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roatia
Department of Oncology, University of Oxford, Old Road Campus Research Building, Roosevelt Drive, Oxford, United Kingdom
Biochemistry and Organic Analytical Chemistry Unit, Institute for Medical Research and Occupational Health, Ksaverska cesta 2, 1000 Zagreb, Croatia

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 29 November 2016
eceived in revised form 9 February 2017
ccepted 15 March 2017
vailable online 18 March 2017

eywords:
rganic cation transporter 1 (Oct1)
ebrafish
unctional characterization
ransient and stable transfection
ovel fluorescent substrates

nteraction with xenobiotics

a  b  s  t  r  a  c  t

Organic  cation  transporters  (OCTs)  serve  as uptake  transporters  of  numerous  endo-  and  xenobiotics.  They
have been  in  the  focus  of  medical  toxicological  research  for more  than  a decade  due to  their  key  role in
absorption,  distribution,  metabolism  and  excretion  due  to  their  expression  on  basolateral  membranes  of
various  barrier  tissues.  OCTs  belong  to the  SLC22A  family  within  the SLC  (Solute  carrier)  protein  super-
family,  with  three  co-orthologs  identified  in  humans  (OCT1,  2  and  3),  and  two  Oct  orthologs  in zebrafish
(Oct1  and  Oct2).  The  structural  and  functional  properties  of zebrafish  Octs,  along  with their  toxicologi-
cal  relevance,  have  still  not  been  explored.  In  this  study,  we  performed  a functional  characterization  of
zebrafish  Oct1  using  transient  and  stable  heterologous  expression  systems  and  model  fluorescent  sub-
strates  as  the  basis  for interaction  studies  with  a wide  range  of  endo-  and  xenobiotics.  We  also  conducted
a  basic  topology  analysis  and  homology  modeling  to determine  the  structure  and  membrane  localiza-
tion  of  Oct1.  Finally,  we performed  an MTT  assay  to evaluate  the toxic  effects  of the  seven  interactors
identified  – oxaliplatin,  cisplatin,  berberine,  MPP+, prazosin,  paraquat  and  mitoxantrone  – in human
embryonic  kidney  cells  (HEK293T)  stably  expressing  zebrafish  Oct1  (HEK293T-drOct1  cells).  Our  results
show  that  the  zebrafish  Oct1  structure  consists  of 12 transmembrane  alpha  helices,  which  form  the
active  region  with  more  than  one  active  site.  Five new  fluorescent  substrates  of  Oct1  were  identified:
ASP+  (Km =  26  �M),  rhodamine  123 (Km =  103.7  nM),  berberine  (Km =  3.96  �M), DAPI  (Km =  780  nM),  and
ethidium  bromide  (Km =  97  nM).  Interaction  studies  revealed  numerous  interactors  that  inhibited  the
Oct1-dependent  uptake  of  fluorescent  substrates.  The  identified  interactors  ranged  from  physiological
compounds  (mainly  steroid  hormones)  to different  classes  of  xenobiotics,  with  IC50 values  in  nanomolar

(e.g.,  pyrimethamine  and prazosin)  to  millimolar  range  (e.g.,  cimetidine).  Cytotoxicity  experiments  with
HEK293T-drOct1  cells  enabled  us  to  identify  berberine,  oxaliplatin  and MPP+  as  substrates  of  Oct1.  The
data  presented  in this  study  provide  the first  insights  into  the  functional  properties  of  zebrafish  Oct1
and  offer  an  important  basis  for more  detailed  molecular  and  ecotoxicological  characterizations  of  this
transporter.

©  2017  Elsevier  B.V.  All  rights  reserved.
Abbreviations: ADME, absorption, distribution, metabolism and excretion; ASP+,
-(4-(dimethylamino)styryl)-N-methylpyridinium iodide; DAPI, 4′ ,6-diamidino-
-phenylindole; DBT, dibutyltin chloride; DMEM,  Dulbecco’s modified eagle’s
edium; HEK239, human embryonic kidney cell line; MPP+, 1-methyl-

-phenylpyridinium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
romide; OCTs, organic cation transporters; TBA, tetrabutylammonium; TBT, trib-
tyltin chloride; TEA, tetraethylammonium; TKIs, tyrosine kinase inhibitors; TMDs,
ransmembrane domains; TPenA, tetrapentylammonium.
∗ Corresponding author.

E-mail address: smital@irb.hr (T. Smital).

ttp://dx.doi.org/10.1016/j.aquatox.2017.03.012
166-445X/© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic cation transporters (OCTs in humans; Octs in other taxa)
are members of the SLC22 (Solute Carrier) family responsible for
the uptake of numerous organic cations across the plasma mem-
brane. Phylogenetically, organic cation and organic cation/carnitine
transporters form the largest clade of Octs, and together with

organic anion transporter (Oat) clade they make up the SLC22 fam-
ily. OCTs/Octs are highly conserved genes within vertebrate phyla,
whose ancestry extends all the way to lamprey and sharks (Zhu
et al., 2015). They are represented with three co-orthologs in rep-

dx.doi.org/10.1016/j.aquatox.2017.03.012
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2017.03.012&domain=pdf
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dx.doi.org/10.1016/j.aquatox.2017.03.012


ic Toxi

t
h
M
c
e
W
h
(
n
i
t
e
l
e
a
w
O
(
i
e
t
c
i

c
i
c
i
w
o
p
O
a
O
i
m
n
T
t
c
H
b
a
w
a

n
i
a
o
b
e
i
o
j
e
a
t
A
t
t
t
p
r
(
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iles, birds and humans, while in teleost fish and amphibians Octs
ave two and one ortholog(s), respectively (Mihaljevic et al., 2016).
ammalian OCT1-3/Oct1-3 are expressed in a number of toxi-

ologically important tissues essential for metabolization and/or
xcretion of endo- and xenobiotics, especially liver and kidneys.

hen comparing the tissue expression of human OCTs, OCT1 is
ighly expressed in the liver, in sinusoidal hepatocyte membranes
Gorboulev et al., 1997), and is also found in epithelial cells and
eurons (Koepsell et al., 2003). OCT2 is highly expressed in kidney

n basolateral membranes of all three segments of the proximal
ubule (Motohashi et al., 2002). It is also present in the basolat-
ral membranes of the small intestine (Gorboulev et al., 1997), the
uminal membrane of trachea and epithelial cells of bronchi (Lips
t al., 2005), and the brain (Busch et al., 1996). In mice, there are
lso three Oct co-orthologs expressed in the entire proximal tubule,
ith a dominant expression of Oct1 (Schlatter et al., 2014). Mouse
ct1 is also expressed in the basolateral membranes of enterocytes

Chen et al., 2001). Oct2 expression in rat brain showed localization
n the apical membrane of the choroid plexus epithelial cells (Sweet
t al., 2001). Human OCT3 has a ubiquitous expression pattern. Con-
rary to OCT1 and OCT2, it is weakly expressed in the epithelial
ells of toxicologically relevant tissues and neurons, but is present
n muscle and glia cells (Inazu et al., 2003; Zhang et al., 2008).

Human OCTs are highly polyspecific and transport organic
ations with a one or two positive charge or weak bases with pos-
tive charge at physiological pH (Nies et al., 2011). Despite the
ommon electrogenic nature of OCT-mediated transport, the driv-
ng forces of the transport mechanism differ between members,

ith positive charge and molecular volume as the major drivers
f OCT1-mediated transport, and positive charge and H-bonding
roperties as drivers of OCT2 transport (Hendrickx et al., 2013).
CT1 and 2 share overlapping substrate specificities and occasion-
lly similar substrate affinities (Nies et al., 2011). A great number of
CT inhibitors have been identified, ranging from physiologically

mportant compounds such as steroid hormones and neurotrans-
itters, neuromodulators and their metabolites, to a prominent

umber of xenobiotic inhibitors (Nies et al., 2011; Koepsell, 2013).
he number of identified OCT1 substrates is much lower compared
o the number of known inhibitors, which is a consequence of the
omplex assay procedures used for detecting OCT1/Oct1 substrates.
ydrophobic compounds that passively cross the plasma mem-
rane and whose transport is facilitated by OCTs are hard to identify
s OCT substrates, especially if their Km values are high, which
ould cause hardly noticeable differences between OCT-mediated

nd passive transport (Koepsell, 2015).
An additional reason for the disproportion between the low

umber of identified OCT-transported substrates (competitive
nhibitors) and the much higher number of non-transported inter-
ctors (un- or noncompetitive inhibitors) is the complex structure
f the OCT active region. OCTs/Octs consist of twelve transmem-
rane alpha helices (transmembrane domains, TMDs), with a large
xtracellular loop between the first and second TMDs, and an
ntracellular loop between the sixth and seventh TMD. The spatial
rganization of the twelve TMDs within the plasma membrane and

oining loops determines the structure of the active cleft (Gorboulev
t al., 2005). Eight crucial amino acid residues that define substrate
ffinities and the transport mechanism have been identified within
he OCT1/Oct1 active region (Popp et al., 2005; Volk et al., 2009).
part from a complex interaction of OCT substrates with the iden-

ified amino acid residues within the substrate-binding region, OCT
ransport activity is regulated by post-translational modifications
hat occur on extracellular (glycosylation) and intracellular (phos-

horylation) loops, and affect the transport activity through the
egulation of membrane localization and oligomerization of OCTs
Keller et al., 2011; Brast et al., 2012; Koepsell, 2015).
cology 187 (2017) 18–28 19

The described complexity of the OCTs/Octs active region can
explain their polyspecific characteristics. Due to the size of the
active cleft and availability of amino acid residues within the cleft,
OCTs/Octs can interact with a vast number of potential substrates.
This is why  organic cation transporters play such an important role
in the cellular uptake of diverse organic cations. Consequently, from
an (eco)toxicological perspective, owing to their tissue localization
in barrier tissues and function in transport of xenobiotics such as
paraquat, ethidium bromide, quaternary ammonium compounds
and numerous others, OCTs/Octs are highly important elements of
cellular absorption, distribution, metabolism and excretion (ADME)
processes (Nies et al., 2011).

The structural and functional properties of fish Octs, along with
their toxicological relevance, are still poorly understood. We  have
previously identified two zebrafish Oct genes, slc22a2 annotated
as oct1, and slc22a3 annotated as oct2 (Mihaljevic et al., 2016).
Phylogenetic and conserved synteny analysis revealed orthologous
relationships between zebrafish genes – oct1 on chromosome 20
and oct2 on chromosome 17–and the human OCT gene cluster on
chromosome 6. Zebrafish Oct1 is highly expressed in the kidneys
of both sexes as well as the male liver (Mihaljevic et al., 2016).
The expression profile of Oct1 is similar to its human orthologs,
OCT1 and OCT2, which are expressed in the basolateral membranes
of the liver and kidney. Therefore, Oct1 in zebrafish could have a
defensive role similar to human orthologs. Based on our previous
findings, in this study we focused on the functional characterization
of zebrafish Oct1. We  used transient and stable in vitro heterolo-
gous expression systems and model fluorescent substrates as the
basis for interaction studies with a wide series of endo- and xenobi-
otics, followed by topology analysis and homology modeling, which
enabled us to determine the structure and membrane localization
of zebrafish Oct1. Finally, we  performed cytotoxicity assays with
Oct1 overexpressing cells to identify Oct1 substrates and evaluate
the Oct1-mediated toxic effects of the identified interactors.

2. Materials and methods

2.1. Chemicals

All fluorescent dyes were purchased from Sigma-Aldrich
(Taufkirchen, Germany), except for ethidium bromide which
was purchased from Serva Electrophoresis GmbH (Heidelberg,
Germany). All of the other chemicals were purchased from Sigma-
Aldrich (Taufkirchen, Germany) or Carl Roth GmbH (Karlsruhe,
Germany).

2.2. Cloning and heterologous expression

A full-length zebrafish oct1 sequence was  obtained from
zebrafish cDNA by polymerase chain reaction using high fidelity
Phusion DNA polymerase (Thermo Scientific, MA, USA) and specif-
ically designed primers with NotI and HindIII restriction sites on
the forward, and KpnI and XbaI restriction sites on the oct1 reverse
primers. An amplified DNA fragment was  cloned into a linearized
pJET 2.0 vector (Invitrogen, Carlsbad, CA). Zebrafish oct1 sequence
was verified by DNA sequencing using automated capillary elec-
trophoresis (ABI PRISM

®
3100-Avant Genetic Analyzer) at the

Ru –der Bošković Institute DNA Service (Zagreb, Croatia). Sequenced
genes of each clone were compared to the reported gene sequences
from the NCBI and ENSEMBL databases. The verified oct1 sequence
was subcloned into the pcDNA3.1(+) and pcDNA3.1/His vectors

(Invitrogen, Carlsbad, CA).

Transient transfection of human embryonic kidney cells
(HEK293T) was based on the previously described procedure by
Popovic et al. (2013) using polyethyleneimine (PEI) as the transfec-
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ion reagent. In order to evaluate transfection efficiency, separate
ells were transfected with pcDNA3.1/His/LacZ (Invitrogen, Carls-
ad, CA) plasmid and transfection efficiency was evaluated 24 h
fter transfection with the LacZ staining protocol (Sambrook et al.,
989).

.3. Development of the Oct1-expressing cell line

Stable expression of Oct1 in genetically engineered HEK293
lp-In cells was achieved using targeted integration of the Oct1
equence cloned into integration vector pcDNA5. pcDNA5/Oct1
onstructs were specifically targeted into the genome of Flp-InTM-
93 Cell Line following the manufacturer’s instructions. In short,
00 ng of the pcDNA5/Oct1 construct were co-transfected with
he helper plasmid pOG44 in a 1:9 ratio (2.7 �g DNA) in the cells
lated in a 6-well Plate 48 h before transfection. After 72 h, the
ells were transferred to a 25 cm2 cell culture flask and grown on
ulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine

erum. After overnight cells attachment, hygromycin B was  added
o the final concentration of 100 mg/mL. The medium was  changed
very 3–4 days and hygromycin B selection continued until single
olonies appeared (approximately 20 days).

.4. Transport assays

Transfected cells that showed more than 70% of transfection effi-
iency were used in the subsequent transport assays. Transfection
fficiency was determined using LacZ staining (data not shown).
ive fluorescent compounds were tested as potential Oct1 sub-
trates: 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide
ASP+), rhodamine 123 (Rh123), berberine, 4-,6-diamidino-2-
henylindole (DAPI) and ethidium bromide (EtBr). The cellular
ptake of all of the substrates was measured in a sodium-
ased transport medium (145 mM NaCl, 3 mM KCl, 1 mM CaCl2,
.5 mM MgCl2, 5 mM glucose and 10 mM Tris, pH 7.4). To obtain
oncentration-response curves of fluorescent substrates, 50 �L of
ve-time concentrated fluorescent substrates were added to the
reincubation medium and incubated 5–15 min  at 37 ◦C, depending
n the substrate used. After the incubation, the cells were washed
wo times with 250 �L of pre-chilled transport medium and lysed
ith 0.1% of sodium dodecyl sulphate (SDS) for 30 min. Lysed cells
ere transferred to 96-well black microplates and the fluorescence
as measured with a microplate reader (Infinite M200, Tecan,

alzburg, Austria). The transport rates were determined by measur-
ng the fluorescence of Oct1-transfected cells and mock-transfected
ells. The final fluorescence value was calculated by subtracting
he fluorescence of mock-transfected cells from Oct1-transfected
ells. To calculate and express the transport rates of fluorescent
ubstrates as pmol of substrate per mg  of protein per minute, we
etermined the calibration curves of the fluorescent dyes in 0.1%
DS, and in the cell matrix dissolved in the 0.1% SDS. Total protein
oncentration was measured using the Bradford assay (Bradford,
976).

After determination of transport kinetics for fluorescent dyes,
SP+ and Rh123 were used in subsequent inhibition assays. Inhibi-

ion measurements were based on the co-exposure of transfected
ells and mock control with the determined model substrate and
otential interactor. The cells were preincubated for 10 min  in
ransport medium, then for 40 s with the test compounds, followed
y 5 and 10 min  of incubation with ASP+ and Rh123, respectively.
he concentrations of the model substrates used were in the linear
art of the previously determined concentration-response curves.

he interaction screens were performed with one or two  concentra-
ions of the tested compounds, and for the interactors that showed
n uptake inhibition above 50%, IC50 values were determined. Com-
ounds with IC50 values in nanomolar and low micromolar range
cology 187 (2017) 18–28

(<5 �M)  were considered very strong interactors; compounds with
an IC50 of 5–20 �M were designated as strong interactors; com-
pounds with determined IC50 values of 20–100 �M were classified
as moderate interactors; and those with an IC50 above 100 �M were
classified as weak interactors.

2.5. Western blotting and immunofluorescence

Cells from 2 wells of a 6-well microplate were collected 24 h
after transfection and lysed in RIPA buffer (NaCl 150 mM,  EDTA
1 mM,  Tris 25 mM,  NP-40 0.8%) with an AEBSF protease inhibitor
cocktail (Sigma-Aldrich, Taufkirchen, Germany) for 30 min  on ice.
After the lysis, cells were subjected to 3 freeze/thaw cycles, briefly
sonicated and centrifuged at 1000 × g for 10 min  at 4 ◦C. Pro-
tein concentration in total cell lysate (TCL) was measured using
the Bradford assay. Proteins (10 �g per lane) were separated by
electrophoresis in 10% polyacrylamide gel with 0.1% SDS. The
separated proteins were transferred to the polyvinylidene diflu-
oride membrane (Millipore, MA,  US) by semidry blotting. Blocking
was performed in blocking solution (5% low fat milk, 50 mM Tris,
150 mM NaCl and 0.05% Tween 20) for 1 h. Subsequently, the mem-
branes were washed and incubated for 2 h with anti-His antibody
(1:5000) and for 1 h with goat anti-mouse IgG-HRP (1:5000) (Bio-
Rad Laboratories, CA, USA) as the secondary antibody. The proteins
were visualized by chemiluminescence (Abcam, Cambridge, UK)
and protein size was estimated by protein marker (ThermoFis-
cher Scientific, MA,  USA). For immunofluorescence localization of
proteins transiently overexpressed in HEK293T cells in 24-well cul-
ture plates on glass coverslips, cell fixation was  performed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 30 min.
Cells were washed three times in 100 mM glycine/PBS, permeabi-
lized with methanol for 15 min  and blocked in 5% low-fat milk for
30 min  with gentle agitation at room temperature. Coverslips were
transferred on microscope slides and incubated for 1 h at 37 ◦C with
Na,K-ATPase anti-mouse primary antibody (Santa Cruz Biotech-
nology, CA, USA), diluted 1:150 in blocking solution, washed and
incubated for 1 h at 37 ◦C with Cy3-conjugated anti-mouse IgG-
HRP (Cyanine3) (1:150) (Santa Cruz Biotechnology). The washing
and blocking steps were repeated and coverslips incubated with
anti-His antibody (1:100) in blocking solution for 1 h at 37 ◦C in
a humidity chamber, washed and incubated with secondary FITC
(fluorescein isothyocyanate) antibody (1:100) in blocking solution
for 1 h at 37 ◦C. Nuclei were stained with DAPI for 45 min  at 37 ◦C
in 300 nM DAPI/PBS. After mounting the samples in Fluoromount
medium (Sigma-Aldrich, Taufkirchen, Germany), immunofluores-
cence was detected using a Leica TCS SP2 AOBS confocal microscope
(Leica Microsystems, Wetzlar, Germany).

2.6. Homology modeling

Homology modeling was used to predict three-dimensional
structures of related human (hOCT1 and hOCT2) and zebrafish
(drOct1) organic cation transporters. Accelrys Discovery Studio’s
Build Homology Models protocol was used to build homology mod-
els of OCTs/Oct based on the alignment of a model sequence and
template structure. The Build Homology Models protocol uses the
MODELER (Sali and Blundell, 1993) automodel to build homology
models. To model the three-dimensional structure of OCTs/Octs,
the crystal structure of the Major Facilitator Superfamily (MFS)
protein lactose permease (LacY) from E. coli (PDB ID code 1PV6)
(Abramson et al., 2003) was used as a template structure, an
approach previously reported by Popp et al. (2005). Accordingly,

the large loops of hOCT1 and hOCT2 were excluded from modeling
since LacY lacks a corresponding structure (loop between TMDs 1
and 2) or exhibits low structural similarity (loop between TMDs
6 and 7). To build homology models of human OCT1 and OCT2,
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he input sequence alignment between the model sequences of
CT1 or OCT2 and the LacY template structure was  used as reported
y Popp et al. (2005). For the input sequence alignment between
uman OCT1 and LacY, 11.8% of the amino acids were identical
nd 32.8% of the amino acids were similar, whereas for the input
equence alignment between hOCT2 and LacY, 9.5% of the amino
cids were identical and 32.7% of the amino acids were similar.
o model the three-dimensional structure of zebrafish Oct1, the
btained homology model of human OCT1 was used as the tem-
late structure. The input sequence alignment between the model
equence of zebrafish Oct1 and human OCT1 template structure
as obtained, where 45.8% of the amino acids were identical and

8.2% of the amino acids were similar. The remaining parameters
n the Parameters Explorer of the Build Homology Models protocol

ere set as follows. Cut Overhangs was set to True to cut the ter-
inal residues of the input model sequence that were not aligned
ith the templates. Number of Models was set to 5 to define the

umber of models to create from an initial structure with Optimiza-
ion Level set to Low to specify the amount of molecular dynamics
ith simulated annealing to perform. To build refinement models

n detected loop regions, i.e., the model sequence segments of at
east 5 residues length which are not aligned with the templates,
efine Loops was set to True. Build Homology Models protocol uses
he DOPE (Discrete Optimized Protein Energy) (Shen and Sali, 2006)

ethod to refine loops. Refine Loops Number of Models was  set to
 to specify the number of models to be created by loop optimiza-
ion, and Refine Loops Optimization Level was set to Low to specify
he number of models to be created by loop optimization. Refine
oops with Use Discrete Optimized Protein Energy (DOPE) Method
as set to High Resolution. After running Build Homology Mod-

ls protocol, the Best Model Structure Superimposed to Templates
as chosen from the generated output models for the final three-

imensional model structure of the corresponding organic cation
ransporter.

.7. Cell viability assay

For in vitro evaluation of the toxicological role of zebrafish Oct1,
pon exposure of HEK293T-drOct1 cells to potential interactors
e performed a colorimetric MTT  (3-(4,5-dimethylthiazol-2-yl)-

,5-diphenyltetrazolium bromide) tetrazolium reduction assay
Mosmann, 1983) with slight modifications. We  used the HEK293T-
rOct1 cells, and the Flp-In HEK293 cells transfected with empty
ector (mock) as control. The cells were seeded in a 48-well cell
ulture Plate 24 h prior to exposure. The exposition lasted for 72 h,
fter which we determined cell viability by MTT  assay, measuring
ormazan production at a wavelength of 578 nm.

.8. Data analysis

All of the assays were performed in 2–4 independent experi-
ents run in triplicates. The data shown on the Figures represent
ean ± standard errors (SE) or standard deviations (SD). All of the

alculations were performed using GraphPad Prism 6 for Windows
s described below. The kinetic parameters, Km and Vmax values
ere calculated using the Michaelis-Menten Eq. (1),

 = Vmax x [S]/([S] + Km) (1)

here V is velocity (picomoles of substrate per milligram of

roteins per minute), Vmax is maximal velocity, [S] is substrate
oncentration and Km is the Michaelis-Menten constant.

The uptake into vector-transfected HEK293T cells was  sub-
racted to obtain transporter-specific uptake. For the purpose of
cology 187 (2017) 18–28 21

IC50 calculations, data were fitted to the sigmoidal four parameters
dose-response model (variable slope) using the Eq. (2):

V = Vmaxin + (Vmaxax − Vmaxin)/(1 + 10(logIC50–A)h)) (2)

where V is response, Vmaxin represents minimum of response,
Vmaxax represents maximum of response, h is the Hill slope parame-
ter, IC50 is the concentration of inhibitor that corresponds to 50% of
maximal effect and A is the concentration of the tested compound.

3. Results

3.1. Topology analysis and homology modeling

Topology analysis of zebrafish Oct1 revealed 12 transmembrane
�-helices or domains (TMDs), characteristic extra- and intracellu-
lar loops, and a cytoplasmic orientation of the N- and C- terminus
(Fig. 1). A large extracellular loop of 105 amino acids was  located
between the first and the second TMD. The following five TMDs
were positioned tightly next to each other up to the large intracel-
lular loop of 62 amino acids, located between the sixth and seventh
transmembrane helix. After the intracellular loop, the remaining
six TMDs were tightly packed without the extra gaps in-between.
Because the crystal structures of eukaryotic OCTs/Octs were not yet
available, we used the structure of the bacterial LacY (PDB 1PV6)
transmembrane transporter, which belongs to the Major Facilitator
Superfamily of proteins and has similar structural characteristics as
SLC22/Slc22 transporters (Popp et al., 2005). Using our Oct1 model,
we identified crucial amino acid residues in the active site cleft and
revealed characteristic spatial organizations with tertiary structure
determined by transmembrane �-helices (Fig. 1, Fig. S3). Crucial
amino acid residues, which were previously confirmed to interact
with substrates in the active site of mammalian orthologs, were
present in the zebrafish Oct1 active site cleft. The sterically accessi-
ble amino acids within the active site cleft of zebrafish Oct1 were:
Phe161, Trp219, Tyr223, Thr227, Arg440, Ile443, Phe447, Gln448,
and Asp475.

3.2. Protein identification and cell localization

Overexpression of His-tagged zebrafish Oct1 in HEK293T cells
was confirmed by Western blot analysis (Fig. 2). Immunofluores-
cence analysis showed localization of Oct1 in the cell membranes.
This was confirmed by co-localization of Oct1 (green) and Na/K
ATPase (red), which is used as a marker for cell membranes. As the
result of co-localization, the signals of the two dyes overlapped and
subsequently produced an orange signal (Fig. 2).

3.3. Functional characterization of zebrafish Oct1

We identified five fluorescent dyes that showed highly
enhanced accumulation in Oct1-transfected HEK293T cells in
comparison to the mock-transfected cells. Time and concentration-
response assays confirmed that the tested dyes were substrates
of Oct1, whose transport followed the classical Michaelis-Menten
kinetics. The first confirmed fluorescent substrate was  4-(4-
(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) which
showed saturable uptake after 5 min  of accumulation. Oct1 trans-
ported ASP+ with high affinity (Km = 26.0 ± 1.69 �M) following
Michaelis-Menten transport kinetics (Fig. 3, Table 1). Rhodamine
123 (Rh123) was the second verified model Oct1 fluorescent sub-
strate. Time-dependent accumulation of Rh123 in Oct1-expressing

cells showed saturation of uptake after 30 min  of accumula-
tion (Fig. S1). Oct1 transported Rh123 with very high affinity
(Km = 104 ± 14.9 nM), but low Vmax (13.0 ± 0.61 pmol/mg pro-
tein/min) (Table 1). Berberine, the third identified fluorescent
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Fig. 1. (A) Graphical presentation of the zebrafish Oct1 topology analysis showing 12 transmembrane domains (TMDs) depicted in red, the large extracellular loop in pink,
and  the intercellular loop with N- and C- terminal ends depicted in blue. (B) Top view of predicted 3D structure of zebrafish (drOct1) and human (hsOCT1), obtained using
t tive re
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he  homology modeling. Conserved amino acid residues within the transporter ac
ln448,  and Asp475). (C) Chemical structures of the five identified Oct1 fluorescen
mino  acid residues within the active site cleft. (For interpretation of the reference

ubstrate of Oct1, reached saturation of uptake at 30 min  of accu-
ulation (Fig. S1). Concentration-response experiments showed

igh affinity towards berberine (Km = 3.96 ± 0.74 �M)  (Table 1). Our
urther search for model Oct1 fluorescent substrates revealed DAPI
s a new potential substrate. DAPI showed very fast transport
ith saturation of uptake at 1.5 min  (Fig. S1). Concentration-
esponse kinetics determined in real time showed high affinity
f Oct1 towards DAPI (Km = 0.78 ± 0.18 �M),  but low Vmax of
.87 ± 0.30 pmol/mg protein/min (Table 1). Finally, similar Oct1
gion are marked in red (Phe161, Trp219, Tyr223, Thr227, Arg440, Ile443, Phe447,
trates (ASP+, Rh123, berberine, DAPI and EtBr) used for identification of accessible
lour in this figure legend, the reader is referred to the web version of this article.)

transport parameters were determined for ethidium bromide
(EtBr) (Fig. S1). Since EtBr expresses its fluorescence maximum
following interaction with DNA, we were also able to perform trans-
port measurements in real time. Kinetic measurements revealed
great difference between Oct1-transfected and mock cells, with
saturation of uptake at 15 min. Zebrafish Oct1 affinity towards EtBr

was very high (Km = 96.9 ± 10.8 nM)  (Table 1).
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Fig. 2. Cell localization and Western blot confirmation of the zebrafish Oct1
overexpressed in HEK293T cells and tagged with the N-terminal 6xHis-tag.
Immunocytochemistry was  performed with fluorescein conjugated secondary anti-
body (FITC) that binds to the primary anti-His antibody and stains the protein in
green. Nuclei are stained in blue with DAPI, and plasma membranes are stained in red
after  binding of primary antibody Na/K-ATPase and Cy3-conjugated IgG secondary
antibody (all anti-mouse). The membrane color turns to orange (white arrows)
because of the overlap of green (Oct1) and red (Na/K-ATPase). Cytosolic forms are
seen as green areas in the cytoplasm. White arrows point to co-localization of Na/K-
ATPase and Oct1 in cell membranes (orange). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Results of the Michaelis-Menten kinetics determinations of the zebrafish Oct1-
mediated uptake of five identified fluorescent substrates. Basic kinetic parameters,
Km (�M) and Vmax (pmol/mg protein/min), are shown. The presented data are
shown as mean of three separate experiments (n = 3) with 95% confidence interval
(c.i.).

Substrate Km (�M)  c.i. Vmax
(pmol/mgprot/min)

c.i.

ASP+ 26.0 22.5–29.5 993 939–1046
Rh123 0.10 0.07–0.14 13.0 11.7–14.3
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Table 2
IC50 values for a set of chosen endogenous and xenobiotic Oct1 interactors deter-
mined using the ASP+ (15 �M)  inhibition assay. IC50 values given in �M were
determined by fitting data to sigmoidal four parameter dose–response model
(variable slope) in the GraphPad Prism 6. Data are given as mean of 3 separate
experiments with 95% confidence intervals (c.i.).

Compound IC50 c.i.

Tripropyltin chloride 13.4 4.75–37.7
Dibutyltin chloride 0.39 0.19–0.81
Tributyltin chloride 3.90 2.56–5.96
Pyrimethamine 0.91 0.29–2.74
Prazosin 2.48 1.65–3.71
Tetraethylammonium 821 693–971
Tetrabutylammonium 28.1 11.8–66.4
Tetrapentylammonium 8.35 4.76–14.6
MPP+ 22.3 8.66–57.4
Verapamil 13.7 10.6–17.8
Propranolol 119 77.7–184
Quinidine 140 111–176
Mitoxantrone 85.3 20.8–350
Cisplatine 65.7 59.3–72.8
Oxaliplatine 956 759–1204
Tamoxifen 54.3 35.2–84.0
Imipramine 62.9 41.5–95.4
Diltiazem 61.9 23.5–163
Cimetidine 522 423–645
Vandetanib 5.19 3.70–7.28
Dasatinib 23.2 13.3–43.0
Progesterone 1.99 1.53–2.58
Androstenedione 5.13 3.60–7.31
Testosterone 13.2 2.57–67.6
Dihydrotestosterone 53.6 30.6–94.0
19-methyltestosterone 54.1 36.9–79.3
Corticosterone 16.5 9.31–29.4
�-estradiol 44.4 22.2–88.7
Berberine 3.96 2.38–5.54 43.5 38.9–48.1
DAPI 0.78 0.39–1.17 6.87 6.22–7.52
EtBr 0.10 0.07–0.12 5.34 5.06–5.61

.4. The interaction screening and concentration-response assays

The interaction screening assay revealed interaction of Oct1
ith numerous endobiotics, confirming its polyspecific properties

Table 2, Fig. S2). Steroid hormones showed to be the most potent
ndogenous interactors. Our screening revealed strong interaction
f zebrafish Oct1 with progesterone, a non-conjugated steroid from
he group of 21-carbon progestenes (IC50 = 1.99 �M;  Table 2). Very
eak Oct1 interactions were reported with pregnenolone, the other

rogesten member, with only a 26.5% inhibition of ASP+ uptake.
he second potent group of Oct1 steroid interactors were 19-
arbon androgens, with the highest interaction determined with
ndrostenedione (IC50 = 5.13 �M),  testosterone (IC50 = 13.2 �M),
nd dihydrotestosterone (IC50 = 53.6 �M)  (Table 2). The structurally
imilar testosterone conjugate 19-methyltestosterone showed
eaker Oct1 interaction than testosterone, with an IC50 value

f 54.1 �M (Table 2). Corticosterone, a 21-carbon glucocorticoid,
howed potent Oct1 interaction with an IC50 value of 16.5 �M
Table 2). Another member of the glucocorticoid group, cortisol,

howed weaker interaction that resulted in only a 21.9% inhibi-
ion of ASP+ uptake. One member of the 18-carbon estrogen group,
-estradiol, also showed high interaction with Oct1 yielding an

C50 value of 44.4 �M (Table 2). Endogenous compounds outside
Acetylcholine 711 465–1088
Tyramine 1002 781–1320

the group of steroid hormones that showed interaction with Oct1
were the neurotransmitter acetylcholine and the tyrosine metabo-
lite tyramine, with IC50 values of 711 �M and 1002 �M,  respectively
(Table 2).

Apart from endogenous interactors, our screening revealed
numerous xenobiotic interactors (Fig. S2). Organotin compounds,
a class of well-known hazardous environmental contaminants,
showed the most potent interaction with Oct1. The strongest inhi-
bition of Oct1-mediated transport was  observed with dibutyltin
chloride (IC50 = 0.4 �M),  followed by tributyltin and tripropyltin
chloride with IC50 values of 3.9 �M and 13.4 �M,  respectively
(Table 2). Interaction assays revealed high affinity interactions
of Oct1 with different classes of pharmaceuticals. The most
potent interactions were obtained with the antimalarial drug
pyrimethamine and the sympatholytic drug prazosin, with an IC50
of 0.91 �M and 2.48 �M,  respectively (Table 2). The members of
the quaternary ammonium cation family also showed high inter-
action levels with Oct1, especially tetrapentylammonium with a
low IC50 of 8.35 �M,  and tetrabutylammonium with an IC50 of
28.1 �M,  whereas tetraethylammonium and tetramethylammo-
nium showed to be less potent Oct1 interactors (Table 2). MPP+,
a model cation and known substrate of human OCT1, inhibited
ASP+ uptake by zebrafish Oct1 with an IC50 value of 22.3 �M
(Table 2). We  determined strong interactions with pharmaceuticals
from the family of antiarrhythmic drugs like verapamil, propra-
nolol and quinidine, with IC50 values of 13.7, 119, and 139 �M,
respectively. The antineoplastic drugs, mitoxantrone, tamoxifen,
cisplatine and oxaliplatin inhibited Oct1-mediated ASP+ uptake
with IC50 values of 85.3, 54.3, 65.9 and 956 �M,  respectively

(Table 2). We  confirmed interactions of Oct1 with the antide-
pressant imipramine (IC50 = 62.9 �M),  the antihypertensive drug
diltiazem (IC50 = 61.9 �M),  and the antiulcer drug cimetidine with
a high IC50 value of 522 �M.  Interaction with tyrosine kinase
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Fig. 3. Michaelis-Menten kinetics of the zebrafish Oct1-mediated uptake of fluorescent dye ASP+. A) Time dependent uptake of ASP+ by HEK293T cells overexpressing Oct1
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nd  by mock-transfected cells, respectively. ASP+ accumulation is expressed as incre
f  Oct1 ASP+ uptake expressed as transport rate (pmol/mg protein/min) over ASP
ean  ± S.E. from triplicate determinations.

nhibitors was also determined. Vandetanib inhibited an ASP+
ptake with a low IC50 value of 3.74 �M,  whereas dasatinib inhibi-
ion resulted in a higher IC50 of 29.1 �M (Table 2).

.5. Modulation of toxicity using overexpression of Oct1

We  were able to discriminate transported compounds (i.e., sub-
trates) of the zebrafish Oct1 from those that were not through
he exposure of stably transfected HEK293T-drOct1 cells to previ-
usly identified Oct1 interactors and observing the shift in related
oncentration-response curves. Oct1-overexpressing cells exposed
o a competitive inhibitor were more sensitive to its toxic effect,
hich resulted in lower EC50 values in comparison with mock-

ransfected cells. The highest, approximately 6-fold, shift in EC50
alues was observed with the known human OCT substrate MPP+,
ollowed by the antineoplastic oxaliplatin and alkaloid berberine,

hich both caused approximately a 5-fold shift in their respec-
ive EC50 values (Fig. 4). The other investigated interactors such
s mitoxantrone, cisplatin, paraquat and prazosin showed toxic
ffects with EC50 values of 0.85, 1.47, 1.2 and 31.39 �M,  respec-
ively. However, as there was no shift in these compounds’ EC50
alues in the transfected compared to mock-transfected cells, we
oncluded they were not Oct1 substrates and observed that the
ytotoxic effect of these compounds may  have been due to passive
ptake (Fig. 5).

Once we were able to distinguish between compounds trans-
orted by Oct1 from those that were not, we proceeded towards

 more detailed determination of Oct1 interactions. We used
xaliplatin as the model cytotoxic zebrafish Oct1 substrate and

nvestigated the effect of co-exposure of increasing concentrations
f oxaliplatin with a single concentration of cisplatin, MPP+ or
rogesterone. We  determined that MPP+ and progesterone abol-

shed the effect of Oct1 overexpression to oxaliplatin cytotoxicity,
hereas cisplatine did not show any modulation of cytotoxicity in

he Oct1 overexpression cells in comparison to mock-transfected
ells (Fig. 6).

. Discussion

This study represents the first functional characterization of a
sh organic cation transporter. Our primary goals were to elu-
idate the interaction of Oct1 with xenobiotics and endogenous

ompounds and, using a zebrafish model, offer initial insight into
he potential role of Oct1 in the toxicological response of fish. As
hown previously, zebrafish Oct1 was highly expressed in the kid-
ey and liver, toxicologically important tissues, which indicated
 fluorescence (fluorescence units − f.u.) over time (min). B) Concentration-response
entration (�M) after 5 min incubation with ASP+. Each data point represents the

that Oct1, as a direct ortholog of human OCTs, may  be an impor-
tant element of the ADME processes in zebrafish (Mihaljevic et al.,
2016). To functionally characterize zebrafish Oct1, we  developed an
in vitro assay with stably transfected cells and fluorescent dyes as
model substrates. Five Oct1 fluorescent substrates were identified:
ASP+, Rh123, berberine, DAPI and EtBr. ASP+ showed better kinetic
parameters in comparison to other dyes, specifically showing a high
transport velocity by zebrafish Oct1.

The observed differences in the Oct1-mediated transport of
five different fluorescent substrates were probably caused by
the presence of a high and low affinity binding site within the
Oct1 active region, as suggested by Koepsell for rat Oct1 (2015).
Zebrafish Oct1 showed high affinity for Rh123, DAPI and EtBr,
whereas their maximum transport velocity values (Vmax) were low
(Table 1). Compared to the high affinity transport of these three sub-
strates, ASP+ and berberine showed lower interaction affinity with
Oct1, whereas their Vmax values were considerably high (Table 1).
Therefore, the complexity of the OCT/Oct active region, reported
previously in human and other investigated mammalian species,
is most probably present and relevant with respect to the trans-
port properties of zebrafish Oct1. There is 42–53% of amino acid
identity among vertebrate OCTs/Octs (Mihaljevic et al., 2016), and
our homology modeling based on known structure of the bacterial
MFS  member lactose permease (LacY) revealed a high structural
similarity with mammalian Oct1 orthologs (Koepsell, 2015). Struc-
tural analysis confirmed transmembrane topology of Oct1 with
12 TMDs, as well as the presence of characteristic large extra-
cellular and intracellular loops (Fig. 1). Eight crucial amino acid
residues (Trp219, Tyr223, Thr227, Arg440, Ile443, Phe447, Gln448
and Asp475), located in the TMDs of the zebrafish Oct1 active
region, were previously shown to change the substrate affinities
and transport rates of rat Oct1 (Gorboulev et al., 1999, 2005; Popp
et al., 2005; Volk et al., 2009). These amino acid residues are con-
served in humans as well as in zebrafish (Fig. 1, Fig. S3) and probably
play important roles in the interaction between a substrate and the
substrate-binding region (Koepsell, 2011). Our structural analysis
of Oct1 also confirmed that these crucial amino acid residues were
situated within the substrate-binding region inside the same TMDs
as in mammalian orthologs (Fig. 1, Fig. S3).

Taking into account the structural similarities between
zebrafish Oct1 and human orthologs, we  pursued the functional
characterization further using transport activity experiments with

previously identified interactors of human OCTs. Prior to the inter-
action screening, we  confirmed the expression and localization of
Oct1 in the plasma membrane of HEK293T cells used as a het-
erologous expression system in our study (Fig. 2). The determined
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Fig. 4. Modulation of oxaliplatin (A), berberine (B) and MPP+ cytotoxicity (C) due to the overexpression of the zebrafish Oct1 in FlpIn/HEK293 cells, as determined using the
MTT  assay. The modulation is seen as a shift of the concentration-response curve to the left (lower EC50 in comparison with the mock-transfected cells). For the purpose
of  EC50 calculations, data were fitted to the sigmoidal four-parameter dose-response model (variable slope) in GraphPad Prism version 6. Each data point represents the
mean  ± S.E. from triplicate determinations.

Fig. 5. Uncompetitive inhibitors prazosin (A), cisplatin (B), paraquat (C), and mitoxantrone (D) do not modulate cytotoxicity in FlpIn/HEK293 cells overexpressing zebrafish
Oct1.  For the purpose of EC50 calculations, data were fitted to the sigmoidal four-parameter dose-response model (variable slope) in GraphPad Prism version 6. Each data
point  represents the mean ± S.E. from triplicate determinations.
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Fig. 6. Modulation of oxaliplatin cytotoxicity in the Oct1 overexpressing and mock-transfected cells exposed to increasing concentrations of oxaliplatin without or in the
presence of single concentration of inhibitors transported by Oct1 or those that were not transported. (A) cytotoxicity of oxaliplatin in the Oct1 overexpressing and mock-
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ransfected cells, without the inhibitors added (CONTROL); (B) co-exposure with ci
4  �M).  For the purpose of EC50 calculations, data were fitted to the sigmoidal four-
oint  represents the mean ± S.E. from triplicate determinations.

ptake preferences and basic kinetic parameters of the identified
uorescent substrates were then used as the basis for an inter-
ction analysis of a wide range of potential Oct1 substrates and
nhibitors that had not been transported. Zebrafish Oct1 showed
nteraction with known endogenous substrates of human and
odent OCTs/Octs (Nies et al., 2011). The IC50 values in the low

illimolar range were determined for acetylcholine (711 �M)  and
yramine (1002 �M).  The acetylcholine IC50 value was similar to
hat reported for human OCT1, whereas tyramine showed a 5-fold
ower IC50 value in interaction with human OCT1 (Bednarczyk et al.,
003; Lips et al., 2005). Additionally, acetylcholine revealed simi-

arity between zebrafish Oct1 and human OCT1, whereas human
CT2 showed a high transport affinity of acetylcholine with a Km
alue of 117 �M.  OCT2-specific transport was also reported for
holine, dopamine, creatinine and N1-methylnicotinamide. His-
amine, norepinephrine, epinephrine, and the neuromodulators
istidyl-proline diketopiperazine (cyclo(His-Pro)) and salsolinol,
ogether with the L-arginine metabolite agmatine were transported
y all three human orthologs (Nies et al., 2011; Koepsell, 2013;
oxberger et al., 2014; Chen et al., 2014; Müller et al., 2015). Strong

nteractions were determined with steroid hormones. By compar-
ng the IC50 values of human and zebrafish OCT/Oct, zebrafish
ct1 was found to be similar to human OCT1 and OCT2 orthologs:
rogesterone and testosterone inhibited zebrafish Oct1-mediated
ransport with similar IC50 values as human OCT1, IC50 for �-
stradiol was similar to human OCT2, while corticosterone IC50
as similar to both human OCT1 and OCT2 (Zhang et al., 1998;
ayer-Zillgen et al., 2002; Nies et al., 2011).
To assess the potential role of zebrafish Oct1 in cellular defense
nd ADME processes, we extended our interaction studies to
everal groups of xenobiotics. Our selection was based on their
 (0.5 �M);  (C) co-exposure with MPP+ (1 �M);  (D) co-exposure with progesterone
eter dose-response model (variable slope) in GraphPad Prism version 6. Each data

reported interactions with human or mammalian OCTs/Octs and/or
their cationic nature. The interaction of zebrafish Oct1 with TEA
(IC50 = 821 �M)  was similar to the interaction reported for human
OCT1 (IC50 = 158–1390 �M),  whereas OCT2 and OCT3 showed both
lower and higher IC50 values, respectively (Dresser et al., 2002;
Kimura et al., 2009; Ming et al., 2009).

Other model cations from the group of tertiary ammonium ions,
TBA and TPenA, showed overlapping IC50 values for zebrafish Oct1
transport, which is similar to the interaction pattern and range
reported for human OCTs (Gorboulev et al., 1997; Zhang et al.,
1998; Dresser et al., 2002). A similar effect was obtained with
another model cation, MPP+, with a similar IC50 value to those
of human OCT1 and OCT2 (Gorboulev et al., 1997; Gründemann
et al., 2003). The most potent xenobiotic interactors of Oct1 were
organotin chlorides, a group of highly deleterious environmen-
tal contaminants (Fent, 1996). Our study is the first report of an
interaction of organotin chlorides with organic cation transporters,
with the most potent effect determined for dibutyltin chloride, fol-
lowed by tributyltin and tripropyltin chloride (Table 2). Regardless
of the regulation of organotin compound usage in some countries
due to their harmful effects on aquatic environments, high con-
centrations of TBT are nevertheless found in such environments,
with nanomolar concentrations found in fish, suggesting a poten-
tially important role for fish Oct1 in the toxicological response in
organotin-contaminated aquatic environments (Hotch, 2001).

A potent interaction of zebrafish Oct1 was  obtained for the anti-
malarial drug pyrimethamine, whose IC50 value of 0.4 �M was
almost 10 and 25 times lower than values reported for human

OCT1 and OCT2, respectively (Ito et al., 2010). The sympatholytic
drug prazosin inhibited Oct1-mediated transport with similar affin-
ity as human OCT1 (Minematsu et al., 2010). The reported IC50
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alue of the antiarrhythmic drug verapamil was similar to the
eported value for human OCT2 (Minematsu et al., 2010), whereas
he interaction of Oct1 with the other investigated antiarrhyt-

ics, propranolol and quinidine, was more similar to human OCT1
Zhang et al., 1998; Ahlin et al., 2008). Interestingly, a rare similar-
ty related to human OCT3 interaction strengths was determined
or the antidepressant imipramine and antihypertensive diltiazem
Wu et al., 2000; Umehara et al., 2008). Investigation on the effect
f antineoplastic drugs on zebrafish Oct1 activity revealed mitox-
ntrone as the most potent drug, similarly to human OCT1, whereas
amoxifen showed similarity to human OCT2. The cisplatin and
xaliplatin Oct1 interaction pattern was similar to interactions pre-
iously reported with human orthologs, with cisplatin showing a
ore potent interaction with OCT2 than oxaliplatin (Ciarimboli

t al., 2005; Yonezawa et al., 2006). Vandetanib and dasatinib, rep-
esenting another group of antineoplastic drugs from the class of
yrosine kinase inhibitors (TKIs), showed a potent inhibition of
ebrafish Oct1 transport which is in correlation with findings that
emonstrated an effect of TKIs on the post-translational regulation
f human OCT2 (Sprowl et al., 2016).

Based on the described identification of xenobiotic Oct1 interac-
ors, in the final part of our study we obtained the first indications
egarding the possible role of Oct1 in the zebrafish toxicological
esponse. Using our expression system, we also aimed at deter-

ining the type of interaction of the investigated compounds with
ebrafish Oct1, discerning between Oct1-transported substrates
nd inhibitors that had not been transported. The initial cytotox-
city tests performed using the MTT  assay revealed that MPP+,
s an Oct1 substrate, caused the Oct1-overexpressing cells to be
ore susceptible to the toxic effect of this known neurotoxin

Wiemerslage and Lee, 2016) in comparison to mock-transfected
ells. MPP+ showed an EC50 value of 18.0 �M which was similar
o its determined IC50 value of 22.3 �M (Table 2, Fig. 4). Likewise,
ct1-overexpressing cells exhibited much higher sensitivity to the
ther two identified substrates, berberine and oxaliplatin, with
C50 values of 95.7 nM and 236 nm,  respectively (Fig. 4).

Furthermore, a comparison of the determined Oct1 interac-
ion strengths (IC50 values) and toxic potencies (EC50 values)
evealed that the identified interactors may  have toxic effects in
ebrafish even at concentrations below the determined IC50 val-
es. Therefore, due to the already frequent and still growing usage
f oxaliplatin as a neoplastic drug, and berberine as an antidiabetic
nd anticancer drug with unclear outcomes in the environment,
he determined EC50 values point to their potential environmental
elevance (Besse et al., 2012; Liu et al., 2016). It is also impor-
ant to note that the harmful effects of the identified toxic Oct1
ubstrates may  occur indirectly, through Oct1-mediated uptake
hrough the intestine and potentially gills, elevating the concen-
ration of potential toxins in plasma. In addition, the inhibition
f Oct1 primarily expressed in zebrafish kidneys could destabilize
he excretion of deleterious compounds, which may  in turn lead to
oxic effect of other, normally non-toxic xenobiotics or endogenous
ompounds (Hagos et al., 2016). Finally, using our test system we
howed that MPP+ and progesterone were able to completely abol-
sh the elevated cytotoxicity of oxaliplatin in Oct1-overexpressing
ells (Fig. 6). The observed effects confirmed that these compounds
re indeed competitive inhibitors (i.e. substrates) of zebrafish Oct1,
hereas cisplatin proved to be an Oct1 inhibitor that is not trans-

orted (Fig. 6).
In conclusion, this study provides a structural model of zebrafish

ct1 which revealed similarities and differences with human and
ammalian orthologs, with special emphasis on the complex-
ty of the OCT/Oct active region. The presented structural model
an be used for a more detailed investigation of zebrafish Oct1
nd the characterization of its active region. Our interaction tests
howed the polyspecific nature of zebrafish Oct1. Altogether, the
cology 187 (2017) 18–28 27

high expression of zebrafish Oct1 in the liver and kidney, in
addition to the high number of diverse endo- and xenobiotic
interactors, suggested a similar function of zebrafish Oct1 to both
human OCT1 and OCT2. Finally, our experiments on the cytotoxicity
modulation of model Oct1 substrates pinpointed four transported
substrates – progesterone as a physiologically relevant substrate,
and oxaliplatin, berberine and MPP+ as environmentally relevant
and potentially toxic Oct1 substrates – providing bases for further
in vivo studies needed for the evaluation of the ecotoxicological
relevance of this membrane transport protein in fish.
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