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ABSTRACT

HR011303, a promising selective urate transporter 1 inhibitor, is
currently being studied in a phase III clinical trial in China for the
treatment of hyperuricemia and gout. In the current study, the phar-
macokinetics, mass balance, and metabolism of HR011303 were
examined in six healthy Chinese male subjects who received a sin-
gle oral dose of 10 mg of [14C]HR011303 (80 mCi). The results
showed that HR011303 was rapidly absorbed with a median time to
reach Cmax of 1.50 hours postdose, and the arithmetic mean half-
life of total radioactivity was approximately 24.2 hours in plasma.
The mean blood-to-plasma radioactivity concentration ratio was
0.66, suggesting the preferential distribution of drug-related com-
ponents in plasma. At 216 hours postdose, the mean cumulative
excreted radioactivity was 91.75% of the dose, including 81.50% in
urine and 10.26% in feces. Six metabolites were identified, and the
parent drug HR011303 was themost abundant component in plasma
and feces, but a minor component in urine. Glucuronidation of the

carboxylic acidmoiety of HR011303 was the primarymetabolic path-
way in humans, amounting to 69.63% of the dose (M5, 51.57% of the
dose; M5/2, 18.06% of the dose) in the urine; however, it was not
detected in plasma. UDP-glucuronosyltransferase (UGT) 2B7 was
responsible for the formation of M5. Overall, after a single oral dose
of 10 mg of [14C]HR011303 (80 mCi), HR011303 and its main metabo-
lites were eliminated via renal excretion. The major metabolic path-
way was carboxylic acid glucuronidation, which was catalyzed
predominantly by UGT2B7.

SIGNIFICANCE STATEMENT

This study determined the absorption and disposition of HR011303,
a selective urate transporter (URAT) 1 inhibitor currently in develop-
ment for the treatment of hyperuricemia and gout. This work helps
to characterize the major metabolic pathways of new URAT inhibi-
tors and identify the absorption and clearancemechanism.

Introduction

Hyperuricemia results from a high concentration of serum urate in
the human body (Sui et al., 2008; Dong et al., 2019). According to the
report “Prevalence of hyperuricemia among Chinese adults,” nearly
9.9% of men and 7% of women in China suffer from this illness (Liu
et al., 2014). This condition is related to many chronic conditions, such

as gout and cardiovascular and renal diseases (Lee et al., 2012; Zoccali
and Mallamaci, 2013; Gliozzi et al., 2016). As the most common clini-
cal manifestation of hyperuricemia, gout is caused by the formation and
deposition of monosodium urate crystals (Punzi et al., 2012; Tian et al.,
2016) and may result in permanent joint destruction and kidney impair-
ment, thereby dramatically affecting the quality of life of patients when
left untreated or inadequately managed (Richette and Bardin, 2010).
With improvements in human quality of life and dietary habits, the

concentration of urate in the human body has greatly increased; there-
fore, the global incidence of hyperuricemia and gout has gradually risen
and the age of the patients has decreased (Liu et al., 2014; Kuo et al.,
2015). Urate is metabolically degraded from purine nucleotides, nucleo-
sides, and inosine, which are abundant in food. In most species, uricase
easily converts urate into allantoin, which is 10 times more water-solu-
ble, for elimination (Richette and Bardin, 2010; Burns and Wortmann,
2011). However, humans lack this enzyme (Tian et al., 2016). One-third
of urate is excreted via the gastrointestinal tract and two-thirds via the
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kidney; however, 90% of the urate filtered by the kidney is reabsorbed
by the body (Hyndman et al., 2016; Maiuolo et al., 2016). Among
patients with hyperuricemia and gout, 90% have impaired renal urate
excretion and 10% are overproducers (Punzi et al., 2012). Therefore,
drug candidates must be developed to reduce urate levels in the human
body.
The currently available drugs for the clinical treatment of hyperurice-

mia and gout can be roughly classified into three groups. One group is
uric acid decomposition drugs, such as rasburicase and pegloticase;
however, their utilization is restricted by severe side effects and high
cost (Lipsky et al., 2014). The second group is xanthine oxidase inhibi-
tors (XOIs), which inhibit the conversion of xanthine into uric acid.
Although XOIs show advantages to treat hyperuricemia and gout, their
side effects, such as severe allergic reactions, diarrhea, and drowsiness,
cannot be ignored (Pacher et al., 2006; Jordan and Gresser, 2018). The
third group is uricosuric agents, and the representative drugs of this
group are the highly selective urate transporter (URAT) 1 inhibitors.
URAT1 inhibitors are usually employed to interrupt the reabsorption of
uric acid that has been filtered by the kidney (Hediger et al., 2005;
Sakiyama et al., 2016). URAT1 is prominently expressed in the epithe-
lial cells of the proximal tubules in the renal cortex and has become a
research hotspot (Kuo et al., 2017; Dong et al., 2019; Novikov et al.,
2019). However, the current clinically available URAT1 inhibitors are
limited because of their severe adverse reactions. For example, lesi-
nurad, the most commonly used URAT1 inhibitor in the clinic, was
approved for use only in combination with a XOI for the treatment of
hyperuricemia and gout (Hoy, 2016). Hence, novel URAT1 inhibitors
to control urate levels in patients are urgently needed.
HR011303 is a drug candidate developed by Jiangsu Hengrui Medi-

cine Co., Ltd., and it is currently undergoing phase III clinical trials in
China for the treatment of hyperuricemia and gout (Peng et al., 2016).
Previous studies have shown that HR011303 substantially decreases
serum urate levels (Dong et al., 2019). Preclinical pharmacology studies
revealed that HR011303 is a potent and selective URAT1 inhibitor and
holds great potential for the treatment of the above diseases (Peng et al.,
2016; Wang et al., 2019).

Although HR011303 shows potential as a first-line medicine, its
human metabolite profile and pharmacokinetic properties have not yet
been reported. In this study, [14C]HR011303 was administered to
healthy Chinese male subjects to (1) investigate the pharmacokinetics,
mass balance, and biotransformation of HR011303 in humans; (2) quan-
tify the predominant drug-related components in human plasma; and (3)
identify the enzymes responsible for HR011303 glucuronidation by
using human liver microsomes (HLMs), human kidney microsomes
(HKMs), and recombinant UDP-glucuronosyltransferases (UGTs).

Materials and Methods

Chemicals and Reagents
HR011303 (chemical purity, 98.40%), [14C]HR011303 (chemical purity,

98.77%; specific activity, 58.0 mCi/mmol; radiochemical purity, 99.08%), M5
(chemical purity, 95.40%), and internal standard (IS) SHR144764 (chemical
purity, 98.20%) were supplied by Jiangsu Hengrui Medicine Co., Ltd. (Shanghai,
China). Ammonium acetate and formic acid (FA) were supplied by Sinopharm
Chemical Reagent Co., Ltd., (Shanghai, China) and Rhawn Chemical Reagent
Co., Ltd. (Shanghai, China), respectively. Niflumic acid, fluconazole, carboxy-
methyl cellulose sodium (CMC-Na), uridine 50-diphosphoglucuronic acid
(UDPGA), alamethicin, phosphate buffer saline (PBS), and Tris-HCl were pur-
chased from Meilunbio (Dalian, China). A mixed gender pool of 150 HLMs and
recombinant UGTs were supplied by Corning Gentest (Woburn, MA), and a
mixed gender pool of eight HKMs was supplied by Sekisui Xenotech (Kansas
City, KS). A Milli-Q integral water purification system (Millipore, Molsheim,
France) was used to produce ultrapure water, and high performance liquid chro-
matography-grade acetonitrile and methanol were purchased from Sigma (St.
Louis, MO). All other chemicals were of analytical grade.

In brief, 5.77 mg of [14C]HR011303 sodium salt (approximately
800 mCi) was dissolved in 480 mL of 0.5% CMC-Na (US Pharmacopeia
grade) solution and then equally aliquoted into 10 bottles with each bottle
containing 80 mCi of [14C]HR011303. Next, a 10 mg HR011303 tablet was
ground and suspended in 20 mL of 0.5% CMC-Na solution, and the sus-
pension was transferred to each bottle containing [14C]HR011303 suspen-
sions. The volume of the resulting suspensions was adjusted to 80 mL with
0.5% CMC-Na solution. Before the day of administration, the prepared oral
suspension was preserved at approximately �80�C. The 14C was labeled
on the benzene ring as shown in Fig. 1.

Fig. 1. Extracted ion chromatograms, product ion spectra, and proposed fragmentation patterns of HR011303 (A, B) and M5 (C, D). * indicates 14C labeled position.
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Instruments and Conditions
The instruments, parameters for the high-resolution mass spectrometry mass

conditions, and data acquisition and analyses were the same as those previously
described (Zheng et al., 2021). Separation of the analytes was achieved with an
HSS T3 C18 column (100 × 2.1 mm, 1.8 mm; Waters, Milford, MA) at 40�C.
The mobile phase, consisting of 5 mM ammonium acetate in water with 0.05%
FA (A) and acetonitrile (B), was delivered at a constant flow rate of 0.5 mL/min.
The gradient elution program was as follows: 0.0 minutes, 5% B; 3.0 minutes,
5% B; 24.0 minutes, 40% B; 26.0 minutes, 95% B; 28.8 minutes, 95% B; 28.9
minutes, 5% B; and 35.0 minutes, 5% B.

Study Subjects and Sample Collection
This open-label, single-center, single-dose study was conducted in six healthy

Chinese male subjects (ages 24–34 with body mass indexes of 21.2–25.2 kg/m2)
at the First Affiliated Hospital of Soochow University (Suzhou, China) in accor-
dance with the Declaration of Helsinki. All participants provided written
informed consent, and all study-relevant materials were approved by the Hospital
Ethics Committee. Plasma, urine, and fecal samples were collected 0–216 hours
after oral administration. The discharge criteria were the same as those from a
previous report (Bian et al., 2020; Zheng et al., 2021). Each of the six subjects
received a single oral dose of 10 mg of [14C]HR011303 (80 mCi) as a suspension
after fasting for at least 10 hours. The bottle used for administration was rinsed
with pure water, and the volunteers consumed the rinse fluids within 10 minutes
(the total consumed fluid was approximately 240 mL). The subjects were forbid-
den to drink water for 1 hour and fasted for 4 hours after taking the drug. Eleven
mL of whole blood was collected at predose and 1, 2, 4, 12, 24, and 48 hours
postdose. From these samples, 1 mL of blood was aliquoted into two vials (0.5
mL for each vial) and the remaining blood (10 mL) was centrifuged to yield
plasma. Afterward, 3.2 mL and 0.8 mL of plasma were immediately mixed with
160 mL and 40 mL protease inhibitor cocktail, respectively, in an ice-water bath.
At 0.25, 0.5, 1.5, 3, 6, 8, 10, 72, 96, 120, 144, 168, 192, and 216 hours postdose,
4 mL of whole blood was collected and centrifuged to yield plasma. Afterward,
1.2 mL and 0.4 mL of plasma were immediately mixed with 60 mL and 20 mL
protease inhibitor cocktail, respectively, in an ice-water bath. Whole blood and
plasma samples were preserved at approximately �80�C until analysis. Urine
samples were collected at predose and for 0–4, 4–8, 8–12, and 12–24 hours post-
dose and every 24 hours thereafter until 216 hours. Feces samples were collected
at predose and every 24 hours thereafter until 216 hours. The urine and fecal
samples were preserved at approximately �20�C until analysis.

Total Radioactivity Analysis
A liquid scintillation counter (TriCarb 3110TR, PerkinElmer, Waltham, MA)

was used to measure the total radioactivity in the plasma and urine. Each fecal
sample was mixed with acetonitrile–water (1:1, v:v) at twice the weight of feces,
and then homogenized. Blood and fecal homogenates were aliquoted and com-
busted using an OX-501 Biologic Oxidizer (Harvey, Tappan, NY), and the prod-
uct of combustion, trapped as 14CO2, was mixed with alkaline RDC scintillation
fluid (RDC, Hillsdale, NJ) and measured using a liquid scintillation counter.

Sample Preparation for Metabolic Radio-Profiling
Plasma. Plasma (6.0 mL) was pooled from the six subjects according to the

Hamilton pooling principle (Hop et al., 1998). A 4.5 mL aliquot of plasma was
treated according to the same method as that described in a previous study to
obtain 380 mL of reconstitution solution (Zheng et al., 2021). Sixty microlitre of
plasma reconstitution solution was injected into an ultra-high performance liquid
chromatography (UHPLC) Fraction Collector (Thermo) to obtain the eluent,
which was then collected in Deepwell LumaPlate 96-well plates (PerkinElmer)
for the first 29 minutes with every 10-second fraction and chant into one to per
well. A Sense Beta plate reader (Hidex, Turku, Finland) was used to measure the
radioactivity values of each well after the plates were dried at room temperature
in the airing chamber overnight. Subsequently, the data obtained from the Sense
Beta were reconstructed into a radio-chromatogram by Laura software (Lab-
Logic, Broomhill, Sheffield, United Kingdom). In addition, 10 mL of reconstitu-
tion solution was used for mass spectrometry (MS) analysis.

Urine and Feces. The methods of pooling urine for 0–48 hours and feces for
0–72 hours from the six subjects, as well as sample preparation to obtain the cor-
responding reconstitution solutions (urine, 550 mL; feces, 200 mL), were the
same as those in a published article (Zheng et al., 2021). Ten microlitre of urine

reconstitution was used for radio-profiling in b-RAM (LabLogic), and 5 mL of
reconstitution solution was used for MS analysis. Moreover, 40 mL of fecal
reconstitution solution was used for radio-profiling using the same method as
that for plasma, and 7 mL of reconstitution solution was used for MS analysis.

The recovery from the plasma, urine, and fecal samples after each step of
preparation was greater than 90%.

Metabolite Identification
Mass spectral fragmentations of the parent compound (HR011303) and refer-

ence substance (the glucuronide metabolite, M5) were used to identify the metab-
olite structures via UHPLC-Q Exactive Plus MS. The bromine isotopic
distribution pattern was also used for metabolite identification. Metabolites with
a bromine atom display [M 1 H]1/[M 1 H1 2]1 isotopes in their full mass
spectrum with a relative abundance of approximately 1:1 aided in the identifica-
tion of metabolites.

Determination of Glucuronide Metabolite M5 in Human Plasma
Plasma samples pretreated with protease inhibitor cocktail were used to deter-

mine the concentrations of HR011303 and M5. The pretreated plasma was
spiked with IS working solution and vortexed, and then acetonitrile was added
for protein precipitation. HR011303, M5, and IS were separated on an HSS T3
column (50 × 2.1 mm, 1.8 mm; Waters) with the temperature maintained at
40�C. The mobile phase consisted of water with 0.3% FA and acetonitrile at a
flow rate of 0.6 mL/min. HR011303 and M5 were quantitated on a 6500 triple
quadrupole mass spectrometer (Sciex, Framingham, MA) coupled with an LC-
30AD high performance liquid chromatography system (Shimadzu, Kyoto,
Japan). The quantitative transition ion pairs were m/z 338.1!240.0 (HR011303),
m/z 514.1!338.2 (M5), and m/z 328.1!230.0 (IS). Data acquisition and proc-
essing were conducted using Analyst 1.6.2 software (Sciex). The calibration
curves were linear over the plasma concentration ranges of 10.0–10,000 and
0.500–500 ng/mL for HR011303 and M5, respectively. The lower limits of
quantification for HR011303 and M5 were 10.0 and 0.500 ng/mL, respectively.

Pharmacokinetics Analysis
The definitions and calculations of the pharmacokinetic parameters, blood-to-

plasma ratio, area under the curve (AUC) ratio of the parent and metabolites to
total radioactivity, and radioactivity excretion in urine and feces (percentage of
dose) were the same as those in an earlier report (Zheng et al., 2021).

In Vitro Incubations with UGTs
HR011303 was dissolved in methanol–water (1:1, v:v), and alamethicin was

dissolved in dimethyl sulfoxide (DMSO). Both stock solutions were serially
diluted with 50 mM Tris-HCl buffer (pH 7.5) to the desired concentrations. A
typical incubation system (200 mL of total volume) contained 50 mM Tris-HCl
buffer, 8 mM MgCl2, 25 mg/mL alamethicin, and 10 mM HR011303 with 1 of
13 commercially available recombinant UGT enzymes, namely, UGT1A1,
UGT1A3, UGT1A4, UGT1A5, UGT1A7, UGT1A8, UGT1A9, UGT1A10,
UGT2B4, UGT2B7, UGT2B10, UGT2B15, or UGT2B17. The final concentra-
tion of each recombinant enzyme was 0.5 mg protein/mL. After preincubation at
37�C for 3 minutes, the reactions were initiated by the addition of UDPGA dis-
solved in Tris-HCl buffer. The final UDPGA concentration was 2 mM. The reac-
tions were maintained at 37�C for 1 hour and terminated with an equal volume
of ice-cold acetonitrile containing 50 ng/mL IS. Incubations in the absence of a
recombinant UGT served as the negative control. Each incubation was conducted
in duplicate.

In Vitro Incubations of HR011303 in Pooled HLMs and HKMs
HLMs and HKMs were used to identify the UGTs that participate in M5 for-

mation. The assay conditions were the same as those for the incubation of
HR011303 with recombinant UGTs with one exception: 1 mg/mL HLMs or 1
mg/mL HKMs were used instead of 0.5 mg/mL recombinant UGT protein.

Different chemical inhibitors were used to determine their effects. Niflumic
acid is a specific inhibitor of UGT1A9, and fluconazole is an inhibitor of
UGT2B7. Fluconazole also shows an inhibitory effect on UGT2B4 at high con-
centrations (Al Saabi et al., 2013; Ram�ırez et al., 2015). Niflumic acid and flu-
conazole were dissolved in DMSO as stock solutions, and both stock solutions
were diluted with 50 mM Tris-HCl buffer (pH 7.5) to the desired concentrations.
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The other assay conditions were the same as those described above. Incubations
without inhibitor were normalized to 100%.

Stability Studies of M5 in PBS, Plasma, and Urine
A stock solution of M5 (10 mM) was diluted to 50 mM with PBS. The incu-

bation mixtures (100 mL of total volume) consisted of 10 mL of M5 solution and
90 mL of PBS, human plasma (5% volume of cocktail inhibitor or DMSO), or
human urine. M5 was incubated for the designed time and terminated with the
addition of 1000 mL of ice-cold acetonitrile (0.1% FA, IS: 100 ng/mL). Each
incubation was conducted in duplicate, and then the M5 concentration was quan-
tified using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Enzyme Kinetics Studies
Kinetics studies for UGT2B4 and UGT2B7 were conducted with recom-

binant UGT2B4 and UGT2B7 using a protein concentration of 0.25 mg/mL.
The ranges of HR011303 concentrations used to obtain kinetics profiles
were 0.1 to 100 mM, and the incubation time was 30 minutes for UGT2B4,
whereas the incubation time for UGT2B7 was 15 minutes. For the kinetics
studies, the formation rates of M5 were linear with respect to both UGTs
concentration and incubation time.

Enzyme Kinetics Data Analysis
The obtained data were used to draw Eadie-Hofstee curves, which contributed

to the evaluation of the kinetics models (Hutzler and Tracy, 2002). The kinetics
parameters were acquired by fitting the velocity data to appropriate kinetics mod-
els (1 and 2) using GraphPad Prism 8.0 software (GraphPad Software Inc., San
Diego, CA).

When the data fit the biphasic kinetics model, eq. 1 was applied (Leow and
Chan, 2019):

v ¼ Vmax1 � S½ �= Km1 þ S½ �ð Þ þ Vmax2 � S½ �= Km2 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. In
addition, Km1 represents the high-affinity component, and Km2 repre-
sents the low-affinity component (Km1 < Km2).
Equation 2 was used when the data fit the substrate inhibition kinetics model
(Leow and Chan, 2019).

v ¼ Vmax= 1 þ Km= S½ �� � þ S½ �= Kið Þ (2)

where Ki represents the dissociation constant for the inhibitory sub-
strate-enzyme-substrate complex.

Determination of Glucuronide Metabolite M5 in Vitro
In vitro samples were used to determine the M5 concentration. The analyte was
separated on an HSS T3 column (50 × 2.1 mm, 1.8 mm, Waters) with the tem-
perature maintained at 40�C. The mobile phase consisted of water with 0.3% FA
(A) and acetonitrile (B) at the flow rate of 0.4 mL/min. M5 was quantitated on a
6495 triple quadrupole mass spectrometer coupled with 1290 infinity UHPLC
system (Agilent, Santa Clara, CA). The quantitative transition ion pairs were m/z
514.1!338.2 (M5) and m/z 328.1!230.0 (IS).

Results

High Resolution Mass Spectrometry Analysis of HR011303 and M5
The fragmentation patterns of major product ions of HR011303 and

M5 were characterized on the basis of accurate mass measurements to
identify potential metabolites.
HR011303, C14H13O2NBrS, with [M1H]1 at m/z 337.9847, eluted

at 21.75 minutes and showed product ions at m/z 81.0341, 99.0443,
161.0294, and 239.9475 (Fig. 1, A and B). The fragment ions at
m/z 239.9475 and 99.0443 were generated by C-S cleavage, and m/z
161.0294 was produced by the further loss of a Br radical from
m/z 239.9475.
M5, C20H21O8NBrS, with [M1H]1 at m/z 514.0171, eluted at 19.69

minutes and showed product ions at m/z 99.0443, 161.0292, 239.9475,

and 337.9839 (Fig. 1, C and D). The fragment ion at m/z 337.9839 was
generated from the neutral loss of glucuronic acid (C6H8O6, -176.0324
Da). The other product ions were the same as those for HR011303.

Pharmacokinetics
Radio-pharmacokinetics. The total radioactivity concentration–time

profiles in the blood and plasma after a single oral administration of 10
mg of [14C]HR011303 (80 mCi) to healthy Chinese male subjects are
shown in Fig. 2A, and the related radioactive pharmacokinetic parame-
ters are summarized in Table 1. In plasma, the geometric mean Cmax of
the total radioactivity was 1730 ng eq./mL, and the geometric mean,
area under the curve from time 0 to infinity (AUCinf) value was

Fig. 2. Mean concentration of radioactivity in human blood and plasma and
mean concentration of HR011303 and M5 in human plasma (A); mean cumula-
tive excretion of total radioactivity in urine and feces after a single oral adminis-
tration of [14C]HR011303 (B). Each point represents the mean 1SD of six
subjects.

TABLE 1

Pharmacokinetic parameters of total radioactivity, HR011303, and M5 in plasma
after a single oral administration of [14C]HR011303 to healthy volunteers (mean

(s.d or cv%) using noncompartmental methods in Phoenix WinNonlin

Parameter Unit 14C Plasma HR011303 M5

Cmaxa ng eq./mL 1730 (12.0) 1840 (13.3) 20.5 (29.08)
AUClasta ng (eq.)/mL·h 15200 (23.9) 15900 (22.8) 165 (38.8)
AUCinfa ng (eq.)/mL·h 16100 (23.2) 16300 (22.4) 183 (35.7)
t1/2b h 24.2 (10.3) 16.6 (3.85) 12.7 (4.93)
Tmaxc h 1.50 (33.5) 1.25 (42.0) 3.00 (36.9)

AUClast, area under the curve from time 0 to the last measurable time point; Tmax, time to
reach Cmax.
aGeometric mean (cv%).
bArithmetic mean (s.d).
cMedian mean (s.d).
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16,100 ng eq./mL·h. The median time to reach Cmax of plasma was
approximately 1.50 hours, and the arithmetic mean half-life (t1/2) was
approximately 24.2 hours. The blood-to-plasma ratio of the radioactivity
was 0.66.

LC-MS/MS quantification of HR011303 and M5 in plasma. The
mean plasma concentration–time curves of HR011303 and M5 are
shown in Fig. 2A, and their pharmacokinetic parameters are presented
in Table 1. The arithmetic mean t1/2 was 16.6 hours for HR011303 and

Fig. 3. Representative radio-chromatograms of the metabolites in human plasma (0–24 hours), urine (0–48 hours), and feces (0–72 hours) after oral administration of
10 mg of [14C]HR011303 (80 mCi).
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12.7 hours for M5. The geometric mean Cmax was 1840 ng/mL for
HR011303 and 20.5 ng/mL for M5. The geometric mean exposure
(AUCinf) was 16,300 ng/mL·h for HR011303 and 183 ng/mL·h for M5.
According to the AUCinf ratios, HR011303 was the most abundant
drug-related component, accounting for 101.26%, and M5 was a minor
component constituting 1.16% of the total radioactivity in plasma.

Mass Balance
For the six healthy Chinese male subjects who received 10 mg of

[14C]HR011303 (80 mCi) orally, the mean total radioactivity recovery
was 91.75% (range 86.94%–96.56%) after 216 hours. Urine excretion
was the predominant route of elimination constituting 81.50% of the
administered dose, and fecal excretion accounted for 10.26%. The total
recovery of radioactivity in the urine and feces from 0–96 hours after
dosing was 89.40%, as shown in Fig. 2A.

Metabolite Profiling and Identification
The radio-chromatograms of the 0–24 hours plasma, 0–48 hours

urine, and 0–72 hours fecal samples are shown in Fig. 3. The identities
of six proposed metabolites, including their biotransformation, elemental
composition, protonated m/z ([M 1 H]1) values (measured), mass
error, and characteristic fragment ions, are summarized in Table 2.
Table 3 lists the metabolites and their abundances as a percentage of the
dose in urine, feces, and plasma. They are named by their molecular
weight prefixed with “M,” except for the reference standard and its
isomers.
Plasma. Two radio-chromatographic peaks were identified in the

AUC-pooled 0–24 hours plasma (Fig. 3A). Unchanged HR011303 was
the predominant drug-related component accounting for 87.93%, and
M293 was a minor component constituting 3.46% of the total radioac-
tivity in plasma.

M293. Metabolite M293 had a protonated molecular [M 1 H]1 of
m/z 293.9944 with a retention time of 28.02 minutes. The formula was
C13H13NBrS based on the exact mass measurement, with the loss of
CO2 compared with HR011303. The major product ions of M293 were
m/z 161.0291 and 239.9472 (Fig. 4, A and B), which were the same as
those for HR011303. This suggested that M293 was a decarboxylated
metabolite of HR011303.
Urine. Three radio-chromatographic peaks, including HR011303, were

identified in the 0–48 hours pooled urine sample (Fig. 3B). HR011303
and two other abundant metabolites, M5 and M5/2, accounted for 4.62%,
51.57%, and 18.06% of the dose, respectively.
M5. The protonated molecular ion ([M 1 H]1) of M5 was detected

at m/z 514.0171. The formula was C20H21O8NBrS based on the exact
mass measurement. Comparison of the retention time and LC-MS/MS
spectrum with the reference standard confirmed the structure as M5
(Fig. 4, C and D).
M5/2. M5/2 had a protonated molecular ion ([M 1 H]1) of m/z

514.0160 (176.0315 Da greater than HR011303) and the same molecular
weight as M5. The calculated elemental composition was C20H21O8NBrS,
indicating that M5/2 was generated through HR011303 glucuronidation.
The product ions m/z 99.0442, 161.0293, 239.9472, and 337.9836 were
the same as those of M5, implying that M5/2 and M5 were isomers
(Fig. 4, E and F). The position of glucuronidation could not be confirmed
using only MS data.
Feces. Four radio-chromatographic peaks were identified in the

pooled 0–72 hours fecal samples (Fig. 3c). HR011303 and M424 were
the two major drug-related components, accounting for 4.24% and
1.19% of the dose, respectively.
M424. M424 had a protonated molecular ion ([M1H]1) of m/z

425.0167 (87.0322 Da greater than HR011303). The calculated elemen-
tal composition was C17H18O4N2BrS, an additional C3H5O2N compared
with HR011303. The formula indicated that M424 was generated
through alanine conjugation and mono-oxidation. The main product

TABLE 2

Information on HR011303 metabolites detected in human plasma, urine, and feces by using UHPLC-Q Exactive Plus MS

ID Metabolic Pathway Formula [M1H]1m/zMeasured Mass Error(ppm) Fragment Ions

HR011303 Parent C14H12O2NBrS 337.9844 �0.2 337.9839, 309.9521, 239.9475, 161.0294, 99.0443
M5 [GluA] C20H20O8NBrS 514.0165 �0.1 514.0163, 337.9839, 309.9533, 239.9475, 161.0292, 99.0442
M5/2 [GluA] C20H20O8NBrS 514.0165 �1.1 514.0155, 337.9839, 319.9731, 239.9475, 99.0422
M293 –COOH C13H12NBrS 293.9944 �0.9 293.9939, 239.9475, 161.0291
M394 –H2O1[Gly] C16H15O3N2BrS 395.0062 0.6 395.0050, 319.9731, 239.9472, 156.0653, 110.0603
M408 –H2O1[Ala] C17H17O3N2BrS 409.0220 1.0 409.0204, 319.9734, 239.9471, 170.0809, 124.0755
M424 M4081[O] C17H17O4N2BrS 425.0165 0.5 425.0156, 319.9729, 239.9473, 186.0757, 140.0703

[Ala], alanine; [GluA], glucuronidation; [Gly], glycine; [O], oxidation.

TABLE 3

Percent distribution of HR011303 and its metabolites in pooled plasma, urine and feces from human subjects

ID
Plasma

Urine Feces Urine1Feces

81.50% of Dose 10.26% of Dose 91.75% of Dose

%AUC %Urine %Dose %Feces %Dose %Dose

HR011303 87.93 5.67 4.62 41.86 4.24 8.86
M293 3.46 — — — — —

M394 — — — 6.81 0.69 0.69
M408 — — — 5.71 0.58 0.58
M424 — — — 11.73 1.19 1.19
M5 — 63.28 51.57 — — 51.57
M5/2 — 22.16 18.06 — — 18.06

%AUC derived from the proportion of 0–24 h pooled plasma; %Urine derived from the proportion of 0–48 h pooled urine; %Feces derived from the proportion of 0–72 h pooled feces;
%Dose derived from the 0–216 h pooled urine and feces data; the proportion of 0–48 h pooled urine was 89.53% to total excretion rate of urine; the proportion of 0–72 h pooled feces was
73.88% to total excretion rate of feces; —, not detected.
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ions were m/z 140.0703, 186.0757, 239.9473, 291.9782, and 319.9729,
thus supporting the structure of M424 (Fig. 4, G and H).
M394 and M408, two metabolites derived from amino acid conjuga-

tion with HR011303, were also identified as minor metabolites in the
pooled fecal sample.
The proposed metabolic pathway of HR011303 in healthy Chinese

male subjects is shown in Fig. 5.

Screening by Recombinant UGTs
HR011303 was incubated with 13 human recombinant UGT isoforms

individually in the presence of UDPGA. The formed metabolite M5
was identified by comparing the retention time and major product ions
with the reference standard. Typical bar charts of the screening results

are shown in Fig. 6A. UGT1A3, UGT1A9, UGT2B4, and UGT2B7
catalyzed the formation of M5 with average formation rates of 20.93,
17.34, 15.12, and 82.36 pmol/min/mg protein, respectively. The other
recombinant UGT enzymes showed almost no contribution to the
metabolism of HR011303 to M5.

Chemical Inhibition Results
M5, the glucuronide metabolite, was identified after incubation of

HR011303 with HLMs and HKMs in the presence of UDPGA, suggest-
ing that liver and kidney microsomal enzymes participated in HR011303
glucuronidation. HR011303 glucuronidation in pooled HLMs was inhib-
ited by fluconazole, indicating that UGT2B4 and UGT2B7 were
involved in M5 formation. The inhibitory effects of niflumic acid and

Fig. 4. Extracted ion chromatograms, product ion spectra, and proposed fragmentation patterns of M293 (A, B), M5 (C, D), M5/2 (E, F) and M424 (G, H).
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fluconazole were also evaluated in pooled HKMs. The inhibitory effect
of fluconazole on M5 formation mediated by UGT2B4/UGT2B7 in
HLMs (35% decrease) or HKMs (25% decrease) was moderate at a
high concentration (2.5 mM) but minimal at 1 mM in HLMs (20%
decrease) or HKMs (13% decrease) as shown in Fig. 6B. The inhibitory
effect of niflumic acid, a specific UGT1A9 inhibitor, was minor at a con-
centration of 25 mM in HKMs (13% decrease) and nonexistent at 2.5
mM as shown in Fig. 6C.

Kinetics of HR011303 Glucuronidation by r-UGTs
As noted above, since UGT2B4 and UGT2B7 were the two major

enzymes responsible for M5 formation, kinetics studies were performed
to assess their contribution in catalyzing M5 formation. The profiles are
presented in Fig. 7. The kinetics profile of UGT2B4 matched the
biphasic kinetic model (Fig. 7A). UGT2B4 showed high affinity activity
with a Km1 of 56.5 mM and an intrinsic clearance (CLint) of 10.9 mL/
min/mg protein, and also low affinity activity with a Km2 value that was
not calculated. Additionally, the kinetics profile of UGT2B7 was fitted
to the substrate inhibition model (Fig. 7B). The Km, dissociation cons-
tant, Vmax and CLint values were 3.6 mM, 140.3 mM, 4142.0 pmol/min/
mg protein, and 1156.0 mL/min/mg protein, respectively.

Discussion

This study presents the pharmacokinetics, mass balance, and metabo-
lism of [14C]HR011303 in six healthy Chinese male subjects. At 216
hours postdose, 91.75% of the administered radioactivity was recovered
in the urine (81.50%) and feces (10.26%), indicating complete excre-
tion. Most of the administered radioactivity was recovered within

96 hours after dosing, with 79.89% in the urine and 9.50% in the feces.
The mass balance results indicated that renal excretion was the predomi-
nant elimination route for the HR011303 drug-related components,
which was quite opposite to that displayed in rats (companion manu-
script, DMD-AR-2021-000582). The difference in the excretion path-
ways between humans and rats indicates that species differences in the
excretion pattern can be possible.
Amino acid conjugation is an important phase II metabolic pathway

(Mizuno et al., 2019). In this study, three amino acid conjugation
metabolites (including two alanine conjugates and one glycine conju-
gate) were deduced from feces based on their full MS and tandem mass
spectrometry spectra. However, their structures were not confirmed
since reference standards are not available. Although the formation of
glycine conjugates of carboxylic acids is a known metabolic pathway,
the formation of alanine conjugates has rarely been observed. For
instance, Wallcave et al. reported the formation of an alanine conjugate
of 4,4'-dichlorophenylacetic acid in mouse (Wallcave et al., 1974).
Additionally, the excretion of amino acid conjugates via the feces has
rarely been reported. One possible pathway for the formation of these
conjugates is by gut bacteria (Feng et al., 2019). Recent research has
reported that gut microbiota are able to catalyze phenylalanine and leu-
cine conjugation to the carboxyl position of bile acids (Guzior and
Quinn., 2021). Thus, one can speculate that amino acid conjugates, spe-
cifically alanine conjugation caused by gut bacteria, may be possible.
However, this hypothesis requires further investigation.
As mentioned previously, M293 was identified in human plasma

as the decarboxylated metabolite of HR011303, even though its ref-
erence standard was not obtained. HR011303 contains a quinoline
ring, which always undergoes decarboxylation (Dalvie et al., 2008;

Fig. 5. Metabolic pathway of HR011303 in
healthy Chinese male subjects.
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Bershas et al., 2013). The proposed formation mechanism of M293
is shown in Fig. 8. The nitrogen of the quinoline in HR011303
serves as a Lewis base to take the proton from another HR011303
molecule; subsequently, the protonated carboxylic acid could be
decarboxylated via an intermolecular cyclic transition state. Fur-
thermore, the Br atom on the quinoline ring, acting as an electron-
withdrawing substituent, could further facilitate carbon-carbon
bond cleavage (Dalvie et al., 2008).
UGTs are a family of conjugation enzymes that play important roles

in the metabolism and detoxification of many drugs (Court et al., 2012;
Rowland et al., 2013; Oda et al., 2015). In this study, UGT2B4 and
UGT2B7 were the main UGT informs responsible for HR011303 glu-
curonidation. As observed from the enzyme kinetics studies, HR011303
glucuronidation exhibited substrate inhibition for UGT2B7 (Fig. 7A),
which did not obey typical Michaelis-Menten kinetics models. Substrate
inhibition kinetics imply that there are two substrate binding sites within
each enzyme subunit: one site catalyzes the substrate, whereas the other
site reduces the rate of reaction after substrate binding (Leow and Chan,
2019). UGT2B4 displayed another atypical Michaelis-Menten kinetics
model during HR011303 glucuronidation, i.e., biphasic kinetics
(Fig. 7B). Biphasic kinetics was readily observed in heterogeneous sys-
tems such as HLMs and the human liver S9 fraction, where more than
one enzyme are involved. However, biphasic kinetics has also been
reported for recombinant enzymes (Wei et al., 2007). Although CLint val-
ues calculated by dividing Vmax by Km better fit typical Michaelis-Menten
kinetics, the formula applied to obtain the CLint values for atypical

Michaelis-Menten kinetics models was also reported (Ma et al., 2007). In
this study, we calculated the CLint values for UGT2B7 and UGT2B4 in
this way, and these estimated CLint values of 1,156.0 and 10.9 mL/min/
mg protein for UGT2B7 and UGT2B4 suggested that UGT2B7 was the
predominant enzyme that catalyzed HR011303 glucuronidation.
Urine excretion was the predominant excretion route of HR011303,

accounting for 81.50% of the administered dose. Therefore, we
focused on the main metabolites in urine, i.e., M5 (51.57% of the
dose) and M5/2 (18.06% of the dose). The stability of M5 in PBS
at pH 7.57 was evaluated, and the t1/2 of M5 was 4.58 hours, which
is longer than the indicator of chemical stability (3.6 hours) (Sawa-
mura et al., 2010), suggesting that M5 was moderately stable in
PBS. M5 stability in plasma at 0�C and 37�C was also evaluated,
and the results revealed that M5 was stable in plasma at 0�C in the
presence of protease inhibitor cocktail but unstable at 37�C. In
addition, we evaluated the stability of M5 in human urine, and the
results showed that M5 was stable in human urine for at least 1
hour at 37�C, which is longer than the urine collection time in the
clinical facility. Based on the results from the HLMs/HKMs incu-
bations and M5 stability in PBS, plasma, and urine, we speculated
that M5 is generated by hepatocytes, subsequently hydrolyzed to
HR011303 in plasma, once again metabolized to M5 in the kidney,
and finally excreted in the urine. The PBS incubation samples
were also subjected to liquid chromatography-high resolution mass
spectrometry for analysis, and approximately 7% of M5 trans-
formed to M5/2 after incubation for 60 minutes. M5/2 is most

Fig. 6. M5 formation rate after incubation of HR011303 with human recombinant UGT (A); relative formation of M5 after incubation of HR011303 with fluconazole
in HLMs or HKMs (B); relative formation of M5 after incubation of HR011303 with niflumic acid in HKMs (C).
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likely the result of acyl migration of M5, which is associated with
acyl glucuronide reactivity. Acyl glucuronide intermediates are
potential reactive intermediates that may cause unexpected side
effects (Boelsterli 2002; Bradshaw et al., 2020), although no
abnormal clinical significance or adverse events occurred in the
current clinical trial.
In conclusion, this study explored the absorption, metabolism, and

excretion of HR011303 in humans. Treatment with a single dose of 10
mg of [14C]HR011303 (80 mCi) is safe and well tolerated by healthy
male subjects. Mass balance analysis revealed that 91.75% of the dose
was recovered in urine (81.50%) and feces (10.26%) after oral adminis-
tration. M5, a glucuronide metabolite of HR011303, was the major

metabolite of HR011303, accounting for 51.57% of the dose. In vitro
studies identified UGT2B7 in HLMs as the major UGT responsible for
M5 formation.
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Fig. 7. Kinetics profiles for the formation of HR011303 glucuronide catalyzed by UGT2B4 (A) and UGT2B7 (B). Inset, Eadie-Hofstee plots for each of the profiles
are shown.

Fig. 8. The proposed formation pathway of
M293.
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