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Abstract

:

Background: Serum urate (SU) levels in primates are extraordinarily high among mammals. Urate is a Janus-faced molecule that acts physiologically as a protective antioxidant but provokes inflammation and gout when it precipitates at high concentrations. Transporters play crucial roles in urate disposition, and drugs that interact with urate transporters either by intention or by accident may modulate SU levels. We examined whether in vitro transporter interaction studies may clarify and predict such effects. Methods: Transporter interaction profiles of clinically proven urate-lowering (uricosuric) and hyperuricemic drugs were compiled from the literature, and the predictive value of in vitro-derived cut-offs like Cmax/IC50 on the in vivo outcome (clinically relevant decrease or increase of SU) was assessed. Results: Interaction with the major reabsorptive urate transporter URAT1 appears to be dominant over interactions with secretory transporters in determining the net effect of a drug on SU levels. In vitro inhibition interpreted using the recommended cut-offs is useful at predicting the clinical outcome. Conclusions: In vitro safety assessments regarding urate transport should be done early in drug development to identify candidates at risk of causing major imbalances. Attention should be paid both to the inhibition of secretory transporters and inhibition or trans-stimulation of reabsorptive transporters, especially URAT1.
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1. Urate Homeostasis and Its Disorders


Urate is the end product of purine catabolism in primates including humans. In other mammals, urate is broken down to allantoin by the enzyme uricase (urate oxidase). This function, however, was lost in the evolutionary lineage of primates due to a mutation [1]. Purines are derived from dietary sources, the breakdown of nucleic acids, as well as from de novo synthesis. Urate is synthesized in the liver and the small intestine [2]. The last two steps of urate synthesis are catalyzed by xanthine oxidase (XO) that converts hypoxanthine to xanthine and xanthine to uric acid (Figure 1) [2].



Approximately two-thirds of urate is excreted renally and one-third with feces [3]. About 15% and 10% of plasma urate is protein-bound in males and females, respectively [4]. In healthy adults the average fractional excretion of uric acid (FE = fraction secreted/fraction filtered) is 6–8% [5]. After glomerular filtration, 90–97% of urate is reabsorbed in the proximal tubule, and tubular secretion of urate also takes place. However, the exact location and temporal sequence of reabsorption and secretion is as yet unclear [5].



Hyperuricemia is a condition characterized by elevated serum urate (SU) levels, and is defined as SU concentration exceeding 357 μmol/L (6.0 mg/dL) in women and 416 μmol/L (7.0 mg/dL) in men [6,7,8]. Hyperuricemia results from an imbalance between the production and excretion of urate, and can be classified as (i) renal underexcretion type (RUE) where FE is ≤5.5% and urinary urate excretion (UUE) is ≤25%; (ii) renal overload (ROL) type when FE ≥5.5% and UUE is ≥25%; (iii) combined type when FE is ≤5.5% and UUE is ≥25%; and (iv) normal type when FE ≥ 5.5 and UUE is ≤25%. Gout, one of the most frequent diseases caused by hyperuricemia, can also be categorized accordingly [9]. Overproduction of urate is one of the main underlying causes of hyperuricemia, while dietary factors such as consumption of protein-rich food may also contribute to the elevation of SU [10].



Hyperuricemia may lead to kidney stones, urate nephropathy, or even kidney failure [11]. While hyperuricemia undoubtedly increases the risk of gout, the two conditions cannot be equated, as hyperuricemia is by far more prevalent than gout [12]. Hyperuricemia is also a risk factor for cardiovascular disease [13]: a significant increase in the hazard ratio for cardiovascular mortality was observed with SU levels ≥ 7 mg/dL in men and ≥5 mg/dL in women, and a similar trend was seen in all-cause mortality [14]. More recently, hyperuricemia has been considered as an indicator of metabolic syndrome and diabetes [15].



Hypouricemia, recently reviewed in [16], is a condition characterized by SU levels lower than 2 mg/mL (119 µM). Hypouricemia is traditionally considered a biochemical curiosity with low clinical significance [16] and clinical guidance on renal hypouricemia has been updated only recently [17]. Hereditary hypouricemia is most commonly associated with mutations in the SLC22A12/URAT1 and the SLC2A9 / GLUT9 genes [18,19]. Exercise-induced acute kidney failure may develop in patients with URAT1 or GLUT9 mutations due to oxygen radical-induced spasms of the renal vasculature [20,21]. Drug-induced hypouricemia is rare and has not been studied as extensively as drug-induced hyperuricemia. Whenever observed, drug-induced hypouricemia mostly occurs as an overshoot of urate-lowering therapies [16]. Albeit rare in clinical practice, manifestations of hypouricemia may include kidney injury and neurological syndromes. Hence, it is necessary to assess drug liabilities with regard to both the secretory and reabsorptive arms of urate transport.



Transporter gene polymorphisms associated with disturbed urate homeostasis have been reported (known associations between mutations and SU levels are marked in Table 1) and recently reviewed in Wang et al. [22]. Therefore, pharmacogenetic testing may reveal important clues about the pathogenesis of urate imbalance, and heterologous expression of mutant transporters in cells could shed light on the effect of polymorphisms on transmembrane transport. Polymorphisms may not only affect transport properties but also the stability or trafficking of the protein encoded. Polymorphisms affecting transport without interfering with stability or trafficking are more likely to result in differential response of the transporter to drugs, although studies to clarify this are scarce.




2. The Double Face of Urate


Urate is an endogenous antioxidant that reduces lipid peroxidation and decreases the amount of nitric oxides via chemical scavenging or inhibition of their production [23]. Urate as a potent iron chelator can also minimize iron-mediated redox reactions and the generation of reactive oxygen species (ROS) [24]. These beneficial effects substantiate the potential evolutionary benefit of maintaining high systemic levels of urate. This metabolic strategy, however, turned out to be a double-edged sword, because the antioxidant activity of urate plateaus at concentrations exceeding its maximal solubility (6–7 mg/dL), where monosodium urate crystals form [25]. In macrophages, monosodium urate crystals activate intracellular pattern recognition receptors such as NLRP3, and probably also Toll-like receptors (TLR) on the cell surface. These interactions trigger the assembly of inflammasomes and activation of the caspase pathway, precipitating cell death by pyroptosis. The mechanism of pyroptosis involves formation of pore-like structures in the plasma membrane and the release of inflammatory cytokines (e.g., IL-1β) [25]. Propagation of the inflammatory response may lead to inflammatory arthritis and chronic gout.



High urate levels have also been linked to blood pressure [26]. Growing evidence indicates that asymptomatic hyperuricemia is involved in the development of hypertension via activation of the renin–angiotensin system and inhibition of nitric oxide synthesis, which promotes endothelial dysfunction, proliferation of vascular smooth muscle cells, and sodium reabsorption [27,28]. Deposition of urate crystals (extracellular uric acid) in the urinary lumen and in the endothelium of arteries can cause inflammation and pro-inflammatory responses, respectively [28]. It has also been demonstrated that high levels of intracellular uric acid can upregulate the aldose reductase enzyme and induce mitochondrial dysfunction and superoxide generation. All these mechanisms seem to contribute to the development of endothelial damage and thus to the pathogenesis of hypertension. A pilot study monitoring blood pressure of adolescents with stage 1 primary hypertension and borderline hyperuricemia demonstrated that blood pressure decreased upon administration of allopurinol, a conventional antihyperuricemic medication [29]. The study, however, had limitations as detailed in the article, and a more recent review that acknowledges serum urate level as an independent risk factor for hypertension urges further studies to explore if a reduction of serum urate could be beneficial in preventing or treating hypertension [27,30].




3. Transporters of Urate


The main sites of urate transport are the kidney and the intestine [31]. Although multiple urate transporters have been detected in the intestine [32], a detailed characterization from a drug inhibition point of view is available for BCRP only, and the key urate transporter URAT1 is not significantly expressed in the gut. In the kidney, on the other hand, numerous transporters including URAT1 cooperate in urate disposition, and the kidney is the principal target of SU-modulating therapies. Therefore, renal urate transport will be covered in more detail in this review. Transporters expressed in proximal tubule cells and involved in urate transport are summarized in Table 1 and depicted in Figure 2.



3.1. Secretory Renal Urate Transporters


3.1.1. OAT1/SLC22A6 and OAT3/SLC22A8


OAT1 and OAT3 are highly expressed in the basolateral membrane of kidney proximal tubule cells (PTC) and are generally thought to be responsible for organic anion uptake; thus, both are important contributors to the tubular secretion of anions [33]. Both human OAT1 [34] and OAT3 [35] transport urate, and significantly lower levels of urate were detected in the urine of Oat1- and Oat3-knockout mice [36]. The human OAT1 variant rs148838714 was shown to be significantly associated with serum urate levels, although exactly how this variation affects urate transport is not yet known [37]. When comparing OAT1-mediated tenofovir transport across orthologs of different mammalian species including primates and non-primates, the efficiency of transport was found to correlate with serum urate levels, suggesting that evolutionary changes in primates likely reflect adaptation to an increased urate load [38].




3.1.2. OAT2


Compared to OAT1/3, OAT2 displays different substrate specificity and a broader tissue expression profile; nevertheless, it also efficiently transports urate [39]. Since it is expressed at a lower level relative to OAT1 and OAT3 in the kidney [40], and is generally thought to be less prone to drug-mediated inhibition, the effect of uricosuric agents on OAT2 has not been extensively characterized, but OAT2-mediated inhibition may be responsible for the hyperuricemic effect of bempedoic acid [41,42].




3.1.3. BCRP/ABCG2


BCRP is expressed in the apical membrane of all major physiological barriers. It is a low affinity, high-capacity urate transporter [43] and is thought to play a key role in secretory urate transport in both the kidney [26] and the intestine [31]. BCRP expressed in the canalicular membrane of liver cells may also play a minor role in the excretion of hepatically synthetized urate into the bile [44]. Abcg2/Bcrp1 knockout mice showed increased plasma levels of urate [3], and multiple GWAS studies demonstrated associations between human allelic variants with impaired urate transport in vitro and hyperuricemia [26]. A recent study concluded that mutations in BCRP cause gout and these mutations occur with significant prevalence in the general population [45].




3.1.4. MRP4/ABCC4


MRP4 is expressed in the luminal membrane of PTCs [46] and facilitates the efflux of urate in vitro [47]. MRP4 is also expressed in the sinusoidal membrane of hepatocytes and was shown to contribute to the secretion of hepatically synthetized urate into the blood [44]. A recent population-specific resequencing identified an MRP4 variant, rs4148500, which was significantly associated with hyperuricemia and gout. This rare allele encodes a P1036L mutation and showed a 30% decrease in urate transport when expressed in Xenopus oocytes [48].




3.1.5. NPT1/SLC17A1 and NPT4/SLC17A3


NPT1 and NPT4 are expressed in the apical membrane of PTCs [49]. NPT1, originally identified as phosphate transporter, is a Cl−-dependent anion effluxer involved in urate excretion under physiological conditions [50]. NPT4 is a voltage-driven urate transporter [51]. Variants of both transporters that were shown to display impaired transport of urate in vitro were linked to hyperuricemia and gout in GWAS studies [26]. Notably, a gain-of-function variant of NPT1 rs1165196 (I269T) with increased urate transport activity [52] was found to decrease the risk of underexcretion type gout [53].





3.2. Reabsorptive Renal Urate Transporters


3.2.1. URAT1/SLC22A12


URAT1 is localized in the apical membrane of PTCs [18]. URAT1 is the centerpiece of urate physiology and loss-of-function mutations cause idiopathic renal hypouricemia [16] with serum urate levels as low as ≤2.0 mg/dL [16]. In Japan, 80–90% of hereditary renal hypouricemia patients are homozygous or compound heterozygous for mutations in the gene of hURAT1 [54,55]. In Urat1-knockout mice the urate/creatinine ratio was decreased in the urine, whereas no significant change in serum urate levels were observed [56], indicating that transporters other than Urat1 may play a role in urate reabsorption in mice.




3.2.2. OAT4/SLC22A11 and OAT10/SLC22A13


Both OAT4 and OAT10 are localized in the apical membrane of PTCs [57]. OAT4 [58] and OAT10 [59] are thought to transport urate in exchange for OH− ions. The OAT4 variant rs17300741 was associated with renal underexcretion type gout [60], and carriers of a missense variant (R377C) of OAT10 that was non-functional in urate transport in vitro showed reduced SU levels and decreased susceptibility to gout [61].




3.2.3. GLUT9/URATv1/SLC2A9


GLUT9 has two isoforms: GLUT9a and GLUT9b. Both mediate urate transport utilizing glucose and fructose as exchange substrates [62]. GLUT9a mediates reabsorption at the basolateral membrane, while GLUT9b in an apical position may operate in both directions [63]. Early observations showed that missense mutations in GLUT9 led to hypouricemia [64]. Several subsequent GWAS studies linked mutations in GLUT9 to hypouricemia [65]. Genetic ablation of Glut9 in mice leads to moderate hyperuricemia and increased renal excretion of urate. Defects in the conversion of urate into allantoin and defective renal reabsorption of urate were proposed as potential mechanisms [23]. In addition, as Glut9 is also expressed in the gut and the liver, and a study on sandwich-cultured human hepatocytes suggested a role for GLUT9 in sinusoidal efflux of urate [44], genetic ablation of Glut9 may interfere with the intestinal excretion of urate [66].






4. In Vitro Methods to Investigate the Interaction of Urate Transporters with Drugs


The effect of drugs on the transport of urate, whether it is the intended pharmacodynamic action or an undesired liability, can be investigated in in vitro model systems, and results obtained from these models can help to predict clinical response by extrapolation to the in vivo setting.



In in vitro transporter assays, transporter-dependent accumulation or vectorial translocation of a probe substrate is quantified using an appropriate method. The mode of detection depends on the probe substrate used and may be spectrophotometry for colored substrates, fluorometry or flow cytometry for fluorescent substrates, liquid scintillation counting for radiolabeled substrates, or quantitative mass spectrometry for unlabeled substrates. In transporter interaction assays, a test drug is added at a single dose or multiple doses, and the effect of the drug on probe substrate transport—which can be inhibitory or stimulatory—is determined. Test drugs can be added in cis, i.e., on the same side, or in trans, i.e., on the opposite side of the membrane relative to the probe substrate. While inhibition studies can be performed in either the cis or the trans setup, they are commonly done in the cis setup, whereas the trans configuration is more accustomed in stimulation studies.



4.1. Cellular Expression Systems


In vitro transporter assays require cell lines that express the transporter of interest at a high level. Some cell lines like Caco-2, a human colon cancer cell line with small intestine-like differentiation, display sizable intrinsic expression of multiple pharmacologically relevant transporters including BCRP, and may thus be used for transporter studies without further modification (e.g., [67]). More often, however, the transporter of interest is introduced exogenously into a host cell, preferably one with low intrinsic expression of transporters. The Xenopus oocyte system has been used since the early days of transporter studies. Heterologous expression of transporters in the Xenopus oocyte is achieved by microinjection of complementary RNA (e.g., [68]). Immortalized cell lines like Chinese Hamster Ovary (CHO), Human Embryonic Kidney-293 (HEK-293), Madin-Darby Canine Kidney II (MDCKII) derived from dog renal proximal tubules, or S2 derived from mouse renal proximal tubules can be transfected transiently or stably, or transduced using viral vectors to achieve high functional expression of mammalian transporters (e.g., [34,69,70]). The same overexpressing cells, as well as baculovirus-transduced Sf9 insect cells, may also be processed to prepare membrane vesicles for vesicular transport assays (see below) (e.g., [71,72,73]). Insect cell membranes are sometimes preferred for their superior signal-to-noise ratio due to high expression of the transporter of interest against low background transport activity.




4.2. Assay Types


ATP hydrolysis-driven export pumps of the ATP-binding cassette (ABC) family and facilitative or secondarily active transporters of the solute carrier (SLC) family are assayed by different methodologies. Current methods in widespread use for interaction studies with ABC transporters include the vesicular transport assay, the vectorial transport or monolayer assay, and the substrate efflux assay, while traditional ATPase assays are becoming obsolete. Vesicular transport assays utilize inside-out membrane vesicles prepared from cells overexpressing the transporter of interest. Such inverted membrane vesicles contain the transporter in a reverse orientation and therefore pump substrates in an inward direction. The assay endpoint is ATP-dependent accumulation of the probe substrate. In vectorial transport or monolayer assays, cells forming a tight monolayer like MDCKII (e.g., [73]) are grown on a transwell membrane support that separates a basolateral and an apical fluid compartment. Transcellular flux of the probe substrate in both apical-to-basolateral (A-to-B) and basolateral-to-apical (B-to-A) directions is monitored over time, and the apparent permeability (Papp) for each direction is calculated. For apically located efflux transporters like BCRP, the efflux ratio (ER) is defined as the ratio of Papp, B-to-A to Papp, A-to-B, where A-to-B flux represents passive transport minus oppositely directed active transport, while B-to-A flux represents passive plus active transport. Interaction of a drug with the transporter is assessed by its effect on the ER. In substrate efflux assays, transporter activity is quantified based on the exclusion of a probe substrate from cells. For example, the extrusion of pheophorbide A from MDCKII-hBCRP cells was measured by flow cytometry [74], and efflux of pre-loaded 14C-urate from HEK293-MRP4 cells was quantified by liquid scintillation [71]. In these assays, the externally administered test drug is acting in trans with respect to the direction of transport.



In drug interaction studies with SLC transporters, transfected/transduced cell lines or cRNA-injected Xenopus oocytes are typically exposed to the probe substrate and the test drug in cis, and the effect of the drug on cellular uptake of the substrate is assessed. Alternatively, in the case of bidirectional (exchange) transporters such as URAT1 or OATs, the substrate may be pre-loaded into the cells by microinjection or pre-incubation, and the test drug is added externally (i.e., in trans) while the pre-loaded substrate is being effluxed. For example, non-steroidal anti-inflammatory drugs (NSAIDs) were found to trans-stimulate the efflux of pre-loaded 14C-labeled urate from human OAT1-expressing oocytes [75].



It is important to note that probe substrates other than urate were used extensively in the studies referenced in this review. Although all transporters discussed herein contribute significantly to urate disposition, many of them—especially OATs, BCRP, and MRP4—have other important physiological and pharmacological substrates which are used preferentially as probes in in vitro drug interaction assays (see Table 1). In fact, owing to its poor aqueous solubility, urate is not a particularly convenient in vitro substrate to work with. Although the interaction between a drug and a substrate may depend on the nature of the latter, and thus results obtained with one substrate may not be readily transferable to others, a wealth of relevant information would be excluded by rejecting transporter interaction data obtained with substrates other than urate.





5. Therapeutic Approaches to Treat Hyperuricemia and Gout


Treatment of hyperuricemia may target the metabolism of urate via inhibition of urate production or facilitation of its breakdown. This approach is briefly discussed in 5.1, but otherwise not covered herein. Instead, the present manuscript focuses on another therapeutic strategy, the inhibition of transporters involved in urate reabsorption [76]. Both approaches are depicted in Figure 1 with select drugs and drug candidates.



Urate-lowering therapies must be administered with caution as accidentally overtreated hyperuricemia may give way to the opposite condition, hypouricemia [16]. The emergence of URAT1 inhibitory drugs provided the first insights into this arm of urate homeostasis and transport, and hypouricemia was reported upon application of uricosuric agents.



5.1. Approaches Targeting the Metabolism of Urate


Current therapeutic options to reduce serum urate levels include inhibition of urate production by xanthine oxidase and administration of recombinant uricase [77]. The lack of uricase, an evolutionary trait humans share with all primates, is the major metabolic factor behind universally high SU levels in our species. Uricase-deficient rats named “Kunming-DY” rats have been engineered using the CRISPR/Cas9 technique. Kunming rats were healthy with more than 95% survival up to one year. Mean SU in male Kunming rats was 48.3 µg/mL, significantly higher compared to wild-type male Sprague-Dawley rats (under 20 µg/mL in the study) [78]. In the rat model of fructose-induced hyperuricemia, treatment with uricase-expressing engineered bacteria significantly decreased serum urate levels [79], supporting the notion that exogenous uricase may improve hyperuricemia.



The first uricase to enter clinical practice, uricozyme, has been indicated for tumor lysis syndrome-associated hyperuricemia [80], but it occasionally precipitates a hypersensitivity reaction mainly manifesting in bronchospasm [81]. Rasburicase, a recombinant uricase also used to treat patients with tumor lysis syndrome-associated hyperuricemia, shows better specific activity, which is thought to be due to the lower likelihood of adduct formation, a purification problem that complicates the manufacturing process of uricozyme [82]. Rasburicase, however, was found to induce the production of anti-uricase antibodies in 11–64% of patients [83]. To suppress antibody formation against recombinant uricase, a PEGylated formulation of porcine uricase, pegloticase, was developed. Pegloticase was efficient at reducing serum urate levels in patients with refractory gout, but a portion of patients developed anti-PEG antibodies against pegloticase and showed adverse reactions [84].



Allopurinol, the prototype inhibitor of xanthine oxidase, has been used for decades in the treatment of hyperuricemia. Newer members of the xanthine oxidase inhibitor family include febuxostat and the most recent topiroxostat. In a meta-analysis of randomized controlled trials, 120 mg/day febuxostat showed superior efficacy compared to 200 mg/day allopurinol or 120/160 mg/day topiroxostat, while topiroxostat and allopurinol had fewer associated adverse events [85].



Mechanistically, urate production can be reduced at an even earlier step by inhibiting purine nucleosidase phosphorylase (PNP), the enzyme that catalyzes conversion of inosine to hypoxanthine. Hypoxanthine is the precursor of xanthine and a substrate of xanthine oxidase (Figure 1). Ulodesine, a PNP inhibitor, was effective as single agent [86] and in combination with allopurinol [87]. In the combination treatment arm, 40–55% of patients achieved the target urate level, which compared favorably to 25% in the allopurinol arm [88].




5.2. Approaches Targeting the Reabsorption of Urate: Uricosuric Agents


Uricosuric agents are defined as drugs that shift the balance of urate disposition towards net secretion, thereby decreasing serum urate levels. Pharmacokinetic properties of uricosurics discussed in this review are listed in Table 2. Uricosurics are thought to exert their action predominantly via inhibition of URAT1, the central player in the renal reabsorption of urate, and therefore a primary target of these drugs; however, in in vitro investigations many of them have turned out to inhibit multiple urate transporters, both intestinal and renal (see Table 3). While it is easy to see how inhibiting other reabsorptive transporters such as OAT4 or OAT10 may contribute to the uricosuric action of a drug, a more complex picture emerges when secretory-type transporters like OAT1, OAT3, or BCRP are inhibited concomitantly with URAT1. In such cases—which appear to be more the rule than the exception—the net outcome is dictated by the relative inhibitory potencies of the same drug against various synergistic and antagonistic transporters (see Table 4).



Albeit some old uricosurics like benzbromarone or probenecid have persisted on the market for decades, the discovery of novel uricosuric drugs is still a hot field with many candidate drugs in various phases of development [76,89,90]. Nevertheless, in this review we only discuss drugs and drug candidates with a clinically confirmed uricosuric effect and a well-characterized and publicly available transporter interaction profile. For each drug–transporter pair, the potential clinical significance of interaction was assessed based on the ratio of gut/plasma concentration and in vitro measured IC50 or Ki according to the following cut-off values: (i) intestinal BCRP: R = 1 + Cgut/(IC50 or Ki) ≥ 11; (ii) renal transporters: Cmax,u/(IC50 or Ki) ≥ 0.02 or ≥ 0.1 (both cut-offs have been used by major regulatory agencies) (Table 3). Table 4 shows inhibition potencies relative to URAT1, i.e., the IC50 of each drug for a given transporter was compared to the IC50 of the same drug for URAT1. IC50 ratios > 1 indicate weaker inhibition, and IC50 ratios < 1 indicate stronger inhibition of a given transporter compared to URAT1.
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Table 2. Pharmacokinetic properties of uricosurics and hyperuricemic drugs discussed in this review. N/A, not available. 1 Assuming fu = 0.01 (if fu is not available, or the measured fu is <0.01). 2 Pharmacokinetic data from cynomolgus monkey. 3 Refers to the parent compound. 4 Steady-state trough concentration.
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	Drug/Compound
	MW
	Dose
	Cgut
	Cmax
	fu
	Cmax,u
	References





	Uricosurics
	
	
	
	
	
	
	



	Benzbromarone
	424
	100 mg
	943 µM
	7 µM
	0.01
	0.07 µM
	[91]



	Probenecid
	285
	2000 mg
	28.1 mM
	520.7 µM
	0.09
	46.9 µM
	[70,92,93]



	Lesinurad
	404
	200 mg
	1.98 mM
	29 µM
	0.016
	0.46 µM
	[94,95]



	Verinurad
	348
	10 mg
	115 µM
	0.46 µM
	0.02
	0.0092 µM
	[96]



	Dotinurad
	358
	4 mg
	44.8 µM
	1.2 µM
	0.007
	0.012 µM 1
	[69]



	Arhalofenate
	416
	600 mg
	5.77 mM
	337 µM
	N/A
	3.37 µM 1
	[97]



	Fenofibrate
	361
	67 mg
	742 µM
	25.8 µM
	0.01
	0.236 µM
	[98]



	Fenofibric acid
	319
	-
	-
	N/A
	N/A
	0.81 µM
	[99]



	Tranilast
	327
	200 mg
	2.45 mM
	129 µM
	N/A
	1.29 µM 1
	[100]



	Losartan
	423
	50 mg
	473 µM
	0.60 µM
	0.013
	0.0078 µM
	[101]



	Sulfinpyrazone
	405
	200 mg
	1.98 mM
	48.1 µM
	0.017
	0.82 µM
	[102]



	Salicylate (high dose)
	160
	5200 mg
	130 mM
	1100 µM
	0.25
	275 µM
	[103,104]



	Epaminurad (UR-1102, URC-102) 2
	414
	~70 mg
	676 µM
	0.22 µM
	N/A
	0.0022 µM 1
	[105]



	Hyperuricemic drugs
	
	
	
	
	
	
	



	Bumetanide
	364
	1 mg
	11.0 µM
	0.8 µM
	0.125
	0.1 µM
	[72,106,107]



	Furosemide
	331
	80 mg
	970 µM
	8–17 µM
	0.041
	0.697 µM
	[51,108]



	Torasemide
	348
	200 mg
	2.30 mM
	~51.7 µM
	0.01
	0.517 µM
	[109,110]



	Chlorothiazide
	296
	1000 mg
	13.51 mM
	120–240 µM
	>0.1
	>24 µM
	[51]



	Hydrochlorothiazide
	298
	100 mg
	1342 µM
	1.64 µM
	0.33
	0.54 µM
	[111]



	Bendroflumethiazide
	421
	5 mg
	47.5 µM
	0.08–0.2 µM
	0.05
	4–10 nM
	[112,113]



	Salicylate (low dose)
	160
	1000 mg
	25 mM
	~280 µM
	0.25
	~70 µM
	[103,104]



	Pyrazinoate (pyrazinamide metabolite)
	124
	3000 mg 3
	-
	≤150 µM
	0.69
	≤103.5 µM
	[34,114]



	Cyclosporine A
	1202
	300 mg
	1.66 mM
	1.5 µM
	0.122
	0.183 µM
	[115]



	Favipiravir
	157
	2400 mg
	61.1 mM
	294 µM 4
	0.46
	135 µM 4
	[116]



	Favipiravir M1
	173
	1200 mg 3
	-
	87.9 µM
	0.712
	62.6 µM
	[117]
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Table 3. Inhibition of urate transporters by drugs with a clinically observed uricosuric effect. Interactions were predicted to be clinically significant based on the following cut-off values: for intestinal BCRP, R = 1 + Cgut/(IC50 or Ki) ≥ 11 (shown in bold); for renal transporters, Cmax,u/(IC50 or Ki) ≥ 0.02 (shown in bold only) or ≥0.1 (shown in bold and underlined). Values in red were obtained using urate as a probe substrate. For each drug/transporter pair, results from different studies are separated by semicolons. All values are in µM. Abbreviations: Secr., secretion; Reabs., reabsorption; N/I, no inhibition; (H)/(L), high/low affinity transport. 1 Fenofibrate prodrug is present in the gut only; the effective species in the kidney is fenofibric acid.
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Transporter

	
BCRP (Gut)

	
OAT1

	
OAT3

	
BCRP (Kidney)

	
MRP4

	
NPT1

	
NPT4

	
URAT1

	
OAT4

	
OAT10

	
GLUT9

	




	
Role

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Reabs.

	
Reabs.

	
Reabs.

	
Reabs.

	




	
Drug/Compound

	

	

	

	

	

	

	

	

	

	

	

	
References






	
Benzbromarone

	
IC50 = 0.289

	
Ki = 0.22; IC50 = 12.75; 13.23; 3.14

	
Ki = 0.11; IC50 = 0.967

	
IC50 = 0.289

	
IC50 = 0.104(H)/15.6 (L) 

	
IC50: 17.1

	

	
Ki = 0.052; IC50 =0.18;0.29

	
IC50 = 3.19

	
IC50 > 3

	
IC50 ~ 100

	
[68,69,71,94,105,118,119]




	
Probenecid

	
IC50= 433

	
IC50 = 49.68; 4.66; 10.9

	
IC50 = 27.9; 2.37

	

	
IC50 = 132 (potentia-tion)

	

	

	
IC50 = 66.82; 13.23, 165

	
IC50 = 15.54

	

	

	
[69,70,71,94,118]




	
Lesinurad

	
IC50 > 3000; 26.4; >100

	
IC50 = 43.99; 4.3; 6.99

	
IC50 = 1.07; 3.5

	
IC50 > 3000; 26.4; >100

	

	

	

	
IC50 = 65.47; 3.53

	
IC50 = 2.03

	

	
IC50 > 100

	
[69,94,95,118]




	
Verinurad

	

	
IC50 = 4.6

	

	

	

	

	

	
IC50 = 0.025

	
IC50 = 5.9

	

	

	
[120]




	
Dotinurad

	
IC50 = 4.16

	
IC50 = 4.08

	
IC50 = 1.32

	
IC50 = 4.16

	

	

	

	
IC50 = 0.0372

	

	

	

	
[69]




	
Arhalofenate

	

	

	

	

	

	

	

	
IC50 = 92

	
IC50 = 2.6

	
IC50 = 53

	

	
[119]




	
Fenofibrate/Fenofibric acid 1

	
IC50 = 170

	

	
Ki = 2.2

	

	

	

	

	
IC50 = 35.68

	

	

	

	
[98,121,122]




	
Tranilast

	
N/I

	
complete inh at 100

	
IC50 = ~15

	
N/I

	

	
IC50 = 18.9

	

	
IC50 = ~21; Ki = 21.33

	
IC50 = ~22

	
IC50 = ~31

	
(GLUT9a) IC50 = 15.6; Ki = 17.13

	
[68]




	
Losartan

	
N/I

	
IC50 = 12

	
IC50 = 1.6

	
N/I

	
IC50 = 1.5

	

	

	
Ki = 0.0077

	
IC50 = 18

	

	
IC50 = ~1000 (mSlc2a9)

	
[74,101,123]




	
Sulfinpyrazone

	

	

	

	

	
IC50 = 0.16(H)/40 (L)

	

	

	
IC50 = 716; 3.4

	

	

	

	
[71,120,124]




	
Salicylate (high dose)

	

	
IC50 = 1573.4; Ki = 341

	

	

	
IC50 = 2.1 (H)/1547 (L)

	

	

	
IC50 = 106; 23.9

	

	

	

	
[34,71,75,104,125]




	
Epaminurad

	

	
Ki = 7.2

	
Ki = 2.4

	

	

	

	

	
Ki = 0.057

	

	

	

	
[105]
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Table 4. Relative inhibition potencies. The IC50 of each drug for a given transporter is compared with its IC50 for URAT1. For this calculation, the estimate IC50 = 2 × Ki was used when the IC50 was not available or 2 × Ki was lower than the available IC50. Values shown for each transporter are IC50transporter followed by the ratio IC50transporter/IC50URAT1). Relative inhibition values >1 indicate weaker inhibition, values <1 indicate stronger inhibition compared to URAT1. The rules for highlighting in bold or bold and underlined are the same as in Table 3. Abbreviations: Secr., secretion; Reabs., reabsorption.
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Transporter

	
OAT1

	
OAT3

	
BCRP (Kidney)

	
MRP4

	
NPT1

	
NPT4

	
URAT1

	
OAT4

	
OAT10

	
GLUT9

	




	
Role

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Reabs.

	
Reabs.

	
Reabs.

	
Reabs.

	




	
Drug/Compound

	

	

	

	

	

	

	

	

	

	

	
References






	
Benzbromarone

	
0.44 µM/4.2

	
0.22 µM/2.1

	
0.289 µM/2.8

	
0.104 µM/1.0

	

	

	
0.104 µM/1

	
3.19 µM/30.7

	
>3 µM/>28.8

	
~100 µM/~961

	
[69,71,94,105,119]




	
Probenecid

	
4.66 µM/0.35

	
27.9 µM/2.11

	

	
132 µM/10.0

	

	

	
13.23 µM/1

	
15.54 µM/1.17

	

	

	
[70,71,94]




	
Lesinurad

	
4.3 µM/1.22

	
1.07 µM/0.31

	
26.4 µM/7.54

	

	

	

	
3.53 µM/1

	
2.03 µM/0.58

	

	
~100 µM/~28.6

	
[69,94,95]




	
Verinurad

	
4.6 µM/184

	

	

	

	

	

	
0.025 µM/1

	
5.9 µM/236

	

	

	
[120]




	
Dotinurad

	
4.08 µM/110

	
1.32 µM/35.5

	

	

	

	

	
0.0372 µM/1

	

	

	

	
[69]




	
Arhalofenate

	

	

	

	

	

	

	
92 µM/1

	
2.6 µM/0.028

	
53 µM/0.58

	

	
[119]




	
Fenofibric acid

	

	
4.4 µM/0.12

	

	

	

	

	
35.68 µM/1

	

	

	

	
[121,122]




	
Tranilast

	

	
~15 µM/0.71

	

	

	
18.9 µM/0.90

	

	
~21 µM [68]/1

	
~22 µM/1.05

	
~31 µM/1.48

	
15.6 µM/0.75

	
[68]




	
Losartan

	
12 µM/779

	
1.6 µM/104

	

	
1.5 µM/97.4

	

	

	
0.0154 µM/1

	
18 µM/1169

	

	

	
[101]




	
Sulfinpyrazone

	

	

	

	
IC50 = 0.16 µM (H)/0.047;

40 µM (L)/11.8

	

	

	
3.4 µM/1

	

	

	

	
[71,120,124]




	
Salicylate (high dose)

	
682 µM/14.3

	

	

	
2.1 µM/0.088

	

	

	
23.9 µM/1

	

	

	

	
[71,75,125]




	
Epaminurad

	
14.4 µM/126

	
4.8 µM/42.1

	

	

	

	

	
0.114 µM/1

	

	

	

	
[105]









5.2.1. Benzbromarone


Benzbromarone has been used to treat gout for decades, but it was withdrawn from some markets in 2003 due to hepatotoxicity [126]. It is a highly promiscuous inhibitor that interacts with secretory transporters OAT1, OAT3, BCRP, MRP4 as well as reuptake transporters URAT1 and OAT4 to a clinically significant extent (Table 3). It inhibits URAT1, OAT3 and MRP4 at similar potencies (Table 4). The marked uricosuric effect of the drug clearly shows the dominant role of URAT1 in renal urate homeostasis.




5.2.2. Probenecid


Interestingly, probenecid inhibits OAT1 and OAT3 more potently than URAT1 or OAT4 (Table 3 and Table 4). However, at the Cmax,u of 46.9 µM it likely fully inhibits reabsorption of urate via URAT1 and OAT4.




5.2.3. Sulfinpyrazone


Sulfinpyrazone is one of the oldest drugs used to treat hyperuricemia [127]. It most potently inhibits MRP4 but clinically significant inhibition of URAT1 is thought to be behind the uricosuric effect of the drug (Table 3 and Table 4).




5.2.4. Losartan


Losartan is an angiotensin II receptor blocker (ARB) and thus not a bona fide uricosuric agent. However, it inhibits URAT1 about 100- to 780-fold more potently than the secretory urate transporters MRP4, OAT1 and OAT3 (Table 4) and displays a marked uricosuric effect clinically [128]. Other ARBs, including pratosartan and telmisartan, have also been shown to inhibit URAT1 along with both OAT4 and secretory OATs with varying potencies in vitro [101]. However, a clinical uricosuric effect of any ARB other than losartan has not been documented.




5.2.5. Salicylic Acid


Salicylic acid has a biphasic effect as it increases SU levels at low doses but decreases SU levels at high doses [103]. A mechanistic investigation showed that salicylate at low concentrations stimulated URAT1-mediated urate uptake as it acted as a counterion. At higher doses, however, salicylate inhibited URAT1-mediated urate transport [104]. It was suggested that at low doses the trans-stimulatory effect was dominant over the cis-inhibitory effect on URAT1-mediated urate transport [104].




5.2.6. Lesinurad


Lesinurad inhibited the apical reuptake transporters URAT1 and OAT4, as well as the basolateral transporters OAT1 and OAT3 involved in the secretory transport of urate, with similar IC50 values (Table 3 and Table 4). Using the Cmax,u /IC50 ≥ 0.1 cut-off [129] both inhibitions were of clinical significance. However, lesinurad is an OAT1 and OAT3 substrate [94]; hence, intracellular concentrations are expected to be higher than plasma concentrations and, therefore, a greater degree of inhibition of URAT1 and OAT4 is likely. Perhaps this is reflected in the decision by PMDA to set a five-fold lower (Cmax,u /IC50 ≥ 0.02) cut-off value for apical compared to basolateral transporters of PTC in their respective guidance document. Lesinurad also inhibits intestinal BCRP to a clinically significant extent (Table 3). Lesinurad was the first drug approved specifically for targeting URAT1, although, as described above, it inhibits a broad range of intestinal and renal secretory urate transporters as well. It also potently inhibits OAT4, which may complement its uricosuric action exerted through the blockade of URAT1.




5.2.7. Dotinurad


Dotinurad was the second drug to be approved for targeting URAT1, and termed a selective urate reabsorption inhibitor for its ability to potently inhibit URAT1 without markedly affecting urate secretion transporters [69]. Indeed, dotinurad inhibited URAT1 110-fold and 35.5-fold more potently than OAT1 and OAT3 (Table 4), respectively [69]. Inhibition of URAT1 but not of OAT1 and OAT3 was of clinical significance (Table 3). Inhibition of BCRP in the gut was just above the cut-off (Cgut/IC50 = 10.8). This, again, confirms that inhibition of renal urate reabsorption dominates in the antihyperuricemic effect of uricosuric drugs.




5.2.8. Verinurad


Verinurad is a drug in clinical development also specific for URAT1. Verinurad inhibited URAT1 about 200-fold more potently than OAT1 or OAT4 (Table 4). Inhibition of URAT1 but not of OAT1 or OAT4 was of clinical significance (Table 3). Verinurad is also an OAT1 and OAT3 substrate [96]. Thus, inhibition of URAT1 is likely even greater than a Cmax,u/IC50 value of 0.37 would suggest.




5.2.9. Tranilast


Tranilast was originally identified as an anti-allergic agent, but its additional benefits were later discovered in a variety of diseases [130]. More recently, it was shown to inhibit the transporters URAT1, OAT4, OAT10 and GLUT9, which mediate urate reabsorption (Table 3). In fact, tranilast has an even broader interaction profile as it also inhibits the secretory urate transporters OAT3 and NPT1 at about the same potency as renal reabsorptive transporters (Table 3 and Table 4). It fully inhibits OAT1 at 100 µM but no IC50 or Ki data are available for that interaction. Tranilast is highly protein-bound and at the calculated value of Cmax,u = 0.57 µM the Cmax,u/IC50 ≥ 0.1 cut-off did not predict clinically relevant interactions for basolateral OAT3. The Cmax,u/IC50 ≥ 0.02 cut-off did predict clinically relevant interactions for both OAT3 and apical transporters NPT1, URAT1, OAT4, GLUT9. Based on formally calculated cut-offs, the clinical significance of these interactions was borderline. However, tranilast as a carboxylic acid may be an OAT1 and/or OAT3 substrate and thus may reach higher intracellular concentrations, leading to more significant inhibition of apical transporters, including reabsorptive ones.




5.2.10. Arhalofenate


Arhalofenate inhibits multiple urate reuptake transporters, most pronouncedly OAT4 with a Cmax,u/IC50 value of 1.3. Cmax,u/IC50 values for inhibition of URAT1 and OAT10 (0.037 and 0.064, respectively) can only be considered clinically significant if the Cmax,u/IC50 ≥ 0.02 cut-off is used. No data are available in public databases on the effect of arhalofenate on secretory urate transporters.




5.2.11. Fenofibrate


Fenofibrate is a lipid-lowering agent that is promptly hydrolyzed to its active metabolite fenofibric acid [131]. Fenofibrate is an inhibitor of BCRP, but this effect is unlikely to be clinically significant (Table 3). Fenofibric acid is a more potent inhibitor of OAT3 than of URAT1 (Table 3 and Table 4). If the Cmax,u/(IC50 or Ki) > 0.02 criteria is used, both inhibitions are predicted to be clinically significant (Table 3).



All uricosuric agents with a reported BCRP IC50 or Ki (benzbromarone, lesinurad and dotinurad) displayed clinically significant inhibition of BCRP in the gut (Table 3). As this interaction acts oppositely to the inhibition of renal reabsorptive transporters yet does not cancel the clinically observed urate-lowering effect of these drugs, it can be speculated that intestinal secretion of urate by BCRP probably plays a minor role in the overall urate balance.



Due to their dominant role in determining SU levels, renal reabsorption transporters were chosen to evaluate whether the cut-offs recommended by regulatory guidelines, i.e., Cmax,u/(IC50 or Ki) ≥ 0.1 or ≥0.02, are useful for the prediction of a clinically relevant antihyperuricemic effect based on in vitro transporter inhibition data (Table 3). Known uricosuric agents were considered positive controls, as they were assumed to decrease SU levels to a clinically relevant extent. The cut-off of Cmax,u/(IC50 or Ki) ≥ 0.02 was a somewhat better indication of uricosuric efficacy than Cmax,u/(IC50 or Ki) ≥ 0.1, as 10 of 10 uricosuric agents showed a clinically significant inhibition of URAT1 when the cut-off ≥ 0.02 was used, compared to 8 of 10 with the cut-off of ≥0.1 (Table 3). For OAT4, the hit rate was five of seven with the ≥0.02 cut-off and two of seven with the ≥0.1 cut-off. For OAT10 and GLUT9, only one of three drugs showed clinically significant inhibition and both were classified as positives according to the ≥0.02 cut-off (Table 3). Therefore, the more conservative Cmax,u/(IC50 or Ki) ≥ 0.02 cut-off seems to provide greater accuracy.





5.3. Dual Inhibitors


Development of dual inhibitors (i.e., inhibitors of XO and URAT1) is an alternative to combination treatment with XO inhibitors and URAT1 inhibitors. Several inhibitors targeting both proteins are in development [76]. Transporter interaction information, however, is only known for URC-102 (epaminurad), which was described as a selective inhibitor of URAT1 as it inhibits URAT1 more potently than OAT1 or OAT2 [132].





6. Drug-Induced Hyperuricemia


Most drugs well known to cause hyperuricemia such as bumetanide [133], furosemide [134], chlorothiazide [135,136], hydrochlorothiazide [137], bendrofluazide [138] and torasemide [139] are diuretics. Bumetanide, furosemide and torasemide are loop diuretics, while chlorothiazide, hydrochlorothiazide and bendroflumethiazide are thiazide diuretics [140]. Pharmacokinetic properties of hyperuricemic drugs discussed in this review are listed in Table 2.



All diuretics inhibited at least one transporter participating in urate efflux to a clinically significant extent (Table 5); for bendroflumethiazide, inhibition data of murine Oat1 and Oat3 was available only. Chlorothiazide inhibited all secretory urate pathways tested (OAT1, OAT3, BCRPkidney, BCRPgut, NPT4). Data on URAT1 inhibition are only available for furosemide. As the Cmax,u of furosemide is 0.697 µM (Table 2), the 71.6% inhibition at the concentration of 1 mM is unlikely to be clinically significant [18]. In addition, thiazide diuretics are thought to potentiate urate reabsorption as reduced plasma volume and accelerated sodium excretion activates the renin–angiotensin system (RAS) via slowing renal blood flow [141]. It has also been suggested that activation of the RAS and hyperosmolarity may lead to overexpression of URAT1 [141]. A similar scenario can be envisioned for loop diuretics, since they also activate the RAS [142,143]. Although the overexpression of URAT1 upon treatment with diuretics has not been documented in public databases, upregulation of the sodium–hydrogen exchanger NHE3 upon increased angiotensin II has been reported [144]. Increased NHE3 leads to acidification of the lumen and URAT1 activity is increased at acidic pH [5].



The hyperuricemic effect of low dose salicylate [104,125] and the pyrazinamide metabolite pyrazinoic acid (PZA) [104] is also centered around URAT1, as both compounds are thought to work through trans-stimulation of URAT1-mediated urate reabsorption. A similar mechanism was suggested for the M1 metabolite of favipiravir that was shown to increase URAT1-mediated urate reuptake [145]. This stimulatory effect and the inhibition of secretory urate transporters by favipiravir and M1 may override inhibition of URAT1 by favipiravir or M1. The clinical significance of these interactions is difficult to assess as IC50 values are not available.



Trans-stimulation of OAT4-mediated transport was suggested for torasemide and two of its metabolites [146], and trans-stimulation of OAT10 by cyclosporine A (CsA) has been described [59]. Therefore, trans-stimulation of reabsorptive transporters including URAT1, OAT4 and OAT10 is a mechanism that may need to be evaluated in preloading type experiments. For small hydrophilic compounds such as salicylic acid, PZA, torasemide and metabolites, and the favipiravir metabolite M1, an exchange mechanism has been proposed. CsA, however, is a large and more lipophilic compound, and thus an exchange mechanism seems unlikely.



In summary, all drugs known to cause hyperuricemia showed a clinically significant inhibition of at least one of the transporters participating in urate efflux (Table 5). The more conservative Cmax,u/(IC50 or Ki) ≥ 0.02 provided only a slight edge over the Cmax,u/(IC50 or Ki) ≥ 0.1 cut-off as it predicted clinically significant inhibition of OAT3 by furosemide, inhibition of BCRP by cyclosporine A and inhibition of NPT4 by chlorothiazide. No IC50 or Ki data were publicly available for inhibition of URAT1 by these compounds.
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Table 5. Transporter interaction profile of hyperuricemic agents. For each drug/transporter pair, results from different studies are separated by semicolons. All values are in µM unless noted otherwise. N/I, no inhibition; TS, trans-stimulation; (H)/(L), high/low affinity transport. The rules for highlighting in bold or bold and underlined are the same as in Table 3. Values in red were obtained using urate as a probe substrate. Abbreviations: Secr., secretion; Reabs., reabsorption.
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Transporter

	
BCRP (Gut)

	
OAT1

	
OAT3

	
BCRP (Kidney)

	
MRP4

	
NPT4

	
URAT1

	
OAT4

	
OAT10

	
GLUT9

	




	
Role

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Secr.

	
Reabs.

	
Reabs.

	
Reabs.

	
Reabs.

	




	
Drug/Compound

	

	

	

	

	

	

	

	

	

	

	
References






	
Bumetanide

	
IC50 = ~100–1000

	
IC50 = 1.9 (rOat1);7.60

	
IC50 = 0.75

	
IC50 = ~100–1000

	
N/I; substrate; IC50 = ~ 10 -100

	
IC50 = 223.5

	

	
IC50 = 348

	

	

	
[51,71,72,147,148,149]




	
Furosemide

	
IC50 = 170

	
IC50 = 5.05; 18

	
IC50 = 51.1; 7.31

	
IC50 = 170

	
IC50 = 1.29

	
IC50 = 73.5

	
71.6% inhibition at 1 mM

	
IC50 = 44.5

	

	
[18,51,67,70,71,148]




	
Torasemide

	

	
Ki = 55.2

	
Ki = 89.9; TS of E3S transport

	

	

	

	
N/I

	
Ki = 47.0; TS of urate transport

	

	

	
[146]




	
Chlorothiazide

	
IC50 = 212.3

	
IC50 = 3.78

	
IC50 = 65.3

	
IC50 = 212.3

	
IC50 = 0.24nM (H)/10.4(L)

	
IC50 = 739.6

	

	
IC50 = 2632

	

	

	
[51,71,148,150]




	
Hydrochlorothiazide

	
N/I

	
IC50 = 126

	
IC50 = 213

	
N/I

	
IC50 = 1.9(H)/220 (L)

	

	

	
TS of urate uptake

	

	

	
[58,71,151]




	
Bendroflumethiazide

	

	
IC50 = 8 (mOat1)

	
IC50 = 21 (mOat3)

	

	

	

	

	

	

	

	
[152]




	
Salicylate (low dose)

	

	
IC50 = 1573.4; Ki = 341

	

	

	
IC50 = 2.1(H)/1547 (L)

	

	
TS of urate uptake

	

	

	

	
[34,71,75,103,104,125]




	
Pyrazinoate

	

	
IC50 = 582.6

	

	

	

	

	
N/I; TS of urate uptake

	

	

	

	
[18,34,104]




	
Cyclosporine A

	
IC50 = 4.6

	
N/I

	
N/I

	
IC50 = 4.6

	
N/I

	

	

	

	
TS of urate uptake

	

	
[59,73,153]




	
Favipiravir

	

	
30.9% inhibition at 800 µM

	
50.0% inhibition at 800 µM

	

	

	

	
65.7% inhibition at 800 µM

	

	

	

	
[145]




	
Favipiravir M1

	

	
45.4% inhibition at 300 µM

	
57.7% inhibition at 300 µM

	

	

	

	
31.0% inhibition at 300 µM; stimulation of urate uptake

	

	

	

	
[145]










7. Conclusions


The inhibition profiles of renal transporters as well as of intestinal BCRP have been instrumental in understanding the effect of drugs on serum urate levels. Due to the relatively low protein binding of urate, the majority of urate undergoes glomerular filtration and reabsorption. It appears that URAT1 plays a key role in urate reabsorption and in the maintenance of serum urate levels. A recent study demonstrated hypouricemia in a patient homozygous for the Trp258* (rs121907892) mutation in URAT1 despite being heterozygous for a variant of BCRP (ABCG2 Gln141Lys (rs2231142)) as well as homozygous for a mutation in NPT1 (SLC17A1 Thr269Ile (rs1165196)), both known to cause hyperuricemia [154]. In addition, four of six uricosuric agents (Table 3) but only two of five hyperuricemic drugs (Table 5) with available BCRP inhibition data showed clinically significant inhibition of gut BCRP, suggesting a less prominent role for gut-localized BCRP than results with Abcg2 knockout mice would suggest [3]. These observations confirm the dominance of urate reuptake via URAT1 over urate secretion in the general population, albeit intestinal BCRP may gain in relative importance in chronic kidney disease patients, where the strongest association between ABCG2 SNPs and increased serum urate was observed [155]. Most uricosuric drugs inhibit URAT1 more potently than the transporters implicated in secretory transport of urate such as OAT1, OAT3, BCRP, MRP4, NPT1, or NPT4. Diuretics linked to hyperuricemia have been shown to inhibit secretory functions but have not been tested for inhibition of URAT1. Two hyperuricemic drugs, low dose salicylic acid and pyrazinamide, as well as the M1 metabolite of favipiravir, have been shown to facilitate URAT1-mediated urate reabsorption, once again supporting a key role for URAT1. In sum, urate homeostasis hinges on a delicate balance of secretory and reabsorptive transport, and inhibition profiling of drugs across a relevant panel of transporters may shed light on their potential to interfere with urate disposition. Hyperuricemia is generally considered a more serious outcome than hypouricemia, but the latter may become more prevalent as ever more potent URAT1 inhibitors are being discovered. Therefore, in the safety assessment of drug candidates with respect to urate transport, attention should be paid both to the inhibition of renal secretory urate transporters and the inhibition or trans-stimulation of renal reabsorptive transporters. These interactions could be screened in vitro early in development, and in case the results suggest a major imbalance, e.g., a pronounced bias towards the inhibition of secretion and/or stimulation of reabsorption, alternative drug candidates with more balanced interaction profiles might be prioritized.
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Figure 1. Schematic routes of urate production and disposition. The boxes list drugs that affect urate homeostasis and are discussed in this review. Experimental drugs are marked with an asterisk (*). Red bars (inhibition) and the green arrow (stimulation) indicate the main mechanism by which drugs modulate serum urate levels. 
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Figure 2. Transporters of urate in renal proximal tubule cells. Green fill color: transporters involved in cellular uptake. Orange fill color: transporters involved in cellular efflux. PTC, proximal tubule cell; A, apical (urine) side; BL, basolateral (blood) side; TJ, tight junction. 
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Table 1. Transporters involved in urate disposition. Abbreviations: 5-/6-CF, 5-/6-carboxyfluorescein; DHEAS, dehydroepiandrosterone sulfate; E3S, estrone 3-sulfate; MTX, methotrexate; PAH, p-aminohippuric acid; PhA, pheophorbide A; PTC, proximal tubule cells; SU, serum urate.
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	Transporter Common Name/Gene Symbol
	Known Genetic Association with SU
	Localization in the PTC
	Cellular Direction of Transport
	Function in Urate Disposition
	Probe Substrates Other than Urate Used in In Vitro Interaction Assays





	OAT1/SLC22A6
	Y
	basolateral
	uptake
	secretion
	PAH, 6-CF, chlorothiazide, MTX



	OAT2/SLC22A7
	Y
	basolateral
	uptake
	secretion
	-



	OAT3/SLC22A8
	N
	basolateral
	uptake
	secretion
	PAH, E3S, 5-CF, MTX



	BCRP/ABCG2
	Y
	apical
	efflux
	secretion
	genistein, PhA, E3S, MTX, rosuvastatin



	MRP4/ABCC4
	Y
	apical
	efflux
	secretion
	DHEAS, MTX



	NPT1/SLC17A1
	Y
	apical
	efflux
	secretion
	-



	NPT4/SLC17A3
	Y
	apical
	efflux
	secretion
	-



	URAT1/SLC22A12
	Y
	apical
	uptake
	reabsorption
	-



	OAT4/SLC22A11
	Y
	apical
	uptake
	reabsorption
	E3S



	OAT10/SLC22A13
	N
	apical
	uptake
	reabsorption
	-



	GLUT9/SLC2A9
	Y
	basolateral
	efflux
	reabsorption
	-
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