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ABSTRACT

Dotinurad, a novel selective urate reabsorption inhibitor, is used to
treat hyperuricemia. In humans, orally administered dotinurad is
excreted mainly as glucuronide and sulfate conjugates in urine. To
identify the isoforms of UDP-glucuronosyltransferase (UGT) and
sulfotransferase (SULT) involved in dotinurad glucuronidation and
sulfation, microsome and cytosol fractions of liver, intestine, kidney,
and lung tissues (cytosol only) were analyzed along with recombi-
nant human UGT and SULT isoforms. Dotinuradwasmainly metabo-
lized to its glucuronide conjugate by human liver microsomes
(HLMs), and the glucuronidation followed the two-enzyme Michae-
lis-Menten equation. Among the recombinant human UGT isoforms
expressed in the liver, UGT1A1, UGT1A3, UGT1A9, and UGT2B7 cat-
alyzed dotinurad glucuronidation. Based on inhibition analysis
using HLMs, bilirubin, imipramine, and diflunisal decreased glucuro-
nosyltransferase activities by 45.5%, 22.3%, and 22.2%, respectively.
Diflunisal and 30-azido-30-deoxythymidine, in the presence of 1%
bovine serum albumin, decreased glucuronosyltransferase activi-
ties by 21.1% and 13.4%, respectively. Dotinurad wasmetabolized to
its sulfate conjugate by human liver cytosol (HLC) and human intes-
tinal cytosol (HIC) samples, with the sulfation reaction in HLC sam-

ples following the two-enzyme Michaelis-Menten equation and that
in HIC samples following the Michaelis-Menten equation. All eight
recombinant human SULT isoforms used herein catalyzed dotinurad
sulfation. Gavestinel decreased sulfotransferase activity by 15.3% in
HLC samples, and salbutamol decreased sulfotransferase activity
by 68.4% in HIC samples. These results suggest that dotinurad glu-
curonidation is catalyzed mainly by UGT1A1, UGT1A3, UGT1A9, and
UGT2B7, whereas its sulfation is catalyzed by many SULT isoforms,
including SULT1B1 and SULT1A3.

SIGNIFICANCE STATEMENT

The identification of enzymes involved in drug metabolism is
important to predicting drug-drug interactions (DDIs) and interindi-
vidual variability for safe drug use. The present study revealed that
dotinurad glucuronidation is catalyzed mainly by UGT1A1,
UGT1A3, UGT1A9, and UGT2B7 and that its sulfation is catalyzed
by many SULT isoforms, including SULT1B1 and SULT1A3. There-
fore, dotinurad, a selective urate reabsorption inhibitor, is consid-
ered safe for use with a small risk of DDIs and low interindividual
variability.

Introduction

Dotinurad is a novel selective urate reabsorption inhibitor that was
invented by Fuji Yakuhin Co., Ltd., who further codeveloped it with
Mochida Pharmaceutical Co., Ltd., in Japan. Dotinurad was approved
for the treatment of hyperuricemia by the Pharmaceuticals and Medical
Devices Agency in January 2020. It exerts potent pharmacological
effects and is also efficiently delivered to its target organ, i.e., the renal
proximal tubule (Taniguchi et al., 2019; Omura et al., 2020). The major
metabolites of dotinurad in humans were identified as glucuronide con-
jugate and sulfate conjugate, which are excreted via urine at 44.3% and

20.0% of the dose, respectively, after oral administration (Omura et al.,
2020).
Glucuronidation, one of the most important phase II metabolic reac-

tions, plays a role in the detoxication of lipophilic molecules. It is cata-
lyzed by UDP-glucuronosyltransferase (UGT), which has been
classified into two families (UGT1 and UGT2) based on primary amino
acid sequences. To date, 19 human UGT isoforms have been character-
ized (Meech et al., 2019). Sulfation is catalyzed by sulfotransferase
(SULT) and is a well known phase II metabolic reaction for endoge-
nous and exogenous substances. In humans, SULTs are classified into
four families (SULT1, SULT2, SULT4, and SULT6), and 15 human
SULT isoforms have been identified (Suiko et al., 2017).
The identification of enzymes involved in drug metabolism is impor-

tant for predicting drug-drug interactions and interindividual variability.
Some examples of DDIs via UGT have been reported in clinical studies;
for instance, the effect of probenecid on the pharmacokinetics of acet-
aminophen (APAP) was investigated in healthy volunteers. Pretreatment
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with probenecid caused a decrease in APAP clearance (6.23 to 3.42 ml/
min per kilogram). Further, the urinary excretion of APAP glucuronide
conjugate (348 to 74.5 mg) was reduced (Kamali, 1993). With respect to
interindividual variability, it has been reported that toxicities in patients
treated with irinotecan are caused by UGT1A1*28 polymorphisms
(Takano and Sugiyama, 2017). For enzyme families with several iso-
forms, such as UGTs and SULTs, investigating whether one or more
isoforms are involved in drug metabolism is essential. This is because
the degree of DDI risk depends on the contribution ratio of the isoforms.
Therefore, selecting an appropriate concomitant drug associated with a
metabolic enzyme isoform can avoid or reduce the risk of DDIs. In addi-
tion, if the interindividual variability with respect to the activity of an
enzyme that metabolizes a drug—mediated by a polymorphic enzyme—
is high, a dose adjustment will be required for patients expressing such a
polymorphic enzyme.
Human isoforms of UGT and SULT responsible for the glucuronida-

tion and sulfation of dotinurad have not been identified. For a more
effective and safer use of dotinurad, we aimed to identify the human
UGT and SULT isoforms responsible for the glucuronidation and sulfa-
tion of dotinurad to enable its safe use. Dotinurad glucuronidation was
investigated in human tissue (liver, intestine, and kidney) microsomes
and recombinant human UGT-expressing baculovirus-infected insect
cells, and dotinurad sulfation was investigated in human tissue (liver,
intestine, kidney, and lung) cytosol samples and recombinant human
SULT-expressing Escherichia coli. Furthermore, for predicting DDIs,
the contribution ratio of the enzymes involved in dotinurad metabolism
is important. Therefore, kinetics and inhibition analyses using human
liver and kidney microsomes and human liver and intestine cytosol sam-
ples were also performed.

Materials and Methods

Dotinurad (Fig. 1; Uda et al., 2020), dotinurad glucuronide conjugate, doti-
nurad sulfate conjugate (Fig. 1; supplemental data), and F12994 (internal stan-
dard) were synthesized by Fuji Yakuhin Co., Ltd. (Saitama, Japan). Adenosine
30-phosphate 50-phosphosulfate lithium salt hydrate, diflunisal, and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). 30-Azido-
30-deoxythymidine (AZT) was purchased from Sigma-Aldrich and Combi-
Blocks (San Diego, CA). Imipramine hydrochloride, bilirubin, (±)-dithiothreitol,
and salbutamol sulfate were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Gavestinel was purchased from Tocris Bioscience (Bristol,
UK). Pooled human tissue microsomes (liver, 50 individuals including males and
females; intestine, 13 individuals including males and females; kidney, 12 indi-
viduals including males and females) and human tissue cytosol (liver, 50 individ-
uals including males and females; intestine, 13 individuals including males and
females; kidney, four individuals including males and females; lung, four indi-
viduals including males and females) were purchased from Sekisui XenoTech,
LLC (Kansas City, KS). UGT cofactor mixture A (containing 25 mM UDP-glu-
curonic acid in water), UGT cofactor mixture B (containing 250 mM Tris-HCl,
40 mM MgCl2, and 0.125 mg/ml alamethicin in water), and recombinant
human UGTs (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7,
UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B10,
UGT2B15, and UGT2B17) expressed in baculovirus-infected insect cells
were purchased from Corning (Woburn, MA). E. coli expressing recombi-
nant human SULTs (SULT1A1*1, SULT1A2, SULT1A3, SULT1B1,
SULT1C2, SULT1C4, SULT1E1, and SULT2A1) was purchased from

Cypex Ltd. (Scotland, UK). All other reagents were of the highest commer-
cially available grade.

Glucuronidation of Dotinurad. A typical incubation mixture (200 ml) con-
tained 50 mM Tris-HCl (pH 7.5), 8 mM MgCl2, 2 mM UDP-glucuronic acid, 25
mg/ml alamethicin, and 50 mM dotinurad with 0.5 mg/ml human tissue micro-
somes (liver, intestine, and kidney) or 0.25 mg/ml recombinant human UGTs.
Dotinurad was dissolved in DMSO, and the final concentration of DMSO in the
reaction mixture was 1% (v/v). After preincubation at 37�C for 5 minutes, the
reactions were initiated by the addition of microsomes. The reaction mixtures
were incubated at 37�C for 30 [human liver microsomes (HLMs) and recombi-
nant human UGTs] or 60 minutes [human intestine microsomes (HIMs) and
human kidney microsomes (HKMs)], and the reaction was terminated by adding
100 ml of ice-cold 4% (v/v) acetic acid acetonitrile containing F12994 as an
internal standard. The protein concentration and reaction time for each tissue
microsomal assay were optimized based on linearity, in advance. To each termi-
nated reaction mixture, 1 ml of distilled water was added, and samples were then
stirred. Standard curves were prepared as described previously herein, except
that incubation was not included and glucuronide conjugate standards were used
instead of dotinurad.

Kinetic Analysis of Glucuronidation in HLMs and HKMs. Kinetic stud-
ies were performed using pooled HLMs and HKMs. Glucuronosyltransferase
activities in the presence of dotinurad (concentrations ranging from 5 to 500
mM) were determined. The kinetic parameters were estimated as follows from
the fitted curves using the Michaelis-Menten equation or the two-enzyme
Michaelis-Menten equation, using WinNonlin (version 6.4; Pharsight, Mountain
View, CA).

The Michaelis-Menten equation is as follows:

v ¼ Vmax � S½ �= Km þ S½ �ð Þ, (1)

where v, Vmax, [S], and Km are the rate of reaction, maximum velocity,
substrate concentration, and Michaelis-Menten constant, respectively.
The two-enzyme Michaelis-Menten equation is as follows:

v ¼ VmaxHA � S½ �= KmHA þ S½ �� �� �

þ VmaxLA � S½ �= KmLA þ S½ �� �� �
, (2)

where the subscripts HA and LA represent the high- and low-affinity
components, respectively. The best fit was based on the Akaike infor-
mation criterion.

Inhibition Analysis of Glucuronidation in HLMs and HKMs. Bilirubin,
imipramine, diflunisal, and AZT were tested for their inhibitory effects on doti-
nurad glucuronidation in pooled HLMs and HKMs (only diflunisal and AZT
were used). Bilirubin is a well known typical substrate, and it was used for the
inhibition analysis of UGT1A1 (Yamanaka et al., 2007; Shiraga et al., 2012).
Imipramine was used for the inhibition analysis of UGT1A3 and UGT1A4
(Yamanaka et al., 2007; Shiraga et al., 2012). Diflunisal was used for the inhibi-
tion analysis of UGT1A9 (Walsky et al., 2012). AZT is a well known substrate
of UGT2B7 (Court et al., 2003; Yasuda et al., 2011). Bilirubin, imipramine,
diflunisal, and AZT were dissolved in DMSO, and their concentrations in the
reaction mixture were adjusted to 10, 100, 50, and 1000 mM. Glucuronosyltrans-
ferase activities were determined at 50 mM concentrations of dotinurad in a man-
ner similar to that described previously herein.

Kinetic and Inhibition Analysis of Glucuronidation in HLMs and
HKMs with 1% BSA. In this study, a typical incubation mixture (200 ml) for
kinetic analysis contained 50 mM Tris-HCl (pH 7.5), 8 mM MgCl2, 2 mM
UDP-glucuronic acid, 25 mg/ml alamethicin, 1% BSA, and dotinurad (at concen-
trations ranging from 5 to 500 mM) containing 0.5 mg/ml HLMs or HKMs.
After preincubation at 37�C for 5 minutes, the reactions were initiated by the

Fig. 1. Chemical structure of dotinurad (A), its
glucuronide conjugate (B), and its sulfate conju-
gate (C).
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addition of microsomes and incubated at 37�C for 30 (HLMs) or 60 minutes
(HKMs) and were then terminated by adding 100 ml of ice-cold 4% (v/v) acetic
acid acetonitrile containing F12994 as an internal standard. To each terminated
reaction mixture, 1 ml of distilled water was added, and then samples were
stirred.

Diflunisal and AZT were evaluated for their inhibitory effects on dotinurad
glucuronidation in pooled HLMs and HKMs with 1% BSA, and their concentra-
tions in the reaction mixture were adjusted to 500 and 1200 mM. Glucuronosyl-
transferase activities were determined at 50 mM (HLMs) or 150 mM (HKMs)
concentration of dotinurad in a manner similar to that described previously
herein.

LC-MS/MS Analysis of Dotinurad Glucuronide Conjugate. The glucu-
ronide conjugate in the reaction mixtures was quantified by LC-MS/MS using a
1100 series high-performance liquid chromatography (HPLC) system (Agilent
Technologies, Inc., CA) and API3000 (AB SCIEX, Framingham, MA). The ter-
minated reaction mixtures were processed using solid-phase extraction in a 96-
well plate format. The glucuronide conjugate was eluted with 100 ml acetonitrile
from the solid-phase and was diluted twice with distilled water. In total, 2 ml of
the processed reaction mixture was injected into an LC-MS/MS. Dotinurad glu-
curonide conjugate and matrix constituents in the reaction mixture were sepa-
rated using an Inertsil ODS-3 (2.1 � 150 mm, 3 mm; GL Sciences, Tokyo,
Japan) at 50�C with a mobile phase of 5 mM ammonium acetate (pH 4) prepared
in water and methanol (50:50, v/v). The total flow rate was set at 0.2 ml/min.
Ionization was conducted in turbo ion spray and negative ion modes. Dotinurad
glucuronide conjugate was analyzed as [M - H]� ions in the multiple reaction
monitoring mode (transitions: dotinurad glucuronide conjugate 533.8/357.9 and
internal standard F12994 340.8/144.9). For the reaction mixtures in the inhibition
study, the mobile phase ratio was changed to wash the inhibitors, as described
below. The initial mobile phase was 50% 5 mM ammonium acetate (pH 4) in
water and 50% methanol. The percentage of methanol was increased to 95% at
15 minutes and maintained at 95% at 15.1–28 minutes. From 28.1 to 38 minutes,
the column was re-equilibrated with 50% methanol. The concentration range of
the standard curve of glucuronide conjugate was between 50 and 30,000 nM.
However, LC-MS/MS, using a Shimadzu Nexera HPLC system (Shimadzu Cor-
poration, Kyoto, Japan) and QTRAP4500 (AB SCIEX), was used for “kinetic
and inhibition analysis of glucuronidation in HLMs and HKMs with 1% BSA.”
The injection volume was changed from 2 ml to 0.5 ml in this case.

Sulfation of Dotinurad. A typical incubation mixture (200 ml) contained
100 mM potassium phosphate buffer (pH 7.4), 10 mM MgCl2, 1 mM (±)-dithio-
threitol, 30 mM adenosine 30-phosphate 50-phosphosulfate lithium salt hydrate,
and 50 mM dotinurad with 0.5 mg/ml human tissue cytosol samples (liver, kid-
ney, and lung), 0.1 mg/ml HIC samples, 0.01 mg/ml recombinant human SULTs
(SULT1A2, SULT1A3, SULT1C4, and SULT1E1), 0.05 mg/ml recombinant
human SULTs (SULT1A1*1 and SULT1B1), or 0.1 mg/ml recombinant human
SULTs (SULT1C2 and SULT2A1). Dotinurad was dissolved in DMSO, and the
final concentration of DMSO in the reaction mixture was 1% (v/v). After prein-
cubation at 37�C for 5 minutes, the reactions were initiated by the addition of
cytosol samples. The reaction mixtures were incubated at 37�C for 15 (recombi-
nant human SULTs), 30 (HIC), or 60 minutes (human liver, kidney, and lung
cytosols), and the reaction was terminated by adding 100 ml of ice-cold 4% (v/v)
acetic acid acetonitrile containing F12994 as an internal standard. The protein
concentration and reaction time for HLC and HIC assay were optimized based
on linearity, in advance. To each terminated reaction mixture, 1 ml of distilled
water was added, and the sample was stirred. Standard curves were prepared as
described previously herein, except that incubation was not included and sulfate
conjugate standards were used instead of dotinurad.

Kinetic Analysis of Sulfation in HLC and HIC Samples. Kinetic studies
were performed using pooled HLC and HIC samples. Sulfotransferase activities
in presence of dotinurad concentrations ranging from 5 to 500 mM were deter-
mined. The kinetic parameters were estimated in the same way as that for
glucuronidation.

Inhibition Analysis of Sulfation in HLC and HIC Samples. Gavestinel
and salbutamol were tested for their inhibitory effects on dotinurad sulfation in
pooled HLC (only gavestinel used) and HIC samples. Gavestinel was used for
the inhibition analysis of SULT1B1 (Senggunprai et al., 2009). Salbutamol was
used for the inhibition analysis of SULT1A3 (Ko et al., 2012). Gavestinel was
dissolved in DMSO, and salbutamol was dissolved in distilled water. Their con-
centrations in the reaction mixtures were adjusted to 10 mM and 10 mM,

respectively. Sulfotransferase activities were determined at 50 mM dotinurad in a
manner similar to that described previously herein.

LC-MS/MS Analysis of Dotinurad Sulfate Conjugate. The sulfate conju-
gate in the reaction mixtures was quantified by LC-MS/MS using a Shimadzu
Nexera HPLC system (Shimadzu Corporation, Kyoto, Japan) and QTRAP4500
(AB SCIEX). The terminated reaction mixtures were processed using solid-phase
extraction in a 96-well plate format. The sulfate conjugate was eluted with 100
ml of acetonitrile from the solid-phase and was diluted twice with distilled water.
Then, 0.2 ml of the processed reaction mixture was injected into an LC-MS/MS.
Dotinurad sulfate conjugate and matrix constituents in reaction mixtures were
separated using an Inertsil ODS-3 (2.1 � 150 mm, 3 mm; GL Sciences) at 50�C
with a mobile phase of 5 mM ammonium acetate (pH 4) in water and methanol
(50:50, v/v). The total flow rate was set at 0.2 ml/min. Ionization was conducted
in turbo ion spray and negative ion modes. Dotinurad sulfate conjugate was ana-
lyzed as [M - H]� ions in the multiple reaction monitoring mode (transitions:
dotinurad sulfate conjugate 437.8/357.8 and internal standard F12994 340.9/
145.0). For the reaction mixtures in the inhibition study, the mobile phase ratio
was changed to wash the inhibitors, as described below. The initial mobile phase
was 50% 5 mM ammonium acetate (pH 4) in water and 50% methanol. The per-
centage of methanol was increased up to 95% at 12 minutes and maintained at
95% at 12.1 to 25 minutes. From 25.1 to 35 minutes, the column was re-equili-
brated with 50% methanol. The concentration range for the standard curve of
sulfate conjugate was between 3 and 500 nM.

Results

Glucuronidation of Dotinurad by Human Tissue Microsomes.
The glucuronosyltransferase activities for dotinurad in pooled human
tissue microsomes (liver, intestine, and kidney) were determined. Figure 2
shows that HLMs exhibited a glucuronosyltransferase activity of 98.8
pmol/min per milligram protein, which was more than 4-fold higher
than that of human kidney and intestinal microsomes (23.6 and 12.6
pmol/min per milligram protein, respectively). Kinetic analysis of doti-
nurad glucuronidation in HLMs and HKMs was performed. The glucur-
onidation in HLM followed the two-enzyme Michaelis-Menten kinetics,
showing a biphasic Eadie-Hofstee plot, whereas the glucuronidation in
HKM followed the Michaelis-Menten kinetics, showing a linear Eadie-
Hofstee plot (Fig. 3; Table 1). The apparent Km_HA and Km_LA of doti-
nurad glucuronidation in HLMs were 42.2 ± 16.5 and 48,030 ± 820,500
mM and the Vmax_HA and Vmax_LA were 166.5 ± 29.2 and 8564 ±
144,000 pmol/min per milligram protein (mean ± S.E.), respectively.
The apparent Km and Vmax of dotinurad glucuronidation were 505.1 ±
196.4 mM and 263.7 ± 62.4 pmol/min per milligram protein in HKMs,
respectively. The Km of HKM was approximately 12-fold higher than
the Km_HA of HLM. With respect to the low-affinity component in
HLM, Vmax could not be calculated accurately due to the lack of high-
concentration data.

Fig. 2. Glucuronidation of dotinurad in pooled human tissue microsomes (liver,
intestine, and kidney). Glucuronosyltransferase activities were determined as
described in the Materials and Methods. Dotinurad concentration and microsome
protein concentration were 50 mM and 0.5 mg/ml, respectively. Each column rep-
resents the mean ± S.D. of triplicate determinations.
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Glucuronidation of Dotinurad by Recombinant Human UGT
Isoforms. The glucuronosyltransferase activities of 13 recombinant
UGT isoforms (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7,
UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B10,
UGT2B15, and UGT2B17) for dotinurad were determined. Figure 4
shows that UGT1A3 exhibited a high glucuronosyltransferase activity
(231.1 pmol/min per milligram protein) and that UGT1A1, 1A7, 1A8,

1A9, and 2B7 exhibited activities of 30.9, 8.4, 44.4, 25.6, and 21.9
pmol/min per milligram protein, respectively. No other UGT isoforms
showed glucuronosyltransferase activity (limit of quantification: 6.7
pmol/min per milligram protein, calculated from quantitative value,
reaction time, and protein concentration).
Inhibition Analysis of Glucuronidation in HLMs and HKMs.

The effects of bilirubin, imipramine, diflunisal, and AZT on the

Fig. 3. Kinetics of glucuronidation in pooled HLMs (A)
(with or without 1% BSA) and HKMs (B) (with or without
1% BSA). Glucuronosyltransferase activities were deter-
mined as described in the Materials and Methods. Each
point represents the mean ± S.D. of triplicate determina-
tions. Solid circles, without 1% BSA; open circles, with 1%
BSA. Each inset shows the Eadie-Hofstee plot of the exper-
imental data. Dotinurad concentrations are unbound in the
case of the reaction condition in the presence of 1% BSA.

TABLE 1

Kinetic parameters of dotinurad glucuronidation using human tissue microsomes samples in the presence or absence of BSA
Dotinurad was incubated with pooled HLM or HKM samples for 30 (HLMs) or 60 min (HKMs) without or with 1% BSA. The Km and Vmax values were estimated

from the fitted curves using the Michaelis-Menten or the two-enzyme Michaelis-Menten equations. Each value represents the mean ± S.E. of triplicate determinations.

Fraction Condition Km or Km_HA Vmax or Vmax_HA Km_LA Vmax_LA

lM pmol/min per milligram protein lM pmol/min per milligram protein
HLMs (�)1% BSA 42.2 ± 16.5 166.5 ± 29.2 48,030 ± 820,500 8564 ± 144,000

(1)1% BSAa 72.2 ± 11.7 684.3 ± 48.7 — —

HKMs (�)1% BSA 505.1 ± 196.4 263.7 ± 62.4 — —

(1)1% BSAa 162.8 ± 21.0 440.2 ± 33.3 — —

aKm, unbound concentration in the case of the reaction condition in the presence of 1% BSA.
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catalysis of dotinurad glucuronidation in HLMs and the effects of diflu-
nisal and AZT on the catalysis of dotinurad glucuronidation in HKMs
were tested. Bilirubin, imipramine, and diflunisal inhibited dotinurad
glucuronidation in HLMs, and the percentages of inhibition were 45.5%,
22.3%, and 22.2% at 10, 100, and 50 mM, respectively (Fig. 5A). How-
ever, the inhibitory effects of AZT against dotinurad glucuronidation in
HLMs were scarcely observed. The percentage of inhibition was 2.3%
at 1 mM (Fig. 5A). Diflunisal and AZT inhibited dotinurad glucuronida-
tion in HKMs, and the percentages of inhibition were 61.1% and 17.5%
at 50 mM and 1000 mM, respectively (Fig. 5B).
Kinetic and Inhibition Analysis of Dotinurad Glucuronidation

in HLMs and HKMs with 1% BSA. Kinetic analysis of dotinurad
glucuronidation in HLMs and HKMs with 1% BSA was conducted. The
glucuronidation in HLM followed the Michaelis-Menten kinetics, showing
a biphasic Eadie-Hofstee plot, whereas the glucuronidation in HKM fol-
lowed the Michaelis-Menten kinetics, showing a linear Eadie-Hofstee plot
(Fig. 3; Table 1). The dotinurad concentration used for the analysis was
that unbound in the reaction mixture (Supplemental Table 1). The appar-
ent Km and Vmax of dotinurad glucuronidation in HLMs were 72.2 ±
11.7 mM and 684.3 ± 48.7 pmol/min per milligram protein (mean ± S.
E.), respectively. The apparent Km and Vmax of dotinurad glucuronidation
were 162.8 ± 21.0 mM and 440.2 ± 33.3 pmol/min per milligram protein
in HKMs, respectively.
The effects of diflunisal and AZT on dotinurad glucuronidation in

pooled HLMs and pooled HKMs with 1% BSA were also evaluated.
Diflunisal and AZT inhibited dotinurad glucuronidation in HLMs, with
the percentage of inhibition being 21.1% and 13.4% at 500 and 1200
mM, respectively (Fig. 6A). Diflunisal and AZT inhibited dotinurad glu-
curonidation in HKMs, with the percentage of inhibition being 49.4%
and 32.5% at 500 and 1200 mM, respectively (Fig. 6B). The concentra-
tions of inhibitors were adjusted while considering protein binding in
the reaction mixture. The unbound concentration of diflunisal in the
reaction mixtures without 1% BSA was 38.5 mM upon adding 50 mM
diflunisal, whereas that with 1% BSA was 46.8 mM upon adding 500
mM diflunisal (Supplemental Table 2). AZT concentration was selected
based on the unbound fraction rate reported by Kilford et al. (2009): 0.6
in the absence of 2% BSA and 0.49 in the presence of 2% BSA.
Sulfation of Dotinurad by Human Tissue Cytosol Samples.

The sulfotransferase activities for dotinurad in pooled human tissue
cytosol samples (liver, intestine, kidney, and lung) were determined.
Figure 7 shows that HIC samples exhibited a sulfotransferase activity of
29.0 pmol/min per milligram protein, which was more than 3.9-fold
higher than that of human liver, kidney, and lung cytosol samples (7.5,

0.5, and 1.5 pmol/min per milligram protein, respectively). Kinetic anal-
ysis of dotinurad sulfation in HLC and HIC samples was performed. In
HLC, the sulfation followed the two-enzyme Michaelis-Menten kinet-
ics, showing a biphasic Eadie-Hofstee plot, whereas in HIC, the sulfa-
tion followed the Michaelis-Menten kinetics, showing a biphasic Eadie-
Hofstee plot (Fig. 8; Table 2). The apparent Km_HA and Km_LA of

Fig. 4. Screening of UGT isoforms for the glucuronide
conjugate from dotinurad at a concentration of 10 mM.
Each column represents the mean ± S.D. of triplicate
determinations. The lower limit of quantification of the
assay under this condition was 6.7 pmol/min per milligram
protein.

Fig. 5. Effects of bilirubin, imipramine, diflunisal, and AZT on dotinurad glucur-
onidation in pooled HLMs (A) and effects of diflunisal and AZT on dotinurad
glucuronidation in pooled HKMs (B). The glucuronosyltransferase activities for
dotinurad were measured at a concentration of 10 mM under coincubation with
either 10 mM bilirubin, 100 mM imipramine, 50 mM diflunisal, or 1000 mM AZT.
The control activities for dotinurad glucuronidation in the pooled HLMs and
HKMs in the absence of inhibitors were 90.9 and 23.9 pmol/min per milligram
protein, respectively. Each column represents the mean ± S.D. of triplicate
determinations.
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dotinurad sulfation in HLCs were 8.4 ± 3.4 and 279.4 ± 111.4 mM, and
the Vmax_HA and Vmax_LA were 6.3 ± 1.5 and 16.3 ± 1.1 pmol/min per
milligram protein (mean ± S.E.), respectively. The apparent Km and
Vmax of dotinurad sulfation in HICs were 305.6 ± 128.8 mM and
124.7 ± 26.8 pmol/min per milligram protein, respectively.
Sulfation of Dotinurad by Recombinant Human SULT Iso-

forms. The sulfotransferase activities of eight recombinant SULT iso-
forms (SULT1A1*1, SULT1A2, SULT1A3, SULT1B1, SULT1C2,

SULT1C4, SULT1E1, and SULT2A1) for dotinurad were determined.
Figure 9 shows that SULT1A3, SULT1B1, SULT1C4, and SULT1E1
exhibited relatively high sulfotransferase activities of 658.7, 438.5, 473.3,
and 1074.7 pmol/min per milligram protein, respectively. Although the
sulfotransferase activities of other SULTs were low (SULT1A1*1,
SULT1A2, SULT1C2, and SULT2A1: 111.3, 90.0, 88.2, and 110.3
pmol/min per milligram protein, respectively), all SULT isoforms used in
this study catalyzed the formation of the sulfate conjugate.
Inhibition Analysis of Sulfation in HLC and HIC Samples.

The effects of gavestinel and salbutamol on the catalysis of dotinurad
sulfation in pooled HLC and pooled HIC samples were tested. The per-
centages of inhibition of gavestinel for dotinurad sulfation in HLCs and
HICs were 15.3% and 6.6%, respectively, at a concentration of 10 mM
(Fig. 10, A and B). Salbutamol inhibited dotinurad sulfation in HICs,
with a percent inhibition of 68.4% at 10 mM (Fig. 10B).

Discussion

The present study aimed to identify the human UGT and SULT iso-
forms responsible for dotinurad glucuronidation and sulfation. First,
dotinurad glucuronidation by HLMs, HIMs, and HKMs was examined
(Fig. 2). The glucuronidation activities of HLMs, HIMs, and HKMs
against dotinurad, corrected by the microsome content of the liver,
intestine, and kidney (40.0 mg/g liver, 20.6 mg/g intestine mucosal
scrapings, and 11.1 mg/g kidney), as well as organ weights (21.4 g
liver/kg, 1.35 g intestine mucosal scrapings/kg, and 4.5 g kidney/kg)
(Gibbs et al., 1998; Cubitt et al., 2011; Scotcher et al., 2017), were
84.6, 0.3, and 1.1 nmol/min per kilogram, respectively, suggesting that

Fig. 6. Effects of diflunisal and AZT on dotinurad glucuronidation in pooled
human liver microsomes with 1% BSA [HLMs (A)] and pooled human kidney
microsomes with 1% BSA [HKMs (B)]. The glucuronosyltransferase activities
for dotinurad were measured at a total concentration of 50 mM (HLMs) or 150
mM (HKMs) under coincubation with either 500 mM diflunisal or 1200 mM AZT.
The control activities for dotinurad glucuronidation in the pooled HLMs and
pooled HKMs with 1% BSA in the absence of inhibitors were 59.8 and 52.9
pmol/min per milligram protein, respectively. Each column represents the mean ±
S.D. of triplicate determinations.

Fig. 7. Sulfation of dotinurad in pooled human tissue cytosol samples (liver,
intestine, kidney, and lung). Sulfotransferase activities were determined as
described in the Materials and Methods. Dotinurad concentration and cytosol pro-
tein concentration were 50 mM and 0.1 (intestine only) or 0.5 mg/ml, respec-
tively. Each column represents the mean ± S.D. of triplicate determinations.

Fig. 8. Kinetics of sulfation in pooled human liver cytosol [HLC (A)] and human
intestine cytosol [HIC (B)] samples. Sulfotransferase activities were determined
as described in the Materials and Methods. Each point represents the mean ±
S.D. of triplicate determinations, and each inset shows the Eadie-Hofstee plot of
the experimental data.
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dotinurad glucuronide conjugate was generated primarily in the liver.
Kinetic analysis revealed that the Eadie-Hofstee plot of dotinurad glu-
curonidation in HLMs was biphasic (Fig. 3A), indicating that multiple
UGTs were involved in dotinurad glucuronidation in HLMs. Next, doti-
nurad glucuronidation in the presence of 13 commercially available
recombinant human UGTs was examined. Among them, dotinurad glu-
curonidation activities of UGT1A1, UGT1A3, UGT1A7, UGT1A8,
UGT1A9, and UGT2B7 were observed (Fig. 4). UGT1A1, UGT1A3,
UGT1A9, and UGT2B7 are expressed in the liver. The protein levels of
these isoforms in HLMs were 124, 20.6, 61.1, and 200 pmol/mg pro-
tein, respectively. However, UGT1A7 and UGT1A8 are not expressed
in the liver (Sato et al., 2014). Therefore, as the UGT isoforms involved
in dotinurad glucuronidation are thought to be UGT1A1, UGT1A3,
UGT1A9, and UGT2B7, the contribution of each UGT isoform to doti-
nurad glucuronidation was investigated via an inhibition study (Fig. 5).
The percentages of inhibition in HLMs were 45.5%, 22.3%, 22.2%, and
2.3%, relative to control activity, when bilirubin, imipramine, diflunisal,
and AZT were added, respectively. In the preliminary study, we deter-
mined whether each inhibitor was selective against UGT1A1,
UGT1A3, UGT1A9, or UGT2B7. Treatment with 100 mM bilirubin
resulted in inhibition overestimation as it inhibited dotinurad glucuroni-
dation by other UGTs besides UGT1A1 by approximately 50%. There-
fore, although the percent inhibition by 10 mM bilirubin (45.5%) did
not accurately demonstrate the contribution of UGT1A1 to dotinurad
glucuronidation due to weak inhibition, we considered UGT1A1 to be
involved in dotinurad glucuronidation. With respect to the other inhibi-
tors, imipramine inhibited UGT1A1 (percent inhibition; 25.8%), UGT1A3
(71.6%), UGT1A9 (0.0%), and UGT2B7 (47.3%); diflunisal inhibited
UGT1A1 (29.0%), UGT1A3 (9.3%), UGT1A9 (94.0%), and UGT2B7
(20.4%); and AZT inhibited UGT1A1 (�2.2%), UGT1A3 (�5.5%),
UGT1A9 (13.7%), and UGT2B7 (76.7%). The glucuronidation activities
of UGT1A9 and UGT2B7 might have been underestimated due to

inhibition by fatty acid in microsomes. Therefore, we conducted a study in
which 1% BSA was added to the reaction mixtures for trapping fatty acids.
The Km of dotinurad glucuronidation in HKMs with 1% BSA was lower
than that of HKMs without 1% BSA, whereas the Vmax in HKMs with
1% BSA was higher than that without 1% BSA (Table 1). Furthermore,
although dotinurad glucuronidation in HLMs with 1% BSA did not fit the
two-enzyme Michaelis-Menten equation well, it is possible that UGT1A9
and UGT2B7 are low-affinity components in HLMs, considering the Km

of HKMs. Additionally, AZT inhibited dotinurad glucuronidation in
HLMs and HKMs with 1% BSA more strongly than it did without 1%
BSA (Figs. 5 and 6). The contribution of UGT2B7 to dotinurad glucuroni-
dation was attributed to 1% BSA. These results suggest that dotinurad glu-
curonidation is catalyzed primarily by UGT1A1, UGT1A3, UGT1A9, and
UGT2B7.
Dotinurad sulfation by human liver, intestine, kidney, and lung cyto-

sol samples was also examined (Fig. 7). The sulfation activities of
HLCs and HICs for dotinurad were high. These activities were then cor-
rected by the cytosol content of liver and small intestine (80.7 mg/g
liver and 18.0 mg/g intestine mucosal scrapings) and organ weight
(21.4 g liver/kg and 1.35 g intestine mucosal scrapings/kg) (Gibbs et al.,
1998; Cubitt et al., 2011), yielding values of 13.0 and 0.7 nmol/min per
kilogram, respectively, suggesting that dotinurad sulfate conjugate was
generated primarily in the liver. Kinetic analysis revealed that the
Eadie-Hofstee plots of dotinurad sulfation in HLCs and HICs were
biphasic (Fig. 8, A and B), indicating that several SULTs were involved
in dotinurad sulfation. Next, dotinurad sulfation by eight commercially
available recombinant human SULTs was examined (Fig. 9). The sulfa-
tion activities of all SULT isoforms for dotinurad were observed.
Among them, SULT1A1, SULT1A3, SULT1B1, SULT1E1, and
SULT2A1 are important SULT isoforms, and their expression levels in
humans have been reported (Riches et al., 2009). SULT1A1 and
SULT2A1 may contribute to dotinurad sulfation, considering the

TABLE 2

Kinetic parameters of dotinurad sulfation using HLCs or HICs
Dotinurad was incubated with HLCs or HICs samples for 30 (HICs) or 60 min (HLCs). The Km and Vmax values were estimated from the fitted curves using the

Michaelis-Menten or the two-enzyme Michaelis-Menten equation. Each value represents the mean ± S.E. of triplicate determinations.

Fraction Km or Km_HA Vmax or Vmax_HA Km_LA Vmax_LA

lM pmol/min per milligram protein lM pmol/min per milligram protein
HLCs 8.4 ± 3.4 6.3 ± 1.5 279.4 ± 111.4 16.3 ± 1.1
HICs 305.6 ± 128.8 124.7 ± 26.8 — —

Fig. 9. Screening of SULT isoforms for the sulfate conju-
gate from dotinurad at a concentration of 10 mM. Each
column represents the mean ± S.D. of triplicate determina-
tions. The lower limit of quantification of the assay under
this condition was 2 (1C2 and 2A1), 4 (1A1 and 1B1),
and 20 (1A2, 1A3, 1C4, and 1E1) pmol/min per milligram
protein.
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amount of expression in the human liver. Additionally, an inhibition
study was conducted using selective and potent inhibitors observed during
the preliminary study [gavestinel inhibited SULT1A1 (19.6%), SULT1A3
(2.3%), SULT1B1 (98.1%), SULT1E1 (20.9%), and SULT2A1 (21.9%),
and salbutamol inhibited SULT1A1 (11.7%), SULT1A3 (84.8%), SULT-
1B1 (�12.4%), SULT1E1 (�7.0%), and SULT2A1 (�7.8%)]. The per-
cent inhibition in HLCs was 15.3%, relative to control activity,
when gavestinel, a SULT1B1 inhibitor, was added (Fig. 10A).
These results suggest that dotinurad sulfation is catalyzed by
more than one SULT isoform, although the contribution of each
SULT isoform is unclear. The contribution of SULT1A3 was
low, possibly as a result of the lack of its expression in the
human liver. However, salbutamol strongly inhibited dotinurad
sulfation in HIC samples; therefore, SULT1A3 may play an
important role in dotinurad sulfation in the gastrointestinal tract
when dotinurad is absorbed. However, the intestinal availability of
dotinurad is considered high, as the Vmax/Km of dotinurad in HICs
is very low (0.41 ml/min per milligram protein) in comparison with
the Vmax/Km of salbutamol (intestinal availability 5 0.7; Mizuma
et al., 2005) in SULT1A3 (230 ml/min per milligram protein) (Ko.
et al., 2012). Moreover, the bioavailability of dotinurad is also con-
sidered high because of the very low oral clearance of dotinurad
(0.013 l/h per kilogram; Omura et al., 2020).
For the safe usage of a drug, it is helpful to predict DDIs and the

interindividual variability in its metabolic activity. Dotinurad is mainly
eliminated through metabolic clearance, and 44.3% of the dose is

excreted via the urine as a glucuronide conjugate. Accordingly, we evalu-
ated drug interactions based on the inhibition of dotinurad glucuronida-
tion in HLMs using 21 drugs that are expected to be used concomitantly
with dotinurad in clinical situations. The result indicated that oxaprozin
was the most potent inhibitor of dotinurad glucuronidation (Supplemental
Table 3). However, the ratios of the area under the concentration-time
curve from time 0 to infinity and oral clearance after coadministration
with oxaprozin compared with those with the administration of dotinurad
alone were 1.165 and 0.858, respectively, in the clinical DDI study (Furi-
hata et al., 2020). The risk of DDIs caused by concomitant drugs that
inhibit UGTs is assumed to be low, as there are multiple UGTs involved
in dotinurad glucuronidation, and hence it is difficult for concomitant
drugs to inhibit all UGT isoforms.
Several single nucleotide polymorphisms, which are one of the causes

of interindividual differences, have been identified in the UGT and
SULT that are involved in dotinurad metabolism. For example, it has
been reported that the SN-38 glucuronidation activity of UGT1A1*28
[(TA)7TAA, instead of (TA)6TAA], is lower than that of wild-type
UGT1A1 (Iyer et al., 2002) and that examining the enzyme activities of
SULT1A1*1, *2, and *3 with various substrates showed that the Vmax

was *1 > *3 > *2, whereas the Km varied based on the substrate (Nagar
et al., 2006). The differences in the activity of the respective single
nucleotide polymorphisms are large; however, the overall change in the
activity of enzymes that catalyze dotinurad glucuronidation and sulfation
is suppressed because multiple UGT and SULT isoforms are involved in
dotinurad metabolism.
It has been reported that body fat area affects serum uric acid levels

(Takahashi et al., 1997; Matsuura et al., 1998), and therefore, it is highly
possible that patients with hyperuricemia with liver diseases, such as non-
alcoholic steatohepatitis or steatosis, will receive dotinurad. Moreover,
UGT and SULT expression in liver disease has been reported. Congiu et
al. (2002) reported that interindividual variation for UGT2B17 was the
greatest, whereas the expression of UGT2B7 was reduced to 38.4% to
that of the control level in biopsies from patients with high inflammation
scores. Furthermore, it has been reported that UGT1A9, SULT1A1, and
SULT2A1 protein levels are decreased in nonalcoholic steatohepatitis
(Hardwick et al., 2013), possibly because of the decrease in the activities
of certain UGT and SULT isoforms during liver disease. However, the
change in dotinurad metabolic clearance remains small as the activities
of several UGT and SULT isoforms are maintained. Indeed, no signifi-
cant differences in the pharmacokinetic parameters of dotinurad were
observed between subjects with hepatic impairment and those with nor-
mal hepatic function (Kumagai et al., 2020).
We do not consider DDI and the variability of metabolic activity to

cause limitation since dotinurad has a wide margin of safety, while sev-
eral other metabolic enzymes contribute to its metabolism. However, if
more information was available on selective inhibitors of UGT and
SULT, the predictability of DDIs or interindividual differences would
improve. In conclusion, dotinurad is a selective urate reabsorption inhib-
itor that can be safely used because of the small risk of DDIs and low
interindividual variability caused by the involvement of many UGT and
SULT isoforms in its metabolism.
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