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Abstract

In addition to its role as a metabolic waste product, uric acid has been proposed to be an important
molecule with multiple functions in human physiology and pathophysiology and may be linked to
human diseases beyond nephrolithiasis and gout. Uric acid homeostasis is determined by the
balance between production, intestinal secretion, and renal excretion. The kidney is an important
regulator of circulating uric acid levels, by reabsorbing around 90% of filtered urate, while being
responsible for 60-70% of total body uric acid excretion. Defective renal handling of urate is a
frequent pathophysiologic factor underpinning hyperuricemia and gout. In spite of tremendous
advances over the past decade, the molecular mechanisms of renal urate transport are still
incompletely understood. Many transport proteins are candidate participants in urate handling,
with URAT1 and GLUT?9 being the best characterized to date. Understanding these transporters is
increasingly important for the practicing clinician as new research unveils their physiology,
importance in drug action, and genetic association with uric acid levels in human populations. The
future may see the introduction of new drugs that specifically act on individual renal urate
transporters for the treatment of hyperuricemia and gout.
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[. Introduction

Although gout and kidney stones were recognized in antiquity (1), the earliest known
description of uric acid dates from the year of the American Declaration of Independence,
when German-Swedish chemist Karl Wilhelm Scheele (1742-1786) isolated a substance
with acidic properties from a bladder stone, and named it “lithic acid’ (from Greek ‘lithos’,
stone) (2). George Pearson (1751-1828) and Antoine Fourcroy (1755-1809) later changed
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the name from ‘lithic’ to ‘uric’, to reflect the presence of this substance in normal urine and
its absence from some calculi (3). Fast forward more than 230 years, and our current
knowledge of uric acid and its relationship with living organisms, from single genes and
molecules to physiology and pathophysiology, could fill a massive treatise. However,
several chapters of the uric acid story remain incomplete, with fundamental scientific
questions still awaiting response.

We will cover two aspects in this article. First, we provide a summary of the known and
potential roles of uric acid in human physiology and pathophysiology, on the backdrop of
evolutionary physiology. Second, we discuss the mechanisms of uric acid transport in the
kidney, the major regulator of uric acid levels in humans.

Il. Uric acid in human biology: The basics

Uric acid (2,6,8-trihydroxypurine, CsH4N4O3) is the end-product of purine metabolism in
humans, but it is an intermediary product in most other mammals. It is generated primarily
in the liver (Figure 1) by the action of xanthine oxidase, a molybdenum metalloenzyme that
can be inhibited pharmacologically by drugs like allopurinol and febuxostat (4, 5). Very
little uric acid is normally ingested. Most circulating uric acid is freely filtered in the kidney,
with roughly 90% of the filtered load normally reabsorbed along the nephron by
mechanisms reviewed later in this article. Renal excretion of uric acid represents
approximately 60—70% of total uric acid excretion from the body (6, 7). A smaller
proportion of uric acid is secreted in the intestine, and is further metabolized by resident gut
bacteria in a process termed intestinal uricolysis (7).

Uric acid is a weak diprotic acid (has two dissociable protons) with pKa;~5.4 and
pKay~10.3. At the physiologic pH of 7.4, a proton dissociates from ~99% of uric acid
molecules, and thus most uric acid is present in the extracellular fluid as monovalent urate
anion (also known as hydrogen urate or acid urate). The divalent urate anion is practically
non-existent in the body, because of the very high pKay, and thus the term urate is generally
used to refer to monovalent urate in the biomedical literature. As the ratio of urate to uric
acid in the circulation remains constant with constant pH, the terms urate and uric acid are
often used interchangeably to refer to the total pool of uric acid, dissociated and
undissociated. In the urine, the ratio of uric acid to urate varies much more with the larger
range of pH, and lower urinary pH values result in a greater proportion of uric acid in the
undissociated form. Since undissociated uric acid is very poorly soluble in aqueous
solutions, unduly acidic urinary pH values increase the propensity for uric acid
crystallization and nephrolithiasis (8).

[ll. Uric acid: friend or foe?

In many organisms, including the majority of mammals, uric acid is metabolized to allantoin
by the enzyme urate oxidase (uricase). Over a period of 20-30 million years during the
evolution of primates, the uricase gene incurred several independent mutations in its
promoter and coding region, resulting in gradual loss of uricase function in the primate
lineage. Modern humans and higher primates have non-functional uricase genes
(pseudogenes) because of frameshift and missense mutations, and some New World and Old
World monkeys harboring promoter mutations have decreased uricase activity compared
with other mammals (9).

Although not the main scope of this review, a brief exploration of the biological
underpinnings of uricase inactivation is in fact important for understanding the roles of uric
acid in Homo sapiens, and, by extension, for understanding the logic of urate handling in the
kidney.
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Physiological roles of uric acid: Clues from evolution

Experimental inactivation of the uricase gene in mice leads to massive deposition of uric
acid crystals in the kidney, obstructive nephropathy and death, with most animals
succumbing before sexual maturity (10). By contrast, when nature experimented with loss of
uricase function in early hominoids, its result were evolutionarily successful organisms. It is
possible that uricase loss in our ancestors was perpetuated because higher uric acid levels
provided some physiological benefit. However, since higher uric acid can also cause harm in
an organism not equipped to handle it (e.g. the uricase deficient mouse), it is also likely that,
with uricase loss, other functionally related genes changed to accommodate the increased
levels of uric acid. The identity of these ‘other’ genes is unknown, and future research
leading to their identification would be especially edifying.

The fact that multiple independent mutations occurred in the uricase gene during hominoid
evolution, with parallel mutations in some New World and Old World monkeys, is
compatible with (although not proof of) the hypothesis that uricase inactivation provided
some benefit (11). Another argument frequently invoked in support of this hypothesis is the
ability of the human kidney to return a large proportion of the filtered urate to the
circulation. It is tempting to assume that if uric acid was a metabolic waste product with no
physiological value, the kidney would not invest resources in the reabsorption of ~90% of
the filtered urate. In fact, one of the great pioneers of renal physiology, the late Robert
Berliner (12), specifically commented that it “makes no sense” for the human kidney to
reclaim uric acid (13). However, renal reabsorption of a substance does not invariably mean
that the substance is needed for the whole organism, as can be exemplified by the case of
urea which is only retained to facilitate water conservation before its eventual fate of
excretion. It is unlikely that renal handling of urate evolved according to this simple logic,
and the intricate pathways for urate transport in the kidney may have evolved for other,
more complex reasons (for example, to prevent crystal deposition and protect against kidney
disease).

If uric acid does indeed have biological function(s) that made elevated serum urate levels
evolutionarily advantageous, what could these functions be? Several hypotheses can be
formulated, combining scientific speculation with varying degrees of factual evidence. A
comprehensive review of these hypotheses and of all the evidence for and against them is
beyond the scope of this article, but a brief summary is provided in the following
paragraphs.

Uric acid as metabolic waste

Uric acid has long been viewed as an inert metabolic product, with the sole mission (in
humans and higher primates) of shuttling purine waste to the exterior world. This role is
undoubtedly important, but could it have been, in itself, a determinant of evolutionary
benefit? Organisms that excrete nitrogen primarily as uric acid (uricotelics), such as birds
and some terrestrial reptiles, are excellent water conservers (14, 15), because they excrete
some or all uric acid as crystals (the white color in bird droppings). In birds and reptiles, this
is in part possible because the ureters empty directly into the cloaca, allowing further water
reabsorption and uric acid precipitation without retention of calculi. Although urea remains
the primary means of nitrogen excretion in hominoids, one could speculate that uricase
inactivation, by increasing the proportion of nitrogen excreted as uric acid, may have
rendered our ancestors more adept at conserving water (likely an important trait in the hot
climate of Africa 30 million years ago). However, this scenario is extremely unlikely,
because only uric acid excreted in solid form (not dissolved in the urine) is meaningful for
water conservation. Humans and primates do not normally discharge large amounts of uric
acid crystals in the urine, and even though there are three nitrogens per urate molecule (as
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opposed to two for urea), the amount excreted per day is only a few millimoles, a small
fraction of total nitrogen excretion.

Another hypothesis related to the role of uric acid as metabolic waste is that uricase
inactivation led to increased disposal of endogenously produced uric acid in the gut, and
possibly to changes in the intestinal microbiota, with a higher prevalence of bacteria capable
of uricolysis. In turn, these bacteria could have had other advantageous effects on digestion,
metabolism, or the immune system. This is highly speculative, not covered to our
knowledge by previous publications in the field, but is nevertheless plausible and merits
further exploration.

The Jekyll and Hyde of antioxidation

More than 30 years ago, Ames et al. (16) hypothesized that higher serum uric acid levels
might have been beneficial during hominoid evolution because of the antioxidant properties
of uric acid. Loss of L-gulonolactone oxidase, the enzyme responsible for ascorbic acid
(vitamin C) synthesis, preceded the loss of uricase during primate evolution, and may have
raised the selection pressure for augmentation of an already existing, alternative antioxidant
system. Although the antioxidant capacity of uric acid is much smaller than that of vitamin
C, (17) uric acid could potentially compensate by its much higher concentration in the
extracellular fluid compartment. In addition, uric acid is more effective than vitamin C at
neutralizing peroxynitrite, an important oxidant produced from the reaction between nitric
oxide and hydrogen peroxide (18).

Whether this was sufficient to confer an evolutionary advantage for uricase inactivation is
not known. What is known, however, is that higher uric acid levels in the modern human are
epidemiologically correlated with conditions that are, in turn, associated with increased
oxidative stress, such as atherosclerosis, obesity, diabetes, and the metabolic syndrome (19).
This could be interpreted as an adaptive response, with more uric acid retained in the
circulation in an attempt to offset disease-associated oxidative stress. However, it is equally
compatible with the opposite conjecture that uric acid contributes to the pathogenesis of
these conditions. Paradoxically, one of the ways in which uric acid has been proposed to
contribute to disease is via its conditional pro-oxidant effect. Like most antioxidants, uric
acid is in fact a redox agent, capable of both anti-oxidation and pro-oxidation (20, 21). The
balance between the two is dictated by a very complex interplay of factors, including
concentration of uric acid, the nature and concentration of free radicals, the presence and
concentration of other antioxidant mechanisms, and others. It is becoming increasingly clear
that uric acid may be anti-oxidant in certain conditions, and pro-oxidant in others.

It is important to note that among all theories related to uric acid, the antioxidant hypothesis
is most often presented in the literature as established fact, although the value of uric acid as
antioxidant in humans, 7n vivo, is far from proven (22).

Uric acid and blood pressure: good then, bad now?

Johnson and colleagues proposed what is arguably the most intriguing theory for the role of
uric acid in human evolution, (11, 23) based on the premise that sodium intake has been low
for millions of years in our species’ history. According to this theory, the antinatriuretic and
vascular effects of elevated uric acid contributed to blood pressure maintenance, during a
time when climatic changes forced early hominoids to better conserve sodium. At the time,
uricase inactivation was thus advantageous. The advent of increased salt availability and
intake over the past 10,000 years, with the most dramatic increases in intake seen during the
past century, transformed this system of sodium conservation into an essentially maladaptive
trait, postulated to contribute to the modern epidemic of hypertension.
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Whether loss of uricase function in the Miocene was indeed related to blood pressure
maintenance (“the good™) remains speculative, but current evidence, albeit limited, is
compatible with a role for uric acid in modern human hypertension (“the bad”). Available
data include epidemiological correlations between blood pressure and circulating uric acid,
and animal studies in which uric acid levels were manipulated experimentally to explore
causality. It should be noted, however, that rodents have functional uricase and are ill
equipped to handle hyperuricemia, making them less-than-adequate models for the study of
any uric acid related condition.

The most compelling evidence to date for a causal role of uric acid in hypertension comes
from one pilot trial of 30 adolescents (11-17 years) with newly diagnosed stage 1 primary
hypertension and borderline hyperuricemia (=360 pmol/L), who were treated with
allopurinol and placebo (4 weeks each) in a randomized double-blinded crossover design
(24). Adolescents were selected for this study because the potential link between uric acid
and hypertension is likely “cleaner” in this age group, while it may be plagued by multiple
confounders in older individuals with longer-standing hypertension and associated
comorbidities. The fact that blood pressure was decreased by allopurinol in this trial
provides an encouraging proof of principle. However, the study had a number of limitations
(well detailed by the authors), and does not permit generalization in the absence of further
research.

Uric acid and the immune system

Association

It is well known that uric acid crystal deposition in gout causes inflammation, but this has
long been considered a non-specific effect. More recent evidence proposed that uric acid is
released from injured somatic cells as monosodium urate crystals (MSU), and functions as
an innate immunity enhancer or “danger signal”, by stimulating the maturation of dendritic
cells and augmenting the response of CD8+ T cells to a co-delivered antigen /7 vivo in mice.
(25) These findings were specific for MSU, and the effect was not seen when MSU was
replaced with other crystals with similar physical properties. Crystalline MSU, but not other
crystals, has also been shown to activate the inflammasome, a multiprotein complex that
participates in innate immunity and in the initiation of inflammation (26).

Although these findings are extremely provocative, their importance for human biology has
not been established, and whether MSU-mediated effects on innate immunity and
inflammation differ in species with or without functional uricase is unknown. One could
speculate that uric acid, as an enhancer of innate immunity, is beneficial for the organism. It
is also possible that some of the detrimental effects of hyperuricemia, beyond gout, are
caused by elevated levels of MSU and its effects on inflammatory and immune responses.

between hyperuricemia and human disease

Humans have adapted to circulating uric acid levels that are 5 to 20 fold higher than in most
other mammals. The definition of hyperuricemia in adults is not universally agreed upon,
but commonly used thresholds are in the range of >6—7 mg/dL (>350-400 wM/L), usually
higher for men than for women. Hyperuricemia thresholds are based either on the solubility
limit of urate in the extracellular fluid compartment at physiologic pH (~420 iM/L), or on
distribution curves in normal individuals using classical two standard deviations above the
mean, or in some cases are arbitrarily set based on relative risk of uric acid-associated
disease. It is important to note however that while cutoffs are convenient for clinical
practice, defining hyperuricemia (or sometimes “mild” hyperuricemia) based on precise
values has no biological rationale, because one cannot treat a continuous variable such as
uric acid as dichotomous.
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Urate levels rise above commonly accepted thresholds in conditions of excessive purine
intake, endogenous defects in purine metabolism, and/or inadequate uric acid excretion. In
turn, persistent clinical hyperuricemia can cause gout and tophi, and is associated with
kidney stones. Beyond these classic clinical manifestations, and irrespective of their
presence, various degrees of hyperuricemia have also been associated with hypertension (as
discussed above), preeclampsia, obesity, the metabolic syndrome, and chronic kidney
disease (including but not limited to chronic uric acid nephropathy). However, as always in
biology, correlation should not be mistaken for causation. Evidence for causation in all these
cases is relatively scarce, and certainly inconclusive.

handling of urate: General Concepts

One unifying element emerges from all the controversies surrounding the roles of uric acid
in human biology: whether friend or foe, uric acid is likely much more than a waste product
of purine metabolism. Uric acid homeostasis is tightly controlled, with the kidney assuming
a pivotal role (Figure 1).

Fractional excretion of urate in humans

Uric acid excretion rate is the product of the filtered load (which can be approximated as
plasma ultrafilterable urate x glomerular filtration rate) and fractional excretion of urate
(FEUA), which represents the percentage of filtered urate that is excreted in the final urine.
FEUA can be estimated from the ratio of urate clearance (Cypa) to creatinine clearance
(Ccp), calculated using plasma (P) and urinary (U) creatinine and urate values obtained from
simultaneous spot urine and blood samples: FEUA = Cya/Ccr X 100% = [(Uya x Urine
sample volume)/Pyal/[(Ucr x Urine sample volume)/P¢,] X 100% = (Uya % Pcr)/(Pua X
Ucr) % 100%. In adult humans under normal conditions FEUA is approximately 10% (range
7-12%); usually higher in women than in men. FEUA is higher in children, averaging 35%
in newborns, 13-26% in children less than 1 year old, and then decreasing progressively to
adult levels in spite of increasing urate filtered load (27, 28). This fall in FEUA is indicative
of maturational changes in renal urate transport, likely involving complex molecular
mechanisms (29) that are beyond the scope of this article (see the accompanying article in
this journal, “Changes in Serum Urate and Urate Excretion with Age” by B. Stiburkova.
Further discussion of urate transport herein refers only to the adult kidney.

Renal handling of urate in other organisms

As with most other biological processes, there are similarities and differences between the
physiology of renal urate handling in humans, other mammals, and non-mammalian
organisms. Teleologically, the differences can be attributed to two major factors: first,
inactivation of uricase in humans and higher primates led to uric acid levels (and thus
filtered loads) up to two orders of magnitude higher than in other mammals; second, while
humans and other mammals primarily use urea as vehicle for nitrogen excretion (a mode of
excretion termed ureotelism), other species such as birds and snakes use primarily uric acid
(uricotelism), relying on a combination of high filtered load and FEUA > 100% (net
secretion). Consequently, there are wide variations in both filtered load and FEUA among
vertebrates, with only higher primates being similar to humans in both respects. This is one
of the most serious limitations faced by uric acid research in mice and rats, the most widely
used species for laboratory research: even if uric acid levels are manipulated genetically
(e.g. uricase knockout) or pharmacologically to more closely resemble the human situation,
the rodent kidney is ill equipped to handle such elevated filtered loads (10). Furthermore,
although serum uric acid is consistently lower in mice and rats compared with humans (in
the absence of genetic or pharmacologic manipulation), there are considerable variations in
both serum uric acid and FEUA between different rodent strains (30, 31), indicative of strain
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differences in renal urate handling. While studies of urate handling in rodents are certainly
key for understanding the functions of individual genes and proteins, the relevance of these
studies for human biology has to be interpreted with great caution, and rodent findings
should not be directly extrapolated without some form of validation in humans.

The old model

The classic (now obsolete) textbook model of uric acid transport in the human kidney was
developed in the 1970s, based primarily on animal studies using microperfusion and
micropuncture and on human studies measuring fractional extraction of urate (FEUA), in
physiologic conditions and under treatment with drugs that change FEUA without
significantly affecting glomerular filtration rate (GFR). This model (Figure 2A) involved
four distinct components: glomerular filtration of virtually all circulating urate, reabsorption
of 98-100% of the filtered urate, secretion of up to half of this amount (inhibitable by
antiuricosuric agents such as pyrazinamide), and postsecretory reabsorption (inhibitable by
uricosuric agents such as probenecid). Key for components 3 and 4 of this hypothesis
(Figure 2A) was the fact that concomitant treatment with pyrazinamide and probenecid had
a similar effect on FEUA as treatment with pyrazinamide alone, which was compatible with
(but did not prove) the hypothesis that inhibition of urate secretion by pyrazinamide left too
little urate in the lumen at the putative site of postsecretory reabsorption (32, 33). However,
this assumption did not consider the possibility that pyrazinamide may not inhibit urate
secretion, but rather stimulate reabsorption, as suggested by subsequent studies (34, 35). The
classic model also assumed that urate reabsorption and secretion occur in functionally
distinct regions of the nephron, while current data strongly suggest that both reabsorption
and secretion can occur at the same site in the proximal tubule (36). The actual experiments
behind the model depicted in Figure 2A likely remain valid today, but the growing body of
data in the field no longer supports their original interpretation, despite the occasional
perpetuation of the old model in the recent literature. A revised (albeit oversimplified and
incomplete) model that more accurately reflects current knowledge is shown in Figure 2B.
We now know that renal urate handling involves a complex interplay of reabsorptive and
secretory transport pathways, primarily in the renal proximal tubule, mediated by
incompletely understood molecular mechanisms.

V. Renal handling of urate: Molecular Mechanisms

A number of integral plasma membrane transport proteins are candidate participants in renal
urate handling. These are depicted schematically in Figure 3, and their more important
characteristics and available experimental evidence are summarized in Table 1. For the
purpose of this review, the varying levels of evidence that these transporters play a role in
urate handling in the human kidney are rated in Table 1 as weak (mostly /n vitro
experiments, indirect evidence in animals, no evidence in humans), moder ate (/n vitro
experiments supported by human genome-wide association studies or knockout mouse data),
or strong (extensive human data, including genome-wide association studies, loss-of-
function mutations and protein localization in the human kidney, in addition to /n vitroand
knockout mouse experiments). It is important to note that weak and moderate evidence
levels may be strengthened in the future, with acquisition of new data. Conversely, current
evidence levels may be downgraded, and some candidates may even be taken off the list if
contradictory data emerges. Also of note, a number of other endogenous organic anions and
xenobiotics (e.g. drugs), in addition to urate, serve as substrates for various urate
transporters /n vitro, but the renal handling of these alternative substrates is beyond the
scope of this article. Finally, urate reabsorption overall is postulated to be a tertiary active
transport process dependent on sodium reabsorption, whereby the basolateral Na*/K*
ATPase generates a Na* gradient (primary active transport) that drives a number of apical
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Na*-coupled organic anion transporters (secondary active transport), that in turn provide the
driving force for urate reabsorption (Figure 3).

The following paragraphs provide more details about the two transporters whose roles in
renal urate handling are currently supported by the strongest evidence. The other
transporters listed in Table 1 (and shown in Figure 3), are discussed in further detail in the
Appendix. For additional perspectives, the interested reader is also referred to several
excellent, recent reviews (36-38).

Until the early 2000s, very little was known about the molecular mechanisms of renal urate
transport. Aided by the publication of the first draft sequence of the human genome in 2001,
Enomoto et al. (35) searched for genes similar to known members of the organic anion
transporter (OAT) family and identified a previously uncharacterized sequence on
chromosome 11, now known as solute carrier family 22, member 12 (SLC22A12), or urate
transporter 1 (URAT1). When URAT1 was heterologously expressed in Xenopus oocytes (a
commonly used method to study the properties of transport proteins) it resulted in
significantly increased uptake of [14C] urate into oocytes, in exchange for organic
monocarboxylate anions such as lactate and nicotinate, with an estimated Michaelis constant
(Km) for urate of around 370 pM (relatively low affinity). URAT1 messenger RNA is
highly expressed in the human kidney, but is virtually absent from all other organs
examined, including the liver, small intestine and colon. The URATL protein specifically
localizes to the brush border membrane of the proximal tubule, indicating that it participates
in the apical (luminal) uptake of urate from the primary urine to the proximal tubule cell.

The most convincing evidence that URATL plays a key role in renal urate handling in
humans came from the identification of URAT1 inactivating mutations in homozygous or
compound heterozygous state in a number of Japanese patients with idiopathic renal
hypouricemia (serum urate 30-60 M/L or 0.5-1.0 mg/dL) and dramatically increased
FEUA (30-90%, from approximately 10% normal) (35, 39-41). In addition to monogenic
hypouricemia, sequence variations in the SL C22A12 gene were associated with serum uric
acid levels in genome-wide association studies (studies that examine the statistical
association between genetic variants — typically single nucleotide polymorphisms — spread
across the entire genome and a specific trait in large populations), including in African
Americans, Pacific Islanders and individuals of European descent (42-44). Taken together,
these data strongly suggest that URAT1 is the major luminal pathway for urate reabsorption
in humans. However, given the preservation of some urate reabsorption (indicated by FEUA
< 100%) even in patients with complete loss of function of URATL, other apical entry
pathways also exist.

The mouse renal-specific transporter (RST) first identified in 1997 (45) is the murine
ortholog of URAT1 (46), with a similar expression profile and properties, albeit with lower
affinity for urate (K, # 1200 pM). RST knockout mice are grossly normal and only have
slightly increased FEUA (from ~3% in wild type to ~5% in knockout mice), nowhere near
the increase seen in humans with SLC22A12 inactivation (47). Once again, this underscores
the differences between mouse and human urate handling, and indicates that another yet to
be identified transporter handles the bulk of apical urate reabsorption in the mouse nephron.

Cloned in 2000 by Phay et al. (52), GLUT9 (SLCZA9gene) was classified as a member of
the facilitative glucose transporter family, with the ability to transport both glucose and
fructose. Human GLUT?9 has two splice variants with different expression patterns:
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GLUT9a is expressed in multiple tissues, while GLUT9b (also termed GLUT9AN) is highly
expressed in the kidney, and to a lesser extent in the liver (53). In polarized epithelial cells /n
vitro, GLUT9a was specifically targeted to the basolateral membrane, and GLUT9Db to the
apical membrane. However, only the basolateral localization was detected by
immunohistochemistry in the human proximal tubule, using an antibody that does not
distinguish between the two isoforms, so the polarized distribution of the two splice variants
is not confirmed /n vivo (53).

The possible involvement of GLUTS in urate handling was first suggested in 2007 by a
genome-wide association study (GWAS) of serum uric acid levels in two cohorts in Sardinia
(54). Subsequent GWAS in other populations confirmed this finding (42, 55-58), with
single nucleotide polymorphisms in the GLUT9 gene exhibiting the strongest associations
with serum uric acid levels.

A number of allelic variants of the GLUT9 gene, either predicted or demonstrated to lead to
loss of transport function, were identified in humans with renal hypouricemia (59-63).
Homozygous loss-of-function was described in patients with massive hyperuricosuria,
hypouricemia (<12 wM/L or <0.2 mg/dL), FEUA exceeding in some cases 100% (indicative
of net urate secretion), and high propensity for nephrolithiasis and exercise-induced acute
kidney injury (62, 63). The pathogenesis of exercise-induced acute Kidney injury remains
unclear, although acute crystal-induced nephropathy has been proposed (but not proven).
Interestingly, heterozygous loss-of-function mutations were also identified in patients with
less severe hypouricemia (90-160 wM/L or 1.5-2.7 mg/dL), in the absence of mutations in
other urate transport candidates (59-61), suggesting that inactivation of only one
GLUT9.allele may be sufficient to impair urate reabsorption.

When heterologously expressed in Xenopus oocytes, human GLUT9 functions as a urate
uniporter, with a K, for urate around 365 wM (very similar to URAT1). The two isoforms
of mouse Glut9, homologous to human GLUT9a and GLUT9b, have transport properties
virtually indistinguishable from each other, but have lower affinity for urate, around 600 LM
(64). In contrast with humans, mouse Glut9 is expressed in the distal tubule, on both the
apical and the basolateral membrane (65). Once again, this highlights the differences in
physiology between rodent and human urate handling. At present, it is unknown whether
there is urate handling in the distal nephron in rodents, or whether Glut9 functions as a
transporter for some other ion in the distal tubule. Whole-body Glut9-null mice have
moderate hyperuricemia and hyperuricosuria, much more severe that RST-null animals,
resulting in obstructive nephrolithiasis, tubulointerstitial inflammation, fibrosis, and
eventually renal failure (31). Hyperuricemia is attributable to the putative role of Glut9 as
facilitator of urate entry in in hepatocytes, the major site for uricase-mediated urate
breakdown in non-primate mammals. When Glut9 was specifically deleted in the liver, mice
developed more severe hyperuricemia and their kidneys remained morphologically normal,
most likely because preserved renal Glut9 function in these mice resulted in lower FEUA
(31). These findings indicate that in spite of significant differences in expression patterns
and transport affinity, GLUT9 is a key player in renal urate handling in both humans and
mice.

Taken together, available evidence suggest that GLUT9 may be the principal (and possibly
the only) pathway of basolateral urate exit from the proximal tubule cell in the human
kidney, with URAT1 and GLUT functioning in concert to achieve transcellular urate
transport.
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VI. URAT1 and GLUT9 as drug targets

As discussed in the previous section, there is strong evidence that apical URAT1 and
basolateral GLUT?9 are the main renal transporters involved in urate reabsorption. Several
existing drugs that affect renal urate handling have been shown to directly regulate the
activity of one or both of these transporters, and new drugs targeting them are currently in
development for the treatment of hyperuricemia and gout.

Urate transport by URATL in vitrois significantly decreased (~80-95% inhibition) by
uricosuric agents, including probenecid and benzbromarone, and is increased (~25%
stimulation) by the antiuricosuric pyrazinamide, suggesting that at least part of the
mechanism of action of these drugs is direct regulation of URAT1 (35). Other drugs known
clinically to have uricosuric effects also inhibit URAT1 /n vitro, including losartan (~85%
inhibition), and furosemide (~40% inhibition) (35).

Some of these drugs also regulate the /n7 vitro urate transport activity of GLUT?9, including
probenecid, benzbromarone and losartan (55-70% inhibition), but not pyrazinamide and
furosemide (59). Several specific URAT1 inhibitors are in different stages of development,
with at least one (Lesinurad) currently in phase 3 clinical trials in patients with gout
(ClinicalTrials.gov identifiers NCT01493531, NCT01510158, NCT01510769,
NCT01508702).

In addition to its role in the kidney, GLUT9 is the only urate transporter described to date in
chondrocytes, where its expression is upregulated by the inflammatory cytokine Interleukin
1 beta (99). Although the exact role of GLUT9 in chondrocytes remains to be established, a
potential GLUT?Y inhibitor could theoretically increase FEUA and at the same time reduce
joint damage in gout.

VIl. Conclusion

The past decade has seen enormous advances in our understanding of renal urate handling,
including the dethroning of a long-held model of sequential urate transport and the
identification of individual transport proteins with direct bearing on uric acid levels in
humans. However, much is still unknown, and further research is critical for the elucidation
of the exact function of these proteins from whole organism to cellular and molecular level,
in both physiology and pathophysiology. Human studies remain critical for the field,
because of the major differences in renal urate handling between humans and all commonly
used laboratory animals. These efforts are likely to have a direct impact on patient care in
the future, by endowing physicians with better understanding of pathophysiology,
particularly of renal hyperuricemia, and better tools to treat urate disturbances.
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Description of candidate transport proteins involved in urate handling in the human
proximal tubule, other than URAT1 and GLUT9 (which are discussed in detail in the main
text of the article). Transporters are listed in the same order as in Table 1 and Figure 3.

First identified by Bahn ef a/in 2008, OAT10 is expressed at the messenger RNA level in
the human kidney, and possibly at lower levels in the colon and other tissues (48). The rat
OAT10 homolog is present in the proximal tubule brush border and cortical collecting duct,
but the localization of OAT10 protein in the human kidney has not been described. Human
OAT10 and URAT1 are 33% identical at the amino acid level. OAT10 can function as an
urate-monocarboxylate exchanger when expressed in Xenopus oocytes, but may have a
lower affinity for urate than URAT1, and in contrast with URAT1 can also exchange urate
for para-aminohippurate. However, no data are presently available to confirm a role for
OAT10 in urate handling /n vivo.

SMCT1 and SMCT2 are Na*-coupled monocarboxylate cotransporters expressed in multiple
tissues, and localized at the apical membrane of the proximal tubule in mice (49). SMCT1
and SMCT2 may participate in urate transport by utilizing the Na* gradient provided by the
Na*/K*-ATPase to drive cellular uptake of monocarboxylates (secondary active transport),
thus creating the driving force required for urate uptake via URAT1 and OAT10 (tertiary
active transport) (Figure 3). Indirect evidence for this model was provided by a knockout
mouse deficient for the c/ebpd transcription factor, in which decreased reabsorption of urate
was attributed to reduced expression of both SMCT1 and SMCT2, in part because mRNA
levels of URAT1, OAT1, and NaDC3 were unaffected (50). Although intriguing, this animal
model does not definitively prove that renal SMCT1/2 are important for urate transport in
the mouse kidney, because lack of c/ebpd may have affected the transcription of other
proteins involved in the regulation of urate handling. SMCT1-null mice have impaired
lactate reabsorption and lactaturia (51), but no reported defects in urate handling (possibly
because of SMCT1/2 redundancy for urate transport, but not for lactate transport). The
localization and function of SMCT1/2 in the human kidney remain uncertain.

The organic anion transporter OAT4 is 52% identical at the amino acid level with URAT1,
and the OAT4 and URAT1 genes (SLC22A11and SLC22A12respectively) are immediately
adjacent on chromosome 11. Such occurrence of related genes in tandem, also encountered
for other mammalian ion transporters (including some discussed later in this article), may
indicate that OAT4 and URAT1 originated from a single gene by duplication, and could thus
be linked to similarities in function, regulation and expression patterns (66). No homolog of
OAT4 has been found in the mouse genome (though homologs are present in other non-
primate mammals such as the dog), and thus no mouse studies are available. In humans,
OAT4 is expressed in the placenta and in the apical membrane of the renal proximal tubule
(67, 68). Experiments in the Xenopus oocyte expression system suggest that human OAT4
mediates urate-dicarboxylate exchange, with a lower estimated affinity for urate compared
with URATL (69).

Though not identified in individual GWAS, an association between variants of the
SLC22A11 gene and uric acid levels was reported by two large meta-analyses of multiple
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GWAS (42, 70), and later confirmed in an independent cohort (71). Statistical analyses
suggested that the association of SLC22A11 variants with serum urate is independent (i.e.
not attributable to concomitant variation) of SLC22A12, in spite of the close physical
proximity of the two genes on chromosome 11 (42). However, no loss-of-function mutations
of OAT4 with effects on urate handling have been described to date, and the exact role and
relative importance of OAT4 in the renal transport of urate /77 vivoremains to be established.

Similar to the Na*-monocarboxylate cotransporters SMCT1/2 that may be functionally
coupled with URAT1 and/or OAT10, the apical Na*-dicarboxylate cotransporter NaDC1
may create the dicarboxylate gradient that allows for urate reabsorption via OAT4 (Figure
3). Analogously, the basolateral Na*-dicarboxylate cotransporter NaDC3 may be
functionally coupled with OAT1 and/or OAT3 (potentially important transporters discussed
later in this article) to facilitate basolateral urate uptake, thus contributing to proximal tubule
secretion of urate. These functional interactions remains purely speculative, and whether
NaDC1 and NaDC3 have any contribution to renal urate handling /n vivois unknown.
Genetic inactivation of NaDC1 in mice results in increased urinary excretion of citrate,
succinate and other Krebs cycle intermediates, but no reported uric acid disturbances (72).

Better known to cell biologists as Galectin 9, the rat homolog of hUAT was first linked to
urate transport when it reacted with an anti-uricase antibody during a whole kidney
complementary DNA library screen for urate-binding proteins, and was then shown to
function as a urate channel/uniporter /n vitro, in artificial lipid bilayers (73, 74). hUAT is a
member of the ubiquitously expressed, multifunctional family of galectins, or galactoside-
binding proteins (LGALS1-14 genes). hUAT was localized to the cytosol and toward the
apical pole of human proximal tubule cells (75); however, it should be noted that
immunohistochemistry was performed with the same antibody against pig liver uricase
originally used for screening, thus leaving ample possibility for non-specific binding
(including to other urate transporters that were not known at the time). In theory, hUAT
could function at the luminal membrane as a urate channel/uniporter moving urate down its
electrochemical gradient, which depending on local conditions and on the activity of other
transporters could mean either reabsorption or secretion. Although hUAT remains
historically important as the first protein proposed to transport urate in the kidney, there is
currently no evidence that it plays such a role in vivo.

NPT1 (also known as NaPi-1) was first cloned from a rabbit kidney complementary DNA
library screened for Na*-dependent phosphate uptake in Xengpus oocytes, and was thus
classified as a Na*-phosphate cotransporter (76). The human gene SLC17A1 (NPT1) and the
highly related SLC17A3 (NPT4) were then identified by homology and found to be located
in tandem on chromosome 6 (77, 78). Although both proteins are expressed in the luminal
membrane of the proximal tubule (79-81), current evidence strongly suggest that renal
phosphate reabsorption relies on other transporters with much higher affinity for phosphate:
NaPi-2a, NaPi-2c and Pit-2 (SLC34A1, SL C34A3and SLC20AZ genes respectively) (82).

As with other urate transporters, key evidence for the potential roles of NPT1 and NPT4 in
urate handling /n vivo came from GWAS (55) or GWAS meta-analysis followed by
independent confirmation (42, 83, 84). NPT1 and NPT4 were both found to transport urate
in vitrowhen expressed in oocytes or reconstituted in proteoliposomes, and several variants
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associated with hyperuricemia and gout in GWAS resulted in decreased urate transport
when studied /n vitro (81, 85). Together with the proximal tubule luminal localization, these
findings suggest that NPT1 and NPT4 may be key players in renal urate secretion, and,
importantly, that a defect in renal secretion may be sufficient to cause hyperuricemia.
However, no cases of familial hyperuricemia to date have been attributed to loss-of-function
mutations of SLC17A1or SLC17A3.

First identified as a multidrug resistance protein (termed BCRP, for breast cancer resistance
protein) (86), ABCGZ2 (ATP-binding cassette subfamily G member 2) is yet another
transporter linked to uric acid metabolism by GWAS (42, 55). At least one common ABCGZ2
variant was associated with gout in multiple populations, including African Americans,
Asians, Caucasians, and Pacific Islanders (87-89). ABCG2 protein is expressed in the
human proximal tubule brush border (90), transports urate /n vitro, and several variants of
the ABCGZ gene leading to reduced or abolished /n vitro transport were identified in gout
patients, in either heterozygous or homozygous state (87, 91). These findings suggest that
ABCG2 may be another important participant in renal urate secretion, besides NPT1/4.

However, genetic inactivation of AbcG2 in mice that were already hyperuricemic led to
increased renal urate excretion, in apparent contradiction with the proposed role of ABCG2
in the kidney (92, 93). This was attributed to a demonstratable decrease in intestinal urate
secretion in knockout versus wild-type mice, leading to “renal urate overload” and
compensatory increase in renal excretion, via AbcG2-independent mechanisms. Compatible
with these findings, ABCG2 is highly expressed in the human intestinal epithelium (94), and
variants of ABCG2 with decreased transport activity /n vitro were associated with higher
renal urate excretion rates among 644 hyperuricemic men, including 575 with gout (93).
Taken together, these data suggest that decreased intestinal secretion of urate may contribute
to the pathogenesis of hyperuricemia in humans, and ABCG2 may be more important for
urate export in the intestine than in the kidney.

Similar to ABCG2, ABCC4 is an ATP-binding cassette transporter and multi-drug
resistance protein (also termed MRP4), expressed in the luminal membrane of the human
proximal tubule in addition to other tissues (95, 96). ABCC4 transports urate /in vitro, but
there is no evidence to date for such a role /n vivo in the kidney.

The SLC22A6and SLC22A8 genes are located in tandem on chromosome 11, and the
resulting OAT1 and OAT3 proteins are 48% identical at the amino acid level. OAT1 and
OAT3 are dicarboxylate-anion exchangers expressed on the basolateral membrane of the
proximal tubule, transport urate /77 vitro, and their individual deletion in mice leads to
decreased urate excretion (47, 97, 98). These data are compatible with a role for OAT1 and
OAT3 in basolateral urate uptake, with overall function in renal urate secretion. No studies
to date have confirmed this hypothesis in humans.
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Clinical Summary

Uric acid or urate may have multiple physiologic roles, including blood pressure
regulation, immune modulation and antioxidation/prooxidation balance.

Hyperuricemia has been associated with prevalent diseases including
hypertension, metabolic syndrome and chronic kidney disease, but whether uric
acid has a causal role in the pathogenesis of these conditions is not yet known.

Renal handling of urate has a pivotal role in uric acid homeostasis and is
achieved through a complex interplay of reabsorption and secretion primarily in
the proximal tubule; urate transport is unlikely to follow the classic four-
component model of filtration, presecretory reabsorption, secretion and
postsecretory reabsorption, although this model is still perpetuated at times in
the literature.

Of the multiple transport proteins that may play a role in renal transport of urate,
the best characterized to date are apical URAT1 and basolateral GLUT9, both
with demonstrated effects on uric acid levels and direct regulation by known
uricosuric drugs; these transporters present attractive targets for current and
future drug development.
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Figure 1.
Schematic representation of the key determinants of uric acid homeostasis in humans.
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Figure 2.
A. Traditional model and B. Revised model of urate transport in the kidney (see text for
details).

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bobulescu and Moe Page 22

Apical Basolateral
Candidates Candidates
(Nepwon Urate « . RS “ 0
el A0 s e e
e ?(0)(\\‘;“0%09\0 \ aC
- - ce
| - I b
1
:' -'RCOOr Na*
1
i
s
QS t----> RCOO
2
S Urate Urate
g
[
R¢ COO- R¢ COO-
- I b
Na*
Urate
Urate
<
Urate
2 ’@ Urate
S
g ATP _ )
Urate r(COO R¢ COO
COOr COO-
ATP
Urate +{ ABCC4 Na*

Figure 3.

Candidate transport proteins involved in urate handling in the human proximal tubule.
Circles representing individual transporters are colored according to the level of evidence
(see text and Table 1 for details): black, grey and white circles represent strong, moderate
and weak evidence respectively.
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