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ABSTRACT

Purpose The organic cation transporters (OCTs) and multi-
drug and toxin extrusions (MATEs), located in the basolateral
and apical membrane of proximal tubular cells respectively,
are crucial determinants of renal elimination and/or toxicity
of cationic drugs such as cisplatin. The purpose of this study
was to discover selective OCTT inhibitors over MATEs, and
explore their potential to protect against cisplatin-induced
nephrotoxicity that is clinically common.

Methods The inhibition by select compounds on the uptake
of the probe substrate metformin was assessed in HEK293
cells overexpressing human OCT2, OCTI1, MATEI,
MATEZ2-K, and mouse Oct2, Octl, and Matel.
Furthermore, the effects of carvedilol on organic cation
transporter-mediated cellular and renal accumulation of met-
formin and cisplatin, and particularly the toxicity associated
with cisplatin, were investigated in HEK293 cells and mice.
Results Five selective OCT inhibitors were identified through
the screening of forty-one drugs previously reported as the
inhibitors of OCTs and/or MATEs. Among them, carvedilol
showed the most selectivity on OCTs over MATEs (IC50:
3.6 uM for human OCT2, 103 pM for human MATEI
and 202 pM for human MATE2-K) in the cellular assays
in vitro, with the selectivity in mice as well. Moreover,
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carvedilol treatment could significantly decrease cisplatin ac-
cumulation and ameliorate its toxicity both in vitro in cells and
in vivo in mouse kidney.

Conclusions Our data indicate that selective inhibition of
OCTs by carvedilol may protect from cisplatin-induced
nephrotoxicity by restraining the cellular entry of cisplatin
via OCTs, while having no impact on its elimination
through MATEs.
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ABBREVIATIONS

AUC Area under curve

Crrax The maximum concentration

DDl Drug-drug interaction

H&E staining  Haematoxylin and Eosin staining
ICso The half maximal inhibitory concentration
MATE Multidrug and toxin extrusions
MPP™* 1-methyl-4-phenylpyridinium

OCT Organic cation transporters

Tip Half life

TEA Tetraethyl ammonium

Trax Time of the maxium concentration
INTRODUCTION

Over the past decades, it has been increasingly recognized that
drug transporters play a crucial role in drug disposition, efficacy
and toxicity in the kidney. Various drug transporters are locat-
ed in human renal tubular cells, among which organic cation
transporter 2 (OCT2) and multidrug and toxin extrusion 1 and
2-K (MATEIL, MATE2-K) are critically involved in renal ac-
cumulation and elimination of cationic drugs. OCTs and
MATE:s together are regarded as an organic cation transport
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system due to their significant overlap on structurally unrelated
exogenous and endogenous substrates, including tetraethyl am-
monium (TEA) (1), 1-methyl-4-phenylpyridinium (MPP") (2),
metformin (3), antiretroviral drugs (4,5), anticancer drugs (6)
and creatinine (7,8). While both Octl and Oct2 are highly
expressed in rodent kidney, OCT?2 is the predominant OCT
1soform expressed in human kidney (9). In contrast, Matel is
the only isoform found in rodent kidney, while MATE] and
MATE2-K are both expressed in human kidney. OC'Ts, which
are located in the basolateral membrane, are driven by the
internal negative membrane potential to uptake substrates into
the tubular cells; however, MATEs, which are resided in the
apical membrane, transport substrates into the urine by using
the proton gradient.

Both OCTs and MATEs are important in determining
renal accumulation and elimination of cisplatin, an anti-
cancer drug, the use of which is dose-limited largely due to
its nephrotoxicity. Renal elimination and accumulation of cis-
platin were significantly reduced in Oct//2 double knockout
mice as compared to the control wild-type mice (10,11).
Moreover, cancer patients who were heterozygotes for
OCT?2 variant 808G > T showed a significantly less nephro-
toxicity than those carrying reference alleles only, as indicated
by a decreased level of plasma creatinine and an improved
renal histology score (11,12). In contrast, as compared to wild-
type mice, Matel knockout mice have showed an increased
accumulation of cisplatin and more severe cisplatin-induced
nephrotoxicity (13). Consistently, we have also found that
ondansetron can increase the renal accumulation of cisplatin
and aggravate its nephrotoxicity via potent inhibition of
Matel in mice (14). Cisplatin and oxaliplatin have been re-
ported to exhibit more severe nephrotoxicity than other
platinum-based drugs due to a higher affinity to hOCT?2
(6,15). Interestingly, oxaliplatin induces less nephrotoxicity
than cisplatin probably because it is a better substrate of
MATEZ2-K for excretion into the urine (16).

In the present study, we sought to discover a selective in-
hibitor of OCT2 over MATE1/2-K by screening the known
OCTs/MATEs inhibitors. With a relatively selective OCT2
inhibitor identified from the screening, we would further test
the hypothesis that selective inhibition towards OCTs over
MATEs could effectively reduce the entry of a risky substrate
such as cisplatin into the renal tubular cells via OCTs and
leave the elimination via MATEs unaffected, protecting from
the drug-induced nephrotoxicity.

MATERIALS AND METHODS
Chemicals and Reagents

Dulbecco’s Modified Eagle’s medium (DMEM), Phosphate-
buffered saline (PBS), Lipofectamine 2000, and fetal bovine
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serum were purchased from Invitrogen. ['*C]-metformin
(1.0 mCi, 90 mCi/mmol) was purchased from Moravek
Biochemicals and Radiochemicals (Brea, CA). All other
compounds, including cisplatin, carvedilol, and unlabeled
metformin, were obtained from Sigma Chemical Co. (St.
Louis, MO). Cell viability was tested by cell counting kit-8
(Enzo Life Science Inc). The nitric acid used to lysate cells
and the chemical standards for cisplatin measurement by
inductively coupled plasma mass spectrometry (ICP-MS)
were of trace ICP-MS grade and supplied by Sigma-
Aldrich Corp. (St Louis, MO).

Cell Lines and Cell Culture

Stable HEK-293 cells overexpressing human (h) OCT2,
hMATEI, or hMATE2-K were previously established in
our lab (14). The cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 U/mL penicil-
lin, 100 pg/mL streptomycin, and 20 pg/mL hygromycin
and incubated at 37°C in 5% COy in a humidified atmo-
sphere. Transient transfection was used to overexpress
human OCT1, mouse Octl, mouse Oct2, and mouse
Matel in HEK-293 cells by using lipofectamine 2000
(Invitrogen) according to manufacturer’s instruction. The
overexpression of these transporters in HEK-293 cells was
confirmed by real-time PCR and functional tests.

Inhibition of Metformin Uptake in HEK-293 Cells

Metformin was used as the substrate to probe the activities of
OCT and MATE transporters. The cells were seeded to poly-
D-lysine coated 24-well plates at 2.5 X 10” cells per well. After
24 h of culture, the inhibition studies were performed as de-
scribed previously as for OCT2 (14), and with a minor mod-
ification as for MATEs. Briefly, as the transport of substrates
by MATE:s is driven by an inward proton gradient  vio in
tissues, here the transport direction i vitro was reversed by
introducing H" into the cells with an acidified K™ based buffer
(140 mM KCI, 0.4 mM KH,PO,, 0.8 mM MgSO,, 1.0 mM
CaCly, 25 mM glucose, 10 mM HEPES, and 30 mM NH,CI,
KBB) for 15 min at 37°C, then for 5 min in NH,Cl-free KBB.
Afterwards, the cells were immediately co-incubated with in-
hibitors and metformin (50 uM, containing 1/20 ['*C]-la-
beled metformin) in KBB for 5 min. The uptake was stopped
by washing with ice-cold KBB for three times. Cells were
then lysed in 300 uL PBS with 1% triton X-100 by shak-
ing for 20 min, with 250 pL cell lysates being added into
3 mL scintillation buffer (Econo-Safe™ Economical bio-
degradable cocktail, Research Products International
Corp, Mount Prospect, IL). Radioactivity was measured
by Tri-Carb 2910TR liquid scintillation analyzer
(PerkinElmer, Boston, MA).
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Cisplatin Uptake and Cytotoxicity in HEK-293 Cells

HEK-hOCT?2 and the control cells expressing the empty
vector (HEK-control) were treated with cisplatin (100 pM)
for 2 h with or without a selective OCT?2 inhibitor (car-
vedilol 10 uM). The cells were then washed by PBS, and
cultured for additional 22 h in normal medium before the
cell viability and intracellular cisplatin level being mea-
sured. The cell viability was determined by the cell
counting kit-8 (CCK-8, Enzo Life Science Inc.) following
the manufacturer’s instruction. Briefly, 200 pL of the cell
counting medium (10% of CCKi-8 in the serum-
containing DMEM) was added into each well. The medi-
um was transferred to a 96-well plate and absorbance was
measured at 450 nm after incubation at 37°C for 30 min.
ICP-MS was used to quantitate the intracellular platinum
as described (17). Briefly, cells were lysed by 200 pL of
nitric oxide (67-70%, Sigma-Aldrich, St. Louis, MO),
then shaken for 15 min. Thereafter, 100 pL of cell lysate
along with 20 pL internal standard (Iridium, 50 pg/mL)
and 1880 pL 2% nitric oxide was transferred to a 2 mL
tube which was ready for quantification by ICP-MS
(Agilent 7700). Protein concentrations were measured by
a bicinchoninic acid (BCA) protein assay kit (Bio-Rad,
Hercules, CA) and then used to normalize the cisplatin
concentration values determined from ICP-MS analysis.

Animal Study

All procedures were approved by the Institutional Animal
Care and Use Committee at the University of Maryland,
Baltimore, and carried out in accordance with NTH
guidelines for animal experimentation. Male C57BL/6]
mice at 12—-14 weeks of age were used. The mice were
fasted for 6 h and then administrated with carvedilol
(2 mg/kg) 30 min before and together with metformin
(10 mg/kg, with 1/20 ['*C]-metformin) or cisplatin
(10 mg/kg) intraperitoneally. For metformin pharmacoki-
netics, the blood samples were collected before and at 5,
15, 30, 45, 60, 90, and 120 min after metformin admin-
istration. Then 15 pL of plasma were added into 2 mL
scintillation buffer for radioactivity counting as described
above. To determine the tissue accumulation of metfor-
min and cisplatin, the mice were euthanized 30 min and
8 h after administration of metformin and cisplatin, re-
spectively, with liver and kidney tissue being collected and
homogenized for radioactivity counting and ICP-MS de-
tection, respectivley. To determine cisplatin nephrotoxici-
ty, the mice were euthanized 72 h after administration of
carvedilol and/or cisplatin, with kidney tissues being col-
lected for histology and molecular marker examination.
The mRNA level of Kiml was used as the molecular
marker of nephrotoxicity as described (18). The

haematoxylin and eosin (H&E) staining of kidney tissues
was performed by the Pathology Department of School of
Medicine, University of Maryland, Baltimore.

Statistical Analysis

GraphPad Prism version 5.01 (GraphPad Software, San
Diego, CA) was used to perform the statistical analysis. All
in vitro experiments were repeated for at least three times, with
3 to 6 measurements being performed in each repeat.
Representative data were shown, and presented as Mean *
standard deviation (SD). For pharmacokinetics (PK), the area
under the concentration-time curve (AUC) value was calcu-
lated using a linear trapezoidal method. The maximum con-
centration (Cy,,,) was the highest observed plasma concentra-
tion and T, was the time at which C,,, occurred. A two-tail
Student’s ¢ test was used for statistical comparison between
two groups, while one-way analysis of variance (ANOVA)
followed by post hoc Tukey comparison for more than two
different groups. Non-parameter statistical analysis was used
to compare the physicochemical parameters of the tested
compounds which were obtained from www.drugbank.ca
and predicted by ChemAxon. p < 0.05 was set as the
threshold for the significantly statistic difference.

RESULTS

Inhibitor Validation for hOCT2, hMATEI
and hMATE2-K

In an attempt to discover selective hOCT?2 inhibitors over
hMATEs, a total of 41 compounds which had been pre-
viously reported to be either hOCT2 or hMATEs inhib-
itors were screened for their inhibitory profile towards
hOCT?2, hMATE! and hMATE2-K by using metformin
as the probe substrate. The half-maximal inhibitory con-
centration (ICs5q) was calculated to reflect the inhibitory
potency of each inhibitor over a series of concentrations
with the highest not exceeding 500 pM. A compound
would be defined as an inhibitor when at least 50% of
inhibition on metformin uptake could be achieved with
the concentrations examined. The relative 1C5, values
obtained from our study were generally comparable to
previously reported ones even though a different probe
substrate or different concentrations of the probe sub-
strate were used. For instance, imatinib showed a selective
inhibition on hMATEs, with the IC5( being calculated as
28.9 uM, 0.1 pM and 13.9 pM for hOCT2, hMATE]
and hMATE2-K, respectively, as compared to 5.81 pM,
0.048 pM and 0.48 uM obtained previously by others
(19). Consistent with a previous report (14), more com-
pounds showed a relatively lower IC5q for hMATE1/2-
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K than hOCT2. Among all the screened compounds,
flutamide, fucidic acid, bufexamac, atenol and carvedilol
(Table I) showed a more potent inhibitory effect on
hOCT2 than hMATEs, thus being categorized as the

Table I  ICsq (UM) for Inhibition of Human OCT2, MATE| and MATE2-K
by Select Compounds

hOCT2 hMATE | hMATE2-K
Imatinib 289 0.1 13.9
Nefazodone 22.1 0.3 59
Ketoconazole 252 < 2.8
Pyrilamine maleate >500 74.7 76
Raloxifene >93 [ 52
Ritonavir >100 031 4.6
Glimepiride >250 15.7 >250
Amlodipine 840 17 42
Candesartan > 1000 281 355
Trimethopime >125 0.7 0.2
Gemfibrozil >500 209 128
Fenofibrate 182 83 >250
Abocavir 396 146 >500
Sunitinib I5.1 2.68 9
Dasatinib [.54 <l 52
Bosartan 60.5 432 I3
Lopinavir 0.7 <042 >42
Propafenone 153 74 24.1
Telmisartan 24.4 1.9 14.9
Amitriptyline 4.6 29.6 >500
Exemestone 2.7 4.8 9.6
Lansoprazole 50.5 25.7 30.7
Miconazole 20 32.8 >400
Olanzapine 16.9 387 1.4
Omeprazole 19.3 40.8 52
Pantamidine 8.8 24.7 20.2
Pantoprazole 20.9 6.7 19
Rabeprazol 26 4.6 4.1
Metoprolol 50 85 924
Glibenclamide 8.4 >100 48
Flutamide 10.6 >100 30.5
Fudidic acid 3.65 40.1 16
Bufexamac 18.6 >500 329
Atencolol 92 >500 310
Carvedilol 3.6 103.4 202
Argatroban > 1000 >1000 >1000
Valsartan >500 >500 440
Gefitinib* - 0.5 |4
Cimnasizine* - 13.9 >250
Saquinavir® - 72 274
[traconazole® - 43 > 100

*hOCT2-enhancer: The compound increased hOCT?2 activity at the low but
clinically relevant concentrations tested (less than 10 uM)
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selective hOCT?2 inhibitors. With respect to inhibition
towards the two hMATEs, 21 compounds had a similar
IC50 for hMATE] to that of hMATE2-K, 16 compounds
showed a marginally less potent inhibitory effect on
hMATE2-K than hMATEI, and four compounds which
were not inhibitors of hMATE! turned out to be inhibi-
tors of hMATE2-K.

Notably, four compounds were grouped as hOCT2-
enhancer due to their ability to increase hOCT?2 activity
at the low but clinically relevant concentrations (less than
10 uM) (gefitinib, cimnasizine, saquinavir, itraconazole;
the last four compounds in Table I), although these four
compounds could inhibit hOCT2-mediated metformin
uptake at the high concentrations. In addition, they were
also potent inhibitors of hLMATEIL, and two of them were
the inhibitors of hMATE2-K as well. The physicochem-
ical properties including water solubility, molecular
weight, logP, Pka acidic and basic, physiological charge,
hydrogen acceptor and donor count, polar surface area,
rotatable bound count, refractivity, polarizability and
number of rings were analyzed and compared with
non-hOCT2-enhancers. Of all physicochemical parame-
ters examined, the hOCT2-enhancers were found to
have more rings (5.0 = 1.4 vs. 3.2 £1.3) and higher re-
fractivity (156 £43.6 vs. 103 + 32.2) as compared to the
non-enhancers. (Fig. 1).

Characterization of Carvedilol as a Selective OCTs
Inhibitor

Among the five identified selective hOCT?2 inhibitors,
carvedilol was chosen for further investigation as it pos-
sessed the selectivity hOCT?2 inhibition at clinical relevant
concentrations. In addition to hOCT2, hMATEI, and
hMATE2-K, the inhibition by carvedilol towards other
homologs and orthologs of OCT and MATE was exam-
ined. The calculated 1C5q values were 3.6 uM for
hOCT2, 6.4 pM for hOCTI, 103 uM for hMATEL,
and 202 uM for hMATE2-K when using metformin as
the probe substrate (Fig. 2). Similar to the results obtained
for the human orthologs, carvedilol also showed a selec-
tive inhibition on mouse (m) Octl and mOct2 over
mMatel, with the IC5y values of 2.8 uM for mOctl,
23.1 puM for mOct2, and 67.0 pM for mMatel, respec-
tively (Fig. 2).

Carvedilol Inhibited Cationic Drug Transporters In Vivo

To explore whether the selective inhibition of carvedilol on
OCTs over MATEs in vitro could be translated to an altered
drug disposition i vivo, we studied the effect of carvedilol on
the accumulation of metformin, a classical substrate of organic
cation transporters, in mouse kidney and liver, where both
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Fig. | Comparison of physicochemical properties between hOCT2 enhancers and non-enhancers. The physicochemical properties of com-
pounds were obtained from www.drugbank.ca and predicted by ChemAxon. Of all physicochemical parameters examined (refer to the result section), there are
significantly more rings and refractivity for the hOCT?2 enhancers than those for non-hOCT2-enhancers. The parameters were compared by non-parameter

statistics. *p < 0.05 compared to non- hOCT2-enhancers.

Octs and Mates are highly expressed. The mice were given
two doses of carvedilol (2 mg/kg and 20 mg/kg) along with
metformin. Carvedilol (2 mg/kg) significantly decreased the
accumulation of metformin in the kidney and liver (Fig. 3a),
implicating a more potent inhibition on mouse Octs than
Matel. The accumulation of metformin in the kidney and
liver with 2 mg/kg carvedilol were 17.6 + 2.8 ng/mg and
8.1 £0.2 ng/mg compared to 26.2 £ 5.3 ng/mg (p = 0.005)
and 10.4 £ 1.4 ng/mg (p = 0.002) of vehicle control group,
respectively. In contrast, carvedilol at the higher dose
(20 mg/kg) increased the accumulation of metformin in the
kidney (41.0 £ 7.2 ng/mg with carvedilol »s. 18.2 £0.9 ng/
mg with vehicle, p = 0.001) and liver (19.0 £ 1.9 ng/mg with
carvedilol 5. 9.3 £0.9 ng/mg with vehicle, p <0.001), sug-
gesting an inhibitory effect on mMatel in addition to

3
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mOCTs (Fig. 3b). Hence, the lower dose of carvedilol
(2 mg/kg) was chosen in the following PK studies due to its
selective inhibition on mOcts i viwo. Carvedilol significantly
increased plasma concentrations of metformin at 30, 45 and
60 min compared to vehicle control group (p <0.03, Fig. 4).
The area under curve (AUC_; 9omin) 0f metformin was signif-
icantly higher in carvedilol treatment group than control
group (260 £ 44.7 pg'min/mL »s. 207 + 40.7 ug'min/mlL,
< 0.05) (Table II). There was also a trend of increase regard-
ing Cipax and half-life in carvedilol treatment group versus ve-
hicle group (Cipax, 4.25 £ 0.58 ng/mLos. 3.77 £ 0.48 ng/mlL,
p=0.09; and T, 21.5+ 5.4 min vs. 22.2+4.7 min, p=
0.06), though no statistical significance was achieved.
Overall, the data suggested that carvedilol at a low dose
(2 mg/kg) could reduce the accumulation of metformin in
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Fig.2 Inhibition by carvedilol on metformin uptake mediated by human OCT2, OCT |, MATEI and MATE2-K (A) and mouse Oct2, Octl,
Matel (B). HEK293 cells overexpressed with human OCT2, MATE| and MATE2-K (A) and mouse Oct2, Octl, Mate | (B) were incubated with metformin
(50 uM, with 1,20 ["*CJ-labeled metformin) in the absence and presence of different concentrations of carvedilol under 37°C. The time of uptake was set for
5 min for MATEs, and 10 min for OCTs. The curves were obtained by nonlinear regression fitting by GraphPad. Mean = SD of three measurements is shown.
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Fig. 3 Effects of carvedilol administration on the accumulation of metformin in mouse kidney and liver. A clinically relevant dose (2 mg/kg) of
carvedilol (@) decreased while a relatively high dose (20 mg/kg) (b) increased the accumulation of metformin in mouse kidney and liver. C57BL/6) mice were
injected intraperitoneally with carvedilol (2 mg/kg or 20 mg/kg) 30 min pre- and along with metformin (10 mg/kg, with |/20 ["*CJ-abeled metformin) or saline
vehicle. The mice were euthanized 30 min after metformin administration, with liver and kidney tissues being collected, weighted and homogenized for
determination of radioactivity. Mean = SD from 4 to 6 mice/group is shown. *p < 0.05 compared to the vehicle group.

mouse liver and kidney, and increase its systemic exposure
probably due to its selective inhibition on mOcts.

Carvedilol Reduced Cellular and Renal Accumulation
of Cisplatin and Ameliorated Cisplatin-Induced
Nephrotoxicity via Inhibition on OCT Transporters

The above i vitro and i vivo data, and particularly the selec-
tivity of carvedilol as an inhibitor of OCTs over MATEs,
prompted us to determine if carvedilol could inhibit cellular
OCT-mediated uptake of cisplatin and protect from cisplatin-
induced nephrotoxicity. We first performed n vitro studies in
HEK-hOCT?2 and control cells. As expected, carvedilol sig-
nificantly decreased the accumulation of cisplatin in HEK-

5-
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Fig. 4 Carvedilol administration increased the plasma exposure
of metformin. C57BL/6) mice were injected intraperitoneally with carvedil-
ol (2 mg/kg) 30 min pre- and along with metformin (10 mgkg, with 1/20
['“CJ-abeled metformin) or saline vehicle. The blood samples were collected
before and 5, 15, 30, 45, 60, 90, 120 min after the injection of metformin.
Mean = SD from eight mice/group is shown. *p < 0.05 compared to vehicle
administration.
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hOCT?2 stable cells (3.77 £ 0.02 ppm/mg protein vs. 4.17 £

0.09 ppm/mg protein, p = 0.002) but not in control cells (3.87

+ 0.06 ppm/mg protein with carvedilol vs. 3.88 £ 0.07 ppm/
mg protein, p>0.05, Fig. 5a). Consistently, there was a de-
crease of cell viability for the HEK-hOCT?2 cells exposed to
cisplatin treatment, which could be significantly rescued by
co-treatment of carvedilol (Fig. 5b). We subsequently studied
the effect of carvedilol on renal cisplatin accumulation and
cisplatin-induced nephrotoxicity in mice. Two injections of
carvedilol (2 mg/kg), 30 min pre- and along with cisplatin
(10 mg/kg) injection, were given to the mice. The accumula-
tion of cisplatin in the kidney was significantly lower in carve-
dilol treatment group (6.36 £ 0.44 ppm/g tissue) than vehicle
treatment group (9.12 + 0.63 ppm/g tissue, p <0.001,
Fig. 6a). A dose of 10 mg/kg of cisplatin was used to induce
renal damage in mice as reflected by the dramatic increase of
Kim-1 gene transcripts (20), which was almost be brought
down to the normal base by co-administration of carvedilol
(Fig. 6b). This was consistent with the changes in kidney his-
tology. No visible morphological change was present in the
vehicle and carvedilol treatment-only groups, while a single
dose of cisplatin (10 mg/kg) could significantly cause renal
damage including tubular dilatation, tubular cell necrosis with
intratubular cast formation, which could be substantially ame-
liorated by co-administration of carvedilol (Fig. 6c¢).

Table Il  Effect of Carvedilol (2 mg/kg) Administration on the
Pharmacokinetic Parameters of Metformin (10 mg/kg) in C57BL/6) mice
Parameters Vehicle Carvedilol p
AUCq. 1 20min (Ug:min/mL) 207 =40.7 260 =447 0.04
Cinax (Ug/mL) 377048 425+0.58 0.09
T2 (min) 222x47 21554 0.06
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Fig. 5 Carvedilol decreased the accumulation of cisplatin in HEK293-hOCT?2 cells (a), and rescued these cells from cisplatin-induced
cytotoxicity (b). The control cells (@) and HEK293-hOCT?2 cells (a & b) were treated with carvedilol (10 uM) and cisplatin (100 M) for 2 h, with cell viability
and accumulation of cisplatin being tested after incubation in normal media for another 22 h. Mean = SD of three measurements is shown. *p < 0.05 compared

with absence of carvedilol.

DISCUSSION

The OCTs and MATEs, expressed in the basolateral and
apical membrane of proximal tubule epithelial cells, re-
spectively, are crucial in renal elimination of certain cat-
tonic drugs; thus, inhibition of these transporters posts a
risk of drug-drug interaction and drug-induced nephro-
toxicity. Previously, hOCT2-mediated drug accumulation
in renal cells was believed to be an important factor asso-
ciated with drug-induced nephrotoxicity (11). Later on,
following the discovery of MATE1/2-K, the importance
of these transporters in drug-induced renal toxicity has
been increasingly recognized as well (15,16).

Although cisplatin is a very effective anti-cancer drug, its
usage is dose-limited by the associated nephrotoxicity (21).
Cisplatin may enter and accumulate in renal tubular cells
via a process mediated by transporters such as OCT?2, leading
to nephrotoxicity (22). Bearing the idea of alleviating cisplatin-
induced nephrotoxicity by reducing its renal accumulation,
efforts have been made to use a hOCT? inhibitor. For exam-
ple, cimetidine was thought to have such a therapeutic poten-
tial since it is a potent inhibitor of hOC'T2. However, contra-
dictory results have been reported with respect to its effective-
ness in protection of cisplatin-induced nephrotoxicity ever
since (23-27), which might be partially, if not all, explained
by the fact that cimetidine is actually a more potent inhibitor
towards MATE] than OCT?2 at clinically relevant concentra-
tions (28). Our previous study also showed that ondansetron
could increase the accumulation of cisplatin in the kidney
because it 1s a more potent inhibitor towards MATEs than
OCTs (14). Herein, the main purpose of this study was to
identify selective inhibitors on hOCT?2 over hMATE1/2-K
and explore their potential to protect cisplatin-induced neph-
rotoxicity. A total of 41 drugs, which have been previously
characterized as the inhibitors of either OCTs, MATEs, or

both, were selected and re-screened for their inhibitory effects
towards hOCT2, hMATE1 and hMATE2-K. Consistent
with previous studies (29,30), approximate half of the com-
pounds examined showed comparable mhibition between
hOCT2 and hMATE1/2-K. Of importance, we were able
to identify five compounds with selectivity on hOC'T2 over
hMATEs, of which carvedilol has been chosen for the fol-
lowing studies due to its highest selectivity for hOCT?2 over
hMATEs. Notably, the selective inhibition of carvedilol
was also observed between mouse Octl/2 and Matel,
though not as dramatic as that between human orthologs,
indicating mouse as a suitable i vivo model to examine the
effectiveness of selective inhibition by carvedilol in protec-
tion of cisplatin-induced nephrotoxicity.

Carvedilol is an beta adrenergic receptor blocker used to
treat congestive heart failure and hypertension (31).
Carvedilol has a low oral bioavailability (24%) due to exten-
sive metabolism in the liver mainly by CYP2D6 and
CYP2C9. The peak plasma concentration is generally
achieved 1-2 h after oral administration and the terminal
half-life is 6-10 h (32). The plasma binding of carvedilol is
approximately 95% and carvedilol in the plasma is mostly
bound to the albumin. The concentration of unbound carve-
dilol in the plasma are expected to be still much lower than the
IC5( values of OCTs. However, carvedilol is prone to accu-
mulate in certain organs, in particular kidney and liver (33).
Therefore, a clinical relevant dose of carvedilol may be able to
locally inhibit OCTs and/or MATEs in these tissues/organs.
Two doses of carvedilol (2 and 20 mg/kg) were tested in mice
during our current study to investigate whether carvedilol
could selectively inhibit Octl/2 over Matel by using metfor-
min as the probe substrate. Notably, the lower one (2 mg/kg)
is clinical relevant based on the dose extrapolation between
mice and humans by body surface area (BSA) normalization
with the consideration of human oral carvedilol

@ Springer



204 Page8of 10 Pharm Res (2018) 35: 2486

a b
15- _ 60- *
3 vehicle

i vehicle
Bl carvedilol

carvedilol
cisplatin
carv+cisplatin

10+

B1000

(ppm/g)
Kim1 mRNA level (fold)
N
o

Kidney Cisplatin Accumulation

Fig. 6 Carvedilol alleviated cisplatin-induced nephrotoxicity by decreasing renal accumulation of cisplatin in mice. (a) C57BL/6] mice were
injected intraperitoneally with carvedilol (2 mg/kg) 30 min pre- and along with cisplatin (10 mg/kg) (A/B/C) or vehicle control. The mice were then euthanized 8 h
after cisplatin administration, with kidney tissues being collected and digested for cisplatin quantification by ICP-MS. *P < 0.05 compared to vehicle group. (b & c)
The mice were euthanized 72 h after cisplatin administration with kidney sample being collected for mRNA isolation (b) and histology analysis (c). *p < 0.05
compared with cisplatin treatment only (b). Carvedilol and cisplatin co-treatment group showed less tubular necrosis as indicated by a decrease of pink tubular (c).
The tubular cell necrosis with intratubular cast formation were indicated by black arrows.

pharmacokinetics. We found that the lower dose could de-  not high enough to inhibit Matel, while sufficient to inhibit
crease the accumulation of metformin in the kidney and liver, ~ Octl/2 and achieve its selectivity in the kidney and liver. In
while the higher one could increase the accumulation instead.  contrast, the concentration of the higher dose could inhibit
It thus likely that the drug concentration of the lower dose was ~ both Octl/2 and Matel. It is worthy to mention that the
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blocking of Oct1/2 would not always result in a reduced met-
formin accumulation in the kidney. Metformin could appar-
ently enter renal and liver cells via other routes, such as passive
diffusion or other transporters like OCTNs (34,35). For in-
stance, Higgins and coworkers found that the enhanced plas-
ma exposure of metformin could cancel out the double knock-
out effect of Octl/2, leading to unchanged accumulation in
the liver and kidney (36). In contrast, blocking of Matel could
dramatically increase the plasma exposure and tissue accumu-
lation of metformin (14,37). Therefore, with respect to our
study, the higher dose of carvedilol could block the Oct1/2
and Matel in mice kidney and resulted in an increased expo-
sure in the plasma, which could in turn lead to an increase in
its accumulation both in the liver and in the kidney via those
other routes. Further studies with genetic mouse models of
Oct and Mate-deficiency are necessary to clarify the role of
these transporters in mediating the effects of carvedilol on
renal and liver disposition of cationic drugs.

In the present study, carvedilol (2 mg/kg) was further in-
vestigated regarding its potential to protect against cisplatin-
induced nephrotoxicity in mice by selective inhibition of
mOcts. The function of OCTs and MATEs is not a major
determinant of cisplatin systemic pharmacokinetics. However,
it 1s critical to the renal accumulation of cisplatin (11). A sig-
nificant decrease of cisplatin accumulation was observed in
the kidney by carvedilol co-treatment, along with dramatic
decrease of Kim-1 expression and substantial amelioration
of histological damage in the kidney. Interestingly, carvedilol
has been previously shown to alleviate cisplatin-induced neph-
rotoxicity probably by reducing oxidative stress, apoptosis and
mitochondrial toxicity (38—40). The mice or rats were treated
with carvedilol up to three days following cisplatin injection in
these studies. In our studies, the mice only received carvedilol
treatment 30 min before and together with injection of cisplat-
in, which led to a significant decrease in renal cisplatin accu-
mulation. Whereas carvedilol may protect cisplatin-induced
nephrotoxicity via additional mechanisms, our findings have
strongly supported the hypothesis that a selective OCT
inhibitor may alleviate cisplatin-induced nephrotoxicity
by reducing cisplatin accumulation in the kidney. In par-
ticular, carvedilol is usually very safe, well tolerated, and
widely approved in many countries for the treatment of
high blood pressure and heart failure (41). There is a great
potential of carvedilol being developed as a clinical adju-
vant therapy for cisplatin-induced nephrotoxicity.

Unexpectedly, we found that several drugs were able to
intriguingly enhance hOC'T2-mediated uptake of metformin
at their clinically relevant concentrations. Similar phenome-
non has been reported previously (42), with the mechanism
being elusive. Since these compounds were the inhibitors of
MATEs (Table I), their use may particularly increase the ac-
cumulation of OCTs/MATEs substrate in the kidney, thus an
increased risk of drug-induced renal toxicity. The underlying

mechanism and clinical implication of these enhancers of
OCT activities deserve further investigation and is one of
our current interests.

In summary, we have screened a variety of known
OCTs/MATEs inhibitors and identified carvedilol as a
selective inhibitor of OCTs over MATEs. For the first
time, we demonstrated that carvedilol could protect
against cisplatin-induced nephrotoxicity at least partially
by decreasing renal accumulation of cisplatin. Futures
studies are warranted to assess the potential clinical ben-
efits of selective hOCT?2 inhibitors in alleviation of the
nephrotoxicity associated with cisplatin chemotherapy.
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