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Abstract

Hyperuricemia is a heterogeneous disease resulting from the disruption of home-
ostasis between urate production and excretion in the human body, leading to
elevated serum uric acid levels beyond the normal range. Urate is primarily
synthesized in the liver, with the kidneys representing the principal organs for
urate excretion, followed by the intestine. In the kidneys, urate first undergoes
glomerular filtration, followed by a series of complex reabsorption and secretion
mechanisms in the proximal tubules, thereby achieving dynamic equilibrium of
urate. To identify the transport mechanisms of urate in the kidneys, intestine,
and liver, numerous studies have investigated many urate-related genes, signifi-
cantly expanding human knowledge of urate transporters. Research has demon-
strated that three common genes—ABCG2, SLC2A9, and SLC22A12—exert the
greatest influence on human serum uric acid levels (~5%). Other urate-related
transporter genes, such as SLC16A9, SLC22A6, SLC22A7, SLC22A8, SLC22A9,
SLC22A11, SLC22A13, and ABCC4, also play crucial roles in regulating urate
levels. Therefore, genome-wide association studies (GWAS) have shown that
urate transporters play a central role in regulating serum uric acid concentra-
tions and maintaining homeostasis of the urate microenvironment. This article
will review currently identified urate transporters associated with the occurrence
and development of hyperuricemia, providing theoretical and data support for
future clinical treatment.
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Abstract: Hyperuricemia is a heterogeneous disease resulting from dysregula-
tion of urate production and excretion homeostasis, leading to elevated serum
uric acid levels beyond the normal range. Urate is primarily produced in the
liver, with the kidney serving as the main excretory organ, followed by the
intestine. In the kidney, urate undergoes glomerular filtration, followed by com-
plex reabsorption and secretion mechanisms in the proximal tubules to main-
tain dynamic equilibrium. Extensive research on urate-related genes has signifi-
cantly expanded our understanding of urate transporters in the kidney, intestine,
and liver. Three common genes—ABCG2, SLC2A9, and SLC22A12—exert the
greatest influence on human serum uric acid levels (~5%). Other urate trans-
porter genes, including SLC16A9, SLC22A6, SLC22A7, SLC22A8, SLC22A9,
SLC22A11, SLC22A13, and ABCC4, also play crucial roles in regulating urate
levels. Genome-wide association studies (GWAS) demonstrate that uric acid
transporters serve a central function in regulating serum uric acid concentra-
tion and maintaining uric acid microenvironment homeostasis. This review
summarizes currently identified urate transporters involved in the pathogenesis
and progression of hyperuricemia to provide theoretical and data support for
future clinical treatments.

Keywords: Hyperuricemia; Uric acid transporter; Protein/gene expression;
Review

Uric acid is an important hydrophilic antioxidant that plays a significant role
in regulating human microenvironment homeostasis. As a natural product of
purine metabolism in humans, approximately two-thirds originates from endoge-
nous sources (typically DNA and RNA), while the remaining one-third derives
from dietary purine-rich foods [1]. However, due to the evolutionary loss of
uricase in humans, we cannot further metabolize uric acid into the more water-
soluble allantoin [2], resulting in serum uric acid levels that are 5-6 times higher
than those in other mammals. This makes humans susceptible to gout, kidney
stones, and hypertension when uric acid synthesis is excessive and/or excretion
is impaired. Clinically, hyperuricemia (HUA) is generally defined as serum uric
acid (SU) levels exceeding 6.0 mg/dL (357 mol/L) in women and 7.0 mg/dL
(416 mol/L) in men [3]. The prevalence of HUA has increased significantly
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compared with previous decades. In the United States, an estimated 47.2 mil-
lion individuals (20%) have hyperuricemia, with 27.9 million (11.9%) suffering
from severe hyperuricemia. The prevalence in men (20.2%) is approximately
five times higher than in women (4.2%) [4]. However, HUA management re-
mains suboptimal in many countries, with only one-third to one-half of patients
receiving urate-lowering therapy, underscoring the need for continued medical
research [5]. Chronic hyperuricemia leads to urate crystal deposition, trigger-
ing inflammation and tissue damage—the pathological basis of gout [6]. Fur-
thermore, studies indicate that HUA is closely associated with kidney disease,
hypertension, and cardiovascular disease [7], all of which involve disrupted home-
ostasis between urate production and excretion. The causes of hyperuricemia
can be summarized as either excessive uric acid production and/or reduced
excretion, with impaired excretion being the dominant factor. The kidney ac-
counts for approximately 70% of uric acid excretion, while extrarenal organs
handle the remaining 30% [8]. Multiple GWAS have demonstrated that the
pathogenesis of hyperuricemia is closely linked to polymorphisms in genes encod-
ing uric acid transporters. These molecules are primarily categorized as urate
reabsorption transporters, such as glucose transporter 9 (GLUT9) and urate
transporter 1 (URAT1), and urate secretion transporters, including organic an-
ion transporters 1 and 3 (OAT1, OAT3), ATP-binding cassette transporter G2
(ABCG?2), sodium-dependent phosphate transporters 1 and 4 (NPT1, NPT4),
and multidrug resistance protein 4 (MRP4) [9]. This review will elaborate on
the relevant urate transporters in the major organs responsible for uric acid
excretion.

1. Renal Urate Transporters

As the primary organ for uric acid excretion, most urate transport in the kid-
ney occurs in the proximal tubules, where approximately 90% of filtered urate
is reabsorbed into the bloodstream, with the remaining 10% excreted [10]. This
process represents a dynamic balance between reabsorption and secretion, with
the efficiency of urate reabsorption influenced by reabsorptive transporters and
secretion efficiency significantly controlled by these same proteins [11]. Conse-
quently, research on renal urate transporters is particularly important for un-
derstanding the pathophysiology of hyperuricemia and broadening therapeutic
approaches.

1.1.1 URAT1

In 2002, Enomoto et al. first identified abundant URAT1 expression on the
luminal membrane of renal cortical proximal tubular epithelial cells [12] and
demonstrated that URAT1 reabsorbs approximately 50% of urate in the proxi-
mal tubules, establishing it as a primary mechanism for regulating urate levels.
Encoded by the SLC22A12 gene, URAT1 belongs to the organic anion trans-
porter (OAT/SLC22) family and interacts with the multivalent PDZ domain
protein PDZK1 via its -COOH terminal PDZ motif to regulate urate transport
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activity. Through URAT1-mediated exchange, anions in proximal tubular ep-
ithelial cells can exchange with urate via electrochemical concentration gradients
across the luminal membrane. URATT" s low affinity and high capacity char-
acteristics make it crucial for regulating serum uric acid concentration [13,14].
URAT1 is also recognized as a key target in hyperuricemia pathogenesis, as urate
reabsorption is substantially influenced by amino acid variations [15]. Studies
have shown that mutations rs121907896 and rs121907892 in the SLC22A12 gene
reduce urate reabsorption, thereby lowering serum uric acid levels and decreas-
ing hyperuricemia risk [16]. Clinically, uricosuric agents such as probenecid,
benzbromarone, and losartan promote uric acid excretion by acting on URAT1
to reduce reabsorption [17,18].

1.1.2 GLUT9

Research indicates that GLUT9 plays a significant, potentially more prominent
role than URAT1 in proximal tubular urate reabsorption [19]. Also known as
URATv1 and regulated by the SLC2A9 gene, GLUT9 transports urate in a
voltage-dependent manner independent of sodium or chloride ions [20]. GLUT9
exists as two N-terminal variants: GLUT9S (short isoform) and GLUT9IL (long
isoform), differing only in the first 29 residues of the N-terminal domain. These
unique N-termini determine differential localization: GLUT9S localizes to the
apical membrane of renal proximal tubular cells, while GLUT9L resides on the
basolateral membrane. GLUT9L primarily facilitates urate excretion, whereas
GLUT9S exhibits stronger urate transport capacity, reabsorbing urate from the
tubular lumen [21]. GLUT9 mutations can reduce serum urate levels, leading
to type 2 renal hypouricemia [22]. Studies show that a 36 kb deletion in the
SLC2A9 gene causing truncation of 231 amino acids impairs GLUT9 function,
resulting in clinical manifestations of hyperuricemia, spontaneous hypertension,
and elevated lipids [23].

1.1.3 OAT4/10

Both OAT4 and OAT10 are located on the apical membrane of renal proximal
tubular cells and mediate urate exchange with OH- ions [24,25]. OAT4, encoded
by the SLC22A11 gene, mediates urate/dicarboxylate exchange. Hyperuricemic
patients with OAT4 variants exhibit impaired renal excretion efficiency, high-
lighting OAT4’ s role in renal urate homeostasis [26], though its affinity for
urate is lower than that of URAT1 [24]. OATI10, regulated by SLC22A13, is
expressed at the mRNA level rather than protein level in human kidneys. Its
function as a urate/monocarboxylate transporter has only been confirmed in
vitro, and no studies have linked OAT10 to hyperuricemia. Like OAT4, OAT10
is a low-affinity urate transporter [27].

1.2.1 ABCG2

ABCG2, also known as BCRP, is a low-affinity, high-capacity urate transporter
[28] that transports diverse substrates. Initially discovered in placental tissue
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for its role in drug resistance in breast cancer patients, it is also called breast
cancer resistance protein (BCRP) [29]. ABCG?2 is expressed in both kidney and
intestine, with relatively weak expression in the kidney [30]. GWAS have identi-
fied ABCG2 as playing a critical role in serum urate homeostasis. Regulated by
genes at the gout susceptibility locus on chromosome 4¢21-q22 (MIM 138900),
ABCG?2 is expressed in liver, kidney, and intestine, mediating both renal and
extrarenal (intestinal) uric acid excretion. Functional abnormalities can lead to
deficient renal urate secretion and renal underexcretion hyperuricemia [31,32].
Komori et al. demonstrated in vitro that oxidative stress in hyperuricemic envi-
ronments inhibits Akt phosphorylation, downregulating ABCG2 expression and
causing cellular damage while explaining the progression from HUA to gout [34].
Studies show that 88.2% of early-onset gout patients have mild to severe ABCG2
dysfunction, with severe dysfunction significantly increasing early gout attack
risk [33]. Two ABCG2 variants are commonly associated with hyperuricemia:
Q126X and Q141K. The Q126X variant, with substantial protein loss, lacks
urate transport function, while the Q141K variant retains only 50% activity
compared to wild-type [34]. The Q141K mutation is carried by 11% of individu-
als of European ancestry [35]. Although less common than Q141K, the Q126X
variant is also associated with increased hyperuricemia and gout risk.

1.2.2 OAT1/3

Organic anion transporters (OATS), encoded by SLC22A genes, are widely
distributed in human tissues including kidney, liver, and small intestine [36].
Among them, OAT1, OAT3, OAT4, and OAT10 are associated with urate trans-
port, with OAT1 and OAT3 being the primary proteins responsible for urate
secretion [37]. Both are highly expressed on the basolateral membrane of renal
proximal tubular cells. OAT1, first identified in 1996 as a novel kidney trans-
porter (NKT) [38], is regulated by the SLC22A6 gene on chromosome 11q12.3
and comprises 12 transmembrane domains. OAT1 maintains urate homeosta-
sis; reduced expression or dysfunction significantly increases the risk of hype-
ruricemia and gout, potentially progressing to gouty nephropathy [39]. Con-
versely, high OAT1 expression increases urinary uric acid concentration and
reduces serum levels, suggesting it promotes urate excretion [40]. OAT3, en-
coded by SLC22AS8, is expressed in liver, kidney, and brain, with particularly
high expression on the basolateral membrane of renal proximal tubules [41]. Its
sequence shares high similarity with OAT1 [42], though OAT3 also functions in
distal tubules [43]. Wu et al. found that OAT3 knockout mice exhibited serum
uric acid concentrations 1.4 times higher than controls, confirming OAT3 s
role in urate transport [44]. Studies indicate that OAT1 and OAT3 participate
in renal urate transport through exchange of organic ions with dicarboxylates,
particularly excelling in urate secretory excretion [45]. Therefore, targeting
OAT1/0OATS3 for drug development could increase urinary uric acid excretion
and reduce serum concentrations, providing data support for novel therapeutics
[46].
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1.2.3 MRP4

Multidrug resistance protein 4 (MRP4), a member of the ATP-binding cassette
transporter family located on chromosome 13q32 and regulated by the ABCC4
gene, is an important drug transporter that handles endogenous metabolites
[47,48]. MRP4 is a lipophilic anion efflux pump with multiple allosteric sub-
strate binding sites that performs ATP-dependent urate transport through pos-
itive cooperative mechanisms. Located on the apical membrane of renal proxi-
mal tubular cells; MRP4 transports urate from epithelial cells into the tubular
lumen for excretion. Studies in Polynesian and New Zealand Maori populations
show that the MRP4 single nucleotide polymorphism rs4148500 is associated
with hyperuricemia and gout, reducing uric acid excretion in males [49]. This
rare allele encodes the P1036L, mutation, which reduces urate transport by 30%
when expressed in Xenopus oocytes [50]. Interestingly, an animal study found
that chickens’ renal and intestinal uric acid excretion capacities correlate pos-
itively with BCRP and MRP4 expression. When renal function was impaired
by sulfonamides, ileal MRP4 and BCRP levels increased significantly, while re-
nal levels increased only modestly, suggesting that MRP4 and BCRP are not
only primary regulators of renal uric acid excretion but also play a greater role
in extrarenal elimination [51]. Thus, MRP4 represents a potential target for
drugs maintaining urate balance, though further animal and clinical studies are
needed for evaluation.

1.2.4 NPT1/4

NPTs belong to the SLC17 protein family, initially characterized as phosphate
carriers mediating organic anion transport. GWAS have identified two SLC17
family members associated with serum uric acid concentration in the kidney:
NPT1 (SLC17Al) and NPT4 (SLC17A3). NPTI, the first discovered mem-
ber of solute carrier family 17, is encoded by the SLC17Al gene on chromo-
some 6p22.2 and expressed primarily on the apical membrane of renal proximal
tubules, where it mediates voltage-sensitive urate transport [52]. GWAS show
that SNPs in SLC17A1/NPT1 are closely related to serum urate levels. A
Japanese study of hyperuricemic and gout patients found that the NPT1 1269T
mutant exhibited stronger urate transport capacity than wild-type, reducing
gout risk [47]. Another study identified an NPT1 mutation (rs3799352) with
anti-gout effects that decreases gout risk (OR < 1) [53]. NPT4, encoded by
SLC17A3 on chromosome 6p21.3, is expressed in liver, kidney, and brain. Sim-
ilar to NPT1 in immunolocalization, NPT4 is highly expressed on the apical
membrane of renal proximal tubular epithelial cells, where both proteins co-
operate to secrete urate into the tubular lumen, thereby reducing serum urate
concentration [54]. Additionally, as a voltage-driven urate efflux transporter,
NPT4 s transport capacity increases with elevated extracellular potassium lev-
els but is inhibited in a dose-dependent manner by loop diuretics, leading to
hyperuricemia [55,56]. This suggests that secondary gout induced by loop di-
uretics in clinical practice may be related to NPT4 inhibition. Therefore, careful
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consideration of drug selection is necessary when using diuretics to treat hyper-
uricemia or primary gout.

[Figure 1: see original paper] Renal urate transporters. Urate transporters are
primarily distributed on either the apical or basolateral membrane. On the
apical membrane, transporters mediating urate reabsorption include URATI,
OAT10, OAT4, and GLUT9-S; those mediating urate secretion include MPR4,
ABCG2, NPT1, and NPT4, with MPR4 and ABCG2 consuming ATP during
transport. On the basolateral membrane, urate secretory transporters such as
GLUT9-L, OAT1, and OAT3 are predominantly distributed. Arrows indicate
the direction of urate movement.

Classification, distribution, and function of renal urate transporters

Primary Distribution and
Urate Transporter Classification =~ Gene  Function

URAT1 SLC22A Mediates urate reabsorption on
the luminal membrane of
proximal tubular epithelial cells

GLUT9 SLC2A9Mediates urate reabsorption on
the basolateral membrane of
proximal tubular epithelial cells

OAT10 SLC22A Mediates urate reabsorption on
the apical membrane of proximal
tubular epithelial cells, regulating
urate/OH- exchange

OAT4 SLC22A Mediates urate reabsorption on
the apical membrane by
exchanging with lactate and other
anions

ABCG2/BCRP ABCG2 Expressed on the apical
membrane of proximal tubular
epithelial cells and intestinal
epithelial cells, participating in
renal and intestinal urate
excretion

OAT1 SLC22A0ediates urate secretion into the
tubular lumen on the basolateral
membrane of proximal tubular
epithelial cells

OAT3 SLC22A8ediates urate secretion into the
tubular lumen on the basolateral
membrane of proximal tubular
epithelial cells
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Primary Distribution and
Urate Transporter Classification =~ Gene  Function

MRP4 ABCC4 Mediates urate secretion into the
tubular lumen on the apical
membrane of proximal tubular
cells

NPT1 SLC17A Mediates urate transport on the
apical and luminal membranes of
renal proximal tubular cells

NPT4 SLC17AMMediates urate transport on the
apical and luminal membranes of
renal proximal tubular cells

2. Intestinal Urate Transporters

Approximately 65% of daily urate excretion occurs through the kidneys in
healthy individuals, with the remainder primarily eliminated via the intestine.
As the main absorption site for ingested compounds, the intestine metabolizes
large amounts of dietary purines into urate through xanthine oxidase, making
it an important site of urate production [57]. Intestinal urate excretion has be-
come a significant focus, with studies showing that some gout patients excrete
only about 40% of urate through the kidneys, suggesting that extrarenal excre-
tion may play a relatively larger role in patients with renal failure. Similar to
the kidney, urate transporters participate in intestinal urate handling [27], and
gut microbiota also contributes to this process [58]. For example, Lactobacillus
gasseri in the human intestine can directly utilize dietary purines, reducing the
total amount of purines degraded by the intestine [59], and lactobacilli also have
urate-lowering effects in the gut [60].

Intestinal urate handling is more complex than renal processing. The intes-
tine serves as a site for exogenous urate generation while harboring microbial
communities capable of urate degradation, and also undergoes urate reabsorp-
tion and secretion. Research on intestinal urate transporters may provide data
support for potential therapeutic targets to modulate hyperuricemia and its
complications, particularly in patients with insufficient renal excretion.

2.1 GLUT9

In addition to high renal expression, GLUTY is also expressed in the intestine,
primarily on the basolateral membrane of mouse intestinal cells, where it trans-
ports urate and mediates secretion from enterocytes into the intestinal lumen.
However, due to insufficient intestinal expression, its role in intestinal urate han-
dling is less pronounced than that of ABCG2. Experiments show that mice with
specific GLUT9 deletion exhibit significantly elevated blood uric acid and de-
velop early-onset hyperuricemia metabolic syndrome [61,62]. The mechanism of
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GLUT9 action in the intestine remains unclear, and current research is limited,
likely due to the complex intestinal environment. Further studies are needed to
elucidate its specific mechanisms in hyperuricemia [63] and provide important
theoretical foundations for gut-targeted drugs [64].

2.2 ABCG2

ABCG?2 is the most abundantly expressed urate transporter in the intestine,
located on the apical membrane of enterocytes, where it excretes approximately
30% of uric acid, making it the primary transporter responsible for intestinal
urate elimination. Consequently, low ABCG2 activity reduces intestinal urate
excretion and correlates with more severe hyperuricemia [65]. PDZK1 plays an
important regulatory role in ABCG2 function; PDZK1 knockdown significantly
inhibits ABCG2 expression and transport activity, suggesting that PDZK1 and
ABCG?2 interact to enhance intestinal urate transport efficiency [66]. Patients
with end-stage renal disease and severely reduced renal uric acid excretion are
highly dependent on ABCG2-mediated intestinal urate secretion [67]. ABCG2-
deficient mice show significantly reduced intestinal urate excretion and elevated
plasma uric acid levels [68]. Yano et al. found that ABCG2 expression increased
markedly in the ileum of 5/6 nephrectomized mice, and the absence of elevated
serum uric acid despite reduced urate excretion suggests that the intestine may
serve a compensatory extrarenal role [69]. GWAS also indicate that ABCG2-
mediated intestinal urate transport can compensate for metabolic deficiencies
when renal uric acid excretion is impaired in chronic kidney disease [70]. Patients
with mild to moderate ABCG2 dysfunction account for 88.2% of early-onset gout
cases, while severe dysfunction significantly increases early-onset gout risk [71].
These findings suggest that reduced intestinal urate excretion due to ABCG2
dysfunction may be a common mechanism in HUA pathogenesis and a potential
therapeutic target.

2.3 NPT5

NPT5, encoded by the SLC17A4 gene on chromosome 6p21.3-p22, belongs to
the SLC17 (NPT) family and is the only family member expressed in the small
intestine, where it resides on the apical membrane of intestinal cells and trans-
ports various organic anions. NPT5 shares 48% amino acid sequence similarity
with NPT1, which is responsible for renal urate excretion, suggesting NPT5
may participate in intestinal urate transport [72,73]. Zheng Dong et al. found
that NPT5 is indeed closely related to serum uric acid concentration and the
progression from hyperuricemia to gout [47].

[Figure 2: see original paper| Intestinal urate transporters. Urate enters entero-
cytes via GLUT9 on the basolateral membrane, then is secreted from enterocytes
into the intestinal lumen primarily through ABCG2, with NPT5 also contribut-
ing to urate secretion. Arrows indicate the direction of urate movement.

Classification, distribution, and function of intestinal urate transporters
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Primary Distribution and
Urate Transporter Classification =~ Gene  Function

GLUT9 SLC2A9Expressed on the basolateral
membrane of intestinal cells,
mediating urate secretion from
enterocytes into the intestinal
lumen

ABCG2 ABCG2 Expressed on the apical
membrane of intestinal epithelial
cells, mediating urate secretion
from enterocytes into the
intestinal lumen

NPT5 SLC17AZExpressed on the apical
membrane of intestinal epithelial
cells, mediating urate secretion
from enterocytes into the
intestinal lumen

Conclusion and Future Directions

With the global hyperuricemic population continuing to grow, deeper under-
standing of urate transport mechanisms will inevitably lead to more compre-
hensive treatment options and more efficient drugs with fewer side effects for
maintaining urate homeostasis. However, current research on human urate
transporters has several limitations. As discussed in this review, some urate
transporters are expressed in both kidney and intestine, yet whether their trans-
port mechanisms are similar in these distinct organs remains unclear. Unlike
the kidney, which primarily excretes urate, the intestine also participates in ex-
ogenous urate generation. Moreover, the intestinal space is vast with complex
and diverse bacterial populations, making intestinal urate transport mechanisms
seemingly more complicated than renal processes. The liver, as the primary site
of endogenous urate production, is another important focus. Limited research
precluded a dedicated section, but human hepatocytes express several urate
transporters, including ABCG2 and GLUTY [74], though their mechanisms in
the liver remain unknown. Experiments show that liver-specific GLUT9 knock-
out mice (LG9KO) have higher SU levels than whole-body GLUT9 knockout
mice (GIKO), suggesting GLUT9 may be essential for hepatic urate uptake in
mice [75]. ABCG2 is primarily distributed on the canalicular membrane of hep-
atocytes and may participate in hepatic urate secretion into bile. Measurements
in PO-induced hyperuricemic mice revealed only 0.68% of carbon-14-labeled uric
acid in bile, compared with 42.58% in urine and 8.9% in the intestinal lumen,
suggesting minimal hepatic urate excretion [76] and leaving hepatic urate trans-
port mechanisms poorly understood. Thus, urate transporter research faces
numerous challenges. Only through continued exploration and deeper investiga-
tion into the precise mechanisms of urate transport can we provide more effective
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and comprehensive treatment options for hyperuricemia and gout patients.
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