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Abstract

:

Dofetilide is a rapid delayed rectifier potassium current inhibitor widely used to prevent the recurrence of atrial fibrillation and flutter. The clinical use of this drug is associated with increases in QTc interval, which predispose patients to ventricular cardiac arrhythmias. The mechanisms involved in the disposition of dofetilide, including its movement in and out of cardiomyocytes, remain unknown. Using a xenobiotic transporter screen, we identified MATE1 (SLC47A1) as a transporter of dofetilide and found that genetic knockout or pharmacological inhibition of MATE1 in mice was associated with enhanced retention of dofetilide in cardiomyocytes and increased QTc prolongation. The urinary excretion of dofetilide was also dependent on the MATE1 genotype, and we found that this transport mechanism provides a mechanistic basis for previously recorded drug-drug interactions of dofetilide with various contraindicated drugs, including bictegravir, cimetidine, ketoconazole, and verapamil. The translational significance of these observations was examined with a physiologically-based pharmacokinetic model that adequately predicted the drug-drug interaction liabilities in humans. These findings support the thesis that MATE1 serves a conserved cardioprotective role by restricting excessive cellular accumulation and warrant caution against the concurrent administration of potent MATE1 inhibitors and cardiotoxic substrates with a narrow therapeutic window.
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1. Introduction


Atrial fibrillation (AFib) is the most commonly encountered sustained cardiac arrhythmia in clinical practice globally [1], and it has been estimated that up to 6.1 million people in the United States alone suffered from atrial fibrillation between 1990 and 2013 [2]. The prevalence of atrial fibrillation is predicted to affect about 12 million people in the United States and 17 million in Europe by 2050, and people over 65 years of age are particularly prone to experience this condition [3,4]. Predictive models and preventative interventions have been proposed to identify patients at risk of AFib based on age, race, blood pressure, smoking, diabetes, and prior history of myocardial infarction, but primary prevention strategies for AFib have yet to be established [5,6]. Dofetilide, a class III antiarrhythmic drug, is widely used to prevent the recurrence of AFib and flutter by acting on a rapid delayed rectifier potassium current (Ikr) and inhibition of the efflux of potassium [7]. Dofetilide does not cause any negative inotropic, dromotropic, and chronotropic effects observed with other commonly prescribed antiarrhythmic drugs, such as amiodarone, dronedarone, or sotalol [8]. Furthermore, due to the lack of serious extra-cardiac adverse effects and relatively low morbidity rate as compared with other antiarrhythmic drugs, dofetilide is commonly used in the treatment of AFib. However, the clinical use of dofetilide is associated with extensive inter-individual pharmacokinetic variability, and mechanisms underlying this variability remain unclear. This variability has clinical implications, since elevated plasma concentrations of dofetilide have been associated with QTc prolongation and increase the risk of torsade de pointes, a potentially lethal cardiac arrhythmia [9].



It has been reported that females are exposed to higher dofetilide plasma concentrations (14–22%) than males [10] and the rate of discontinuation and dose reduction due to QTc prolongation is higher in females [11]. Dofetilide undergoes extensive renal tubular secretion [10], and the initial dofetilide dose is adjusted based on an individual’s renal function, as estimated from the clearance of creatinine. Despite the presence of a narrow therapeutic index that requires in-hospital initiation of therapy, mechanistic details of dofetilide elimination and the underlying causes of recurrent or drug-induced arrhythmias remain poorly understood [12]. Although previous studies have reported the involvement of several transporters facilitating the transport of antiarrhythmic drugs [13,14], and potentiating the blockage of the hERG potassium channel [15], the mechanisms involved in the movement of dofetilide in and out of cells remain unknown. We set out to remedy this knowledge deficit by employing genetic and pharmacological strategies that allow the identification of solute carriers capable of transporting dofetilide in a manner that would influence susceptibility to toxicity. This analysis resulted in the identification of the multidrug and toxin extrusion protein MATE1 (SLC47A1), an organic cation transporter predominantly expressed in the kidney and heart [16,17,18], as a previously unrecognized transporter of dofetilide in cardiomyocytes and renal tubular cells. In addition, we found that dofetilide transport by MATE1 is highly sensitive to pharmacological inhibition, in line with its known role in the distribution and elimination of endogenous and exogenous substrates [16,19,20,21,22,23], and suggest that these findings have ramifications for optimizing polypharmacy regimens in subjects requiring treatment with cardiotoxic MATE1 substrates.




2. Results and Discussion


2.1. Identification of MATE1 as a High-Affinity Carrier of Dofetilide


Dofetilide is a basic compound that is partially ionized under normal physiological conditions (pH 7.4) [24], suggesting that its transcellular movement is dependent on a transport mechanism mediated by one or more members of the class of solute carriers. To identify transporters of interest for further consideration, we initially performed a screen in HEK293 or CHO cells engineered to overexpress the human organic cation transporters OCT1 (SLC22A1), OCT2 (SLC22A2), OCT3 (SLC22A3) or OCTN1 (SLC22A4), the organic anion transporters OAT1 (SLC22A5) or OAT3 (SLC22A7), and the multidrug and toxin extrusion proteins MATE1 (SLC47A1) or MATE2-K (SLC47A2), which are known to be involved in the transport of a broad range of xenobiotic substances. The results of this screen indicated that dofetilide was most efficiently transported by MATE1 (4.3-fold increased uptake compared to control cells; Figure 1A). Although the physiological role of MATE1 supports luminal efflux of organic cations, the kinetics of MATE1-mediated transport in screens such as the one we performed characterizes the interaction of substrates with the outward-facing transporter by measuring uptake rather than efflux. The transport of dofetilide and the positive control substrate tetraethylammonium (TEA) by MATE1 in our engineered mammalian cells was further found to be sensitive to pharmacological inhibition (Figure 1B), time-dependent (Figure 1C), and saturable with a Michaelis-Menten constant of 6.72 ± 1.71 µM and a maximum velocity of 544 ± 55.7 pmol/min/mg, respectively (Figure 1D). Similar observations were made in cells overexpressing mouse MATE1 (Supplementary Figure S1A), the single orthologous murine transporter of MATE1 and MATE2-K in humans [20]. In support of the interaction of dofetilide with MATE1, we found that dofetilide was able to dose-dependently inhibit the MATE1-dependent transport of various known substrates, including TEA and metformin (Supplementary Figure S1B).



Since MATE1 is the most highly expressed organic cation transporter in the mammalian heart [16,18], we hypothesized that genetic deficiency or pharmacologic inhibition of MATE1 could lead to altered retention of dofetilide in cardiomyocytes and modulate its downstream effects. To test this hypothesis, we examined the ex vivo accumulation of dofetilide in cardiomyocytes isolated from wild-type mice and MATE1−/− mice, both on an FVB background, using a Langendorff perfusion system [25,26]. We confirmed that MATE1 is expressed in the heart and kidneys of wild-type mice (Figure 1E and Figure S1C–F), an observation that is consistent with previously reported studies [22,27] showing the presence of MATE1 in the murine heart and the absence of any intrinsically abnormal pathological or biochemical changes in MATE1−/− mice [28]. The ex vivo studies indicated that the accumulation of dofetilide in cardiomyocytes is time dependent and significantly increased in the absence of MATE1 (Figure 1F). Interestingly, pretreatment of cardiomyocytes with the MATE1 inhibitor cimetidine was associated with a substantially diminished accumulation of dofetilide in cells from both wild-type mice and MATE1−/− mice (Figure 1G). This finding is consistent with the thesis that the initial uptake of dofetilide into cardiomyocytes occurs via a mechanism that is sensitive to cimetidine-mediated inhibition.



In line with the ex vivo cardiomyocyte data, we found that MATE1-deficiency was associated with significantly increased in vivo accumulation of dofetilide in heart tissue (Figure 1H and Figure S1G). Similar observations were made with the MATE1 substrate TEA, and this phenotype was sensitive to pretreatment with cimetidine (Figure 1I). To provide further support for the thesis that an analogous transport system is operational in humans, we confirmed that the accumulation of dofetilide and TEA in human cardiomyocytes was also sensitive to pretreatment with cimetidine (Figure 1J). These findings further support our hypothesis that dofetilide is a transported substrate of MATE1, and that genetic deficiency or pharmacological inhibition of MATE1 alters the cardiac accumulation of dofetilide.




2.2. MATE1 Deficiency Exacerbates Dofetilide-Induced Proarrhythmia


Since concentrations of dofetilide are positively correlated with drug-induced QTc prolongation [29,30], we next tested the hypothesis that inhibition of MATE1 triggers the onset of QTc prolongation following treatment with dofetilide. Because dofetilide prolongs QTc intervals in neonates but not in adult mice, neonatal mice were used in these studies [31], and we verified that MATE1 is expressed in the neonatal heart and kidney of wild-type mice (Figure 2A). Following a single i.p. injection of dofetilide, a significant prolongation in QTc interval was observed in neonatal MATE1−/− mice (Figure 2B,C) and ECG analysis indicated that these animals developed second-degree (Mobitz I and II) atrioventricular blocks (Figure 2D–F), suggesting that MATE1 acts indirectly as a modulator of the IKr blockade. Although results from these experiments provide proof-of-principle that inhibition of the cardiac efflux transporter MATE1 exacerbates the IKr blockade, further investigation is required to identify the cimetidine-sensitive mechanism by which dofetilide is taken up into cardiomyocytes (Figure 2G). Regardless of the identity of this mechanism, the scenario proposed for dofetilide is congruent with previously reported cardiac transport of other cardiovascular drugs such as verapamil, which is taken up by OCTN2 (SLC22A5) and extruded by ABCB1 (P-gp) [14], and quinidine, for which uptake by OCTN1 is a prerequisite for its ability to induce hERG channel blockade [15].




2.3. Inhibition of MATE1 Attenuates Renal Elimination of Dofetilide


Previous clinical studies have indicated that the inhibition of the renal cation secretory pathway by agents such as cimetidine and verapamil can increase the plasma concentration of dofetilide by 53–93% [32,33]. In order to evaluate the contribution of MATE1 to these drug-drug interactions and to the renal transport of dofetilide in a physiologically-relevant model system, we performed basolateral to apical flux studies in Madin-Darby canine kidney (MDCK) epithelial cells [34,35], which differentiate to form a polarized monolayer [36]. We found that in this model the vectorial basolateral-to-apical flux of metformin, a known substrate of OCT2 and MATE1 [37], was dependent on the expression of both OCT2 on the basolateral membrane and MATE1 on the apical membrane (Figure 3A). Unexpectedly, the transepithelial flux of dofetilide across MDCK monolayers was also dependent on the presence of both OCT2 and MATE1 (Figure 3B). To reconcile the paradoxical observation that overexpression of OCT2 in HEK293 cells did not facilitate the uptake of dofetilide (Figure 1A), it is worth pointing out that precedent studies with certain organic cations in non-polarized cells have revealed false negative results compared to experiments performed using polarized monolayers [38].



Based on the in vitro findings in MDCK cells, we hypothesized that the inhibition of OCT2 and/or MATE1 in vivo could potentially lead to decreased urinary excretion and a concomitant increase in the dofetilide concentration in plasma. In a mass balance study, we found that deficiency of either MATE1 or both OCT1/OCT2 (OCT1/2), the murine orthologues of human OCT2, as well as MATE1 significantly reduced the urinary excretion of dofetilide compared with wild-type mice or OCT1/2−/− mice (Figure 3C), regardless of sex (Supplementary Figure S2A). To examine the implications of altered renal secretion on the plasma concentrations of dofetilide, we performed pharmacokinetic analyses after the oral (5 mg/kg) (Figure 3D–F) and i.v. (2.5 mg/kg) (Supplementary Figure S2B,C; Table S1) administration of dofetilide. The results of these studies revealed modest increases in the plasma concentrations of dofetilide in OCT1/2- or MATE1-deficient mice, while deficiency of all three transporters was associated with more pronounced elevations in measures of systemic exposure (Figure 3D–F). These observations suggest that there might be shunting of dofetilide to alternative routes of elimination in the absence of MATE1, that alternate distribution profiles compensate for MATE1 loss in the kidney such that measures of systemic exposure remain unchanged, and that additional basolateral transporters exist that regulate the movement of dofetilide from the circulation into tubular cells in the absence of OCT1 and OCT2. Most importantly, these observations imply a simultaneous dependence of OCT1/2 and MATE1 impairment on circulating dofetilide concentrations [16,17], a thesis that led us to further explore the mechanistic basis of known and unknown pharmacokinetic drug-drug interactions with dofetilide.




2.4. Drugs Contraindicated for Use with Dofetilide Inhibit MATE1 Function


Previous studies demonstrated that several drugs are contraindicated in subjects receiving treatment with dofetilide due to drug-drug interactions that affect hepatic metabolism or renal excretion [24,39,40,41]. Interestingly, the contraindicated drugs cimetidine, dolutegravir, megestrol, and prochlorperazine are known to interfere with an unidentified renal cation transport system and elevate the plasma concentrations of several xenobiotic organic cations [42,43,44]. Based on this prior knowledge, we hypothesized that these agents might also inhibit the MATE1-mediated urinary excretion of dofetilide. Indeed, we found that many of the contraindicated agents, including cimetidine, verapamil, vandetanib, megestrol, trimethoprim, ketoconazole, and itraconazole, potently inhibit the MATE1-dependent transport of dofetilide by at least 75% (Figure 4A), and at levels that can be achieved clinically (Figure 4B). The BRAF inhibitor vemurafenib did not influence MATE1 function, and this agent is presumably contraindicated because of its intrinsic nephrotoxic properties [45,46], which can cause potential delayed elimination of dofetilide independently of MATE1.



We next performed in vivo studies to assess if pretreatment with these contraindicated drugs elevates the plasma concentrations of dofetilide in mice in an OCT1/2- or MATE1-dependent manner. In male wild-type male pretreated with cimetidine or ketoconazole, representative inhibitors of the renal cation transport system and hepatic metabolism, respectively, the exposure to dofetilide was increased ~three-fold (Figure 4C–E). While plasma concentrations of dofetilide were slightly higher in female wild-type mice than in male mice (Figure 3E,F, Supplementary Table S1), which is consistent with clinical data [10], pretreatment of female mice with cimetidine or ketoconazole was associated with similar increases in exposure to dofetilide. These pharmacokinetic changes also occurred in OCT1/2−/− mice and MATE1−/− mice and could be replicated with other MATE1 inhibitors such as bictegravir, suggesting that the interaction can occur both at the level of basolateral and apical transport (Supplementary Figure S3 and Tables S2 and S3). Interestingly, the interaction liability for dofetilide with verapamil was sexually dimorphic (Supplementary Figure S2D,E and Table S3). Although hormone-dependent regulatory mechanisms have been reported for renal organic cation transporters [47,48], and MATE1 expression is higher in the kidney of male mice (Supplementary Figure S1C), the clinical ramification of this sex-dependent influence of verapamil on the pharmacokinetics of dofetilide remains unclear.




2.5. Influence of CYP3A on the Disposition of Dofetilide


Since dofetilide is at least partially metabolized by CYP3A4, it has been suggested that concurrent administration of dofetilide with inhibitors of this enzyme could potentially result in an increase in the plasma concentrations of Dofetilide [24,49,50]. To explore the likelihood of this interaction mechanism, we next performed pharmacokinetic studies with dofetilide in mice lacking all CYP3A isoforms (CYP3A−/− mice) [51]. These studies revealed that the deficiency of CYP3A did not significantly influence the concentrations of dofetilide in plasma (Figure 5A,B,D,G) or urine (Figure 5C) after oral or i.v. drug administration. Furthermore, pharmacological inhibition of CYP3A with the prototypical inhibitor ketoconazole was associated with increased exposure to dofetilide in both wild-type mice and CYP3A−/− mice (Figure 5A,D,E). These results support the thesis that clinical interactions of dofetilide with ketoconazole are unlikely related to the inhibition of hepatic metabolism but rather mechanistically connected with the modulation of renal OCT1/2- and/or MATE1-mediated transport.




2.6. Predicting the Interaction Liability for Dofetilide in Humans


To provide preliminary evidence for the translational significance of our murine data, we next applied a physiologically-based pharmacokinetic (PBPK) modeling approach to quantitatively predict drug effects in humans [52,53,54]. PBPK models utilize drug-dependent physicochemical and pharmacokinetic parameters along with drug-independent physiological systems parameters [55,56], and while such integrated mechanistic strategies have been advocated by various regulatory agencies [57,58], PBPK models that would allow a priori prediction of transporter-mediated interactions with dofetilide have not been previously reported. Since PBPK models can predict experimentally unverified interactions and can provide dose adjustments in special populations [59], our primary objective was to develop a PBPK model for predicting transporter-mediated clinical interactions with dofetilide using a top-down approach incorporating in vitro and clinical data (Figure 6 and Figure S4, Tables S4 and S5). The developed PBPK model could adequately reproduce the observed plasma concentration-time profile and renal clearance after oral or i.v. drug administration (Figure 7A,B), and the simulated profiles corresponded well with experimental human data [60] (Supplementary Table S4).



Next, we applied the model to predict transporter-mediated interactions of dofetilide with cimetidine and ketoconazole reported previously in human subjects [61,62], and found an acceptable degree of concordance between the simulated and observed data (Figure 7C,D, Supplementary Table S4). This suggests that the PBPK model could be applied in the future to predict the influence of previously untested MATE1 inhibitors, such as certain tyrosine kinase inhibitors [63], on the pharmacokinetics of dofetilide in humans.





3. Materials and Methods


3.1. Chemical and Reagents


Parental human embryonic kidney (HEK293), and Chinese hamster ovary (CHO) cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). The cDNAs for the mouse and human plasmids of OCT1, OCT2, OCT3, OCTN1, OAT1, OAT3, MATE1, or MATE2-K were obtained from Origene (Rockville, MD, USA), and the reconstructed cDNAs were subcloned into an empty vector containing pcDNA5/FRT. The vector was transfected into HEK293 cells using the Flp-In system (Invitrogen, Waltham, MA, USA) and selected for expression using geneticin (G418). Cells were cultured in DMEM supplemented with 10% FBS and grown in a humidified incubator containing 5% CO2 at 37 °C. Contraindicated drugs of dofetilide were obtained from Sigma-Aldrich (St. Louis, MO, USA) or Selleckchem (Houston, TX, USA). Radiolabeled dofetilide was obtained from American Radiolabeled Chemicals (St. Louis, MO, USA).




3.2. Cellular Accumulation


Uptake experiments in human AC-16 cardiomyocytes, HEK293 cells overexpressing OCT1, OCT2, OCT3, OCTN1, MATE1, or MATE2-K, and CHO cells overexpressing OAT1 and OAT3 were performed with [3H] dofetilide using standard methods [64,65]. The cell culture and uptake conditions for cells expressing mMATE1 or hMATE1 were described previously [63,66]. All results were normalized to uptake values in cells transfected with an empty vector or DMSO-treated groups. In brief, cells were seeded in 12- or 24-well plates in phenol red-free DMEM containing 10% FBS, and were incubated at 37 °C for 24 h. After removal of the culture medium and rinsing with PBS, cells were preincubated with either DMSO or inhibitors for 15 min followed by the addition of indicated substrate for 15 min. Uptake studies were performed with [14C] TEA (2 µM) or [3H] dofetilide (1 µM) in the presence or absence of inhibitors for a period of 15 min, unless stated otherwise. The uptake experiment was terminated by washing three times with ice-cold PBS. Cells were lysed in 1N NaOH at 4 °C overnight, and then the solution was neutralized with 2M HCl. Total protein was measured using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA), and total protein content was quantified using a microplate spectrophotometer. Intracellular drug concentrations were determined in the remaining cell lysate by liquid scintillation counting.



The transcellular transport assay of [3H] dofetilide or [14C] metformin (1 µM) were performed in monolayers of single-transfected MDCK cells overexpressing human OCT2 or MATE1 and double-transfected human OCT2/MATE1, as previously described [37,67]. Transcellular transport was quantified by measuring the amount of dofetilide appearing in the apical compartment after 60 min of incubation.




3.3. Ex Vivo Cardiomyocytes Uptake


Cardiomyocytes from wild-type and MATE1-deficient mice were isolated as previously described [26,68], and used for ex vivo cardiomyocyte uptake assays with dofetilide. Briefly, hearts from wild-type and MATE1-deficient mice were quickly removed and perfused on a Langendorff’s apparatus at 37 °C. After a 5 min perfusion with Ca2+-free tyrode solution containing (in mm): 140 NaCl, 5.4 KCl 0.5 MgCl2, 10 Hepes and 5.6 glucose; pH 7.3, the perfusate was then switched to tyrode solution containing Liberase Blendzymes (Roche, Applied Science, IN) for digestion of the connective tissue. After 20 min of digestion, cardiomyocytes were isolated from dissected and triturated hearts and stabilized in BSA containing tyrode solution.



Isolated cardiomyocytes were then plated in 12 well plates containing Ca2+ and Mg2+ free Hank’s balanced salt solution. Cells were preincubated with either DMSO or cimetidine (25 µM) for 15 min followed by the addition of [3H] dofetilide (2 µM) for 30 min. The uptake experiment was terminated by washing three times with ice-cold PBS. Cells were lysed in 1N NaOH at 4 °C overnight, and then the solution was neutralized with 2M HCl. Total protein was measured using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Intracellular drug concentrations of dofetilide were measured in the remaining cell lysate by liquid scintillation counting.




3.4. Gene Expression Analysis


RNA was isolated from adult or neonatal wild-type hearts and kidneys (30 mg) as well as from cardiomyocyte cells isolated from wild-type and MATE1-deficient mice. Tissues and cardiomyocytes were homogenized and then RNA was extracted using an EZNA Total RNA Kit extraction kit (Cat# R6834-02, Omega Bio-tek, Norcross, GA, USA). cDNA was generated from 2 μg of RNA using qScript XLT cDNA Supermix (Cat# 95161-100, Quantabio, Beverly, MA, USA). Real-time reverse transcriptase PCR (RT-PCR) was performed with TaqMan primer (Mm00840361_m1, Thermo Fisher Scientific, Waltham, MA, USA) and TaqMan Fast reagents. Reactions were carried out in triplicate, and normalized to Gapdh (Mm99999915_g1, Thermo Fisher Scientific, Waltham, MA, USA).




3.5. Protein Analysis


Isolated hearts from wild-type and MATE1-deficient mice were extracted and lysed using sonication. Pierce Bicinchoninic Acid (BCA) Protein Assay Kits (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine protein concentrations. Next, an equal amount of protein was separated on a Bis-Tris 4–12% SDS-polyacrylamide gel with MOPS buffer according to the instructions from manufacturer (Life Technologies, Grand Island, NY, USA) and transferred to PVDF membranes. Western blot analysis was performed using antibodies against mouse MATE1 (Cat # 20898-1-AP) obtained from Proteintech Group, Inc (Rosemont, IL, USA), vinculin (Cat # 13901S), and HRP-conjugated secondary anti-rabbit (Cat # 7074) obtained from Cell Signaling Technology (Danvers, MA, USA). Proteins were visualized by chemiluminescence using the SignalFire ECL Reagent (Cell Signaling Technology, Danvers, MA, USA) or SuperSignal West Femto Maximum Sensitivity Substrate (Invitrogen, Carlsbad, CA, USA) using film.




3.6. Immunohistochemistry


Heart and kidneys were collected from mice and immersed in 10% neutral buffered formalin for 72 h at room temperature. Tissue sections of 4 μm were obtained from formalin-fixed, paraffin-embedded heart and kidney tissue blocks, and were mounted on Superfrost Plus glass slides. They were heated at 90 °C for 20 min, deparaffinized in xylene, and rehydrated with a series of graded ethanol. Antigen retrieval was performed by treating slides in 1X Tris-buffered saline (TBS) for 20 min at 90–95 °C. Endogenous peroxidase activity was quenched by incubating slides in 3% H2O2 for 15 min at room temperature. The sections were blocked with Avidin/Biotin blocking solution (Vector Laboratories, Burlingame, CA, USA, Cat # SP-2001) for 15 min each.



Primary antibody (mouse SLC47A1, Bioss Antibodies Inc., Woburn, MA, USA, Cat # BS-9284R) was used at a concentration of 2.5 µg/mL for 30 min, and secondary antibody (Donkey anti-rabbit, Jackson ImmunoResearch Inc., West Grove, PA, USA, Cat # 711-065-152) at 5 µg/mL for 30 min followed by adding a tertiary reagent, Vectastain® Elite ABC-HRP Reagent (Vector Laboratories, Inc., Burlingame, CA, USA, Cat # PK-7100) for 30 min. Immunoreactive sides were detected using the DAB substrate kit (Agilent, Santa Clara, CA, USA, Cat # K3468) for 5 min. Slides were counterstained with Richard-Allan hematoxylin 2 (Fisher Scientific, Waltham, MA, USA, Cat # 7231). Slides were then processed with a sequential ascending alcohol series for dehydration and xylene series for clearing followed by mounting a coverslip.




3.7. In Vivo Electrocardiographic Recordings (ECG)


Continuous ECG recordings (PL3504 PowerLab 4/35, ADInstruments) were obtained from wild-type and MATE1-deficient neonatal mice (one day old) according to a previously described method [69,70]. Briefly, baseline ECG was recorded for 5 min, neonatal mice received a single i.p. dose of dofetilide (0.5 mg/kg) dissolved in sterile saline containing DMSO (20:1), and ECG recording continued for 20 min as described previously [31]. ECG recordings were analyzed using the LabChart 7.3 software (ADInstruments). The QT interval was measured before and after the administration of dofetilide from the beginning of the QRS complex to the isoelectric baseline for T waves [70]. Heart rate-corrected QT (QTc) intervals were then obtained using the formula QTc = QT/(RR/100)1/2 [71].




3.8. Animal Models


All animals were housed in a temperature-controlled environment with a 12-h light cycle, given standard diet and water ad libitum, and handled according to the Animal Care and Use Committee of The Ohio State University, under an approved protocol (2015A00000101-R2). All experiments were performed with male or female mice from wild-type FVB mice or with age- and sex-matched (8–15 weeks) mice engineered to be deficient in all CYP3A isoforms (CYP3A−/−), OCT1 and OCT2 (OCT1/2−/−), MATE1 (MATE1−/−), or OCT1/2 and MATE1 (OCT1/2/MATE1−/−). MATE1-deficient mice on a C57BL/6 background were obtained from Dr. Yan Shu (University of Maryland, Baltimore, MD, USA) and serially backcrossed to a pure FVB background. Previous studies have indicated that the genetic loss of MATE1 is associated with increases in the systemic exposure and accumulation in the heart, liver, and kidneys of cationic-type substrates [72,73]. OCT1/2/MATE1-deficient mice were generated by crossbreeding OCT1/2- and MATE1-heterozygotes. The deletion of OCT1/2 and MATE1 was verified at the level of DNA by PCR [74].




3.9. Pharmacokinetic Studies


For pharmacokinetic studies, plasma and tissue samples were collected from male or female wild-type mice (8–15 weeks old), and age-matched OCT1/2−/−, MATE−/−, and OCT1/2/MATE1−/− mice following an established protocol [75]. Dofetilide was administered as a single oral (5 mg/kg) or i.v. (2.5 mg/kg) dose dissolved in sterile saline-1M HCl (399:1) with the pH adjusted to 7.4. The contraindicated drugs bictegravir (5 mg/mL), cimetidine (20 mg/mL), ketoconazole (10 mg/mL), trimethoprim (20 mg/mL), and verapamil (2 mg/mL) were dissolved in PEG400, and administered orally 30 min before dofetilide. Serial whole blood samples (0.083, 0.25, 0.5, 1, 3, and 6 h) were collected from the submandibular vein (3×), retro-orbital sinus vein (2×), or by cardiac puncture at the terminal time-point. Blood samples were centrifuged at 13,000 rpm for 5 min, and the plasma supernatants collected and stored at −80 °C until analysis. Dofetilide concentrations in heart were measured in wild-type and MATE1-deficient mice 15 min after a single i.v. dose of dofetilide (2.5 mg/kg).



To measure dofetilide concentration in urine, both male and female wild-type and age-matched OCT1/2−/−, MATE1−/−, and OCT1/2/MATE1−/− mice were placed in Nalgene single mouse metabolic cages three days prior to the i.v. administration of dofetilide at a dose of 2.5 mg/kg. Animals had free access to a standard diet and water and were housed in a temperature- and light-controlled environment. Urine samples were collected in sterile 1.5 mL Eppendorf tubes at 24 h, 48 h, and 72 h post administration of dofetilide and stored at −80 °C until analysis. Plasma, urine, and tissue samples were analyzed by a validated method based on reversed-phase liquid chromatography coupled to tandem mass-spectrometric detection (LC-MS/MS) [76].



Pharmacokinetic parameters were calculated by non-compartmental analysis using Phoenix WinNonlin version 8.2 (Certara, New Jersey, NJ, USA). Peak plasma concentration (Cmax) was determined by visual inspection of the data from the concentration-time curves. The linear trapezoidal rule was used to obtain the area under the plasma concentration-time curve (AUC) over the sample collection interval. The relative heart exposure of dofetilide was calculated by determining the dofetilide concentration in the heart, corrected for contaminating blood, and dividing by the corresponding dofetilide concentration in plasma (ng/mL) at the 15 min time-point.



For TEA experiments, cimetidine (100 mg/kg) was given orally to wild-type and MATE1-deficient mice 30 min prior to the i.v. administration of [14C] TEA (0.2 mg/kg). Plasma samples were then collected after 15 min and measured for by liquid scintillation counting.




3.10. Physiologically Based Pharmacokinetic (PBPK) Modeling


3.10.1. Input Parameters


PBPK models of dofetilide were developed using the software package SimCYP version 19 (Sheffield, UK). Simulations were carried out in the built-in healthy volunteer virtual population in the age range 20–50 years. Data from in vitro dofetilide uptake, inhibition of transport function, and observed pharmacokinetic and drug-drug interactions data in healthy subjects were used to develop the model (Supplementary Table S5). To simulate the effect of inhibitors (e.g., cimetidine or ketoconazole) on the pharmacokinetic profile of dofetilide, inhibitor models from the SimCYP drug library were directly used. The absorption of dofetilide was simulated using a first order absorption model with an absorption rate constant (ka) estimated from the plasma concentration-time profiles [60]. The volume of distribution at steady-state was also estimated using the plasma concentration-time profiles. The multicompartment mechanistic kidney model (EGD) was used to incorporate the glomerular filtration rate and renal tubular secretion of Dofetilide [77]. The latter was modeled measuring Vmax and Km values for OCT2 and MATE1 that were determined experimentally. The relative activity factor (RAF) value was set to 1 and 0.25 for OCT2 and MATE1, respectively.




3.10.2. PBPK Modeling Strategy


The PBPKP model for dofetilide was developed following a top-down approach in which the multicompartment mechanistic kidney model was used to incorporate the glomerular filtration and active renal secretion of Dofetilide [77]. The modeling strategy employed in this project was based on the following considerations: (i) The renal tubular secretion of dofetilide was defined to be via OCT2 and MATE1 on the basolateral and apical membrane of the proximal tubular cells, respectively; (ii) The PBPK model was developed using in vitro and clinical data; (iii) The model was optimized by using publicly-available dofetilide plasma concentration-time profiles from healthy volunteers; (iv) The model was tested by using dofetilide dose given orally (0.5 mg, twice per day, BID), and i.v. infusion (0.5 mg) over 90 min, and the results were compared with clinical studies; and (v) The prediction of pharmacokinetic interactions between dofetilide and cimetidine or ketoconazole was carried out using the SimCYP drug library and results were compared with empirical data from clinical studies.




3.10.3. Dofetilide Clinical Data


Plasma concentration-time profiles after oral administration of dofetilide at a dose of 0.5 mg, BID, and a 90-min i.v. infusion at a dose 0.5 mg in healthy volunteers were extracted from the published literature to build the model [60]. To evaluate the model predicted interaction with cimetidine and ketoconazole, study reports available from the US FDA clinical pharmacology and biopharmaceutics review were used [61].




3.10.4. PBPK Simulations


The drug-drug interactions between dofetilide and inhibitors were assumed to occur at the level of the basolateral uptake transporter OCT2 and/or the apical efflux transporter MATE1. The Ki and fu,inc values were obtained from in vitro experiments. In the simulations, cimetidine was administered orally at a dose of 400 mg BID for three days while ketoconazole was given orally at a dose of 400 mg QD for seven days. Inhibitors were administered from day one along with dofetilide through day three and day seven for cimetidine and ketoconazole, respectively. To evaluate the effect of the interaction between dofetilide and inhibitors, results were calculated and compared with observed and predicted AUC0–last and Cmax data.





3.11. Statistical Analyses


All data are presented as mean ± standard error of the mean (SEM), and experimental results from uptake studies were normalized to total protein content and baseline values, and expressed as a percentage. All experiments were performed using multiple replicates and were performed independently on at least two independent occasions. An unpaired two-sided Student’s t-test with Welch’s correction was used for comparisons between two groups (control/baseline vs. treatment/genotype), and a one-way ANOVA with Dunnett’s post-hoc test was used for comparing more than two groups. p < 0.05 was used as the statistical cut-off across all analyses.





4. Conclusions


We characterized a previously unrecognized transport mechanism of dofetilide mediated by MATE1 that regulates its efflux from cardiomyocytes and renal tubular cells. The function of this transport system is highly sensitive to pharmacological inhibition by a broad range of drugs and provides a mechanistic basis for previously reported pharmacokinetic interactions with dofetilide. These findings contribute to our understanding of the etiology of variable pharmacodynamic responses to initial dofetilide dosing and dofetilide-induced proarrhythmias. Furthermore, the findings suggest that caution is warranted when cardiotoxic MATE1 substrates are given together with inhibitors of this transport mechanism.
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	OAT3
	Organic anion transporter 3



	OCT1
	Organic cation transporter 1



	OCT2
	Organic cation transporter 2



	OCT3
	Organic cation transporter 3



	OCTN
	Organic cation transporter novel 2



	OCTN1
	Organic cation transporter novel 1



	PBPK
	Physiologically-based pharmacokinetic model



	SLC
	Solute carrier protein



	TdP
	Torsade de pointes



	TEA
	Tetraethylammonium







References


	



Naccarelli, G.V.; Varker, H.; Lin, J.; Schulman, K.L. Increasing Prevalence of Atrial Fibrillation and Flutter in the United States. Am. J. Cardiol. 2009, 104, 1534–1539. [Google Scholar] [CrossRef] [PubMed]

	



Morillo, C.A.; Banerjee, A.; Perel, P.; Wood, D.; Jouven, X. Atrial Fibrillation: The Current Epidemic. J. Geriatr. Cardiol. 2017, 14, 195–203. [Google Scholar] [CrossRef] [PubMed]

	



Chugh, S.S.; Havmoeller, R.; Narayanan, K.; Singh, D.; Rienstra, M.; Benjamin, E.J.; Gillum, R.F.; Kim, Y.H.; McAnulty, J.H.; Zheng, Z.J.; et al. Worldwide Epidemiology of Atrial Fibrillation: A Global Burden of Disease 2010 Study. Circulation 2014, 129, 837–847. [Google Scholar] [CrossRef]

	



Krijthe, B.P.; Kunst, A.; Benjamin, E.J.; Lip, G.Y.; Franco, O.H.; Hofman, A.; Witteman, J.C.; Stricker, B.H.; Heeringa, J. Projections on the Number of Individuals with Atrial Fibrillation in the European Union, from 2000 to 2060. Eur. Heart J. 2013, 34, 2746–2751. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, A.; Krijthe, B.P.; Aspelund, T.; Stepas, K.A.; Pencina, M.J.; Moser, C.B.; Sinner, M.F.; Sotoodehnia, N.; Fontes, J.D.; Janssens, A.C.; et al. Simple Risk Model Predicts Incidence of Atrial Fibrillation in a Racially and Geographically Diverse Population: The CHARGE-AF Consortium. J. Am. Heart Assoc. 2013, 2, e000102. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, F.; Kwan, G.F.; Benjamin, E.J. Global Epidemiology of Atrial Fibrillation. Nat. Rev. Cardiol. 2014, 11, 639–654. [Google Scholar] [CrossRef]

	



Savelieva, I.; Camm, J. Anti-Arrhythmic Drug Therapy for Atrial Fibrillation: Current Anti-Arrhythmic Drugs, Investigational Agents, and Innovative Approaches. Europace 2008, 10, 647–665. [Google Scholar] [CrossRef] [PubMed]

	



Bianconi, L.; Castro, A.; Dinelli, M.; Alboni, P.; Pappalardo, A.; Richiardi, E.; Santini, M. Comparison of Intravenously Administered Dofetilide versus Amiodarone in the Acute Termination of Atrial Fibrillation and Flutter. A Multicentre, Randomized, Double-Blind, Placebo-Controlled Study. Eur. Heart J. 2000, 21, 1265–1273. [Google Scholar] [CrossRef] [PubMed]

	



Wolbrette, D.L.; Hussain, S.; Maraj, I.; Naccarelli, G.V. A Quarter of a Century Later: What Is Dofetilide’s Clinical Role Today? J. Cardiovasc. Pharmacol. Ther. 2019, 24, 3–10. [Google Scholar] [CrossRef]

	



Jaiswal, A.; Goldbarg, S. Dofetilide Induced Torsade de Pointes: Mechanism, Risk Factors and Management Strategies. Indian Heart J. 2014, 66, 640–648. [Google Scholar] [CrossRef]

	



Pokorney, S.D.; Yen, D.C.; Campbell, K.B.; Allen LaPointe, N.M.; Sheng, S.; Thomas, L.; Bahnson, T.D.; Daubert, J.P.; Picini, J.P.; Jackson, K.P.; et al. Dofetilide Dose Reductions and Discontinuations in Women Compared with Men. Heart Rhythm. 2018, 15, 478–484. [Google Scholar] [CrossRef] [PubMed]

	



Shenasa, F.; Shenasa, M. Dofetilide: Electrophysiologic Effect, Efficacy, and Safety in Patients with Cardiac Arrhythmias. Card Electrophysiol. Clin. 2016, 8, 423–436. [Google Scholar] [CrossRef]

	



Hasannejad, H.; Takeda, M.; Narikawa, S.; Huang, X.-L.; Enomoto, A.; Taki, K.; Niwa, T.; Jung, S.H.; Onozato, M.L.; Tojo, A.; et al. Human Organic Cation Transporter 3 Mediates the Transport of Antiarrhythmic Drugs. Eur. J. Pharmacol. 2004, 499, 45–51. [Google Scholar] [CrossRef]

	



Grube, M.; Meyer zu Schwabedissen, H.E.U.; Präger, D.; Haney, J.; Möritz, K.-U.; Meissner, K.; Rosskopf, D.; Eckel, L.; Böhm, M.; Jedlitschky, G.; et al. Uptake of Cardiovascular Drugs into the Human Heart: Expression, Regulation, and Function of the Carnitine Transporter OCTN2 (SLC22A5). Circulation 2006, 113, 1114–1122. [Google Scholar] [CrossRef]

	



McBride, B.F.; Yang, T.; Liu, K.; Urban, T.J.; Giacomini, K.M.; Kim, R.B.; Roden, D.M. The Organic Cation Transporter, OCTN1, Expressed in the Human Heart, Potentiates Antagonism of the HERG Potassium Channel. J. Cardiovasc. Pharmacol. 2009, 54, 63–71. [Google Scholar] [CrossRef]

	



Otsuka, M.; Matsumoto, T.; Morimoto, R.; Arioka, S.; Omote, H.; Moriyama, Y. A Human Transporter Protein That Mediates the Final Excretion Step for Toxic Organic Cations. Proc. Natl. Acad. Sci. USA 2005, 102, 17923–17928. [Google Scholar] [CrossRef] [PubMed]

	



Hiasa, M.; Matsumoto, T.; Komatsu, T.; Moriyama, Y. Wide Variety of Locations for Rodent MATE1, a Transporter Protein That Mediates the Final Excretion Step for Toxic Organic Cations. Am. J. Physiol. Cell Physiol. 2006, 291, C678–C686. [Google Scholar] [CrossRef]

	



Lee, N.; Duan, H.; Hebert, M.F.; Liang, C.J.; Rice, K.M.; Wang, J. Taste of a Pill: Organic Cation Transporter-3 (OCT3) Mediates Metformin Accumulation and Secretion in Salivary Glands. J. Biol. Chem. 2014, 289, 27055–27064. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Zhang, S.; Sorani, M.; Giacomini, K.M. Transport of Paraquat by Human Organic Cation Transporters and Multidrug and Toxic Compound Extrusion Family. J. Pharmacol. Exp. Ther. 2007, 322, 695–700. [Google Scholar] [CrossRef] [PubMed]

	



Tsuda, M.; Terada, T.; Mizuno, T.; Katsura, T.; Shimakura, J.; Inui, K. Targeted Disruption of the Multidrug and Toxin Extrusion 1 (Mate1) Gene in Mice Reduces Renal Secretion of Metformin. Mol. Pharmacol. 2009, 75, 1280–1286. [Google Scholar] [CrossRef] [PubMed]

	



Tsuda, M.; Terada, T.; Ueba, M.; Sato, T.; Masuda, S.; Katsura, T.; Inui, K. Involvement of Human Multidrug and Toxin Extrusion 1 in the Drug Interaction between Cimetidine and Metformin in Renal Epithelial Cells. J. Pharmacol. Exp. Ther. 2009, 329, 185–191. [Google Scholar] [CrossRef] [PubMed]

	



Yonezawa, A.; Inui, K. Importance of the Multidrug and Toxin Extrusion MATE/SLC47A Family to Pharmacokinetics, Pharmacodynamics/Toxicodynamics and Pharmacogenomics. Br. J. Pharmacol. 2011, 164, 1817–1825. [Google Scholar] [CrossRef] [PubMed]

	



Oh, J.; Chung, H.; Park, S.-I.; Yi, S.J.; Jang, K.; Kim, A.H.; Yoon, J.; Cho, J.-Y.; Yoon, S.H.; Jang, I.-J.; et al. Inhibition of the Multidrug and Toxin Extrusion (MATE) Transporter by Pyrimethamine Increases the Plasma Concentration of Metformin but Does Not Increase Antihyperglycaemic Activity in Humans. Diabetes Obes. Metab. 2016, 18, 104–108. [Google Scholar] [CrossRef]

	



Walker, D.K.; Alabaster, C.T.; Congrave, G.S.; Hargreaves, M.B.; Hyland, R.; Jones, B.C.; Reed, L.J.; Smith, D.A. Significance of Metabolism in the Disposition and Action of the Antidysrhythmic Drug, Dofetilide. In Vitro Studies and Correlation with in Vivo Data. Drug Metab. Dispos. Biol. Fate Chem. 1996, 24, 447–455. [Google Scholar] [PubMed]

	



Bell, R.M.; Mocanu, M.M.; Yellon, D.M. Retrograde Heart Perfusion: The Langendorff Technique of Isolated Heart Perfusion. J. Mol. Cell Cardiol. 2011, 50, 940–950. [Google Scholar] [CrossRef]

	



Györke, S.; Lukyanenko, V.; Györke, I. Dual Effects of Tetracaine on Spontaneous Calcium Release in Rat Ventricular Myocytes. J. Physiol. 1997, 500, 297–309. [Google Scholar] [CrossRef] [PubMed]

	



Hiasa, M.; Matsumoto, T.; Komatsu, T.; Omote, H.; Moriyama, Y. Functional Characterization of Testis-Specific Rodent Multidrug and Toxic Compound Extrusion 2, a Class III MATE-Type Polyspecific H+/Organic Cation Exporter. Am. J. Physiol. Cell Physiol. 2007, 293, C1437–C1444. [Google Scholar] [CrossRef]

	



Huang, K.M.; Leblanc, A.F.; Uddin, M.E.; Kim, J.Y.; Chen, M.; Eisenmann, E.D.; Gibson, A.A.; Li, Y.; Hong, K.W.; DiGiacomo, D.; et al. Neuronal Uptake Transporters Contribute to Oxaliplatin Neurotoxicity in Mice. J. Clin. Investig. 2020, 130, 4601–4606. [Google Scholar] [CrossRef]

	



Paul Mounsey, J.; John, P. DiMarco Dofetilide. Circulation 2000, 102, 2665–2670. [Google Scholar] [CrossRef]

	



Allen, M.J.; Nichols, D.J.; Oliver, S.D. The Pharmacokinetics and Pharmacodynamics of Oral Dofetilide after Twice Daily and Three Times Daily Dosing. Br. J. Clin. Pharmacol. 2000, 50, 247–253. [Google Scholar] [CrossRef]

	



Wang, L.; Swirp, S.; Duff, H. Age-Dependent Response of the Electrocardiogram to K(+) Channel Blockers in Mice. Am. J. Physiol. Cell Physiol. 2000, 278, C73–C80. [Google Scholar] [CrossRef]

	



Saliba, W.I. Dofetilide (Tikosyn): A New Drug to Control Atrial Fibrillation. Cleve. Clin. J. Med. 2001, 68, 353–363. [Google Scholar] [CrossRef] [PubMed]

	



McClellan, K.J.; Markham, A. Dofetilide: A Review of Its Use in Atrial Fibrillation and Atrial Flutter. Drugs 1999, 58, 1043–1059. [Google Scholar] [CrossRef] [PubMed]

	



Quan, Y.; Jin, Y.; Faria, T.N.; Tilford, C.A.; He, A.; Wall, D.A.; Smith, R.L.; Vig, B.S. Expression Profile of Drug and Nutrient Absorption Related Genes in Madin-Darby Canine Kidney (MDCK) Cells Grown under Differentiation Conditions. Pharmaceutics 2012, 4, 314–333. [Google Scholar] [CrossRef] [PubMed]

	



Cho, M.J.; Thompson, D.P.; Cramer, C.T.; Vidmar, T.J.; Scieszka, J.F. The Madin Darby Canine Kidney (MDCK) Epithelial Cell Monolayer as a Model Cellular Transport Barrier. Pharm. Res. 1989, 6, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Braun, A.; Hammerle, S.; Suda, K.; Rothen-Rutishauser, B.; Gunthert, M.; Kramer, S.D.; Wunderli-Allenspach, H. Cell Cultures as Tools in Biopharmacy. Eur. J. Pharm. Sci. 2000, 11 (Suppl. S2), S51–S60. [Google Scholar] [CrossRef]

	



Müller, F.; Weitz, D.; Mertsch, K.; König, J.; Fromm, M.F. Importance of OCT2 and MATE1 for the Cimetidine-Metformin Interaction: Insights from Investigations of Polarized Transport in Single- And Double-Transfected MDCK Cells with a Focus on Perpetrator Disposition. Mol. Pharm. 2018, 15, 3425–3433. [Google Scholar] [CrossRef]

	



Gessner, A.; König, J.; Fromm, M.F. Contribution of Multidrug and Toxin Extrusion Protein 1 (MATE1) to Renal Secretion of Trimethylamine-N-Oxide (TMAO). Sci. Rep. 2018, 8, 6659. [Google Scholar] [CrossRef]

	



Johnson, B.F.; Cheng, S.L.; Venitz, J. Transient Kinetic and Dynamic Interactions between Verapamil and Dofetilide, a Class III Antiarrhythmic. J. Clin. Pharmacol. 2001, 41, 1248–1256. [Google Scholar] [CrossRef]

	



Diaz, A.L.; Clifton, G.D. Dofetilide: A New Class III Antiarrhythmic for the Management of Atrial Fibrillation. Prog. Cardiovasc. Nurs. 2001, 16, 126–129. [Google Scholar] [CrossRef]

	



Abel, S.; Nichols, D.J.; Brearley, C.J.; Eve, M.D. Effect of Cimetidine and Ranitidine on Pharmacokinetics and Pharmacodynamics of a Single Dose of Dofetilide. Br. J. Clin. Pharmacol. 2000, 49, 64–71. [Google Scholar] [CrossRef]

	



Yin, J.; Wang, J. Renal Drug Transporters and Their Significance in Drug-Drug Interactions. Acta Pharm. Sin. B 2016, 6, 363–373. [Google Scholar] [CrossRef] [PubMed]

	



Launay-Vacher, V.; Izzedine, H.; Karie, S.; Hulot, J.S.; Baumelou, A.; Deray, G. Renal Tubular Drug Transporters. Nephron. Physiol. 2006, 103, 97–106. [Google Scholar] [CrossRef] [PubMed]

	



Lepist, E.-I.; Ray, A.S. Renal Transporter-Mediated Drug-Drug Interactions: Are They Clinically Relevant? J. Clin. Pharmacol. 2016, 56, S73–S81. [Google Scholar] [CrossRef]

	



Teuma, C.; Perier-Muzet, M.; Pelletier, S.; Nouvier, M.; Amini-Adl, M.; Dijoud, F.; Duru, G.; Thomas, L.; Fouque, D.; Laville, M.; et al. New Insights into Renal Toxicity of the B-RAF Inhibitor, Vemurafenib, in Patients with Metastatic Melanoma. Cancer Chemother. Pharmacol. 2016, 78, 419–426. [Google Scholar] [CrossRef] [PubMed]

	



Jhaveri, K.D.; Sakhiya, V.; Fishbane, S. Nephrotoxicity of the BRAF Inhibitors Vemurafenib and Dabrafenib. JAMA Oncol. 2015, 1, 1133–1134. [Google Scholar] [CrossRef] [PubMed]

	



He, R.; Ai, L.; Zhang, D.; Wan, L.; Zheng, T.; Yin, J.; Lu, H.; Lu, J.; Lu, F.; Liu, F.; et al. Different Effect of Testosterone and Oestrogen on Urinary Excretion of Metformin via Regulating OCTs and MATEs Expression in the Kidney of Mice. J. Cell. Mol. Med. 2016, 20, 2309–2317. [Google Scholar] [CrossRef] [PubMed]

	



Shchulkin, A.V.; Chernykh, I.V.; Popova, N.M.; Slepnev, A.A.; Yakusheva, E.N. Evaluation of female sex hormones influence on the protein-transporter p-glycoprotein functioning in vitro. Biomeditsinskaia Khimiia 2020, 66, 444–449. [Google Scholar] [CrossRef]

	



Yamreudeewong, W.; DeBisschop, M.; Martin, L.G.; Lower, D.L. Potentially Significant Drug Interactions of Class III Antiarrhythmic Drugs. Drug Saf. 2003, 26, 421–438. [Google Scholar] [CrossRef] [PubMed]

	



TIKOSYN® Clinical Pharmacology (Dofetilide)|Pfizer Medical Information—US. Available online: https://www.pfizermedicalinformation.com/en-us/tikosyn/clinical-pharmacology (accessed on 20 April 2022).

	



Eisenmann, E.D.; Fu, Q.; Muhowski, E.M.; Jin, Y.; Uddin, M.E.; Garrison, D.A.; Weber, R.H.; Woyach, J.; Byrd, J.C.; Sparreboom, A.; et al. Intentional Modulation of Ibrutinib Pharmacokinetics through CYP3A Inhibition. Cancer Res. Commun. 2021, 1, 79–89. [Google Scholar] [CrossRef]

	



Yamazaki, S.; Loi, C.-M.; Kimoto, E.; Costales, C.; Varma, M.V. Application of Physiologically Based Pharmacokinetic Modeling in Understanding Bosutinib Drug-Drug Interactions: Importance of Intestinal P-Glycoprotein. Drug Metab. Dispos. Biol. Fate Chem. 2018, 46, 1200–1211. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.-M.; Rowland, M. The Role of Physiologically Based Pharmacokinetic Modeling in Regulatory Review. Clin. Pharmacol. Ther. 2012, 91, 542–549. [Google Scholar] [CrossRef]

	



Shebley, M.; Sandhu, P.; Emami Riedmaier, A.; Jamei, M.; Narayanan, R.; Patel, A.; Peters, S.A.; Reddy, V.P.; Zheng, M.; de Zwart, L.; et al. Physiologically Based Pharmacokinetic Model Qualification and Reporting Procedures for Regulatory Submissions: A Consortium Perspective. Clin. Pharmacol. Ther. 2018, 104, 88–110. [Google Scholar] [CrossRef] [PubMed]

	



Rowland, M.; Peck, C.; Tucker, G. Physiologically-Based Pharmacokinetics in Drug Development and Regulatory Science. Annu Rev. Pharmacol. Toxicol. 2011, 51, 45–73. [Google Scholar] [CrossRef] [PubMed]

	



Jones, H.M.; Chen, Y.; Gibson, C.; Heimbach, T.; Parrott, N.; Peters, S.A.; Snoeys, J.; Upreti, V.V.; Zheng, M.; Hall, S.D. Physiologically Based Pharmacokinetic Modeling in Drug Discovery and Development: A Pharmaceutical Industry Perspective. Clin. Pharmacol. Ther. 2015, 97, 247–262. [Google Scholar] [CrossRef] [PubMed]

	



US Food and Drug Administration. Clinical Drug Interaction Studies—Cytochrome P450 Enzyme- and Transporter-Mediated Drug Interactions. Guidance for Industry. Available online: https://www.fda.gov/media/134581/download (accessed on 2 August 2022).

	



US Food and Drug Administration. In Vitro Metabolism and Transporter Mediated Drug-Drug Interaction Studies. Guidance for Industry (Draft). Available online: https://www.fda.gov/files/drugs/published/In-Vitro-Metabolism--and-Transporter--Mediated-Drug-Drug-Interaction-Studies-Guidance-for-Industry.pdf (accessed on 2 August 2022).

	



Zhao, P.; Zhang, L.; Grillo, J.A.; Liu, Q.; Bullock, J.M.; Moon, Y.J.; Song, P.; Brar, S.S.; Madabushi, R.; Wu, T.C.; et al. Applications of Physiologically Based Pharmacokinetic (PBPK) Modeling and Simulation during Regulatory Review. Clin. Pharmacol. Ther. 2011, 89, 259–267. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.A.; Rasmussen, H.S.; Stopher, D.A.; Walker, D.K. Pharmacokinetics and Metabolism of Dofetilide in Mouse, Rat, Dog and Man. Xenobiotica Fate Foreign Compd. Biol. Syst. 1992, 22, 709–719. [Google Scholar] [CrossRef] [PubMed]

	



US Food and Drug Administration. Drug Approval Package: Tikosyn (Dofetilide) NDA# 20-931; 1999. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/99/20-931_Tikosyn.cfm (accessed on 2 August 2022).

	



Pfizer Pharmaceutical Production Limited Tikosyn (Dofetilide, UK-68,798) Capsules: Clinical Pharmacology and Biopharmaceutics Review(s)_Part 1.Pdf. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/99/20-931_Tikosyn_biopharmr_P1.pdf (accessed on 2 August 2022).

	



Uddin, M.E.; Talebi, Z.; Chen, S.; Jin, Y.; Gibson, A.A.; Noonan, A.M.; Cheng, X.; Hu, S.; Sparreboom, A. In Vitro and In Vivo Inhibition of MATE1 by Tyrosine Kinase Inhibitors. Pharmaceutics 2021, 13, 2004. [Google Scholar] [CrossRef] [PubMed]

	



Pabla, N.; Gibson, A.A.; Buege, M.; Ong, S.S.; Li, L.; Hu, S.; Du, G.; Sprowl, J.A.; Vasilyeva, A.; Janke, L.J.; et al. Mitigation of Acute Kidney Injury by Cell-Cycle Inhibitors That Suppress Both CDK4/6 and OCT2 Functions. Proc. Natl. Acad. Sci. USA 2015, 112, 5231–5236. [Google Scholar] [CrossRef]

	



Sprowl, J.A.; Ciarimboli, G.; Lancaster, C.S.; Giovinazzo, H.; Gibson, A.A.; Du, G.; Janke, L.J.; Cavaletti, G.; Shields, A.F.; Sparreboom, A. Oxaliplatin-Induced Neurotoxicity Is Dependent on the Organic Cation Transporter OCT2. Proc. Natl. Acad. Sci. USA 2013, 110, 11199–11204. [Google Scholar] [CrossRef]

	



Huang, K.M.; Zavorka Thomas, M.; Magdy, T.; Eisenmann, E.D.; Uddin, M.E.; DiGiacomo, D.F.; Pan, A.; Keiser, M.; Otter, M.; Xia, S.H.; et al. Targeting OCT3 Attenuates Doxorubicin-Induced Cardiac Injury. Proc. Natl. Acad. Sci. USA 2021, 118, e2020168118. [Google Scholar] [CrossRef]

	



König, J.; Zolk, O.; Singer, K.; Hoffmann, C.; Fromm, M.F. Double-Transfected MDCK Cells Expressing Human OCT1/MATE1 or OCT2/MATE1: Determinants of Uptake and Transcellular Translocation of Organic Cations. Br. J. Pharmacol. 2011, 163, 546–555. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Ho, H.-T.; Velez-Cortes, F.; Lou, Q.; Valdivia, C.R.; Knollmann, B.C.; Valdivia, H.H.; Gyorke, S. Genetic Ablation of Ryanodine Receptor 2 Phosphorylation at Ser-2808 Aggravates Ca2+-Dependent Cardiomyopathy by Exacerbating Diastolic Ca2+ Release. J. Physiol. 2014, 592, 1957–1973. [Google Scholar] [CrossRef] [PubMed]

	



Mezache, L.; Struckman, H.L.; Greer-Short, A.; Baine, S.; Györke, S.; Radwański, P.B.; Hund, T.J.; Veeraraghavan, R. Vascular Endothelial Growth Factor Promotes Atrial Arrhythmias by Inducing Acute Intercalated Disk Remodeling. Sci. Rep. 2020, 10, 20463. [Google Scholar] [CrossRef] [PubMed]

	



Koleske, M.; Bonilla, I.; Thomas, J.; Zaman, N.; Baine, S.; Knollmann, B.C.; Veeraraghavan, R.; Györke, S.; Radwański, P.B. Tetrodotoxin-Sensitive Navs Contribute to Early and Delayed Afterdepolarizations in Long QT Arrhythmia Models. J. Gen. Physiol. 2018, 150, 991–1002. [Google Scholar] [CrossRef] [PubMed]

	



Chaves, A.A.; Dech, S.J.; Nakayama, T.; Hamlin, R.L.; Bauer, J.A.; Carnes, C.A. Age and Anesthetic Effects on Murine Electrocardiography. Life Sci. 2003, 72, 2401–2412. [Google Scholar] [CrossRef]

	



Li, Q.; Peng, X.; Yang, H.; Wang, H.; Shu, Y. Deficiency of Multidrug and Toxin Extrusion 1 Enhances Renal Accumulation of Paraquat and Deteriorates Kidney Injury in Mice. Mol. Pharm. 2011, 8, 2476–2483. [Google Scholar] [CrossRef] [PubMed]

	



Grube, M.; Ameling, S.; Noutsias, M.; Köck, K.; Triebel, I.; Bonitz, K.; Meissner, K.; Jedlitschky, G.; Herda, L.R.; Reinthaler, M.; et al. Selective Regulation of Cardiac Organic Cation Transporter Novel Type 2 (OCTN2) in Dilated Cardiomyopathy. Am. J. Pathol. 2011, 178, 2547–2559. [Google Scholar] [CrossRef] [PubMed]

	



Uddin, M.E.; Garrison, D.A.; Kim, K.; Jin, Y.; Eisenmann, E.D.; Huang, K.M.; Gibson, A.A.; Hu, Z.; Sparreboom, A.; Hu, S. Influence of YES1 Kinase and Tyrosine Phosphorylation on the Activity of OCT1. Front. Pharmacol. 2021, 12, 644342. [Google Scholar] [CrossRef] [PubMed]

	



Leblanc, A.F.; Huang, K.M.; Uddin, M.E.; Anderson, J.T.; Chen, M.; Hu, S. Murine Pharmacokinetic Studies. Bio-Protocol 2018, 8, e3056. [Google Scholar] [CrossRef]

	



Uddin, M.E.; Sun, X.; Huang, K.M.; Hu, S.; Carnes, C.A.; Sparreboom, A.; Fu, Q. Development and Validation of a UPLC-MS/MS Analytical Method for Dofetilide in Mouse Plasma and Urine, and Its Application to Pharmacokinetic Study. J. Pharm. Biomed. Anal. 2019, 172, 183–188. [Google Scholar] [CrossRef] [PubMed]

	



Neuhoff, S.; Gaohua, L.; Burt, H.; Jamei, M.; Li, L.; Tucker, G.T.; Rostami-Hodjegan, A. Accounting for Transporters in Renal Clearance: Towards a Mechanistic Kidney Model (Mech KiM). In Transporters in Drug Development: Discovery, Optimization, Clinical Study and Regulation; Sugiyama, Y., Steffansen, B., Eds.; Springer: New York, NY, USA, 2013; pp. 155–177. ISBN 978-1-4614-8229-1. [Google Scholar]








[image: Ijms 23 08607 g001 550] 





Figure 1. Inhibition of MATE1 enhances cardiac accumulation of dofetilide. (A) Transport of [3H] dofetilide (1 µM, 15 min) in cells overexpressing the human transporters OCT1, OCT2, OCT3, OAT1, OAT3, OCTN1, MATE1, or MATE2-K (2 min). Relative uptake is expressed as percentage change compared with empty vector controls (n = 3). (B) Relative uptake of [3H] dofetilide and [14C] TEA in HEK293 cells overexpressing human MATE1 in the presence and absence of cimetidine (25 µM). (C) Time dependent uptake (2–60 min) of [3H] dofetilide (1 µM) in HEK293 cells stably transfected with vector control (VC) or MATE1. (D) Transport kinetics of [3H] dofetilide in cells overexpressing human MATE1. The Michaelis-Menten constant (Km) and the maximal uptake rate (Vmax) values for the kinetics of dofetilide (1–25 µM) was determined after an incubation time of 2 min. Km and Vmax values for transport activity are 6.72 ± 1.71 µM, and 544.40 ± 55.70 pmol/min/mg, respectively. (E) Expression of the MATE1 gene in hearts isolated from untreated wild-type male and female mice (n = 4 per group). (F) Time dependent uptake of [3H] dofetilide (2 µM) in ex vivo cardiomyocytes isolated from wild-type or MATE1-deficient female mice (n = 4–6 per group). (G) Ex vivo concentrations of [3H] dofetilide (2 µM) in cardiomyocytes isolated from wild-type or MATE1-deficient female mice (n = 3 per group) for 30 min in the presence or absence of cimetidine (25 µM) pretreatment. (H) Concentration of dofetilide in whole heart tissue from wild-type or MATE1-deficient male mice 15 min after a single i.v. injection of dofetilide via the caudal vein at a dose of 2.5 mg/kg (n = 4 per group). (I) Concentration of TEA in whole heart tissue from wild-type and MATE1-deficient male mice (n = 4–5 per group) with or without treatment of with cimetidine (100 mg/kg) 30 min before an i.v. administration of [14C] TEA (0.2 mg/kg). Heart samples were collected 15 min after TEA administration. (J) Uptake of 2 µM [3H] dofetilide and [14C] TEA in AC16 human cardiomyocytes (n = 3) for 20 min in the presence or absence of cimetidine (25 µM) pretreatment (15 min). All experimental values are presented as mean ± SEM. Statistical analysis was performed using an unpaired two-sided Student’s t-test with Welch’s correction: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. MATE1 deficiency exacerbates dofetilide-induced proarrhythmia. (A) Expression of the MATE1 gene in heart (n = 3) and kidneys (n = 4) isolated from untreated neonatal wild-type mice (day 1). (B) QTc interval and (C) percent QTc interval changes in neonatal wild-type or MATE1-deficient mice (day one) 15 min after a single i.p. injection of dofetilide at a dose of 0.5 mg/kg (n = 8 per group). All experimental values are presented as mean ± SEM. Statistical analysis was performed using an unpaired two-sided Student’s t test with Welch’s correction: * p < 0.05, *** p < 0.001, compared to baseline values. (D) In vivo surface ECG illustrating changes in QTc after dofetilide treatment in neonatal wild-type mice. (E) Dofetilide-induced second-degree AV blocks in neonatal MATE1-deficient mice. (F) Incidence of second-degree AV blocks (Mobitz I and Mobitz II) in neonatal wild-type and MATE1-deficient mice (n = 8 per group) after treatment with dofetilide. (G) Schematic diagram illustrating the proposed MATE1-dependent regulation of dofetilide transport (i) as a modulator of accumulation in cardiac myocytes leading to reduced (ii) or increased (iii) intracellular concentrations and reduced or increased electrophysiologic activity. 
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Figure 3. Inhibition of MATE1 reduces renal elimination of dofetilide. Characterization of the basolateral to apical (B-A) transport of [14C] metformin (A) [3H] dofetilide (B) in single transfected MDCK-VC, MDCK-OCT2, MDCK-MATE1, and double-transfected MDCK-OCT2-MATE1 cell lines. Transcellular transport was quantified by measuring the amount of metformin or dofetilide added basolaterally to the monolayers and appearing in the apical compartment after a 60-min incubation. Statistical analysis was performed using an unpaired two-sided Student’s t-test with Welch’s correction: *** p <  0.001 vs. MDCK-VC. (C) Urinary excretion of dofetilide in female wild-type, OCT1/2-deficient, MATE1-deficient, and OCT1/2/MATE1-deficient mice (n = 5) following a single i.v. dose of dofetilide (2.5 mg/kg). (D) Plasma concentration-time profile of dofetilide in female wild-type, OCT1/2-deficient, MATE1-deficient, and OCT1/2/MATE1-deficient mice (n = 5) receiving a single oral dose of dofetilide (5 mg/kg). (E) Peak concentration (Cmax) of dofetilide and (F) area under the curve (AUC) of dofetilide after a single oral dose in female mice of varying transporter genotypes. Statistical analysis was performed using one-way ANOVA with Dunnett’s post hoc test: ** p < 0.01, *** p < 0.001, compared with wild-type mice. All data represent the mean ± SEM. 
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Figure 4. Drugs contraindicated for combined use with dofetilide inhibit MATE1 function. (A) FDA-listed contraindicated drugs of dofetilide were assessed at a concentration of 25 µM in HEK293 cells overexpressing human MATE1. [3H] Dofetilide (1 µM) and cimetidine were used as positive control substrate or inhibitor, respectively. Data are represented as the percentage residual MATE1 activity as compared with the vehicle control (DMSO) group (n = 3 per group). (B) IC50 values of different contraindicated drugs. (C) Plasma concentration-time curves profile of dofetilide in male wild-type mice receiving vehicle (PEG400), cimetidine (100 mg/kg), or ketoconazole (50 mg/kg) 30 min before dofetilide (n = 5 per group). (D,E) Pharmacokinetic parameters of dofetilide in male wild-type mice in the presence or absence of pretreatment with vehicle or contraindicated drugs. All data represent the mean ± SEM. Statistical analysis was performed using one-way ANOVA with Dunnett’s post hoc test: * p < 0.05, *** p < 0.001, compared with dofetilide alone control group. 
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Figure 5. CYP3A inhibition does not influence the pharmacokinetics of dofetilide. (A) Plasma concentration-time profile of dofetilide (5 mg/kg, p.o.) in male wild-type or CYP3A-deficient mice pretreated with ketoconazole (100 mg/kg) 30 min before dofetilide (n = 5 per group). (B) Plasma concentration-time curves profile of dofetilide receiving an i.v. dose of 2.5 mg/kg in male wild-type or CYP3A-deficient mice (n = 5). (C) Urinary excretion of dofetilide in male wild-type and CYP3A-deficient mice (n = 5) following a single dose of dofetilide (2.5 mg/kg, i.v.). Pharmacokinetic parameters of dofetilide in male wild-type and CYP3A-deficient mice receiving an oral (5 mg/kg) (D,E), and i.v. (2.5 mg/kg) dose (F,G). Statistical analysis was performed using one-way ANOVA with Dunnett’s post hoc test: * p < 0.05, **** p < 0.0001 compared with wild-type mice receiving vehicle alone. All data represent the mean ± SEM. 
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Figure 6. Structure of the physiologically based pharmacokinetic (PBPK) model for dofetilide. Abbreviations: CL, clearance; GFR, glomerular filtration rate; OC+, organic cation; Ka, absorption rate constant; Ki, inhibition constant; Q, blood flow. 
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Figure 7. PBPK modeling predicts transporter-mediated interactions with dofetilide in humans. Observed and predicted plasma concentration-time profile after a single dose of 0.5 mg dofetilide oral administration (A), and 90-min i.v. infusion (B) at a single dose of 0.5 mg in adult healthy volunteers. Predicted plasma concentration-time profiles receiving multiple oral doses of dofetilide (0.5 mg, BID) with and without cimetidine (400 mg, BID) (C) and ketoconazole (400 mg, QD) (D) in healthy volunteers. 
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