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Abstract

:

Prior studies have demonstrated an organic anion transporter 6 (OAT6)-mediated accumulation of sorafenib in keratinocytes. The OAT6 inhibitor probenecid decreases sorafenib uptake in skin and might, therefore, decrease sorafenib-induced cutaneous adverse events. Here, the influence of probenecid on sorafenib pharmacokinetics and toxicity was investigated. Pharmacokinetic sampling was performed in 16 patients on steady-state sorafenib treatment at days 1 and 15 of the study. Patients received sorafenib (200–800 mg daily) in combination with probenecid (500 mg two times daily (b.i.d.)) on days 2–15. This study was designed to determine bioequivalence with geometric mean Area under the curve from zero to twelve hours (AUC0–12 h) as primary endpoint. During concomitant probenecid, sorafenib plasma AUC0–12 h decreased by 27% (90% CI: −38% to −14%; P < 0.01). Furthermore, peak and trough levels of sorafenib, as well as sorafenib concentrations in skin, decreased to a similar extent in the presence of probenecid. The metabolic ratio of sorafenib-glucuronide to parent drug increased (+29%) in the presence of probenecid. A decrease in systemic sorafenib concentrations during probenecid administration seems to have influenced cutaneous concentrations. Since sorafenib-glucuronide concentrations increased compared with sorafenib and sorafenib-N-oxide, probenecid may have interrupted enterohepatic circulation of sorafenib by inhibition of the organic anion transporting polypeptides 1B1 (OATP1B1). Sorafenib treatment with probenecid is, therefore, not bioequivalent to sorafenib monotherapy. A clear effect of probenecid on sorafenib toxicity could not be identified in this study.






Keywords:


sorafenib; probenecid; hand-foot skin reaction (HFSR); pharmacokinetics; OAT6












1. Introduction


Over the last two decades, systemic anti-cancer treatment options have been expanded from traditional cytotoxic chemotherapy to targeted agents, including tyrosine kinase inhibitors (TKIs). TKIs offer a number of important advantages over conventional cytotoxic chemotherapy like the oral administration of the drugs, but they are still afflicted by some major problems, including large interindividual pharmacokinetic variability, a narrow therapeutic window, and debilitating adverse events [1]. Cutaneous adverse events are among the most frequently observed toxicities with many TKIs, and their intensity can significantly affect both quality of life and health care economics [2]. A particularly painful complication seen most frequently during the early weeks of use with TKIs, such as sorafenib, sunitinib, and regorafenib, is called hand-foot skin reaction (HFSR), in which painful hyperkeratotic plaques develop predominantly over sites of pressure or friction [3,4]. The clinical incidence of HFSR varies among TKIs with a particularly high incidence (20% ≥ grade 3) being observed with sorafenib [5], an orally administered multikinase inhibitor, registered for treatment of advanced hepatocellular carcinoma and advanced renal cell carcinoma as well as iodine-refractory advanced thyroid cancer [3,4,6,7]. Furthermore, it is investigated as a treatment option for acute myeloid leukemia [8]. The pathogenesis of TKI-induced HFSR remains currently unknown, and the only effective treatment options involve either dose reduction or discontinuation of therapy, which theoretically may have negative effects on disease management [9,10]. However, previous in vitro and in vivo research showed that sorafenib can accumulate in human epidermal keratinocytes mediated by the organic anion transporter 6 (OAT6) [11], and that sorafenib-induced skin toxicity can be prevented by cotreatment with the OAT6 inhibitor probenecid without negatively influencing the antitumor properties of sorafenib [11]. Probenecid is an uricosuric agent indicated for the maintenance treatment of hyperuricemia associated with gout and gouty arthritis. It was also used as an adjuvant for therapy with certain antibiotics, such as penicillin, ampicillin, or methicillin, because it elevates and prolongs their plasma levels by inhibition of renal excretion [12]. Probenecid is usually well tolerated at a dose of 500 mg two times daily and is usually taken for (many) months. Probenecid is also known as a pan- uridine diphosphate glucuronosyltransferase (UGT) inhibitor, used in drug registration studies and, therefore, could potentially influence pharmacokinetics of several drugs, including sorafenib that undergoes cytochrome P450 3A4 (CYP3A4) -mediated oxidation into its active metabolite (pyridine-N-oxide) and UGT1A9-mediated glucuronidation into sorafenib glucuronide [13,14,15]. Furthermore, probenecid is known to alter the activity of several drug transporters like OAT and the organic anion transporting polypeptides (OATP), which play a main role in renal and hepatic excretion [16]. However, the extent of this possible effect is not yet determined in clinical studies and the safety of the combination of these drugs is currently unknown. As part of an ongoing project to develop translationally useful prevention strategies for sorafenib-induced HFSR, in the current study, we evaluated the pharmacokinetics (PK) and safety of sorafenib when concomitantly used with probenecid.




2. Materials and Methods


This non-randomized, cross-over study was performed between November 2017 and November 2019 at the Erasmus University MC Cancer Institute. The study was approved by the local ethics committee of the Erasmus University MC (METC-17-490, date of approval 16-11-2017) and competent authority and was registered at the European Clinical Trials Database (EudraCT 2017-002470-40) and the Dutch trial registry (www.trialregister.nl; number NL6783).



2.1. Patients


Patients who had a confirmed diagnosis of advanced hepatocellular carcinoma (HCC) or differentiated thyroid carcinoma with an indication for sorafenib treatment, and who were at least 18 years of age, were included in this study. Furthermore, patients had to have an Eastern Cooperative Oncology Group (ECOG) performance status of ≤2 and an adequate hematological, renal, and liver function defined as a Common Terminology Criteria for Adverse Events (CTCAE) grade of ≤2 at baseline. Besides, patients with known contraindications for probenecid use (e.g., history of uric acid kidney stones, an acute gouty attack, or blood dyscrasias) and/or the use of drugs that are strong CYP3A4 or UGT1A9 inducers or inhibitors were excluded. All included patients gave written informed consent.




2.2. Study Procedures


Patients received sorafenib for at least two weeks to ensure steady-state pharmacokinetics of sorafenib. Since sorafenib has linear pharmacokinetics, [17] dose reductions were allowed after the start of the study. Sorafenib was administered at a 200–800-mg daily dose during the 15-day study period and was given concomitantly with probenecid (500 mg b.i.d.) from day 2 to day 15 of the study. Both sorafenib and probenecid were ingested at predefined timepoints at 10:00 a.m. and 10:00 p.m.




2.3. Pharmacokinetic Sampling


Patients were admitted to the hospital on days 1 and 15 of the study for pharmacokinetic blood sampling. A total of nine blood samples for the determination of sorafenib, sorafenib N-oxide, and sorafenib glucuronide were obtained at predefined time points (T = pre, T = 0.5 h, T = 1 h, T = 2 h, T = 4 h, T = 6 h, T = 8 h, T = 10 h, and T = 12 h). Blood samples were processed into plasma within 30 min, by vortex mixing and centrifugation for 10 min at 2500× g at 4 °C. Plasma concentrations were determined using a validated liquid chromatography tandem mass spectrometry (LC-MS/MS) method [18], at both the laboratory of Translational Pharmacology in the Erasmus MC, Rotterdam, and the laboratory of Pharmaceutics and Pharmaceutical Chemistry, Ohio State University, OH. Predefined pharmacokinetic endpoints were the dose-corrected area under the curve from preadministration time point until 12 h after sorafenib intake (AUC0–12 h), maximum concentration (Cmax), time until maximum concentration (Tmax), and lowest plasma concentration (Ctrough) and were determined using WinNonlin v. 7.0 (Phoenix, Certara, 5349 AB, Oss, The Netherlands) for sorafenib, sorafenib-N-oxide, and sorafenib glucuronide.




2.4. Skin Biopsies


A 3-mm skin biopsy was obtained at days 1 and 15 of the study during PK sampling days for pharmacokinetic analysis. Skin biopsies were taken from either the forearm or the shoulder region, but always from the same region at the same timepoint in an individual patient during the two consecutive PK sampling days. If patients had HFSR lesions at the hand at the first PK day, an additional skin biopsy was performed from the thenar eminence region of the hand for pathologic analysis on days 1 and 15. The biopsies were graded according to the scoring for interface dermatitis as used for graft-versus-host disease by an experienced pathologist (J.D.). There is no other pathologic grading scale for HFSR and our grading scale shows the most overlapping features from a pathologic perspective [19]. Furthermore, concentrations of sorafenib were determined from the skin biopsies after dilution in human plasma and homogenization using the validated liquid chromatography tandem mass spectrometry (LC-MS/MS) method described earlier [18].




2.5. In Vitro Transport Assay


Transport assays assessing probenecid’s inhibition of OATP1B1 were conducted as previously described [20]. The [3H]estradiol-17b-d-glucuronide, a positive control substrate for OATP1B1 [21], was obtained from American Radiolabeled Chemicals. Water-soluble probenecid was obtained from Invitrogen (Molecular Probes). The generation and characterization of Flp-In T-Rex293 cells expressing inducible OATP1B1 have been reported previously [22,23]. Cells expressing OATP1B1 or vector control (VC) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS), hygromycin B (25 mg/mL; Invitrogen), and blasticidin (37.5 mg/mL; Biovision, CA, USA).



Cells were seeded in 24-well plates in phenol red-free DMEM containing 10% FBS, hygromycin (25 mg/mL), blasticidin (37.5 mg/mL), and doxycycline (1 µg/mL) and were incubated at 37 °C for 24 h. Cells were then washed with warm phosphate buffered saline PBS and pre-incubated with the indicated concentration of probenecid in phenol red-free DMEM (without FBS and supplements) at 37 °C for 15 min. Cells were then incubated with phenol red-free DMEM containing the indicated concentration of probenecid and 0.2 µM [3H]estradiol-17b-d-glucuronide for an additional 15 min. The experiment was terminated by washing three times with ice-cold PBS. Cells were lysed in 1 N NaOH at 4 °C overnight, and then the solution was neutralized with 2 mol/L HCl. Total protein was measured using a Pierce BCA Protein Assay Kit (Thermo Scientific), and total protein content was quantified using a microplate spectrophotometer. Drug concentrations were determined in the remaining cell lysate by liquid scintillation counting using a scintillation counter. OATP1B1-mediated uptake was calculated by dividing the disintegrations per minute (dpm) from each replicate by the amount of protein (mg) and subtracting the dpm/mg protein in 2 cell line from the dpm/mg protein in OATP1B1 overexpressing cells at each concentration of probenecid. OATP1B1-mediated uptake at each concentration of probenecid was then compared with OATP1B1-mediated uptake when only an equal volume of vehicle was added without probenecid (i.e., % control). The half maximal inhibitory concentration (IC50) was calculated using a nonlinear fit comparing concentration of probenecid versus response.




2.6. Toxicity


Toxicity rates were determined at baseline, days 1 and day 15 of the study using Common Terminology Criteria for Adverse Events (CTCAE version 4.0, National Cancer Institute, Bethesda, MD, USA), and by evaluating the patient diaries during the sorafenib monotherapy phase and sorafenib concomitant with probenecid phase.




2.7. Statistical Analysis


The primary objective of this study was to determine bioequivalence between sorafenib monotherapy and sorafenib concomitantly with probenecid to determine whether it is a safe option in clinical practice. Bioequivalence can be concluded when the 90% confidence interval (CI) of the ratio of geometric means is within 80% and 125%. Assuming a standard deviation of the difference of 0.25 for log(AUCsorafenib), using a 90% power and two-sided alpha of 5%, the required number of evaluable patients was 16. Analyses of AUC0–12 h, Ctrough, and Cmax were performed on log-transformed observations by means of the paired t-test. The point estimates and CIs were transformed back to the original scale in order to give the point estimates for the ratio of the geometric means and the CIs. Tmax was analyzed by means of the Wilcoxon signed rank test and described with medians and interquartile ranges. Toxicity was described as the incidence of toxicity per phase. This was corrected for baseline toxicity and was only taken into account in case of an increase in CTCAE grade per PK sampling day. Since the design of this study was not appropriate to detect a significant difference in toxicity, these results had a descriptive character.





3. Results


3.1. Patient Characteristics


Seventeen patients were included, of whom 16 patients were evaluable due to withdrawal of one patient. Most patients (n = 14) were male and had an HCC (n = 12). Eight patients with HCC had underlying liver cirrhosis due to alcohol abuse (n = 3) or chronic viral hepatitis (n = 5). Other patient characteristics can be found in Table 1.




3.2. Pharmacokinetics


When sorafenib was administered with concomitant probenecid, the geometric mean sorafenib AUC0–12 h was 26.8% (90% CI: −37.7% to −14.1%) lower than when sorafenib was administered alone. Similarly, sorafenib plasma Cmax and Ctrough decreased significantly by 25.1% (90% CI: −44.3% to −19.7%) and 26.0% (90% CI: −43.4% to −3.4%), respectively (Table 2 and Figure 1). Sorafenib metabolites showed a similar decrease in plasma concentration, although there was a substantial interpatient variability. The sorafenib-N-Oxide AUC0–12 h decreased by 36.3% (90% CI: −52.8% to −14.1%) and Cmax showed a similar significant decrease of 39.2% (90% CI: −54.6% to −18.7%). Interestingly, cotreatment with probenecid did not decrease the sorafenib-glucuronide AUC0–12 h to a similar extent (5.5%; 90% CI: −18.0% to 8.9%), did not significantly influence Cmax (6.1%; 90% CI: −21.7% to 12.7%), and, thus, shows bioequivalence (Table 2 and Figure 1). The ratio of sorafenib-glucuronide to sorafenib increased by 29% when sorafenib was co-administered with probenecid, whereas other metabolic ratios did not change significantly. Sorafenib concomitant with probenecid is not bioequivalent to sorafenib monotherapy.



Sorafenib concentration in skin decreased in the presence of probenecid by 28.1% (90% CI: −46.3% to −3.7%), with a similar plasma sorafenib/sorafenib in skin ratio (Table 2). Furthermore, there was no difference between patients with or without liver cirrhosis in sorafenib plasma AUC (−6.3%; 90% CI: −32.9% to 30.7%; P = 0.73) and Ctrough (−7.4%; 90% CI: −46.8% to 61.3%; P = 0.81).




3.3. In Vitro Transport Assay


Subsequently, we hypothesized that probenecid interferes with enterohepatic sorafenib circulation via OATP1B1 inhibition and, therefore, measured the impact of probenecid on the cellular uptake of a probe OATP1B1 substrate, [3H]estradiol-17b-d-glucuronide, in a cell line overexpressing OATP1B1. Probenecid inhibited OATP1B1 function with an IC50 of 182 µM (Figure 2). Given that probenecid achieves plasma concentrations higher than 200 µM at clinically relevant doses, [24] the results of this experiment support our hypothesis that OATP1B1 contributes to the observed drug–drug interaction between probenecid and sorafenib.




3.4. Toxicity


There were three serious adverse events, which were assumed to be not related to any of the study drugs (gastroenteritis with dehydration and dyspnea grade 3 during the probenecid part and atrial fibrillation de novo in the monotherapy part, all complicated with unplanned hospitalization). HFSR, rash, anorexia, and fatigue occurred more frequently during probenecid administration (65%) than during sorafenib monotherapy (43%) (Table 3, Supplementary Table S1). HFSR occurred in 10 of 16 patients with five patients experiencing HFSR at the first day of PK sampling. Three of these patients experienced progression of HFSR symptoms during the study. Most toxicity occurred after 3–6 weeks of treatment. Most grades 2 and 3 adverse events were seen when sorafenib was administered with probenecid. A total of five patients experienced HFSR at PK sampling day 1 and a biopsy of the thenar eminence region was taken in these patients on days 1 and 15 of the study. There was no difference in the grading of the HFSR between the first and second PK sampling day in these patients.





4. Discussion


In this study, we investigated the influence of the OAT6 and OATP1B1 inhibitor probenecid on sorafenib pharmacokinetics and toxicity in patients, and found a significant decrease in the geometric mean of sorafenib plasma exposure and a nearly significant decrease in intracutaneous sorafenib exposure during concomitant probenecid administration making sorafenib concomitantly with probenecid not bioequivalent to sorafenib monotherapy. Of the metabolites, systemic sorafenib-N-oxide concentrations decreased proportionally with the parent drug, but the sorafenib-glucuronide to sorafenib ratio increased after probenecid administration, which does not support the hypothesis of UGT inhibition. This is in line with our previous findings on enterohepatic circulation of sorafenib-glucuronide, which demonstrated that OATP1B inhibition leads to an increase in plasma sorafenib glucuronide levels [13,25]. Next to the relative increase in systemic sorafenib-glucuronide exposure, its reduced hepatocellular secretion would also explain the decrease in systemic sorafenib concentrations after probenecid administration, as these concentrations are less maintained via enterohepatic circulation of deconjugated sorafenib glucuronide. Moreover, as we found probenecid to inhibit OATP1B1-mediated transport in vitro at clinically relevant concentrations and as we previously showed that OATP1B1 contributes to enterohepatic sorafenib cycling [13], it is plausible that reduced enterohepatic circulation of sorafenib led to its significant decrease in systemic exposure after probenecid. Alternatively, the relative systemic accumulation of sorafenib-glucuronide compared with sorafenib and sorafenib-N-oxide might be caused by decreased tubular secretion in the kidney, where probenecid is known to inhibit prominent drug transporters as OAT1 and OAT3 [16]. However, data regarding this potential interaction are lacking. This study was not designed to quantify these mechanisms and it should be noted that all patients followed the same sequence of treatment, i.e., sorafenib monotherapy followed by concomitant probenecid, which complicates the differentiation between effects of probenecid and time. Regardless of its etiology, the decrease in systemic sorafenib exposure rather than inhibited OAT6-mediated transport seemed to determine cutaneous sorafenib concentrations, as systemic and cutaneous sorafenib concentrations decreased proportionally and protective effect of probenecid on cutaneous exposure could not be demonstrated. This follows a recent population PK analysis in which systemic sorafenib and sorafenib-N-oxide were associated with earlier occurrence of HFSR [26]. Despite lower sorafenib exposure, adverse events occurred more frequently during probenecid cotreatment. It is known that the prevalence of adverse events increases during the first weeks of sorafenib treatment [27]. The difference in adverse events is, therefore, unlikely a result of the drug interaction observed in this study. Patients participated in the study at a relatively early stage of the TKI treatment (i.e., maximal six weeks after start of sorafenib treatment). Usually sorafenib adverse events such as hypertension occur early during TKI treatment [27] and HFSR usually develops 2–4 weeks after initiation of sorafenib. Hence, it is not likely that we missed this adverse event in our study population [19,27]. In the five patients who experienced HFSR at the first day of study, pathologic characteristics of skin biopsies from the thenar eminence region did not change during the study, potentially due to the non-specificity for HFSR of the used grading scale, i.e., the interface dermatitis score, or due to the absence of high-grade HFSR in our study population. Therefore, subtle HFSR specific changes could have been missed.




5. Conclusions


In conclusion, both systemic and cutaneous sorafenib exposure decreased proportionally during concomitant probenecid administration, which may have been caused by interruption of enterohepatic cycling via OATP1B1 inhibition.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4923/12/9/788/s1, Table S1: Toxicity per patient.





Author Contributions


Conceptualization: K.G.A.M.H., L.v.D., K.E., R.H.J.M., and S.B.; methodology, K.G.A.M.H., E.O.-d.H., and K.E.; formal analysis, K.G.A.M.H., L.v.D., J.D., Q.F., E.D.E., A.A.G., E.O.-d.H., P.d.B., S.D.B., A.S., and S.B.; investigation, K.G.A.M.H., L.v.D., and N.v.D.; writing—original draft preparation, K.G.A.M.H., L.v.D., S.B., A.S., and R.H.J.M. writing—review and editing, J.D., Q.F., E.D.E., E.O.-d.H., P.d.B., S.D.B., S.L.W.K., A.S., and S.B., R.W.F.v.L. and T.v.G.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


R.H.J.M. reports unrestricted research grants from Bayer outside the submitted work. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results. All other authors declare no competing interests. Part of this work has been presented at the 4th ICPAD 2019, Amsterdam, The Netherlands (November 2019) as an oral presentation.




References


	



Hartmann, J.T.; Haap, M.; Kopp, H.G.; Lipp, H.P. Tyrosine kinase inhibitors-a review on pharmacology, metabolism and side effects. Curr. Drug Metab. 2009, 10, 470–481. [Google Scholar] [CrossRef]

	



Anderson, R.T.; Keating, K.N.; Doll, H.A.; Camacho, F. The Hand-Foot Skin Reaction and Quality of Life Questionnaire: An Assessment Tool for Oncology. Oncologist 2015, 20, 831–838. [Google Scholar] [CrossRef]

	



Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.-F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.-L.; Forner, A.; et al. Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 2008, 359, 378–390. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.; Shen, Y.C.; Cheng, A.L. Sorafenib for the treatment of hepatocellular carcinoma across geographic regions. Expert Rev. Clin. Pharmacol. 2009, 2, 129–136. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Gu, J. Hand-foot skin reaction with vascular endothelial growth factor receptor tyrosine kinase inhibitors in cancer patients: A systematic review and meta-analysis. Crit. Rev. Oncol. Hematol. 2017, 119, 50–58. [Google Scholar] [CrossRef] [PubMed]

	



Wilhelm, S.M.; Adnane, L.; Newell, P.; Villanueva, A.; Llovet, J.M.; Lynch, M. Preclinical overview of sorafenib, a multikinase inhibitor that targets both Raf and VEGF and PDGF receptor tyrosine kinase signaling. Mol. Cancer Ther. 2008, 7, 3129–3140. [Google Scholar] [CrossRef]

	



Escudier, B.; Eisen, T.; Stadler, W.M.; Szczylik, C.; Oudard, S.; Staehler, M.; Negrier, S.; Chevreau, C.; Desai, A.A.; Rolland, F.; et al. Sorafenib for treatment of renal cell carcinoma: Final efficacy and safety results of the phase III treatment approaches in renal cancer global evaluation trial. J. Clin. Oncol. 2009, 27, 3312–3318. [Google Scholar] [CrossRef]

	



Rollig, C.; Serve, H.; Hüttmann, A.; Noppeney, R.; Müller-Tidow, C.; Krug, U.; Baldus, C.D.; Brandts, C.H.; Kunzmann, V.; Einsele, H.; et al. Addition of sorafenib versus placebo to standard therapy in patients aged 60 years or younger with newly diagnosed acute myeloid leukaemia (SORAML): A multicentre, phase 2, randomised controlled trial. Lancet Oncol. 2015, 16, 1691–1699. [Google Scholar] [CrossRef]

	



Santos, F.P.S.; Kantarjian, H.; Fava, C.; O’Brien, S.; Garcia-Manero, G.; Ravandi, F.; Wierda, W.; Thomas, D.; Shan, J.; Cortes, J. Clinical impact of dose reductions and interruptions of second-generation tyrosine kinase inhibitors in patients with chronic myeloid leukaemia. Br. J. Haematol. 2010, 150, 303–312. [Google Scholar] [CrossRef]

	



Thomas, L.; Lai, S.Y.; Dong, W.; Feng, L.; Dadu, R.; Regone, R.M.; Cabanillas, M.E. Sorafenib in metastatic thyroid cancer: A systematic review. Oncologist 2014, 19, 251–258. [Google Scholar] [CrossRef]

	



Zimmerman, E.I.; Gibson, A.A.; Hu, S.; Vasilyeva, A.; Orwick, S.J.; Du, G.; Mascara, G.P.; Ong, S.S.; Chen, T.; Vogel, P.; et al. Multikinase Inhibitors Induce Cutaneous Toxicity through OAT6-Mediated Uptake and MAP3K7-Driven Cell Death. Cancer Res. 2016, 76, 117–126. [Google Scholar] [CrossRef] [PubMed]

	



Overbosch, D.; Van Gulpen, C.; Hermans, J.; Mattie, H. The effect of probenecid on the renal tubular excretion of benzylpenicillin. Br. J. Clin. Pharmacol. 1988, 25, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Bins, S.; van Doorn, L.; Phelps, M.A.; Gibson, A.A.; Hu, H.; Li, L.; Vasilyeva, A.; Du, G.; Hamberg, P.; Eskens, F.; et al. Influence of OATP1B1 Function on the Disposition of Sorafenib-beta-D-Glucuronide. Clin. Transl. Sci. 2017, 10, 271–279. [Google Scholar] [CrossRef] [PubMed]

	



Mendonza, A.; Hanna, I.; Meyers, D.; Koo, P.; Neelakantham, S.; Zhu, B.; Majumdar, T.; Rebello, S.; Sunkara, G.; Chen, J. Assessment of pharmacokinetic drug-drug interaction between pradigastat and atazanavir or probenecid. J. Clin. Pharmacol. 2016, 56, 355–364. [Google Scholar] [CrossRef] [PubMed]

	



Uchaipichat, V.; Mackenzie, P.I.; Guo, X.-H.; Gardner-Stephen, D.; Galetin, A.; Houston, J.B.; Miners, J.O. Human udp-glucuronosyltransferases: Isoform selectivity and kinetics of 4-methylumbelliferone and 1-naphthol glucuronidation, effects of organic solvents, and inhibition by diclofenac and probenecid. Drug Metab. Dispos. 2004, 32, 413–423. [Google Scholar] [CrossRef]

	



Hagos, F.T.; Daood, M.J.; Ocque, J.A.; Nolin, T.D.; Bayir, H.; Poloyac, S.M.; Kochanek, P.M.; Clark, R.S.; Empey, P.E. Probenecid, an organic anion transporter 1 and 3 inhibitor, increases plasma and brain exposure of N-acetylcysteine. Xenobiotica 2017, 47, 346–353. [Google Scholar] [CrossRef]

	



Minami, H.; Kawada, K.; Ebi, H.; Kitagawa, K.; Kim, Y.-I.; Araki, K.; Mukai, H.; Tahara, M.; Nakajima, H.; Nakajima, K. Phase I and pharmacokinetic study of sorafenib, an oral multikinase inhibitor, in Japanese patients with advanced refractory solid tumors. Cancer Sci. 2008, 99, 1492–1498. [Google Scholar] [CrossRef]

	



Li, L.; Zhao, M.; Navid, F.; Pratz, K.; Smith, B.D.; Rudek, M.A.; Baker, S.D. Quantitation of sorafenib and its active metabolite sorafenib N-oxide in human plasma by liquid chromatography-tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2010, 878, 3033–3038. [Google Scholar] [CrossRef]

	



Lipworth, A.D.; Robert, C.; Zhu, A.X. Hand-foot syndrome (hand-foot skin reaction, palmar-plantar erythrodysesthesia): Focus on sorafenib and sunitinib. Oncology 2009, 77, 257–271. [Google Scholar] [CrossRef]

	



Zimmerman, E.I.; Hu, S.; Roberts, J.L.; Gibson, A.A.; Orwick, S.J.; Li, L.; Sparreboom, A.; Baker, S.D. Contribution of OATP1B1 and OATP1B3 to the disposition of sorafenib and sorafenib-glucuronide. Clin. Cancer Res. 2013, 19, 1458–1466. [Google Scholar] [CrossRef]

	



König, J.; Cui, Y.; Nies, A.T.; Keppler, D. Localization and genomic organization of a new hepatocellular organic anion transporting polypeptide. J. Biol. Chem. 2000, 275, 23161–23168. [Google Scholar] [CrossRef] [PubMed]

	



Ramsey, L.B.; Bruun, G.H.; Yang, W.; Treviño, L.R.; Vattathil, S.; Scheet, P.; Cheng, C.; Rosner, G.L.; Giacomini, K.M.; Fan, Y.; et al. Rare versus common variants in pharmacogenetics: SLCO1B1 variation and methotrexate disposition. Genome Res. 2012, 22, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Lancaster, C.S.; Bruun, G.H.; Peer, C.J.; Mikkelsen, T.S.; Corydon, T.J.; Gibson, A.A.; Hu, S.; Orwick, S.J.; Mathijssen, R.H.; Figg, W.D.; et al. OATP1B1 polymorphism as a determinant of erythromycin disposition. Clin. Pharmacol. Ther. 2012, 92, 642–650. [Google Scholar] [CrossRef] [PubMed]

	



Selen, A.; Amidon, G.L.; Welling, P.G. Pharmacokinetics of probenecid following oral doses to human volunteers. J. Pharm. Sci. 1982, 71, 1238–1242. [Google Scholar] [CrossRef]

	



Vasilyeva, A.; Durmus, S.; Li, L.; Wagenaar, E.; Hu, S.; Gibson, A.A.; Panetta, J.C.; Mani, S.; Sparreboom, A.; Baker, S.D.; et al. Hepatocellular Shuttling and Recirculation of Sorafenib-Glucuronide Is Dependent on Abcc2, Abcc3, and Oatp1a/1b. Cancer Res. 2015, 75, 2729–2736. [Google Scholar] [CrossRef] [PubMed]

	



Inaba, H.; Panetta, J.C.; Pounds, S.B.; Wang, L.; Li, L.; Navid, F.; Federico, S.M.; Eisenmann, E.D.; Vasilyeva, A.; Wang, Y.; et al. Sorafenib Population Pharmacokinetics and Skin Toxicities in Children and Adolescents with Refractory/Relapsed Leukemia or Solid Tumor Malignancies. Clin. Cancer Res. 2019, 25, 7320–7330. [Google Scholar] [CrossRef]

	



Brose, M.S.; Frenette, C.T.; Keefe, S.M.; Stein, S.M. Management of sorafenib-related adverse events: A clinician’s perspective. Semin. Oncol. 2014, 41, S1–S16. [Google Scholar] [CrossRef]








[image: Pharmaceutics 12 00788 g001 550] 





Figure 1. Pharmacokinetic results are displayed for (a) sorafenib-glucuronide concentration, (b) sorafenib concentration, (c) sorafenib-glucuronide (SG) to sorafenib ratio. 
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Figure 2. Inhibition of OATP1B1 function by probenecid in vitro. HEK293 cells expressing OATP1B1 or VC were pre-incubated with probenecid at the indicated concentrations for 15 min before incubation with probenecid and [3H]estradiol-17b-d-glucuronide for 15 min. Data represent uptake of OATP1B1-expressing cells at each concentration compared against vehicle after subtracting uptake by VC cells (mean ± SEM). Each concentration consists of 3–9 technical replicates across 1–3 biological replicates. 
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Table 1. Patient characteristics.
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	Characteristic
	Evaluable Patients (n = 16)





	Sex
	



	Male
	14 (88%)



	Female
	2 (12%)



	Age (years) median [IQR]
	66.5 (58–75)



	Performance
	



	ECOG 0
	1 (6%)



	ECOG 1
	13 (82%)



	ECOG 2
	2 (12%)



	Tumor type
	



	HCC
	12 (72%)



	• Liver cirrhosis
	8 (66%)



	• Pre-existent hepatitis
	5 (42%)



	Thyroid carcinoma
	4 (28%)



	BMI (kg/m2) median [IQR]
	25.2 (22–30)



	Race
	



	Caucasian
	11 (70%)



	African
	1 (6%)



	Arabic
	3 (18%)



	Asian
	1 (6%)



	Sorafenib daily dose at start of study
	



	200 mg
	1 (6%)



	400 mg
	10 (63%)



	600 mg
	2 (12%)



	800 mg
	3 (19%)







Abbreviations: BMI = body mass index, ECOG = Eastern Cooperative Oncology Group; HCC = hepatocellular carcinoma, n = number of patients; IQR = interquartile range.
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Table 2. Pharmacokinetic results.
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Pharmacokinetic Parameters

	
Sorafenib Monotherapy

	
Metabolic Ratio (Metabolite/Sorafenib)

	
Sorafenib with Probenecid

	
Metabolic Ratio (Metabolite/Sorafenib)

	
RD Sorafenib Monotherapy vs. Sorafenib + Probenecid (90% CI)






	
Sorafenib




	
AUC0–12 h (CV%)

	
33,457.8 (42)

	

	
24,476.8 (57)

	

	
−26.8% (−37.7% to −14.1%)




	
geomean μg·h/mL




	
Cmax (CV%)

	
4457.8 (52)

	

	
3337.2 (63)

	

	
−25.1% (−44.3% to −19.7%)




	
geomean μg/mL




	
Ctrough (CV%)

	
2125.5 (60)

	

	
1571.9 (61)

	

	
−26.0% (−43.4% to −3.4%)




	
geomean μg/mL




	
Tmax (IQR)

	
3.7 (1.5–4.15)

	

	
2.2 (1.0–2.01)

	

	
NA




	
median hours




	
Sorafenib-N-oxide




	
AUC0–12 h (CV%)

	
3442.8 (78)

	
0.10

	
2192.3 (77)

	
0.09

	
−36.3% (−52.8% to −14.1%)




	
geomean μg·h/mL




	
Cmax (CV%)

	
467.3 (77)

	

	
283.9 (74)

	

	
−39.2% (−54.6% to −18.7%)




	
geomean μg/mL




	
Ctrough (CV%)

	
271.1 (282)

	

	
(71)

	

	
−35.2% (−59.7% to 4.3%)




	
geomean μg/mL




	
Sorafenib-glucuronide




	
AUC0–12 h (CV%)

	
120,660 (55)

	
3.61

	
113,995 (59)

	
4.66

	
−5.5% (−18.0% to 8.9%)




	
geomean μg·h/mL




	
Cmax (CV%)

	
12,704 (51)

	

	
11,931 (64)

	

	
−6.1% (−21.7% to 12.7%)




	
geomean μg/mL




	
Ctrough (CV%)

	
9159 (65)

	

	
8400 (67)

	

	
−8.3% (−21.3% to 6.9%)




	
geomean μg/mL




	
Tissue




	
Sorafenib concentration in keratinocytes

	
50.0 (61)

	
1.49 × 10−3 #

	
36.0 (63)

	
1.47 × 10−3

	
−28.1% (−46.3% to −3.7%)




	
Geomean ng/mL (CV%)








Abbreviations: AUC0–12 h = area under the curve, time point 0 h to 12 h; CI = confidence interval; RD = relative difference; Cmax = maximum concentration; Ctrough = minimum concentration; CV = coefficient of variation; h = hours; n = number of patients; Tmax = time until maximum concentration, IQR = interquartile range; NA = not applicable. # = ratio of plasma to skin sorafenib.
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Table 3. Patient reported adverse events during study period.






Table 3. Patient reported adverse events during study period.





	

	
Sorafenib Mono

(N = 16)

	
Sorafenib Concomitantly with Probenecid (N = 16)






	
Adverse event

	
Grade 1–2

	
Grade 3

	
Grade 1–2

	
Grade 3




	
HFSR

	
3

	
-

	
6

	
1




	
Rash

	
1

	
-

	
3

	
1




	
Nausea

	
1

	
-

	
2

	
-




	
Vomiting

	
0

	
-

	
1

	
-




	
Oral mucositis

	
1

	
-

	
1

	
-




	
Diarrhea

	
1

	
-

	
2

	
-




	
Constipation

	
2

	
-

	
3

	
-




	
Anorexia

	
4

	
-

	
7

	
-




	
Dyspnea

	
-

	
-

	
-

	
1




	
Edema

	
-

	
-

	
1

	
-




	
Fatigue

	
2

	
-

	
6

	
1




	
Fever

	
1

	
-

	
-

	
-




	
Pain

	
1

	
1

	
2

	
1




	
Serious adverse events (SAE)

	
1

	

	
2

	








There were three serious adverse events (atrial fibrillation de novo, dyspnea grade 3, and severe gastroenteritis with dehydration) during sorafenib therapy for which hospitalization was necessary.














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