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ABSTRACT

Organic cation transporter 1 (OCT1) plays a role in hepatic uptake of
drugs, affecting in vivo exposure, distinguished primarily through
pharmacogenetics of the SLC22A1 gene. The role of OCT1 in vivo
has not been confirmed, however, via drug–drug interactions that
similarly affect exposure. In the current research, we used Oct1/2
knockout mice to assess the role of Oct1 in hepatic clearance and
liver partitioning of clinical substrates and assess the model for
predicting an effect of OCT1 function on pharmacokinetics in
humans. Four OCT1 substrates (sumatriptan, fenoterol, ondanse-
tron, and tropisetron) were administered to wild-type and knockout
mice, and plasma, tissue, and urine were collected. Tissue trans-
porter expressionwas evaluated using liquid chromatography-mass
spectrometry. In vitro, uptake of all compounds in human andmouse
hepatocytes and human OCT1- and OCT2-expressing cells was
evaluated. The largest effect of knockout was on hepatic clearance
and liver partitioning of sumatriptan (2- to 5-fold change), followed
by fenoterol, whereas minimal changes in the pharmacokinetics of
ondansetron and tropisetron were observed. This aligned with
uptake in mouse hepatocytes, in which inhibition of uptake of

sumatriptan and fenoterol into mouse hepatocytes by an OCT1
inhibitor was much greater compared with ondansetron and tropi-
setron. Conversely, inhibition of all four substrates was evident in
human hepatocytes, in line with reported clinical pharmacogenetic
data. These data confirm the role of Oct1 in the hepatic uptake of the
four OCT1 substrates and elucidate species differences in OCT1-
mediated hepatocyte uptake that should be considered when
utilizing the model to predict effects in humans.

SIGNIFICANCE STATEMENT

Studies in carriers of SLC22A1 null variants indicate a role of organic
cation transporter 1 (OCT1) in the hepatic uptake of therapeutic
agents, although OCT1-mediated drug–drug interactions have not
been reported. This work used Oct1/2 knockout mice to confirm the
role of Oct1 in the hepatic clearance and liver partitioning in mice for
OCT1 substrates with reported pharmacogenetic effects. Species
differences observed inmouse and human hepatocyte uptake clarify
limitations of the knockout model for predicting exposure changes
in humans for some OCT1 substrates.

Introduction

Data implicating the role of organic cation transporter 1 (OCT1) in the
hepatic uptake of therapeutic agents have intermittently emerged in the
past two decades. In vitro, it was recognized that variants in OCT1 had
decreased uptake of substrates, including clinical compounds such as
metformin, following which it was demonstrated in the clinic that OCT1
function was related to metformin’s glucose-lowering effect (Shu et al.,
2003, 2007). Although larger studies report conflicting results on the

role of OCT1 function in metformin efficacy (Zhou et al., 2011; Dujic
et al., 2017), positron emission tomography imaging of 11C-metformin
has confirmed a role of OCT1 in at least metformin hepatic disposition
by direct measurement of metformin uptake into the liver in humans
in vivo, demonstrating a difference in liver exposure in subjects with and
without OCT1 variant alleles (Jensen et al., 2016). Given that the liver is
not themajor clearance organ for metformin, large changes in the plasma
exposure with differences in OCT1 function would not be expected, and
indeed only minor effects of OCT1 variants on the plasma pharmaco-
kinetics of metformin are observed clinically (Shu et al., 2008; Jensen
et al., 2016). However, other therapeutic agents have been identified as
OCT1 substrates in vitro, including sumatriptan, fenoterol, morphine,
and 5HT3-receptor antagonists, which are cleared via the liver in humans.
For each of these, single studies have indicated an effect of OCT1
genotype on the plasma clearance in the clinic, in turn leading to
altered pharmacodynamic effects (Tzvetkov et al., 2012, 2013, 2018;
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Matthaei et al., 2016). These data are in agreement with in vitro
activity for the OCT1 variants; whereas there appears a substrate-
dependent effect on in vitro activity for some variants, for each of the
studied OCT1 substrates there are OCT1 alleles that demonstrate no
active uptake (Tzvetkov et al., 2012, 2013, 2018; Matthaei et al.,
2016). Change in systemic exposure in the clinical studies is
demonstrated in carriers of these variants with no in vitro activity
for the substrate.
Although the effect of variants of SLCO1B1, encoding the protein

OATP1B1, has substantial evidence for affecting in vivo exposure of
organic anion-transporting polypeptide (OATP) substrates, the drug–
drug interactions (DDIs) with OATP inhibitors are generally even larger,
most likely because these variants have reduced, but not completely
abolished transporter function, and because of overlapping substrate
affinity between OATPs in the liver (Shitara et al., 2013). Conversely,
although the pharmacogenetic effects of OCT1 are in agreement with
in vitro studies and have been exemplified with multiple substrates,
DDIs involving OCT1 have not yet been identified with these same
clinical substrates. The only DDI reported to involve OCT1 indicated an
effect of verapamil, an OCT1 inhibitor, on the pharmacodynamic effect
of metformin. However, again, as the plasma clearance of metformin is
not through the liver, plasma pharmacokinetic changes due to OCT1
inhibition were not detected (Cho et al., 2014). As of yet, no DDIs that
affect the plasma clearance of an OCT1 substrate have been reported,
which would significantly aid in further understanding the role of this
transporter in vivo. Additional evidence of the role of OCT1 in hepatic
clearance in vivo, even in preclinical species, would aid in validation,
particularly with the ability to assess in vitro–to–in vivo correlation and
substantiate the effect of transporter function on systemic exposure with
that on liver partitioning. As such, mice void of organic cation
transporters have previously been used to evaluate and confirm the role
of Octs in the clearance and tissue partitioning of metformin. Data in
both Oct1 and Oct1/2 knockout mice confirmed a decrease in liver:
plasma partitioning in the absence of Octs (Wang et al., 2002; Shu et al.,
2007; Higgins et al., 2012). Changes in metformin clearance, however,
could only be observed in mice void of both Oct 1 and 2, as clearance is
predominantly reliant on Oct2 in the kidney. As such, the effects and
utility of Oct1/2 knockout mice to predict the effect of OCT1 on the
plasma exposure in humans have not been evaluated using clinical
substrates eliminated by the liver. In this research, we sought to
evaluate the pharmacokinetics of four known OCT1 substrates in
Oct1/2 knockout mice, compounds for which clinical pharmacoge-
netic effects of OCT1 have been demonstrated, to confirm the role of
Oct1 in the hepatic clearance in vivo and to assess the Oct1/2
knockout model for predicting effects of OCT1 function in humans.

Materials and Methods

Materials. Sumatriptan succinate, fenoterol hydrobromide, ondansetron
hydrochloride, and tropisetron hydrochloride were purchased from Thermo
Fisher Scientific (Waltham, MA). Metformin hydrochloride was purchased from
U.S. Pharmacopeia (Rockville, MD). 3H-sumatriptan and 14C-metformin were
purchased fromAmerican Radiolabeled Chemicals (St. Louis, MO). InVitroGRO
HT medium, Krebs–Henseleit buffer (KHB), and male human cryopreserved
hepatocytes (lot BRB) were purchased from Bioreclamation IVT (Westbury,
NY). Rodent hepatocyte thawing medium and mouse hepatocytes (lot MBL192)
were purchased from Lonza (Walkersville, MD). Buffers for cell culture and
uptake (Dubecco’s PBS, HEPES, 4-morpholineethanesulfonic acid, NH4Cl,
and calcium- and magnesium-free DPBS) were purchased from Thermo Fisher
Scientific. Formic, acetic and trifluoroacetic acids, ammonium bicarbonate,
digitonin, dithiothreitol, imipramine hydrochloride, verapamil hydrochloride,
Triton X-100, sodium deoxycholate, b-casein, and iodoacetamide were from
Sigma-Aldrich (St. Louis, MO). The Thermo Scientific Pierce BCA Protein
Assay Kit was obtained from VWR International (Radnor, PA). Acetonitrile

(high-pressure liquid chromatography grade) was from Fisher Scientific
(Pittsburgh, PA). Mass spectrometry grade Trypsin Gold was purchased from
Promega (Madison, WI) (product V5280). A Picopure 2 system (Hydro
Service and Supplies, Durham, NC) was used to produce purified water. All of
the stable isotope-labeled (SIL) (13C and 15N) proteotypic tryptic, purified and
calibrated, peptide standards (SpikeTides_TQL) were purchased from JPT
Peptide Technologies (Berlin, Germany). The standards are supplied with
a tryptic linker, used for determining concentration at time of manufacture, at
the C terminus, and thus are added to samples before digestion in order that the
linker be released. Solid-phase extraction cartridges were Strata-X 33u
polymeric reversed phase (10 mg/ml, part 8B S100 AAK) obtained from
Phenomenex (Torrance, CA).

In Vivo Studies. Breeding pairs of Oct1/22/2 mice were purchased from
Taconic Biosciences (Rensselaer, NY), and a colony was maintained with Taconic,
from which all knockout mice were obtained. Age-matched wild-type FVB mice
were also obtained directly from Taconic. Studies were carried out at Covance
(Greenfield, IN) and were approved by the Institutional Animal Care and Use
Committee. Groups of male mice (25–30 g, age 8–14 weeks) were administered
sumatriptan succinate, fenoterol hydrobromide, ondansetron hydrochloride, and
tropisetron hydrochloride both intravenously (2 mg/kg) via the tail vein and orally
(5 or 20 mg/kg, in the case of fenoterol) by gavage. Following compound
administration, serial blood concentrations were collected as dried blood spots.
For tropisetron, blood was collected on DMPK-A cards, to prevent cleavage by
plasma esterases. At the end of blood pharmacokinetic studies, nine tissues (liver,
spleen, kidney, duodenum, heart, lung, brain, muscle, and testes) were collected
for transporter quantitation via liquid chromatography-mass spectrometry (LC-
MS/MS). Separate groups of mice were housed eight/cage, and each compound
was administered intravenously (2 mg/kg), following which urine was collected
over 24 hours in metabolism cages. Additional groups were administered each
compound intravenously (2 mg/kg), then sacrificed at time points for tissue
collection to determine tissue concentrations (n5 7–16/time point); tissues were
collected and snap-frozen in liquid nitrogen. Nine tissues (liver, spleen, kidney,
duodenum, heart, lung, brain, muscle, and testes), blood, and plasma were
collected at 0.75, 1.5, 2, and 3 hours following sumatriptan administration, and
four tissues (liver, spleen, kidney, duodenum), blood, and plasma at 0.75 and
2 hours following administration of fenoterol, ondansetron, and tropisetron. For
tropisetron, plasma was collected in tubes pretreated with phenylmethylsulfonyl
fluoride (PMSF) and blood was again collected on DMPK-A cards. All samples
were stored at280�C prior to analysis of either drug concentrations or transporter
quantitation. In pooled animal groups in which urine was collected, creatinine was
measured in both plasma and urine using an enzymatic assay, to determine
recovery of urine over the time frame.

LC-MS/MS Quantitation of Transporter Expression in Mouse Tissues.
The membrane fraction from tissue samples was prepared using an adapted
differential surfactant extraction method, employing two surfactants (Ramsby and
Makowski, 1999). Following gentle homogenization, the tissueswere treated with
digitonin. After light centrifugation, the pellets were treated with Triton X-100.
For each sample extract, the total protein concentration was measured using the
Thermo Scientific Pierce BCA Protein Assay Kit, enabling 20 mg aliquots to be
measured for analyzing by the LC-MS/MS–targeted quantitative proteomic
method (Fallon et al., 2013, 2016; Khatri et al., 2019). Membrane/Microsomal
protein (20 mg) was pipetted into polymerase chain reaction tubes and evaporated
in a ThermoSavant SpeedVac. To the tubes were then added 100 ml 50 mM
ammonium bicarbonate, 10 ml 40 mM dithiothreitol, 10 ml b-casein (0.5 mg/10 ml),
and 13.3 ml 10% sodium deoxycholate (to give a concentration of 1%).
Samples were heated at 60�C, shaking at 500 rpm, for 40 minutes in an Isotemp
Thermal Mixer (Fisher Scientific) to denature and reduce. After cooling to
room temperature, 135 mM iodoacetamide (10 ml) was added and samples
were then incubated in the dark for 30 minutes at room temperature. One
picomole of each SIL peptide was then added from SIL peptide mixes used
routinely and prepared in the laboratory. The concentration of each peptide in
the mixes was 1 pmol per 10 ml. Ten microliters of 0.1 mg/ml trypsin in 50 mM
acetic acid was then added to each sample to give a trypsin:protein ratio of 1:20
(w/w). Samples were vortexed and digested for 20 hours at 37�C, shaking at
300 rpm, in the Isotemp Thermal Mixer. Following the digestion period, the
reaction was stopped by the addition of 10% trifluoroacetic acid, such that the
volume added was 10% of the total reaction volume. The samples were then
vortex mixed, and the precipitate was pelleted by centrifugation at 13.3 Kg for

94 Morse et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


5 minutes. After transfer of the supernatant to fresh tubes, the samples were
evaporated in the ThermoSavant SpeedVac for 10 minutes to remove residual
acetonitrile present from the SIL peptide mixes. Solid-phase extraction was
then performed on the samples using polymeric reversed-phase 10 mg/ml
cartridges. Conditioning was with methanol and purified water. After adding
sample, the solid phase was washed with water. Peptides were eluted with
60% acetonitrile/40% formic acid 0.1% into 0.5 ml Eppendorf Protein LoBind
tubes. Eluate was evaporated in the ThermoSavant SpeedVac, and reconsti-
tution was with 50 ml modified mobile phase A (0.1% formic acid/acetonitrile,
98/2, i.e., changed from 1% acetonitrile). The sample was centrifuged at
13.3 Kg for 5 minutes, and the supernatant was transferred to a deactivated vial
insert for analysis by nanoLC-MS/MS. A laboratory human liver microsome
(pooled, N5 50) quality control digest was also prepared in duplicate with the
samples.

Analysis was performed on a nanoACQUITY (Waters, Milford, MA) coupled
to a SCIEX QTRAP 5500 hybrid mass spectrometer (Framingham, MA)
equipped with a NanoSpray III source. Control was by Analyst 1.5 software
(SCIEX) and nanoACQUITY Ultra High-Performance Liquid Chromatography
(UPLC) Console. Mobile phase A consisted of 1% acetonitrile and 0.1% formic
acid. Mobile phase B was 100% acetonitrile. Injection volume was 0.1 ml
(0.04mg or 0.2% of the 20-mg sample). The trap column was aWaters Symmetry
C18, 2G-VM, 180mm� 20mm, 5mmparticle size (cat. no. 186006527). Sample
was trapped at a flow of 15 ml/min of mobile phase A for 1 minute. After elution
from the trap column, peptides were separated on aWaters BEH130 C18 column,
150 mm � 100 mm, 1.7 mm particle size (cat. no. 186003550). Flow rate was
1.3ml/min. The gradient was 100% of A to start, decreasing to 58% at 24minutes,
5% at 24.5 minutes for 3 minutes, and returning to 100% at 28 minutes for
7 minutes, the total run time being 35 minutes. The temperature of the analytical
column was 35�C. Multiple reaction monitoring (MRM) analysis was in the
positive mode with the ion spray voltage being 4000. The nanospray was
produced using a 20 mm inner diameter (10 mm tip) PicoTip emitter by New
Objective (Woburn, MA). Data for MRMs specific to mouse Octs 1, 2, and 3
peptides and other mouse and human (applicable to the human liver microsome
quality control) specific peptides, including for two membrane markers, were
acquired. The relevant peptides used for each, heavy labeled, are in Supplemental
Table 1. Equality of response between the SIL and unlabeled peptides for each
MRM was assumed.

Generation of Virally-Transfected OCT1-Expressing Cells and Uptake
In Vitro. Full-length cDNA of human SLC22A1 (NM_003057) was synthesized
and cloned into the pLenti6.3 vector. pLenti6.3 empty vector and pLenti6.3-
OCT1were transfected into a lentiviral package cell line Lenti-X-293T to produce
lentivirus supernatants. HEK293 cells were then transduced with these two
lentivirus supernatants, respectively, and a single clone was selected by blasticidin
(5 mg/ml) to generate stable cell lines. OCT1 expression in HEK293 was
confirmed by flow cytometry using antibody staining (catalogue NBP1-51684;
Novusbio). HEK-293 stably-transfected cells with pLenti 6.3-empty vector,
pLenti6.3-OCT1 were grown in 5% CO2 at 37�C in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 50 mg/ml gentamicin, and 5 mg/ml
blasticidin. Cell lines were maintained in T-75 flasks, reaching approximately
80% confluence before being passaged twice weekly at 1:10 ratio (volume:
volume).

HEK293-vector control (VC), -OCT1, and -OCT2 cells were seeded onto
12-well poly-D lysine plates at concentrations ranging from 3.42 � 105 to 7.22 �
105 cells/ml. (OCT2-expressing cells were previously generated in-house by
plasmid transfection.) Three days postseeding, the cells were washed twice with
prewarmed pH 7.4 Hanks’ balanced salt solution buffer and preincubated with or
without OCT inhibitor, 1-methyl-4-phenylpyridinium (MPP1) (1 mM), for
10 minutes at 37�C. Following the preincubation, cells were treated with the
desired substrate with or without inhibitor for 1 minute at 37�C. After 1 minute
at 37�C, the cells were washed three times with ice-cold Hanks’ balanced salt
solution and extracted with 80%MeOH containing an internal standard mix for
sample analysis via LC-MS/MS. A separate set of cells was used to confirm
proper cell function using positive control substrate, 14C metformin, and
protein concentration was determined by bicinchoninic acid method. Uptake
was assessed in duplicate or triplicate in two separate experiments. Using the
same experimental method, a range of substrate concentrations was used to
assess the kinetics of each substrate in OCT1- and OCT2-expressing cells,
using a time point of 1 minute at each concentration. Again, using a similar

experimental method, a range of MPP1 concentrations was also assessed to
determine the IC50 for OCT1 and OCT2, using sumatriptan as a substrate over
1 minute.

In Vitro Assessment of Lysosomal Trapping of OCT1 Substrates. In
uptake experiments, MPP1was used as the OCT inhibitor, due to its reported lack
of effect on lysosomal trapping (Kubo et al., 2016), an additional mechanism by
which cations can be sequestered into cells, depending on their physicochemical
properties. The role of lysosomal trapping on the cellular uptake of OCT1
substrates was assessed in vector control cells. For initial assessment, HEK293-
VC cells were plated on poly-D-lysine–coated 12-well plates. Confluent cells (day
4) were rinsed twice with either Dulbecco’s PBS (DPBS) plus 10 mM HEPES or
DPBS, 10 mM 4-morpholineethanesulfonic acid, and 20 mM NH4Cl and pH to
7.4 or 5.0, respectively. Cells were conditioned at either pH for 30minutes at 37�C
and then exposed to 25 nM test compound for 2 minutes in the same buffer and pH
(pH 7.4 or pH 5). Following a 2-minute uptake, the cells were rinsed twice in cold
calcium- andmagnesium-free DBPS, and the intracellular contents were extracted
with 80% MeOH containing an internal standard mix for LC-MS/MS analysis.
Furthermore, the effect of other OCT inhibitors, imipramine and verapamil, on
uptake of OCT1 substrates was assessed. Although imipramine and verapamil are
reported to potently inhibit OCT1 and OCT2, they are also reported to affect
lysosomal trapping (Kazmi et al., 2013; Kubo et al., 2016). To further assess
the role of lysosomal trapping on the uptake on OCT1 substrates and to distinguish
the effect of these inhibitors on OCT1 versus lysosomal trapping, uptake
experiments were carried out similar to that using MPP1 above, using 100 mM
imipramine or verapamil, in VC- and OCT-expressing cells.

In Vitro Hepatocyte Uptake. Uptake of all compounds was evaluated in
cryopreserved primarymouse andhuman hepatocytes in suspension using the oil–spin
method (Morse et al., 2015). Hepatocytes were thawed at 37�C and then placed in
InVitroGRO HT medium (human) or rodent hepatocyte thawing medium (mouse).
Cells were spun down and reconstituted in KHB, and viability was determined to be
.85% by trypan blue staining. The cells were then diluted to a density of 1.5 to 2�
106 viable cells/ml in KHB with 4% bovine serum albumin. Uptake was evaluated
from0.25 to 60minutes at 1mMat 37�C in the absence and presence of 1mMMPP1.
All time points were evaluated in triplicate in two experiments. H3-Sumatriptan was
used as a positive control in all experiments. Cells were prewarmed for 5minutes prior
to the initiation of uptake. To initiate uptake, an equal volume of 4% bovine serum
albumin in KHB containing twice the concentration of test article was added. The
100 ml aliquots were removed at specified time points and added to microcentrifuge
tubes containing 100 ml 8:1 silicone (1.05 g/ml) to mineral oil (1.015 g/ml) mixture
(final density5 1.027 g/ml) and 100ml 5M ammonium acetate, and then spun down
using table-top centrifuges at 12,500 rpm for 15 seconds. Tubes were immediately
placed on dry ice and stored at280�C.

Determination of Concentration Samples Using LC-MS/MS. For HEK
samples, cells were lysed in 80/20 methanol/water for 5 minutes. Samples were
loaded into a polymerase chain reaction plate containing 80:20 methanol cell
extract:water with stable-labeled internal standard. Positive control samples were
analyzed via scintillation. Tubes containing in vitro hepatocyte uptake samples
were cut at the oil layer into 96-well deep-well plates, and an 80:20 methanol:
water mix containing internal standard was added. Samples were sonicated for
4 hours on ice until the cells had lysed thoroughly. Tubes containing positive
control samples were cut in a similar fashion and analyzed via scintillation.
Concentrations were normalized by viable incubation cell concentration. The
LC-MS/MS method details for cold sumatriptan, fenoterol, ondansetron, and
fenoterol are given in Supplemental Materials.

Data and Statistical Analysis. In vivo blood parameters were determined by
noncompartmental analysis using Watson 7.2. Renal clearance (CLR) was
determined as Ae/AUC, where Ae represents the amount recovered in urine,
and AUC represents the area under the blood concentration–time curve (the mean
AUC of animals administered the same dose of compound IV). The CLR was then
corrected for creatinine recovery; the calculated CLR values were divided by
[calculated creatinine CLR/reported creatinine clearance]. Creatinine CLR was
calculated as above, and 14 ml/kg per minute was used as mouse creatinine
clearance. Serum creatinine and creatinine clearance were similar in wild-type and
knockout mice (Supplemental Fig. 1). Mean hepatic clearance was determined as
total clearance-CLR (determined as one value for each compound, due to pooled
nature of urine samples). Bioavailability (F) was calculated as AUCPO/AUCIV,
after accounting for differences in dose. Fraction absorbed and fraction escaping
metabolism in the gut (FaFg) were determined as FaFgFh 5 F, where fraction
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Fig. 1. Concentration profiles of OCT1 substrates in wild-type and Oct1/22\2 mice. Mice (n 5 5–16/group) were administered all compounds intravenously (2 mg/kg) and
orally (5 or 20 mg/kg for fenoterol), following which blood was collected. Solid black circles represent wild type, and open blue squares knockout mice. Data presented as
mean 6 S.D.
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escaping first-pass hepatic extraction (Fh) 5 1 2 hepatic extraction ratio, using
125 ml/kg per minute as hepatic blood flow in mouse. Student’s t tests were used
to determine statistically significant differences in pharmacokinetic parameters
and tissue partitioning, using GraphPad Prism 8.1.1.

Following transporter expression LC-MS/MS analysis, MRM data processing
was with MultiQuant 2.0.2 (SCIEX). One peptide was used to report protein
concentration, with a second peptide, if available, being used as confirmation.
Individual peptide concentrations were calculated from peak area ratios, for two
MRMs summed, of unlabeled to corresponding SIL responses. Criteria for
selecting peptides to report protein concentration included digestion stability,
limit of detection, and quality control reproducibility (Fallon et al., 2013).

To determine statistically significant differences in uptake experiments,
Student’s t tests were used to compare absolute uptake in OCT-transfected cells
to VC cells, and to compare uptake in OCT-transfected cells with and without
inhibitor. In VC cells with and without each inhibitor, one-wayANOVAwas used
to compare uptake in the presence of each inhibitor to control without inhibitor. To
distinguish the effect of inhibitors on OCT-mediated transport, the effect of each
inhibitor on VC cells was considered and the resulting ratios representing OCT-
mediated uptake were calculated as the ratio of [mean uptake in OCT1 cells with/
without inhibitor] over [mean uptake in VC cells with/without each inhibitor].
Inhibitor IC50 values for OCT1 and OCT2 were determined in GraphPad Prism
8.1.1 with the following equation:

%uptake5Umin1 Umax2Uminð Þ= 11
IC50

I½ �
� �slope

 !

where Umin and Umax represent the minimum and maximum uptake, re-
spectively, and [I] represents the concentration of inhibitor.

Km and Vmax values for OCT1 and OCT2 were determined using the equation
below:

Uptake5  
Vmax × ½S�
Km 1 ½S� 1Pd × ½S�

where Vmax and Km represent the maximal rate of uptake and the concentration
and half maximal rate of uptake, Pd represents passive diffusion and [S] represents
substrate concentration.

Results

Blood concentration–time profiles of all four substrates in wild-type
and knockout mice are shown in Fig. 1, and pharmacokinetic parameters
in Table 1. Following intravenous administration, blood concentrations
of all four substrates were higher in knockout mice compared with wild
type, and intravenous clearance was significantly lower in knockout
mice compared with wild type for every substrate, as shown in Table 1;
however, effects were larger for sumatriptan and fenoterol than
ondansetron and tropisetron. CLR was significant and involved active
secretion for sumatriptan, fenoterol, and tropisetron. Oct1/2 knockout
did not appear to affect CLR of sumatriptan or tropisetron, whereas
that of fenoterol was decreased. After accounting for CLR, decreases
in calculated hepatic clearance were observed for every compound.
Following oral administration, exposure (AUC) was increased dramat-
ically following oral administration of fenoterol in knockout compared
with wild-type mice, and significantly increased following oral admin-
istration of sumatriptan and tropisetron, whereas no significant effect of
knockout on ondansetron AUC was detected following oral administra-
tion. For comparison with previous data, the effect of Oct1/2 knockout on
metformin in this colony of animals is shown in Supplemental Fig. 2.
Similarly to that reported, metformin total clearance and liver partitioning
were decreased in knockout mice, and F was similar between wild-type
and knockout mice (Higgins et al., 2012).
Tissue partitioning of sumatriptan is shown in Fig. 2, and that of

fenoterol, ondansetron, and tropisetron in Fig. 3. Effect of Oct1/2
knockout on liver partitioning of sumatriptan and fenoterol was
evident, although minimal or absent for ondansetron and tropisetron,
consistent with the smaller changes in hepatic clearance observed with
the latter. Oct1/2 knockout did not consistently affect partitioning of
sumatriptan into any other tissues collected over the time course,
conversely to that observed in the liver over time. No decrease in kidney
partitioning of sumatriptan or tropisetron was detected, consistent with
a lack of change in CLR. Conversely, for fenoterol, a decrease in kidney

TABLE 1

Pharmacokinetic parameters of OCT1 substrates in wild-type and Oct1/22\2 mice

Mice (n 5 5–16/group) were administered all compounds intravenously (2 mg/kg) and orally (5 or 20 mg/kg for fenoterol). Data presented as mean (S.D.). Values beneath mean data represent ratio
of wild-type/knockout mean values, when significant differences were determined or when mean-only values could be determined.

Sumatriptan Fenoterol Ondansetron Tropisetron

WT KO WT KO WT KO WT KO

Clblood (ml/kg per minute) 45.0 (8.1) 29.0 (6.5)** 26.7 (4.3) 13.3 (1.6)*** 82.7 (18) 64.5 (16)** 118 (17) 96.6 (13)***
1.6 2.0 1.3 1.2

Vdss (ml/kg) 1300 (300) 1170 (301) 9380 (4100) 4300 (2700)* 2140 (577) 2100 (670) 3150 (530) 3300 (427)
2.2

t1/2 (min) 35.3 (3.2) 46.6 (15.6) 440 (260) 442 (250) 23.6 (4.0) 25.9 (4.4) 30.0 (5.0) 34.8 (5.6)*
0.86

Clrenalblood (ml/kg per minute) 19 23 10 6.6 NC NC 22.3 26.7
0.83 1.5 0.82

Fold fublood � GFR 2.3 2.8 8.9 5.4 8.6 10.3
Cl hepaticblood (ml/kg per minute) 26 6.0 17 6.7 83 65 96 69

4.3 2.5 1.3 1.4
AUCpo0-‘ (nM � h) 2010 (556) 3610 (631)*** 392 (71) 2340 (1040)** 2040 (850) 2700 (737) 831 (166) 1210 (264)***

0.56 0.17 0.68
Cmax (ng/ml) 286 (120) 439 (160) 45.5 (17) 333 (125)*** 553 (260) 692 (215) 545 (189) 704 (260)

0.14
F 0.30 0.36 0.029 0.10 0.28 0.30 0.33 0.37
Fh 0.79 0.95 0.86 0.95 0.30 0.46 0.23 0.45
FaFg 0.38 0.38 0.034 0.11 0.76 0.60 1.00 0.89
B:P 0.98 (0.10) 1.05 (0.26) 8.75 (0.97) 7.87 (0.26) 0.93 (0.07) 0.94 (0.05) 1.55 (0.03) 1.56 (0.03)

AUCpo0–‘, area under the blood concentration–time curve (following oral administration, calculated from 0 to infinity); B:P, blood-to-plasma ratio; Cl, clearance (following intravenous
administration); Cmax, maximum plasma concentration (following oral administration); fublood � GFR, fuplasma/B:P � glomerular filtration rate in mice (fuplasma determined in-house); KO, Oct1/2
knockout; NC, not calculated (,10% dose); t1/2, blood half-life (following intravenous administration); Vdss, steady-state volume of distribution (following intravenous administration); WT, wild type.

*P , 0.05 using Student’s t test, compared with WT.
**P , 0.01 using Student’s t test, compared with WT.
***P , 0.001 using Student’s t test, compared with WT.
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partitioning was observed, consistent with a decrease in fenoterol CLR.
Uptake into the intestine was significantly decreased at one of two time
points for fenoterol and tropisetron, following intravenous administra-
tion, suggesting an effect on intestinal secretion, which has been observed
previously for cations in bothOct1 andOct2 knockoutmice (Jonker et al.,
2001, 2003). This effect on partitioning into the intestine was not
apparent for sumatriptan. Blood:plasma partitioning was unaffected by
Oct1/2 knockout for any substrate.
Oct protein expression in mouse tissues is shown in Fig. 4. Oct1 was

found expressed in the liver and kidney, whereas Oct2 was found
predominantly inmouse kidney, and present in the duodenum and testes.
In all tissues expressing Oct1 or 2, knockout depleted expression.
Interestingly, Oct3 expression was found in tissues in which Oct1 and 2
were not detected or below the limit of quantitation, including spleen,
heart, and lung. Although knockout did not affect Oct3 expression in
spleen or heart, Oct3 protein was detectable in the lung in wild-type
mice, but not in knockout mice. As the OCT1 substrates are also
substrates of other transporters, for example, ondansetron is also a sub-
strate of P-gp, we included assessment of change in expression of other

known transporters using LC-MS/MS. No differences in any other
monitored transporters (detailed in Supplemental Table 1) were
determined between wild-type and knockout mice (data not shown),
indicating differences in substrate disposition between wild-type and
knockout mice can be attributed to knockout of Oct1/2.
Uptake of the four compounds into OCT1- and OCT2-expressing

HEK cells is shown in Fig. 5. Increased uptake of sumatriptan and
fenoterol was evident in both OCT1- and OCT2-expressing cells, with
ratios from 2.5 to 14 over vector control cells. Concentration-dependent
uptake and Vmax and Km values for sumatriptan and fenoterol are shown
in Supplemental Fig. 3A; OCT1 Km values are similar to those reported
previously (Matthaei et al., 2016; Tzvetkov et al., 2018). We are not
aware of any previously reported Km values for OCT2. For ondansetron
and tropisetron, uptake in OCT1-expressing cells was significantly
greater than vector control, and was significantly decreased in in the
presence of MPP1, although ratios over vector control were less than for
sumatriptan and fenoterol. Uptake of neither ondansetron nor tropisetron
was significantly different in OCT2-expressing cells, compared with
vector control. Overall, absolute uptake of ondansetron and tropisetron

Fig. 2. Tissue partitioning (Kp) of sumatriptan in wild-type and Oct1/22\2 mice. Mice were administered sumatriptan intravenously (2 mg/kg) and sacrificed at time points
indicated (n 5 4–11 mice/time point), and plasma and tissues were collected. *P , 0.05 using Student’s t test, compared with wild type. Black bars represent wild type, and
gray bars knockout mice. Data presented as mean 6 S.D. ND, not detectable.
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Fig. 3. Tissue partitioning (Kp) of fenoterol, ondansetron, and tropisetron in wild-type and Oct1/22\2 mice. Mice were administered each compound intravenously
(2 mg/kg) and sacrificed at time points indicated (n 5 7–16 mice/time point), and plasma and tissues were collected. *P , 0.05 using Student’s t test, compared with wild
type. **P, 0.01 using Student’s t test, compared with WT. ***P, 0.001 using Student’s t test, compared with WT. Black bars represent wild-type, and gray bars knockout
mice. Data presented as mean 6 S.D.
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into cells was much higher than that of sumatriptan and fenoterol, which
was hypothesized to involve lysosomal trapping of the former.
Accordingly, lysosomal-trapping experiment results using NH4Cl,
shown in Table 2, indicate no effect on the uptake of sumatriptan or
fenoterol into vector control HEK cells, suggesting no lysosomal
trapping of these compounds. However, uptake of ondansetron and
tropisetron was decreased in the presence of NH4Cl, as much as the
positive control imipramine, suggesting a role of lysosomal trapping in
the partitioning of these compounds into cells. Furthermore, as shown
in Fig. 6A, uptake of ondansetron and tropisetron into VC cells was
significantly decreased by agents affecting lysosomal trapping, imipramine,

and verapamil, and much less so by MPP1, which does not affect
lysosomal trapping. Neither imipramine nor verapamil affected uptake
of sumatriptan into VC cells, consistent with lack of effect by NH4Cl.
Uptake of fenoterol into VC cells was affected by both MPP1 and
verapamil, to unknown mechanism, but unaffected by imipramine.
Concentration-dependent inhibition of OCTs by MPP1 is shown in
Supplemental Fig. 3B. The IC50 for OCT1 was 608 mM and for OCT2
was 0.14 mM. As reported previously (Kido et al., 2011; Zhu et al.,
2018), potent OCT inhibition was observed by imipramine and
verapamil; IC50 values for OCT1 were 0.67 and 10.1 mM, respectively,
andwere 0.14 and 0.11mMfor OCT2 (data not shown). After accounting
for the effect of all three inhibitors in VC cells, the ratios of uptake in
OCT1 cells with/without inhibitor over VC cells with/without inhibitor
are consistent with each inhibitor, and represent the effect of each
inhibitor specifically on OCT1-mediated uptake, shown in Fig. 6B.
Importantly, whereas the ratios for ondansetron and tropisetron are ,2
for OCT1, they are consistent with each inhibitor and are clearly higher
than the ratios for OCT2, which was approximately 1 for every inhibitor.
Uptake of each OCT1 substrate into human and mouse hepatocytes,

with and without MPP1, is shown in Fig. 7. In human hepatocytes,
inhibition of uptake byMPP1was evident for all compounds. Conversely,
in mouse hepatocytes, uptake of sumatriptan and fenoterol was decreased
similarly as in human hepatocytes; however, minimal or no inhibition was
observed for ondansetron or tropisetron. Consistent with the effect of
lysosomal trapping and uptake observed in HEK cells, accumulation of
both ondansetron and tropisetron was greater in both mouse and human
hepatocytes, compared with sumatriptan and fenoterol.

Discussion

The use of Oatp knockout mice has been demonstrated valuable for
reproducing effects of decreased OATP function observed in the clinic
with OATP substrates. This model has been found to be quite robust,
with differences in plasma exposure greater than 10-fold in wild-type
and knockout mice for some substrates, likely related to the increased
function and expression of Oatps in rodents relative to human (Higgins
et al., 2014; Salphati et al., 2014). The OATP substrates highlighted the
concept that uptake could be rate-limiting for hepatic clearance, and
recent data indicate OCT1 represents an uptake mechanism that may
also be rate-limiting for plasma exposure in humans (Tzvetkov et al.,
2012, 2018; Matthaei et al., 2016). Subsequently, recent recommenda-
tions on assessing the role of OCT1 in the clinic have been produced
(Zamek-Gliszczynski et al., 2018a,b). As the role of OCT1 variants on
the plasma clearance of more substrates is revealed, confidence in tools
for assessing the in vivo role of OCT1 becomes increasingly relevant.
Of the four compounds assessed currently, the role of OCT1 in the

clearance of fenoterol in humans is most clear in participants with null
OCT1 variants (Tzvetkov et al., 2018); as fenoterol is administered via
intravenous infusion, it can be concluded that the systemic clearance of
fenoterol is indeed altered with changes in OCT1 function. Although
CLR was not measured in the clinical study, there is no reported
expression of OCT1 in the kidney in humans; hence, it is assumed that
only changes in hepatic clearance resulted in the altered plasma
exposure. The current results in knockout mice are in alignment with
a decrease in hepatic clearance and liver partitioning with decreased Oct
function, with a similar magnitude change in total clearance as that
reported in the clinic of ;2-fold. The effect of OCT1 on the
pharmacokinetics of sumatriptan in humans is also clear, with the
plasma AUC over 8 hours following oral administration increasing
;2-fold in humans with null OCT1 variants (Matthaei et al., 2016).
Although in the clinic a change in hepatic clearance could only be
inferred from the results following oral administration, in this study, in

Fig. 4. Oct expression in mouse tissues. Mice (n 5 4) were sacrificed following
pharmacokinetic studies, and tissues were collected. Transporters were quantitated
using LC-MS/MS. Data presented as mean 6 S.D. ND, not determined, below limit
of quantitation in both strains.
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the mouse model, we confirmed the role of Oct1 in the hepatic clearance
of sumatriptan, through both plasma clearance and liver partitioning.
After accounting for CLR and hepatic extraction in mice, the current data
indicate the absorption of sumatriptan to be incomplete or lost due to
intestinal metabolism. However, these data suggest the change in oral
AUC to be restricted to changes in hepatic first-pass and that absorption/
intestinal first-pass (FaFg) did not change. Absorption in humans is also
incomplete, based upon calculated Fh (Fowler et al., 1991); however,
currently it is not known whether OCT1 variants affect sumatriptan
absorption in humans, as effects in the intestine and liver cannot be
elucidated from oral data in humans. From the current data, it is concluded
that Oct1 in the liver decreases the hepatic clearance and partitioning of
fenoterol and sumatriptan, and that these compounds represent the best
clinical probes for evaluation of OCT1-mediated DDIs in the clinic.

Clinical data on ondansetron and tropisetron are not as robust; plasma
concentrations at 3 and/or 6 hours following oral administration were
reported higher in patients with two null OCT1 variants (Tzvetkov et al.,
2012). Although the pharmacokinetic data are sparse, they did align with
an enhanced pharmacodynamic effect, with decreased episodes of
vomiting in patients with null variants taking these antiemetics. The
knockout mice indicate a small, albeit statistically significant, role of
Oct1 in the liver for these compounds, and the decrease in hepatic
clearance was only 18% to 27%, compared with that of 4-fold for
sumatriptan. As a change in overall AUC in humans has not yet been
reported with OCT1 null variants for ondansetron or tropisetron, a direct
comparison between the magnitude of change in the knockout and in
humans cannot be ascertained. It is of interest, however, that the in vitro
data in mouse hepatocytes would have predicted this smaller change in

Fig. 5. Uptake of OCT substrates in (A) OCT1- and (B) OCT2-
overexpressing HEK cells. Uptake of each compound was
assessed over 1 minute in VC, OCT1-, and OCT2-expressing
cells. Uptake was assessed in triplicate or quadruplicate. MPP1

was used as an OCT inhibitor at a concentration of 1 mM. Data
presented as mean 6 S.D. *P , 0.05 using Student’s t test,
compared with VC. ***P , 0.001 using Student’s t test,
compared with VC. #P , 0.05 using Student’s t test, compared
with OCT1. ##P , 0.01 using Student’s t test, compared with
OCT1. ###P , 0.001 using Student’s t test, compared with
OCT1.

TABLE 2

Physicochemical properties, permeability, and lysosomal trapping of OCT1 substrates

Imipramine was used as a positive control for lysosomal trapping.

LogD 7.4 Basic pKa MDCK Permeability (cm/s � 1026) Ratio Control:NH4Cl

Sumatriptan 21.24 9.5 1.0 0.36
Fenoterol 0.33 9.6 1.9 1.4
Ondansetron 2.11 7.3 58 4.5
Tropisetron 0.70 9.3 34 2.5
Imipramine 2.48 9.2 36 2.5
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mice with these two substrates, with minimal change in the presence of
an OCT1 inhibitor. Furthermore, in human hepatocytes, there was clear
inhibition in the presence of an OCT1 inhibitor, which is consistent with
the reported clinical data. Therefore, it is concluded that the lack of effect
in the knockout model does not likely indicate a minor role of OCT1 for
these substrates in humans, but instead a species difference in the Oct1-
mediated hepatic uptake of these compounds. Species differences as
well as substrate dependence in OCT interactions are well-documented
in the literature (Dresser et al., 2000). Previous in vitro investigation
reported it difficult to detect both tropisetron and ondansetron in OCT1-
expressing in vitro systems, although pharmacogenetic results on
pharmacokinetics and pharmacodynamics were positive (Tzvetkov
et al., 2012). In agreement with our results in human hepatocytes, we
did find uptake in OCT1-expressing cells to be significantly higher than

VC cells, although the ratios were low, consistent with previous data.
We proposed that the lysosomal trapping of these two compounds
results in a high background even in control cells in vitro, causing low
ratios to be ascertained with MPP1, an inhibitor of OCT1 that does not
affect lysosomal trapping. The subsequent experiments assessing
lysosomal trapping results using both NH4Cl and chemical inhibitors
confirm this, and are in line with physicochemical properties of these
two compounds (Table 2). Furthermore, after discerning the role of
OCT1/lysosomal agents imipramine and verapamil on both vector
control and OCT-expressing cells, there does appear a consistent OCT1-
mediated effect with inhibitors that both do and do not affect lysosomal
trapping. However, even though current in vitro data are in line with
effects of OCT1 null variants in the clinic, given the sparse clinical
pharmacokinetic data currently available and limitations due to lysosomal

Fig. 6. (A) Effect of OCT inhibitors on uptake of OCT substrates into VC cells and (B) calculated mean OCT-mediated ratios using MPP1, imipramine (IMI), and verapamil
(VER) as OCT inhibitors. Data presented as mean 6 S.D. The dotted lines in (B) indicate a ratio of 1. *P , 0.05 using ANOVA, compared with no inhibitor. **P , 0.01
using ANOVA, compared with no inhibitor. ***P , 0.001 using ANOVA, compared with no inhibitor.
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Fig. 7. Uptake of OCT1 substrates in mouse and human hepatocytes. Uptake was assessed in hepatocyte suspension via the oil–spin method. Each time point was assessed in
triplicate. Solid black circles and open blue squares represent uptake in the absence and presence of 1 mM MPP1, respectively. Data presented as mean 6 S.D.
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trapping in vitro, confirmation for the effect of OCT1 on these two
compounds in the clinic would be valuable.
The current data point out an obvious limitation of the mouse model,

in that species differences in OCT1-mediated hepatic uptake appear
evident. Additionally, this double-knockout model warrants evaluation
of CLR, as Oct2 is the predominant form in the mouse kidney; collection
of urine in mice can be technically challenging and may confound the
understanding of effects on hepatic clearance, although the ability to
assess liver partitioning somewhat mitigates this limitation. Further-
more, although available LC-MS/MS transporter data in human liver and
kidney are in general agreement with the current mouse data, with OCT1
expression in liver and OCT2 predominant in kidney (Prasad et al.,
2016; Drozdzik et al., 2019), previous data in mouse Oct knockout
models indicate that Oct1 can play a role in the renal excretion of cations,
as demonstrated for tetraethylammonium (TEA) (Jonker et al., 2003).
Even though expression may be lower than Oct2, the role of Oct1 in
mouse kidney may be another mechanism of species difference, along
with differences in the fractional excretion of any drug betweenmice and
humans. Additionally, whereas current protein expression data by LC-
MS/MS indicate expression of Oct3 in the liver to be undetectable, Oct3
mRNA has previously been detected in mouse liver (Chen et al., 2015)
andOCT3 is detectable in human liver, from recent LC-MS/MS expression
data (Khatri et al., 2019). However, the effect of Oct3 knockout on liver
partitioning of metformin in previous studies is conflicting, and, in most
human subjects, OCT3 proteinwas found atmuch lower protein levels than
that of OCT1 (Drozdzik et al., 2019). Data regarding uptake of these four
clinical substrates currently investigated by OCT3 are not available;
however, it appears that OCT1 is the predominant form in both mouse
and human liver, from current data, and likely does not imply a role of
OCT3 in the species differences currently observed. Our current data do
indicate lack of compensatory upregulation of Oct3 protein with Oct1/2
knockout, in any tissues assessed.
In conclusion, the current data in knockout mice support a primary

role of Oct1-mediated hepatic uptake in vivo for sumatriptan and
fenoterol. A minor role for OCT1 substrates ondansetron and tropisetron
coincides with the minor inhibition in mouse hepatocytes and does not
reflect in vitro results in human hepatocytes. These species differences
need to be considered when using this model to predict a role of OCT1 in
the hepatic uptake of other compounds, as does a potentially limiting
effect of lysosomal trapping on in vitro investigations for OCT substrates.
Human hepatocyte in vitro uptake appears to be the most predictive for
initiating investigation into OCT1 pharmacogenetics in the clinic. The
mouse model could be used for confirmation or mechanistic insight, as
done in this study; however, negative results must also be interpreted in
concordance with uptake into mouse and human hepatocytes.

Authorship Contributions
Participated in research design: Morse, Kolur, Hudson, Fallon, Smith,

Hillgren.
Conducted experiments: Morse, Kolur, Hudson, Hogan, Brackman, Sawada,

Fallon.
Contributed new reagents or analytic tools: Morse, Kolur, Hogan, Chen,

Sawada, Fallon, Smith, Hillgren.
Performed data analysis: Morse, Kolur, Hudson, Brackman, Sawada, Fallon.
Wrote or contributed to the writing of the manuscript:Morse, Kolur, Hudson,

Chen, Brackman, Sawada, Fallon, Smith, Hillgren.

References

Chen EC, Liang X, Yee SW, Geier EG, Stocker SL, Chen L, and Giacomini KM (2015) Targeted
disruption of organic cation transporter 3 attenuates the pharmacologic response to metformin.
Mol Pharmacol 88:75–83.

Cho SK, Kim CO, Park ES, and Chung JY (2014) Verapamil decreases the glucose-lowering effect
of metformin in healthy volunteers. Br J Clin Pharmacol 78:1426–1432.

Dresser MJ, Gray AT, and Giacomini KM (2000) Kinetic and selectivity differences between
rodent, rabbit, and human organic cation transporters (OCT1). J Pharmacol Exp Ther 292:

1146–1152.
Drozdzik M, Busch D, Lapczuk J, Müller J, Ostrowski M, Kurzawski M, and Oswald S (2019)
Protein abundance of clinically relevant drug transporters in the human liver and intestine:
a comparative analysis in paired tissue specimens. Clin Pharmacol Ther 105:1204–1212.

Dujic T, Zhou K, Yee SW, van Leeuwen N, de Keyser CE, Javorský M, Goswami S,
Zaharenko L, Hougaard Christensen MM, Out M, et al. (2017) Variants in pharmacokinetic
transporters and glycemic response to metformin: a metgen meta-analysis. Clin Pharmacol
Ther 101:763–772.

Fallon JK, Neubert H, Hyland R, Goosen TC, and Smith PC (2013) Targeted quantitative pro-
teomics for the analysis of 14 UGT1As and -2Bs in human liver using NanoUPLC-MS/MS with
selected reaction monitoring. J Proteome Res 12:4402–4413.

Fallon JK, Smith PC, Xia CQ, and Kim MS (2016) Quantification of four efflux drug transporters
in liver and kidney across species using targeted quantitative proteomics by isotope dilution
NanoLC-MS/MS. Pharm Res 33:2280–2288.

Fowler PA, Lacey LF, Thomas M, Keene ON, Tanner RJ, and Baber NS (1991) The clinical
pharmacology, pharmacokinetics and metabolism of sumatriptan. Eur Neurol 31:291–294.

Higgins JW, Bao JQ, Ke AB, Manro JR, Fallon JK, Smith PC, and Zamek-Gliszczynski MJ (2014)
Utility of Oatp1a/1b-knockout and OATP1B1/3-humanized mice in the study of OATP-
mediated pharmacokinetics and tissue distribution: case studies with pravastatin, atorvastatin,
simvastatin, and carboxydichlorofluorescein. Drug Metab Dispos 42:182–192.

Higgins JW, Bedwell DW, and Zamek-Gliszczynski MJ (2012) Ablation of both organic cation
transporter (OCT)1 and OCT2 alters metformin pharmacokinetics but has no effect on tissue
drug exposure and pharmacodynamics. Drug Metab Dispos 40:1170–1177.

Jensen JB, Sundelin EI, Jakobsen S, Gormsen LC, Munk OL, Frøkiær J, and Jessen N (2016)
[11C]-Labeled metformin distribution in the liver and small intestine using dynamic positron
emission tomography in mice demonstrates tissue-specific transporter dependency. Diabetes 65:
1724–1730.

Jonker JW, Wagenaar E, Mol CA, Buitelaar M, Koepsell H, Smit JW, and Schinkel AH (2001)
Reduced hepatic uptake and intestinal excretion of organic cations in mice with a targeted
disruption of the organic cation transporter 1 (Oct1 [Slc22a1]) gene. Mol Cell Biol 21:
5471–5477.

Jonker JW, Wagenaar E, Van Eijl S, and Schinkel AH (2003) Deficiency in the organic cation
transporters 1 and 2 (Oct1/Oct2 [Slc22a1/Slc22a2]) in mice abolishes renal secretion of organic
cations. Mol Cell Biol 23:7902–7908.

Kazmi F, Hensley T, Pope C, Funk RS, Loewen GJ, Buckley DB, and Parkinson A (2013)
Lysosomal sequestration (trapping) of lipophilic amine (cationic amphiphilic) drugs in immor-
talized human hepatocytes (Fa2N-4 cells). Drug Metab Dispos 41:897–905.

Khatri R, Fallon JK, Rementer RJB, Kulick NT, Lee CR, and Smith PC (2019) Targeted quan-
titative proteomic analysis of drug metabolizing enzymes and transporters by nano LC-MS/MS
in the sandwich cultured human hepatocyte model. J Pharmacol Toxicol Methods 98:106590.

Kido Y, Matsson P, and Giacomini KM (2011) Profiling of a prescription drug library for potential
renal drug-drug interactions mediated by the organic cation transporter 2. J Med Chem 54:
4548–4558.

Kubo Y, Seko N, Usui T, Akanuma S, and Hosoya K (2016) Lysosomal trapping is present in
retinal capillary endothelial cells: insight into its influence on cationic drug transport at the inner
blood-retinal barrier. Biol Pharm Bull 39:1319–1324.

Matthaei J, Kuron D, Faltraco F, Knoch T, Dos Santos Pereira JN, Abu Abed M, Prukop T,
Brockmöller J, and Tzvetkov MV (2016) OCT1 mediates hepatic uptake of sumatriptan and loss-
of-function OCT1 polymorphisms affect sumatriptan pharmacokinetics. Clin Pharmacol Ther
99:633–641.

Morse BL, Cai H, MacGuire JG, Fox M, Zhang L, Zhang Y, Gu X, Shen H, Dierks EA, Su H, et al.
(2015) Rosuvastatin liver partitioning in cynomolgus monkeys: measurement in vivo and pre-
diction using in vitro monkey hepatocyte uptake. Drug Metab Dispos 43:1788–1794.

Prasad B, Johnson K, Billington S, Lee C, Chung GW, Brown CD, Kelly EJ, Himmelfarb J,
and Unadkat JD (2016) Abundance of drug transporters in the human kidney cortex as quantified
by quantitative targeted proteomics. Drug Metab Dispos 44:1920–1924.

Ramsby ML and Makowski GS (1999) Differential detergent fractionation of eukaryotic cells:
analysis by two-dimensional gel electrophoresis. Methods Mol Biol 112:53–66.

Salphati L, Chu X, Chen L, Prasad B, Dallas S, Evers R, Mamaril-Fishman D, Geier EG, Kehler J,
Kunta J, et al. (2014) Evaluation of organic anion transporting polypeptide 1B1 and 1B3
humanized mice as a translational model to study the pharmacokinetics of statins. Drug Metab
Dispos 42:1301–1313.

Shitara Y, Maeda K, Ikejiri K, Yoshida K, Horie T, and Sugiyama Y (2013) Clinical significance of
organic anion transporting polypeptides (OATPs) in drug disposition: their roles in hepatic
clearance and intestinal absorption. Biopharm Drug Dispos 34:45–78.

Shu Y, Brown C, Castro RA, Shi RJ, Lin ET, Owen RP, Sheardown SA, Yue L, Burchard EG,
Brett CM, et al. (2008) Effect of genetic variation in the organic cation transporter 1, OCT1, on
metformin pharmacokinetics. Clin Pharmacol Ther 83:273–280.

Shu Y, Leabman MK, Feng B, Mangravite LM, Huang CC, Stryke D, Kawamoto M, Johns SJ,
DeYoung J, Carlson E, et al.; Pharmacogenetics Of Membrane Transporters Investigators (2003)
Evolutionary conservation predicts function of variants of the human organic cation transporter,
OCT1. Proc Natl Acad Sci USA 100:5902–5907.

Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, Yue L, Lo JC,
Burchard EG, et al. (2007) Effect of genetic variation in the organic cation transporter 1 (OCT1)
on metformin action. J Clin Invest 117:1422–1431.

Tzvetkov MV, dos Santos Pereira JN, Meineke I, Saadatmand AR, Stingl JC, and Brockmöller J
(2013) Morphine is a substrate of the organic cation transporter OCT1 and polymorphisms in
OCT1 gene affect morphine pharmacokinetics after codeine administration. Biochem Pharmacol
86:666–678.

Tzvetkov MV, Matthaei J, Pojar S, Faltraco F, Vogler S, Prukop T, Seitz T, and Brockmöller J
(2018) Increased systemic exposure and stronger cardiovascular and metabolic adverse reactions
to fenoterol in individuals with heritable OCT1 deficiency. Clin Pharmacol Ther 103:868–878.

Tzvetkov MV, Saadatmand AR, Bokelmann K, Meineke I, Kaiser R, and Brockmöller J (2012)
Effects of OCT1 polymorphisms on the cellular uptake, plasma concentrations and efficacy of
the 5-HT(3) antagonists tropisetron and ondansetron. Pharmacogenomics J 12:22–29.

Wang DS, Jonker JW, Kato Y, Kusuhara H, Schinkel AH, and Sugiyama Y (2002) Involvement of
organic cation transporter 1 in hepatic and intestinal distribution of metformin. J Pharmacol Exp
Ther 302:510–515.

104 Morse et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Zamek-Gliszczynski MJ, Giacomini KM, and Zhang L (2018a) Emerging clinical im-
portance of hepatic organic cation transporter 1 (OCT1) in drug pharmacokinetics,
dynamics, pharmacogenetic variability, and drug interactions. Clin Pharmacol Ther
103:758–760.

Zamek-Gliszczynski MJ, Taub ME, Chothe PP, Chu X, Giacomini KM, Kim RB, Ray AS, Stocker
SL, Unadkat JD, Wittwer MB, et al.; International Transporter Consortium (2018b) Transporters
in drug development: 2018 ITC recommendations for transporters of emerging clinical impor-
tance. Clin Pharmacol Ther 104:890–899.

Zhou K, Bellenguez C, Spencer CC, Bennett AJ, Coleman RL, Tavendale R, Hawley SA, Donnelly
LA, Schofield C, Groves CJ, et al.; GoDARTS and UKPDS Diabetes Pharmacogenetics Study
Group; ; Wellcome Trust Case Control Consortium 2; ; MAGIC investigators (2011) Common

variants near ATM are associated with glycemic response to metformin in type 2 diabetes. Nat
Genet 43:117–120.

Zhu P, Ye Z, Guo D, Xiong Z, Huang S, Guo J, Zhang W, Polli JE, Zhou H, Li Q, et al. (2018)
Irinotecan alters the disposition of morphine via inhibition of organic cation transporter 1
(OCT1) and 2 (OCT2). Pharm Res 35:243.

Address correspondence to: Dr. Bridget L. Morse, Lilly Corporate Center,
Indianapolis, IN 46285. E-mail: bridget_morse@lilly.com

Pharmacokinetics of OCT1 Substrates in Oct1/2 Knockout Mice 105

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

mailto:bridget_morse@lilly.com
http://dmd.aspetjournals.org/


Supplemental Data 

Pharmacokinetics of Organic Cation Transporter 1 (OCT1) Substrates in Oct1/2 Knockout Mice and 

Species Difference in Hepatic OCT1-mediated Uptake 

Bridget L. Morse, Anil Kolur, Loyd R. Hudson, Andrew T. Hogan, Lisa Hong Chen, Ryan M. Brackman, 

Geri A. Sawada, John K. Fallon, Philip C. Smith, Kathleen M. Hillgren 

 

Eli Lilly and Company, Indianapolis, Indiana, USA (BLM, AK, LRH, ATH, LHC, RMB, GAS, KMH) 

Division of Pharmacoengineering and Molecular Pharmaceutics, Eshelman School of Pharmacy, 

University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA (JKF, PCS) 

 

Drug Metabolism and Disposition 

 

 

 

 

 

 

 

 



Supplemental Figure 1. Creatinine pharmacokinetics in wildtype and Oct1/2-\- mice. SCr=serum 

creatinine. Clcr=creatinine clearance. WT=wildtype mice. KO=Oct1/2 knockout mice. Serum was taken 

from mice (n=4) at steady-state (0 and 8 hrs). Urine was collected from 0-8 hrs. Clcr was calculated as the 

amount in urine/area under the serum concentration-time curve calculated from 0-24 hours. Data 

presented as mean ± SD. 

Supplemental Figure 2. Pharmacokinetics and tissue partitioning of metformin in wildtype and 

Oct1/2-\- mice. Mice (n=4) were administered metformin intravenously (5 mg/kg) and orally 10 mg/kg) 

and blood samples collected. Separate mice were administered metformin intravenously and tissue and 

plasma collected at the indicated timepoints. Cl=total clearance. F=bioavailability. Kp=tissue partition 

coefficient. *p<0.05 using student’s t-test, compared to WT. ***p<0.001 using student’s t-test, compared 

to WT. Data presented as mean ± SD. 

Supplemental Figure 3. A) Uptake kinetics of OCT1 substrates in OCT1- and OCT2-expressing 

cells. B) Inhibition of sumatriptan uptake by MPP+ in OCT1- and OCT2-expressing cells. Uptake 

data presented as mean ± SD. 

 

 

 

 

 

 

 

 



Supplemental Figure 1 
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Supplemental Figure 2 
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Supplemental Figure 3 
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Supplemental Table 1. Peptides utilized for LC-MS/MS quantitation of individual mouse 

transporter proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TRANSPORTER/MARKER PEPTIDE 

OCT1 ENTIYLQVQTGK 

OCT2 WLISQNK 

OCT3 GIALPETVEDVEK 

OATP1A1/(3)/4/5 YLEQQYGK 

OATP1A3/4/(6) IYLGLPAALR 

OATP1A5 EGLQDNVAR 

OATP2A1 HLPGLLPSK 

OATP3A1 SGELQGDEAQR 

OATP12 GAVSNPAFGK 

OATP1B2 SVQPELK 

OATP2B1 LYVDIDR 

OAT3 TALAVFGK 

MDR1A VVSYEEIVR 

MDR1B TVIAFGGQQK 

P-GP  IATEAIENFR 

BCRP SSLLDVLAAR 

MRP1 TPSGNLVNR 

MRP2 LTIIPQDPILFSGNLR 

MRP3 GALVAVVGPVGCGK 

MRP4 LNTIIDSDK 

BSEP STALQLIQR 

NTCP GIYDGDLK 

OST-ALPHA NTLC[CAM]PIK 

NAK ATPASE VDNSSLTGESEPQTR 



Supplemental Methods 

LC-MS/MS details for measurement of each OCT1 substrate 

Sumatriptan 

Study samples were analyzed by LC-MS/MS using a Sciex API 4000 triple quadrupole 

mass spectrometer (Applied Biosystems/MDS; Foster City, CA) equipped with a TurboIonSpray 

interface, and operated in positive ion mode.  The analytes were chromatographically separated 

using a Betasil C18 20x2.1mm 5 micron Javelin HPLC column (Thermo Electron Corp.).  The 

pumps were Shimadzu LC-10AD units with a SCL-10A controller (Kyoto, Japan), and a Gilson 

215 liquid handler (Middleton, WI) was used as the autosampler.  Water / trifluoroacetic acid / 1 

M ammonium bicarbonate (2000:8:2, v/v) (Mobile Phase A), and acetonitrile/ trifluoroacetic 

acid / 1 M ammonium bicarbonate, (2000:8:2, v/v) (Mobile Phase B).  The gradient profile from 

start to 0.2 min was 5%, 35% from 0.3 to 0.4 min, and 98% from 0.41 to 0.72 min. The flow rate 

was 1.5 mL/min. Chromatography was performed at ambient temperature, with flow directed to 

the mass spectrometer between 0.25 and 0.50 min.  The selected reaction monitoring (SRM) 

(M+H) transition m/z 296.2 > 58.1 for Sumatriptan. Sumatriptan-d6 was used as stable label 

internal standard with SRM (M+H) transition m/z 302.2 > 64.2.    The TurboIonSpray 

temperature was maintained at 740ºC, with collision, curtain, nebulizing, and desolvation gas 

(nitrogen) settings of 46, 10, 50, and 70, respectively.  The ionspray voltage was set to 1500 V, 

while the respective declustering, entrance, and exit potentials were 80, 6, and 9.   

Fenoterol 

Study samples were analyzed by LC-MS/MS using a Sciex API 4000 triple quadrupole 

mass spectrometer (Applied Biosystems/MDS; Foster City, CA) equipped with a TurboIonSpray 

interface, and operated in positive ion mode.  The analytes were chromatographically separated 

using a Betasil C18 20x2.1mm 5 micron Javelin HPLC column (Thermo Electron Corp.).  The 



pumps were Shimadzu LC-10AD units with a SCL-10A controller (Kyoto, Japan), and a Gilson 

215 liquid handler (Middleton, WI) was used as the autosampler.  Water / trifluoroacetic acid / 1 

M ammonium bicarbonate (2000:8:2, v/v) (Mobile Phase A), and acetonitrile/ trifluoroacetic 

acid / 1 M ammonium bicarbonate, (2000:8:2, v/v) (Mobile Phase B).  The gradient profile from 

start to 0.2 min was 10%, 25% from 0.3 to 0.4 min, and 98% from 0.41 to 0.72 min. The flow 

rate was 1.5 mL/min. Chromatography was performed at ambient temperature, with flow 

directed to the mass spectrometer between 0.25 and 0.50 min.  The selected reaction monitoring 

(SRM) (M+H) transition m/z 304.3 > 107.1 for Fenoterol. Fenoterol-d6 was used as stable label 

internal standard with SRM (M+H) transition m/z 310.5 > 141.1.    The TurboIonSpray 

temperature was maintained at 740ºC, with collision, curtain, nebulizing, and desolvation gas 

(nitrogen) settings of 45, 10, 50, and 70, respectively.  The ionspray voltage was set to 1500 V, 

while the respective declustering, entrance, and exit potentials were 80, 10, and 7.   

Ondansetron 

Study samples were analyzed by LC-MS/MS using a Sciex API 4000 triple quadrupole 

mass spectrometer (Applied Biosystems/MDS; Foster City, CA) equipped with a TurboIonSpray 

interface, and operated in positive ion mode.  The analytes were chromatographically separated 

using a Betasil C18 20x2.1mm 5 micron Javelin HPLC column (Thermo Electron Corp.).  The 

pumps were Nexera LC-30AD units with a Shimadzu CMB-20A controller (Kyoto, Japan), and a 

PAL System (Zwingen, Switzerland) was used as the autosampler.  Water / 1 M ammonium 

bicarbonate (2000:10, v/v) (Mobile Phase A), and methanol / 1 M ammonium bicarbonate, 

(2000:10, v/v) (Mobile Phase B).  The gradient profile from start to 0.2 min was 42%, 72% from 

0.3 to 0.4 min, and 98% from 0.41 to 0.72 min. The flow rate was 1.5 mL/min. Chromatography 

was performed at ambient temperature, with flow directed to the mass spectrometer between 

0.25 and 0.50 min.  The selected reaction monitoring (SRM) (M+H) transition m/z 294.2 >184.1 

for Ondansetron. Ondansetron-d3 was used as stable label internal standard with SRM (M+H) 

transition m/z 297.2 > 187.0.    The TurboIonSpray temperature was maintained at 740ºC, with 



collision, curtain, nebulizing, and desolvation gas (nitrogen) settings of 35, 10, 50, and 70, 

respectively.  The ionspray voltage was set to 1500 V, while the respective declustering, 

entrance, and exit potentials were 70, 10, and 13. 

Tropisetron 

Study samples were analyzed by LC-MS/MS using a Sciex API 4000 triple quadrupole 

mass spectrometer (Applied Biosystems/MDS; Foster City, CA) equipped with a TurboIonSpray 

interface, and operated in positive ion mode.  The analytes were chromatographically separated 

using a Betasil C18 20x2.1mm 5 micron Javelin HPLC column (Thermo Electron Corp.).  The 

pumps were Nexera LC-30AD units with a Shimadzu CMB-20A controller (Kyoto, Japan), and a 

PAL System (Zwingen, Switzerland) was used as the autosampler.  Water / trifluoroacetic acid / 

1 M ammonium bicarbonate (2000:8:2, v/v) (Mobile Phase A), and acetonitrile/ trifluoroacetic 

acid / 1 M ammonium bicarbonate, (2000:8:2, v/v) (Mobile Phase B).  The gradient profile from 

start to 0.2 min was 17%, 47% from 0.3 to 0.4 min, and 98% from 0.41 to 0.72 min. The flow 

rate was 1.5 mL/min. Chromatography was performed at ambient temperature, with flow 

directed to the mass spectrometer between 0.25 and 0.50 min.  The selected reaction monitoring 

(SRM) (M+H) transition m/z 285.3 >124.3 for Tropisetron. Tropisetron-d5 was used as stable 

label internal standard with SRM (M+H) transition m/z 290.3 > 124.0.    The TurboIonSpray 

temperature was maintained at 740ºC, with collision, curtain, nebulizing, and desolvation gas 

(nitrogen) settings of 30, 10, 50, and 70, respectively.  The ionspray voltage was set to 3000 V, 

while the respective declustering, entrance, and exit potentials were 80, 10, and 8. 

 


