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Abstract 

Gout is a common inflammatory arthritis that is caused by chronically-elevated serum uric acid (sUA) levels 
(hyperuricemia). In humans, sUA levels are predominantly controlled by a variety of transporters that 
mediate the elimination of uric acid through the kidneys and intestines, a process that is altered in most 
gout patients. In this review, we highlight our current understanding of uric acid handling in healthy 
individuals and gout patients, therapies for gout that target uric acid transporters, and the mechanism of 
other therapies that alter sUA levels through interactions with uric acid transporters. 
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Overview 

Gout and hyperuricemia 

Gout is a debilitating inflammatory arthritis of increasing prevalence that is caused by chronically 

elevated levels of serum uric acid (sUA), or hyperuricemia, defined as concentrations exceeding 6.8 mg/dL 

(408 μM). In healthy nongouty individuals, serum urate levels are normally in the range of 3.5-7 mg/dL 

(210 – 420 μM) [1]. Prolonged hyperuricemia can initiate the precipitation of the uric acid in joints and 

other tissues, and these deposits can trigger an acute and painful immune response known as a gout flare. 

Hyperuricemia is also strongly and independently associated with a number of other important disorders 

including hypertension, cardiovascular disease and metabolic syndrome [2]. A number of therapies for gout 

that lower sUA levels target transporters for uric acid, some which are also important drug transporters.  

Uric acid homeostasis in humans in health and disease 

Uric acid is produced mainly in the liver and gastrointestinal tract by the degradation of endogenous 

and dietary purines. Sources of endogenous purines include nucleotides such as ATP, and DNA and RNA 

that are recovered from dying cells. These purines are degraded into uric acid by xanthine oxidase in the 

liver. Dietary purines are absorbed in the gut by the CNT2 transporter and are quantitatively metabolized 

to uric acid by endogenous xanthine oxidase within intestinal enterocytes (see Figure 1b). In non-primate 

mammals, uric acid is converted to more highly soluble allantoin by urate oxidase (uricase). In primates 

including humans, however, uric acid is the end product of purine catabolism due to the progressive 
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inactivation of uricase in primate evolution [3] hence primates have sUA levels that are 3-10 times higher 

than other mammals. The xanthine oxidase inhibitor (XOI) class of urate-lowering therapies for gout 

(allopurinol and febuxostat) block the enzyme xanthine oxidase that produces uric acid in the last step of 

purine catabolism in primates [4]. 

Uric acid production is balanced by elimination, which in humans occurs mainly through the kidneys 

(70 % of the total eliminated uric acid) but also through the intestines (30 % of the total eliminated uric 

acid). With a pKa of 5.35 [5], uric acid is the negatively charged organic anion urate at physiological pH and 

so requires transporters for passage through cell membranes. Genetic studies show that a large number of 

urate transporters (GLUT9, ABCG2, NPT1/3/4, URAT1, OAT4, MRP4) are important for urate homeostasis in 

humans [6-8] which are expressed in the organs that eliminate uric acid. In the kidney nephrons, uric acid 

handling occurs in a complex process involving complete and free filtration into the glomerulus, followed 

by near complete 90-95 % reabsorption in the proximal tubules back to the bloodstream (Figure 1a). Uric 

acid that is not reabsorbed in the proximal tubule (5-10 % of the glomerular-filtered uric acid) passes 

through the nephron and is excreted into the urine, and there is little evidence that uric acid can pass 

through the walls of the more distal segments of the nephron. The transporters involved in the proximal 

tubule handling of uric acid are shown in Figure 1a and are described in detail below. 

a) b) 

  

Figure 1. Organization of urate transporters in polarized epithelial cells of the kidney (a) and intestine (b).  
Transporters involved in reabsorption/absorption of urate are shown in green, while those involved in 

secretion are shown in red.  Transporters in ovals are genetically-associated with sUA levels, while 
transporters in boxes have no genetic association with sUA levels, but transport urate in vitro.  Specific urate 

transporters in the intestine, particularly on the basolateral membrane, are unknown.  Intestinal CNT2 is 
involved in import of dietary purines from the intestinal lumen, which are efficiently metabolized to urate by 

the enterocytes.  
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In the intestine, uric acid permeability from mucosal to serosal (absorption) and serosal to mucosal 

(secretion) has been documented, but the identities of the responsible transporters in humans are, for the 

most part, unknown (Figure 1b). The important drug transporter breast cancer resistance protein (BCRP, 

encoded by the ABCG2 gene) is highly expressed on the apical surface of intestinal epithelial cells and is 

also an important urate transporter involved in intestinal urate secretion [9-12]. Dietary purines are 

imported from the lumen of intestinal enterocytes by the nucleoside transporter CNT2/SLC28A2, which are 

then converted to uric acid by intestinal xanthine oxidase. Inhibitors of CNT2 have been shown to reduce 

sUA levels in non-human primates and are therefore possible candidates for new urate-lowering therapies 

[13]. 

The chronically elevated concentrations of sUA in gout patients are caused by increased uric acid 

production, decreased uric acid elimination, or a combination of the two. In most gout patients, high sUA 

levels are due to decreased uric acid elimination in the kidneys, recently confirmed with clinical trial results 

[14]. We also discovered that gout patients have an altered renal urate reabsorption profile in response to 

XOI urate lowering therapies, relative to healthy individuals. These differences in the renal urate 

reabsorption in gout patients are likely due to differences in the activities of renal urate transporters. It is 

possible that transporters involved in reabsorption (colored green in Figure 1a) are more active, leading to 

enhanced reabsorption of urate, or that transporters involved in urate secretion (colored red in Figure 1a) 

are less active, or some combination of the above two scenarios [14]. It is also now known that many drugs 

and metabolic anomalies increase or decrease sUA levels by altering the activities of urate transporters, 

and this is explained in the following section. 

Uric acid transporters and drug interactions 

URAT1  

The renal uric acid transporter type 1 (URAT1/SLC22A12) is expressed on the apical membranes of renal 

proximal tubule epithelial cells (RPTECs) and is required for the first step in reabsorption of uric acid from 

the lumen of the proximal tubule to the bloodstream (Figure 1a). Individuals carrying inactivating 

mutations of URAT1 have high levels of urinary uric acid excretion and low levels of sUA (renal 

hypouricemia) due to reduced uric acid reabsorption from the proximal tubules, showing that URAT1 is 

essential for efficient renal reabsorption of uric acid [15]. The uricosuric class of urate-lowering therapies 

(lesinurad, probenecid, and benzbromarone) for the treatment of gout lower sUA concentrations by 

inhibiting URAT1. Other drugs indicated primarily for other therapies (losartan, hypertension; fenofibrate, 

hyperlipidemia) are considered secondary uricosurics because they also inhibit URAT1 [16, 17]. 

URAT1 is a member of the organic anion transporter (OAT) subtype of solute carrier (SLC) type 22A 

family (SLC22A) of transporters, which typically function as organic anion exchangers. Specifically, URAT1 

imports urate in exchange for export of small anionic counterions such as lactate (Figure 2). The activity of 

URAT1 depends on these counterions, and certain pathophysiological conditions and drugs alter sUA levels 

by altering the activity of URAT1. Increased concentrations of counterions can stimulate the counterion 

transport of URAT1, leading to increased uric acid transport of URAT1 in a process called trans-stimulation. 

Alcohol poisoning (lactic acidosis) and diabetic ketoacidosis elevate sUA levels due to elevated levels of the 

URAT1 counterions lactate and ketoacids (acetoacetate and β-hydroxybutyrate), respectively [18, 19]. 

Furthermore, salicylate (at low doses), niacin or nicotinate (for treatment of hyperlipidemia), and 

pyrazinoate (the primary metabolite of the tuberculosis therapy pyrazinamide) function as pharmacological 

URAT1 counterions and also elevate sUA levels through trans-stimulation of URAT1. High doses of 
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salicylate, on the other hand, inhibit the urate transport activity of URAT1 (cis-inhibition) to lower sUA 

levels. Therefore, the paradoxical effect of salicylate dosage on sUA levels is explained through different 

dose-dependent interactions with URAT1. 

 

Figure 2. Effects of xenobiotics and endobiotics on urate transport in the kidney proximal tubule. For each 
transporter, endogenous substrates are in normal case, while drugs are in bold (nicotinate is an endogenous 

substrate for URAT1 but is also used as a therapy for hyperlipidemia). The proposed direction of urate 
transport is shown for each transporter. Drugs that stimulate transport of urate are not italicized, while drugs 

that inhibit urate transport are italicized. See text for more details. α-KG, alpha-ketoglutarate.  

URAT1 is classified as a tertiary active transporter, as its activity is dependent on counterion and sodium 

gradients generated by secondary active transporters (Na+/monocarboxylate cotransporters SMCT1/2) and 

the primary active transporter (Na+/K+ ATPase), respectively (Figure 3). URAT1 and SMCT1/2 also interact 

with PDZK1, a protein involved in the localization of apical membrane proteins in kidney and intestinal 

epithelial cells. These transporters, including many other urate transporters, interact with PDZK1 through 

specific C-terminal binding sequences (Table 1). PDZK1 has a strong genetic association with sUA levels, 

suggesting that PDZK1 functions as a scaffolding protein to assemble the various transporters into a “uric 

acid transportasome ” for efficient control of urate transport and homeostasis (Figure 3) [20]. 

The urate transport activity of URAT1 depends on a system of other transporters (yellow in Figure 3). 

The primary active transporter Na+/K+ ATPase provides an inward sodium ion gradient (higher 

concentration of extracellular sodium ions). The secondary active transporters, the sodium 

monocarboxylate cotransporters SMCT1/SLC5A8 and SMCT2/SLC5A12, use the sodium ion gradient for the 

inward cotransport of lactate and other monocarboxylates. Finally, URAT1 is the tertiary active transporter 

in this system, requiring the counterion lactate/monocarboxylate gradient generated by SMCT1/2 for the 

inward transport of urate. Furthermore, we suggest that the sodium/proton exchanger NHE3/SLC9A3, 

which imports sodium ions and exports protons, may also be important for URAT1 activity. This system of 

transporters that is indirectly involved in import of urate from the lumen of the proximal tubule are 
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sensitive to certain drugs that elevate sUA levels by increasing the urate transport activity of URAT1. For 

example, diuretics reduce the urinary excretion of urate and elevate sUA levels, possibly through enhanced 

sodium reabsorption in the proximal tubule. This effect would elevate the intracellular levels of lactate 

within the renal proximal epithelial cells (through SLC5A8/12) and also lower the extracellular pH (through 

NHE3), enhancing the reabsorption of urate by URAT1. 

 
Figure 3. The scaffolding protein NHERF3/PDZK1 clusters apical membrane urate transporters into a “urate 

transportasome” for more efficient urate handling in the kidney. Transporters indicated in yellow do not 
transport urate, but are important for the transport of urate by URAT1 (see text for further details). For 

simplicity, certain transporters are grouped together (e.g. NPT1 and NPT4). 

GLUT9 

The SLC family 2A, facilitated glucose transporter member 9 (GLUT9/SLC2A9), like URAT1, is also 

essential for the efficient reabsorption of urate from the renal proximal tubule (Figure 1a). Individuals 

carrying inactivating mutations in GLUT9 have renal hypouricemia and very high levels of urinary uric acid 

excretion. In some individuals with inactivating GLUT9 mutations, the fractional excretion of uric acid 

exceeds 100 % (meaning that the amount of renally excreted uric acid exceeds the amount of glomerular-

filtered uric acid), providing evidence that uric acid is actively secreted in the kidneys (red arrow in Figure 

1). The long isoform of GLUT9 (GLUT9a or -L) is localized to the basolateral membrane of RPTECs, and 

transports uric acid along its concentration gradient from inside the cells to the blood, completing the 

process of uric acid reabsorption that is initiated by URAT1 (Figure 1a). Unlike URAT1, there are no 

medications that target GLUT9. Similar to other members of the SLC2 family, GLUT9 has been shown to 

transport glucose and other sugars, although this has recently been questioned [21]. However, sugars may 

influence the transport of urate by GLUT9 [22], suggesting that dietary sugars can influence sUA levels 

through GLUT9. A short isoform of GLUT9 (GLUT9b or –S) differs at the amino terminus from the longer 

isoform due to alternative splicing. An antibody raised against the unique 21 amino terminal amino acids of 

GLUT9b detected this variant on membranes of epithelial cells in the collecting duct [23], suggesting the 

possibility that this distal segment of the nephron handles urate. Interestingly, this antibody did not detect 

GLUT9b on the proximal tubule. 
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OAT4 

OAT4/SLC22A11 is expressed on the apical membrane of RPTECs (Figure 1a), has a 51 % amino acid 

identity to URAT1, and has a strong genetic association with sUA levels. However, OAT4 is a weak 

transporter of uric acid in vitro, and its role in vivo in uric acid transport and homeostasis is unclear. 

Inactivating mutations of OAT4 have been reported [24] but the sUA levels in the individuals carrying these 

mutations is unknown. Similar to URAT1, OAT4 is an organic anion exchanger, and diuretics such as 

hydrochlorothiazide were shown to enhance urate import by OAT4 (trans-stimulation), explaining a 

possible OAT4-dependent mechanism for diuretic-induced hyperuricemia [25]. However, to our knowledge 

these studies have not yet been replicated, and mixed findings have been reported on the genetic 

association of OAT4 with diuretic-associated gout [26, 27]. OAT4 is not expressed in mice, and no specific 

OAT4 inhibitors are known (lesinurad and probenecid inhibit OAT4, but also other transporters), hampering 

efforts to study OAT4 using genetic or pharmacological methods. 

OAT10 

OAT10/SLC22A13 was initially characterized as a urate transporter that is expressed on apical 

membranes of proximal tubule cells and trans-stimulated by cyclosporine, explaining a mechanism for 

cyclosporine-induced hyperuricemia [28]. This localization is supported by a subsequent report using 

different antibodies [29], but is inconsistent with a third study which shows localization on basolateral 

membranes of the collecting duct [30]. OAT10, however, has a consensus C-terminal PDZ recognition motif 

(Table 1) for localization to apical membranes of proximal tubule cells. No genetic association of OAT10 

with sUA levels has been found, and the role of OAT10 in urate transport and homeostasis needs to be 

further characterized. 

Table 1. Carboxyl (C-) terminal sequences of transporters known or presumed to interact with PDZK1. 

Location Transporter C-terminal Sequence Reference 

Kidney 

URAT1/SLC22A12 STQF Anzai 2004 [31] 

OAT4/SLC22A11 STSL Miyazaki 2005 [32] 

OAT10/SLC22A13 STYF Bahn 2008 [28]
a
 

SMCT1/SLC5A8 GTRL Kanai 2008 [33] 

SMCT2/SLC5A12 TTHF Kanai 2008 [33] 

NPT1/SLC17A1 HTRL Gisler 2003 [34] 

NPT4/SLC17A3 LTRL Jutabha 2010 [35]
a
 

MRP2/ABCC2 STKF Kocher 1999 [36] 

MRP4/ABCC4 ETAL Park 2014 [37] 

NHE3/SLC9A3 STHM Gisler 2003 [34] 

Intestine 
NPT5/SLC17A4 FTHL Togawa 2012 [38]

b
 

BCRP/ABCG2* KKYS Shimizu 2011 [39] 

*BCRP may interact with PDZK1 in a non-classical way via an internal sequence. 
a,b

Apical membrane localization in RPTEC
a
 or enterocytes

b
. Presumed to interact with PDZK1 based on C-terminal sequence. 
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OAT1 and OAT3 

OAT1/SLC22A6 and OAT3/SLC22A8 are important transporters involved in the renal secretion of many 

drugs. They are localized to the basolateral membranes of RPTECs and transport urate in vitro, suggesting 

that they are involved in urate secretion in vivo [40]. However, OAT1 and OAT3 show no genetic 

association with sUA levels, and there is no solid evidence supporting a role in uric acid homeostasis in 

humans. OAT1 and OAT3 are in the same transporter family and have a 46 % and 42 % amino acid identity 

with URAT1 [41]. The URAT1 inhibitor probenecid also inhibits OAT1 and OAT3, leading to OAT1/3-

dependent drug-drug interactions that limits its use. The URAT1 inhibitor lesinurad has detectable 

interactions with OAT1 and OAT3 in vitro, but in contrast to probenecid has no clinically relevant OAT1/3-

dependent drug-drug interactions [42, 43]. Because of the relatedness to URAT1, all URAT1 inhibitors 

under evaluation for treatment of hyperuricemia associated with gout should be evaluated against OAT1 

and OAT3. 

NPT1, NPT4 and NPT5 

NPT1/SLC17A1, NPT4/SLC17A3, and NPT5/SLC17A4 (formerly known as NPT-like) occur in a gene cluster 

with a strong genetic association with sUA levels [7]. NPT1 and NPT4 localize to the apical membrane of 

RPTECs and are hypothesized to export urate into the tubule lumen as part of the urate secretory pathway. 

Support for this functional role comes from the identification and analysis of missense mutations involved 

in hyperuricemia and/or gout that exhibit altered urate transport activities [35, 44-47]. Moreover, it has 

been suggested that hyperuricemia induced by diuretics may be due to inhibition of NPT4 [45]. Meanwhile, 

NPT5 is a urate exporter that expressed on the apical surface of intestinal epithelial cells, suggesting a role 

in intestinal urate secretion [38]. 

MRP4 

Multi-resistance protein 4 (MRP4/ABCC4) transports urate in vitro, localizes to the apical membranes of 

RPTEC, and was recently shown to be genetically associated with gout and renal excretion of uric acid [8]. 

Consistent with its proposed role as an efflux transporter involved in the renal secretion of urate, a non-

synonymous variant P1036L of MRP4 had reduced uric acid transport activity [6]. Diuretics have been 

proposed to elevate sUA levels through inhibition of MRP4 [48]. 

ABCG2 

ATP-binding cassette sub-family G member 2 (ABCG2, also known as breast cancer-resistance protein or 

BCRP, encoded by the ABCG2 gene) is an ATP-dependent transporter that is expressed on the apical 

membranes of RPTEC and intestinal epithelia, involved in the export of urate (secretion), and with a strong 

genetic association with sUA levels and gout. Humans carrying a common genetic variant, Q141K, which 

exhibits reduced expression and activity, have elevated sUA levels and elevated renal excretion of uric acid, 

supporting a role for ABCG2 in the intestinal secretion of uric acid [49]. ABCG2 is strongly expressed in the 

intestine and is weakly expressed in the kidneys, suggesting that it primarily functions to transport urate 

into the intestinal lumen. The strong genetic association with sUA and gout suggests that drugs that 

activate ABCG2 could serve as gout therapies. 

Evolution of gout in humans 

Uric acid is a small, seemingly innocuous waste compound found mainly in the excreta from many 

different species. Biochemically, this simple compound is merely one step in the removal pathway for 
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nitrogenous wastes in reptiles and birds and for purines in humans. The degradation of purines from 

nucleic acid results in the production of uric acid, which in most mammals is instantly converted to 

allantoin by the enzyme uricase. However, about 43 million years ago, for unknown but likely interesting 

reasons, selective pressure mounted for higher blood levels of uric acid. Primates carrying mutations in the 

uric acid handling pathways that resulted in higher uric acid levels experienced a selective advantage. This 

pressure continued for 20 million years during simian evolution steadily decreasing uricase activity and 

increasing renal uric acid transporter affinity for uric acid, resulting in humans with no uricase enzyme 

activity, a high affinity renal uric acid reabsorbing transporter and the highest uric acid levels of any animal 

in the class Mammalia [50]. The hypotheses explaining the rise in sUA are many [3], and may involve 

enhanced energy storage in resource-constrained environments due to biochemical effects of uric acid on 

metabolism. These same selective pressures no longer exist today and humans are left with a uric acid load 

that in a time of resource excess has created an epidemic of gout and potentially other comorbidities 

associated with uric acid [51]. Despite the strength of the association between uric acid and cardiovascular 

disease, hypertension and chronic kidney disease, these studies do not provide causation, thus it is unclear 

if uric acid levels are the culprit in driving these illnesses. More recent studies utilizing mendelian 

randomization and interventional urate lowering drugs have suggested that some aspects of the 

comorbidities are not caused by uric acid [52, 53] and others indicate that uric acid is causing these 

comorbidities [54, 55]. The data for these findings is actively being developed thus the overall picture will 

certainly change in the coming years. This is important because if uric acid is participating in these 

comorbidities, then urate lowering therapy could well be an important additional treatment for vascular 

disease, which could work in addition to current therapies. 

In humans, uric acid is produced by the degradation of endogenous purines and the purines in food. 

There are three primary sources of uric acid in the body: 1) metabolism, whereby free circulating purines 

are degraded in the liver and intestines by xanthine oxidase into uric acid, 2) ongoing cellular degradation 

(releasing DNA and RNA), which are degraded into uric acid, and 3) diet has a smaller impact through the 

ingestion of purines and nucleic acids and subsequent metabolism of these compounds in the intestinal 

mucosa by resident xanthine oxidase.  

The effects of dietary purines on serum uric acid levels is relatively mild with even strict diets affecting 

uric acid levels marginally [56]. Purine increases from resulting from fructose, beer (from yeast) and other 

purine rich foods is of primary concern. Fructose ingestion depletes ATP from the action of fructokinase. 

The depleted ATP (AMP) is converted to uric acid through the purine catabolic pathway. 

Once produced, urate cannot be degraded by the human body so all urate must be eliminated either by 

the kidney or the intestine. Two-thirds of urate elimination is through the kidneys, the remainder through 

the intestines. The balance of production and elimination determines the concentration of uric acid in the 

serum as described above.  

Genetics of uric acid 

Genome-wide association studies (GWAS) have identified 28 separate loci that control hyperuricemia 

and gout. Many of these code for transporters directly involved in the regulation of uric acid levels in 

humans. These include transporters found in the kidney, liver and intestine with functions spanning both 

uric acid secretion and resorption [57].  

GWAS studies also show influence of urate production (glucokinase regulator or GCKR, inhibin-activin 

network, insulin) – links to glucose homeostasis, diabetes, feeding status, energy expenditure. 
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Interestingly, xanthine oxidase, and other enzymes in the uric acid biosynthetic pathway are not found in 

GWAS studies suggesting that despite a clear role, apparently genetically available variations in the activity 

of these enzymes does not lead to alterations in uric acid levels. The work in this area is proceeding rapidly 

with ongoing resequencing projects and expression analysis in clinical samples.  

Renal handling of uric acid 

In early studies on renal apical BBMVs (brush-border membrane vesicles) and basolateral vesicles, 

transport activities were characterized [58] and eventually led to the cloning of uric acid transporters from 

renal tissue and the discovery of a multiprotein transportasome functioning to regulate uric acid levels at 

the apical membrane [59, 60]. 

In a normal human kidney, clearance of urate is a function of glomerular filtration rate (GFR) and 

fractional excretion of uric acid. Urate is freely filtered at the glomerulus and is subsequently almost 

entirely reabsorbed within the proximal tubule. Secretion of urate also occurs, either concomitantly with 

reabsorption or subsequent to reabsorption. The rate of urate excretion as a percentage of the rate of 

filtration of urate is termed the fractional excretion of uric acid (FEUA). 

Low FEUA correlates with increased sUA and the characterization of the efficiency of urate secretion is 

typically done by measuring FEUA. Gout patients often exhibit significantly decreased FEUA. In addition, 

decreased GFR also increases sUA, so patients with low FEUA, or impaired renal function are in danger of 

hyperuricemia and gout 

Renal uric acid reabsorption 

Most uric acid that is filtered by the glomerulus is reabsorbed in the proximal tubule. The main 

transporter on the apical side of the tubule is URAT1, however OAT4 and OAT10 are also possible 

contributors to uric acid resorption across the apical membrane. It is likely that the sole transporter on the 

basolateral side is GLUT9. This is because the phenotype of GLUT9 mutations in humans results in an FEUA 

at or above 100 %, suggesting complete loss of resorption [61]. In contrast, the effect of URAT1 mutations 

on FEUA is less severe >50 % [62]. Other transporters may be present on the apical side but it is believed 

that only GLUT9 functions to export urate to the interstitium (blood side) across the basolateral 

membrane.  

The sensitivity of the kidney to alterations in transporter function is also detected at the level of gene 

expression of the transporter URAT1. In women, URAT1 expression is likely down regulated by estrogens 

resulting in fewer transporters at the apical surface and GFR is increased by estrogen through renal 

vasodilation. 

In mice, URAT1 and GLUT9 expression is decreased in the presence of estradiol consistent with 

premenopausal women having significantly lower uric acid levels that post-menopausal women [63, 64]. 

Further confirmation of this effect is obtained through testing of uric acid levels in patients undergoing 

gender reassignment. Addition of estrogen lowers uric acid levels and addition of androgen raises them in 

these patients [65].  

Reabsorption transporters 

Cyclical uric acid transport at the proximal tubule membrane 

The result of import and export transporters coexpressed and functioning on both the apical and 
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basolateral sides of the tubular membrane means that uric acid likely cycles through the kidney multiple 

times during the day and perhaps within the same tubule. The renal system filters approximately 180 liters 

of water each day, similarly for uric acid each molecule of uric acid is likely subjected to multiple rounds of 

filtration, resorption and /or secretion. The relative affinity and capacity curves for these transporters 

govern the percentage of uric acid that is resorbed, secreted and the percentage that finally ends up 

excreted in urine [41]. A similar process is likely also occurring in the intestine. 

URAT1 inhibitors used for the treatment of gout (Figure 4) 

Benzbromarone, (3,5-dibromo-4-hydroxyphenyl)-(2-ethyl-1-benzofuran-3-yl)methanone 

Benzbromarone was originally derived from benziodarone, an iodinated compound synthesized initially 

for coronary dilation. Benziodarone was withdrawn from the market in Europe due to instances of jaundice 

in patients treated with this compound. Prior to the withdrawal, it was noted that benziodarone was an 

effective uric acid lowering agent. The brominated analog of benziodarone was synthesized as a follow up 

for uric acid lowering in patients with gout (benzbromarone) [66]. This compound was withdrawn from the 

market later due to idiosyncratic liver toxicity and is only used in Europe on a named patient basis. 

Benzbromarone is capable of blocking URAT1 potently and selectively, it is relatively weak on both 

OAT4 and on GLUT9. The pharmacokinetics of benzbromarone provide for a Cmax of approximately 5 μM 

[67]. This is well within the potency on URAT1 at 100 nM, however, the high μM potency on other 

transporters (GLUT9 AND OAT4) in vitro, coupled with the relatively poor renal excretion profile suggests 

that benzbromarone will primarily inhibit URAT1 to produce its uricosuric effect. 
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Figure 4. Structure of URAT1 inhibitors for the treatment of gout.  Verinurad and arhalofenate are currently 
under evaluation in clinical trials.  

Probenecid, 4-[(dipropylamino) sulfony1] benzoic acid 

Probenecid is a compound originally developed by Bayer to reduce the renal excretion of penicillin 

given the difficulty in obtaining sufficient quantities of antibiotic to cover the overwhelming need at that 

time. Probenecid is an inhibitor of OAT1 and OAT3, transporters responsible for renal excretion of many 

drugs not just antibiotics, thus use of probenecid is limited due to the significant drug-drug interactions. 
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After the use of probenecid became widespread in combination with antibiotics, it was discovered that it 

also reduced serum uric acid levels by inhibition of renal reabsorption, thus making it useful for the 

treatment of gout. The compound is still used for this purpose today, though the drug – drug interactions, 

multiple daily dosing and generally weak efficacy limit its use overall [68].  

 Lesinurad (RDEA594), 2-((5-bromo-4-(4-cyclopropylnaphthalen-1-yl)-4H-1,2,4-triazol-3-yl)thio)acetic acid 

Lesinurad was discovered as an active metabolite from an unrelated clinical program. Patients given the 

parent compound experienced a profound uric acid lowering effect. This effect was due to drug-mediated 

alterations in fractional excretion of uric acid [43]. This result suggested renal transporter inhibition as the 

mechanism. One metabolite from the parent was preferentially excreted to urine (RDEA594). Purification 

and testing for URAT1 inhibition provided evidence that RDEA594 (lesinurad) was responsible and likely 

mediated its effects through inhibition of URAT1. This was later confirmed with human PK / PD studies in 

phase 1 [43]. 

Lesinurad is a molecule capable of significant uric acid lowering in the presence of an XO inhibitor via 

the inhibition of URAT1. This inhibition increases the FEUA in patients taking this medicine which targets 

the defect found in most gout patients. Combination therapy showed a beneficial profile compared to 

monotherapy allopurinol, however significant numbers of patients experienced creatinine elevations while 

on lesinurad thus careful renal monitoring by prescribing physicians is required. 

Verinurad (RDEA3170), 2-((3-(4-cyanonaphthalen-1-yl)pyridin-4-yl)thio)-2-methylpropanoic acid 

Verinurad is a selective uric acid reabsorption inhibitor with nM potency against URAT1 [69]. It is in 

clinical development for the treatment of gout and hyperuricemia in combination with a xanthine oxidase 

inhibitor. In constrast to lesinurad, in phase 2 studies in combination with a xanthine oxidase inhibitor, 

verinurad treatment has not resulted in serum creatinine elevations, likely due to its 

pharmacodynamic/pharmacokinetic profile and the action of the xanthine oxidase inhibitor reducing the 

urinary uric acid concentration and thereby reducing the incidence of uric acid crystallization and sCr 

elevations. The combination of verinurad and a xanthine oxidase inhibitor provided greater reductions in 

sUA than by a xanthine oxidase inhibitor alone even after doubling the dose of the XOI [70]. 

Arhalofenate, 2-acetamidoethyl (2R)-2-(4-chlorophenyl)-2-[3-(trifluoromethyl)phenoxy]acetate 

This URAT1 inhibitor is currently in clinical trials for gout [71]. Arhalofenate when dosed at 800 mg per 

day reduced serum uric acid similarly to 300 mg of allopurinol. Interestingly, this treatment also decreased 

gout flares significantly compared to allopurinol at a dosage of 300 mg. Arhalofenate was well tolerated in 

early trials. In addition to its uricosuric properties, it also appears to be capable of reducing inflammation. 

This effect could lead to reductions in flares during treatment though the data to date is inconclusive. 

Combination studies are underway and development is continuing in the US. 

Binding of known inhibitors 

The interactions between uricosuric agents and URAT1 has been studied using modeling and chimeric 

mapping studies [41]. This work has demonstrated that the URAT1 inhibitors (lesinurad, probenecid, 

benzbromarone and RDEA3170 (verinurad) all bind to the same site in the transporter [41]. There are 

interesting differences in the specific amino acids required for binding for each compound but this is not 

surprising given the structural differences between them. It’s likely that there is a specific characteristic of 

this location within the transporter that makes it susceptible to inhibition by a wide variety of compounds. 
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One of these characteristics may be that uric acid itself appears to interact with this pocket. Modeling of 

the relevant amino acids onto and OAT1 scaffold suggests that these amino acids are located within the 

interior channel of the transporter, ideally positioned to bind either substrate or inhibitor [41].  

Conclusions 

Human uric acid level in serum is regulated by a complex array of multi-protein complexes found in 

several different organs. Evolutionary pressure to increase uric acid levels likely resulted in the need to 

regulate these levels. The kidney plays the key role by sensing current uric acid levels from the blood in the 

filtrate and adjusting reabsorption accordingly. The intestine is also likely capable of sensing and 

responding to serum uric acid levels, however, it is less well characterized. The risks of elevated uric acid 

are well characterized and a number of therapies have been developed to reduce these levels in patients 

with gout. URAT1 inhibitors represent one of the two main approaches for reduction of serum uric acid and 

work by increasing the efficiency of uric acid excretion. The other relies on the blockade production of uric 

acid via inhibition of xanthine oxidase. Combination therapy with both an excretion enhancer and a 

production inhibitor is a powerful approach to efficient urate lowering therapy. 
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Supplementary figure 

 

Figure SP1. Photomicrograph under polarized light of negatively birefringent monosodium uric acid crystals, 
the underlying cause of gouty inflammation 


