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Urate transporter 1 (URAT1), which is a urate anion exchanger that regulates serum uric acid (UA) levels in the human

kidney, was identified in 2002, and it has been targeted by uricosuric agents. In humans, renal reabsorption of UA into the

blood plays an important role in controlling serum UA levels. The UA exchange is mediated by various molecules

expressed in the renal proximal tubule. UA enters the proximal tubule epithelial cells in exchange for monocarboxylate via

apical URAT1 and for dicarboxylate via the apical organic anion transporter (OAT) 4. OAT1 and OAT3 on the basolateral

membrane of epithelial cells transport UA from the renal interstitial into the renal proximal tubule epithelial cells. Renal UA

reabsorption is mainly mediated by URAT1 and glucose transporter 9 (GLUT9). Apical GLUT9b plays a significant role in

UA reabsorption; the reabsorbed UA exits the proximal tubule epithelial cells into the blood through basolateral GLUT9a.

The ATP-binding cassette transporter G2 (ABCG2) has been identified as a high-capacity UA exporter that mediates renal

and/or extra-renal (intestinal) UA excretion.
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1. Introduction

Urate transporter 1 (URAT1), which is a urate anion exchanger that regulates serum uric acid (UA) levels in the human

kidney, was identified in 2002 , and it has been targeted by uricosuric agents. In humans, renal reabsorption of UA into

the blood plays an important role in controlling serum UA levels. The UA exchange is mediated by various molecules

expressed in the renal proximal tubule  (Figure 1). UA enters the proximal tubule epithelial cells in exchange for

monocarboxylate via apical URAT1 and for dicarboxylate via the apical organic anion transporter (OAT) 4 . OAT1 and

OAT3 on the basolateral membrane of epithelial cells transport UA from the renal interstitial into the renal proximal tubule

epithelial cells . Renal UA reabsorption is mainly mediated by URAT1 and glucose transporter 9 (GLUT9) .

Apical GLUT9b plays a significant role in UA reabsorption; the reabsorbed UA exits the proximal tubule epithelial cells into

the blood through basolateral GLUT9a . The ATP-binding cassette transporter G2 (ABCG2) has been identified as a

high-capacity UA exporter that mediates renal and/or extra-renal (intestinal) UA excretion .

Figure 1. Urate transporters in the kidneys and intestine. Black arrows indicate the flow of uric acid and uremic toxins.

ABCG2—ATP-binding cassette transporter G2; GLUT9—glucose transporter 9; OAT—organic anion transporter; UA—uric
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acid; URAT1—urate transporter 1; UT—uremic toxin.

Uricosuric agents have been developed to target such UA transporters and have been used as therapeutic agents for

hyperuricemia. Probenecid inhibits URAT1 and GLUT9 . Benzbromarone also inhibits URAT 1 and GLUT 9 .

Lesinurad and arhalofenate inhibit URAT1 and OAT4 . It has been difficult to accurately evaluate the function of URAT1

because the previous uricosuric agents inhibited not only URAT1 but also GLUT9 and OAT4.

2. The Association of URAT1 and Other UA Transporters with Metabolic
Syndrome

2.1. Metabolic Syndrome and Hyperuricemia

Hyperuricemia is significantly associated with the development and severity of metabolic syndrome. A meta-analysis

showed that higher serum UA levels led to an increased risk of metabolic syndrome, with a linear dose–response

relationship . The serum UA concentrations increased with the number of components of metabolic syndrome adjusted

for age, sex, creatinine clearance, and alcohol, and diuretic use . Multivariate analyses showed that the visceral fat

area (VFA) was the most important determinant of elevation in serum UA and a decrease in UA clearance . The

magnitude of the insulin resistance and the serum UA levels were significantly related; insulin resistance was also

significantly and inversely related to urinary UA clearance, and urinary UA clearance was significantly and inversely

associated with serum UA levels . Insulin resistance due to visceral fat accumulation may increase serum UA by

decreasing renal UA clearance in patients with metabolic syndrome.

2.2. The Effect of Insulin Resistance on URAT1 Expression

To elucidate the mechanism of obesity and metabolic syndrome-related hyperuricemia, the expression of URAT1 was

investigated . The protein level of URAT1 increased in the kidneys of leptin-deficient mice (ob/ob mice) .

Furthermore, the quick fat diet (crude fat content: 13.6%) enhanced the protein level of URAT1 in the kidneys of C57BL/6

mice . Insulin-resistant Otsuka Long–Evans Tokushima Fatty (OLETF) rats and the control, Long–Evans Tokushima

Ohtsuka (LETO) rats, were used as a model for acute hyperuricemia . The OLETF rats showed a significantly higher

incidence of hyperuricemia compared to the control LETO rats, indicating that insulin resistance induces hyperuricemia

following a high-purine load . Following a high-purine load, insulin resistance enhanced UA reabsorption through

upregulation of the URAT1 expression .

A high-fructose diet (HFD) upregulated the expression of GLUT9 and URAT1 in the kidneys and increased the serum UA

concentration in rats . Another study also revealed that long-term HFD significantly upregulated the protein expression

of GLUT9 and URAT1 in the kidneys of mice . Resveratrol is a polyphenol that is abundant in plants; it has been

reported to exert anti-inflammatory and antioxidative effects, inhibit lipid peroxidation, and extend life in mice .

Furthermore, the effects of resveratrol on the amelioration of insulin resistance and liver and kidney pathologies have

been shown in several animal models . Compared with those in the HFD group, the protein expression levels of

GLUT9 and URAT1 were significantly lower in the HFD group treated with resveratrol. Insulin resistance enhanced the

expression of URAT1 and GLUT9.

2.3. The Effect of Insulin on UA Transport by Other Urate Transporters

Insulin and hyperinsulinemia reduce the renal fractional excretion of UA and play a key role in the genesis of

hyperuricemia and gout. Physiological euglycemic hyperinsulinemia induced by insulin infusion in healthy volunteers

acutely reduced urinary UA, suggesting a significant contribution of insulin to the pathogenesis of hyperuricemia .

In rats, insulin decreased urinary UA excretion, with a concurrent increased expression of URAT1 and a decreased

expression of ABCG2 . There was an increased expression of GLUT9 in the kidneys of streptozotocin-induced diabetic

mice . The heterologous expression of individual UA transporters in Xenopus oocytes revealed that insulin increased

UA transport by GLUT9, OAT1, and OAT3 and decreased UA transport by ABCG2 .

The effects of insulin resistance and hyperinsulinemia on UA transport by each of the UA transporters are shown in

Figure 2. Insulin resistance and hyperinsulinemia increase UA transport by URAT1 and GLUT9 and decrease UA

transport by ABCG2, which may induce a decrease in renal UA clearance. Therefore, URAT1, GLUT9, and ABCG2 can be

therapeutic targets for uricosuric drugs in patients with insulin resistance and hyperinsulinemia.
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Figure 2. Changes in UA transport by UA transporters in the kidneys and intestine by insulin resistance and

hyperinsulinemia. Upward- and downward-facing arrows indicate increase or decrease in substances or expression of

molecules, respectively. Right arrow and ? indicate no change and no available data about change of substances or

expression of molecules, respectively. ABCG2—ATP-binding cassette transporter G2; GLUT9—glucose transporter 9;

OAT—organic anion transporter; UA—uric acid; URAT1—urate transporter 1.

2.4. The Effect of Inhibition of URAT1 on Metabolic Parameters in Humans

The researchers found that dotinurad reduced body weight, blood pressure, HbA1c, serum low-density lipoprotein-

cholesterol (LDL-C), triglyceride (TG), and non-high-density lipoprotein-cholesterol (non-HDL-C), as well as serum UA, in

patients with CKD and DKD . The researchers speculated that dotinurad selectively inhibits URAT1 and increases the

urinary concentration of UA in the proximal tubules; this un-reabsorbed UA may compete with urinary glucose for apical

GLUT9b, reducing glucose reabsorption, which may induce improvements in HbA1c, serum lipids, blood pressure, and

body weight.

2.5. The Effect of Inhibition of URAT1 on Metabolic Parameters in Mice

Tanaka, Y. et al. found that URAT1 was also expressed in the liver, white adipose tissue (WAT), and brown adipose tissue

(BAT) in addition to the kidneys . Dotinurad administration significantly ameliorated high-fat diet-induced obesity and

insulin resistance . Serum TG in high-fat diet-fed mice was elevated in comparison with that in normal-fat diet-fed mice,

and dotinurad significantly reduced serum TG in both types of mice . Remarkably, a high-fat diet induced nonalcoholic

fatty liver disease (NAFLD), which was attenuated by dotinurad . Various factors, such as pro-inflammatory cytokines

released from adipose tissues, hypercholesterolemia, and hyperuricemia, contribute to the development of NAFLD in

high-fat diet-induced obese mice . Hyperuricemia directly induces fat accumulation and inflammation in hepatocytes

through URAT1 . Dotinurad may improve NAFLD by inhibiting extracellular UA uptake in hepatocytes via URAT1,

resulting in a reduction in lipid deposition and inflammation. The re-browning of brown adipose tissue (BAT) and the

browning of epididymal white adipose tissue (WAT) may be also associated with an improvement in NAFLD via

adipokines .

WAT could be converted to beige adipose tissue (browning), which increases energy expenditure by activating the

uncoupling protein 1 (UCP1), which improves systemic insulin resistance . The uptake of UA in WAT by URAT1

leads to WAT dysfunction and the deterioration of systemic insulin resistance . In epididymal WAT, dotinurad

significantly increased the UCP1 expression under high-fat diet conditions, indicating that the selective inhibition of

URAT1 led to the browning of WAT under high-fat diet conditions . A previous study showed that the enhanced UA

uptake into WAT via URAT1 and the elevation in the intracellular UA led to the inhibition of the leptin–AMP-activated

protein kinase (AMPK) pathway, which resulted in a reduction in the UCP1 expression in WAT .

The upregulation of the expression and activity of UCP1 in BAT plays an important role in the improvement of glucose

metabolism and insulin sensitivity . The UCP1 levels in BAT were significantly increased by dotinurad . The uptake

of UA can increase the oxidative stress in adipocytes, which induces insulin resistance . The reactive oxygen species

(ROS) levels in BAT were significantly reduced by treatment with dotinurad .
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2.6. The Effects of Other UA-Lowering Drugs on Metabolic Parameters

Allopurinol and febuxostat are xanthine oxidase (XO) inhibitors that reduce the hepatic production of UA. In comparison

with no treatment, the allopurinol and febuxostat treatments induced a significant reduction in body weight, systolic blood

pressure, blood glucose, insulin, and lipids in rat models of insulin resistance and metabolic syndrome .

Allopurinol significantly reduced hepatic steatosis, epididymal fat, serum UA, the homeostatic model assessment for

insulin resistance (HOMA-IR), hepatic enzyme levels, and cholesterol in the HFD-fed OLETF rats . The hepatic

expression of lipogenic genes, such as sterol regulatory element-binding protein 1c (SREBP-1c) and stearoyl-CoA

desaturase 1 (SCD-1), was significantly upregulated in the OLETF and the HFD-fed OLETF rats compared with the LETO

rats. However, allopurinol significantly downregulated SREBP-1c and SCD-1 gene expressions in the HFD-fed OLETF

rats. Peroxisome proliferator-activated receptor alpha (PPARα) and carnitine palmitoyl-transferase 1 (CPT-1) were

significantly downregulated in the OLETF and the HFD-fed OLETF rats compared with the LETO rats . However,

allopurinol improved the downregulation of lipid oxidation genes observed in the HFD-fed OLETF rats. The hepatic mRNA

expression of tumor necrosis factor-alpha (TNF-α) was significantly increased in the OLETF and the HFD-fed OLETF rats,

and this increase was abolished by allopurinol. In addition, allopurinol significantly decreased endoplasmic reticulum (ER)

stress-induced protein expression, in comparison with the no-treatment group.

Insulin resistance increases the expression of SREBP-1c, which increases fatty acid (FA) synthesis . Hepatic FA

metabolism is controlled by the combination of FA uptake, FA export by very-low-density lipoprotein (VLDL) secretion, FA

synthesis by SREBP-1c, and FA oxidation by β-oxidation. The entry of FA into mitochondria depends on CPT-1. One of

the major regulators of CPT-1 is PPARα . The activation of PPARα induces the transcription of genes

associated with FA oxidation . SCD1 plays a crucial role in FA oxidation, FA synthesis, and storage . It was

proposed that SCD1 plays a crucial role in the development of obesity in Mediterranean countries . In experimental

animals, SCD1 was significantly associated with obesity and insulin resistance . Therefore, the allopurinol-mediated

downregulation of SREBP-1c and SCD-1 genes and the upregulation of PPARα and CPT-1 in the HFD-fed OLETF rats

indicate that allopurinol has a beneficial effect on hepatic steatosis in insulin resistance.

The relationship between the decrease in serum UA and VFA reduction in patients with gout was investigated . The UA-

lowering therapy (ULT) (febuxostat 20–80 mg/day or benzbromarone 25–50 mg/day) resulted in a decrease in the serum

UA level, accompanied by a decrease in VFA. Using the multiple regression model, change in serum UA was a significant

determinant of the decrease in VFA (beta, 0.302; p = 0.001). The reduction in serum UA is positively associated with

reduced VFA, providing a rationale for clinical trials to affirm whether ULT promotes the loss of visceral fat in patients with

gout. The ULT significantly reduced body weight, blood pressure, serum TG and total cholesterol levels, aspartate

aminotransferase (ALT), and aspartate aminotransferase (AST).

Treatment with the XO inhibitor, topiroxostat, suppressed weight gain compared to control without any impact on food

intake in diabetic obese mice . However, the weight of the fat pads and the hepatic and muscle TG content did not

change. Prehypertensive, obese adolescents, aged 11 to 17 years, were randomized to the XO inhibitor, allopurinol,

uricosuric, probenecid, or placebo in a randomized, double-blinded, placebo-controlled trial (RCT) . The subjects

treated with ULT showed a significantly high reduction in blood pressure.

2.7. The Possible Mechanisms of an Improvement in Metabolic Parameters by Dotinurad

The possible mechanisms of an improvement in metabolic parameters by dotinurad are shown in Figure 3. In the kidney,

dotinurad selectively inhibits URAT1 and increases the urinary concentration of UA in the proximal tubules; this un-

reabsorbed UA may compete with urinary glucose for apical GLUT9b, reducing glucose reabsorption, which may induce

an improvement in HbA1c, serum lipids, blood pressure, and body weight. In the liver, the inhibition by dotinurad of UA

entry into the liver via URAT1 may upregulate the genes associated with FA oxidation and may downregulate the genes

associated with FA synthesis and inflammation, which improve hepatic steatosis, systemic insulin resistance, and serum

lipids. The inhibition of URAT1 in WAT by dotinurad induces the browning of WAT, and the inhibition of URAT1 in BAT

increases the expression of UCP-1 and decreases the production of ROS, which may reduce body weight and visceral fat

and may improve insulin resistance as well as glucose and lipid metabolism.
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Figure 3. The possible mechanisms of an improvement in metabolic parameters by dotinurad. Upward- and downward-

facing arrows indicate increase or decrease in substances or expression of molecules, respectively. ABCG2—ATP-binding

cassette transporter G2; CPT-1—carnitine palmitoyl-transferase 1; FA—fatty acid; GLUT9—glucose transporter 9; PPARα

—proliferator-activated receptor alpha; ROS—reactive oxygen species; SCD-1—stearoyl-CoA desaturase 1; SREBP-1c—

sterol regulatory element-binding protein 1c; TNF-α—tumor necrosis factor-alpha; UA—uric acid; UCP1—uncoupling

protein 1; URAT1—urate transporter 1; VLDL—very-low-density lipoprotein.
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