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URAT1-selective inhibition ameliorates insulin
resistance hy attenuating diet-induced hepatic
steatosis and brown adipose tissue whitening in
mice
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Yusuke Kashiwagi, Toshikazu D. Tanaka, Michihiro Yoshimura

ABSTRACT

Objective: Accumulating evidence indicates that high uric acid (UA) is strongly associated with obesity and metabolic syndrome and drives the
development of nonalcoholic fatty liver disease (NAFLD) and insulin resistance. Although urate transporter-1 (URAT1), which is primarily
expressed in the kidneys, plays a critical role in the development of hyperuricemia, its pathophysiological implication in NAFLD and insulin
resistance remains unclear. We herein investigated the role and functional significance of URAT1 in diet-induced obese mice.

Methods: Mice fed a high-fat diet (HFD) for 16—18 weeks or a normal-fat diet (NFD) were treated with or without a novel oral URAT1-selective
inhibitor (dotinurad [50 mg/kg/day]) for another 4 weeks.

Results: We found that URAT1 was also expressed in the liver and brown adipose tissue (BAT) other than the kidneys. Dotinurad administration
significantly ameliorated HFD-induced obesity and insulin resistance. HFD markedly induced NAFLD, which was characterized by severe hepatic
steatosis as well as the elevation of serum ALT activity and tissue inflammatory cytokine genes (chemokine ligand 2 (Ccl2) and tissue necrosis
factor o (TNFa)), all of which were attenuated by dotinurad. Similarly, HFD significantly increased URAT1 expression in BAT, resulting in lipid
accumulation (whitening of BAT), and increased the production of tissue reactive oxygen species (ROS), which were reduced by dotinurad via
UCP1 activation.

Conclusions: In conclusion, a novel URAT1-selective inhibitor, dotinurad, ameliorates insulin resistance by attenuating hepatic steatosis and
promoting rebrowning of lipid-rich BAT in HFD-induced obese mice. URAT1 serves as a key regulator of the pathophysiology of metabolic

syndrome and may be a new therapeutic target for insulin-resistant individuals, particularly those with concomitant NAFLD.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION mechanism by which high UA induces insulin resistance has not been

fully understood.

Increasing evidence indicates that elevated serum uric acid (UA) levels
are associated with several cardiovascular diseases, chronic kidney
disease, and nonalcoholic fatty liver disease (NAFLD) [1—3]. Patients
with hyperuricemia are also predisposed to metabolic syndrome, a
pathological condition that involves insulin resistance, chronic
inflammation, and the synthesis of reactive oxygen species (ROS) [4,5].
Although previous studies showed that hyperuricemia itself leads to
these pathological conditions in various tissues [4,6], the precise

Urate transporter-1 (URAT1) is a UA reabsorption system and is pri-
marily expresed in the epithelial cells of proximal tubules in the renal
cortex [7,8]. The expression of URAT1 in the kidneys is upregulated
under hyperuricemic and hyperinsulinemic conditions such as meta-
bolic syndrome [9]. The increased uptake of UA in adipocytes induces
inflammation and the synthesis of ROS [1], which contributes to sys-
temic insulin resistance. Furthermore, benzbromarone, a nonselective
URAT1 inhibitor, improved systemic insulin resistance in patients with
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chronic heart failure [10], indicating that URAT1 is closely related to the
regulation of systemic insulin resistance.

NAFLD has become the most common chronic liver disease in
metabolic syndrome and can progress to liver cirrhosis and hepato-
cellular carcinoma [11]. NAFLD ranges from plain steatosis to
advanced nonalcoholic steatohepatitis (NASH) characterized by stea-
tosis associated with inflammation and fibrosis [12]. Hyperuricemia
also promotes the development of steatosis in in vitro [13] and in vivo
models [4], and the enhanced UA uptake in human hepatoma HepG2
cells via URAT1 elicits an inflammatory response [14]. However, the
role and functional significance of URAT1 in the pathophysiology of
NAFLD has not been completely understood.

Adipose tissues are broadly classified into two categories: white
adipose tissue (WAT) serves largely to store calories, and its
inflammation is generally responsible for metabolic disorders,
whereas brown adipose tissue (BAT) promotes energy utilization and
generates heat using metabolic fuel via a BAT-specific protein,
uncoupling protein 1 (UCP1) [15,16]. Diet-induced obesity leads to
BAT “whitening”, which is associated with the accumulation of large
lipid droplets and mitochondrial dysfunction and loss, resulting in
impaired glucose metabolism [15,17,18]. Diet-induced obesity also
causes the dysfunction of WAT per se, leading to the impairment of
glucose metabolism, and the activation of URAT1 has been reported
to be involved in this pathophysiological mechanism [1,19]; however,
the role and functional significance of URAT1 in BAT remains
unknown.

Selective uric reabsorption inhibitors (SURIs), such as lesinurad,
dotinurad, and verinurad, have been recently developed as potent
uricosuric agents by selectively inhibiting URAT1 [20—22]. Among
them, dotinurad is widely used in clinical practice in Japan for the
treatment of patients with hyperuricemia [23]. To better understand the
role and the functional significance of URAT1 in obesity-induced
metabolic disorders, we investigated whether the URAT1-selective
inhibitor treatment ameliorates systemic insulin resistance, NAFLD,
and adipose tissue dysfunction using diet-induced obese mice.

2. MATERIAL AND METHODS

2.1. Animal models

All animal procedures conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved
by the Animal Research Committee at the Jikei University School of
Medicine (2016-038C6). Male C57BL/6 mice at 8 weeks of age were
fed either normal-fat diet (NFD) or high-fat diet (HFD) for 16—18
weeks as described previously [24]. Where indicated, mice fed NFD or
HFD received the URAT1-selective inhibitor dotinurad (50 mg/kg/day,
kindly provided by Fuji Yakuhin Co., Saitama, Japan) for 4 weeks by
dietary intake (Figure 1A). As the dietary intake of NFD and HFD mice
was different during the protocol (Figure 1D), the concentration of
dotinurad mixed into the diet was adjusted accordingly in order to
equalize the dosage of dotinurad between the NFD and HFD mice
groups.

At four weeks after the initiation of the dotinurad treatment, the mice
were heparinized (1000 1U/kg, intraperitoneally [i.p.]) and anesthetized
(0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg
of butorphanol, i.p.) in order to eliminate suffering. Then, the liver,
epididymal WAT (eWAT), inguinal WAT (iWAT), BAT, and the kidneys
were excised and washed in PBS (Fujifilm, Wako pure Chemical
Corporation) at 4 °C. After washing, tissues were snap-frozen in liquid
nitrogen and stored at —80 °C until further analysis.

2.2. Plasma UA measurement

The plasma UA level was measured at 4 weeks after the initiation of
dotinurad treatment using a UA assay kit (Sigma) according to the
manufacturer’s protocol as described previously [3].

2.3. Serum ftriglyceride, non-esterified fatty acids, and insulin
concentration measurements

The blood was drawn immediately after the heart excision and
centrifuged (3000 g, 10 min, 4 °C). The serum (supernatant) was
collected into new tubes and frozen at —20 °C prior to the mea-
surement. Serum triglyceride (TG) and non-esterified fatty acids (NEFA)
were measured at 4 weeks after the initiation of dotinurad treatment
using LabAssay Triglyceride (#LABTR G-M1, Fujifilm Wako Pure
Chemical Corporation, Tokyo, Japan) and LabAssay NEFA (#294-
63601, Fujiflm Wako Pure Chemical Corporation, Tokyo, Japan),
respectively, according to the manufacturer’s protocol as described
previously [18]. Serum insulin levels were measured using the mouse
insulin ELISA kit (Shibayagi, Gunma, Japan) according to the manu-
facturer’s protocol [25].

2.4. Blood pressure and heart rate measurement

We used a noninvasive computerized tail-cuff system to measure blood
pressure in conscious mice 4 weeks after the initiation of treatment with
dotinurad (BP-98A-L, Softron Co., Ltd., Tokyo, 6 Japan). The mice were
held in a small mouse pocket on a warming pad thermostatically
controlled at 37 °C. Systolic and diastolic pressure and heart rate were
calculated at three different times and averaged [18].

2.5. Glucose and insulin tolerance tests

Four weeks after the initiation of treatment with dotinurad, we per-
formed a glucose tolerance test (IPGTT) and insulin tolerance tests
(ITT), as described previously [18,24].

2.6. RNA isolation, reverse transcription, and real-time polymerase
chain reaction

Polymerase chain reaction (PCR) for tissues was performed as described
previously [24] using the primers for URAT1 (Applied Biosystems,
MmO01236822_m1), UCP1 (Applied Biosystems, Mm01244861_m1),
PGC1o (Applied Biosystems, Mm01208835_m1), Dio2 (Applied Bio-
systems, Mm00515664_m1), chemokine ligand 2 (Ccl2) (Applied Bio-
systems, Mm00441242_m1), tissue necrosis factor o (TNFa) (Applied
Biosystems, Mm00443258_m1), and GAPDH (Applied Biosystems,
Mn03302249_g1).

2.7. Immunoblotting

Immunoblotting was performed as described previously [24] with
rabbit polyclonal anti-URAT1 (1:1500, 14937-1-AP; Proteintech,
Tokyo, Japan), rabbit polyclonal anti-UCP1 (1:3000, U6382; Sigma—
Aldrich, Tokyo, Japan), monoclonal mouse anti-B-actin (1:5000,
A5316; Sigma—Aldrich, Tokyo, Japan), monoclonal rabbit anti-NLRP3
antibody (1:1000, #15101; Cell Signaling Technology, Tokyo, Japan),
monoclonal rabbit anti-IL-1f antibody (1:500, #31202; Cell Signaling
Technology, Tokyo, Japan), and anti-GAPDH (1:5000, #2118; Cell
Signaling Technology, Tokyo, Japan). The signals were detected using
chemiluminescence.

2.8. Histology and immune staining

The liver, eWAT, iWAT, and BAT were excised, washed in ice-cold PBS,
and fixed with 10% formalin. The samples were embedded into
paraffin, and 4 pum sections were prepared for histological analyses as
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Figure 1: Effects of URAT1-selective inhibitor treatment on body weight and plasma uric acid. (A) A schematic diagram of the experimental protocol. (B) Body weight
changes during the protocol (NFD, n = 10; NFD + Doti, n = 12; HFD, n = 13; HFD + Doti, n = 13). (C) The degree of body weight gain from baseline (NFD, n = 15; NFD + Doti,
n = 15; HFD, n = 16; HFD + Doti, n = 16). (D) The dietary intake per day (NFD, n = 7; NFD + Doti, n = 9; HFD, n = 8; HFD + Doti, n = 9). Data are expressed as the
mean & SEM. (B) ***P < 0.001, **P < 0.01, and *P < 0.05 versus NFD at each time point; {P < 0.05 versus HFD at each time point. (C) **P < 0.01, NFD versus HFD;
tp < 0.01, HFD versus HFD + Doti. NFD, normal-fat diet; HFD, high-fat diet; Doti, dotinurad; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test.

described previously [18]. Hematoxylin and eosin-stained sections
were visualized using ECLIPS 80i (Nikon Co., Tokyo, Japan). Adipo-
cytes images in WAT were analyzed for adipocyte size using BZ-X800
analyzer software (Keyence Corp., Osaka, Japan) following the man-
ufacturer’s instructions [26]. The size of approximately 800—1000
adipocytes in WAT per mouse was assessed by measuring the
diameter of the lipid droplets and averaged [27]. The area of about 100
lipid droplets and the size of about 200 brown adipocytes in BAT per
mouse were measured in the image at 20 x magnification using Image
J software [28]. For immunohistochemical staining, fixed BAT sections
were incubated with rabbit polyclonal anti-UCP1 antibody (1:500)
(U6382; Sigma—Aldrich, Tokyo, Japan). The stained images were
visualized and captured using ECLIPS 80i.

2.9. Serum alanine aminotransferase activity measurement

The blood was drawn immediately after the heart excision and
centrifuged (3000 g, 10 min, 4 °C). The serum (supernatant) was
collected into new tubes and frozen at —20 °C prior to serum alanine
aminotransferase (ALT) activity measurement. ALT activity was
measured using the ALT colorimetric assay kit (catalog #752, Bio-
Vision, Inc.) according to the manufacturer’s protocol [29].

2.10. Pathology and staging of steatosis

Hematoxylin and eosin staining was performed for evaluating liver
histology and grading liver injury using a scoring system for NASH
established by Savari F et al. [12]. According to this standardized
scoring system, the sum of steatosis (0—3), lobular inflammation (0—
3), and hepatocellular ballooning degeneration (0—2) scores was

considered to be the NAFLD activity score. The criteria were as follows:
steatosis grade, 0: less than 5%; 1: between 5 and 33%; 2: between
33 and 66%; and 3: more than 66%. For lobular inflammation, minimal
or absence of inflammatory cell accumulation (infiltration) was clas-
sified as grade 0, mild infiltration was classified as grade 1, moderate
to severe infiltration was classified as grade 2, and severe inflam-
matory cell accumulation was classified as grade 3. Cell ballooning
was classified as none (0), mild (few swollen cells; 1), and severe
(many swollen cells; 2) based on its severity.

2.11. Liver malondialdehyde

Frozen liver tissue was homogenized in ice-cold RIPA buffer with
protease inhibitor cocktail (Roche) and centrifuged (1,600 g, 10 min,
4 °C). The supernatant was used for the quantification of malondial-
dehyde (MDA) using the thiobarbituric acid reactive substance (TBARS)
kit according to the manufacturer’s protocols (Cayman Chemical,
700870). Briefly, the tissue lysates were allowed to react with thio-
barbituric acid at 100 °C for 1 h, and the absorbance of the solution
was measured at 530—540 nm [30]. The measurement values were
corrected based on the protein concentration of the supernatant
measured by the Bradford protein assay.

2.12. BAT ROS measurement

Frozen BAT was homogenized in cell lysis buffer (Cell Signaling
Technology, Tokyo, Japan) with phenylmethylsulfonyl fluoride (PMSF)
and centrifuged (14,000 g, 10 min, 4 °C). The tissue lysates were
mixed with a dichlorofluorescein diacetate fluorescent (DCFH-DA)
(Invitrogen, D399) probe (5 puM) for 1 h at 37 °C [31,32]. DCF
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fluorescence was measured using a microplate reader (485 nm
excitation and 527 nm emission) and corrected based on the protein
concentration of the supernatant measured by the Bradford protein
assay.

2.13. Primary brown adipocyte differentiation

Rat brown adipocytes derived from the interscapular BAT of adult SD
rats were purchased from Cosmo Bio Co. and cultured using a Brown
Adipocyte Culture Kit (PMC-BAT10-COS) according to the manufac-
turer’s protocol. The cells were cultured for 7 days as described
previously [16] and used in the following experimental protocols on day
8 after starvation in serum-free medium for 12 h.

2.14. Intracellular UA levels of primary brown adipocytes

The culture medium was pre-warmed for 30 min at 37 °C and UA
(Sigma) was solubilized in the culture medium by vortexing. Then the
mixture was heated for 30 min at 37 °C and passed through sterile
0.2 pm filters as described previously [33]. After 30 or 60 min of
incubation with the indicated concentration of UA (0 mg/dl, 5 mg/dl,
15 mg/dl) with or without dotinurad (15 uM), each dish was washed
twice with PBS and snap frozen. Brown adipocytes were collected and
lysed in 100 pl cell lysis buffer (Cell Signaling Technology, Tokyo,
Japan) with PMSF and centrifuged (13,000 g, 10 min, 4 °C). The UA
levels in the supernatant were measured using a UA assay kit (Sigma)
according to the manufacturer’s protocol. Intracellular UA levels of
primary brown adipocytes were corrected based on the protein
concentration of the supernatant measured by the Bradford protein
assay.

2.15. Statistical analysis

All quantitative data were presented as mean = standard error of the
mean (SEM) and analyzed using Prism 8 (GraphPad). For the com-
parison of two datasets, either the Mann—Whitney U test (non-normal
distribution data) or the Student’s t-test (normal distribution data) was
performed. For multiple comparisons among >3 groups, one-way
ANOVA with Tukey’s method for post hoc comparisons and the non-
parametric Kruskal—Wallis test with Dunn’s multiple comparisons
were performed. Two-sided P values < 0.05 were considered to
indicate statistical significance.

3. RESULTS

3.1. Effects of URAT1-selective inhibitor treatment on body weight,
plasma UA, and lipid profile in HFD-fed mice

The experimental protocol is shown in Figure 1A. After 16—18 weeks
of HFD feeding, the mice developed considerable obesity, and treat-
ment with dotinurad slightly but significantly reduced the body weight
of HFD-fed mice at weeks 3 and 4 (Figure 1B and C). The weight loss in
dotinurad-treated mice was not due to a decrease in dietary intake
(Figure 1D). The plasma UA level in HFD-fed mice was significantly
increased in comparison with that in NFD-fed mice, and dotinurad
lowered it, although the differences failed to reach statistical signifi-
cance (Table 1). The serum TG level in HFD-fed mice was increased in
comparison with that in NFD-fed mice, and treatment with dotinurad
significantly decreased it in both NFD- and HFD-fed mice (Table 1).
Although dotinurad decreased the serum NEFA level in NFD-fed mice,
no significant differences were observed between NFD- and HFD-fed
mice with or without dotinurad treatment (Table 1). There were no
significant between-group differences in blood pressure (Figure S1A)

Table 1 — Blood metabolic parameters of NFD- and HFD-fed mice treated

with or without dotinurad in the fasting state.

NFD NFD -+ Doti HFD HFD + Doti
UA (mg/dl) 36+02 33+02 45+ 02%  40+02
TG (mg/dl) 58 + 2 30 £ 4x* 77 £ 7* 51 + 2ff
NEFA (mEg/L)  1.02 + 0.06 0.58 & 0.04*** 1.07 +0.12  0.96 & 0.03
Glucose (mg/dl) 139 =11 155 & 22 264 + 22%%* 209 + 13
Insulin (pg/ml)  n.d. n.d. 994 + 101 561 =+ 98T

NFD, Normal fat diet; Doti, dotinurad; HFD, high-fat diet; UA, uric acid; TG, triglyceride;
NEFA, non-esterified fatty acids. [Uric acid] NFD, n = 5; NFD + Doti, n = 7; HFD,
n = 6; HFD + Doti, n = 7; [TG] and [NEFA] NFD, n = 10; NFD + Doti, n = 6; HFD,
n = 12; HFD + Doti, n = 7; [Glucose] NFD = 10; NFD + Doti = 6; HFD, n = 10;
HFD + Doti, n = 8; [Insulin] HFD, n = 9; HFD + Doti, n = 8.

n.d. not detected.

Data are expressed as the mean £ SEM. ***P < 0.001 and *P < 0.05 versus NFD;
P < 0.01, versus HFD.

and heart rate (Figure S1B), indicating that the effects of dotinurad on
the systemic sympathetic nerve activities are limited.

3.2. URAT1-selective inhibitor treatment improves HFD-induced
glucose intolerance and insulin resistance in HFD-fed mice

Previous reports showed that the expression of URAT1 in the kidney
was upregulated in metabolic syndrome [9] and benzbromarone, a
uricosuric agent, led to the improvement of systemic insulin resistance
in patients with chronic heart failure [10]. Thus, we next examined the
effects of URAT1-selective inhibitor treatment on glucose tolerance and
insulin sensitivity. The fasting plasma glucose levels were increased in
HFD mice, which tended to be lower in dotinurad-treated HFD-fed mice
(HFD vs. HFD + Doti, P = 0.06) (Table 1). Similarly, dotinurad
significantly decreased serum insulin concentrations in HFD mice
under fasting conditions (Table 1). IPGTT and ITT demonstrated that
HFD feeding induced glucose intolerance and insulin resistance, which
were ameliorated by dotinurad treatment (Figure 2A and B). These
results indicate that the selective inhibition of URAT1 significantly
improves glucose tolerance and insulin sensitivity in HFD-induced
obese mice.

3.3. The URAT1 expression levels in various tissues of NFD- and
HFD-fed mice

To identify potential target cells of URAT1 in metabolic syndrome, we
examined the URAT1 expression levels in various tissues. An abundant
expression of URAT1 mRNA was observed in the kidneys, as expected
(Figure 3A), whereas the expression levels in eWAT were the second
highest after the kidneys. URAT1 mRNA was also detected at relatively
low levels in the liver, iWAT, and BAT. The expression of URATT protein
(but not mRNA) in the liver was decreased in HFD-fed mice in com-
parison with that in NFD-fed mice (Figure 3B and C). The URAT1
expression in eWAT was comparable between the groups (Figure 3B
and D). In contrast, HFD increased the URAT1 expression in iWAT and
even more dramatically in BAT (Figure 3B and E). In the kidneys, we
found that the URAT1 protein expression (but not mRNA levels) tended
to be higher in HFD-fed mice than in NFD-fed mice (P = 0.09)
(Figure S2A and B), in line with the results of a previous study [9].
Dotinurad did not significantly affect the URAT1 expression in all tis-
sues examined, regardless of the diet conditions (Figure 3B—E),
although in the kidneys, the URAT1 expression was nonsignificantly
higher in the NFD group treated with dotinurad via an unknown
mechanism (Figures S2A and B).
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Figure 2: Effects of URAT1-selective inhibitor treatment on HFD-induced insulin resistance. (A) Plasma glucose levels during IPGTT and the area under the curve (AUC)
(NFD, n = 7; NFD + Doti, n = 7; HFD, n = 7; HFD + Doti, n = 9). (B) Plasma glucose levels during ITT and the AUC (NFD, n = 6; NFD + Doti, n = 8; HFD, n = 9; HFD + Doti,
n = 8). Data are expressed as the mean + SEM. (Line graphs) ***P < 0.001, **P < 0.01, and *P < 0.05 versus NFD at each time point; /P < 0.01 and 'P < 0.05 versus HFD
at each time point. (AUC) ***P < 0.001 and *P < 0.05, NFD versus HFD; TP < 0.01 and TP < 0.05, HFD versus HFD + Doti.

3.4. URAT1-selective inhibitor treatment attenuates the
development of HFD-induced NAFLD through the inhibition of
inflammatory cytokines

We next examined whether URAT1-selective inhibitor treatment im-
proves HFD-induced NAFLD in mice. Although dotinurad increased the
liver weight in the NFD-fed group, it substantially attenuated HFD-
induced hepatomegaly (Figure 4A and B). HFD feeding led to the
development of macrovesicular steatosis, lobular inflammation, and
hepatocellular ballooning, all of which were dramatically attenuated by
dotinurad (Figure 4C and D). Accordingly, the NAFLD score and serum
ALT were significantly higher in HFD-fed mice in comparison with NFD-
fed mice, both of which were decreased in dotinurad-treated HFD mice
(Figure 4D—F).

Ccl2 and TNFa. are proinflammatory M1 macrophage markers and key
mediators that lead to hepatic lipogenesis and inflammation in HFD-
induced obese mice [11,34]. The hepatic expression of Ccl2 and
TNFa. was increased in HFD-fed mice in comparison with NFD-fed
mice, and dotinurad significantly decreased the levels of these
markers (Figure 4G). These results indicate that the URAT1-selective
inhibitor treatment significantly improved HFD-induced NAFLD
through the inhibition of inflammatory genes.

A recent study showed that high UA induces hepatic steatosis
through the NOD-like receptor family pyrin domain containing 3
(NLRP3) inflammasome-dependent mechanism [4], and thus, we
next examined NLRP3 in the current model. Although the protein
expression of liver NLRP3 in HFD-fed mice was increased in com-
parison with that in NFD-fed mice, dotinurad did not affect the NLRP3

expression levels (Figure S3A). The difference in the pro-IL1[3
expression levels of the NFD- and HFD-fed mice was not statistically
significant, while dotinurad tended to decrease the level of pro-IL1[3
in HFD-fed mice (P = 0.08) (Figure S3B). These inconsistent data
suggest that URAT1-selective inhibitor treatment may influence the
NLRP3 inflammasome-dependent inflammatory pathway in the liver
of HFD-fed mice but that its impact is not significant, at least in the
present experimental model.

High UA induces the production of intracellular ROS and lipid accu-
mulation in hepatocytes [13]. Thus, we next examined the MDA levels
in liver tissues. Liver MDA in HFD-fed mice tended to increase in
comparison with NFD-fed mice, while dotinurad decreased it, although
these changes were not statistically significant (NFD vs. HFD,
P = 0.13; HFD vs. HFD + Doti, P = 0.12) (Figure S3C), indicating that
ROS inhibition by URAT1-selective inhibitor treatment may be partly
involved in the improvement of HFD-induced NAFLD.

3.5. URAT1-selective inhibitor treatment partially promotes the
browning of eWAT in HFD-fed mice

WAT could be converted to beige adipose tissue (browning), which
possesses the brown-like features of energy dissipation through the
activation of the brown adipose-specific protein, UCP1, resulting in the
improvement of systemic insulin resistance [15,19]. The previous
study showed that the uptake of UA in white adipocytes through URAT1
leads to WAT dysfunction and the impairment of systemic insulin
resistance [1]. Thus, we next examined the effects of URAT1-selective
inhibitor treatment on eWAT and iWAT. The weight of both eWAT and
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Figure 3: Relative mRNA profiling and the protein expression of URAT1 in NFD- and HFD-fed mice. (A) URAT1 mRNA expression in the liver, eWAT, iWAT, BAT, and kidney
as assessed by qRT-PCR (n = 3 each). (B) URAT1 mRNA expression in either NFD- or HFD-fed mice with or without dotinurad treatment. ([Liver] n = 6 each; [eWAT] NFD, n = 6;
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HFD + Doti, n = 4). The protein expression of URAT1 in liver (C), eWAT (D), and BAT (E) (n = 3 each). Data are expressed as the mean + SEM. **P < 0.01 and *P < 0.05
between the indicated groups. eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue; BAT, brown adipose tissue.

iWAT were increased in HFD-fed mice in comparison with NFD-fed
mice, and dotinurad significantly decreased the weight of eWAT but
not iWAT (Figure S4A and B). Although the size of white adipocytes in
both eWAT and iWAT was significantly increased by HFD, it was not
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affected by dotinurad in either adipose tissue under HFD conditions
(Figure S4C and D).

We next examined whether URAT1-selective inhibitor treatment in-
duces the browning process in WAT. In iWAT, the UCP1 level tended to
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Figure 4: Effects of URAT1-selective inhibitor treatment on HFD-induced NAFLD. (A) A representative image of liver harvested from the indicated mice. (B) Liver weight at 4
weeks after treatment with or without dotinurad (NFD, n = 7; NFD + Doti, n = 8; HFD, n = 9; HFD + Doti, n = 8). (C) Hematoxylin and eosin staining of liver sections of mice that
received the indicated treatments. (D) Steatosis score (NFD, n = 4; NFD + Doti, n = 4; HFD, n = 5; HFD -+ Doti, n = 5). (E) NAFLD score (NFD, n = 4; NFD + Doti, n = 4; HFD,
n = 5; HFD + Doti, n = 5). (E) Serum ALT activity (NFD, n = 6; NFD + Doti, n = 7; HFD, n = 8; HFD + Doti, n = 6). (F) Relative mRNA expression of Ccl2 and TNFa. (n = 5 each).
Data are expressed as the mean + SEM. ***P < 0.001, **P < 0.01, and *P < 0.05 between the indicated groups. NAFLD, nonalcoholic fatty liver disease; TL, tail length.
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decrease in HFD-fed mice in comparison with NFD-fed mice
(P = 0.07), which was not affected by dotinurad (Figure S4E). In eWAT,
however, the UCP1 level was increased in HFD-fed mice, and dotinurad
further increased the UCP1 expression considerably under HFD con-
ditions (Figure S4E). These data indicate that the URAT1-selective
inhibitior led to the browning of eWAT in HFD-fed mice, which might
partly contribute to the improvement of systemic insulin resistance, as
shown in Figure 2.

3.6. URAT1-selective inhibitor treatment promotes rebrowning of
HFD-induced lipid-rich BAT through UCP1 activation

The BAT weight in HFD-fed mice was significantly increased in com-
parison with that in NFD-fed mice, and this was reduced by dotinurad
(Figure 5A and B). Histological analyses revealed that HFD feeding
resulted in so-called BAT ‘whitening’, which was characterized by
increased lipid deposition (Figure 5C). This was markedly attenuated by
dotinurad. The lipid droplet size and the diameter of adipocytes in BAT
were increased in HFD-fed mice (Figure 5D), and these parameters
were significantly decreased by treatment with dotinurad, indicating
that URAT1-selective inhibitor treatment might increase lipolysis in BAT.
The increased UCP1 expression and UCP1 activity in BAT play an
important role in the improvement of glucose tolerance and insulin
sensitivity [35]. Thus, we next examined the UCP1 expression in BAT.
Histological analyses (Figure 5E) and biochemical analyses of the mRNA
(Figure 5F) and protein (Figure 5G) expression revealed that the UCP1
levels in BAT were significantly increased in HFD-fed mice in com-
parison with those in NFD-fed mice and that they were further
increased by treatment with dotinurad. To further evaluate BAT-specific
gene expression in BAT, we next examined the mRNA expression of
PGC1o and Dio2. The mRNA expression of PGC1ow was significantly
increased in dotinurad-treated HFD-fed mice in comparison with HFD-
fed mice. Dio2 was also increased in dotinurad-treated HFD-fed mice in
comparison with HFD-fed mice although the increase was not statis-
tically significant (HFD vs. HFD + Doti, P = 0.21) (Figure 5F).

The uptake of UA can increase the oxidative stress in adipocytes, which
has recently been recognized as a major cause of insulin resistance
[36]. Thus, we measured tissue ROS levels in BAT. The ROS levels in
BAT were significantly increased in HFD-fed mice in comparison with
NFD-fed mice ([HFD] 450.5 + 147 RFU/mg/ml protein vs. [NFD]
112.7 + 15.6 RFU/mg/ml protein, P < 0.05), which was significantly
reduced by treatment with dotinurad ([HFD + Doti] 212.7 + 121.3
RFU/mg/ml protein vs. [HFD], P < 0.05) (Figure 5H). These results
indicate that URAT1-selective inhibitor treatment leads to the
‘rebrowning’ of HFD-induced BAT whitening and the reduction of ROS
levels in BAT, which contributes to the improvement of systemic insulin
resistance.

To determine whether extracellular UA is transported into brown adi-
pocytes through URAT1, we examined the UA uptake in brown adi-
pocytes. The protein expression of URAT1 was detected in the rat
brown adipocytes, although its expression was comparable among the
groups with the indicated treatments (Figure 5I). When these cells
were exposed to a high concentration of UA (15 mg/dl) for either 30 or
60 min, the intracellular UA levels were significantly increased. This
was substantially decreased by treatment with dotinurad (Figure 5J).
These results demonstrate that URAT1 actually transports UA into the
brown adipocytes.

4. DISCUSSION

In the present study, we proposed and verified the role and functional
significance of URAT1 in metabolic syndrome using a model of diet-
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induced obesity. We showed that the selective inhibition of URAT1
by dotinurad led to a significant improvement in glucose tolerance and
insulin sensitivity in HFD mice. The mechanisms underlying the
improvement of insulin resistance by URAT1-selective inhibitor treat-
ment are as follows: (i) URAT1-selective inhibition dramatically
improved HFD-induced NAFLD through the inhibition of inflammatory
cytokines and (ii) URAT1-selective inhibition led to rebrowning of HFD-
induced lipid-rich BAT.

The previous study [9,37] as well as the present study suggested that
tissue URAT1 action is enhanced in the insulin-resistant state, as
represented by metabolic syndrome, presumably via persistent
exposure to hyperinsulinemia. Conversely, the present study indicates
that enhanced URAT1 action induces insulin resistance in metabolic
syndrome, leading to a vicious cycle (see the Graphical Abstract). In
this context, it is possible that URAT1-selective inhibitors are partic-
ularly effective in reducing hyperuricemia associated with insulin-
resistant metabolic disorders in which the impacts of URAT1 are
amplified. In fact, dorinurad treatment ameliorated all indicies of insulin
resistance and NAFLD in the current model of metabolic disorders,
which might result in the loss of various metabolic organ weights (i.e.
eWAT, BAT, and liver), ultimately leading to a slight but significant
decrease in body weight.

The development of NAFLD in HFD-induced obese mice is mediated
through a complex process driven by multiple factors, such as elevated
levels of pro-inflammatory cytokines released from adipose tissues,
increased dietary sugars, hypercholesterolemia, and hyperuricemia
[38]. In addition, hyperuricemia directly induces fat accumulation and
inflammation in hepatocytes through URAT1 in vitro [14]. Thus, we
assume that dotinurad improves NAFLD through the inhibition of
extracellular UA uptake in hepatocytes via URAT1, leading to a
reduction in lipid deposition and inflammation. Another possibility is
that rebrowning of BAT and browning of eWAT may indirectly
ameliorate NAFLD via adipokines and batokines, such as adiponectin,
neuregulin 4, and fibroblast growth factor 21, all of which have been
reported to improve steatosis [15].

Serum NEFA levels are elevated generally as a consequence of
enhanced lipolysis in HFD-fed mice. However, we found that serum
free fatty acid levels were comparable between NFD- and HFD-fed
mice, and dotinurad treatment did not significantly affect them,
which was consistent with the finding of our previous study [18]. This
might be because the blood samples were collected after a substantial
period of fasting, which resulted in the stimulation of lipolysis in adi-
pose tissues even in the NFD-fed mice [39].

UA is also taken up into the adipocytes via URAT1 and induces both
ROS synthesis and inflammation, leading to the impairment of sys-
temic insulin resistance [1]. Meanwhile, it has been shown that ROS
inhibition leads to UCP1 activation and vice versa in brown adipocytes
[40]. The present in vitro study confirmed the extracellular uptake of UA
into brown adipocytes via URAT1 (Figure 5J). Moreover, we found that
HFD feeding increased the URAT1 expression in BAT (Figure 3B and E),
which is consistent with the previously reported findings in the kidney
[9], and that HFD feeding induced ROS synthesis in BAT, which was
substantially reduced by treatment with dotinurad (Figure 5H). Taking
these findings together, we assume that the enhanced uptake of UA
into the brown adipocytes through URAT1 in the HFD-fed mice induced
tissue ROS synthesis, resulting in BAT whitening. Thus, the inhibition of
the upregulated URAT1 in the BAT of HFD-fed mice reduces the
intracellular UA and ROS levels, leading to the upregulation of UCP1. To
the best of our knowledge, this is the first study to report that the
inhibition of the upregulated URAT1 in HFD-fed mice plays a sub-
stantial role in the rebrowning of lipid-rich BAT.
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Figure 5: Effects of URAT1-selective inhibitor treatment on HFD-induced lipid-rich BAT. (A) A representative image of BAT harvested from the indicated mice. (B) BAT weight
(NFD, n = 12; NFD + Doti, n = 11; HFD, n = 12; HFD + Doti, n = 11). (C) Hematoxylin and eosin staining of the BAT section of mice with the indicated treatments. (D) Lipid
droplet area and brown adipocyte diameter were measured in the indicated mice (n = 3 each) ([Lipid droplet area] NFD, n = 607; NFD + Doti, n = 609; HFD, n = 624;
HFD + Doti, n = 610; [Brown adipocyte diameter] NFD, n = 297; NFD + Doti, n = 305; HFD, n = 335; HFD + Doti, n = 353). (E) UCP1 immunostaining in BAT. (F) Relative mRNA
expressions of UCP1, PGC1a., and Dio2 ([UCP1] NFD, n = 6; NFD + Doti, n = 6; HFD, n = 6; HFD + Doti, n = 4; [PGC1a. and Dio2] NFD, n = 5; NFD + Doti, n = 6; HFD, n = 6;
HFD + Doti, n = 4). (G) The protein expression of UCP1 (n = 3 each). (H) Total ROS was measured by determining the fluorescence of DCF (DCF RFU: Dichlorofluorescein Relative
Fluorescence Units) (NFD, n = 8; NFD + Doti, n = 9; HFD, n = 10; HFD + Doti, n = 8). () The URAT1 expression in primary brown adipocytes exposed to the indicated treatments
for 24 h. (J) The intracellular UA levels in primary brown adipocytes exposed to the indicated treatments for 30 min and 60 min (n = 4 each). Data are expressed as the
mean + SEM. ***P < 0.001, **P < 0.01, and *P < 0.05 between the indicated groups. UA, uric acid; ROS, reactive oxygen species.
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Regarding WAT, we found that the responses of UCP1 to dotinurad
differed between iWAT and eWAT (Figure S4E). This might be due to
the differences in the URAT1 expression between these WATSs; namely,
the URAT1 expression was substantially higher in eWAT than in iWAT,
as shown in Figure 3A. Therefore, dotinurad may have a more marked
impact on eWAT than on iWAT. A previous study showed that the
enhanced UA uptake into WAT via URAT1 and the subsequent increase
in the intracellular UA levels led to the inhibition of the leptin-AMPK
pathway, which resulted in a reduction in the UCP1 expression in
WAT [19]. These results, along with the fact that the URAT1 expression
was higher in eWAT than in iWAT, support the present findings that
dotinurad increased the UCP1 expression only in the eWAT of HFD-fed
mice, not in iWAT. However, further investigations are required to
elucidate the precise mechanisms by which intracellular UA regulates
the UCP1 expression in WAT.

On the other hand, HFD alone also increased the UCP1 expression in
both eWAT and BAT, consistent with previous studies [18,41], pre-
sumably as an adaptive mechanism for fatty acid overload [15,18].
However its pathophysiological significance in the present study model
remains unclear.

The previous in vivo studies and clinical trials showed that nonselective
URAT1 inhibitors, such as benzbromarone, also improve systemic in-
sulin resistance [1,19,42]. However, benzbromarone non-specifically
interferes with some urate secretion transporters, such as ATP-
binding cassette subfamily G membrane 2 (ABCG2), organic anion
transporter 1 (OAT1), and OAT3 [20], which make it unfavorable as a
UA-lowering agent. In addition, several reports have shown that
benzbromarone causes hepatotoxicity through apoptosis and ROS
synthesis, especially in HFD-induced obese mice [43,44]. Therefore,
the present study underscores the clinical significance of dotinurad for
the treatment of metabolic disorders, since this novel agent more
selectively inhibits URAT1 [23].

In general, hyperuricemia is classified into three categories depending
on the mechanisms [45]: the urate overproduction type, the under-
excretion type, and the combined type. In the present study, although
the UA levels tended to be lower in dotinurad-treated HFD-fed mice than
in HFD-fed mice without dotinurad treatment, the difference failed to
reach statistical significance (Table 1). Previous studies indicate that the
URAT1 function in mice kidney is not as high as that in humans as
described previously [20,46]; therefore, dotinurad would have a less
significant impact on plasma UA levels per se. This is because in most
mammals other than humans, UA is easily metabolized to allantoin by
uricase. Consequently, much less UA is reabsorbed in the kidneys
[20,47]. Itis also possible that dotinurad affects the tissue distribution of
UA. We found in the present study that URAT1 was substantially
expressed in various tissues, including eWAT, iWAT, BAT, and liver
(Figure 3B—E), other than in the kidneys, where URAT1 is primarily
present. Therefore, dotinurad might inhibit the uptake of extracellular
UA into those tissues and cells (as shown in Figure 5J), resulting in a
relatively small change in plasma UA levels. Therefore, the mechanism
of hyperuricemia in the current HFD mice might be largely due to the
overproduction of urate, mainly in the liver [48]. As such, the decreased
hepatic URAT1 expression observed in the HFD mice might be a
compensatory reaction to the overproduction of UA in the hepatocytes,
resulting from the activation of the xanthine oxidoreductase and polyol
pathways observed in the models of diet-induced obesity [11,48].
The reason why dotinurad increased liver weight in NFD mice remains
elusive. Given that dotinurad affected neither all the indices of NAFLD
activity (i.e. steatosis score, NAFLD score, and serum ALT activity) nor
the inflammatory markers (i.e. hepatic inflammatory citokines and
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MDA content) in NFD, it might be due to a non-adverse adaptive
response to dotinurad administered in pharmacological doses [49]. In
the present study, we used a pharmacological dose of dotinurad
because of its low sensitivity toward murine URATT in the kidneys.
The present study suffers from some limitations. First, since UA is
easily metabolized by uricase and is much less reabsorbed in the
kidneys in rodents, as already discussed, the metabolomics of UA in
mice might differ from that in humans. Second, as URAT1 is also
expressed in macrophages [50] and vascular smooth muscle cells
[51], further investigations on the precise location at which URATT is
expressed in the liver tissue are warranted to fully clarify the patho-
physiological role of URAT1 in NAFLD. Third, since a relatively high
dose of dotinurad is used, it would be difficult to exclude that some of
the effects are caused by off-target effects. Further studies are war-
ranted to fully determine the pathophysiological role of URAT1 using
in vitro and in vivo models of genetic URAT1 knockdown.

5. CONCLUSIONS

URAT1-selective inhibitor treatment ameliorates systemic insulin
resistance in diet-induced obese mice. URAT1-selective inhibitor
treatment functionally and histologically improves NAFLD through the
inhibition of Ccl2 and TNFo. Furthermore, the increased URAT1
expression levels in the BAT of HFD-fed mice induce BAT whitening
and tissue ROS synthesis, and URAT1-selective inhibitor treatment
leads to rebrowning of HFD-induced lipid-rich BAT, resulting in the
reduction of ROS. Taking the results together, the present study reports
that pharmacological URAT1-selective inhibition has therapeutic po-
tential for hyperuricemia, which is associated with various insulin-
resistant metabolic disorders, including NAFLD.
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