRPs. OATs were undetectable in Calu-3 monolayers grown under similar condition [130].
Anions, including probenecid, have been proposed to inhibit OCTs [6] and thus might be involved
in the interaction between probenecid and ipratropium bromide. However, the authors were unable
to confirm this hypothesis and suggested that an apically localised OCT1 and other unidentified
efflux transporters may be involved in the luminal recycling of the inhaled drug [127]. In this
context, ipratropium bromide has been recognised as a substate of multidrug and toxin extrusion
(MATE) transporters [131], which are reported to mediate cationic drugs’ efflux across the apical
membrane of tubular renal cells and hepatocytes [132]. The authors of the above-mentioned study
concluded that ipratropium absorption across respiratory epithelium is a complex process in which
both passive diffusion and carrier-mediated uptake and efflux processes play a role [127]. Recently,
the involvement of the amino acid transporter B0,+ (ATB0,+), which can also mediate cellular uptake of
organic cations [98] and l-carnitine was discussed [133]. The transporter was taken into consideration
in two recent studies in which ipratropium bromide, but not tiotropium bromide nor glycopyrrolate,
was shown to inhibit OCTN2-mediated basolateral uptake of l-carnitine [38] and OCT-mediated MPP+

uptake [24] into 3D human bronchial epithelial cell model and Calu-3 cells. It remains to be validated
whether ATB0,+ plays such an important role in drug disposition.

Not many ex vivo studies have been carried out to assess the interaction of anticholinergic drugs
with OCT/N transporters. The uptake of ipratropium bromide, but not tiotropium bromide, was shown
to be carrier mediated in lung slices obtained from drug-naïve rats [134]. In contrast, a study carried
out in an isolated and perfused rat lung model suggested passive diffusion to be the main driving force
for the overall absorption of ipratropium bromide across the lung epithelial barrier and that OCT/Ns
play no role in the process [95]. Meanwhile, in vitro uptake experiments showed a significant role for
OCTs in the uptake of ipratropium bromide into primary rat alveolar epithelial cells and into three
human pulmonary epithelial cell lines (i.e., A549, BEAS-2B, 16HBE14o-).

Overall, the importance of OCT/Ns in the pulmonary disposition of anticholinergic drugs remains
to some extent contradictory between in vitro and ex vivo studies. Data point towards an involvement
of OCT1 and OCTN2 in the interaction with ipratropium bromide (Figure 2).

4.2. OCTN2 as a Target to Enhance Pulmonary Drug Delivery

Conjugation of drugs or nanodrug delivery systems with a specific transporter’s substrate
to promote drug transfer across biological barriers has emerged as a strategy to improve drug
delivery [135,136]. OCTN2-targeted nanodrug delivery systems have been successfully used to
enhance the oral bioavailability of nanoparticles [137]. As far as the pulmonary drug delivery is
concerned, Mo and colleagues synthesised a carnitine ester prodrug of prednisolone (i.e., prednisolone
succinate-l-carnitine (PDSC)). The uptake of the prodrugs into BEAS-2B cells was enhanced and could
be inhibited by l-carnitine, indicating it was an OCTN2-mediated process. The prodrug displayed
improved duration of action with the free prednisolone being slowly released inside the cells resulting
in longer suppression of LPS-induced release of IL-6 by BEAS-2B cells in vitro [138]. In a follow-up
study, the asthmatic guinea pig model was treated with the prodrug and showed less severe vascular
pathologies, restricted asthma induced airway thickenings and lower inflammatory cell count in
bronchoalveolar fluid when compared to animals treated with unconjugated prednisolone [139].
However, a link to alterations in OCTN2 expression levels was not investigated in this model.

OCTN2 may be a potential target to enhance the pulmonary delivery of inhaled drugs to achieve
a better therapeutic outcome. As mentioned before, l-carnitine itself has antioxidant properties and
may confer additional beneficial effects when conjugated with inhaled drugs used for the treatment of
respiratory disorders such as asthma and COPD (Figure 2).
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5. Conclusions and Future Perspectives

Reliable epithelial cell models most closely reflecting the situation in vivo are necessary to assess
the role of OCT/Ns in pulmonary (patho)physiology and drug disposition. Recent in vitro studies
discussed in this review are mainly based on continuously growing cell lines such as Calu-3 [24,37,38]
or A549 [40]. Comparison of OCTN2 and OCT function in respiratory epithelial cell models (i.e., Calu-3,
A549 and NCl-H441) to that in human alveolar primary epithelial cells showed vast differences in
kinetics and inhibitor profiles, underlining the importance of this topic [22,102]. MatTek’s EpiAirway
model has been proposed as a phenotypic 3D model in which OCT/Ns were found to be functionally
active at the basolateral membrane only [24,38]. These data show that an “ideal” in vitro epithelial
cell model for OCTN/-based research is still elusive. To overcome some of the challenges, much
effort has been undertaken to establish isolated and perfused lung models to predict in vivo drug
absorption [140,141]. Furthermore, a porcine isolated and perfused lung model for pulmonary
pathophysiological studies was established [142]. Porcine lungs are very similar to their human
counterparts in term of size, anatomy and physiological characteristics, and this model may therefore
be a promising ex vivo surrogate for inhalation biopharmaceutical investigations. When using other
species, the consideration of any potential species differences in OCT/Ns’ activity between laboratory
animals and human is of crucial importance. In this Special Issue, Floerl and colleagues demonstrate a
good functional correlation between rat, mouse and human OCT1 in terms of interactions between a
number of investigated drugs [143]. Other OCT/Ns expression and activity profiles, however, still need
to be thoroughly investigated in these models.

Studies have only started considering the airway microenvironment of lung diseases on inhaled
drug disposition by, e.g., modelling asthma-like conditions in vitro [37] or utilising tissue from
patients [31]. The presence of mucus and airway inflammation is a crucial factor for the absorption of
β2-agonists, e.g., salbutamol [37,144,145]. An in vitro model was developed to study mucus interaction
with aerosolised drugs by applying a thin layer of porcine tracheal mucus. Results showed that
mucus delayed the absorption of all inhaled tested drugs (i.e., salbutamol, formoterol and indacaterol,
ipratropium bromide and glycopyrronium) but to a varying extent [145]. The thickness of the mucus
layer in the model, however, was about 10-fold higher than that of the mucus film covering the airways
in vivo, and thus, the observed influences are very likely overestimated. These studies considering the
impact of the mucus are still in their infancy and need further technical and methodological refinement.

Following recent achievements in proteomics and microbiome analysis, which has been highly
“boosted” in the last years [146,147], insights into the pathology of airway diseases become increasingly
available. Several studies have shown that the airway microbiome is disturbed in patients with
COPD [148,149], likely contributing to the pathology of diseases. It is yet unknown but necessary to
investigate any potential change in OCT/Ns’ functions in such specific pathologic airway environments.
These studies will rely on patient-derived material. By implementing, e.g., cultures of human primary
2D airway epithelial cell cultures or 3D airway spheroids [150,151], screenings of OCT/N substrates and
inhibitors will greatly advance insights into responses of pulmonary drug disposition. Furthermore,
this avenue of research will facilitate the analysis of effects of gene polymorphisms and gender
on OCT/Ns’ expression and function (towards “individualised pharmaceutics”). Gender-related
differences in the expression and activity of a number of SLC and ATP-binding cassette transporters
have been observed in hepatic [152–154] and renal tissue [155]. Sakamoto et al. showed first evidences
in their pulmonary expression profiles that females had two-fold higher levels of OCT1 and OCTN1
compared to those in males [21].

To summarise, according to the current state of knowledge, OCT/Ns have a potential
pharmacological impact in the lung. The understanding of their regulation is pivotal for the
development of novel inhaled drug therapies.
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COPD Chronic obstructive pulmonary disease
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LCC Liquid-covered conditions
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OATs Organic anion transporters
OCT Organic cation transporter
OCTN Novel organic cation transporter
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RDS Respiratory distress syndrome
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Abstract: Individual cells and epithelia control the chemical exchange with the surrounding
environment by the fine-tuned expression, localization, and function of an array of transmembrane
proteins that dictate the selective permeability of the lipid bilayer to small molecules, as actual
gatekeepers to the interface with the extracellular space. Among the variety of channels, transporters,
and pumps that localize to cell membrane, organic cation transporters (OCTs) are considered to be
extremely relevant in the transport across the plasma membrane of the majority of the endogenous
substances and drugs that are positively charged near or at physiological pH. In humans, the following
six organic cation transporters have been characterized in regards to their respective substrates, all
belonging to the solute carrier 22 (SLC22) family: the organic cation transporters 1, 2, and 3 (OCT1–3);
the organic cation/carnitine transporter novel 1 and 2 (OCTN1 and N2); and the organic cation
transporter 6 (OCT6). OCTs are highly expressed on the plasma membrane of polarized epithelia,
thus, playing a key role in intestinal absorption and renal reabsorption of nutrients (e.g., choline and
carnitine), in the elimination of waste products (e.g., trimethylamine and trimethylamine N-oxide),
and in the kinetic profile and therapeutic index of several drugs (e.g., metformin and platinum
derivatives). As part of the Special Issue Physiology, Biochemistry, and Pharmacology of Transporters
for Organic Cations, this article critically presents the physio-pathological, pharmacological, and
toxicological roles of OCTs in the tissues in which they are primarily expressed.

Keywords: hepatotoxicity; nephrotoxicity; organic cation transporter; solute carrier

1. Introduction

The organic cation transporters are primarily members of the solute carrier 22 (SLC22) family,
which itself belongs to the solute carrier (SLC) superfamily, the largest group of membrane transporters
comprising 65 SLC families (SLC1–65) with more than 400 identified genes thus far (for details on
the SLC classification, we refer to the curated BioParadigms.org online SLC table) [1]. SLCs regulate
the transport of most of the molecules essential for cell life across biomembranes and they have been
linked to more than a hundred monogenic disorders [2]. In the human SLC22 family, six organic
cation transporters have been characterized in regard to their respective substrates. The organic
cation transporters 1, 2, and 3 (OCT1–3) are encoded by the genes SLC22A1, -2, and -3. The organic
cation/carnitine transporter novel 1 and 2 (OCTN1 and N2) and the organic cation transporter 6
(OCT6) are encoded by the SLC22A4, -5, and -16, respectively [3]. Other members of the human
SLC22 family comprise eight anion transporters (OATs), one urate transporter (URAT1), and fourteen
orphan proteins, as no substrate thereof has yet been identified (Figure 1) [1]. Phylogenetic analyses

Int. J. Mol. Sci. 2020, 21, 7890; doi:10.3390/ijms21217890 www.mdpi.com/journal/ijms191



Int. J. Mol. Sci. 2020, 21, 7890

suggest that SLC22 transporters may have evolved over 450 million years ago, with putative SLC22
orthologues found in worms, sea urchins, flies, and ciona [4]. The transporters discussed in this review
are the highly related members OCT1–3 and OCTN1–2, as well as the more recently characterized
OCT6, encoded by SLC22A16 and cloned alongside with SLC22A15 in 2002. Because no substrate of
the latter has yet been identified, it will not be discussed in this review (see [5] Eraly et al., [6] Okada et
al., [7] Zhu et al., and [8] Drake et al. for the current status of information on human SLC22A15).

Figure 1. Phylogram of the human solute carrier 22 (SLC22) family members. The following protein
sequence were used: SLC22A1 (O15245.2), SLC22A2 (O15244.2), SLC22A3 (O75751.1), SLC22A4
(Q9H015.3), SLC22A5 (O76082.1), SLC22A6 (Q4U2R8.1), SLC22A7 (Q9Y694.1), SLC22A8 (Q8TCC7.1),
SLC22A9 (Q8IVM8.1), SLC22A10 (Q63ZE4.2), SLC22A11 (Q9NSA0.1), SLC22A12 (Q96S37.1), SLC22A13
(Q9Y226.2), SLC22A14 (Q9Y267.4), SLC22A15 (Q8IZD6.1), SLC22A16 (Q86VW1.1), SLC22A17
(Q8WUG5.1), SLC22A18 (Q96BI1.3), SLC22A20 (A6NK97.1), SLC22A23 (A1A5C7.2), SLC22A24
(Q8N4F4.2), SLC22A25 (Q6T423.2), SLC22A31 (A6NKX4.4), SLC22A32 (Q14728.1), SLC22B1 (Q7L0J3.1),
SLC22B2 (Q7L1I2.1), SLC22B3 (Q496J9.1), SLC22B4 (Q8N4V2.1), and SLC22B5 (Q8N434.2). The organic
cation transporters are highlighted in red. The SLC22A15 transporter that clusters with the other
organic cation transporters has not been functionally characterized yet. This phylogeny was generated
using the open access software Phylogeny.fr [9–11].

The putative human OCT proteins consist of 12 transmembrane domains (TMDs), intracellular N-
and C-termini, one extracellular loop between the first and the second TMD, and one intracellular loop
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between the sixth and the seventh TMD (Figure 2). Currently, no crystal structure of OCTs has been
resolved; hence, the topology and the mode of transport of OCTs are largely based on computational
modeling with E. coli LacY permease and structure-function characterization. In this model, the
binding pocket within the outward-open binding cleft is likely to have overlapping binding sites.
The binding of the substrate leads to a series of conformational changes for the release of the substrate
into the cytosol. Thereafter, the transporter, empty or loaded with a substrate bound in the inward
conformation, can switch back to the outward-open conformation [12,13]. Although most of these
studies have been performed on rat Oct1 and Oct2, this mechanistic model is considered to also be
valid for the human OCTs. However, the differences between human and rodents concerning substrate
selectivity warrant direct structure-function studies on the human OCTs to better understand how
these transporters work in humans [14].

 
Figure 2. Predicted secondary structure of the functionally characterized human organic cation
transporters (OCTs). Prediction was generated with the Protter open access software from the
input protein sequence Q86VW1.1 (OCT6) and aligned by CLUSTALW open access software with
the following protein sequences: SLC22A1 (O15245.2), SLC22A2 (O15244.2), SLC22A3 (O75751.1),
SLC22A4 (Q9H015.3), and SLC22A5 (O76082.1). The labeled and non-labeled residues in green color
represent the fully conserved and the non-conserved amino acids, respectively. The orange color
indicates the semiconserved residues.

OCTs are known as polyspecific transporters because they recognize and transport a broad range
of molecules, typically positively charged or zwitterions at physiological pH, such as the organic
amines choline and carnitine, the neurotransmitters dopamine and serotonin, the microbiota products
trimethylamine (TMA) and trimethylamine N-oxide (TMAO), and the vitamin B1 thiamine [15,16].
OCTs also facilitate the transport of a variety of drugs, including the anticancer platinum
derivatives and ifosfamide, the antibiotics gentamicin, cephaloridine and colistin, and the antidiabetic
metformin [3,15,17,18]. Ever since their identification, the thermodynamics, kinetics, and substrate
specificities of OCTs have been characterized in different overexpressing systems, using prototypical
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substrates such as radiolabeled tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium (MPP+),
and the fluorescent compound 4-[4-(dimthylamino)-styryl]-N-methylpyridinium (ASP+). In most
cases, OCTs are Na+-independent electrogenic transporters, whose activity is driven by the membrane
potential across the plasma membrane. Thus, according to the electrochemical gradient of the substrate,
OCTs can act as either influx or efflux systems. An exception is represented by OCTN2, which displays
a bifunctional mode of transport. OCTN2 transports carnitine and its precursor γ-butyrobetaine in
a Na+-dependent manner, and other organic cations in a Na+-independent manner [19]. OCTs are
characterized by different influx kinetics. The OCTN2-mediated L-carnitine uptake seems to follow
Michaelis–Menten kinetics [20]. OCT1 and OCT2 appear to have allosteric properties. Koepsell’s group
elegantly demonstrated that the rat Oct1 monomer functioned in an allosteric mode [21]. Likewise,
our group has shown that the transport of structurally different substrates mediated by the human
OCT2 likely involved two cooperative binding sites, suggesting that human OCT2 also had allosteric
features [18,22,23].

Expression and localization studies in different species have revealed that OCT1, OCT2, and
OCT6 displayed relatively narrow patterns of expression limited to individual organs or tissues.
In humans, OCT1 is primarily expressed on the basolateral membrane of enterocytes and hepatocytes
(intestines and liver) [24,25], and OCT2 is expressed on the basolateral membrane of proximal tubular
cells (kidney) [26]. Initially, OCT6 was considered to be testis specific, as it had been detected only
on the luminal membrane of the epididymal epithelium and in the Sertoli cells [27]. Lately, it has
also been detected in endometria and in several cancers, suggesting a possible role of OCT6 in
cancer resistance [28–39]. Noteworthy, in rodents, Oct1 has also been shown to be highly expressed
on the basolateral membrane of proximal tubular cells and Oct2 in the brain and inner ear [40,41].
High expression levels in the intestine, liver, and kidneys of OCT1 and OCT2 advocates a cardinal role
of these transporters in the intestinal absorption, tissue distribution, and hepatic and renal elimination
of several widely prescribed drugs [42]. OCT3, OCTN1, and OCTN2 are more broadly expressed
throughout the body [14,20,43–46]. In polarized epithelia, OCT1, -2, and -3 are restricted to the
basolateral membrane. Through a mating-based split-ubiquitin system screening, it has been found
that tetraspanin CD63, a four transmembrane domains protein that facilitates cell adhesion and motility,
was a protein partner of OCT1, -2 and -3 [47,48]. It has also been demonstrated that CD63 was critical
for the correct basolateral localization of OCT2 in proximal tubular cells [47]. The motif sequence that
might be involved in the basolateral sorting of OCT1, -2 and -3 is not known. Still, it is noteworthy to
highlight the presence of a fully conserved di-leucine sequence, a well-characterized basolateral sorting
sequence, in the cytoplasmic tail of these transporters (Figure 2) [49]. Conversely, OCTN1, OCTN2,
and OCT6 cellular localization may be tissue dependent. For instance, OCTN2 is expressed on the
brush border membrane of enterocytes and proximal tubular cells, and on the sinusoidal membrane of
hepatocytes [20,44–46,50–53]. The delivery of proteins to the apical surface most likely depends on
multiple coordinated mechanisms, including N-glycosylation pattern, interacting protein partners,
and membrane lipid content [49].

As part of the Special Issue Physiology, Biochemistry, and Pharmacology of Transporters for
Organic Cations, this article provides a critical overview of the physiological, pharmacological,
and toxicological impact and function of organic cation transporters in the key organ systems in which
they are expressed. Sources for this review were obtained through extensive literature searches of
publications browsing PubMed. Only papers published in the English language were considered.

2. Organic Cation Transporters (OCTs) in the Liver

There is a good deal of evidence that OCT1 and OCT3 are expressed in rodent, as well as human
liver, whereas OCTN1 and OCTN2 may be expressed in rodent but not in the human hepatocytes.
OCT1 represents the most studied hepatic OCT [15]. In this section, we discuss OCT1 primarily and
mention some valuable, although not necessarily translatable, animal studies on liver Oct3 and Octn
transporters. Oct1 was cloned from the rat in 1994 and found to be highly expressed in the liver and
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kidney [54]. The human OCT1 was cloned shortly after that and was found in the liver, at the sinusoidal
side of hepatocytes, but only marginally expressed in the kidney [24,25]. The SLC22A1 gene is under
the control of the hepatic nuclear transcription factor HNF-4a. When it binds to the promoter region of
the SLC22A1 gene, HNF-4a activates the transcription of the OCT1 mRNA. The HNF-4a-mediated
transcriptional activation of the SLC22A1 gene is inhibited by the bile acid chenodeoxycholic acid,
which is the most potent endogenous ligand of the nuclear receptor farnesoid X receptor (FXR) [55].
Indeed, the hepatic expression of OCT1 is lower in patients and animals with cholestasis, a condition
in which bile acids accumulate in the liver because of an inefficient elimination in the bile [24,56–58].
A number of independent studies have shown that OCT1 expression was also reduced in liver tumors.
Although the role of OCT1 in liver carcinogenesis has not been elucidated, it is conceivable that the
expression level of OCT1 is likely to determine the pattern of fluorocholine hepatic accumulation,
a positron emission tomography (PET) tracer, a substrate of OCT1 that shows promising results in
the differential diagnosis of intrahepatic lesions [59–61]. At the protein level, OCT1 can be regulated
by protein kinase A (PKA) and Ca++/calmodulin [62]. Recently, by using rat Oct1 reconstituted in
nanodiscs, it has been found that the allosteric binding of rat Oct1 was regulated through interactions
with the surrounding lipid microenvironment [63].

Thus far, OCT1 has been primarily characterized from a pharmacological perspective, and its
physiological role has only been partially defined. Recently, it has been shown that the total Oct1
knockout mouse, viable with no apparent deficiencies or phenotype, displayed an increased ratio of
AMP to ATP, which activated the energy sensor AMP-activated kinase (AMPK), and substantially
reduced triglyceride levels in the liver [64]. This phenotype seems to be due to the reduced uptake of
thiamine in the Oct1-deficient animals. Thiamine (vitamin B1) is involved in energy transformation
pathways as a cofactor of the pyruvate dehydrogenase complex, the α-ketoglutarate dehydrogenase,
and the branched-chain α-ketoacid dehydrogenase [65]. Thiamine deficiency compromises the ability
of the cell to synthesize ATP, resulting in a constitutive phosphorylation of AMPK, and increased
catabolic rate and energy consumption [64,66]. When human OCT1 is expressed in the Oct1-/- mouse,
the transgenic liver appears to become prone to steatosis, indicating a role of OCT1 in hepatic lipid
and energy metabolism [66]. The pharmacological relevance of OCT1 has been facilitated by the
flourishing of pharmacogenomics studies in the last two decades. There is extensive clinical evidence
suggesting that the therapeutic effects and toxicity of drugs could be changed in subsets of individuals
carrying a certain genetic variant of the SLC22A1 gene encoding for OCT1. In the SLC22A1 gene,
many nonsynonymous single nucleotide polymorphisms (SNPs) have been identified, some affecting
expression or transport activity and others altering substrate selectivity [67]. Genetic variants of the
SLC22A1 gene have been associated with altered pharmacokinetics and pharmacodynamics of several
drugs including opioids, the β2 agonist fenoterol, and metformin [68–72]. For instance, carriers of the
p.Met420del (rs35191146) or p.Arg61Cys (rs12208357) variants, which are associated with decreased
transport activity, experienced reduced therapeutic effects, assessed through a glucose tolerance test,
as compared with individuals carrying OCT1 wild-type [64,69].

OCT3 colocalizes with OCT1 in the sinusoidal hepatocyte membrane [24]. The role of OCT3
in liver physiology is probably linked to the homeostasis of molecules that are not substrates of
OCT1, such as the neurotransmitters adrenaline, noradrenaline, and histamine [14,73]. Studies have
shown that the degree of hepatic fibrosis and ductular reaction induced by bile duct ligation or carbon
tetrachloride (CCl4) treatment was significantly higher in Oct3-/- than wild-type mice, because of
an overproduction of TGFβ by stellate cells [74]. As adrenaline and histamine have been shown to
promote fibrotic remodeling of the airways and the heart, respectively [75,76], it is possible that the
different handling of these neurotransmitters concurs to the excessive hepatic remodeling observed in
Oct3-/- mice. Similar to OCT1, the hepatic expression of OCT3 is significantly affected by cholestasis in
both humans and rodents; however, the mechanism of transcription repression might be different [24].

OCTN2, encoded by the SLC22A5 gene, is a high-affinity, Na+-dependent, electrogenic carnitine
carrier [20]. Carnitine is a vitamin-like compound, highly enriched in red meat or synthesized from
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γ-butyrobetaine in liver, kidney, and brain [77]. About 25% is synthesized in the body, while the rest
is derived from dietary meats [78]. Carnitine is primarily involved in the translocation of mid- and
long-chain fatty acids from the cytosol into the mitochondrial matrix, where fatty acid β-oxidation takes
place [79]. An important experimental model for the comprehension of carnitine’s physiological role is
the juvenile visceral steatosis (jvs) mouse. Jvs mice are characterized by impaired intestinal absorption,
tissue distribution, and reabsorption of carnitine, which leads to systemic carnitine deficiency resulting
in hepatic steatosis, hypoglycemia, hyperammonaemia, and growth retardation [80]. Shortly after
being cloned, Octn2/OCTN2 was found mutated in jvs mice, as well as in patients with systemic
carnitine deficiency (OMIM212149) [81]. Notably, OCTN2 can also transport, in a Na+-dependent
manner, γ-butyrobetaine, the carnitine precursor (Km~13 μM) [19]. The role of Ocnt2 in the hepatic
uptake of carnitine has been demonstrated in primary cultured mouse hepatocytes, which showed
a Km of ~5 μM, consistent with a high-affinity system [52,53]. Carnitine deficiency in the liver, over
loss of Octn2, leads to an accumulation of fatty acids in the cytoplasm of hepatocytes. In line with
the pivotal role of carnitine in lipid metabolism, the Octn2 expression level is closely linked to lipid
homeostasis. The nuclear receptor Pparα, activated by free fatty acids, has been shown to induce the
mRNA expression of Octn2 in rodents and pigs in several tissues, including the liver [82–87]. Insulin,
which positively correlates with fatty acids oxidation in human skeletal muscle [88] has been associated
with an increase in carnitine uptake and expression of OCTN2 in skeletal muscle [89]. Taken together,
these findings suggest that OCTN2 induction represents an adaptive protective mechanism against
lipid metabolism dysfunction.

Mouse Octn1 was found to be expressed in non-parenchymal mouse liver cells, with reports
showing functional expression in stellate cells. Upregulation of Octn1 and activation of stellate
cells, after treatment with the liver toxin dimethylnitrosamine, were seen to lead to increased liver
levels of the natural, nutrient-derived, OCTN1 substrate, antioxidant ergothioneine, which resulted in
protection from inflammation, oxidative stress, and more severe liver fibrosis [90]. Although OCNT1
was originally cloned from fetal human liver tissue, neither OCTN1 nor OCTN2 seem to be expressed in
adult human liver tissue, although low amounts of mRNA may be detected [91,92]. This highlights the
historical difficulties of discerning the physiological and pharmacological relevance of each transporter
in humans, in accordance with varying tissue expression patterns.

3. OCTs in the Kidney

OCT2 and OCTN2, and to a lesser extent, OCT3 and OCTN1 are expressed in the human
kidney. OCT2 and OCT3 are considered to be expressed on the basolateral side of proximal tubule
cells [26,93], while OCTN2 and OCTN1 are located (assumed for OCTN1) at the apical brush border
membrane [15,94]. The expression pattern of Octs is different in rodents, where Oct1 colocalizes with
Oct2 at the basolateral membrane of proximal tubule cells. Mice lacking Oct2-/- are normal, suggesting
that the expression of Oct1 alone is sufficient to sustain normal renal function. Because of this functional
redundancy, our understanding of the potential role of OCT2 primarily relies on studies that employ
mice lacking both Oct1 and Oct2 (Oct1/2-/-), which display an impaired tubular secretion of organic
cations [95].

OCT2 has been well characterized for its relevance in creatinine tubular secretion, although
creatinine has been shown to be a substrate of all the above listed transporters, at least in vitro [96].
Creatinine is largely cleared from the blood by glomerular filtration; however, 10–40% of creatinine
is actively secreted into the collecting duct for excretion in proximal tubules [26,97]. OCT2 is
deemed to be responsible for the majority of the uptake of creatinine, aided by OAT2 and most
likely OCT3, into the tubule cells for subsequent active secretion into the collecting duct over apically
(urine-facing)-located SLC47 family members (multidrug and toxin extrusion MATE transporters,
MATE1 and MATE2-K) [98–100]. The most well-known drugs that lead to transient elevation of serum
creatinine through interference at the transporter level with OATs, OCTs, or MATEs are cimetidine,
isavuconazole, ranolazine, trimethoprim, vandetanib, probenecid, and pyrimethamine and several
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antivirals used in the treatment of HIV (dolutegravir, rilpivirine, and cobicistat) [96,101–103]. Elevations
in serum creatinine under treatment with these compounds do not underlie pathological interruption of
kidney function. As serum creatinine is widely used as a diagnostic marker in monitoring nephrotoxicity,
drug development relies on the clear delineation between nephrotoxicity and non-pathological transient
inhibition of creatinine secretion. Currently, guidance of drug regulatory agencies demands that each
molecule in development be tested in vitro for inhibition of OCT2 transport activity in order to predict
potential drug–drug interactions [104,105]. An example of a drug–transporter interaction leading to
a drug–drug interaction is the reduction in renal metformin secretion by the combined inhibition of
MATE and, to a lesser extent, OCT2 and possibly OCT3, by cimetidine [106–112].

Actual kidney injury mediated by substrates of OCT2 most notably includes anticancer platinum
agents, of which cisplatin is the most studied [113]. Cisplatin is a substrate of OCT2, whose toxicity
stems from the intracellular accumulation by OCT2-mediated cellular uptake, as seen in rodent
models [114–118]. Oct1/2-/- mice are partially resistant to cisplatin-induced nephrotoxicity [40,118,119].
Some protective effects of cimetidine co-application under cisplatin treatment have also been
demonstrated in mice [40,117] and humans [120,121], with supporting in vitro evidence [122].
Another very small human study using the OCT2 inhibitor pantoprazole (proton-pump inhibitor)
could not ameliorate cisplatin-caused nephrotoxicity in pediatric and adolescent cancer patients [123].
In rodents, it has been indicated that the drug-induced kidney injury incurred by the aminoglycoside
gentamicin [18], triptolide [124], and the plant toxin ochratoxin A [125] was dependent on Oct2
expression and function. In vitro data also suggest that the nephrotoxic effects of the antiviral agents
defovir, cidofovir, and tenofovir [126], and the anticancer agent ifosfamide also underlie OCT2
uptake [127].

Genetic polymorphisms in OCT2 and OCTN1 have been identified to affect metformin renal
excretion, leading to significantly increased peak concentrations and larger serum areas under the curve.
On the one hand, patients carrying the OCT2 p.Ala270Ser (rs316019) variant or the OCTN1 p.Thr306Ile
(rs272893) may require, similar to those with renal impairment, metformin-dosing reductions [128].
Therefore, it is possible that OCTN1 on the apical membrane is involved in the secretion of metformin
into the collecting duct. On the other hand, individuals carrying the OCT2 variant p.Ala270Ser
(rs316019), associated with a lower OCT2 activity, benefit from a lower risk of cisplatin-induced
nephrotoxicity [115,116].

OCTN2 is physiologically most relevant for the reabsorption of carnitine, where loss or
non-functionality of this transporter leads to primary systemic carnitine deficiency through carnitine
wasting by renal excretion [78,81,129–131]. This has been discussed in the previous section in the
context of the liver, because the liver, skeletal muscles, and the heart are tissues that largely rely on fatty
acid β-oxidation for energy production, and thus are affected most by carnitine deficiency. However,
the underlying cause of primary systemic carnitine deficiency and resulting clinical manifestations
also underlies intestinal absorption, as most carnitine is derived from the diet, and, most relevantly,
OCTN2-mediated renal reabsorption. Patients with primary systemic carnitine deficiency usually
present within the first four years of life with lethargy, irritability, and poor feeding; elevated liver
enzymes, hypoketotic hypoglycemia, hyperammonemia, frequently hepatomegaly, and most notably,
cardio and skeletal myopathies are observed in these patients. It is further associated with sudden
infant death [132]. However, interestingly, some affected persons remain completely asymptomatic
into adulthood or present with clinical manifestations of carnitine deficiency only as high fatigability
or muscle weakness after exertion or not until metabolically stressed, such as under fasting, diet, or
recurrent illness [78,133,134]. Primary systemic carnitine deficiency due to autosomal recessive OCTN2
mutations is treated by oral carnitine supplementation and leads to reduction in clinical manifestations
although tissue levels of carnitine seem to remain low [132,135]. Despite the heterogeneous clinical
picture for primary systemic carnitine deficiency, it remains clear the OCTN2 in the kidney largely
dictates carnitine homeostasis through renal reabsorption, with potentially far reaching clinical
implications in energy metabolism throughout the body when dysregulated or lost. Drug-induced
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systemic carnitine deficiency (and nephrotoxicity) in animals has also been reported. Treatment with
colistin (a polymyxin) or cephaloridine (a beta-lactam) is associated with urinary loss of carnitine
and systemic carnitine deficiency in rats and rabbits, respectively [136–138]. Colistin is transported
by human OCTN2 in a Na+-independent manner, whereas cephaloridine interaction with OCTN2 is
Na+-dependent [17,139,140].

4. OCTs in the Intestines

OCT1, OCT3, OCTN1, and OCTN2 are expressed in the intestines, where OCT1 and -3 are located
at the basolateral membrane of enterocytes and OCTN1 and -2 at the brush border membrane [15,141].
Physiologically, these transporters are likely to contribute, along with other higher affinity uptake
transporters, to the intestinal absorption of several dietary substrates. OCT1 and OCT3 may be
involved in thiamine uptake at high nutritional concentrations in the intestine [15]. OCT1 and OCT3
might play a role in choline intestinal absorption in rodents but perhaps not in humans, as choline does
not seem to be a substrate of the human OCT1 and OCT3 in vitro [59,142–145]. OCTN2, as the primary
carnitine transporter, is also involved in the uptake of dietary carnitine. OCTN1 transports carnitine,
although cannot compensate for the loss of OCTN1 in primary carnitine deficiency (addressed in
Section 3), and is physiologically more relevant in the uptake of ergothioneine, at least in mice [146,147].
Several OCTN1 and OCTN2 genetic variants, which result in reduced expression or function of the
transport protein, have been associated with a susceptibility to inflammatory bowel diseases such as
Crohn’s disease, ulcerative colitis, and irritable bowel syndrome [141,148–154]. Pharmacologically,
OCT1 and OCTN1 (and likely OCT3) seem to be involved in the absorption of metformin, with
gastrointestinal side effects or intolerance being associated with both OCT1 and OCTN1 reduced or
loss-of-function variants [155–158].

5. OCTs in Other Tissues

To briefly summarize the above sections, framed in the context of what is known in terms of
pathophysiology and pharmacological relevance, OCT1 plays more significant roles in the liver, while
OCT2 and OCTN2 have very important functions in the kidney. The following sections address
additional tissues, which are selected based on current research trends. We discuss even less well
known or described functions of OCTs in additional (human) tissues, where much of the existing
work stems from animal studies. We critically assess current themes in animal studies on OCTs and
detail the limited studies on humans for each respective tissue. For a comprehensive summary on the
state of knowledge about OCTs in human and rodent models based on tissue expression, we suggest
consulting the extensive review by H. Koepsell [15].

5.1. Central Nervous System

A rather quickly growing number of studies have addressed Oct2 and Oct3 in regard to their roles
in the central nervous system and blood-brain barrier in rodents [159–164]. Both transporters transport
biogenic amines such as dopamine, epinephrine, norepinephrine, serotonin, and histamine, as well as
other neurotransmitters and neuromodulators cyclo(His-Pro), salsolinol, and the l-arginine metabolite
agmatine [3]. Oct3 has been found to be massively expressed in circumventricular organs. In addition,
while both Oct2 and Oct3 appeared principally expressed in central neurons, Oct3 has also been found
in astrocytes, in restricted brain areas such as the dorsomedial hypothalamus nucleus and substantia
nigra [161,163], where it has been shown to influence stress-mediated increase in extracellular serotonin
levels [162] and neurotoxicity [163]. The roles of Octs in the brain have mainly been examined in Oct2-
and Oct3-deficient mice. In vivo, Oct2 invalidation appeared to have preferential consequences on
serotonin and norepinephrine uptake and clearance [164], and Oct3 invalidation had more impact
on dopamine signaling [161]. Invalidation of Oct2 in mice resulted in abnormal anxiety-related
behavior in several conflict paradigms [164]. As compared with wild-type mice, Oct2-deficient
mice showed altered sensitivity to the dual serotonin/norepinephrine reuptake inhibitor venlafaxine
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and the serotonin transporter (SERT) and norepinephrine transporter (NET) inhibitors, citalopram
and reboxetine, respectively. Oct2 was recently shown to be an essential modulator of the short-
and long-term responses to stress in rodents [165]. Oct2-deficient mice and wild-type mice treated
with cimetidine, an OCT2 substrate, were protected from oxaliplatin-induced neurotoxicity [166,167].
This transporter is highly expressed in the limbic and prefrontal cortical regions [164,165], known
to control the autonomic and endocrine responses to stress or threats. However, recent expression
analyses of OCTs in both mouse and human blood brain barrier samples have revealed negligent to no
expression of these transporters at this site [168]. It seems that further studies on the role and expression
of OCTs in both rodents and humans are needed to assess the physiological and pharmacological
relevance of these transporters in the central nervous system.

5.2. Inner Ear

As mentioned in the kidney section of this review, aminoglycoside antibiotics and anticancer
platinum agents, most notably gentamicin and cisplatin, respectively, are known for their nephrotoxicity
and also to induce irreversible hearing loss. While it cannot be disputed that these agents lead to
ototoxicity, since evidence for the relevance of OCT2 in these processes has been presented in both
rodents and gineau pigs, literature on humans on this topic is not abundant [169]. Additionally,
conflicting evidence has been presented as to the localization of OCT2 in the inner ear structures in the
experimental models used [40,170]. A human study with pediatric patients identified the most common
OCT2 p.Ala270Ser (rs316019) variant to be protective against ototoxicity under cisplatin treatment.
Another very small human study using the OCT2 inhibitor pantoprazole (proton-pump inhibitor)
could not ameliorate cisplatin-caused ototoxicity in pediatric and adolescent cancer patients [123].

Interestingly, in humans, mutations in OCTN1 that seemingly affect the correct trafficking of the
protein to the apical membrane of stria vascularis endothelial cells, were identified as causative in the
screening of consanguineous Tunisian families with autosomal recessive non-syndromic hearing loss.
Although the reasons behind the hearing loss were not clear, it was postulated in the study that altered
energy status via reduced carnitine uptake in the stria vascularis in such patients may have led to
oxidative stress and consequent cell damage resulting in profound hearing loss [171]. It is interesting
to note that OCTN1 transports the potent food-derived antioxidant ergothioeine with high affinity,
which illicits antioxidant/anti-inflammatory effects [147,172]. It should be noted that the authors of this
study emphasized that no other comorbidities (Crohn’s disease or other digestive issues) were reported
among the patients assessed. This study provided an example of a quite severe phenotype with the
loss-of-function of OCTN1. It would be interesting to assess whether or not this is a population effect
in an already challenged patient population and whether or not OCTN2, demonstrating a much higher
affinity for carnitine than OCTN1, is expressed in these tissues in humans. The latter is not known and
not to be assumed, in the context of this study, should carnitine deficiency in the inner ear, and not the
lack of other substrates such as ergothioeine, be the underlying cause for deafness.

5.3. Cardiovascular System

Trimethylamine N-oxide (TMAO), which is produced from trimethylamine (TMA) stemming
from OCT substrates choline and carnitine from protein and lipid nutrients converted by microbiota
in the gut, is associated with cardiovascular disease, and thus considered to be a potential novel
pro-atherosclerotic molecule [173,174]. In mice, Oct2 is the major uptake transporter of TMAO, as
Oct1/2 knockout mice show highly elevated plasma TMAO levels with reduced renal retention [175,176].
Conversely, the relevance of OCT2 or other OCTs in TMAO handling in humans is still questioned,
as TMAO is excreted at a similar rate as creatinine in the human kidney, regardless of age and kidney
function, and OCT2 variants are not associated with increased TMAO levels [175,176]. TMAO plasma
levels in humans may be indirectly modulated by OCTs, over the uptake in the intestines of dietary
nutrients, or directly controlled, in part, over the uptake in the kidney; the contribution of both
remain to be elucidated. Interestingly, a choline-TMA lyase small molecule inhibitor has proven
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to be effective as an anti-atherothrombotic agent by its regulation of host microbe, cholesterol, and
bile acid metabolism [177], indicating that inhibition of the conversion of choline, of which OCT2 is
the main transporter, to TMA positively impacts cardiac health. In the context of primary systemic
carnitine deficiency, oral supplementation of carnitine leads to elevated plasma concentrations of
TMAO [178–181], whereas little information is available on long-term effects on the heart in this patient
subset [132]. Several studies have questioned the cardiotoxic effects of TMAO in humans in conjunction
with carnitine supplementation [176,177,182,183] and this rather hot topic in cardiovascular health has
been extensively reviewed and discussed in recent years [184–187]. Inducing atherosclerosis in mice
usually requires an ApoE-/- or Ldlr-/- genotype, also with or without high-fat diet [188,189]. It might be
interesting to assess the endothelial function by organ chamber assay of aortic rings freshly isolated
from Oct1/2-/- mice, to further study the role of TMAO, as well as the effects of dietary choline and
carnitine handling, on cardiovascular health. It seems clear that more studies in both mice and man
are required to fully understand the processes involved in the development of atherosclerosis and the
contribution of choline, carnitine, and TMAO transport.

5.4. Skeletal Muscle

Response to metformin treatment underlies intestinal (OCTN1 and OCT1), hepatic (OCT1),
and renal (OCT2) handling, and also transports into peripheral tissues on the level of the effect on
metabolism in both skeletal muscle and adipose tissue. Indeed, the more ubiquitously expressed
OCT3 has been implicated, both in mice and man, in the metabolic response to metformin in muscle
tissue [107,190]. In addition, in relation to in muscle metabolism, OCTN2 is essential to the distribution
of carnitine in muscle tissues and has been shown to be upregulated in muscle tissue in response
to insulin [89]. Lack of transport of fatty acids into mitochondria due to insufficient intracellular
carnitine levels presents as cardiomyopathies, which are common features of primary systemic carnitine
deficiency [81].

5.5. Reproductive Organs

OCT6 was cloned in 2002 and directly identified as a carnitine transporter specifically expressed in
the human testis in Sertoli cells and epididymal epithelium [5,27], and shortly after in endometria [39].
However, research on this newly identified OCT is ongoing and the physiological relevance in carnitine
uptake in reproductive organs over this transporter is unclear. Mentionable from a pharmacological
perspective, OCT6 has been found to be differentially expressed in several cancers, several SNPs of
which have been associated with pharmacologic implications under treatment with anticancer agents
doxorubicin, bleomycin-A5, adriamycin, and cyclophosphamide [28–38].

6. Conclusions

The recognition of OCTs as low affinity transporters of frequently prescribed drugs, such as several
antibiotics and metformin, the flourishing of pharmacogenetics, and the development of rigorous
drug–drug interaction studies for marketing approval have decisively contributed to elucidating the
impact of the organ-specific and interorgan functions of these transporters and, in conjunction, their
high pharmacological impact. However, with the exception of OCTN2, the understanding of the
physio-pathological roles played by OCTs in humans is not fully understood. Comprehension of the
roles played by OCTs in physiology is hampered by the partially different substrate specificity and
tissue expression between rodents and humans and the lack of obvious phenotypes associated with
loss of, or gain of, function of any of these transporters. In general, the phenotype of an organism is
not the mere product of its genetic constitution but rather the manifestation of the interaction of the
genetic background with various environmental influences. In the study of the physio-pathological
role of any gene, the best-case scenario is that the phenotype of a genetic variant is apparent under
standard environmental conditions. This is the case of the jvs animals lacking Octn2. Alternatively, the
phenotype develops only in specific circumstances that the investigator must understand and optimize.
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For instance, the potential role of OCTs in the elimination of toxins whose chronic exposure is associated
with several aging-related diseases such as Parkinson’s and cardiovascular disease, might suggest that
the phenotype of Oct-deficient animals does not manifest just because the animals are not examined in
the proper environment, or under the correct challenge or insult, or in the right moment of their life.
This seems to be the case for OCT1 in steatosis onset [66] and for OCTN1 and OCTN2 in inflammatory
disorders [191,192]. Similarly, the evidence that OCT1 and OCT2 are markedly downregulated in liver
and kidney cancer, respectively, may suggest that a chronic impaired function of these transporters
might be part of the carcinogenic process [22,59–61]. In addition, because frequently prescribed drugs
are handled by OCTs, we must be confident that the knowledge gained on these transporters will
continue to be highly relevant to drug development and patient care in the future, and will, to some
extent, contribute to the understanding of the physiology of the OCTs. To conclude, we summarize this
work with the statement that, with the current state of knowledge, it is conceivable, though in part only
inferred from tissue expression patterns and functionality in the uptake of endogenous and xenobiotic
substrates in vitro, that human OCT1 is relevant in the liver and intestine, OCT2 in the kidney, OCT6
in the reproductive system, and OCTN1, OCTN2, and OCT3 in several tissues, whereby the bulk of
knowledge on the latter four transporters is historically less abundant than on the former two.
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Abstract: A considerable number of drugs and/or their metabolites are excreted by the kidneys through
glomerular filtration and active renal tubule secretion via transporter proteins. Uptake transporters
in the proximal tubule are part of the solute carrier (SLC) superfamily, and include the organic cation
transporters (OCTs). Several studies have shown that specific genetic polymorphisms in OCTs alter
drug disposition and may lead to nephrotoxicity. Multiple single nucleotide polymorphisms (SNPs)
have been reported for the OCT genes (SLC22A1, SLC22A2 and SLC22A3), which can influence
the proteins’ structure and expression levels and affect their transport function. A gain-in-function
mutation may lead to accumulation of drugs in renal proximal tubule cells, eventually leading to
nephrotoxicity. This review illustrates the impact of genetic polymorphisms in OCTs on renal drug
disposition and kidney injury, the clinical significances and how to personalize therapies to minimize
the risk of drug toxicity.

Keywords: organic cation transporters; drug disposition; genetic polymorphisms; kidney;
drug-induced kidney injury; nephrotoxicity

1. Introduction

The kidney is an important excretory organ for drugs and their metabolites in mammalian species,
including humans. To facilitate this, in addition to filtration, the kidneys contain several transporters in
their proximal tubule cells, including the solute carriers (SLCs) belonging to organic anion transporters
(OATs), organic cation transporters (OCTs) and multidrug and toxic compound extrusion proteins
(MATEs) and several other transporters of the ATP binding cassette (ABC) family, such as multidrug
resistance proteins (MRPs) [1]. Most renally cleared drugs are excreted by multiple transporters that,
in concerted action, take up molecules from the blood and efflux them into the lumen.

Positively charged (cationic) drugs and drug metabolites at a physiological pH are mainly handled
by OCTs (Figure 1). The OCTs facilitate the movement of endogenous and exogenous organic cationic
compounds into (and from) the cell [2]. Organic cations cover a myriad of molecular structures and
dimensions, which make the OCTs polyspecific transporters [2]. Multiple studies have been published
on the structure and function of OCTs and at least three different subtypes have been confirmed,
OCT1-OCT3 [2–6]. The genes encoding for OCT1 (SLC22A1) and OCT2 (SLC22A2) are clustered on
the same chromosome, 2q26, whereas the gene encoding OCT3 (SLC22A3) is located on chromosome
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6q27 [7]. All subtypes are electrogenic, facilitative transporters, independent of sodium and chloride
ions and function bidirectionally [3,8]. The OCTs are jointly dependent on the electrochemical gradient
caused by the cationic substrate and the membrane potential to translocate substrates [9].

 
Figure 1. Schematic view of a nephron and a close-up of proximal tubule cells with organic cation
transporters (OCTs) present in plasma membranes. In addition to glomerular filtration, organic cations
(OCs) can be excreted in the proximal convoluted tubules, where OCT2 and OCT3 facilitate the uptake
of compounds from the peritubular capillaries over the basolateral membrane into the intracellular
space, and OCT1 mediates the uptake from the ultrafiltrate over the apical membrane.

Genetic variations in OCT-encoded genes might influence the functioning of OCTs and, in the end,
contribute to interindividual differences in drug disposition. The advancement of genomic technologies
has led to the completion of influential human genetic mapping, such as the Human Genome Project [10].
By utilizing abundance genetic information available from this project, researchers have been able
to look into the genes, genetic variations and their prevalence in the population. This progress
has also driven the development of the pharmacogenomics and pharmacogenetics field, resulting
in the identification of genetic markers mostly in the form of single nucleotide polymorphisms
(SNPs) that affect treatment efficacy and safety through their influence on drug pharmacokinetics
and pharmacodynamics [11], including polymorphisms in genes that regulate transporter proteins
like OCTs [12]. It is important to not only investigate the impact of genetic polymorphisms on drug
effectiveness and toxicity separately, but also to understand how we can alleviate drug toxicity without
compromising its effectiveness.

In this review, we will discuss the SLC22A family members 1–3 encoding the OCTs, their
physiological roles and expressions, their known polymorphisms and how they can affect drug
disposition and drug-induced kidney injury, their clinical significances and potential to personalize
therapies to avoid the development of toxicity.

2. Role of the Organic Cation Transporters

The SLC22A transporter family members consist of 12 α-helical transmembrane domains with
an extracellular glycosylated loop between domains 1 and 2. The large intracellular loop with the
designated phosphorylation sites is found between the 6th and 7th domain [2–4] (Figure 2).
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Figure 2. General topology of OCTs [3,13]. The proteins consist of twelve transmembranal α-helical
domains. Between the first and the second loop, there is an extracellular loop that includes
the N-glycolysation sites. The intracellular loop between the sixth and seventh domain includes
phosphorylation sites.

2.1. Role of OCT1

OCT1 consists of 553 amino acids. It is predominantly expressed in the liver but is also found
in other tissues, which indicates that OCT1 has a housekeeping role in the body [4,14–16]. OCT1 is
involved in the release of acetylcholine in the lungs and the placenta [17,18] and is also capable of
translocating several neurotransmitters, such as serotonin and norepinephrine [2,4,14,15,18]. In the
liver, OCT1 is expressed at the sinusoidal (basolateral) membrane of the hepatocytes, where it mediates
the hepatic uptake of organic cations [19]. OCT1 is also expressed at the apical membrane in trachea
and bronchi, in neurons where it helps to maintain the electrochemical gradient [14,18,20], in the
blood–brain barrier, immune cells and the kidney [20,21]. In the human kidney, one study showed
apical expression of OCT1 mediating the reabsorption of cationic drugs [20]. In contrast, another study
suggested that OCT1 is localized at the basolateral membrane [22], but significant functions in the
kidney have thus far only been described for rodent Oct1. Since both rOCT1 and rOCT2 were localized
to the basolateral membranes of proximal tubule cells, it is hypothesized that in rodents rOct1 and
rOct2 fulfill the role of OCT2 in humans [23]. As human OCT1 shows very low expression in the
kidney, it is hard to specify the localization and functional relevance of the protein [16]. Differences in
OCT1 expression between humans and rodents may also explain this functional variation. Basit et al.
reported that OCT1 was not detected in kidneys from humans and monkeys, but was abundantly
expressed in rats and mice [24].

Detailed information on OCT1 substrates, both endogenous and pharmacological compounds,
can be found in Table 1.
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Table 1. Organic cation transporters and their endogenous and drug substrates.

Type of
OCT

Endogenous
Substrates

Drug Substrates References

OCT1

monoamine
neurotransmitters **

norepinephrine **
serotonin **
histamine **
dopamine **

Acyclovir
albuterol *
amiloride *

amisulpride **
atenolol *
atropine *

barberine **
cimetidine *
clidinium

daunorubicin
debrisoquine

diltiazem
evafirenz

fenoterol *

furamidine
ganciclovir

ipratropium *
irinotecan

lamivudine **
lamotrigine

metformin **
metoclopramide *

oxaliplatin **
paclitacel

pentamidine
picoplatin *

procainamide *

Ranitidine *
salbutamol
selegiline

sumatriptan *
terazosin *

terbutaline *
tiotropium *
triamterene *

trimethoprim *
tropisetron

varenicline *
zalcitabine

[8,21,25,26]

OCT2

creatinine
monoamine

neurotransmitters **
norepinephrine **

serotonin **
histamine **
dopamine **

Albuterol *
amantadine
amiloride *
amiodarone

amisulpride **
atenolol *
atropine *

barberine **
cimetidine *

cisplatin
famotidine
fenoterol *

ganciclovir
ifosfamide

ipratropium *
lamivudine **

memantine
metformin **

metoclopramide *
oxaliplatin **
picoplatin *

procainamide *

Ranitidine *
Sumatriptan *

Terazosin *
Terbutaline *
Tiotropium *
Triamterene *

Trimethoprim *
Varenicline *
zalcitabine
zidovudine

[1,21,27]

OCT3

monoamine
neurotransmitters **

dopamine **
norepinephrine **

serotonin **
histamine **

Amisulpride **
berberine **

cisplatin
etilefrine

Lamuvidine **
lidocaine

metformin **

pramipexole
oxaliplatin **

quinidine
[8,21]

* Substrate of both OCT1 and OCT2. ** Substrate of OCT1, OCT2 and OCT3.

2.2. Role of OCT2

OCT2 consists of 555 amino acids. It is predominantly expressed at the basolateral side of the
renal proximal tubules cells, but is also found in central nervous system (CNS) tissues, such as the
brain and spinal cord [3,14,16,28]. In general, OCT2 plays a role in the uptake of cationic compounds
from blood to the intracellular space. Like OCT1, the expressions of OCT2 differs between humans and
other species, especially in rodents, a widely used model for drug-induced nephrotoxicity screening.
Expressions of OCT2 are significantly higher in rats and mice than in the human kidney cortex [24].
Pharmacological substrates that have been reported as OCT2 substrates can be found in Table 1.
Several OCT1 substrates overlap with those of OCT2. In addition, OCT2 displays a decisive role in
the excretion of endogenous substrates, such as creatinine [29], which is widely accepted in clinical
settings to estimate glomerular filtration. Consequently, creatinine excretion, potentially inhibited by
OCT2 substrates, hinders its accuracy as a kidney function marker.

In the brain, a widespread array of OCT1 substrates can bind to OCT2, including monoamine
neurotransmitters, norepinephrine, serotonin, histamine and dopamine [2,30]. Yet, it has a preference
for smaller hydrophilic compounds, in contrast to OCT1 that interacts more with bigger hydrophobic
compounds [31]. Furthermore, OCT2 mediates the transport of anti-Parkinson’s drugs, such as
amantadine and memantine through the brain–blood barrier [21]. Urakami et al. reported the existence
of a splice variant of OCT2, namely OCT2A, consisting of 483 amino acids and nine transmembrane
domains, which does not follow the predictable topology of the SLC22A family. OCT2A is suggested to
have a narrower spectrum of substrates in comparison to OCT2, as it might not transport metformin [32],
but it has a high affinity towards its substrates [33].
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2.3. Role of OCT3

OCT3 consists of 556 amino acids and is widely expressed, but to a lesser extent than the other
two subtypes. The transporter is predominantly found in skeletal muscles, the placenta and CNS;
but is also present in the colon, the kidney, the heart and the liver [2,3,15,16,34–36]. OCT3 plays a role
in the biliary excretion of cationic compounds in the liver and regulates the interstitial concentration of
neurotransmitters in the CNS, ganglia and the heart [3,36]. The biliary excretion function is suggested
to be crucial for substrates which are not transported by OCT1 or if OCT1 is inhibited by OCT1-specific
substrates [21]. In the placenta, it helps the regulation of acetylcholine and the transport of organic
cations [17]. OCT3 is also known as an extraneuronal monoamine transporter because of its role
in the release and uptake of neurotransmitters. It plays a major role in the clearance of dopamine,
norepinephrine, serotonin and histamine [36]. OCT3 is moderately expressed at the basolateral
membrane of human kidney proximal tubule cells and has been regarded as less important than
OCT2 [37,38], but is perceived to play a more significant role in the brain, heart and liver. In contrast
with OCT1 and OCT2, the expression of OCT3 was detectable in human kidneys but not in monkeys,
dogs or rodents [24]. OCT3 substrates can be found in Table 1.

3. Drug-Related Genetic Polymorphisms in the Organic Cation Transporter Genes

Several studies discovered polymorphisms in the OCT genes that affect the transporters’
function. These effects range from loss of transporter function and misfolded protein to a gain
in transporter function. Common SNPs (minor allele frequency (MAF) ≥ 1%) in OCT genes (SLC22A1,
SLC22A2 and SLC22A3) and investigated SNPs that affect the OCTs’ function are presented in the
Supplementary Materials (Supplementary Materials Figure S1) and Table 2, respectively. In addition,
the following sections show that metformin, the first-line antidiabetic agent, and cisplatin, a widely
used chemotherapeutic agent, are OCT substrates with the most important clinical read-outs.
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Metformin is a high-affinity substrate for all OCT isoforms. Therefore, it is commonly used as a
substrate prototype to investigate OCT transport activity. Metformin does not bind to plasma proteins
and is excreted unchanged into the urine, which makes it a suitable candidate for studying OCTs and
their genetic variations with regard to drug disposition [80,81]. To investigate the effect of genetic
variations on susceptibility to drug-induced nephrotoxicity, the anti-cancer agent cisplatin is widely
used due to its well-studied dose-limiting nephrotoxic effects.

3.1. Genetic Polymorphisms in the OCT1 Gene (SLC22A1)

SLC22A1 is the most extensively studied OCT gene in pharmacogenetics studies. Using a candidate
gene approach, several studies showed significant associations between genetic variants in SLC22A1
and drug pharmacokinetics, although results were not always consistent. However, the genome-wide
association studies carried out to date could not detect a significant association between SLC22A1
variants and drug disposition [82,83].

Six common polymorphisms have been reported to affect the transporter function: rs34130495
(G401S), rs72552763 (M420del), rs628031 (M408V), rs6383369 (F160L), rs2282143 (P341L) and intronic
rs622342. These polymorphisms are found mostly in the European and African population and
are associated with reduced uptake activity of metformin [20,44,47,48,53,55,84]. Some of these
polymorphisms (e.g., rs34130495, rs72552763, rs683369 and rs622342) are found, but R206C and Q97K
are rare variants reported exclusively in the Asian population [48,53]. In an in vitro setting using
HEK293 cells, Shu et al. showed that seven of the 12 polymorphisms of OCT1 lead to a reduced
uptake of metformin, of which two polymorphisms (rs12208357 (R61C) and rs72552763 (M420del))
are common variants in Caucasians [84]. In contrast, a clinical study by Tzvetkov et al. (2009) in 103
healthy male Caucasians showed that rs12208357 (R61C), rs55918055 (C88R), rs34130495 (G401S) and
rs72552763 (M420del) were associated with a significantly higher renal clearance of metformin [20].
To study these contradictory findings, Tzvetkov et al. (2009) performed a histochemical expression
study and showed that OCT1 is mainly expressed at the apical membrane of renal proximal tubules
and hypothesized that OCT1 plays a role in the reabsorption of metformin. This explained the higher
renal clearance with reduced transport function [20]. A Danish study on 159 type 2 diabetes melitus
(T2DM) patients concluded that SLC22A1 polymorphisms decrease the steady state of metformin
and are associated with a reduction in the absolute decrease in Hb1Ac [39]. However, a study in 34
healthy volunteers indicated no impact of different SLC22A1 genotypes both on metformin steady-state
pharmacokinetics and glucose utilization [85,86]. In addition, a large cohort study in 251 intolerant
and 1915 fully metformin-tolerant T2DM patients in the UK showed that two reduced function OCT1
alleles were associated with metformin intolerance [87]. Furthermore, the intronic polymorphism
rs622342 has been associated with reduced metformin uptake [53]. Naja et al. showed that the rs622342
variant produced higher fasting blood sugar levels and more glycosylated hemoglobin, which suggest
a role in the glycemic response of metformin in type 2 diabetes [55], while Becker et al. reported a
smaller glucose-lowering effect (based on HbA1c) of metformin in patients with diabetes mellitus [88].
This higher risk of reduced glycemic response was also found in rs6383369 (F160L) [50]. Although
the previous study reported polymorphisms at SLC22A1 associated with reduced metformin uptake,
several clinical studies [51,89] and a meta-analyses of 5434 patients with T2DM across eight cohorts of
the Metformin Genetics Consortium (MetGen) showed no significant association between SLC22A1
polymorphisms (R61C, M420del, combined genotype for R61C and M420del–number of reduced
function alleles and rs622342) and glycemic response to metformin monotherapy [89]. Therefore, while
in vitro experimental studies, as well as most hypothesis-driven clinical studies (e.g., candidate gene
association studies), demonstrated that SLC22A1 polymorphisms may alter metformin disposition
both in the liver and kidney and metformin intolerance, pooled analysis, like meta-analysis, indicated
that these altered metformin dispositions might not be substantial enough to affect metformin
effectiveness clinically.
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The loss-of-function haplotypes of OCT1 were not only associated with reduced metformin
transport, but also with reduced clearance of morphine [40,45,46]. OCT1 is primarily expressed in
hepatocytes and the hepatic excretion of drugs will be influenced by the lower functioning haplotypes.
Qiu et al. and Singh et al. showed that rs6383369 (F160L) and rs628031 (M480V) reduced the clearance
of imatinib [49,52]. In OCT1, the loss-of-function genetic variants showed lower uptake activity in
all reported polymorphisms for metformin and imatinib, and also showed a decreased clearance of
morphine. These effects are summarized in Table 3 and discussed further in Section 4.

3.2. Genetic Polymorphism in the OCT2 Gene (SLC22A2)

SLC22A2 has two common polymorphisms that affect the activity of the protein, as shown in
Table 2. These polymorphisms are rs316019 (A270S) and rs596881 in the 3′ untranslated region (UTR).
The variants rs316019 and rs596881 are frequently found in almost all ethnicities with MAF above 80%
and 70%, respectively.

Through in silico analysis, Sajib et al. found that substrates fit better to the binding site of the A270
variant as it is more open and has a wider space than the S270 variant [56]. The polymorphism rs316019
(A270S) is associated with reduced or no changes in transport activity. Song et al. (2008) and Wang et al.
(2008) both showed significantly lower activity in metformin transport with the S270 variant in healthy
Korean and Chinese subjects, resulting in lower renal clearance of metformin [57,58]. A study on
1056 T2DM subjects with mostly African American ethnicity (63%) strengthens this evidence, as the
minor allele rs316019 was associated with more favorable trajectories (lower disease progression) of
HbA1c levels compared to the major allele carrier [90]. In contrast, a study in 23 healthy volunteers
of Caucasian and African American ancestries showed that renal clearance and the net secretion
of metformin were significantly higher in the variant genotype of rs316019 than in the wildtype
reference genotype [91]. Finally, a meta-analysis of 5434 patients with T2DM across eight cohorts of
the Metformin Genetics Consortium (MetGen) showed no statistically significant association between
rs316019 polymorphisms and glycemic response to metformin monotherapy [89].
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A recent in vitro study using a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay showed that decreased expression of hOCT2 A270S resulted in protection against cisplatin
cellular toxicity compared to hOCT2 wildtype cells [59]. However, creatinine displayed a higher affinity
for hOCT2 A270S, resulting in higher serum creatinine clearance in A270S compared to wildtype,
which suggested an increased function [59]. In addition, the reported associations between rs316019
polymorphisms and cisplatin-induced nephrotoxicity are also conflicting among clinical studies using
serum creatinine as a renal function parameter. This is possibly due to the influence of age, sex, ethnicity
and the nature of creatinine itself as an OCT2 substrate [97]. Three studies (a study on 80 Dutch
patients [60] and two Japanese studies consisting of 31 children [92] and 53 adults [93]) reported
that individuals carrying a variant of rs316019 less frequently experienced creatinine-based cisplatin
nephrotoxicity compared to individuals with the wildtype genotype. A study in 123 Chinese patients
also displayed lower changes of cystatin C in patients with a mutant genotype [94]. However, a study in
95 Japanese esophageal cancer patients reported no association [98]. Moreover, a study in 206 patients
(92% Caucasians) even showed that patients who carried a variant genotype had higher levels of KIM-1,
a novel biomarker of kidney injury, compared to wildtype carriers [66]. These findings were also
confirmed by a study in 159 Canadian subjects that reported a higher risk of creatinine-based cisplatin
nephrotoxicity in patients bearing the variant allele compared to the wildtype allele [61]. A study
on 403 Chinese non-small cell lung cancer (NSCLC) patients displayed that rs316019 was associated
with lower risk of hepato- and hematotoxicity in platinum-based chemotherapy [95]. Furthermore,
this polymorphism was also associated with a lower risk of ototoxicity both in adult and pediatric
patients treated with cisplatin according to a German study [96].

The intronic rs596881 polymorphism was shown to have a renoprotective effect as the estimated
glomerular filtration rate (eGFR, a combination of serum creatinine-, age- and sex-based renal function
estimation) was preserved in the rs596881 haplotypes [66].

The less common polymorphisms, rs8177516 (R400S), rs8177517 (K432Q), rs8177507
(M165I), rs201919874 (T199I) and rs14540955 (T201M), all showed reduced transporter
activity [44,47,57,62,63,65,79]. Moeez et al. (2019a) investigated the T199I variant in which threonine199
is changed to isoleucine199, which alters the protein structure by acquiring a catalytic residue,
losing the loop and glycosylation site. Furthermore, it gains an α-helix structure and a molecular
recognition feature. These changes affect the binding pocket of OCT2 and reduces the transporter’s
activity [65]. Leabman et al. (2002) showed that rs8177516 (R400C) and rs8177507 (M165I) had reduced
dose–response curves of 1-methyl-4-phenylpyridinium (MPP+) than the wildtype, by saturating
OCT2 with this substrate. Of these three variants, the rs8177516 (R400C) variant had the lowest
activity. The polymorphisms rs316019 (A270S) and rs8177517 (K432Q) had similar dose responses to a
saturating amount of MPP+ when compared to wildtype. They also studied the effect of inhibiting
compounds on the transporter variants, rs8177516 (R400S), rs8177517 (K432Q), rs8177507 (M165I)
and rs316019 (A270S), and suggested that tetrabutylammonium is the more potent inhibitor for the
rs8177516 (R400S) and rs8177517 (K432Q) variants, whereas rs316019 (A270S) showed decreased
inhibition by tetrabutylammonium [64]. Song et al. (2008) and Choi et al. (2012) showed that
rs201919874 (T199I) and rs14540955 (T201M) variants have a lower renal clearance of metformin and
consequentially a higher plasma concentration [58,63]. Choi et al. (2012) also showed a lower renal
clearance for MPP+ and lamivudine in rs201919874 (T199I), rs14540955 (T201M) and rs316019 (A270S)
variants [63]. Furthermore, Choi et al. (2013) showed that only the homozygous rs14540955 (T201M)
had a significantly lower lamivudine clearance [68]. Kashi et al. (2015) suggested that rs14540955
(T201M) changes resistance to insulin, as the study showed an increase in the Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) in this variant. This is probably due to the reduced
transport of metformin [62].
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3.3. Genetic Polymorphisms in the OCT3 Gene (SLC22A3)

SLC22A3 has four common polymorphisms found in European, African, Asian, East Asian, South
Asian, Caribbean and Native American, Latin American and Hispanic populations, as shown in Table 2.
The polymorphisms include: rs2292334 (A411), rs3088442 in the 3′ UTR, rs555754 in the 5′ UTR and
intronic rs376563. These polymorphisms account for more than 10% of the MAF in the ethnicities
described above. Other non-synonymous polymorphisms have a MAF of ≤ 1%.

The rs8187717 (A116S), rs8187725 (T400I), rs1221246 (A439V) and rs8187722 (L346) variants
are all associated with a reduced uptake of metformin [72–74] as well as catecholamines and
histamine [69,73,74]. The latter substrates are also affected by the polymorphisms rs9365165 (G475S)
and V423F. Chen et al. (2010) investigated several polymorphisms, of which only the rs8187715
(T44M) variant showed enhanced uptake activity of OCT3 [72]. Hakooz et al. (2017) investigated the
synonymous polymorphisms rs2292334 (A411) and rs8187722 (L346) in which the heterozygous variant
rs2292334 showed a higher plasma concentration and lower clearance for metformin compared to the
wildtype. On the other hand, the rs8187722 (L346) polymorphism showed no significant reduction in
metformin clearance [69]. Analysis of pharmacodynamic data in 57 healthy volunteers with mixed
ethnicities (majority African American, n = 33; Asian, n = 18; Caucasian, n = 6) showed that the
variant rs2076828 was associated with reduced response to metformin during an oral glucose tolerance
test [77]. Furthermore, a study in 233 newly diagnosed Caucasian T2DM patients showed that minor
alleles of rs2481030 located in the intergenic region between SLC22A2 and SLC22A3 are associated
with metformin inefficiency [78]. However, another study in 103 healthy male Caucasians reported no
significant effect of several SLC22A3 variants in the disposition to metformin [20].

Besides polymorphisms affecting uptake activity, a polymorphism acting as genetic marker was
found. Mahrooz et al. (2017) and Moeez et al. (2019b) investigated the polymorphism rs3088442 in the
3′ UTR of the SLC22A3 gene. They hypothesized that this polymorphism could be a genetic marker for
an increased risk of type 2 diabetes, but the study showed a protective effect on the susceptibility to
type 2 diabetes. The minor A allele was shown to have a positive effect, in contrast to the major G allele
showing a negative effect on the metformin response [70,71]. Furthermore, Chen et al. (2013) suggested
that the polymorphisms rs555754 and rs60515630, both in the 5′ upstream region, are involved in
the transcription rate of the SLC22A3 gene. The rs555754 and rs60515630 variants showed a higher
transcription rate of SLC22A3 and a higher expression of OCT3 in the liver [75]. Furthermore, OCT3
has a low expression in prostate cancer lines and higher expression levels of OCT3 have been associated
with cancer suppressive effects, possibly due to the enhanced transcription rate and higher expression
caused by the rs555754 and rs60515630 polymorphisms [75]. It has been suggested that OCT3 could
be a candidate genetic biomarker to predict therapy effectiveness in various diseases, especially
cancer [4,36,75].

Previously, an epidemiological study highlighted the differences in metformin response between
various self-reported ethnic origins, in which patients with an African American background appear
to have a better glycemic response to metformin than European American patients [99]. One might
hypothesize that differences in allele distributions of pharmacogenomic variants among various
ethnicities could be associated with variations in metformin response. In general, individuals with an
African background have lower MAF in metformin-related OCT variants than European individuals,
as observed in rs628031 (Table 2). However, there is limited evidence that racial or ethnic variations
account for differences in metformin response to date. Furthermore, most of the pharmacogenetic
research in metformin has been focused on European and Asian individuals. Further research will
be needed to characterize the response to metformin in pharmacogenomic variants across ethnicities,
especially African.

4. Impact of Pharmacogenetic Variants in OCTs in Precision Medicine

Overall, the antidiabetic drug metformin and antineoplastic drug cisplatin are the most extensively
studied drugs related to pharmacogenetic variants in OCTs. Based on in vitro, in vivo and clinical
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pharmacogenetic studies in SLC22A1-3 genes, metformin is the most comprehensively studied drug,
covering pharmacokinetics and drug response outcomes due to its high affinity to all three OCT
subtypes. Pharmacogenetic variants in OCTs related to cisplatin are also widely studied, especially
variants in SLC22A2 since cellular cisplatin uptake is mainly regulated by OCT2. Published studies
have covered both the efficacy and adverse drug reaction aspects of cisplatin. The impacts of
SLC22A3 pharmacogenetic variants are still insufficiently unraveled, especially in clinical settings.
More information on how OCT polymorphisms affect OCT substrates is presented in Table 3.

Metformin is considered to be the first-line antidiabetic drug to treat T2DM and has been used for
more than 60 years. Metformin itself is perceived as the safest antidiabetic agent in chronic kidney
disease. In addition, independent of its hypoglycemic effect, it reduces the risk of myocardial infarction,
stroke and mortality in patients with T2DM and chronic kidney disease (CKD) [100]. However, its use
has been limited in severe renal impairment patients because of a higher risk of lactic acidosis [100,101].
Apart from that, the clinical utility of SLC22A1 and SLC22A2 variants to assist the precision medicine
of metformin is questionable, as a meta-analysis of 5434 patients with T2DM across eight cohorts of the
Metformin Genetics Consortium (MetGen) showed no significant association between SLC22A1 (R61C,
M420del, combined genotype for R61C and M420del–number of reduced function alleles and rs622342)
and SLC22A2 polymorphisms (rs316019) and glycemic response to metformin monotherapy [89],
and no organic cation transporter variants were found to be associated with metformin disposition
through genome-wide studies. Through a three-stage genome-wide association study (GWAS) in
10,577 subjects of European ancestry, the MetGen Consortium reported that rs8192675 in the intron
of SLC2A2, which encodes the facilitated glucose transporter GLUT2, was associated with a greater
reduction in HbA1c [82]. A GWAS on 1312 white and black participants in the ACCORD trial
showed that common and rare variants in PRPF31, CPA6 and STAT3 were associated with metformin
response [83]. In addition, a recent systematic review suggested that the role of SLC22A1 variants in
individual responses to metformin is population-specific due to high heterogeneity among studied
populations [102]. However, the combined effect of the SLC22A1 genotype is valuable to predict
metformin intolerance [87,103].

Cisplatin is arguably one of the most studied nephrotoxic drugs. It is a highly potent
chemotherapeutic agent, but its therapeutic use is limited due to the development of nephrotoxicity and
ototoxicity. Cytotoxic events include oxidative stress, cytoplasmic organelle dysfunction (endoplasmic
reticulum stress and mitochondrial dysfunction), DNA damage and activation of apoptotic pathways
(death receptor and caspase-dependent pathway) [104]. This leads to cell necrosis. OCTs have been
proven to play an important role in cisplatin nephrotoxicity. When cisplatin is taken up by a basolateral
transporter, predominantly OCT2, but also the copper transport protein (copper transporter receptor 1,
CTR1), but not excreted as fast or at all by apical transporters, such as the multidrug and toxic
compound extrusion proteins (MATEs), it will accumulate inside the cell and affect multiple cell
functions, eventually resulting in cell death [104]. As mentioned before, rs316019 (A270S) is shown
to modify the nephrotoxicity of cisplatin, although the result was not consistent [43,60]. Instead of
OCT variants, a GWAS on 1010 testicular cancer survivors reported that rs1377817 of MYH14 was
associated with the serum platinum residuals [105]. Besides nephrotoxicity, ototoxicity is another
unwanted effect of cisplatin that is extensively studied. However, none of the OCT genetic variants was
proven to be associated with cisplatin-induced ototoxicity. Through candidate gene studies, rs9332377
COMT [106–108] and rs12201199 TPMT [106,109,110] were associated with ototoxicity, although the
direction of association is not consistent among studies. Meanwhile, the rs4788863 SLC16A5 variant
demonstrated an otoprotective effect [111,112]. Two GWASs reported SNPs that are associated with an
increased risk of ototoxicity: rs1872328 in ACYP2 [113] and rs62283056 in WFS1 [114]. The clinical
evidence for those SNPs was also supported with functional validation studies [115].

The development of genomic technologies has allowed the unbiased investigation of genetic
variation across the genome, like GWASs. GWASs on metformin are a good example on how such an
approach may reveal new and relevant variants through observed outcomes. In cisplatin nephrotoxicity,
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however, differences in outcome definition were proven to contribute to inconsistent associations
between the genetic variant and the outcome [61]. Thus, such an effort should be accompanied
by more robust kidney injury biomarkers than serum creatinine for a better phenotyping, such as
kidney injury molecule-1 (KIM-1), β2-microglobulin (B2M), cystatin C, clusterin and trefoil factor-3
(TFF-3), to define nephrotoxicity [116]. The selection of more sensitive and specific drug-induced
kidney injury biomarkers will be a feasible solution for the creatinine limitations we mentioned
earlier. However, it should be noted that the large sample size of specific ethnicity populations
and similar clinical characteristics of the population required to detect a significant genome-wide
association might be a major challenge, as demonstrated by the metformin GWAS. Alternatively,
functional validations in in vitro settings using gene-editing techniques such as CRISPR-Cas9 and
pharmacokinetic validation of current associated SNPs may lead to robust evidence on the mechanistic
role of the associated SNPs on cisplatin disposition. Moreover, multilayer omics profiling, such as
genomics, epigenomics, transcriptomics, metabolomics and proteomics, observed in the same subject
would generate valuable knowledge to reveal the whole mechanism of action, how drugs affect the
body’s physiological processes and demonstrate their efficacy and toxicity, especially for metformin
and cisplatin. Such comprehensive information would be a significant step to precision therapy of
metformin and cisplatin to reduce their toxicity and optimize their effectiveness at an individual level.
Finally, a clinical study on genotype-guided prescribing would also offer an answer on how utilizing
individual genetic information is clinically significant in metformin and cisplatin therapy.

5. Conclusions

The current evidence and literature show several promising genetic biomarkers in the prediction
of OCT drug substrate disposition, especially metformin and cisplatin. Meanwhile, the evidence
on OCT genetic variants’ influence on renal drug disposition remains inconsistent, especially for
SLC22A2 in cisplatin. Therefore, in addition to current findings, data from larger cohorts with
multiomics approaches whenever possible, along with the necessary functional validation, would be
significantly beneficial to explain comprehensively interindividual variability in the pharmacokinetic,
pharmacodynamic, effectiveness and toxicity profiles of drugs, including nephrotoxicity. Finally, these
data could drive the precision therapy of drugs: avoiding and minimizing unwanted effects and
enhancing drug effectiveness simultaneously.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/18/6627/s1,
Figure S1: Common SNPs (MAF≥1%) in SLC22A1, SLC22A2 and SLC22A3 (Extracted from UCSC Genome Browser
on Human).
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SLC Solute carrier
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ABC ATP-binding cassette
MRP Multidrug resistance protein
OC Organic cation
CNS Central nervous system
MAF Minor allele frequency
HEK293 Human embryonic kidney 293 cells
T2DM Type 2 diabetes mellitus
eGFR Estimated glomerular filtration rate
MPP+ 1-methyl-4-phenylpyridinium
TBA Tetrabutylammonium
HOMA-IR Homeostatic model assessment for insulin resistance
3′UTR Three prime untranslated region

MTT
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide

KIM-1 Kidney injury molecule-1
B2M β2-microglobulin
TFF-3 Trefoil factor-3
NSCLC Non-small cell lung cancer
CKD Chronic kidney disease
GWAS Genome-wide association studies

CRISPR-Cas9
Clustered Regularly Interspaced Short Palindromic
Repeats and Cas genes
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